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A B S T R A C T

Spin-orbit torque magnetoresistive random access memory (SOT-MRAM) is a promising nonvolatile memory 
technology that offers fast writing speed, low power, and long endurance. However, achieving deterministic 
perpendicular magnetization switching typically requires an external field, limiting scalability. This work ex
plores the incorporation of noncollinear antiferromagnetic (nc-AFMs), exhibiting the magnetic spin Hall effect 
(MSHE), and exchange bias to enable field-free deterministic switching. MSHE has been observed in Mn3Sn, 
MnPd3. The ratio of out-of-plane to in-plane polarized spin-currents is crucial for field-free MSHE-driven 
magnetization switching. It was found that a minimum ratio is needed to drive field-free perpendicular 
switching. Exchange bias acting at the interface between in-plane AFM and out-of-plane ferromagnet (FM) has 
been demonstrated to enable field-free SOT-driven magnetization switching. We show, that exchange bias can 
facilitate field-free perpendicular switching in cases of a missing or too small out-of-plane polarized spin current 
component. We present a fully three-dimensional finite element model that couples spin currents and magne
tization dynamics to simulate SOT-MRAM devices utilizing the MSHE. We show that the use of nc-AFMs elim
inates the need for external fields without compromising performance, simplifying design, and boosting 
scalability.

1. Introduction

Magnetoresistive random access memory (MRAM) is a nonvolatile 
memory technology, promising nanosecond switching times, high 
endurance, and high energy efficiency [1], with the potential to replace 
flash memory, DRAM, and even SRAM in cache memory [2–4]. The state 
of the cell is stored through the relative orientation of the magnetization 
of a perpendicularly magnetized FM free layer (FL) and a fixed reference 
layer (RL) within a perpendicular magnetic tunnel junction (pMTJ). 
SOT-MRAM have been shown to provide an effective approach to 
manipulate the magnetization of an FL with sub-ns switching speeds 
[5–9]. However, to achieve full perpendicular magnetization reversal, 
typically an additional external field is required, which is detrimental to 
the density of SOT-MRAM devices.

The current-induced spin torque acting on the magnetization can be 

decomposed into two orthogonal contributions with the directions d̂ =

m̂ × (p̂ × m̂) and f̂ = p̂ × m̂ referred to as the damping-like and field- 
like torque, respectively. p̂ is the polarization direction of the spin 
current injected into the FM and m̂ is the local magnetic moment. 
Typically in SOT-MRAM based on heavy metal (HM) layers with the SHE 
p̂ = n̂ × Ê, where n̂ is the interface normal of the HM/FM interface and 
Ê is the direction of the applied electric field.

The generation of additional out-of-plane spin-polarized spin cur
rents, necessary for field-free switching, has been observed in multilayer 
structures incorporating nc-AFMs, specifically in an Mn3Sn/Cu/FM tri
layer [10] and MnPd3/FM bilayer [11]. Additionally field-free switching 
has been achieved by the exchange bias induced by an AFM like PtMn or 
IrMn at the FM/AFM interface [12,13].

Fig. 1 illustrates the arrangement of the Sn and Mn atoms, where the 
magnetic moments are depicted. The three magnetic sublattices mA, mB 
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and mC of the nc-AFMs are arranged in a triangular shape within a two- 
dimensional kagome lattice in the xz-plane [14]. The magnetic moments 
are coupled via antiferromagnetic exchange, and each magnetic 
moment exhibits an individual magnetic anisotropy along the easy axes 
designated as eA, eB and eC. In an unstrained state, the magnetic mo
ments of the sublattices cancel out and the net magnetization mnet is 
zero.

Introducing epitaxial tensile strain into the crystal lattice along the x- 
direction ([1210]-direction) modulates the exchange interaction and the 
magnetic anisotropy leading to a small nonvanishing net-magnetization 
mnet > 0, as the magnetic moments of the sublattices do not fully cancel 
out each other. The magnetic configuration in the strained Mn3Sn ex
hibits four stable states, two with the net-magnetization pointing along 
the positive or negative x-direction (AFM1, displayed in Fig. 1) and two 
with the net-magnetization along positive or negative z-direction 
(AFM2) [10,15]. The states of Mn3Sn with the net-magnetization in 
perpendicular as well as in-plane direction can both facilitate the gen
eration of out-of-plane spin-polarized spin currents. In this work we 
focus on the AFM1 state which can facilitate field-free switching with a 
charge current applied along x-direction [10].

The AFM in the Mn3Sn/Cu/FM trilayer structure is separated by a 
nonmagnetic Cu spacer layer, to magnetically decouple the AFM and FM 
layers and ensure the switching process is solely driven by MSHE- 
generated spin currents.

In Section 2 we describe the micromagnetic model utilized in our 
micromagnetics simulation framework ViennaSpinMag [16,17]. The 
finite element method (FEM) is employed for the numerical simulation 
of the magnetization dynamics, utilizing the Landau-Lifshitz-Gilbert 
(LLG) equation, and in Section 3 we describe our coupled spin and 
charge drift-diffusion model used to describe spin currents arising in 
SOT-MRAM devices. In Section 4 we investigate the distinct spin torques 
in AFM/FM bilayer structures and analyze the damping-like and field- 
like torque contributions. In Section 5 we investigate the performance 
of three distinct SOT-MRAM devices, shown in Fig. 2, utilizing (a) the 
SHE and interfacial Rashba-Edelstein effect in a Pt HM layer [18], (b) the 
MSHE in an Mn3Sn layer, and (c) the MSHE in an MnPd3 layer as well as 
exchange bias at the AFM/FM interface.

2. Micromagnetic model

To model the current-induced magnetization dynamics in SOT- 
MRAM we utilize the micromagnetic LLG equation, with an additional 
term that describes the spin torques [19]: 

∂m
∂t

= − γ0m×Heff + αm×
∂m
∂t

+
1

MS
TS (1) 

The LLG describes the precession and damping of the normalized 
local magnetization m = M/MS towards an effective field Heff , where MS 

is the saturation magnetization. TS describes the local spin torques 
acting on the magnetization. γ0 = − γμ0 is the rescaled gyromagnetic 
ratio, where μ0 is the permeability of vacuum, and α is the dimensionless 
Gilbert damping constant. The effective field contains the contributions 
from the ferromagnetic exchange, the perpendicular magnetic anisot
ropy, the demagnetizing field, and the exchange basis at the AFM/FM 
interface. The demagnetizing field is computed through a hybrid FEM- 
Boundary Element Method (FEM-BEM) approach [20].

In order to capture the local variation of the spin polarization we 
express the torques arising from the nonequilibrium spin density S. The 
spin torques are then obtained from the loss of transversely polarized 
spin current in the FM layers, due to the conservation of angular mo

Fig. 1. Sketch for the crystal and magnetic structure of the Mn3Sn nc-AFM. 
Blue and dark grey spheres represent Mn and Sn atoms, respectively. The red 
arrows represent the magnetic moments of Mn atoms. The black dashed lines 
represent the magnetic easy axes of individual sublattice moments. Strain is 
applied along x-direction. The orange arrow represents the small net-magnetic 
moment. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 2. Three distinct SOT-MRAM cells, consisting of a CoFeB(1 nm)/MgO(1 
nm)/CoFeB(1 nm) pMTJ placed on top of (a) a Pt(4 nm) layer, (b) an Mn3Sn(7 
nm) layer with a Cu(1 nm) nonmagnetic spacer layer for magnetic decoupling 
of the AFM and FL, and (c) an MnPd3(7 nm) layer. A charge current is applied in 
x-direction. An additional external magnetic field of 60 mT is applied in x-di
rection in a). The magnetization of the ferromagnetic CoFeB layers is indicated 
with black arrows.
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mentum [16,21]: 

TS = −
De

λ2
J

m× S −
De

λ2
φ

m×(m× S) (2) 

De is the electron diffusion coefficient, λJ is the exchange length,and 
λφ is the spin dephasing length of the FM.

The spins of the AFM are locked, and those adjacent to the AFM/FM 
interface act to keep the spins in the FM on the other side in the same 
direction through exchange coupling. The system behaves as if an 
effective field is present, which breaks the inversion symmetry and can 
facilitate deterministic switching, similar to an externally applied 
magnetic field [13,22]. The effective bias field Heb is given by 

Heb = −
Jeb

μ0MStFM
. (3) 

Jeb is the interfacial exchange energy density, and tFM is the thickness 
of the FM layer. Heb can be determined by hysteresis measurements, 
where it acts like an applied external field, that shifts the hysteresis loop.

3. Spin drift-diffusion model

In order to calculate the torques acting on the FM layers, the charge 
and spin transport in the structures have to be evaluated. The 
nonequilibrium spin accumulation is obtained from its continuity 
equation: 

∂S
∂t

= 0 = − ∇⋅JS − De

(
S
λ2

sf
+

S × m
λ2

J
+

m × (S × m)

λ2
φ

)

(4) 

It can be assumed that the spin immediately adapts to the changes in 
magnetization as its dynamics typically are three orders of magnitude 
faster [23]. Therefore, the equation is solved for its steady state. (JS)ij is 
the spin polarization current density in units of A/s, where i is the po
larization component and j is the current direction. λsf is the spin-flip 
length. We express the spin polarization current density in terms of 
the charge current density [16]: 

JS = −
μB

e
βσm ⊗

(

JC − βDDe
e

μB

[
(∇S)Tm

]
)

− De∇S (5) 

μB is the Bohr magneton and e is the elementary charge. βσ is the 
charge current spin polarization and βD is the diffusion spin polarization. 
⊗ denotes the outer product between two vectors, and (⋅)T is the matrix 
transpose. The charge current density from an applied field is obtained 
from Ohms law JC = σE, where σ is the electrical conductivity, and E is 
the electric field. Using the relations E = − ∇V and ∇⋅JC = 0, we obtain 
the following Poisson equation for the electrical potential: 

∇⋅( − σ∇V) = 0 (6) 

The equation is solved using Dirichlet boundary conditions for the 
applied voltage at the contacts and zero flux boundary conditions at 
boundaries not containing contacts.

In the SOT-MRAM devices, spin current is generated in an HM or nc- 
AFM layer. It flows perpendicularly to the applied charge current. In 
general, the spin current can be described by: 

JS ,SOT = −
μB

e
θSCAJC (7) 

with 

θSCA = σSHρ (8) 

θSCA is the spin-charge angle (SCA) tensor and describes the charge- 
to-spin conversion [24]. The SCA tensor is a generalization of the scalar 
spin Hall angle, used to describe the charge-to-spin conversion by the 
conventional SHE. σSH is the spin Hall conductivity tensor (SHCT) and ρ 
is the electric resistivity. In the case of the conventional SHE, the SHCT is 

described by: 

σSk
SH,ij = ϵijkσSH. (9) 

ϵijk is the Levi-Civita tensor and σSH is the spin-Hall conductivity, 
which is a single isotropic quantity related to the spin-Hall angle by 
θSHA = σSH⋅ρ [24]. In the case of the SHE, the nonzero components of the 
SHCT only generate in-plane spin-polarized spin currents, if the charge 
current flows parallel to the FM-HM interface. The spin current gener
ated by the SHE with a charge current applied along x-direction can be 
written as follows: 

JSSHE =
− μB

e

⎛

⎝

⎡

⎣
0 0 0
0 0 σSH
0 − σSH 0

⎤

⎦ρ

⎞

⎠JC,x (10) 

In the MSHE, additional nonzero components of the SHCT generate 
out-of-plane spin-polarized spin currents. The magnetic spin Hall con
ductivity tensors (MSHCT) σSk

MSH describing the MSHE in the AFM1 and 
AFM2 state of Mn3Sn respectively, are written as follows [10,24]: 

σSk
MSH|AFM1 σSk

MSH|AFM2

σSx
MSH :

⎡

⎢
⎢
⎢
⎣

0 0 0
0 σx

yy 0
0 0 − σx

zz

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

0 σx
xy 0

− σx
yx 0 0

0 0 0

⎤

⎥
⎥
⎥
⎦

σSy
MSH :

⎡

⎢
⎢
⎢
⎣

0 σy
xy 0

− σy
yx 0 0

0 0 0

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

0 0 0
0 σy

yy 0
0 0 − σy

zz

⎤

⎥
⎥
⎥
⎦

σSz
MSH :

⎡

⎢
⎢
⎢
⎣

0 0 − σz
xz

0 0 0
σy

zx 0 0

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

0 0 0
0 0 σz

yz

0 − σz
zy 0

⎤

⎥
⎥
⎥
⎦

(11) 

The columns and rows of the σMSH matrices represent the direction 
and the spin-polarization of the spin current respectively. Thus the zz- 
component of the σSx

MSH|AFM1-matrix produces a z-polarized spin current 
in z-direction, when a charge current along x-direction is applied. 
Therefore we focus on Mn3Sn in the AFM1 state, to investigate the 
generation of out-of-plane spin current. In nc-AFMs spin current is 
generated by the SHE and the MSHE. The total spin current generated by 
a charge current applied in x-direction can be expressed as follows: 

JS = JSSHE +
− μB

e

⎛

⎜
⎜
⎝

⎡

⎢
⎢
⎣

0 0 0
0 σx

MSH,yy 0
0 0 − σx

MSH,zz

⎤

⎥
⎥
⎦ρ

⎞

⎟
⎟
⎠JC,x (12) 

At boundaries between nonmagnetic and FM layers, we use the 
boundary conditions from the magnetoelectronic circuit theory [21,25], 
where the currents are related to the charge and spin potential drops 
across the interface through interface conductances: 

JC⋅n = (G↑ +G↓)ΔV − (G↑ − G↓)ΔVS⋅m (13) 

JSn =
μB

e

[
2 Re[G↑↓]m × (m × ΔVS)

+ 2 Im[G↑↓]m × ΔVS

− (G↑ + G↓)(ΔVS⋅m)m + (G↑ − G↓)ΔVm]

(14) 

G↑(G↓) is the interface conductance of the majority (minority) elec
trons, while G↑↓ is the complex interface spin mixing conductance. The 
spin chemical potential is proportional to the spin accumulation VS =

e
μB

De
σ S.
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4. Spin-torques

We consider an Mn3Sn(5 nm)/CoFeB(1 nm) and an MnPd3(5 nm)/ 
CoFeB(1 nm) bilayer structure with an applied in-plane electric current 
density of 5*1011 A/m2. Both, Mn3Sn and MnPd3, exhibit the MSHE 
with reported SCAs of θSCA,x = 0.0, θSCA,y = 0.22, θSCA,z = 0.063 and 
θSCA,x = 0.017, θSCA,y = 0.41, θSCA,z = 0.011 respectively [10,11], with 
θSCA,i = σSH,iρ [24]. We describe the CoFeB magnetization direction in 
terms of the azimuthal and polar angle m =

[cos(ϕ)sin(θ) , sin(ϕ)sin(θ) , cos(θ) ], such that for θ = 90◦ and ϕ = 0◦ it 
points along the direction of the current and out-of-plane for θ = 0◦ . We 
solve the drift-diffusion equations for the bilayer systems and analyze 
the angular dependence of the torques. The angular dependence of the 
structure’s torque is depicted in Fig. 3. The minimum of the plot cor
responds to the spin current polarization direction p̂, along which the 
magnetization will align when a high enough current is applied to sur
pass the energy barrier of the magnetic anisotropy. When the current is 
switched off the magnetization will relax to either +ẑ or − ẑ depending 
on how close p̂ is to either and which current independent fields are 
present. Typically the SHE p̂ points in-plane, meaning that the magne
tization has no preferred direction to relax towards, leading to a 
nondeterministic switching process. A p̂ pointing slightly out-of-plane, 
which is more pronounced in Mn3Sn, shown in Fig. 3a) than in MnPd3 
shown in Fig. 3b), indicates that the spin torques produced by the MSHE 
can facilitate deterministic out-of-plane switching.

By extracting p̂ from Fig. 3 and projecting the torque along d̂ and f̂ 
we obtain the damping-like and field-like components of the torque. 
Fig. 4 shows the dependence of the a) damping-like and b) field-like spin 
torque on the thickness of the Mn3Sn and MnPd3 layers. The damping- 
and field-like components both increase with the AFM thickness until 
reaching a saturation point, depending on the spin-diffusion length of 
the material. With decreasing AFM thickness both spin-torque compo
nents vanish, showing the nature of the MSHE as a bulk effect.

5. Switching performance

We consider the SHE-driven devices depicted in Fig. 2a) with an 
applied external magnetic field and the MSHE-driven device depicted in 
Fig. 2b). We apply our combined drift-diffusion and micromagnetic 
model to the SOT-devices and analyze the switching performance from 
the anti-parallel (ap) state, with the magnetization of free layer and 
reference layer in negative and positive z-direction, respectively, to the 
parallel (p) state, with the magnetization of both FM layers in positive z- 
direction.

A positive charge current pulse is applied to the Mn3Sn and Pt layers 
in x-direction. Switching times for the Mn3Sn-based devices were 
compared to conventional SHE switching in a Pt-based SOT-MRAM cell 

with an external field Hex = 60 mT, as shown in Fig. 5. MSHE-driven 
field-free perpendicular switching is competitive with SHE switching, 
achieving sub-nanosecond switching times, at current densities 
exceeding 7*1012 A/m2.

We perform the same switching simulations for the MnPd3-based 
device shown in Fig. 2c). No perpendicular magnetization switching 
could be achieved in the MnPd3-based device by only considering the 
MSHE. After the magnetization of the FL was driven in-plane, no out-of- 
plane motion of the magnetization was observed. The ratio of conven
tional and unconventional SHCT components Rσ = σz/σy in MnPd3 is 
Rσ,MnPd3 = 0.026, which is much smaller than in Mn3Sn with RσMn3Sn =

0.3. We analyze the significance of Rσ for the performance of MSHE- 
driven perpendicular switching. The inset in Fig. 5 depicts the switch
ing time for MSHE-driven field-free magnetization switching for 
different Rσ for current densities of 5, 7.5 and 10*1012 A/m2. The 
minimal ratio to achieve switching was Rσ = 0.1 for a current density of 
jc = 1.0*1013, Rσ = 0.2 for jc = 7.5*1012, and Rσ = 0.24 for jc =

5.0*1012.
In order to further investigate the impact of the SHCT-ratio Rσ =

σz/σy on the switching performance, we conduct a series of switching 
simulations of an MSHE-driven device, to explore the optimal switching 
performance as well as the minimum value of Rσ necessary for field-free 
MSHE-driven magnetization switching. Fig. 6 illustrates the switching 
time for various combinations of SHCT-ratio and current density jC. 
Below a value of Rσ = 0.1 no magnetization switching was achieved, 
even for current densities jC > 1*1013A/m2. While it may seem intuitive 
that higher currents can drive switching for even lower SHCT-ratios, the 
in-plane torques generated by the in-plane spin current components 
become strong enough to keep the magnetization in-plane and therefore 
preventing perpendicular switching. Rσ = 0.1 is the minimal cut off 
value for perpendicular MSHE-driven magnetization switching. 
Contrarily, the switching performance increased for high SHCT-ratios. 
Magnetization switching in an MnPd3/CoFeB bilayer is likely not 
solely caused by the MSHE, as the SCHT-ratio of MnPd3 of Rσ,MnPd3 =

0.026 lies below the minimal threshold value observed in our simula
tions. The presence of interfacial effects like exchange bias, likely fa
cilitates deterministic field-free magnetization switching in the MnPd3- 
based device.

Fig. 7 shows the z-component of the normalized magnetization for an 
SOT device with an MnPd3 layer, for several interfacial exchange energy 
densities Jeb. Jeb is typically in the order of 10− 3 J/m2, depending on the 
annealing of the AFM layer [22,26]. Without exchange bias (Jeb = 0), the 
magnetization is driven in-plane, as the out-of-plane spin currents 
generated in MnPd3 are not enough to push the magnetization sfurther 
towards the − z-direction. If exchange bias is applied (Jeb > 0), the 
effective exchange bias field Heb acts similar to an applied external field 
and helps to complete the perpendicular magnetization switching. An 
out-of-plane magnetization can be observed. Large enough Jeb enable 
fully field-free perpendicular magnetization switching, emphasizing the 
importance of the interface exchange bias in SOT-MRAM devices 
incorporating AFM materials.

6. Conclusion

We employ a fully three-dimensional FEM-based simulation 
approach to evaluate the switching performance of SOT-MRAM devices. 
We extend the conventional SHE-driven MRAM structure by incorpo
rating the nc-AFMs Mn3Sn and MnPd3, which exhibit the MSHE. We 
introduce the experimentally reported generation of out-of-plane spin- 
polarized spin current by the MSHE in our model. The non-conventional 
spin current components generate torques, that can facilitate field-free 
perpendicular magnetization switching of an adjacent FM. The switch
ing performance depends on the ratio of conventional to non- 
conventional SHCT components Rσ = σz/σy and the current density. 
While the ratio of R = 0.3 in Mn3Sn is sufficient to enable purely MSHE- 

Fig. 3. Angular dependence of the spin torque acting on the magnetization of 
the FM in an AFM(5 nm)/CoFeB(1 nm) bilayer. The spin torque is depicted for 
(a) Mn3Sn and (b) MnPd3. A current of 5*1011 A/m2 is applied along x.
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driven field-free switching, MnPd3 with R = 0.026 does not exhibit 
field-free perpendicular switching solely driven by the MSHE. We 
determine a minimal SHCT-ratio of Rσ = 0.1 to enable field-free 
magnetization switching solely driven by the MSHE. By considering 
also the exchange bias at the AFM/FM interface, the MnPd3-based de
vice exhibits field-free perpendicular magnetization switching, deliv

ering a possible explanation for the experimentally observed switching 
in MnPd3/FM bilayers [11] and the enhancement of the switching 
performance of MSHE-driven SOT-devices.
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Fig. 4. Thickness dependence of the (a) damping-like and (b) field-like spin torque acting on the magnetization of the FM in an AFM(dAFM)/CoFeB(1 nm) bilayer 
structure, with Mn3Sn and MnPd3 as AFM materials. A current of 5*1011 A/m2 is applied along x.

Fig. 5. Switching performance of the SOT devices shown in Fig. 2a) and b). The 
inset shows the switching time for MSHE-driven field-free perpendicular 
magnetization switching for several conventional to unconventional SHCT 
component ratios, for applied current densities jC of 5, 7.5 and 10*1012A/m2.

Fig. 6. Switching time for different applied current densities jC and SHCT-ratios 
σz/σy. A 10 ns charge current pulse was applied to an MSHE-driven SOT-device.

Fig. 7. The normalized z-component of the magnetization in the FL of the 
device depicted in Fig. 2c), for different interfacial exchange energy densities 
Jeb. A charge current density of jC = 3*1012 A/m2 is applied along x-direction.
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