
Abstract - Noncollinear antiferromagnets (nc-AFMs) have gained attention for their potential use as spin-polarizing
layer in novel magnetoresistive random access memory (MRAM) devices, due to the magnetic spin Hall effect
(MSHE). Furthermore, strained nc-AFMs show a small but nonzero net-magnetization, that can be switched by
spin-polarized current, making them suitable as magnetic memory layers as well. This work explores the switching
dynamics of the nc-AFM Mn3Sn. We demonstrate, that deterministic switching in an Pt/Mn3Sn bilayer is achieved
by controlling an applied charge current and external magnetic field. Furthermore, we explore possible mechanisms
for fully electric mutual magnetization reversal in an Mn3Sn/Mo/CoFeB trilayer. We identify spin-orbit precession
(SOP) at the Mo/CoFeB interface as well as the MSHE in the bulk of Mn3Sn as possible driving mechanisms. We
demonstrate that through mutual switching in the trilayer-device, the polarization direction of MSHE-generated spin
current can be electrically controlled.
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1 Introduction
Magnetoresistive random access memory (MRAM) is

a novel memory technology, that shows high endurance,
high energy efficiency, and switching times in the sub-
nanosecond regime, [1], with the potential to replace flash
memory, DRAM, and cache memory, [2], [3], [4]. The
state of the cell is stored through the relative orientation
of the magnetization of a perpendicularly magnetized
ferromagnetic (FM) free layer (FL) and a magnetically
fixed reference layer (RL) within a perpendicular mag-
netic tunnel junction (pMTJ). Spin Orbit Torque (SOT)
MRAM have been proven to provide an effective ap-
proach to manipulate the magnetization of an FL with
sub-ns switching speeds, [5], [6], [7], [8], [9], [10],
[11]. However, to achieve full perpendicular determinis-
tic magnetization reversal, typically an additional external
field is required, which is detrimental to the density of
SOT-MRAM devices, limiting scalability. Noncollinear
antiferromagnets (nc-AFM) have been studied for their
potential use as spin-polarizing layer in SOT-MRAM
devices, due to the Magnetic Spin Hall Effect (MSHE),
[12], [13]. The generation of out-of-plane spin-polarized
spin currents by the MSHE facilitates field-free switch-
ing, eliminating the need of external magnetic fields
in SOT-MRAM devices, while maintaining switching
performance comparable to conventional magnetic field-
assisted devices, [14]. Furthermore, introducing epitaxial
tensile strain to the nc-AFM breaks the crystal symmetry,

leading to a small nonzero net-magnetization, which can
be manipulated by SOTs impinging from an adjacent
heavy metal (HM) layer, proving the potential use of the
nc-AFM film as magnetic memory layer, [15], [16], [17],
[18]. Fig. 1a illustrates the arrangement of the Mn and Sn
atoms within the two-dimensional kagome plane of the
nc-AFM Mn3Sn. The three sub-magnetic moments mA,
mB and mC, indicated by red arrows, carried by the Mn
atoms are arranged in a triangular shape. The triangle
of a neighboring kagome layer is represented by light
blue spheres and dark red arrows. The order parameter
established to describe the chiral structure of nc-AFMs
such as Mn3Sn is the octupolmoment, [15], [17], which
is described by eq. (1),

mOct =

1
3

Mxy

[
mA + Ry

(
−2𝜋

3

)
mB + Ry

(
2𝜋
3

)
mC

]
(1)

with Mxy being the mirror operator in the 𝑥𝑦-plane and
Ry being the rotation operator around the 𝑦-axis.

The nearest neighbor magnetic moments are coupled
via antiferromagnetic exchange, and each magnetic mo-
ment exhibits an individual magnetic anisotropy along
the easy axes designated as ek,A, ek,B and ek,C. Fig. 1b
depicts individual Mn atom anisotropy, intralayer and
interlayer exchange as well as the DMI acting on the
sub-moments, [19]. In an unstrained state, the mag-
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Fig. 1 | Structure of Mn3Sn. Source: created by the
authors. a Sketch of the magnetic structure of the nc-AFM
Mn3Sn. Mn (blue spheres) and Sn (dark grey spheres)
atoms form a kagome lattice. The light blue spheres
represent the Mn atoms of the neighboring kagome layer.
Red arrows indicate the direction of the sub-magnetic
moments mA, mB and mC, which form a triangle within
a kagome layer. The black dashed lines represent the
individual Mn atom magnetic easy axes. The green arrow
represents the net-magnetic moment mnet, which emerges
when tensile strain is applied to the crystal structure. b
The kagome structure with indicated intralayer exchange
(blue arrows), interlayer exchange (turquoise arrows),
individual Mn anisotropy (pink arrows) and DMI (red
out-of-plane arrow). Strain modulates exchange energy
along strain-direction, indicated by the dashed blue and
turquoise arrows.

netic sub-moments cancel out and the net-magnetization
mnet = mA + mB + mC is zero. Applying tensile strain
breaks the crystal symmetry and a small nonzero mnet
emerges. The exchange interaction along strain-direction
is modulated. For a static state mnet | |mOct, [16].

In Section II. we describe the model utilized in our sim-
ulations, employing the Landau-Lifshitz-Gilbert (LLG)
equation, [20], [21]. We outline our coupled spin and
charge drift-diffusion model used to describe spin cur-
rents arising in the considered devices. In Section III. we
investigate SOT-driven magnetization dynamics of the
strained nc-AFM Mn3Sn in a Pt/Mn3Sn bilayer, where
spin currents are generated by the SHE in the Pt layer.

An electrically controlled mutual magnetization re-
versal of individual magnetic domains in an Mn3Sn
and a CoFeB layer respectively, has been reported in
Mn3Sn/Mo/CoFeB trilayer structures, [22]. While a
partially compensated spin current-driven switching of
the CoFeB and Mn3Sn layers has been attributed to a
multi-domain structure, we provide a comprehensive
single-domain model, that nonetheless exhibits electri-
cally controlled mutual switching due to MSHE and spin
current generation at the Mo/CoFeB interface arising
from spin-orbit coupling (SOC). In Section IV. we investi-
gate spin-polarizing mechanisms in a Mn3Sn/Mo/CoFeB
trilayer, focusing on the MSHE in the bulk of the Mn3Sn
as well as SOC interface effects such as spin-orbit preces-
sion (SOP) at the Mo/CoFeB interface. In Section V. we
show results of our simulations of the trilayer structure,
identifying possible mechanisms behind the field-free

fully electrical mutual switching as well as the electric
control of spin-polarization in the Mn3Sn layer.

2 Modeling of Mn3Sn
We employ a six-spin model to describe the magneti-

zation dynamics of the nc-AFM Mn3Sn. We consider the
three sub-moments mA, mB and mC of two neighboring
kagome planes, which allows to attribute not only for
nearest neighbor intralayer interactions, but also inter-
layer effects across two neighboring kagome planes. In
our six-spin model the magnetic energy of an unstrained
chiral nc-AFM can be described by eq. (2), [16],

𝐸 = − 𝐾0
∑︁
𝑖𝑎

(m𝑖𝑎 · e𝑘,𝑎)2 +
∑︁
𝑖𝑎, 𝑗𝑏

𝐽𝑖𝑎, 𝑗𝑏 m𝑖𝑎 · m 𝑗𝑏

+
∑︁
𝑖𝑎, 𝑗𝑏

𝐷𝑖𝑎, 𝑗𝑏 eD · (m𝑖𝑎 × m 𝑗𝑏),

(2)

where the suffixes 𝑖, 𝑗 denote the unit cell, and 𝑎, 𝑏 denote
the sub-spins of the nc-AFM. 𝐾0 is the anisotropy con-
stant for the individual Mn atoms, 𝐽𝑖𝑎, 𝑗𝑏 is the exchange
constant, 𝐷𝑖𝑎, 𝑗𝑏 is the DMI constant, m is the normalized
sub-magnetization vector, ek is the unit vector of the easy
axes of the individual Mn atoms, eD is the DMI unit
vector. The first term describes the anisotropy, which
acts to align the individual magnetic sub-moments along
their respective easy axes. The second term describes
the antiferromagnetic exchange between nearest neighbor
magnetic moments, which acts to align two neighboring
magnetic moments antiparallel to each other. We consider
intralayer exchange, with constant 𝐽1, between nearest
neighbors within a kagome plane and intralayer exchange,
with constant 𝐽2, between nearest neighbors across two
neighboring kagome planes. The third term describes
the DMI acting between nearest neighbor magnetic mo-
ments, in a similar fashion as the exchange interaction.
When introducing tensile epitaxial strain to the crystal,
the exchange interaction in strain-direction is modulated
(as depicted in Fig. 1b). The exchange energy contribu-
tion originating from the strained state can be described
by a modulation of those exchange contributions along
strain direction. The respective exchange constant are
modulated as follows: 𝐽′1 = (1 − 𝛿)𝐽1 and 𝐽′2 = (1 − 𝛿)𝐽2,
with 𝛿 being an energy modulation factor, corresponding
to the tensile strain strength. As values of the con-
stants we use, [16]: 𝐽1 = 23.15 meV, 𝐽2 = 17.53 meV,
𝐷 = 0.833 meV, 𝐾0 = 0.196 meV. The explicit expres-
sion for the anisotropy, exchange and DMI contributions
to the total energy respectively are presented in eq. (3).
For simplicity we consider a three-spin model, only taking
into account the three subspins in the top kagome layer,
as depicted in Fig. 1.

𝐸𝐾 = −𝐾0
[
(m𝐴 · e𝐴)2 + (m𝐵 · e𝐵)2 + (m𝐶 · e𝐶)2]

(3a)
𝐸𝐽 = 𝐽1 (m𝐴 · m𝐵 + m𝐶 · m𝐴) + 𝐽′1 (m𝐵 · m𝐶) (3b)
𝐸𝐷 = 𝐷 (m𝐴 × m𝐵 + m𝐵 × m𝐶 + m𝐶 × m𝐴) (3c)
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The exchange energy contribution between the sub-spins
mA and mB is modulated, due to the crystal strain, as
depicted in Fig. 1b. To acquire the six-spin model, the
energy is complemented with intralayer exchange con-
tributions, depicted in Fig. 1b as turquoise arrows. An
unstrained nc-AFM crystal has a sixfold energy degener-
acy, exhibiting six equal minimal energy states. When
strain is applied the energy landscape shifts towards a
twofold energy degeneracy, exhibiting two clearly distinct
energy minima and maxima. Fig. 2a shows the energy
profile of a Mn3Sn unit cell for various 𝛿. With increasing
strain, the sixfold energy profile shifts towards a twofold
energy profile, with two distinct energy maxima and min-
ima. By applying an external magnetic field Hext to a
strained nc-AFM, the twofold energy peaks are shifted,
according to the orientation of mnet with respect to the
external field. The contribution of the external field to
the total energy can be described by eq. (4),

𝐸 = −𝜇0𝑀S Hext · mnet (4)

where 𝜇0 is the vacuum permeability and 𝑀S = 3 ∗ 𝜇𝐵,
[16], with 𝜇𝐵 being the Bohr magneton. Fig. 2b shows the
energy of a strained Mn3Sn depending on the angle 𝜃Oct
between the octupolmoment mOct | |mnet and the 𝑧-axis
for various external field Hext strengths, applied along
𝑥-direction. The energy peak, that corresponds to the
mOct direction parallel to Hext is lowered, whereas the
energy peak of antiparallel orientation is increased. The
resulting shifted energy landscape with two energy peaks
of different size facilitates the deterministic switching
of mnet. To model the current-induced dynamics of
each Mn magnetic moment m𝑖, we utilize eq. (5), which
is the Landau-Lifshitz-Gilbert (LLG) equation with an
additional torque term.

𝜕m𝑖

𝜕𝑡
= −𝛾0m𝑖 × Heff,𝑖 + 𝛼m𝑖 ×

𝜕m𝑖

𝜕𝑡
+ 1
𝑀S

TS,𝑖 (5)

The first and second term of the LLG equation describe the
precession and damping of the normalized Mn magnetic
moment mi towards an effective field Heff,i respectively.
𝑀S is the single Mn atom magnetization. The third term
describes the spin torques TS,i acting on the magnetic
moments mi. 𝛾0 = −𝛾𝜇0 is the rescaled gyromagnetic
ratio, and 𝛼 is the dimensionless Gilbert damping constant.
We obtain Heff,i = − (1/𝜇0𝑀S) (𝜕𝐸𝑖/𝜕m𝑖) by taking the
derivative of the magnetic energy of the sub-magnetic
moment i described by eq. (2) and eq. (4). The spin
torque acting on the magnetic sub-moment is described
by eq. (6). It is obtained from considering the spin angular
momentum transferred to the magnetization, [21], [23]:

TS,𝑖 =
m𝑖 × S
𝜆2
𝐽

+ m𝑖 × (m𝑖 × S)
𝜆2
𝜑

(6)

𝐷𝑒 is the electron diffusion coefficient , 𝜆𝐽 , and 𝜆𝜙 are
the exchange, and dephasing lengths, respectively, and S
is the nonequilibrium spin accumulation in units of A/m.

Fig. 2 | Energy landscape of Mn3Sn. Source: created
by the authors. a Normalized energy of a Mn3Sn unit cell
for various strengths of tensile strain, corresponding to the
𝛿 parameter. With increasing tensile strain in the crystal,
the energy landscape shifts from a sixfold towards a
twofold energy degeneracy, corresponding to two distinct
stable magnetic configurations. b The twofold energy of a
strained Mn3Sn under an applied external magnetic field
Hext. As the external field is increased, each of the two
initially equal energy barriers is heightened or decreased,
depending on the orientation of mnet of the corresponding
state in respect to Hext.

3 Magnetization Switching of Mn3Sn
Fig. 3 shows the bilayer SOT-device consisting of

Mn3Sn layer on top of a heavy metal Pt write layer. A
charge current 𝐽𝐶 is applied to the Pt layer in the 𝑥-
direction. In the presented bilayer SOT-device, a spin
current is generated in the HM layer according to eq. (7),
mainly due to the Spin Hall effect (SHE), which flows
perpendicularly to the applied charge current:

JS,SHE = −𝜃SHE𝜖 JC (7)

𝜃SHE is the spin Hall angle and describes the charge-to-
spin conversion by the SHE, and 𝜖 is the 3 × 3 × 3 Levi-
Civita tensor. The spin Hall angle of Pt is 𝜃SHE |Pt = 0.19.
JS describes the spin-current as 3 × 3 tensor. Spin cur-
rent polarized along the 𝑦-direction impinges into the
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Fig. 3 | Pt/Mn3Sn bilayer. Source: created by the au-
thors. SOTs generated in the Pt layer by the spin Hall effect.
An applied charge current JC along 𝑥-direction generates
spin current polarized along 𝑦-direction, impinging into
the Mn3Sn layer. There it drives magnetization dynamics
of the Mn3Sn. An applied external field Hext shifts the
twofold energy landscape of Mn3Sn (as depicted in Fig. 2)
and facilitates deterministic magnetization switching of
mnet.

Mn3Sn layer. At the Pt/Mn3Sn continuous boundary
conditions for the spin current are applied. The spin
current leads to a torque acting on the individual Mn
magnetic moments m𝑖 . A spin current with a polarization
direction normal to the kagome plane, drives switching
of the Mn magnetic moments, and therefore switching of
mnet. Figs. 4a and b show simulation results for mnet/𝑀𝑆
of the Mn3Sn layer under the influence of SOTs gener-
ated by applied current densities 𝐽𝑐 = 3.0 × 1011 A/m2,
6.5 × 1011 A/m2 and 8.0 × 1011 A/m2 without and with
an applied external field Hext, respectively. Fig. 4c and
Fig. 4d show the according energies for the applied cur-
rent densities and the static energy of the system. A
minimal current density is necessary to overcome the
energy barrier of the system. This is why when a charge
current of 𝐽𝑐 = 3.0 × 1011 A/m2 is applied, the generated
SOTs cannot overcome the barrier, and no magnetization
dynamics can be observed. Once a sufficiently strong
current of 𝐽𝑐 = 6.5 × 1011 A/m2 is applied, the SOTs can
overcome the energy barrier and drive ultra-fast oscil-
lations of mnet in the sub-ns regime. Further increase
in current density leads to faster oscillation. With an
external field of Hext = 0.1 T applied, the energy land-
scape of the system is changed. The energy maximum
corresponding to the orientation Hext | |mnet is decreased,
whereas the maximum corresponding to Hext | | − mnet is
increased. Depending on the current strength, different
behaviors of mnet can be observed: no dynamics, de-
terministic switching, and ultra-fast oscillations. When
the energy barrier cannot be overcome with a current of
𝐽𝑐 = 3.0 × 1011 A/m2, no switching dynamics of mnet is
observed. The applied current of 𝐽𝑐 = 6.5 × 1011 A/m2

is strong enough to overcome the first barrier, but not the
second one. Thus the nc-AFM will exhibit deterministic
switching of mnet. A current of 𝐽𝑐 = 8.0 × 1011 A/m2 is
strong enough to overcome both barriers and ultra-fast
oscillations of mnet occur.

Fig. 4 | Nc-AFM switching in a Pt/Mn3Sn bi-
layer. Source: created by the authors. a-b The net-
magnetization mnet of Mn3Sn in the bilayer structure
from Fig. 3, for various current densities applied to the Pt
layer, without (a) and with (b) an external magnetic field
Hext of 0.1T. c-d The static energy (black line) of a Mn3Sn
unit cell without (c) and with (d) Hext respectively, as well
as the corresponding energies of the system with a charge
current applied to the Pt layer. Once the applied current
densities, and thus the SHE-generated spin-currents im-
pinging from the Pt-layer, are strong enough, the energy
barriers can be overcome, which leads to SOT-induced
oscillations of mnet. Applying an external field Hext,
leads to a shift of the energy peaks. In a shifted energy
landscape, the first peak can be overcome, but not the
second one, leading to deterministic switching of mnet.
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4 Spin Currents in an
Mn3Sn/Mo/CoFeB Trilayer

Fig. 5 | Mn3Sn/Mo/CoFeB trilayer. Source: created
by the authors. a Sketch of the trilayer structure, with
the CoFeB magnetization mFM (black arrows) and the
Mn3Sn net-magnetization mnet (green arrows) at initial
position along -z and +x respectively. A charge current
𝐽𝐶 along x is applied to the whole trilayer structure. The
induced Oersted field HOe is depicted as orange arrows.
b Orientation of the kagome plane within the trilayer
structure. The kagome plane lies in the 𝑥𝑦-plane.

In the following we investigate current polar-
ization and mutual magnetization switching in a
Mn3Sn(9nm)/Mo(1nm)/CoFeB(5nm) trilayer structure as
depicted in Fig. 5. The kagome plane of the Mn3Sn layer
lies in the 𝑥𝑦-plane of the device. The black and green
arrows depict the magnetic moment mFM in the CoFeB
layer and mnet in the Mn3Sn layer respectively. The red
arrow represents the charge current along 𝑥-direction,
that is applied to the whole trilayer structure. The two
binary states of the strained nc-AFM are along the
positive and negative 𝑥-direction. The CoFeB layer
exhibits a perpendicular anisotropy, with the easy axis
along 𝑧-direction.

We identify two main mechanisms of spin-polarization
in the trilayer: MSHE in the bulk of the Mn3Sn layer and
current polarization in the CoFeB layer, by transfer of an-
gular momentum, due to subsequent spin-orbit precession
(SOP) at the Mo/CoFeB interface.

In the bulk of the Mn3Sn layer charge current is spin-
polarized by the MSHE. The spin current generation can
be described by eq. (8), [14]

JS,MSHE = −𝜃SCAJC, (8)

where 𝜃𝑆𝐶𝐴 = 𝜎̂SH𝜌 is the 3 × 3 × 3 spin-charge angle
(SCA) tensor, that 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. 𝜎̂SH is the 3 × 3 × 3 spin
Hall conductivity tensor (SHCT) and 𝜌 is the electric
resistivity. The configuration of the sub-spins of Mn3Sn
in the trilayer corresponds to the AFM2 state, [14]. The
SHCT-component for AFM2 with a charge current applied
along 𝑥-direction is described by eq. (9), which reads:

𝜎
𝑆𝑥
𝑆𝐻

=


0 0 0
0 𝜎𝑥𝑦𝑦 0
0 0 −𝜎𝑥𝑧𝑧

 . (9)

The component 𝜎𝑥𝑧𝑧 generates 𝑧-polarized spin current in
𝑧-direction when a charge current in 𝑥-direction is applied.
This additional spin current component has been shown to
facilitate field-free perpendicular magnetization switching
in SOT-MRAM devices, incorporating Mn3Sn as write
line, instead of a conventional HM layer, [14]. The
relevant 𝜃𝑆𝐶𝐴 components for Mn3Sn are 𝜃𝑦

𝑆𝐶𝐴|𝑀𝑛3𝑆𝑛 =

0.221 for generation of 𝑦-polarized spin current, and
𝜃𝑧
𝑆𝐶𝐴|𝑀𝑛3𝑆𝑛 = 0.0673 for generation of 𝑧-polarized spin

current.
The spin-dependent current transport across the

CoFeB/Mo interface is modeled by considering a
strong Rashba spin-orbit interaction, which results in
SOP-generated 𝑧-polarized spin current components
impinging on the Mn3Sn layer. The interface is described
with a three-dimensional spin-dependent delta-function
potential barrier at the interface. The Hamiltonian of the
system is given by eq. (10):

𝐻̂ = − ℏ2

2𝑚𝑒
∇2 + 𝛿(𝑧)

(
𝑉01̂ + 𝐽ex𝜎̂ · b

)
, (10)

where ℏ, 𝑚𝑒, and ∇ are the reduced Planck’s constant,
electron mass, and Nabla operator, respectively. The hat
(ˆ) denotes here a 2 × 2 matrix in spin-space, 𝛿(𝑧) is the
Dirac delta function, and 𝜎̂ is the vector of the Pauli matri-
ces. The vector b is the direction of the effective magnetic
field at the interface that the electrons experience. The
spin-independent potential energy is 𝑉0 = ℏ2𝑘𝐹𝑢0/𝑚𝑒,
while 𝐽ex = ℏ2𝑘𝐹𝑢𝑒𝑥/𝑚𝑒 is the effective interfacial ex-
change energy, where 𝑢0 and 𝑢ex are the dimensionless
magnitudes of each potential and 𝑘𝐹 is the Fermi wave
number. The differences between the two sides of the
interface are captured by the nonequilibrium distribution
functions and momentum-relaxation times at either side.
For an interfacial exchange and Rashba spin-orbit inter-
action, one obtains b(k) = (𝑢𝑚m + 𝑢𝑅k̂ × ẑ)/𝑢ex with
𝑢ex = ∥𝑢𝑚m+ 𝑢𝑅k̂× ẑ∥, where 𝑢𝑚 and 𝑢𝑅 are the dimen-
sionless magnitudes of both interactions, respectively, and
k is the wave vector of the spins impinging the interface.

Spin-dependent reflection and transmission scattering
matrices can then be obtained by considering specular scat-
tering and plane-wave solutions of the time-independent
Schrödinger equation with a spin quantization axis along
b, [25]. The expressions for the charge and spin current
densities are then obtained from expanding the scatter-
ing matrices in terms of spin-projection matrices and
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Fig. 6 | Spin-orbit precession (SOP) at a FM/NM
interface. Source: created by the authors. A schematic
illustration of the SOP mechanism at a FM/NM interface.
Blue arrows represent the flow direction of the spin current,
black arrows represent the polarization direction of the
spin current. An in-plane charge current along 𝑥-direction
generates an spin current in 𝑥-direction, with polarization
direction according to the direction of mFM of the FM
layer. SOP acting at the interface generates −𝑧-polarized
spin current flowing in−𝑧-direction in the NM layer, given
𝑥-polarized spin current flowing in 𝑥-direction is present
in the FM layer, [25].

averaging the scattered distribution functions over the
momentum, [26]. For an electrical field 𝐸𝑥 along the
𝑥-axis, the resulting out-of-plane spin current densities,
with the spin polarization normal to the magnetization
m, at the interface are described by eq. (11), which read,
[25]

Jzs(0+) = −𝐺𝑚VF
s + Γ𝑚VN

s + 𝑃𝜎SOP
𝑠𝑠 m𝐸𝑥 , (11a)

Jzs(0−) = +𝐺𝑚VN
s − Γ𝑚VF

s + 𝑃𝛾SOP
𝑠𝑠 m𝐸𝑥 , (11b)

where 0+ and 0− denote the CoFeB and Mo side of the
interface respectively. 𝐺𝑚 and Γ𝑚 are interface mixing
conductances and transmittances, obtained from the mo-
mentum averaging, [25]. The interface conductivities
𝜎SOP
𝑠𝑠 , 𝛾SOP

𝑠𝑠 describe the current contributions from SOP.
To model spin current generation at the Mo/CoFeB in-
terface in the Mn3Sn/Mo/CoFeB trilayer structure, we
consider an in-plane current applied along 𝑥-direction (see
Fig. 5). The generation of 𝑧-polarized spin current, neces-
sary for switching of the nc-AFM is depicted in Fig. 6. To
generate 𝑧-polarized spin current flowing in 𝑧-direction,
𝑥-polarized spin current flowing in 𝑥-direction needs to be
present in the CoFeB layer, requiring mFM of the CoFeB
layer to also exhibit a non-zero 𝑥-component, which is
in fact the case, as shown in the following section. The
spin current density in the layers flowing in 𝑧-direction
are modeled in eq. (12) using drift-diffusion equations,
[23], [27]:

JS,z(𝑧) = −𝜎 𝜕VS(𝑧)
𝜕𝑧

+ 𝑃𝜎m
𝜕𝑉𝐶 (𝑧)
𝜕𝑧

(12)

𝑉𝐶 is the electrical potential, VS = (𝑒/𝜇𝐵) (𝐷𝑒/𝜎)S is
the spin accumulation in units of V, 𝜎 is the electrical

conductivity, and 𝑃 is the spin polarization of the current.
It is assumed that the spin instantly adapts to changes
in magnetization direction, as its dynamics is faster by
three orders of magnitude, [28]. For a steady state, the
continuity equations eq. (13) read, [23], [27]

𝜕JS,z(𝑧)
𝜕𝑧

= −𝜎VS(𝑧)
𝜆2
𝑠 𝑓

− 𝜎VS(𝑧) × m
𝜆2
𝐽

− 𝜎m × (VS(𝑧) × m)
𝜆2
𝜙

,

(13)

where 𝜆𝑠 𝑓 is the spin-flip length. In the nc-AFM the
contribution of magnetization is not considered , since
mnet is negligibly small. At the interface, Eqs (11) are used
as boundary conditions for the drift-diffusion equations.
The interface parameters 𝑢𝑚 and 𝑢𝑅 are treated as fitting
parameters. We tune our model to experimentally reported
values for a Mo/CoFeB bilayer with a Mo-thickness of
1nm, [29]. The nonequilibrium spin accumulation and
torques are obtained by solving eqs. (13) with (12).

5 Mutual Switching in an
Mn3Sn/Mo/CoFeB Trilayer

By applying a charge current 𝐽𝐶 to the trilayer structure
presented in section IV., we are able to perform a fully
electric controlled switching of both, the magnetization
mFM of the CoFeB layer and the net-magnetic moment
mnet of the Mn3Sn layer. Fig. 7a shows mFM and Fig. 7b
showsmnet. At 𝑡 = 0ns a charge current 𝐽C1 = 8mA
is applied to the trilayer structure along 𝑥-direction, at
𝑡 = 1.0ns a charge of 𝐽C2 = 12 mA is applied along 𝑥-
direction and at 𝑡 = 1.2 ns charge current 𝐽C1 = 8 mA is
applied again. At 𝑡 = 2.1ns the stronger charge current
of 𝐽C2 = 12 mA is applied along 𝑥-direction again and
at 𝑡 = 2.3ns the weaker charge current 𝐽C1 = 8 mA is
applied again. The charge current densities in the layers
are calculated according to the parallel circuit model
and the electrical conductivities of the materials, [22],
with the electric conductivities 𝜎CoFeB = 4.0 × 106 S/m,
𝜎Mo = 2.0 × 107 S/m and 𝜎Mn3Sn = 2.0 × 107S/m of
CoFeB, Mo and Mn3Sn respectively, [12], [30]. An
Oersted field is generated by the charge current in the
Mo layer according to Ampere’s law HOe = JC 𝑑/2, with
layer thickness 𝑑, [22]. The Oersted field produced by
the current flowing through the Mo layer acts similar to
the externally applied field applied to the bilayer structure
discussed in sections II. and III.. HOe shifts the energy
maxima of the Mn3Sn, facilitating deterministic switching
of mnet in the trilayer structure, without the need of an
additionally applied external magnetic field.

When 𝐽𝐶1 is applied to the structure at 𝑡 = 0ns, the
charge current leads to the generation of 𝑦- and 𝑧-polarized
spin current in 𝑧-direction by the MSHE in the Mn3Sn.
The spin current impinges into the CoFeB layer and leads
to torques acting on mFM, driving magnetization reversal.
mFM is deterministically reversed, due to 𝑧-polarized spin
current generated by the MSHE in the Mn3Sn layer. At
the same time spin current generated at the Mo/CoFeB
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Fig. 7 | Mutual Switching of Mn3Sn and CoFeB. Source:
created by the authors. a The normalized magnetic
moment mFM/𝑀𝑆 of the CoFeB layer in the trilayer
structure displayed in Fig. 5. b The net-magnetic moment
mnet/𝑀𝑆 of the Mn3Sn layer in the trilayer structure
displayed in Fig. 5.
At 𝑡 = 0ns a charge current of 𝐽𝐶1 = 8mA is applied. At
𝑡 = 1 ns a charge current of 𝐽𝐶2 = 12mA. At 𝑡 = 1.2 ns
a charge current of 𝐽𝐶1 = 8 mA is applied again. At 𝑡 =
2.1 ns a charge current of 𝐽𝐶2 = 12mA and at 𝑡 = 2.3 ns a
charge current of 𝐽𝐶1 = 8 mA is applied again. At 𝑡 < 0ns
and 𝑡 > 3.2ns no charge current is applied.
Due to spin currents generated by SHE in the Mn3Sn and
SOP at the CoFeB/Mo interface an electrically controlled
windmill-type switching can be achieved.

interface impinges into the Mn3Sn layer. Only spin current
components polarized normal to the kagome plane drive
switching of mnet. As the kagome plane of Mn3Sn in the
trilayer structure lies within the 𝑥𝑦-plane, only the spin
current component polarized in 𝑧-direction impinging
into the nc-AFM layer can drive magnetization reversal.
Spin current during 𝐽𝐶1 is too weak to drive a reversal of
mnet.

When the larger current 𝐽𝐶2 is applied at 𝑡 = 1.0ns,
the 𝑧-polarized spin current produced at the Mo/CoFeB
interface is sufficiently strong to drive the ultrafast mag-
netization dynamics of mnet. The orientation of mnet is
reversed. The Oersted field HOe, generated by the charge
current flowing through the Mo layer, shifts the twofold
energy landscape of the Mn3Sn. Therefore ultrafast sub-
ns deterministic switching of mnet can be observed while
applying 𝐽𝐶2.

Due to the reversed orientation of mnet and the strong
applied current, the now oppositely polarized MSHE-
generated spin current switches mFM of the CoFeB layer
back immediately to its original orientation. Now the
cycle continues further. During the second 𝐽𝐶2 pulse,
the 𝑧-polarized spin current generated at the Mo/CoFeB
interface impinges into the Mn3Sn layer and switches
mnet back to its original orientation. Due to the now again

changed polarity of the MSHE-generated 𝑧-polarized spin
current and the strong applied charge current mFM follows
with orientation reversal immediately. With this scheme,
we can produce a windmill-like mutual switching, purely
controlled by strength of the applied charge current in
+𝑥-direction.

We show that considering MSHE-driven spin-
polarization in the bulk of Mn3Sn and SOP at the
Mo/CoFeB interface in an Mn3Sn/Mo/CoFeB trilayer,
provides an explanation for fully electric field-free
switching. The out-of-plane 𝑧-polarized spin current
component generated by the MSHE impinges into the
CoFeB layer and drives field-free magnetization reversal
of the magnetization in CoFeB. On the other hand,
when increasing the current, the 𝑧-polarized spin current
generated at the Mo/CoFeB interface impinging into the
Mn3Sn layer, becomes strong enough, to drive ultrafast
dynamics of the net-magnetization in the nc-AFM.
The intrinsically generated Oersted field shifts the
energy profile of the Mn3Sn and facilitates deterministic
switching of the nc-AFM. The cycle can be continued,
leading to windmill-like mutual switching, controlled by
the strength of an applied charge current along 𝑥-direction.
This is in contrast to, [22] where only the orientation
of some weak domains in both CoFeB and Mn3Sn was
inverted. The presented scheme also provides an efficient
way to control mnet in an nc-AFM layer, and therefore
controlling the polarization of MSHE-generated spin
current.

6 Conclusion
We present a micromagnetic model of the nc-AFM

Mn3Sn and show that ultrafast SOT driven magnetization
dynamics are strongly dependent on tensile strain in the nc-
AFM crystal, as well as an applied magnetic field, which
shifts the energy landscape, facilitating deterministic mag-
netization reversal in a Pt/Mn3Sn bilayer. Furthermore,
we explore possible mechanisms for fully electric mutual
magnetization reversal in a Mn3Sn/Mo/CoFeB trilayer.
Applying an in-plane charge current leads to spin current
generation by the MSHE in the Mn3Sn and by SOP inter-
face effects at the Mo/CoFeB interface. Depending on
the strength of the applied charge current and the orienta-
tion of mnet of Mn3Sn and mFM of CoFeB, the produced
out-of-plane polarized spin currents drive magnetization
reversal in the respective layers. The intrinsically gener-
ated Oersted field, shifts the magnetic energy landscape
of the Mn3Sn, facilitating deterministic switching. The
provided mechanisms explore a pathway to efficiently
control magnetization and therefore spin-polarization.
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