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Unlike traditional antiferromagnetic materials (AFMs), kagome-based non-collinear antiferromagnets (NCAFs)
(Mn3X, X = Sn, Ge, Ga, etc.) exhibit a local spin-splitting effect and ultrafast dynamics, which are expected to enable
the construction of all-antiferromagnetic tunnel junctions (AATJs) with negligible stray fields. Herein, we revealed the
non-collinear magnetization switching mechanisms of Mn3Sn and constructed the AATJs models with Mn3Sn as free layer
and reference layer by employing the non-equilibrium Green’s function combined with density-functional theory. We
achieved tunnelling magnetoresistance (TMR) ratios of approximately 131% at room temperature in Mn3Sn/MgO/Mn3Sn
structure by manipulation of their Néel vectors. Particularly, we explored the dependence of TMR on bias voltages in
non-equilibrium states, and the results show the TMR ratio can be regulated from 42% to 20% by applied bias. Our
work presents the great potential of developing MRAM with ultra-high-speed, low-power consumption and high-density
integration based on non-collinear antiferromagnets as the core functional units.

Keywords: non-collinear antiferromagnets, Néel vectors, tunneling magnetoresistance, tunnel junction, trans-

mission coefficients
PACS: 75.50.Ee, 75.47.—m, 73.40.Gk
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1. Introduction

Magnetic tunnel junctions (MTJs) based on TMR effects
have much higher magnetic field sensitivity,[!*! higher tun-
neling magnetoresistance ratio, and faster read speed, which
have been considered as the key components in magnetic ran-
dom access memory (MRAM).3#4 To date, the majority of
MTIJs composed of ferromagnetic materials are easily dis-
turbed by an external magnetic field due to a certain finite
magnetization. In the meanwhile, there still exists a long
turnover time of magnetic moment and high turnover current
density,’! which is unable to meet the ultra-high-speed, low-
power, and high-stability development requirements of the
novel/next-generation MRAM.

Antiferromagnetic materials (AFMs) feature zero stray
field,®! ultrafast magnetic response, and strong immunity to
magnetic perturbations.!”# Traditionally, AFMs have been
used as exchange-bias reference layers in ferromagnetic
MTJs.’l Recently, kagome-structured non-collinear antifer-
romagnets (NCAFs) have attracted intensive interest due to
their local spin-splitting, negligible stray field, and ultra-
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fast switching behavior.!'>!!l Typical NCAFs include hexag-
onal Mn3X (X = Sn, Ge, Ga) and cubic Mn3X (X = P,
Ir). Notably, Mn3Sn exhibits nonzero Berry curvature via
time-reversal symmetry (TRS) breaking,!'?! leading to a pro-
nounced anomalous Hall effect.!!314] Realizing non-collinear
spin polarization in both free and reference layers opens
the possibility of achieving sizable tunneling magnetoresis-
tance in Mn3Sn-based all-antiferromagnetic tunnel junctions
(AATIJs).[15] Compared with conventional FM-MTJs, NCAF-
based junctions offer multiple stable magnetic configurations,
showing great potential for future neuromorphic computing
applications.

In this paper, we propose AATJ design based on Mn3Sn
free layer and reference layer. We explore the non-collinear
spin textures of Mn3Sn using first-principles calculations,
and then analyze the physical mechanism of regulation on
non-collinear magnetization in Mn3Sn by steadily switch-
ing the six Néel vector orientations. Besides, we build an
all-antiferromagnetic tunnel junction in Mn3Sn/MgO/Mn3Sn
structure, and the calculated results reveal that the Mn3Sn-

based AATJ can uphold stable TMR from 171% at 50 K
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to 103% at 350 K in equilibrium. Furthermore, in non-
equilibrium state, the TMR of Mn3Sn-based MTJ can be reg-
ulated from 42% to 20% by applied bias from 0.01 V to
0.25 V. Finally, we verified the bias-voltage modulation effect
on TMR in Mn3Sn-based AATJ by transmission coefficient
calculations. Our work highlights the feasibility and the po-
tential of Mn3Sn-based AATJs in antiferromagnetic MRAM,
and holds tremendous promise for application in neuromor-
phic computing by spintronics in the future.

2. Method

First-principles calculations regarding structural opti-
mization, electronic structure analysis, and magnetic char-
acterization are carried out. The projector augmented-wave
pseudopotentials and the generalized gradient approximation
(GGA) in the Perdew—Burke—Ernzerhof (PBE)1® form are
employed, utilizing the Vienna Ab initio Simulation Package
(VASP) code.!!7-18] The interlayer van der Waals (vdW) inter-
actions are handled by the DFT-D3 method. For these first-
principles calculations, a plane-wave energy cutoff of 500 eV
and a 13 x 13 x 1 Monkhorst—Pack k-point grid are adopted.
The structure is optimized through the conjugate gradient
method, with the convergence criteria for energy and force set
at 1 x 107 eV and 0.02 eV/A, respectively. To avoid the spu-
rious interaction between periodic replicas, a vacuum space
with a width of 15 angstroms (A) is utilized.

The spin-dependent transport calculations are conducted
by means of the NANODCAL package.!'” This is achieved
through the combination of the nonequilibrium Green’s func-
tion with DFT.?Yl In the spin-dependent transport calcula-
tions, the cutoff energy is specified as 80 Hartree, and the
basis type employed is double-zeta polarization. For the self-
consistent calculations, a 11 x 11 x 1 k mesh is utilized. Ad-
ditionally, the k points used for the calculations of the spin-
resolved transmission coefficient and current are also set to be
11 x11x1.

At zero bias voltage, the spin-resolved conductance of
MT]Is can be expressed as

2
GG:%ZTG (k- Er) , ey
k)

where Ty (kH ,EF) is the transmission coefficient at the Fermi
level (Ep), o is the spin index (o =7,/), and the transverse
Bloch wave vectors k. Here e and h are the electron charge
and the Planck’s constant, respectively.

The spin tunneling current of the MTJ at bias voltage can
be obtained using the Landauer—Biittiker!?!! formula

o= / To (E) [ (E) — fi (E)] dE, @)

where T;; (E) is the spin-resolved transmission spectrum, and
fL(E) and fr(E) are the Fermi-Dirac distribution functions
of the left and right electrodes, respectively.

3. Result and discussion

3.1. Spin-resolved electronic structures and noncollinear
magnetic switching mechanisms of Mn3;Sn

Firstly, we describe the spin-resolved electronic struc-
tures and spin textures in the chiral antiferromagnet material
MnsSn (space group P63 /mmc) obtained by DFT. The primi-
tive unit cell is composed of two atomic layers that are stacked
in the direction of the c-axis. In each individual layer, the
configuration of three Mn atoms gives rise to a kagome lat-
tice structure, as shown in Fig. 1(a) in pink. Specifically,
there is a flat band (FB) along the K—M path near EF, as in-
dicated by the red arrow in Fig. 1(b). An enlarged view of the
band structure in Mn3Sn is demonstrated in Fig. 1(c). At the
same time, the band structure also discloses two pairs of type-
II Weyl nodes. Each set comprises two WPs with opposite
chirality: Wﬁ and W, are positioned at an energy of approx-
imately Er + 50 meV, and their counterparts W," and W, are
also found at around Er + 50 meV, as marked by the pink ar-
row along the K—M path in Fig. 1(c). The position of Weyl
points controlled by spin texture can be modulated along the
assumed node ring (dashed circular curves) via a rotating mag-
netic field in the xy-plane, as derived without spin—orbit cou-
pling and shown in Fig. 1(d). Such pairs of Weyl nodes with
linear dispersion act as sources and sinks of Berry curvature
flux.[??) With this distribution of Berry curvature in momen-
tum space, WPs have been proven to be the cause of the polar-
ization direction of the magnetic octupole, which gives rise to
the strikingly large anomalous Hall effect (AHE),**! anoma-
lous Nernst effect (ANE),[?*! spin Seebeck effect (SSE), and
chiral anomaly!>! in NCAFs.

To further illustrate the distinctiveness of octupole po-
larization within NCAFs, we depicted the projected density
of states (PDOS) that correspond to the positive and nega-
tive spin polarizations (Fig. 1(e)), along with the PDOS of
magnetic octupoles (Fig. 1(f)). Significantly, in sharp con-
trast to the symmetric PDOS projected onto the spin-up and
spin-down states (Fig. 1(e)), an obvious energy shift was no-
ticed between the majority and minority bands of the octupole
moment (Fig. 1(f)). Such imbalance seen in octupole polariza-
tion breaks TRS in these antiferromagnetic states, leading to
antiferromagnetic TMR effect.

Antiferromagnetic spin textures of Mn3Sn can be viewed
as a ferromagnetic ordering of a cluster magnetic octupole T
(Fig. 2(a)), and the corresponding Hamiltonian is illustrated as
follows:

H :AZ (m,--mj) +Dzdij . (m,‘ X m]') 7KZ(ki'mi)2~ 3)
(ij) (ij) i
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Here, A is the exchange constant, [26] D is the Dzyaloshinskii—
Moriya interaction (DMI) strength,?”) and K is the anisotropy
constant.’8) The DMI as well as Heisenberg exchange in-
teraction play crucial roles in stabilizing the coplanar non-
collinear antiferromagnetic ordering in Mn3Sn. The single-ion
anisotropy term is significantly weaker than both the Heisen-
berg exchange interaction and DMI terms. This leads to a
slight deviation of adjacent Mn magnetic moments from the
ideal 120° angle, thereby inducing an extremely small in-plane
net moment m with a magnitude of merely a few thousandths
of a Bohr magneton per formula unit (mugp per f.u.). As de-
picted by the red arrows in Fig. 2(a), these moments are ori-

ented relative to one another and can undergo coherent rotation
within the kagome plane. Therefore, the noncollinear AFM
order in Mn3Sn can be characterized by six Néel vector ori-
entations (a0 = 0°, 60°, 120°, 180°, 240°, 300°), representing
the symmetry equivalent AFM states, as shown by the red ar-
rows in Fig. 2(a). It is expected that controlling the orienta-
tion of the Néel vector will achieve considerable TMR values,
which would enable AATJ. Under the SOT, the sublattice mo-
ments and the octupole moment show opposite handedness in
Fig. 2(b). The DL effective field acts on the sublattice mo-
ments with specific orientations, which facilitates the switch-
ing of the non-collinear antiferromagnetic order.

ay
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Fig. 1. (a) Crystal structure of Mn3Sn (kagome planes in pink). (b) Band structure in Mn3Sn obtained by DFT. FB along K—M’ is indicated by the red
arrow. (c) An enlarged view of the band structure in Mn3Sn. WPs along K—M' are indicated by the pink arrow. (d) Weyl points W; and W, in the k; = 0
plane of the hexagonal Brillouin zone, with open and closed circles indicating positive (+) and negative (—) chirality. (e) Spin-resolved PDOS of Mn 3d
orbitals in Mn3Sn, showing symmetric spin-up and spin-down distributions. (f) Calculated PDOS projected onto octupolar-ordered states for opposite
orientations (0° and 180°) in Mn3Sn. Black and red lines correspond to octupole-majority and minority states, respectively.
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Fig. 2. (a) The top view of atomic and magnetic structures of Mn3Sn oriented at 0°, 60°, 120°, 180°, 240° and 300°. Blue and purple balls represent
Mn atoms in different layers, and blue arrows indicate magnetic moment directions. (b) Schematic of the SOT switching mechanism in non-collinear
antiferromagnets. The four subfigures show magnetic states during switching, with the bottom-left panel representing the final stable state. Red arrows
denote the Néel vector, blue arrows represent Mn magnetic moments, and orange arrows indicate the direction of the DL effective field.

3.2. TMR and I-V relation in AATJ

Moving forward, the working principle and advantages
of AATJs are further illustrated by comparison with conven-

tional FM-MT]Js in terms of state flipping, magnetic distur-
bance immunity, and integration level, as shown in Fig. 3.

In terms of working principles, conventional FM-MT]Js have

097504-3
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only two stable magnetic states, thus enabling only binary

(291 [n addition, FM-MTTJs exhibit a macroscopic

transmission.
magnetic moment, which leads to pronounced magnetic in-
terference between MTJs as the device integration density in-
creases, creating a contradiction between storage density and
stability. 30311 In contrast, NCAFs possess local spin-splitting,
ultrafast dynamics (THz), negligible stray field, and ultra-
fast switching time, enabling simultaneous enhancement of
both storage density and storage stability in high-speed AATJs
based on NCAFs.[32! Furthermore, they can achieve multival-
ued switching due to their multiple stable non-collinear mag-
netization states, applying in the field of brain-inspired com-
puting.

We build Mn3Sn/MgO/Mn3Sn AATJ with MgO as the
spacer layers to explore the TMR effect. The designed AATJs
are divided into semi-infinite left and right Mn3Sn electrodes
and a central region MgO, as shown in the upper left panel
of Fig. 3. The heterostructure was constructed using Mn3Sn
(0001) electrodes (a = 5.59 A) and MgO (111) barrier (a =
5.95 A) with biaxial elastic strain (compressive 3.03% on
MgO, tensile 3.22% on Mn3Sn) to achieve a common in-plane
lattice constant of 5.77 A, eliminating the in-plane lattice mis-
match. In the computational process, the Néel vector of the

left Mn3Sn electrode is held fixed at og. = 0°, while the Néel
vector of the right Mn3Sn electrode is set to six distinct ori-
entations, specifically ogr = 0°, 60°, 120°, 180°, 240°, and
300°. Based on the different Néel vectors of the left and right
AFM electrodes, it can achieve multiple nonvolatile states. For
or = 0°, the orientations of the Néel vector have an identical
characteristic in the left and right Mn3Sn electrodes, denoted
as the parallel configuration (PC), whereas for ag = 180°, the
orientations of the Néel vector are opposite, denoted as the
antiparallel configuration (APC) (upper left panel of Fig. 3).
It is demonstrated that the tunneling conductance G for PC is
0.4540 (¢?/h) and for APC is 0.1967 (% /h). The TMR ratio
of Mnj3Sn/insulating barrier/Mn3Sn MT]J at zero bias voltage
is defined as

(Gp—Gap)
AP

TMR = x 100%. 4@
where Gp and Gap represent the total tunneling conductance
of the MTJ in the P and AP states, respectively. The conduc-
tance ratio is Gp/Gap ~ 2.31, and the corresponding TMR
ratio is about 131%. This is due to a spin mismatch between
the incident electron wave from the left Mn3Sn electrode and
the output electron wave from the right Mn3Sn electrode.

Immunity

q 9 q Stat 1
Schematic sketch of working mechanism of AATJ and FMTJ 2o to magnetic Integration
flipping . level
disturbance
Spacer -
Multi-
states Yes High
flipping
Spacer
Spacer .
Binary
states No Low
flipping
Spacer
b.—» c

Fig. 3. Comparison of non-collinear antiferromagnet and conventional antiferromagnet. Blue and gray arrows denote the spin polarization of
the spin current. The magnetic domains A and B denote two resistance states of low and high resistances in the parallel and anti-parallel states.
In the latter case, the collinear 1. spin order induces a fictitious magnetic field even without net magnetization M.

Next, we investigated the transport properties of AATJ in
the equilibrium state. To vividly illustrate the impact of volt-
age bias on the spin-resolved tunnel barriers in the PC and the
APC, the PDOS along the transport direction near the Ef is
computed by the NEGF method. In Figs. 4(a) and 4(b), the
dark blue region around 13 A corresponds to the MgO barrier.
Due to its insulating property, MgO exhibits a low state den-
sity over a wide energy range, which efficiently isolates the
wave function coupling between the two Mn3Sn electrodes.

A comparison shows that the P state has a much smaller dark
blue region and a larger red region than the AP state at the
EF, indicating stronger electronic transport capability in the P
state.

Moreover, we analyze the Néel-vector orientation depen-
dence of the zero-bias tunneling conductance and TMR of the
Mn3Sn/MgO/Mn3Sn AFM MTJ with a fixed Néel-vector ori-

entation of the left electrode (o, =0°) and different orienta-
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tions of the right electrode (ag = 0°, 60°, 120°, 180°, 240° and
300°). As shown in Fig. 4(c), the tunneling conductance can
be continuously tuned by the Néel-vector orientation, evolving
from the highest value of 0.4540 (¢? /h) in the parallel config-
uration (PC, og = 0°) to the lowest value of 0.1967 (e? /h)
in the antiparallel configuration (APC, ar = 180°), followed
by a gradual recovery toward the conductance of the parallel
state at 360°. Correspondingly, the TMR exhibits a continu-
ous variation as a function of the Néel-vector angle (from 0° to
360°), reaching a maximum value of 131% at the APC. Thus,
the TMR ratio can be continuously tuned into multiple states
depending on the relative Néel-vector orientation, providing
solid evidence for multi-resistance states in noncollinear AFM
MT]Js, whereas only binary resistance states can be realized in
conventional FM MT]Js.

In addition, we also calculated the conductance and TMR
ratios of the Mn3Sn/MgO/Mn3Sn MTJ at varying temper-
As shown in Fig. 4(d), the TMR exhibits a non-
monotonic temperature dependence. It increases from 171%
at 50 K to a peak of 192% at 200 K with minor fluctuations.
Above 250 K, the TMR drops significantly, reaching 131%
at 300 K and 103% at 350 K. The initial rise and stability

up to 200 K reflect the robust noncollinear antiferromagnetic

atures.

order of Mn3Sn, while the subsequent decline above 250 K
is attributed to thermal disruption of magnetic coupling and
the MgO barrier properties. These results suggest that the
Mn3Sn/MgO/Mn3Sn MTJ exhibits stable TMR over a wide
temperature range of 50-350 K. The equilibrium transmission
spectra versus electron energy for PC and APC show a large

transmission contrast in the inset of Fig. 4(d) at 300 K.
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Fig. 4. PDOS along the transport direction (z-axis) for the Mn3Sn/MgO/Mn3Sn MTJ in the (a) P state and (b) AP state. (c) Calculated tunneling
conductance G (left axis, black curve) and TMR ratio (right axis, red curve) with respect to relative Néel vector rotation angle or ranging from 0° to
360°. (d) Temperature-dependent TMR of the Mn3 Sn/MgO/Mn3Sn MTJ. The inset presents transmission coefficient versus electron energy in PC and

APC at equilibrium. (e) Total current and (f) TMR as a function of bias.

Table 1. The calculated Ip, Iap and TMR values with applied bias.

Applied bias voltage (V) Ip (107 ¢2V/h) Inp (107 ¢2V/h) TMR (%)

0.01 0.2462 0.1733 42

0.05 1.0415 0.7654 36

0.1 2.0932 1.5842 32

0.15 3.0629 2.3381 31

0.2 4.3264 3.4068 27

0.25 5.0631 4.2105 20
Then, we explored the bias dependence of the

transport properties in the nonequilibrium state in the
Mn3Sn/MgO/Mn3Sn MTJ. The setup of bias voltage +vy, is
described as follows: the left electrode is biased at +vy/2,
while the right electrode is biased at —vy,/2. The calculated

current in the P configuration (Ip), current in the AP configu-
ration (/ap), and corresponding TMR values at different bias
voltages are shown in Table 1. It can be seen from Fig. 4(e)
that both the Ip and Iap increase monotonically with bias volt-
age, while the P configuration exhibits a higher current over
the entire bias range.

This phenomenon originates from the different transmis-
sion capabilities of the two Néel-vector configurations. In the
PC, transport with aligned Néel vectors is dominated by high-
transmission states near the Er, with only minor contributions
from bias-induced states. In contrast, the APC with reversed
Néel vectors exhibits suppressed transmission near Er, where
bias-induced states contribute more significantly to transport.
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In this way, the initially suppressed transmission in APC be-
comes progressively enhanced with increasing bias. Accord-
ingly, both the high-transmission states near Ef in the PC and
the bias-induced states in the APC exhibit enhanced electronic
transmission, giving rise to increased currents in both configu-
rations. Ultimately, the electron transmission contrast between
the two configurations under bias voltage is gradually reduced,
leading to a reduction in TMR ratio. As a result, the TMR ra-
tio with applied bias (0.01 V to 0.25 V) in AATJs can be tuned
from 42% to 20%, as shown in Fig. 4(f). The TMR ratio under

finite bias is calculated by the following definition:

Ipc—1
TMR = | PC—APC | 100%. (5)
Iapc
0.7+ (al) Bias=0.05 V_PC

0.5F

0.3
0.7

Bias=0.1V PC

0.5 :
03k . ‘
0.7 (a3)

Bias=0.15 V PC

Transmission coefficients

0.7 [ (ad)

1

1

1 n
Bias=0.2V PC
1

1

0.7F(a5)

0.5

0.3 . .
—0.3 —0.2 —0.1
Energy (eV)

Furthermore, we verified the bias dependence of the
transport properties by relating the transmission spectrum to
electron energy in non-equilibrium.?3! A symmetric bias is
applied with the left electrode at +V /2 and the right elec-
trode at —V /2. Transmission spectra versus electron energy
for bias voltages ranging from 0.05 V to 0.25 V are presented
in Fig. 5. The bias window in each panel is denoted by the yel-
low shaded regions. As shown in Figs. 5(a) and 5(b), the value
of Tpc(E) is higher than that of Tapc(E) at a bias voltage of
0.05 V. According to Eq. (2), the integral of the electron trans-
mission spectrum in the bias voltage window is equal to the
current, i.e., the area enclosed by the transmission spectrum
and the energy axis in the bias window can approximately re-
flect the current. 34!

0.7f (b1) Bias =0.05 V. APC

.................. o =er

1

1
: N R .
0.7F (b5 ias=0.25 V. APC

[l

1

Lo

T\ !

—0.3 —0.2 —0.1 0 0.050.1 0.2 0.3
Energy (eV)

Fig. 5. Total transmission coefficients of the Mn3Sn/MgO/Mn3Sn MTJs with (al)—(aS) P states and (b1)—(b5) AP states as a function of
energy at different bias voltages. Black and blue curves represent the transmission coefficients of the P and AP states, respectively. The
yellow shadows represent the bias window. The Fermi energy is indicated by the vertical black dashed line. The gray dashed lines mark
the transmission coefficients of the PC and APC at Er+ 50 meV, and the red double-headed arrow highlights the transmission contrast ATC

between the two configurations.

The applied bias voltage plays a crucial role in the modu-
lation of the electron transmission for the AATJs. At low bias,
the bias window falls short of the Weyl-point energy, barely
affecting the electron transmission at this moment. As the
bias increases, the chemical-potential window sweeps across
the chiral Weyl points (around 50 meV above the Ef), which
brings about drastic changes in the non-trivial transmission
channels driven by Berry curvature. Accordingly, the trans-
mission difference (ATC) between the PC and APC around
the Weyl-node energy is gradually reduced, as evidenced in
Figs. 5(b1)-5(b3), giving rise to the pronounced TMR re-
duction in Fig. 4(f). Upon further increasing the bias volt-

age, ATC is almost negligible, as shown in Figs. 5(b4) and
5(b5), leading to the convergence of transmission coefficients
in PC and APC, resulting in a further suppression of the TMR
ratio. This unique bias-dependent tuning ability induced by
the Weyl points unveils the microscopic topological origin of
TMR modulation in AATJs based on Mn3Sn fundamentally.
In contrast, with the expansion of the transport window, inter-
band tunneling channels induced by bias in conventional FM
MT]Is reduce the spin-resolved symmetry-selective filtering at
the electrode/barrier interface,>>! which is distinguished from
the transmission originating from the Weyl points in AATJs

based on Mn3Sn.
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4. Conclusion

In summary, chiral antiferromagnetic Mn3Sn exhibits
noncollinear spin textures and octupole polarization arising
from broken time-reversal symmetry, providing the physi-
cal foundation for the proposed AATJ. Focusing on the non-
collinear magnetic switching mechanism, we established the
Mn3Sn/MgO/Mn3Sn AATJ and clarified its distinct operat-
ing mechanism compared with conventional FM MTIJs. Fur-
thermore, the tunneling conductance is continuously tun-
able through the relative orientation of the AFM Néel vec-
tors, demonstrating the feasibility of multi-resistance states in
AAT]Js based on Mn3Sn. In particular, we explore the TMR
effects in AATJs under varying temperatures and bias volt-
ages, while the corresponding transmission spectra of the PC
and APC account for the bias-dependent TMR evolution. The
novel AATJ is expected to enable ultra-high-density, ultra-
high-speed, and low-power antiferromagnetic MRAM, with
its multi-valued switching characteristics in spintronics for ap-
plications in future brain-inspired devices.
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