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The emergence of nonrelativistic band spin splitting in fully compensated collinear antiferromagnets provides
an intriguing platform for investigating nontrivial spin-dependent phenomena. Here, we explore the relationship
between magnetic symmetry and electronic states of two-dimensional (2D) antiferromagnets and demonstrate
that nonrelativistic and giant band spin splitting and topological electronic features emerge in room-temperature
antiferromagnetic metal V,Te,O that is sufficiently stable to be exfoliated from the layered compound. More
interestingly, the anisotropic spin-momentum coupling of monolayer V,Te,O gives rise to the spin-Hall effect
where the spin-charge conversion ratio is expected to be over 30%, and two fully spin-polarized and separated
conduction channels with opposite spin polarization make it an ideal candidate for an electrode that is applied
in the antiferromagnetic tunneling junction with large magnetoresistance. Our work elucidates the unexplored
potential of 2D antiferromagnetic metals with nonrelativistic band spin splitting for their practical applications

in spintronics.

DOI: 10.1103/PhysRevB.108.024410

I. INTRODUCTION

Owing to the combination of robustness against external
field perturbations and ultrafast spin dynamics and switching
speed, the antiferromagnets exhibiting vanished net macro-
scopic magnetization and negligible stray field show promise
for replacing ferromagnets and being fundamental mate-
rials in magnetic memory devices with high density and
low power consumption [1-17]. However, the counterpart
spin degeneracy in real- and reciprocal space of conven-
tional antiferromagnets makes the magnetic order difficult
to manipulate and detect by electrical/optical approaches
well applied in ferromagnets. Recently, the nonrelativis-
tic symmetry-protected spin-split electronic band structures
have been demonstrated to be able to emerge in multi-
ple collinear antiferromagnetic (AFM) crystals [18-27]. The
ferromagnetic-antiferromagnetic dichotomy in these AFM
crystals leads to the term “altermagnetism” [28,29]. More-
over, such spin splitting in reciprocal space can result in
nontrivial transport phenomena without the assistance of
spin-orbit coupling (SOC), including spin-Hall effect (SHE)
and tunneling magnetoresistance effect (TMRE), which have
been well studied in the three-dimensional AFM metal RuO,
from both theoretical and experimental aspects [30-35]. Spin
current generated by SHE could be applied to switch the
adjacent magnetization by generating spin torque [36-38],
and TMRE underpins information processing and storage
based on the magnetic tunnel junction (MTJ) where conduc-
tance is determined by the relative spin orientations of two
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magnetic electrodes [39—43]. Notably, layered magnets, as
they possess unique features including atomic thickness, high
interface quality, capability of integration in heterostructure
devices, etc., provide opportunities for investigating non-
relativistic band spin splitting (NBSS) and its consequent
transport phenomena, and probably lead to the development
of ultracompact spintronic devices [44-49]. However, it is still
challenging and interesting to realize practical applications
of NBSS based on the simple and qualified two-dimensional
(2D) AFM system that exhibits strong spin splitting, has suffi-
cient spin-dependent density at the Fermi level, and possesses
room-temperature structural stability and magnetic order.

In this work, we elucidate the relationship between the
nonrelativistic spin-split band and magnetic symmetry in the
collinear AFM monolayer, and using extensive first-principles
calculations, we demonstrate that vanadium oxytelluride
V,Te,O (VTO) is an ideal 2D AFM metal for realizing
practical applications of NBSS and it simultaneously shows
topological electronic features. Interestingly and importantly,
the anisotropic spin splitting of electronic states gives rise
to giant SHE with a spin-charge conversion ratio of over
30%, and the emergence of fully spin-polarized conduction
channels makes monolayer VTO-based MTJ possibly exhibit
very large TMR over 500%. These results may vastly promote
the development of spintronic applications based on altermag-
netic or topological metals.

II. COMPUTATIONAL METHODS

The first-principles calculations are implemented in the
Vienna ab initio simulation package (VASP) code with density
functional theory (DFT) [50-52]. The projector-augmented
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FIG. 1.

(a) The schematic of a planar square lattice with G-type antiferromagnetism. The space group of this square lattice is P4/mmm.

The Néel vector is set to be perpendicular to the material plane. Cartoons of band structure of AFM monolayer with (b) PT 7/, symmetry and
(), (d) without PT 7/, symmetry. In a 2D BZ, (c) My, symmetry makes the eigenstate at k and Mk exhibit the opposite spin, and (d) M,

mirror symmetry could favor M. -protected nodal loops.

wave (PAW) method [53], and the local density approxima-
tion (LDA) are employed [54]. For describing the strongly
correlated 3d electrons, the LDA+-U method is applied with
an effective Hubbard U parameter chosen to be 3 eV for tran-
sition mental elements. Uer = 2, 4 €V are also tested, and key
findings in this work are robust against U values. Structures
are fully relaxed until the force converged on each atom is
less than 1073 eV/A. The plane-wave cutoff energy is set to
420 eV and Brillouin zone is sampled using I'-centered
16 x 16 x 1 and 16 x 16 x 5 Monkhorst-pack k mesh. The
0pt1mlzed lattice constants of bulk VIO (a = 3.97A, ¢ =
12.92 A) are consistent with experimental results (dexp: =
3.93A, Cexpt = 13.24 A) [55]. To avoid interactions between
adjacent layers, the vacuum space is set to be larger than
15A for monolayer VTO. To demonstrate the dynamic and
thermodynamic stability of the monolayer VTO, we calculate
the phonon band structure by using the PHONOPY code ina 4 x
4 x 1 supercell [56] and perform ab initio molecular dynamics
simulations in a canonical NVT ensemble for 8 ps at 500 K
[57]. The detailed methods for extracting magnetic parameters
are introduced in the Supplemental Material (SM) [58]. The
Monte Carlo (MC) simulations with the Metropolis algorithm
are applied for investigating the temperature-dependent mag-
netization of a 100 x 100 x 1 VTO supercell, based on the
explicitly resolved spin Hamiltonian. The zero-field cooling
approach is adopted, and 8 x 10* time steps are employed
for each temperature point in order to make the system reach
thermal stability. A 260 x 260 x 1 large supercell with peri-
odic boundary is then adopted for configuring the real-space
spin configurations. The spin-resolved transport properties
of VTO-based MTJ are calculated using the nonequilibrium
Green’s function formalism (DFT4NEGF), as implemented
in the ATOMISTIX TOOLKIT 2022 software package [59,60].
A 150 x 150 Monkhorst-Pack k mesh is applied in transition
spectrum calculations.

III. RESULTS AND DISCUSSIONS

For understanding the nonrelativistic spin-split band in a
collinear AFM monolayer, we first consider a planar square
lattice with G-type spin configuration [Fig. 1(a)]. Space in-
version symmetry P switches reciprocal momentum k — —k,
giving rise to E4 (k) = E4(—k); nonsymmorphic time-reversal
symmetry 77, switches both k — —k and spin state 0 —
—o, giving rise to E4(k) = E|(—k), where 7y, is the half
unit cell translation along the [110] direction. Obviously,
spin splitting is forbidden in the 2D Brillouin zone (BZ)
[Fig. 1(b)] due to preserved PT t;/, symmetry. For achieving

spin splitting, i.e., E;(k) # E|(k), nonmagnetic atoms are
suggested to be inserted between magnetic atoms to break
PTt), symmetry. Furthermore, if the modified system pre-
serves nonsymmorphic mirror symmetry Mgt/ where M,
[purple plane in Fig. 1(a)] gives rise to both k — My k and
o — —o, the spin polarization of the eigenstate at k and Myk
should exhibit the opposite sign, i.e., Ey (k) = My110E4 (k) =
E,(Mgk) [Fig. 1(c)]; if the system also preserves vertical
mirror symmetry M, [blue plane in Fig. 1(a)], the whole 2D
BZ should be invariant under this mirror plane, indicating
that the crossing of bands with opposite mirror eigenvalues
could generate M, -protected nodal loops [Fig. 1(d)]. The in-
terplay between crystal symmetry and magnetic order needs
to be confirmed for achieving required symmetries since spin
is considered in eigenstates. For examples, the existence of
Mgyt /, symmetry requires the Néel vector being parallel to
the M mirror plane, and the existence of M, requires the Néel
vector to be vertical to the M, mirror plane.

Based on the above analysis, one could search or artificially
design 2D AFM metals with NBSS. Considering components
of the most discovered 2D van der Waals (vdW) magnets,
magnetic atoms could be chosen as 3d transition metals whose
partly occupied d orbitals give rise to magnetism, and bridg-
ing atoms that break PT 7/, symmetry could be chosen as
VI-A and VII-A elements.

Next, we show how the spin-polarized band structure is
achieved in monolayer VTO [see crystal structure in Figs. 2(a)
and 2(b)] and how electronic transport behaviors are deter-
mined by unique band structure. The space group of VTO
remains as P4/mmm where the magnetic V atoms are con-
nected by nonmagnetic Te and O atoms. We adopt the
spin Hamiltonianas H = —J1 3, 4 SiS; —J2 3y i1y SiSj —
A); (Sf')2 for explicitly describing magnetic properties,
where J; (J2) is the exchange coupling between the nearest
neighboring (next nearest neighboring) spin pairs, and A is the
single-ion magnetic anisotropy. As shown in Table I, J; and J,
favor AFM and FM coupling, respectively, and magnetization
prefers the out of plane orientation. Based on MC simulations,
we find that the Néel temperature of VTO is over 700 K
(Fig. S2(a) [58]). The real-space spin configurations of VTO
with a large supercell directly elucidate that the G-type anti-
ferromagnetism [Fig. 1(a)] as the ground state can survive at
finite temperature (Fig. S3 [58]). Importantly, PT 7}, symme-
try is preserved for a pristine V lattice while it is broken for the
whole system due to the existence of Te and O, which is char-
acterized by the anisotropic magnetization density localized
around V atoms [Fig. 2(b)] and largely spin-polarized band
structure [Fig. 2(c)]. Electronic states exhibit totally opposite
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FIG. 2. The (a) side and (b) top view of crystal structure of monolayer VTO. Brown, dark green, and red balls represent V, Te, and O,
respectively. Dark red and blue zones in (b) represent spin-up and spin-down magnetization densities. (c) Band structure and (d) Fermi surface.
For electronic states around the X or Y point, the fully spin-polarized Fermi surface consists of two ellipses, where the flat one is dominated by
the p, or p, orbital, and the fat one is dominated by the d,, or d,, orbital (Fig. S4 [58]). (e) The shape of nodal loops. The color map indicates
the local gap between two crossing bands. In (c)—(e), red and blue correspond to spin-up and spin-down electronic states, respectively. DFT
results elucidate that there is (b) anisotropic magnetization density in real-space and (c), (d) anisotropic spin-momentum coupling in the BZ.

spin polarization along I' <+ X <+ M and " < Y < M due
to My 11/ symmetry, and for energy level ranging from —0.38
to 0.54 eV, the spin-up and spin-down states are entirely
separated in the BZ.

Figure 2(d) shows spin-polarized elliptical Fermi surfaces.
The spin polarization of electronic states around the X point
is perfectly compensated by that of counterpart states around
the Y point. Interestingly, the crossing of p, and dy, bands,
and p, and d,, bands (see orbital-resolved band structures in
Fig. S4(a) [58]) generates fully spin-polarized nodal loops
around the X and Y points [Fig. 2(e)]. M, symmetry [blue
plane Fig. 2(a)] is preserved since the Néel vector is perpen-
dicular to the plane. The resulting M, eigenvalue for holelike
bands (p, and p,) equals +i, while the M, eigenvalue for elec-
tronlike bands (d,; and d,) equals —i [see labels in Fig. 2(c)].
Opposite eigenvalues of crossing bands indicate that these two
bands are forbidden by M, symmetry to hybridize with each

TABLE 1. Structural and magnetic properties for monolayer
VTO. The unit of lattice constant @ is A; the unit of magnetic
moment m is ug; the unit of J;, J, and A is meV, and the unit
of Néel temperature 7y is K. The positive and negative signs of J
indicate the ferromagnetic and antiferromagnetic exchange coupling,
respectively, while the positive sign of A indicates the out of plane
magnetization.

a M Ji 7 7 ATy

V,Te, O 395 190 -36.79 48.15 4924 036 740

other. The p and d band crossings of VTO are thus robust
against SOC effects as the Néel vector is perpendicular to
the material plane (Fig. S4(b) [58]). Despite clean and fully
spin-polarized nodal loops having been observed in a few FM
half-metals [61-63], the coexistence of separated nodal loops
with opposite spin polarization [Fig. 2(e)] in one material is
reported here.

The phonon band dispersion without imaginary modes
(Fig. S2(b) [58]) and ab initio molecular dynamic simulations
(Figs. S2(c) and S2(d) [58]) further demonstrate the dynam-
ical and thermal stability of monolayer VTO, respectively.
The monolayer VTO is potentially synthesized using the
pulsed laser deposition. By precisely calibrating and control-
ling growth rate, the film thickness can be gradually reduced,
thereby approaching the monolayer limit. We note that a sin-
gle crystal of layered VTO (see crystal structure in Fig. S5(a)
[58]) has been successfully synthesized via the topochemical
deintercalation of interlayer Rb in Rb,V,Te,O [55]. There-
fore, it is also possible to exfoliate the bulk crystal VTO down
to a monolayer. Despite there being strong intralayer AFM
coupling, bulk VTO exhibits paramagnetic behavior due to the
very weak interlayer exchange coupling of —0.24 meV. The
situation of magnetism in VTO is similar to V,Se,O [21,64]
and VSe, [65], whose monolayer potentially possesses
strong AFM and FM order, respectively, while the bulk is
paramagnetic.

Different from reported 2D antiferromagnets with NBSS,
such as semiconductor monolayer V,Se,O [21], semimetal
monolayer CrO [26], and semiconductor bilayer CrSBr [27],
robust metallic features of VTO indicate that direct electrical
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FIG. 3. (a) The electrical field E induced the Fermi surface shift
for monolayer VTO with /2 x +/2 x 1 supercell. As E is along the
[100] direction, the combination of spin-up and spin-down current
generates the longitudinal charge current and transverse spin current.
(b) Ilustration of E-induced spin current in real-space. (c) Charge
and spin conductivities obtained from the Kubo formula.

producing strong spin current. Figure 3(a) shows the spin-split
Fermi surface of a /2 x /2 x 1 supercell of VTO. Such
supercell is chosen for simplifying conductivity tensor cal-
culations by setting the external electrical field E along the
[100] direction. Due to anisotropic spin-momentum coupling,
the E-induced Fermi surface shift will generate (i) unpolar-
ized longitudinal charge current and (ii) transverse pure spin
current [Figs. 3(a) and 3(b)]. The response of metals to the
electrical field E is well described by Kubo linear-response
calculations, based on DFT electronic structures. It is approx-
imated that the effect of disorder is a constant band broadening
I, ie., setting GR(¢) = hle—H + ir']”", where G and A
represent the retarded Green’s function and Hamiltonian re-
spectively. All linear response formulas can be spilt into two
different parts which transform oppositely under the time re-
versal, and using constant I" approximation, the 7T-odd part of
Kubo formula is given by [66,67]

Cowi__ el T2Re (Yt A [Wini) (Yo 101 k)
7V = (Ep — eu)’ + T[(Er — &)’ + T2
(1)
applications of anisotropic spin-momentum coupling can be
realized since extra carrier doping is not a prerequisite for The T-even part is given by
|
eh N l—‘(gmk - Enk)
o = — I (( s AWk ) (Wi |0 | Wk} ) X {
2V ngk ! [(er — ea)> + T2(er — &)* + T2
2 2 ek — & — I
3 >t 5 Imin — 1, 2)
(enk — emicl[(er — €mi)” + T2 (Enk — Emi) e — & — il

where 1, represents the Bloch function of band n, k rep-
resents the Block wave vector, e represents the elementary
charge, and ¢, and e represent the band and Fermi energy.
Under I' — 0 limitation, 7-odd and T-even parts are further
written as

h A
s DAY 03 = )
3
oeven _@ Z Im((wnk|A|¢mk)(Winl;|f)j|wnk)). (4)
bk (Enk — Emi)

The charge/spin conductivity tensor can be quantita-
tively estimated by setting operator A = 9;/A = %{3‘, 0;}.
A Wannier-based tight-binding Hamiltonian is further con-
structed to numerically evaluate the Kubo formula, as a post-
processing of DFT calculations [68]. The room-temperature
(300 K) charge conductivity o of a VTO single crystal is
6.25 x 10°Q~! cm~! measured by the standard four-terminal
method [55]. For broadening I' = 74 meV, o obtained from
the constant I" approximation is very consistent with experi-
mental results (Fig. S5(c) [58]). Since I' of monolayer VTO
still cannot be estimated quantitatively due to the lack of
correlated experiments, we show conductivities as functions
of I' ranging from 0O to 140 meV [Fig. 3(c)]. Nonrelativis-

(

tic T-odd spin conductivity o ° reaches to 9.30 x 107

(h/2me)2~' em™! for ' = 74 meV. The labels x, y, and z
of o 4 correspond to the direction of external electrical
field, transverse spin current, and spin polarization of the spin
current, respectively. The combination of P4/mmm crystal
symmetry and G-type antiferromagnetism [Fig. 1(a)] only
allows o, odd (= oy °dd) a5 nonzero components in the spin
conductivity tensor when SOC effects are not included [31].
Equation (S3) indicates that o, °dd diverges under I' — 0 lim-
itation, while Eq. (S4) indicates that 7-even spin conductivity

oy, " converges to a finite value, which is confirmed by DFT

results [Fig. 3(c)]. Notably, 0%, *¥ is significantly enhanced to
6.01 x 10® (h/2me)Q2~" cm~" when T decreases to 10 meV,
and its magnitude stays much larger than o, " by at least
two orders of magnitude. The spin conductivity of widely used
spin current generator Pt is around 2 x 10° (/27w e)Q2~! cm™!
[69]. Achieving strong intrinsic contribution (o5, ") to SHE
requires materials that possess very strong SOC, thus limiting
T-even spin-charge conversion in 3d metals. This limita-
tion is naturally overcome for 7-odd spin-charge conversion
since the SOC impact on oy, °odd js very weak [see blue
solid and red dashed lines in Fig. 3(c)]. Moreover, we find
that T-odd spin-charge conversion ratio o °*/o is stabi-
lized around 31% when I" exceeds 10 meV [Fig. 4(a)], and
it could be further enhanced to be around 35% when the
Fermi level is slightly shifted down [Fig. 4(b)]. Spin-charge
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FIG. 4. The spin-charge conversion ratio o, °dd /& for monolayer VTO as functions of (a) I' magnitude and (b) energy level.

conversion efficiency of monolayer VTO is even comparable
with state of the art heavy metal 8-W (~ 33%) [70], diluted
alloy CuTb (~ 35%) [71] and larger than AFM metal RuO,
(~28%) [31]. The strong spin current generated by an
electrical field can be applied for magnetization switching,
based on VTO/insulator/ferromagnet heterostructure where
tunneling spin flow from VTO induces torque acting on the
ferromagnet [72].

Figures 5(a) and 5(b) illustrate another potential ap-
plication of 2D AFM metals with NBSS. The vertical
heterostructure combines two VTO electrodes and the insulat-
ing barrier layer to form an antiferromagnetic tunnel junction
(AFMTYJ). Since layered vdW materials intrinsically exhibit
weak strength of interlayer interaction and the absence of
dangling bonds, the insulating barrier layer could be chosen as
h-BN with a large band gap (~6 eV) to fabricate the vdW het-
erostructure with VTO [73-76]. The Fermi surface [Fig. 2(d)]
elucidates that electronic states with opposite spin polariza-
tion are largely separated in BZ. For the tunneling process,
the spin-down states around the X point and the spin-up states
around the Y point form two 100% spin-polarized conduction
channels, while there is no global spin polarization in AFMT]J.
Based on the Julliere model [39], the spin of electrons is
conserved in the tunneling process, and the conductance for
a particular spin channel is proportional to the product of the
corresponding states’ density of the two electrodes. As shown
in Figs. 5(c) and 5(d), in the parallel configuration [Fig. 5(a)],
spin-polarized conduction channels of the electrodes perfectly
match, resulting in a high conductance state, and in the an-
tiparallel configuration [Fig. 5(b)], spin polarization of states
around the X and Y points switches for top VTO layer of the
MT]J, and spin-polarized conduction channels are totally mis-
matched, resulting in the insulating state. Therefore, AFMTJ
based on VTO may theoretically show large TMR. Despite
very large TMR having also been predicted in MTJ where
the half-metallic Heusler alloys are chosen as the electrode,
the alloy interface disorder arising from the contact with the
epitaxial oxide barrier significantly reduces the spin polariza-
tion and thus makes the observed TMR much smaller than
predictions [77]. This shortage is circumvented in vdW MTIJs
with intrinsic high interfacial quality.

In order to investigate transport behavior from first-
principles calculations, we establish the AFMT]J consisting of
VTO, a BiOCI barrier layer, and a Ag electrode as shown
in Figs. 6(a) and 6(b). The lattice mismatch between VTO
and BiOCl is 2.3%, and between VTO and Ag it is 2.7%.
Notably, monolayer BiOCl could be exfoliated from its bulk

phase [78,79], and its band gap could reach 2.75 eV. Tran-
sition spectra at the Fermi level are shown in Figs. 6(c)
and 6(d), which are obtained for parallel and antiparallel
alignments of Néel vectors of VTO. For the parallel align-
ment, the asymmetry between TpT and TI} arises from the
asymmetric spin conduction channels [Fig. 2(d)]. For the
antiparallel alignment, the transition obviously decays due
to the blocked spin conduction channels, resulting in con-
tributions to transition only arising from states around the
spin-degenerated zone. Moreover, we obtain G, = 1.46 x

(ayP ()  BotVTO
o © i
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S 02
Insulating <
Barrier Layer 200 A
: |
0 O
2 0 - -
DOS (states/(eV u.c.)) DOS (states/(eV u.c.))
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:/&/M E |
N\ : i
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g % X AKX Y/
x
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DOS (states/(eV u.c.)) DOS (states/(eV u.c.))

FIG. 5. The schematic of VTO/barrier/VTO AFMTJ with (a)
parallel and (b) antiparallel spin configurations. Illustration of the
tunneling process based on calculated density of states, for (c) paral-
lel and (d) antiparallel states. The chosen energy level for density
of states ranges from —0.38 to 0.54 eV where the spin-up and
spin-down states are totally separated in the BZ. At the Fermi level,
spin-down (-up) states are localized around the X (Y¥) point [see labels
in (c)], for monolayer VTO with the spin configuration shown in (a).
Once the Néel vector is reversed, the positions of spin-down and
spin-up states in the Brillouin zone are consequently switched [see
labels in (d)].
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FIG. 6. The schematic structure of Ag/VTO/BiOCI/VTO/Ag AFMT]J with (a) parallel and (b) antiparallel alignment of Néel vectors of
VTO. Brown, dark green, light green, red, purple, and silver balls represent V, Te, Cl, O, Bi, and Ag, respectively. The spin-resolved transition
spectra in the BZ of AFMTJ with the (c) parallel and (d) antiparallel state.

1077 and G,,, = 2.16 x 10® using the Landauer-Biittiker for-
mula G = (¢?/h) Y, T (k) and determine that the AFMTJ
possesses a large TMR ratio (G,—G,,)/G,p reaching 574%.
Further first-principles research can optimize the 2D AFMTJ
design by exactly unveiling the impact of interface resistance,
tunneling through the barrier evanescent state, and band struc-
ture distortion induced by the charge transfer between the
electrode and barrier layer.

IV. CONCLUSIONS AND PERSPECTIVES

We highlight the impact of PT 1/, MyTi/2, and M, on
spin-split electronic states of the AFM monolayer and demon-
strate that VTO combining the room-temperature magnetic
order and structural stability meets all screening criteria for
practical applications of NBSS. Nearby Fermi-level, spin-up
and spin-down electronic states are totally separated in the
BZ. Interestingly, the crossing of p and d bands generates
two clean and fully spin-polarized nodal loops protected by
M, symmetry, and the nodal loop around the X and Y points
exhibits exactly opposite spin polarization. The investiga-
tion of VTO thus expands the family of both altermagnets
and topological magnetic metals. Moreover, anisotropic spin-
momentum coupling gives rise to SHE dominated by 7T-odd
spin-charge conversion, and the conversion ratio reaches over
30% which is even comparable with the record metallic
systems. The emergence of fully spin-polarized conduction
channels implies that monolayer VTO is an ideal electrode
candidate utilized in MTJ. According to the Julliere model, it

is possible to achieve a large tunnel magnetoresistance (TMR)
in the VTO/barrier layer/VTO AFMTJ structure. Using the
nonequilibrium Green’s function formalism, we demonstrate
that the TMR ratio in the Ag/VTO/BiOCI/VTO/Ag AFMT]J
device reaches 574%.

Monolayer VTO preserves anisotropic band spin splitting
and basically excludes spin degenerate electronic states irrele-
vant with spin-dependent transport [Fig. 2(c)], compared with
the well-studied bulk RuO,; unlike the AFM twisted bilayer,
its structure does not need further complicated modification
for generating NBSS. Since a high-quality single crystal has
been synthesized, it is expected that monolayers associated
with nontrivial electronic states and transport phenomena will
stimulate more experimental efforts in the future. The possi-
bility of achieving giant SHE and TMRE based on monolayer
VTO means that vdW antiferromagnets show promise to be
easily integrated into logic and memory technologies, and
paves an avenue to design a range of competitive applications
in the thickness of several atoms.
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