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We theoretically predict that vanadium-based Janus dichalcogenide monolayers constitute an ideal
platform for spin-orbit torque memories. Using first principles calculations, we demonstrate that
magnetic exchange and magnetic anisotropy energies are higher for heavier chalcogen atoms, while
the broken inversion symmetry in the Janus form leads to the emergence of Rashba-like spin-orbit
coupling. The spin-orbit torque efficiency is evaluated using optimized quantum transport method-
ology and found to be comparable to heavy nonmagnetic metals. The coexistence of magnetism and
spin-orbit coupling in such materials with tunable Fermi-level opens new possibilities for monitoring

magnetization dynamics in the perspective of non-volatile magnetic random access memories.

I. INTRODUCTION

The search for magnetism in two-dimensional (2D)
materials has experienced a complete revival in re-
cent years, with the observation of room temperature
magnetism!. Layered van der Waals materials such as
transition metal phosphorous trichalcogenides? (MnPSs,
NiPS3 etc.), transition metal trihalides® (CrCls, Crls),
and transition metal dichalcogenides* (TMDs - VSes,
CrSey, CrTey) are all known to display quasi-two dimen-
sional magnetism and therefore have the potential for
supporting magnetism down to the monolayer limit. Re-
markably, 2D magnetism has been recently reported in
Crl3®, CrSiTes® and CryGesTeg” mono- and bilayers, as
well as in FesGeTes?Y, VSey!?, and MnSey'! monolay-
ers. The latter results obtained at room temperature,
are particularly intriguing because TMDs are known to
exhibit charge density wave instabilities, preventing the
onset of magnetism!?!3. This observation suggests that
the substrate plays an important role in the stabiliza-
tion of magnetism, which has yet to be confirmed ex-
perimentally. Despite this on-going debate, these dis-
coveries open appealing perspectives for low-dimensional
electronics.

In fact, among the vast zoology of 2D materials, the
family of TMDs offers a versatile platform for the ad-
vancement of disruptive ultrathin electronics'®'®. The
advent of 2D magnetism fosters the realization of flat
spintronic devices, whose operation is based on the elec-
tron’s spin rather than its charge. For instance, tun-
neling magnetoresistance'®, and spin tunnel field-effect
transistors'” have been recently realized. In addition,
TMDs also have a large spin-orbit coupling'® that has
been successfully exploited for gate-controlled spin ma-
nipulation in graphene/TMD bilayers'®22. This feature

is particularly interesting in the context of spintronics
as it enables the onset of spin-orbit torque?3. Spin-orbit
torque (SOT) is a mechanism by which the orbital angu-
lar momentum is transferred to the spin angular momen-
tum via spin-orbit coupling, thereby inducing a magnetic
torque of the magnetization. It requires the presence of
a spin texture that is odd in momentum space, also re-
ferred to as k — antisymmetric spin-momentum locking,
which only emerges upon inversion symmetry breaking
and spin-orbit coupling. The effect has been reported in
both non-centrosymmetric magnets?* and magnetic mul-
tilayers involving heavy transition metal?>26 and TMD
substrates?” 2%, opening avenues for the development of
non-volatile magnetic random access memories®C. In this
context, magnetic TMDs present an interesting paradigm
for the realization of such ultrathin SOT magnetic ran-
dom access memories.

In this Article, we study the so-called Janus mono-
layer where the transition metal ion is embedded be-
tween dissimilar chalcogen elements. Such a Janus struc-
ture has been predicted and realized experimentally in
nonmagnetic TMDs?! 34, Remarkably, the dissimilarity
between the electronegativity of the two chalcogen el-
ements induces an electric dipole perpendicular to the
plane of the monolayer and promotes Rashba-type spin-
orbit coupling®!:35:36 resulting in Dzyaloshinskii-Moriya
exchange interaction when the transition metal element
is magnetic3”*!. In the present work, we demonstrate
that such a structure constitutes a remarkable paradigm
for SOT-building block. Magnetic properties of the 2H
phase of vanadium-based TMDs have been previously
studied by density functional theory (DFT)*2 4% but
the more experimentally-relevant 1T phases remain to
be explored in-depth. Our first principles calculations of
various vanadium-based TMDs in their 1T phase unveil
the impact of inversion symmetry breaking on the mag-



netic properties and the emergence of Rashba-like spin
textures, which are key enabling features for current-
driven gate-controlled SOT activation of magnetic dy-
namics and reversal.

II. MODELING SPIN-ORBIT TORQUE IN
JANUS MONOLAYERS

A. Methodology

We consider a VXY Janus monolayer with vanadium
(V) concentrating most of the magnetic moments and
octahedrally coordinated with chalcogenides ions (X and
Y) in the 1T-phase, as depicted on the inset of Fig. 1.
The DFT calculations were performed using the Perdew-
Burke-Ernzerhof (PBE) method of the generalized gra-
dient approximation (GGA) exchange-correlation func-
tional as implemented in the Vienna Ab initio Simula-
tion Package647 (VASP). Grimme dispersion correction
with Becke-Jonson damping (DFT-D3) has been adopted
to eliminate the effect of van der Waals interactions*®49.
In the calculations, an energy cutoff of 600 eV is used
for the plane-wave basis expansion, and total energies
are properly converged with criteria of 107> eV per unit
cell. T-centered k-grids 10x10x1, 16x16x1, 24x24x1,
and 32x32x1 have been sampled for the structural and
magnetic calculations. A vacuum space of 15 A has been
applied to avoid interaction between monolayers. The
magnetic configuration has been assessed based on the
force theorem by computing J = Farpym — Frpym, where
Eapyv and Epyp represent the total energies for the sim-
ple (G-type) antiferromagnetic and ferromagnetic spin
arrangements, respectively. Spin texture calculations of
the valence band of 1T-VXY monolayers have been in-
vestigated around the I' point and for the [001] orienta-
tion for model systems of 1x1 boxes within three atomic
layers of 1T-VXY. Crystal structures of the bulk VXY
have been optimized by establishing the ground state ge-
ometries. The phonon band structure is computed using
density functional perturbation theory (DFPT) imple-
mented in Phonopy®’. To obtain the constants of forces,
we used 2 X 2 x 1 monolayers.

The SOT efficiency is computed in the linear-response
regime by using the Kubo-Bastin formula®!

Gen=-2 [
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where A is the operator driven out of equilibrium by the
electric field E, J the current operator which can be ex-
pressed in terms of the Hamiltonian H and the position
operator R as J = —e[H, R], and G} = lim,_,o1/(H —
e+in) is the retarded Green’s function. For the spin den-
sity, we used A — § = 3. ¢lée; where ¢l = (c;rﬁ, c;r’i)
and & is the vector of Pauli matrices for spin 1/2. The
torque is computed by A=+ = ém Xy Aiéj&éi, A;

TABLE I. Magnetic properties extracted from fully relativis-
tic first principles methods of selected vanadium-based T-
VXY

Material Ea (meV) J (meV) us (us) S (u) L (pB)
VTe; 0.239 38.96 1.454 1.476 -0.025
VTeSe 0.241 50.82 1.362 1.391 -0.024

being the s-d exchange on the ith orbital. The Green’s
functions in the Kubo-Bastin formula are approximated
numerically by using the Kernel Polynomial Method?®? 54
using 300 Chebyshev expansion moments, which is equiv-
alent to a broadening of 54 meV for this particular sys-
tem. The calculations were performed on a multiorbital
tight-binding Hamiltonian by projecting the band struc-
ture on maximally-localized Wannier functions as imple-
mented in WANNIER90%. The system was then ex-
panded into a 40x40 supercell, which amounts to 35200
orbitals in the case of VSeTe.

B. Magnetic properties

We compute the magnetic properties of the full
vanadium-based TMD series and found ferromagnetic
order ground states for all elements. In Table I, we
report the magnetic properties of monolayers involving
Te, which were the only one displaying a finite mag-
netic anisotropy energy (Fa) together with the largest
exchange energies (J) and magnetic moment (), dom-
inated by the spin contribution (S). Remarkably, VTeq
and VSeTe also possess the largest orbital angular mo-
mentum (L), which is a precursor for the formation of a
Rashba-like spin-momentum locking in the Janus form.

Figure 1 shows the effect of chalcogen substitution
where it is clear that lighter atoms are detrimental to the
magnetic and orbital properties, suppressing the mag-
netic anisotropy, and reducing the exchange energy, mag-
netic moment and orbital momentum altogether. We
found that such a behavior is associated with a depletion
of the charge density on vanadium due to ionic bonding
with the chalcogen elements, which is larger for sulfur
chalclogen as we demonstrated by performing a Bader
charge analysis (eg in Fig. 1). In addition, these results
suggest that vanadium-based chalcogenide monolayers
have the capability for easy-plane magnetic anisotropy,
which makes them an interesting platform for the realiza-
tion of spin superfluidity, a remarkably efficient manner
to convey spin information®.

To confirm the structural stability of the Janus mono-
layers, we performed phonon band dispersion calcula-
tions. The phonon dispersion along I' — M — K — T
direction are reported on Fig. 2. In these calculations,
negative modes around symmetry points, i.e. I'; M, and
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FIG. 1. (Color Online) Relative changes of the magnetic

anisotropy FEa, exchange coupling J, magnetic moment s,
Bader charge eg and orbital angular momentum L in VTe;
upon substitution of Te atoms by sulfur (S) and selenium (Se),
and also upon the transformation from the Janus form VSeTe
into VSSe and VSeTe.

K, usually indicate a structural instability. However, ne-
glecting force constants symmetrization can cause nega-
tive frequencies around I' point and therefore, such neg-
ative frequencies are considered meaningless in Phonopy
calculations®?®7. Consequently, Fig. 2 confirm that the
magnetic Janus TMDs studied in this work are struc-
turally stable.

To identify the bonding characteristics of 1T-VXY
monolayers, we compute the projected densities of states
for all magnetic TMDs around the Fermi level. We
determined that the contributions of the p-orbitals of
the chalcogens and the d-orbitals of vanadium dominate
around the Fermi level, whereas the other orbitals have
negligible contributions, as seen in Fig. 3(a) for VTeq
and Fig. 3(b) for VSeTe. Such a result indicates that
the states around the Fermi level are due to a cova-
lent hybridization of the vanadium d-orbitals with the
p-orbitals of the chalcogens. Interestingly, the density of
states for down spins (negative values) is substantially re-
duced around Fermi energy, implying that the magnetic
TMDs are in fact close to half-metallic behavior.

We will now focus on understanding the role of the bro-
ken inversion symmetry, which reduces the point group
symmetry from D3y to Cs,. For both groups, the d-
orbitals split into three states, a (d,2) state, and two
twofold degenerate states (d.., dy.) and (dz2_y2, day).
In Fig. 3(b,d), we show the density of states projected
on these five d orbitals, where it is clear that (d.., dy2)
is strongly suppressed around the Fermi energy, while
(dg2_y2, day) are ubiquitous. Such an imbalance between
the degenerate orbitals at the Fermi energy is directly as-
sociated with the emergence of a large orbital moment,
and explains why Te has the largest orbital moment when
compared to the other chalcogens (see Fig. 1). The (d.2)
state is a consequence of p-d hybridization, hence it is
strongly suppressed in VTes [Fig. 3(b)] but is signif-
icant in VSeTe due to the broken inversion symmetry
[Fig. 3(d)]. The enhanced orbital moment and p-d hy-
bridization suggests the formation of a Rashba-like spin-
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FIG. 2. (Color Online) Phonon band diagrams of (a) VSSe,
(b) VSTe, and (c) VSeTe monolayers.

momentum locking.

C. Rashba-like spin-momentum locking

To determine how the inversion asymmetry promotes
k-antisymmetric spin-momentum locking in VSeTe, we
compute its spin-projected band structure along M-I"-M,
see Fig. 4. The band structure is then projected on the
spin components of p-orbitals of Se (a) and Te (b), as well
as on that of d-orbitals of V (c¢). The bottom band pos-
sesses both p and d characters, while the top band is dom-
inated by Se p orbitals. These Se p orbitals exhibit spin
polarization along the magnetization direction, S,, [right
subpanel in Fig. 4(a)], and most importantly, an in-plane
spin density S, that is antisymmetric in momentum k.
This antisymmetric feature is the fingerprint of Rashba-
like spin-momentum locking®®. However, because it is
carried by the chalcogen elements that are weakly mag-
netized, this odd-in-k spin-orbit coupling does not allow
for current-driven spin-orbit torque.

Fig. 4(c) shows that d orbitals are present all across
the band structure, displaying strong spin-polarization
and even near half-metallicity [right subpanel in Fig.
4(c)]. The most important feature though is the Rashba-
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FIG. 3. (Color Online) Projected density of states of (a,b)
VTe; and (c,d) VSeTe. The left panels display the projection
of Se-p, Te-p and V-d orbitals, whereas the right panels dis-
play the orbital-resolved projection on the V-d orbitals. Pos-
itive (negative) density of states stands for up (down) spins.

like spin-momentum locking displayed by the bottom
band. This spin-momentum locking, being antisymmet-
ric in k and carried by a magnetic band, enables current-
driven spin-orbit torques. For completeness, we also re-
port the S, component of the spin texture in momen-
tum space projected on (d) p-Se orbitals, (e) p-Te or-
bitals and (f) d-V orbitals at Fermi level. Close to I'-
point, the Fermi surface is circular and hexagonal warp-
ing appears further away. Notice though that the spin-
momentum locking of the two central Fermi contours is
much stronger than that of the external one.

We develop a minimal model to understand the phys-
ical origin of spin-momentum locking in Janus monolay-
ers. We first analyse the nature of the orbital hybridiza-
tion by computing the Kohn-Sham orbitals at Fermi level
for (a) 1T-VSey, (b) 1T-VTey and (c) 1T-VSeTe, shown
in Fig. 5. This figure indicates that the hybridization is
dominated by the d,2 orbital from vanadium and p, or-
bitals from Selenium. Therefore, a minimal tight-binding
model should primarily account for this hybridization.
In addition, looking at the spin-orbit coupling matrix,
Hso = &oL - S for d orbitals, the only way to obtain
in-plane spin component is to hybridize d,2 and (d,,
dy.) orbitals [see Fig. 6(d)]. Since the magnetic band
obtained in Fig. 4(c) is dominated by d,2 orbitals, we
will develop a perturbation theory of the d,2 band un-
der the hybridization with p, orbitals. This hybridiza-
tion is expected to induce an admixture of d,2 and (d,,
dy,) orbitals at the second order, which produces the
Rashba-like spin-orbit interaction. The minimal model
is sketched in Fig. 6(a,b,c).

Point group analysis implies that the degenerate or-
bitals (d., dy-) only appear in |s) = |dy,) £4|d.;) com-
binations. Therefore, the second order perturbation of
the d,2 orbital gives
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FIG. 4. (Color Online) Left panels: spin-resolved band struc-
ture of 1T-VSeTe projected on (a) p-Se orbitals, (b) p-Te or-
bitals and (c) d-V orbitals. The three subpanels refer to S,
Sy and S. components of the spin density, the red (blue) color
indicates a positive (negative) value. Right panels: S, com-
ponent of the spin texture in momentum space projected on
(d) p-Se orbitals, (e) p-Te orbitals and (f) d-V orbitals. Dur-
ing these calculations, the magnetization is set perpendicular
to the plane.

FIG. 5. (Color Online) Orbital hybridization: Kohn-Sham
orbitals of (a) 1T-VSez, (b) 1T-VTes and (c) 1T-VSeTe.
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FIG. 6. (Color Online) (a) Schematics of the tight-binding
model of a Janus monolayer with vanadium (red) surrounded
by dissimilar chalcogens (yellow and blue). The phases ac-
quired by the electron Bloch state when hopping from vana-
dium to the chalcogen element are given. (b) View of the
model in the (x,y) plane and (c) in the (y,z) plane. In the lat-
ter the angles formed by the top and bottom bonds with z are
given. (d) Representation of the spin-orbit coupling scheme
between the three d-orbitals considered in the model.

Here, V3 , (V2.) is the hopping integral between d. (s)
and p, orbital from chalcogen a and ¢, is the energy of
orbital 1. The hopping parameters are computed within
the two-center Slater-Koster approximation®® and read
Vi, =V [y, with

o _ [;(3 cos? By — 1)V + V3V sin? ‘9(1] 08 0 oo,
Ve = [VBeos? 0,V + (1= 2082 0) V5| sinfafo,
£ =™ 4 2cos (kx%) e as

oo o (1, 4 aT)

We are looking for the spin-orbit coupling energy Hg, of
this perturbed state, which gives

<dZ2 |Hso|d22 >p = 2Re

Vi V(s Hsoldz2)
(e — g )(ex2 — gs)] -
Close to I'-point, we obtain

(d:2|L-8|d.2), ~ ar6 - (z X k) (3)

where

Vava } (@)

= 18
R L5000 za: {(622 — Egz)({;‘zz —&s5)

This expression demonstrates that coupling the d-
orbitals of vanadium with dissymmetric chalcogen bond-
ing induces Rashba spin-orbit coupling close to I' point,

in agreement with the first principle calculations dis-
cussed above. The large spin splitting implies that only
one spin chirality contributes to the spin transport, mak-
ing this systems optimal for SOT.

D. Spin-orbit torque simulations

After establishing the formation of Rashba-like spin-
texture coupled to the magnetic moments in the Janus
structure, we now evaluate its impact on the SOT effi-
ciency. By considering the Cs, symmetry of the Janus
monolayer and applying the Neumann’s principle to the
current-driven field tensor®®, one determines that the
torque possesses two components,

Hyr, = xrLz X E (5)
Hpr, = xprm X (z x E) + xpym.E (6)
+X2DL[(myEw +ma By )x + (me By —my Ey)y].

The first terms (YrL, X3y, ) are similar to the one expected
from the standard theory of the Rashba gas, while the
third damping-like term (x3; ) arises from the threefold
rotation combined with the mirror symmetry. A similar
term was obtained by Johansen et al.%' for FesGeTey,
and one can show that it derives from a potential Ep =
Xbr(memyE, + (m3 — m2)E, /2), which therefore ex-
presses a current-driven magnetic anisotropy®':%2. Im-
portantly, in contrast to FesGeTey, the obtained torque
in 1T-VSeTe coexists with the conventional ”Rashba”
torques and therefore has the ability to modify the over-
all magnetization dynamics and even permits zero-field
switching. The zero-field switching arising from the coop-
eration between the current-driven magnetic anisotropy
and the damping-like torque was demonstrated exper-
imentally in a CuPt/CoPt L1; crystalline bilayer that
adopts Cs, symmetry%3. In a realistic system though,
this zero-field switching torque arises from Bloch states
experiencing the Cjs, crystal field, so for states typically
lying away from I'-point. In vanadium dichalcogenides,
the magnetic and transport properties are dominated by
states close to I'-point [Fig. 4(b)], which suggests that
these properties shall display cylindrical symmetry at the
lowest order, and that high-order effects, such as the de-
rived current-driven magnetic anisotropy or the three-
fold magnetocrystalline anisotropy expected in hexagonal
magnets, should only emerge as a small correction. As a
matter of fact, our calculation of the magnetic anisotropy
cannot resolve any threefold planar component, so that
the value of x3; should be vanishingly small.

Figure 7 shows the energy dependence of the torque
efficiency when the magnetization points out of plane
(1. - top) and in the plane (7, - bottom), computed by
setting the electric field along x. We verified that sim-
ilar results are obtained when setting the electric field
along y. The torque efficiency is defined as the torque
per unit electric field divided by the longitudinal con-
ductivity, xFLDL/0c, and is unitless. We find that the
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torque adopts the conventional Rashba form, Eqgs. (5)-
(6), displaying both dampinglike (orange) and fieldlike
torques (blue) with a strong anisotropy when chang-
ing the magnetization direction from in-plane to out-of-
plane. Additional components with one order of magni-
tude smaller than the conventional torques are observed
and discarded. Although the overall magnitude of the
torque (7,1 < 2.5 %) remains limited compared to the
best transition metal substrates®? such as Pt (~ 8 %) and
W (~ 30 %), we emphasize that it is surprisingly large
when considering the smallness of the atomic spin-orbit
coupling of V (~20 meV) compared to that of Pt (~400
meV)54.

Let us now determine that the current density required
to overcome VSeTe anisotropy. VSeTe possesses both a
large magnetic moment (us =4.58 up, corresponding to
M, =~ 1.34 x 10 A/m) and a large planar anisotropy
(K = 0.24 meV, corresponding to poH, = 2K/us =~
1.8 T). Assuming the existence of an in-plane uniax-
ial anisotropy (e.g., induced by the substrate), poH, <
woH 1, poMs (typically, poH, ~ 10—50 mT), the current
density required to overcome this anisotropy is2%

2
JO = (;) TgMOMSd(Ha +Hy/2421M,), (7)

where 7, = xpr /0. is the torque efficiency. At zero tem-
perature, taking 7, = 0.02, o = 0.01, d=3.093A, we ob-
tain a critical current of JO ~ 7.5 x 107 A/cm?. Notice

that J? has been computed at zero temperature and will
be naturally further reduced by thermal activation under
experimental conditions. Another remarkable feature is
the possibility to quench the magnitude of the torque by
tuning the Fermi level. Indeed, Fig. 7 shows that 7, (7)
is maximum around 50 meV (-100 meV) from Fermi level.
As a result, by tuning the Fermi level either by doping or
using the more technologically relevant ionic gate volt-
age control, one can substantially enhance the efficiency
of the torque and turn it on and off at will, thereby im-
plementing a gate-controlled spin switch. Interestingly,
the magnetic properties of 2D materials are highly sensi-
tive to surface engineering and substrate effects, enabling
versatile tuning of the magnetic anisotropy®3:56.

III. CONCLUSION

We studied monolayers vanadium-bases magnetic
TMDs in their Janus form as all-in-one SOT building
block, allowing for electrically-controlled magnetism in
a single material. Among the different candidates, we
found that VSeTe is the most promising due to possess-
ing the largest magnetic anisotropy, exchange interaction,
and Rashba-like behavior. We evaluated how these fea-
tures translate into the magnetization dynamics by com-
puting the current-driven torque using Kubo formula and
demonstrated that it is large enough to realize switching
at room temperature. Moreover, we also show that such
a switching can be tuned by electronic or ionic gating,
opening fascinating perspectives for applications such as
SOT magnetic memories and spin-charge conversion de-
vices.
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