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We report a very large spin-orbit torque (SOT) capability of chromium-based transition metal
dichalcogenides (TMD) in their Janus forms CrXTe, with X=S,Se. The structural inversion symme-
try breaking, inherent to Janus structures is responsible for a large SOT response generated by giant

Rashba splitting, equivalent to that obtained by applying a transverse electric field of ~ 100 V nm

—1

in non-Janus CrTesz, completely out of experimental reach. By performing transport simulations on
custom-made Wannier tight-binding models, Janus systems are found to exhibit a SOT performance
comparable to the most efficient two-dimensional materials, while allowing for field-free perpendic-
ular magnetization switching owing to their reduced in-plane symmetry. Altogether, our findings
evidence that magnetic Janus TMDs stand as suitable candidates for ultimate SOT-MRAM devices.

Introduction.— The spin-orbit torque (SOT) mecha-
nism represents an innovative method to electrically ma-
nipulate the magnetization of a magnetic material [1, 2],
providing remarkable energy-efficiency, writing speed and
scalability prospects which have earned their insertion
in magnetic random access memory (MRAM) applica-
tions [3, 4], among other developing technologies [5-7].
SOT-MRAM prototype cells have been shown to operate
on the sub-nanosecond timescale [8-11], with a power
consumption of merely one percent of their (already in
commercial use) spin-transfer torque counterpart [12, 13].
Although next-generation SOT-based technologies ad-
vance at a steady pace, they still face issues regarding
massive density and integration. The development of
SOT-MRAMs remains limited to multi-layered devices,
where SOT figures of merit are strongly sensitive to inter-
face quality; while additionally, a densely packed SOT-
MRAM requires electrical switching of a perpendicular
magnetic anisotropy (PMA) [14], which is only achieved
in conventional devices with the assistance of an external
magnetic field.

Two-dimensional materials offer alternative paths to
overcome these issues. Atomically clean interfaces have
been shown to enhance both charge-to-spin conversion
[15-17] and tunneling magnetoresistance [18, 19] while
reducing the cell dimensions. Furthermore, precise con-
trol of crystal symmetries enables novel SOT mechanisms
that allow for field-free PMA switching [20, 21]. Mate-
rials such as CrTey [22-25] and Fe, GeTey (n = 3,4,5)
[26-30] offer the most promising alternatives to over-
come the usually low Curie temperature (T¢) of van
der Waals ferromagnets (FM); where additional gating,
strain and chemical composition engineering allow to

tune their magnetic properties [27, 31-33]. New avenues
for SOT devices are opened when exploiting the metallic
nature of these materials along with their strong spin-
orbit coupling (SOC), overcoming multi-layer designs in
favor of an all-in-one platform where the FM acts as
both the SOC material and the free magnetization in a
self-induced SOT scheme [34-38]. In this context, Janus
transition metal dichalcogenide (TMD) monolayers stand
out as the material of choice [39-41]. Indeed, the CrXTe
ultrathin layers, similar to their non-Janus counterpart
CrTey [42], are expected to be magnetic with PMA un-
der the adequate experimental conditions, high T even
exceding room temperature, and are most stable in their
metallic 1T-phase [43, 44]. Inversion symmetry forbids a
SOT response in CrTey; however, this stepback is over-
come by breaking the symmetry between both chalcogen
atoms, for instance, by applying an electric field transver-
sal to the crystal plane. Another symmetry-breaking
mechanism is obtained by substituting one Te atom with
S or Se, thus forming the Janus CrXTe structures, where
the symmetry breaking is manifested in the crystal field.

In this Letter, using first principles approach and quan-
tum transport simulations performed on Wannier tight-
binding models carefully designed to represent the recip-
rocal spin textures, together with critical field-free PMA
switching current calculations, we report an exceptional
SOT performance of chromium-based Janus TMD mono-
layers CrXTe, with X=S,Se. We compare both the Janus
and non-Janus materials under electric field, demonstrat-
ing that Cr-based Janus monolayers constitute an opti-
mal SOT platform for low-energy magnetization reversal.

Electronic structure and spin textures.— We perform
first-principles calculations of the selected TMDs using
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FIG. 1. Middle Panel: CrXTe Janus structure, lattice vectors and Brillouin zone. Left panel: Band structure and spin-textures
of symmetric CrTes under the effect of an applied electric field [ = 2Vnm™']. The continuous band structure curves and
black spin texture arrows are obtained from the Wannier model, while the discrete band structure dots and yellow highlighted
spin texture arrows are obtained from DFT calculations. Right panel: Band structure and spin textures of CrXTe [X=Se].

density functional theory (DFT) [45, 46] with GGA-PBE
pseudopotentials [47] and an effective Hubbard U correc-
tion of 3.0 eV to localize the Cr-d orbitals. The usual
metallic 1T phase displayed at the center of Fig. 1
proves to be more stable than the semiconducting 1H
phase. Based on the maximally-localized Wannier func-
tions [48, 49], we then derive tight-binding models of the
DFT ground state. Accurate representations require a
22-orbital basis comprising the Cr-d and the chalcogen-
p bands, with the interactions expanded into a 25x25
supercell. The ab initio band structure is thereby repre-
sented with an impressive ~ 1meV accuracy in a large
window of ~ —5 to +4 eV around the Fermi level. We
also carefully derive the real-space spin operator in the
Wannier basis, resulting in a non-local spin that repli-
cates the ab initio spin texture with ~ 1% error [50].
Overall, the comparison between DFT results and
those of the Wannier model yields an excellent agree-
ment, as shown in Fig. 1. This demonstrates the capa-
bility of our methodology, allowing to reach a DFT-level
accuracy via tight-binding models for general systems.
Note that the remarkable SOT capability of the low-
symmetry Janus systems is already apparent from its
Fermi-level spin textures, showing a prominent helical
winding in CrXTe, displayed in the right panel of Fig. 1.
This large Rashba term comes from a strong inversion-
symmetry breaking due to a huge internal out-of-plane
electric field ~ 1-2 Vnm™! caused by a charge imbalance
at the two inequivalent chalcogen atoms S/Se and Te [50].
On the contrary, an external electric field £, applied on
CrTe, to break its innate inversion symmetry is heav-
ily screened due to its large dielectric constant £cyTes,
reducing any applied field by a factor of EarlTeZ ~ 0.02
inside the layer [50]. This is apparent in the left panel of
Fig. 1 where the odd-in-momentum Rashba helical wind-
ing induced by the (heavily screened) external field is
very small compared to the visibly prominent even-in-
momentum spin texture stemming from the CrTes cen-
trosymmetric crystal field. Achieving a Rashba term in

CrTeg similar to that of the Janus CrXTe would require
an immense applied field &, ~ ecrre2-1-2 Vnm™! ~ 50—
100 Vom~1! [50]. This illustrates the remarkable SOT
potential of Janus CrXTe already at this ground-state
level.

Non-equilibrium response.— CrXTe generally exhibits
(5, (also denoted 3m) point group symmetry. In the case
of CrTes, the degeneracy between both chalcogens raises
the symmetry group to Djzq, which includes inversion
symmetry and thus forbids any SOT response. However,
Cs, symmetry is recovered by applying an out-of-plane
electric field. The magnetization dynamics, described by
the Landau-Lifshitz-Gilbert equation, is driven by the
torque surface density T', which is determined by the
non-equilibrium spin surface density S as

T =h"Jym xS, (1)

where m is the magnetization direction unit vector, and
Jex is the exchange energy which couples the localized
magnetic moments with those of the itinerant electrons
[1]. The exact form of the non-equilibrium response is
dictated by the subjacent crystal symmetries via invari-
ant theory [51]. The non-equilibrium spin density, ex-
panded up to first order with respect to both the driving
electric field £ and the magnetization direction m, reads

S =xpL2 X E —xppmx (2 xE) —xpL(m-E)z

. (2)
+ Xam[(Exmy + Eyma)E + (Egmy — Eymy)Y]

with x, the spin linear response coefficients, and 7, =
h='JexX,, the associated spin-torque conductivity. The
terms proportional to xp; and xp; represent the con-
ventional field-like and damping-like torques respectively,
while xf, corresponds to an out-of-plane anisotropy of
the damping-like torque. These torques are general to ar-
bitrary non-centrosymmetric systems and drive the mag-
netization to an in-plane stationary state along the z x €
direction. Thus, additional fields are required in order to
switch a system with perpendicular magnetic anisotropy.



The term proportional to xs,, represents the so-called 3m
torque, which is particular to systems with 3m symmetry.
This contribution is related to a current-induced in-plane
magnetic anisotropy [52] which modifies the stationary
state of the magnetization inducing an out-of-plane in-
stability, thus enabling field-free switching of a perpen-
dicular magnetization [21]. We remit the reader to the
supplementary material for a more complete calculation
of the non-equilibrium spin density [50].

Within the Kubo quantum transport framework, we
calculate the non-equilibrium spin density at Fermi level
¢ using the Kubo-Bastin formula

S(ep) = —ZH/def(e)ImTr [5(5 _1)58.G* (5 -e)} ,
(3)

where 8, H and j are the spin, Hamiltonian and current
density operators respectively, f is the Fermi-Dirac dis-
tribution, and G = lim, ,o[H — ¢ + in]~" represents
the retarded Green’s function. We numerically com-
pute the Kubo-Bastin formula employing a kernel poly-
nomial method expansion which includes the choice of
a finite broadening n = 25meV [53]. To discern the
symmetry-allowed torque contributions, we compute the
non-equilibrium spin density in a set of 18 magnetiza-
tion directions, for each material [50]. Note that each of
these systems requires its own ab initio and Wannier cal-
culations as well; thus, we highlight the computational
capability of the developed workflow. The exchange cou-
pling J, is calculated as the average spectral difference
between the spin majority and spin minority density of
states.

SOT enhancement in Janus systems.— The equilib-
rium electronic structure analysis of the systems foresees
an enhanced SOT response in Janus systems compared to
those of the electric-field-assisted CrTey. This is further
confirmed and quantified by employing quantum trans-
port simulations.

A SOT response is activated in CrTe; by applying a
transversal electric field &£,, which breaks inversion sym-
metry. Indeed, our results show that while the SOT re-
sponse is negligible in the centrosymmetric system, all
SOT components are enhanced with an increasing ap-
plied field, as showcased for the field-like torque in Fig. 2-
(a). The enhancement is more prominent on the hole
side of the spectrum, which can be associated with larger
Fermi contours close to the K-point of the Brillouin zone.

The field-like spin-torque conductivity at the Fermi
level compares moderately to that of other two-
dimensional systems, with values of the order of
1032 (Qm)~! [17]. At a fixed energy, the spin-torque
conductivity exhibits a linear dependence with respect to
the applied symmetry-breaking field £,, as shown in the
inset of Fig. 2-(a). We note that the signal for the cen-
trosymmetric system at £, = 0 is non-zero, which derives
from numerical approximations performed in the Wan-
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FIG. 2. (a) Field-like spin-torque conductivity 7rr, in CrTes
computed as a function of the transversal electric field &,.
Inset: 71, at the Fermi level, exhibiting a linear dependence
with £;. (b) 7rrL in Janus CrXTe systems, showing much
larger SOT than non-Janus CrTes.

nierization procedure, yet it is negligible compared to the
&, # 0 signals. The linear dependence persists through
the entire &£, range explored, showing that even large
symmetry-breaking applied fields up to 2V nm™! remain
perturbative with respect to the internal centrosymmet-
ric crystal field.

Janus CrXTe systems allow us to fully achieve the po-
tential of chromium-based TMDs for SOT. The strong
internal electric field generated by the asymmetric crys-
tal structure enables a field-like torque at the Fermi level
of ~10° 2L (Qm)~"! in Janus systems, 10-100 times larger
than the electric-field-assisted CrTes, as shown in Fig. 2-
(b). This huge SOT enhancement is present throughout a
wide energy window about the Fermi level. The obtained
values are comparable with the highest torques reported
in two-dimensional systems, which however rely on spin
transfer from a SOC material to a ferromagnet, thus be-
ing highly susceptible to the interface quality [15, 54-56].

The SOT enhancement due to structural inversion
symmetry breaking comes at the expense of a modifi-
cation of the ferromagnetic properties. Our ab initio cal-
culations show that the ferromagnetic phase shifts to an
in-plane magnetic anisotropy for the Janus CrXTe sys-
tems. A PMA is recovered by applying tensile strain, as
shown in Fig. 3-(a). Additionally, a prominent enhance-
ment of the SOTs is observed due to strain. Indeed,
the strain-induced magnetic anisotropy shift in CrXTe is
driven by the Te atom, which presents larger SOC than
its S/Se counterpart [43, 44], thus enhancing the SOT
response.

Field-free PMA switching.— We finally showcase the
enormous potential of chromium-based Janus TMDs for
SOT applications by computing the critical PMA switch-
ing current. The critical switching current is estimated



(a) T T T T T +6
= 0 —
A= 3@
\C—:g -500 1Mo =
s
:v:lm perpendicular magnetic anisotropy g
%_1000 | = = = in-plane magnetic anisotropy -3==

HD 1 1 1 1 1 -6

-0.4 -0.2 -0.0 0.2 0.4
energy [eV]
10*

®) e T 19"

o = CrSTe —~10°

& 107 — CrSeTe 15 |E¢

g wf

3
% 10 & 10' DT,
S 3m
106 1

1 1 1 v
01 02 00 02 04 N
energy [eV] o

SIS
%
S £

FIG. 3. (a) oL in CrSTe for various strain values, exhibit-
ing PMA for strain larger than 1% (solid curves), and in-
plane anisotropy otherwise (dashed curves) [50]. (b) Criti-
cal switching current j. in Janus CrXTe (+6% strain), and
in non-Janus CrTes (0% strain, and &, = 2Vnm71). The
star marks the overall optimal switching current j& = 3 X
10° Acm™2. (c) Maximal SOT efficiency (left y-axis; bars)
and switching current (right y-axis; filled circles) in Janus
and non-Janus systems.

as [57, 58]
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Here, M is the saturation magnetization, tyy the sys-
tem’s thickness, o the longitudinal conductivity and g =
7rL/7TpL; with all of these quantities obtained from our
ab initio and quantum transport results. For the remain-
ing parameters; namely, the Gilbert damping o = 0.01,
and the perpendicular anisotropy field Bpya = 0.1 T, we
choose reasonable constant values, noting that they are
fairly tunable by experimental conditions [59, 60]. Fi-
nally, B, represents an in-plane effective magnetic field
that drives the system out of the in-plane stationary state
along 2 x £ (promoted by the field-like and damping-like
torques), allowing PMA switching. In conventional sys-
tems, an applied magnetic field B, is required [61]; how-
ever, the 3m torque serves this purpose in CrXTe [21].
Because j. gathers multiple magnetic and transport
properties, it serves as an ultimate SOT figure of merit,
providing a direct grasp of the power efficiency gain.
The potential of Janus CrXTe systems is once again
manifested, achieving critical switching currents 10-100
times smaller than those of non-Janus CrTes, as shown
in Fig. 3-(b). The reduction of the switching current is
indeed the result of enhanced SOTs in the Janus systems,
evidenced in Fig. 3-(c), which shows 7gr,, Tp, and T3, at
the optimal j. energy value for each system. Moreover,
we note that the critical switching currents calculated by
Eq. (4) correspond to an upper bound for the real val-
ues, as it is derived within a macrospin approximation,

2BEa — B2 - (4)

whereas experimental evidence indicates that the switch-
ing occurs via domain wall nucleation and propagation
[21, 62]. We find an overall optimal switching current
of j* =3 x 105 A ecm™2, occurring for CrSeTe with +6%
strain at 0.4eV below the Fermi level. Experimentally,
such strain can appear naturally by the substrate or the
growth conditions [50]. This value is already highly com-
petitive among 2D magnetic materials [63-66], while ex-
perimental conditions may result in further reduction of
the critical current.

Conclusions.— We have found that magnetic
chromium-based Janus TMDs offer a remarkable SOT
performance. Concatenating ab initio and quantum
transport methodologies we show that the large SOT
response stems from huge internal electric fields due
to their asymmetric structure, yielding a competitive
switching current with the additional advantage of
neither requiring assistance of external fields nor the
transmission of spin current through an imperfect inter-
face. Such results put forward magnetic Janus TMDs as
efficient materials for designing ultimate SOT-MRAM
technologies.
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