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Giant valley-polarized spin splittings in magnetized Janus Pt dichalcogenides
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We reveal giant proximity-induced magnetism and valley-polarization effects in Janus Pt dichalcogenides
(such as SPtSe), when bound to the europium oxide (EuO) substrate. Using first-principles simulations, it is
surprisingly found that the charge redistribution, resulting from proximity with EuO, leads to the formation of
two K and K’ valleys in the conduction bands. Each of these valleys displays its own spin polarization and
a specific spin texture dictated by broken inversion and time-reversal symmetries, and valley-exchange and
Rashba splittings as large as hundreds of meV. This provides a platform for exploring spin-valley physics in
low-dimensional semiconductors, with potential spin transport mechanisms such as spin-orbit torques much

more resilient to disorder and temperature effects.
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One of the key aspects of van der Waals (vdW) heterostruc-
tures is the proximity effect, where interlayer hybridization
combines with the electronic properties of their individ-
ual constituents to produce synergistic behaviors [1-4]. A
salient illustration of such emerging properties occurs in
graphene-based heterostructures, since graphene has excep-
tional transport properties due to its linear dispersion at
two nonequivalent valleys in the Brillouin zone (BZ), but
lacks spin functionality owing to its very small intrinsic
spin-orbit coupling (SOC). However, it displays gate-tunable
spin-dependent phenomena at room temperature [5—8] and
spin-valley coupling [9-11] when combined with high SOC
materials. Graphene also displays proximity-induced mag-
netism which is evidenced by a plethora of interesting
gate-dependent magnetoresistive phenomena [12-18]. The
incorporation of recently discovered materials with exotic
individual properties into vdW heterostructures is a unique
way to discover and engineer disruptive material func-
tionalities, and to efficiently realize complex effects, such
as valley polarization, SOC-exchange swapping [19-22],
and symmetry-enhanced spin-orbit torques (SOTs) [23-26],
where a combination of magnetism, SOC, and valley control
is required.

The recent synthesis of low-symmetry materials such as
FesGeTe, [27], 1T'-WTe, [28], and Janus SMoSe [29] has
shown ways to control the spin degree of freedom by re-
moving symmetry constraints and led to the observation of
unusual phenomenon such as a canted quantum spin Hall
effect [30], persistent spin textures [31], a multidirectional
spin Hall effect [32-34], and an interface-free Rashba effect
[35]. However, these systems are typically metastable [36,37],
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a challenge that can be overcome by encapsulation or via
the substrates, and that also open a door for different collec-
tive effects. Transition metal dichalcogenides (TMDs) in their
Janus configuration (where one of the dichalcogenides of the
TMD is replaced by a different one) [35] are interesting low-
symmetry materials since they possess an intrinsically broken
inversion symmetry that yields to significant Rashba splittings
and spin-momentum locking, and then offering SOT mecha-
nisms [35,38]. These two features are essential elements for
realizing spin-orbit torques (SOTs) [39,40], a phenomenon
where the magnetization direction of a magnetic system is
electrically controlled via the SOC, and that is very promising
for efficient nonvolatile memories with nanosecond dynamics
[41,42].

Ultrathin Pt dichalcogenides [PtX, (X =S, Se, Te)] con-
stitute a particularly interesting class of materials with a very
strong and highly tunable SOC that bestows it with exotic
electronic and spin properties [43—47]. Their most stable ge-
ometrical phase is the 17 phase (P3ml) which displays a
semiconducting behavior [43]. Monolayer (1L) SPtSe was
recently synthesized in a Janus form [48], enabling strong
spin-momentum locking due to its low-symmetry nature [45].
To fruitfully exploit such spin-momentum locking for SOT
applications, it is imperative to determine the spin physics
of the Janus TMD coupled to a magnetic material. Such a
coupling should be sufficiently strong to allow for the mag-
netization control via the electronic spins propagating inside
the TMD, but weak enough to at least partially preserve the
spin-momentum locking [40]. In Pt-based TMDs, some stud-
ies suggest the formation of magnetism [49,50], but to date the
consequences of proximity effects between platinum-based
TMDs and magnetic substrates have not yet been explored.

In this Letter, we predict that low-symmetry Janus SPtSe
on EuO is a suitable material combination that generates large
exchange coupling and valley polarization, while preserving

©2022 American Physical Society
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FIG. 1. (a) Top and side views of 1L PtSe, (the black rectangle
shows a unit cell). (b) Hexagonal Brillouin zone with high-symmetry
points. Minimum energy configurations of (c) PtS,, (d) Janus SPtSe,
and (e) 2L PtSe; on a EuO substrate

spin-momentum locking. Specifically, the EuO substrate in-
duces the formation of two time-reversal related valleys with
C5, symmetry at low-symmetry points along the I'-K/T'-K’
paths. These valleys display a large spin splitting of several
hundreds meV, which are traced back to the joint contribu-
tions of Zeeman-like and Rashba interactions. We also discuss
how the combination of these effects could lead to a giant
spin-orbit torque and a current-driven magnetic anisotropy,
originating from the valley’s special point group symme-
try. Since these materials possess a modest lattice mismatch
amenable to epitaxial growth and a low growth temperature
similar to other recently synthesized systems [51,52], we pro-
pose them as a potential two-dimensional (2D) system with
all the ingredients required for efficient spin-orbit torques.

To start with, we aim at clarifying if the strong SOC
and broken inversion symmetry in SPtSe can lead to a large
spin splitting and spin-momentum locking. In addition, one
key question is whether a magnetic insulating substrate such
as EuO can induce a strong exchange coupling in SPtSe
which will be essential for SOT applications. To answer
those questions, we performed fully relativistic first-principles
calculations using the Vienna ab initio simulation package
(VASP) [53] to determine the geometrical, electronic, and
spin properties of the Pt dichalcogenides in proximity to the
magnetic substrate EuO. Technical details of the simulations
are presented in the Supplemental Material [54]. We found
that all freestanding TMDs are stable in the configuration
shown in Fig. 1(a). Both PtSe, and PtS, have similar elec-
tronic structures displaying a semiconducting behavior with
an indirect band gap and no band splitting [54]. The lack
of spin splitting, despite the presence of large SOC, is the
result of time-reversal-symmetry Kramer’s degeneracy com-
bined with inversion symmetry (one of the symmetries of the
lattice 3m point group), which leads to two-fold degenerate
bands over the whole BZ. It is pertinent to mention that the
calculated band-gap values are underestimated; for example,
1L PtSe, displays an indirect band gap of 1.20 eV which is
significantly smaller than the experimentally reported value
of 2.2 £ 0.1 eV [46]. Therefore, an energy shift of ~0.9eV in
the conduction band is needed to compensate and match the
experimental values [55]. We also highlight the lack of valleys

at the K and K’ points in the BZ defined in Fig. 1(b), which is
a significant difference between these structures and the more
commonly found TMDs in the 2H phase.

In the Janus TMD SPtSe, the presence of dissimilar chalco-
gen atoms breaks inversion symmetry by removing a vertical
mirror plane reducing the point group to 3m; this lifts the
band degeneracy with a significant splitting in the range of
10-100 meV [54]. An analysis of different kinds of stacking
showed that the rocksalt crystal structure of EuO oriented
along the (111) hexagonal face, sketched in Fig. 1(c), is the
ideal orientation for epitaxial growth, since in this case the
Janus SPtSe presents a very small amount of strain of 0.3%,
while all the other symmetric structures have strains of about
3% [54]. After the relaxation procedure, we determined that
Pt atoms prefer to sit on top of the Eu atoms, resembling
the MoTe,/EuO structure [19]. We found that EuO has a
ferromagnetic ground state, and a lattice constant of 3.65 A
on its (111) hexagonal face. To identify the proximity-induced
exchange interaction, we have performed calculations in the
absence of SOC and found the typical exchange interactions
to be very large, ~400 meV [54]. We also observed the unex-
pected formation of valleys in the vicinity of high-symmetry
K and K’ points of the BZ. Since Eu and Pt are very heavy
elements, we expect strong possible SOC effects at these
induced K points that could be used for the purely electri-
cal manipulation of the magnetic moments in EuO. Systems
displaying valleys at the K points with 3m point group sym-
metries are very important for SOTs since they allow for an
optimal Rashba-Edelstein effect and efficient SOTs [26,56]
due to the possibility of vertical spin splitting and symmetric
spin-momentum locking in the vicinity of two time-reversal-
symmetric K points, which also enables a different kind of
anisotropylike SOT [24] hitherto observed in Fe;GeTe, [57].

The origin of the large proximity-induced magnetism is
actually understood by the observed significant charge redis-
tribution between the proximitized materials and the surface
of the EuO substrate. Figure 2(a) shows the charge density
difference which evidences a substantial charge accumulation
on the bottom chalcogen atom compared to the top one with
charge density extending inside the van der Waals gap. By

PtS,

FIG. 2. (a), (c) Charge density difference (isovalue: 2.5 x
1073 electrons/bohr?®), and (b), (d) spin density (isovalue: 3.0 x
1073 electrons/bohr3) of 1L PtS, and Janus SPtSe on the EuO
substrate, respectively. In (a), (c), blue and yellow colors represent
charge accumulation and depletion, whereas in (b), (d), blue and yel-
low colors represent spin-up and spin-down densities, respectively.
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TABLE 1. Binding energy (Ej), interlayer distance (d),
conduction-band spin splittings along the I' — K (r_g) and ' —
K’ (8r_ k) paths, Zeeman exchange strength (A.,), and average
difference in splittings (1,,).

Eb d 8F—>K 81"—)[(’ Aex A‘VZ
eV) (A) (meV) (meV) (meV) (meV)

PS IL —1.94 2.05 362 355 358.5 3.5
2 2L —2.05 2.04 331 270 300.5 30.5
SPiSe 1L —=2.04 2.07 313 372 342.5 29.5
2L —1.87 2.05 185 345 265 80

IL —-1.70 2.20 215 253 234 19

PtSez

2L —1.84 2.18 171 214 192.5 21.5

further performing a Bader charge analysis, one demonstrates
that the bottom S atom acquires 0.52|e| charge from the
surrounding atoms (Eu loses 0.49|e| and Pt loses 0.06|e|)
resulting in n doping of the system. Figure 2(b) clarifies that
such a charge redistribution is accompanied by a transfer of
spin-polarized electrons from Eu to Pt atoms, which leads to
the formation of a magnetic moment of magnitude +0.2up
located on the Pt d orbitals. We also observe S atoms to
be antiferromagnetically coupled to it by having magnetic
moments of +0.1up and —0.02p located on the p orbitals
for the top and bottom S atoms, respectively. In other words,
nonmagnetic few-layer PtX, (X = S, Se) becomes magnetic
on the EuO substrate due to the unique antiferromagnetic
coupling of the S atoms. Looking at the EuO substrate itself,
Eu and O atoms are also antiferromagnetically coupled to
each other having a total magnetic moment of +7up and
—0.1pp sitting on f and p orbitals, respectively. The system
also becomes n doped due the charge transfer between the
chalcogen and surrounding atoms. These results are further
validated by the atom-projected density of states that shows a
strong orbital hybridization between Pt(d), S(p), and Eu(d)
orbitals [54]. Since it is quite difficult to grow monolayer
systems in general, and the electronic properties of PtSe, are
remarkably dependent on the crystalline structure [43-47], we
also evaluated the bilayer case in the AA stacking.

We now discuss the results of the calculations when
both magnetism and SOC are included, for the monolayer
and bilayer cases of PtSe, and SPtSe on the EuO sub-
strate. The binding energy and interlayer distance for these
calculations are given in Table I. The binding energy is calcu-
lated using the definition E;, = E (PtSe, /EuO) — E (PtSe;) —
E(EuO), where E (PtSe, /EuO) is the total energy of the com-
bined system, E (PtSe;) is the total energy of detached PtSe,,
and E(EuO) is the total energy of the EuO substrate. The
large value of E, = —1.70eV (—1.84eV for 2L PtSe, on
EuO) confirms the presence of strong interlayer interactions.
We note that the binding energy is even larger for the lower
atomic-size chalcogen PtS, relatives of PtSe, with a smaller
interlayer distance, providing a stronger attachment of the
former to the EuO substrate albeit perturbing the electronic
dispersion as discussed below. These results are consistent
with experimental data on the Pt (111) substrate where an
interlayer distance of 2.28 A is observed [43]. In Figs. 3(a)-
3(d) the band structures for all the three cases are reported,

P‘[Sel2
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FIG. 3. (a), (c) Electronic band structure of 1L and 2L PtSe, and
(b), (d) Janus SPtSe on the EuO substrate, respectively. The SOC
effects are included for each case.

and unveil an effect, namely a valley-dependent band splitting
highlighted in Fig. 3(b) for 1L Janus SPtSe. Such an effect
provides convincing evidence of the simultaneous action of
exchange and SOC interactions. We estimate the (Zeeman)
exchange strength by computing the average of the splitting at
each valley Aex ~ (r—x + dr—x’)/2, which leads to values
between 190 and 360 meV as reported in Table I. Valley
polarizations are actually quite typical of magnetized TMDs
in their 1H structural phase, being a consequence of the
hexagonal symmetry (D3;, point group) and broken inversion
symmetry that create a specific SOC term usually referred as
valley Zeeman, which behaves as an effective Zeeman field
with opposite signs at each valley. Therefore, the combined
effect of this valley-Zeeman interaction with a true Zeeman
field yields a valley-dependent Zeeman splitting with a split-
ting strength piloted by the SOC. We note that in principle,
Pt-based TMDs are most stable in the tetragonal phase (D3,
point group), a phase preserving inversion symmetry, which
forbids such a type of valley-Zeeman SOC term. However, the
presence of the substrate breaks such a symmetry whereas the
preserved threefold rotational symmetry induces the forma-
tion valley-Zeeman SOC terms at the K points. Consequently,
the valley polarization predicted by our calculations demon-
strates large proximity-induced magnetism and lifting of the
inversion symmetry in these Pt-based TMDs supported by a
EuO substrate.

The strength of the valley-Zeeman interaction is estimated
by computing the average difference in the splitting at each
valley Ay, = |8r—x — ér—x’/2. The values in Table I show
Zeeman interactions ranging from 3 to 80 meV in the symmet-
ric structures. These values are extraordinarily large compared
to other conventional TMDs, as a consequence of the strong
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FIG. 4. 2D spin textures of Janus 2L SPtSe on a EuO substrate.
Refer to the brown lines in Fig. 3(d), where the inner contours corre-
spond to valence bands passing through an energy £ = —0.85¢eV,
whereas the outer contours (corners) belong to conduction bands
passing through an energy E = —0.20 eV, respectively. The red /blue
colors indicate spin up/down.

SOC introduced by the heavy metals. We however note that
such an estimation does not include a possible additional
contribution from Rashba SOC stemming from the interaction
with the substrate, which should slightly renormalize the band
splitting.

We finally discuss the results obtained for the asymmetric
or Janus structure. In Table I a substantial valley polarization
is observed, that is 160 meV and 60 meV for the bilayer and
monolayer structures, respectively. This is three to ten times
larger than their symmetric counterparts. Since the structures
are formed by the same atoms, such a change can be attributed
to the giant Rashba effect expected in this phase. It is pertinent
to mention that Janus SPtSe on EuO shows these effects
regardless of the presence of S or Se adjacent to the substrate
[54]. Tt is complicated to extract the Rashba splitting since its
contribution is mixed with different interactions. Therefore,
we assume no Rashba interaction in the symmetric structure
and further subtract the average spin polarization for the Janus
case. Following this procedure, we evaluate a Rashba coupling
ranging between 30 and 60 meV, which is again much larger
than any other studied Janus-like system to date.

To determine whether the systems are indeed subject to a
strong Rashba SOC, the spin textures are computed using a
2D k mesh (k, x ky : 15 x 15) centered at the I point (k, =
0) and are presented for the energy contours E = —0.20eV
and E = —0.85eV in Fig. 4. The colors indicates opposite
spin polarities along the projected x, y, and z directions,
represented also in the labels above. In the valence bands,
around the I point, we see a close contour which points to a
Mexican-hat-shaped dispersion, although it is tilted due to the
effect of the exchange interaction. This contour displays spin-
momentum locking which is opposite for the two concentric
bands and hints at potentially observing a large spin-orbit

torque in experiments. However, in the conduction bands, the
contour crosses the K/K’ points showing two distinct features:
(i) strong spin-momentum locking in isolated bands, and (ii)
an energy contour with Cs, point group symmetry. The first
feature allows an optimal spin-to-charge conversion via the
Rashba-Edelstein effect which is a precursor of SOT [26,56].
The out-of-plane spin component reinforces the idea of a
concomitant existence of exchange and Rashba interactions.
The presence of a Fermi contour with threefold rotational
invariance is a necessary condition for a different kind of
anisotropy like SOT [24] hitherto observed in Fe;GeTe, [57].

In conclusion, we employed first-principles calculations
to investigate the proximity effects in ultrathin Pt dichalco-
genides and Janus SPtSe on a magnetic EuO substrate.
Substantial charge redistribution was found within these sys-
tems, resulting in shifting conduction band minima in the
vicinity of high-symmetry K and K’ points, with the formation
of multiple valleys. Very importantly, the broken inversion
and time-reversal symmetries, together with proximity effects
from the magnetic substrate, generate huge spin splittings (of
the order of several hundred meV) in the conduction band
of few-layer PtX, (X =S, Se) and Janus SPtSe. Moreover,
these ultrathin systems become magnetic, hosting magnetic
moments at different atomic sites with an antiferromagnetic
coupling between opposite S atoms demonstrating spin-valley
polarization. These findings provide a versatile platform to
explore spin-valley physics in Pt dichalcogenides and leads to
their potential electronic and spintronics applications. Never-
theless, efforts are still necessary to improve the air sensitivity
of the Janus structure and increase the Curie temperature of
EuO.
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