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Tuning the spin-orbit coupling, magnetic proximity, and band hybridization
in Fe(001)/MgO/MoS2 multilayers
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We present first-principles calculations of the electronic structure and spin texture of a MoS2 monolayer in
Fe/MgO/MoS2 multilayers. These metal/insulator/semiconductor stackings are subject to an electron transfer
from the Fe layer to the MoS2 sheet, giving rise to a two-dimensional (2D) electron gas, the density of which
depends on the MgO layer thickness. We describe the consequences of this electron transfer and of the magnetic
proximity effect on the occupation of the conduction bands of the MoS2 layer, on the nature of its band gap,
and on the splitting and dispersion of its valence bands near the � point of the 2D Brillouin zone. The spin
splitting and spin texture are reproduced and understood by an effective Hamiltonian, which includes Rashba,
Dresselhaus, and Zeeman effects. We finally show that the splitting of the MoS2 valence bands induced near
� by the spin-orbit coupling is rather different when Fe is replaced by a nonmagnetic transition metal such as
vanadium.
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I. INTRODUCTION

Transition-metal dichalcogenide (TMDC) monolayers
(MLs) are promising two-dimensional (2D) semiconduc-
tors that should play a key role in the next generation
of electronic, optoelectronic, and spintronic devices. They
have already been used as the semiconducting channel of
field-effect transistors (FETs), with a carrier mobility higher
than that measured in the best Si-based devices and with
a large ON-OFF current ratio [1–9]. The possibility of de-
signing complex circuits operating logical operations from
TMDC-based FETs has been reported in several articles
[10–12]. Their optical properties have also been exploited
in different kinds of optoelectronic devices [13], ranging
from solar cells [14] to photovoltaic and photodetecting de-
vices [15,16], phototransistors [17–19], photodiodes [14],
and light emitting diodes [12]. The use of TMDC layers
in spintronic devices has also been considered by differ-
ent theoretical and experimental teams. Magnetic tunnel
junctions (MTJs) based on a nonmagnetic and insulating
TMDC spacer and different kinds of magnetic electrodes
have thus been studied [20–31]. More complicated stack-
ings have also been considered for spintronic applications,
like the Fe/MoS2/phosphorene/Pt multilayer, of which the
spin-transfer-torque properties have recently been calculated
from first principles [32]. TMDC-based stacks have finally
been studied for their possible spin-orbitronics applications.
Most of the corresponding studies focused on charge-to-spin
conversion at the graphene/TMDC interfaces [33–44], where
the TMDC layers are mainly used to provide strong spin-orbit
coupling (SOC) effects to the charge carriers supplied by the
graphene layer. A large spin-orbit torque effect has also been
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observed at the TMDC/CoFeB interface, which is potentially
interesting for its spin/charge conversion properties [45].

The key role played by TMDC MLs in all these devices is
mostly due to the very interesting specificities of their uncom-
mon band structure. Experiments have indeed evidenced that
their band gap is direct [46,47]. This has been confirmed by
calculations based on first-principles or tight-binding meth-
ods, which have shown that the direct band gap occurs at the
6 K points of the first Brillouin zone (BZ) [46]. Calculations
have also shown that the combination of the SOC and the
lack of inversion symmetry induces a large spin splitting of
their valence bands and a smaller but non-negligible spin
splitting of their conduction bands at the K valleys [48], with
an intimate coupling between the spin and valley degrees of
freedom. This coupling splits the six valleys of the TMDC
MLs in two degenerated groups with opposite spin splittings,
respectively located at the three K and three K ′ Bloch vectors
[49–51]. Absorption of circularly polarized photons has more-
over been used to selectively populate the K or K ′ valleys with
electrons and holes [52–55], evidencing that light can be used
to perfectly control the TMDC ML valley degree of freedom.

Several authors have further shown that different kinds of
external stimuli may be used to control the nature and the
energy width of the band gap of a TMDC ML. First-principles
calculations have shown, for instance, that a sufficiently large
strain can switch the band gap from direct at K/K ′ to in-
direct between � and K/K ′ [56–62]. A similar switch of
the top of the valence band has also been reached by ap-
plying an external electric field [63–66], or by creating an
interface between the TMDC ML and either an oxide such
as EuO [67], or MgO-terminated multilayers [68]. More-
over, different strategies have been investigated for lifting
the degeneracy between the bands with opposite spin states
located at the K and K ′ valleys, respectively, starting with
the use of an external magnetic field applied perpendicular
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to the TMDC layer, thus inducing a Zeeman splitting of the
inequivalent valleys [69–75]. Another route, more attractive
from the perspective of designing TMDC ML-based devices
operating without applying an external magnetic field, has
consisted in using interfaces between TMDC and ferromag-
netic layers. In this case, the lift of the valley degeneracy
is induced by the exchange magnetic field provided by the
proximity of the ferromagnet. Different magnetic materials
have been considered to reach this aim [20,45,67,76–97].
Interfaces involving covalent bonds between a TMDC layer
and a magnetic metal generally fail in preserving the semicon-
ducting character of the TMDC layer [85]. Conversely, these
layers remain semiconducting, and their valley degeneracy is
generally lifted when they are bound by van der Waals (vdW)
interaction, either directly to the magnetic layer or through
a single h-BN layer intercalated between the TMDC and the
ferromagnet [98].

The band structure of a single TMDC layer can finally be
modified by the Rashba interaction [99–104], which induces
additional lifts of the spin degeneracy near the top of the
valence band at �. This occurs for Janus TMDC layers with
different kinds of chalcogen atoms on the two sides of the
metallic atom layer [105–111], but also when an external elec-
tric field is applied perpendicular to a nonpolar TMDC ML
[9,64–66,72,75] or to a Janus TMDC layer [108,109]. Last, a
Rashba spin splitting of the TMDC valence band near � has
also been observed at the interfaces between a TMDC layer
and a Bi surface [112] or at the interface between two different
TMDC layers [113]; in these cases, the Rashba effect is due
to the interface built-in electric field and to the non-negligible
hybridization that occurs across the interface. The spin split-
ting of the valence bands near � and the related spin texture
induced by Rashba-like SOC effects could allow controlling
the spin properties of TMDC-based spin-orbitronics devices
with an electric instead of a magnetic field, in particular when
the splitting is strong or when the SOC induces a persistent
spin texture. Indeed, such a unidirectional spin polarization of
the TMDC electron states in the k-space should give access
to the long carrier spin lifetime required to control the spin
orientation [114].

With this scientific and technological context in mind,
we have calculated the electronic structure and the magnetic
properties of Fe(7MLs)/MgO(nMLs)/MoS2(1ML) multilay-
ers made of a thin Fe ferromagnetic layer with perpendicular
magnetic anisotropy, an insulating MgO layer with a thick-
ness tMgO between 3 and 7 ML, and a single MoS2 layer.
Such a stacking, which has recently been synthesized with a
1.5-nm-thick MgO layer [68], allows simultaneously switch-
ing the MoS2 band gap (from direct to indirect) and to
increase the magnetic proximity effects when the MgO thick-
ness is lowered. Moreover, decreasing the MgO thickness
also changes the MgO/MoS2 interface built-in electric field
and the subsequent strength of the interface-induced SOC. It
finally modifies the energy offset between the MgO and MoS2

bands, possibly leading to different band hybridizations at the
MgO/MoS2 interface.

We present a systematic study of the band structure of
these multilayers, with a particular focus on the lift of the
spin degeneracy and on the spin texture near the valence-
band maximum at �, which we have studied as a function

of the MgO layer thickness. Our first-principles data are fit-
ted with a simple phenomenological Hamiltonian model that
includes exchange Zeeman, Rashba, and Dresselhaus inter-
actions, a possible shift of the valence-band maximum, and
a possible modification of the effective mass. We used this
model to evaluate the relative weights of the Zeeman, Rashba,
and Dresselhaus contributions and understand which of these
effects governs the properties of the MoS2 layer, as a func-
tion of the MgO thickness. We also show that the model
fails at critical MgO thicknesses for which the dispersion of
the valence band near � is governed by band-hybridization
between MgO and MoS2, giving rise to persistent spin tex-
tures. We finally compare the SOC effects calculated for the
Fe/MgO/MoS2 multilayers with those computed for nonmag-
netic V/MgO/MoS2 systems.

II. CALCULATION METHODS

As shown in Fig. 1, we used supercells consisting of
asymmetric Fe(7MLs)(001)/MgO(001)/1H-MoS2 multilay-
ers stacked along the z direction and with tMgO between
3 and 7 ML. We only studied multilayers based on the
1H − MoS2 ML, which is considered the most stable one
and is potentially interesting for electronic applications due to
its semiconducting behavior (whereas the 1T − MoS2 phase
is metallic). In genuine Fe/MgO/MoS2 samples, the MoS2

layer and the Fe/MgO bilayer both keep their own in-plane
lattice parameters, MoS2 being only bound by the weak vdW
interaction to the rest of the stacking. Supercells with a per-
fect matching would contain a huge number of nonequivalent
atoms, due to the periodic boundary conditions. Calculat-
ing their electronic structure from first principles would be
too computationally demanding. As we mainly wish to un-
derstand how electron states of the MoS2 single layer are
modified by the interface with Fe/MgO, we chose to use
orthorhombic-shaped supercells with the lattice parameters
a1 = aMoS2 and a2 = √

3aMoS2 , respectively, along the x and
y directions. This choice preserves the hexagonal structure
and the lattice parameter aMoS2 = 3.16 Å calculated for the
isolated 1H − MoS2 sheet at equilibrium, while limiting the
number of atoms contained in the supercell. The price to pay
is the resulting structural distortion of the Fe/MgO bilayer,
which loses its square-shaped aspect leading, in MgO, to a
tensile strain of 6.5% along the x axis (where the distance
between Mg atoms is stretched from aMgO/

√
2 to a1) and to a

compressive strain of −7.8% along the y axis (where the dis-
tance between second neighbor Mg atoms is compressed from√

2aMgO to a2). Strains are also applied to the Fe layer, aFe

being stretched to a1 and 2aFe compressed to a2, respectively,
in the x and y directions. We checked that such structural
distortions do not drastically change the electronic structure
of the bulk Fe and MgO crystals (see Figs. S1 and S2 in the
supplemental material [115]). Indeed, even if the distortions
split some of the energy bands that would otherwise be degen-
erated, the density of states (DOS) curves are not drastically
changed by the distortions: the Fermi level EF still crosses the
d bands of the Fe crystal and the band gap of MgO. As shown
previously [116], the atomic structure with the lowest energy
is found when O atoms are located on top of Fe atoms at the
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FIG. 1. Atomic structure of the Fe/MgO(nMLs)/MoS2 supercells: (a) Side view and plane views of (b) the Fe/MgO and (c) MoS2/MgO
interfaces.

Fe/MgO interface, while 2/3 of the S atoms are on top of half
of the Mg atoms at the MgO/MoS2 interface [68]; see Fig. 1.

A vacuum space of about 16 Å was taken in order to avoid
unphysical interactions between two neighboring slabs in the
z direction. A dipole correction [117] was added to cancel
any spurious electric field created between facing surfaces. In-
ternal coordinates were optimized using a conjugate gradient
algorithm, until all forces were less than 10−2 eV/Å.

First-principles calculations of the physical properties of
the Fe/MgO/MoS2 multilayers were performed with the su-
percells described above and the VASP code [118–121] based
on density-functional theory (DFT) and on the projector aug-
mented wave (PAW) method [122]. The energy cutoff was
set to 550 eV. All DFT calculations have been done at the
Perdew-Burke-Ernzerhof (PBE) level [123]. We also took into
account vdW interactions using the Grimme correction [124].

SOC was added self-consistently in electronic structure
calculations [125]. The 2D first BZ was sampled with a
20 × 16 × 1 Monkhorst-Pack grid [126] for optimizing the
structure and for calculating the DOS curves. Subsequently,
the band-structure and spin texture postprocessing were done
using the python library PYPROCAR [127].

The built-in electric field in the MgO layers has been esti-
mated from the ratio |V (zL ) − V (zR)|/(zR − zL ), where V (zL )
and V (zR) are the values of the (xy)-planar averaged elec-
trostatic potential calculated at the second and penultimate
MgO MLs. This method, which should give more reliable
results for thicker MgO layers, as it avoids taking into account
the sharp variations of the electrostatic potentials at the two
interfacial MgO MLs, has been applied to the multilayers
with 4 � tMgO � 7 ML. For the system with tMgO = 3 ML, for
which interface effects cannot be avoided, we estimated the
electric field at the center of the MgO layers from the values
V (zL ) and V (zR) calculated at the first and third MgO MLs.

Parameters used in the effective Hamiltonian proposed in
Sec. III B 3 were fitted from energy bands calculated near the
center � of the BZ and along the kx or ky directions, using 30
Bloch wave vectors between kx(y) = −0.06 and +0.06 Å−1.

III. MgO-THICKNESS DEPENDENCE OF THE
ELECTRONIC STRUCTURE AND OF THE SPIN TEXTURE

A. Overview of the results obtained for Fe/MgO(7MLs)/MoS2

We first briefly summarize and complete the results that we
have recently reported for the multilayer with tMgO = 7 ML
[68], the largest MgO layer thickness that we will consider
here. This system will further be used as a reference when we
will describe the increase of the SOC and magnetic proximity
effects induced by the decrease of the MgO spacer thickness.

For Fe/MgO(7MLs)/MoS2, the average distance
dMoS2−MgO calculated between the interface S and MgO
layers [see Fig. 1(a)] is 2.84 Å, a value comparable to that
recently reported for the Ga2O3/MoS2 interface [128]. This
confirms that the MoS2 layer is bound to the rest of the
stacking by weak vdW interaction.

The electronic structure of MoS2 in Fe/MgO(7MLs)/
MoS2 shows strong similarities with that of the isolated MoS2

ML, the overall dispersion of the MoS2 bands being glob-
ally preserved in the multilayer, but noticeable differences
appear as shown in Fig. 2. In particular, the MoS2 band
gap is no longer direct at K/K ′, but becomes indirect from
� to K/K ′, due to non-negligible orbital interactions across
the MoS2/MgO interface, as will be discussed further on.
Moreover, the difference between the work function of the
(001) Fe surface (3.95 eV calculated for the surface of the
distorted Fe crystal, 4.17 eV measured experimentally [129])
and the electron affinity of MoS2 (4.20 eV according to our
calculations, 4.3 eV [130] and 4.7 eV [131] measured in
experiments) results in an electron transfer from the Fe/MgO
interface to the MoS2 layer, rising EF above the minimum
of the two MoS2 conduction bands with the lowest energy at
K/K ′ (these bands are labeled CB and CB + 1 in Fig. 2).

The transferred electrons occupying these bands form a
two-dimensional electron gas (2DEG) with an effective mass
of 0.774m0 along � − K (m0 being the mass of the free
electron) and an electron density ne of 0.0543 electron per√

3a2
MoS2

area. This 2DEG is not spin polarized, magnetic
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FIG. 2. Spin-projected band structure along the high-symmetry
directions of the rectangular BZ of the supercell shown in Fig. 1,
for (a) an isolated 1H-MoS2 ML and (b) the MoS2 ML in the
Fe/MgO(7MLs)/MoS2 multilayer. The rectangular first BZ of the
multilayer is represented in panel (a) with black lines and black
letters, where it is compared to the hexagonal BZ of the isolated
MoS2 layer (in red).

proximity effects being insufficient to strongly lift the de-
generacy between the MoS2 conduction bands with opposite
spin directions at K and K ′. Conduction bands with a higher
energy (CB + 2 and CB + 3 in Fig. 2) have their minima at
K/K ′ above EF for this multilayer. These minima correspond
to the conduction-band minima located at the six Q-points of
the hexagonal primitive-cell BZ of the isolated MoS2 layer
(i.e., halfway between � and K/K ′). After building the su-
percell shown in Fig. 1, the minima of CB, CB + 1, CB + 2,
and CB + 3 are folded at the same point of the rectangular
conventional cell BZ; see Fig. 2.

The charge transferred across the MgO layer creates
an internal electric field Eint = 0.12 V/Å, which induces
Mg-O polar displacements along the [001] direction: we
found δz = [〈zMg2+〉 − 〈zO2−〉] = 0.04 Å at the center of the
MgO layer. This electric field is of the same order of mag-
nitude as the field ne

εrε0
= 0.057 V/Å that would exist in a

capacitor with charge densities ±ene on its plates and a spacer
material with the same dielectric constant εr = 9.83 as that
of MgO [132]. This capacitor model, however, assumes a
homogeneous spacer material and two-dimensional charge
distributions with a negligible thickness compared to tMgO,
which should not be the case for the systems with very thin
MgO layers that we considered here (this could explain the
difference between the values that we calculated and those
given by the capacitor model).

Even if magnetic proximity effects are small for the MgO
thickness of 7 ML, they are responsible for a significant
0.24 meV spin splitting of the MoS2 valence-band maximum
at �. Finally, Fig. 2 shows that the spin direction for electron
states near the top of the valence band at � tilts from out-
of-plane for the isolated MoS2 layer to in-plane for MoS2 in
Fe/MgO(7MLs)/MoS2.

B. Tuning the MoS2 electronic structure by decreasing
the MgO layer thickness

We now describe the modification of the electronic proper-
ties of the MoS2 ML induced by a lowering of the MgO layer
thickness, focusing on the MoS2 conduction bands near K/K ′
and valence bands near �.

1. Occupancy and spin splitting of the MoS2

conduction bands at K/K′

The electron density ne of the 2DEG transferred from the
Fe electrode to the MoS2 ML has been calculated by integrat-
ing the Mo- and S-atom partial charge densities corresponding
to the occupied part of CB, CB + 1, and CB + 2. Figure 3(a)
shows that ne monotonously increases from 0.0543 to 0.0963
electron per

√
3a2

MoS2
area, when the MgO-layer thickness

decreases from 7 to 3 ML. This increase is mainly due to
the pulling down below EF of the minimum of the conduction
band CB + 2. This can be seen in Fig. 3(b), where we plotted
the energy of the conduction-band minima of CB, CB + 1,
CB + 2, and CB + 3 as a function of the MgO layer thick-
ness. The energy shift induced by a lowering of the MgO
layer thickness is not rigid: The energy (with respect to EF)
of the minimum of the conduction bands CB and CB + 1
and the number of electrons populating these two bands are
nearly independent of tMgO. On the other hand, the energy
of the CB + 2 and CB + 3 conduction-band minima tends to
decrease (and the population of CB + 2 to increase) when the
thickness of the MgO layer is lowered.

As explained in Sec. III A, an internal electric field Eint

appears in the MgO dielectric layer due to the electron transfer
from the Fe electrode to the MoS2 ML. The value of Eint

calculated at the center of the MgO layer is represented in
Fig. 3(c) as a function of the MgO layer thickness. It in-
creases from 0.12 V/Å for tMgO = 7 ML to 0.24 V/Å for
tMgO = 3 ML, and the variation of Eint with the MgO-layer
thickness is more or less proportional to ne, as would be the
case for the simple capacitor model.

The Mg-O buckling δz is represented in Fig. 3(d) as a func-
tion of the MgO atomic layer index i and for tMgO = 3–7 ML.
Except at the Fe/MgO interface, this buckling is positive,
which corresponds to the expected displacement of the Mg
cations in the direction of the internal electric field (i.e.,
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FIG. 3. (a) Electron density ne of the 2DEG occupying the con-
duction bands of the MoS2 layer, vs the MgO layer thickness.
(b) Energy of the successive conduction-band minima at K/K ′, vs
MgO layer thickness. (c) Internal electric field Eint at the center of the
MgO layer, vs MgO layer thickness. (d) Mg-O buckling δz vs index i
of the MgO atomic layer (i = 1 corresponding to the MgO ML at the
Fe/MgO interface) and for different thicknesses of the MgO layer.
(e) (xy)-planar averaged electrostatic potential in the vicinity of the
MoS2 ML, as a function of the z coordinate and for different values of
the MgO layer thickness (the inset shows the values of the potential
in the vdW gap at the MgO/MoS2 interface).

towards MoS2) and of the O anions in the opposite direction
(towards Fe). The value of the buckling at the center of the
MgO layer increases with the internal electric field, from
0.04 Å for tMgO = 7 ML to 0.09 Å for tMgO = 3 ML.

The difference between the xy-planar averaged electro-
static potentials V (z) calculated near the MoS2 layers of
multilayers with different values of the MgO thickness is
very small, except in the vdW gap between the top MgO and
interface S atomic layers, as shown in Fig. 3(e). As will be
explained later, the associated increase of the electric field in
the vdW gap will be responsible for the enhancement of the
SOC effects.

We finally turn our attention to the effects of the MgO
layer thickness on the spin splitting of the conduction bands
mostly induced by SOC at each of the K and K ′ valleys, and
on the valley Zeeman splitting induced between the K and K ′
valleys by magnetic proximity effects. The spin splitting of the

(a) (b)

FIG. 4. (a) Contribution of the MoS2 ML to the highest-energy
valence bands of Fe/MgO(4MLs)/MoS2. (b) Energy difference be-
tween the top of the valence bands at K and �, as a function of the
MgO layer thickness.

conduction bands decreases from 3 meV for tMgO = 7 ML (a
value close to that reported in Ref. [50] for the isolated MoS2

layer) to 1.6 meV for tMgO = 3 ML. The valley Zeeman split-
ting of the conduction bands is of 0.6 meV for tMgO = 3 ML,
i.e., for the thickness at which the magnetic proximity effects
are the strongest; this value corresponds to an effective mag-
netic field of a few Tesla. It becomes negligible and difficult
to accurately calculate for thicker MgO layers. It may be too
small to be measured experimentally.

2. Nature of the MoS2 band gap

The switchover of the MoS2 band gap, from direct (at
K/K ′) for an isolated MoS2 layer to indirect (from � to
K/K ′) for a MoS2 ML in a Fe/MgO/MoS2 multilayer, occurs
above a critical MgO layer thickness. Figure 4(a) shows the
dispersion of the MoS2 valence bands for tMgO = 4 ML, the
largest MgO thickness for which the band gap of MoS2 is
direct. The difference between the energies of the valence-
band maxima (VBM) calculated at K/K ′ and at � is plotted
in Fig. 4(b) as a function of the MgO layer thickness: it
is negative for tMgO � 5 ML, from which the band gap be-
comes indirect. This is mainly due to a 0.16 eV decrease of
the energy difference [ECBM(K/K ′) − EVBM(�)] between the
conduction-band minimum (CBM) at K/K ′ and the VBM at
�, when tMgO increases from 3 to 7 ML, while the energy
difference [ECBM(K/K ′) − EVBM(K/K ′)] is nearly indepen-
dent of the MgO layer thickness. These observations are not
surprising: the top of the valence band at � mainly involves
Mo-dz2 and S-pz atomic orbitals, the latter being very sensitive
to the presence of neighboring atomic layers (i.e., to the thick-
ness of the MgO layer), while the CBM and VBM at K/K ′ do
not involve contributions from S − pz atomic orbitals.

Several interdependent driving forces can be cited to ex-
plain that the contribution of the pz orbitals of the interface
S atoms and the energy of the MoS2 VBM at � change with
tMgO. First, the energy (and the number) of the MgO valence
bands depends on the thickness of the MgO layer, in particular
when it becomes ultrathin. Furthermore, the energy of the
MgO bands is also shifted by the internal electric field induced
in all the MgO atomic layers by the charge transfer from Fe
to MoS2. Finally, as we will discuss below, a hybridization
between Mo, S, Mg, and O atomic orbitals occurs when the
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FIG. 5. Dispersion of the MoS2 valence bands near the VBM at �, calculated from first principles for Bloch wave vectors along the
�-X direction (upper panels) and along the �-Y direction (lower panels). The different panels correspond to Fe/MgO/MoS2 multilayers with
tMgO = 3, 4, 5, 6, and 7 ML. The energy of the VBM at � (indicated by a red dot) is given in each panel.

MgO and MoS2 valence bands have similar energies. These
arguments suggest that changes in the MoS2 VBM at � are
more likely to be due to thickness-dependent interactions
with MgO bands than to a modification of the width of the
vdW gap, which stays nearly constant, around 2.85 Å (except
maybe for tMgO = 3 MLs, for which it slightly decreases down
to 2.8 Å).

3. Splitting and dispersion of the valence bands near �

Figure 5 shows the dispersion near the top of the MoS2 va-
lence bands at �, calculated for Fe/MgO(nMLs)/MoS2 multi-
layers with different MgO layer thicknesses. The two bands in
this figure are splitted by the SOC and magnetic proximity ef-
fects. The dispersion and band splitting computed along �-X
are similar to those calculated from a simple model of a 2DEG
immersed in a perpendicular exchange magnetic field and
with Rashba-like SOC. Indeed, the top panels of Fig. 5 cor-
responding to tMgO = 7 ML and to tMgO = 3–6 ML, respec-
tively, are similar to those displayed in Refs. [104,133–136]
for a Zeeman effect smaller than SOC effects, and in
Refs. [134,136] for SOC effects smaller than the Zeeman one.

Figure 5 shows that the spin splitting induced at � by
the exchange magnetic field continuously increases when the
MgO-layer thickness decreases, from 0.24 meV for tMgO =
7 ML to 7.2 meV for tMgO = 3 ML. This splitting could
be measured by angle-resolved photoemission spectroscopy
(ARPES), providing that spectra can be recorded with a suffi-
cient resolution. Figure 5 also shows that the dispersion of the
valence bands is not isotropic, with a band curvature bigger
along �-Y than along �-X (two different effective masses
m∗

x and m∗
y are necessary to describe the dispersion). This

anisotropy is a consequence of the anisotropy of the structure
of the MgO/MoS2 interface [see Fig. 1(c)], where the hexag-
onal MoS2 and the rectangular top MgO MLs are juxtaposed.

The valence-band dispersion and spin slitting are different
for tMgO = 7 and 3 ML than for tMgO = 4, 5, and 6 ML.

Indeed, Fig. 5 shows that the valence bands become unex-
pectedly flat along �-Y for tMgO = 7 ML. For tMgO = 3 ML,
the MoS2 ML actually contributes to four different electron
bands instead of two, in a small energy range of 26 meV near
the top of the valence bands at �; only the two bands with the
lowest energy and the highest MoS2 contributions are shown
in Fig. 5. We will see in the next section that the specific band
dispersion observed for tMgO = 3 and 7 ML is a consequence
of the hybridization and interaction between the valence bands
of MoS2 and of MgO.

We used an effective Hamiltonian to reproduce the band
structure, considering that the splitting near � of the highest
energy valence bands has two main sources: (i) the SOC
which manifests itself, in this system with broken inver-
sion symmetry, through a combination of the Rashba and
Dresselhaus effects, and (ii) the Zeeman effect due to the prox-
imity of the Fe ferromagnetic layer. To estimate the relative
contributions of the Rashba, Dresselhaus, and Zeeman effects,
we fitted the band structure near the top of the valence bands at
� computed from first principles, with the eigenvalues that we
calculated for an effective Hamiltonian taking all these effects
into account [137,138]. This Hamiltonian is given by

Ĥ = Ĥ0 + ĤR + ĤD + ĤZ , (1)

where

Ĥ0 = ε Î + p̂x
2

2m∗
x

+ p̂y
2

2m∗
y

(2)

describes a free 2DEG with a nonisotropic dispersion (m∗
x

and m∗
y are the effective masses, respectively, along the

x and y directions, Î is the identity matrix, and ε is an offset
energy). Because of the nontrivial crystal structure of the slabs
and interfaces described here, the little point group associated
with � is Cs, which only possesses two symmetry elements:
the identity and a (100) mirror plane. Several nonequiv-
alent terms, invariant by this small number of symmetry
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elements, could contribute to the SOC effect in a Hamilto-
nian model. Considering the splitting of the valence bands
near �, we have chosen to approximate the SOC part of the
Hamiltonian by only keeping the terms corresponding to the
standard two-dimensional linear Rashba and Dresselhaus in-
teractions [100,137,139]:

ĤR = α(kyσ̂x − σ̂ykx ) (3)

and

ĤD = β(kyσ̂x + σ̂ykx ). (4)

ĤR and ĤD depend on the x and y components of the Pauli
matrix σ̂ and wave vector k. α and β are, respectively, the 2D
Rashba and Dresselhaus coefficients. We further demonstrate
that these two terms, respectively induced by the built-in elec-
tric field due to charge reorganization near the MgO/MoS2

interface and by the xy-crystalline anisotropy of this inter-
face, indeed suffice to describe most of the consequences
of SOC calculated from first principles, thus gathering the
most important physical elements necessary to explain the
properties of Fe/MgO/MoS2 multilayers. We checked that
cubic SOC terms are negligible for small Bloch-vector ranges
near � [140]. The Zeeman term, which accounts for magnetic
proximity effects, is given by

ĤZ = μBBσ̂z, (5)

where B is the modulus of the effective exchange magnetic
field oriented along the z axis. We have restricted our descrip-
tion of the Hamiltonian to these few contributions only, which
correctly account for the small wave-vector dependence of
the MoS2 valence-band spin splitting near � for 4 � tMgO �
6 ML, as the MoS2 valence bands neither hybridize nor
strongly interact with MgO bands in this case. The effective
Hamiltonian would be more complicated out of this MgO
thickness range: It should contain more terms to go beyond
the simple parabolic dispersion and include the description of
both the MoS2 and MgO hybridized bands, which is beyond
the scope of the present article.

The diagonalization of Ĥ gives access to the dispersion of
the splitted bands:

E± = ε + h̄2k2
x

2m∗
x

+ h̄2k2
y

2m∗
y

±
√

(α − β )2k2
x + (α + β )2k2

y + (μBB)2. (6)

Table I gives the value of the parameters ε, m∗
x , m∗

y , α, β,
and μBB obtained by fitting the energies of the MoS2 band
structures calculated from first principles near the top of
the valence band at � with Eq. (6). This table shows that
the SOC coefficients (α and β) and the exchange Zeeman
proximity effect (μBB) all increase when the MgO thickness
decreases. The spin splitting calculated at � (2μBB = 4 meV
for tMgO = 4 ML) is due to the exchange effect induced by
the proximity of the ferromagnetic layer and of the tail of
its spin-polarized electron wave functions, which decreases
exponentially in the thin MgO layer. β is always larger than
α (however, this latter is never negligible). The spin-orbit
coefficients α and β that we calculated have the same order
of magnitude as the Rashba coefficient computed for a single

TABLE I. Parameters of the effective Hamiltonian fitted from the
MoS2 band structure and spin texture calculated from first principles
near the top of the valence bands at �, for Fe/MgO/MoS2 multilay-
ers with tMgO = 4, 5, and 6 ML.

tMgO 4 ML 5 ML 6 ML

ε (eV) −1.82 −1.77 −1.76
m∗

x/m0 −3.542 −3.263 −3.121
m∗

y/m0 −1.191 −1.475 −2.35
α (meVÅ) 11.27 3.98 −5.07
β (meVÅ) 22.34 18.23 13.95
μBB (meV) 2.0 0.66 0.31

MoS2 layer in a perpendicular electric field of 0.1 V/Å [64].
However, such a Hamiltonian model is not suitable to describe
the band structure for multilayers with tMgO = 3 and 7 ML,
hybridization effects being stronger in these cases, as will be
discussed in the next section.

The comparison between the first-principles results and the
analytical equations corresponding to the Hamiltonian model
is shown in Appendix A.

4. Hybridization of the valence bands near �

The contributions to the band structure of the MoS2 and
of its first-neighbor MgO MLs are compared in Fig. 6, with
an energy scale larger than in Fig. 5 (the splitting near the
top of the MoS2 valence bands discussed in Sec. III B 3 is
not visible at this scale). This figure explains why the MoS2

valence bands show a different dispersion along �-Y and
�-X : this is mostly due to the presence of MgO bands, which
are more dispersive along �-Y than along �-X . Due to this
stronger dispersion, the highest energy MoS2 valence bands
and MgO surface bands do overlap along �-Y , displaying an
anticrossing that locally affects the dispersion of the MoS2

bands.
The highest-energy interface-MgO bands shift downwards

when tMgO decreases. This is partly due to the value of the
potential jump between the Fe/MgO and the MgO/MoS2

interfaces, which is found smaller for thinner than for thicker
MgO layers, despite higher values of the electric field in
the MgO layer. The interface MgO band reaches the MoS2

valence-band maximum at � for tMgO = 3 ML, giving rise to
a strong hybridization near �, between the two splitted MoS2

valence bands and two (one for each spin state) MgO bands.
A second MgO band can finally be observed at lower

energies in this figure. Although the interface MgO ML con-
tributes less to this band (which only appears as a light line
in Fig. 6), its presence slightly modifies the dispersion of the
MoS2 valence bands for tMgO = 7 ML. For this MgO-layer
thickness, the difference between the energies of the MgO and
MoS2 bands becomes smaller near �, and the MoS2 bands
lose their parabolic shape, in particular along �-Y , due to
orbital interactions across the vdW gap.

5. Spin texture of the MoS2 valence bands near �

This section describes the Bloch-vector and MgO-
thickness dependences of the direction of the spin vector,
for the two highest-energy valence bands shown in Fig. 5.

155403-7



MARCON, ARRAS, LI, AND CALMELS PHYSICAL REVIEW B 109, 155403 (2024)

FIG. 6. Contributions of the MgO interface ML (blue lines) and of the MoS2 ML (red lines) to the valence bands of the Fe/MgO/MoS2

multilayers, for tMgO = 3, 4, 5, 6, and 7 ML and for Bloch wave vectors along the �-X (upper panels) and �-Y (lower panels) directions. The
K/K ′ points are located between � and the X/X ′ points.

We only describe the spin texture of the multilayers with
tMgO = 4, 5, 6, and 7 ML.

Figure 7 shows the variations of the angle θ between the
spin vector and the z axis, calculated for the two highest
energy-splitted MoS2 valence bands, for small Bloch vectors
along �-X and �-Y and for different values of the MgO layer
thickness. The spin, for these two valence bands, is always
perpendicular to the MoS2 layer at the center � of the BZ (θ =
0 or π ). The component of the spin vector perpendicular to the
MoS2 layer decreases when the Bloch vector increases along
�-X (see the top panels in Fig. 7), at the benefit of its in-plane
projection. This rotation of the spin from mostly out-of-plane
at � to mostly in-plane far from � occurs at smaller Bloch
vectors for the thicker MgO layers. This is due to the fact that

magnetic proximity effects, which tend to align the spin either
parallel or antiparallel to the exchange magnetic field (i.e.,
along the z direction), increase when the MgO-layer thickness
decreases. Conversely, the built-in electric field induced by
electronic reorganizations in the vdW gap and the related SOC
effects tend to lay the spin in-plane and dominate magnetic
proximity effects for thicker MgO layers. The variations of θ

along �-Y (bottom panels in Fig. 7) show similar behavior for
all the MgO-layer thicknesses, except tMgO = 7 ML for which
it does not vary monotonously with |ky|, due to the interaction
with the lowest energy MgO band (shown as a light line in
Fig. 6).

Figure 8 shows the modulus and direction of the in-plane
projection of the spin vector, calculated for the highest energy

FIG. 7. Angle θ between the spin vector and the stacking axis, calculated from first principles and plotted near the top of the MoS2 valence
bands located at �, for Fe/MgO/MoS2 multilayers with tMgO = 4, 5, 6, and 7 ML and for Bloch wave vectors along the �-X (upper panels)
and �-Y (lower panels) directions.
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-5

0

5

k
y

(1
0−

2
Å
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Å

−
1
)

E - EF (eV)
(c)

-5 0 5
kx (10−2Å−1)
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FIG. 8. Modulus and direction of the in-plane projection of the spin vector calculated near � from first principles, for the highest energy
valence band of MoS2 in Fe/MgO/MoS2 multilayers with tMgO = 4 ML (a), 5 ML (b), 6 ML (c) and 7 ML (d).

MoS2 valence band shown in Fig. 5, drawn for several values
of the MgO layer thickness and as a function of kx and ky.
The ellipsoidal shape of the constant energy lines displayed
by the panels corresponding to tMgO = 4, 5, and 6 ML is
mostly due to the anisotropy of the MgO/MoS2 interface
(which would also exist if the Fe/MgO bilayer would not be
distorted). This ellipsoidal shape only disappears at the MgO
layer thicknesses for which hybridization or interactions occur
between MgO and MoS2 bands. The spin texture computed
for the multilayer Fe/MgO(5MLs)/MoS2 is characteristic of
that previously calculated [137,141–145] for a 2DEG sub-
jected to a Dresselhaus interaction [146,147]. The spin texture
is more complicated for tMgO = 4 and 6 ML, for which Rashba
and Dresselhaus interactions may both contribute. It becomes
very particular for tMgO = 7 ML. In this latter case, the spin
vector mostly points towards the y direction. Previous studies
have shown that such a nearly persistent spin texture can
occur in a 2D electron gas with the C2v symmetry, when
the Rashba and Dresselhaus interactions have comparable
intensities [137,141,142,144]. Things are more complicated
for Fe/MgO/MoS2 multilayers with the Cs symmetry: In
this case, the SOC should involve more terms than the sim-
ple Rashba and Dresselhaus interactions. These two latter
contributions only dominate when hybridization/interaction
between MoS2 and MgO bands is weak, which is not the case
for the MgO thicknesses for which a persistent spin texture is
found; additional SOC terms accounting for the MgO/MoS2

hybridization should be considered in this case. Persistent spin
textures are important for spintronic applications because they
could give rise to an infinite spin lifetime [148,149].

We have obtained similar spin textures for the second of
the two highest energy splitted MoS2 valence bands at �, but
with an opposite direction of the in-plane projection of the
spin vector.

The direction of the spin vector computed for these two
bands from first-principles (Figs. 7 and 8) can be compared to
the spin texture calculated analytically using the Hamiltonian
model described in Sec. III B 3. The eigenvectors with ener-
gies E± can be used to obtain the angles θ± (angle between the
z axis and the spin vector) and φ± (angle between the x axis
and the projection of the spin vector in the xy plane) which
give the direction of the spin vector for these two states. These
angles are given by

θ+ = arctan

⎧⎪⎨
⎪⎩

√
(α − β )2k2

x + (α + β )2k2
y

μBB

⎫⎪⎬
⎪⎭

,

θ− = π − θ+, (7)

and

tan(φ+) = (β − α)kx

(β + α)ky
, φ− = π + φ+. (8)
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FIG. 9. Contributions of the MgO interface ML (blue lines) and of the MoS2 ML (red lines) to the valence bands of the V/MgO/MoS2

multilayers, for tMgO = 3, 4, 5, 6, and 7 ML and for Bloch wave vectors along the �-X (upper panels) and along the �-Y (lower panels)
directions. The K/K ′ points are located between � and the X/X ′ points.

The good agreement between the spin-texture calculated
from first-principles and the values of θ± and φ± obtained
using the effective Hamiltonian is shown in Appendix A and
confirms the validity of the model.

IV. COMPARISON WITH THE NONMAGNETIC
V/MgO/MoS2 MULTILAYERS

We compare the results obtained for Fe/MgO(nMLs)/
MoS2 multilayers with the band structure and spin texture
calculated for V/MgO(nMLs)/MoS2 systems, using the same
first-principles method, V being a nonmagnetic 3d transi-
tion metal with an atomic number (23) close to that of Fe
(26). V/MgO/MoS2 multilayers thus allow us to study the
MgO-thickness dependence of SOC effects in a MoS2-based
stacking free of any exchange Zeeman interaction.

The dispersion of the MoS2 valence bands is described
for tMgO = 3–7 ML, first in a figure with a relatively large
energy scale (Fig. 9), where the interfacial MgO bands are
also shown. The dispersion along �-X shows that a MgO band
crosses the MoS2 valence bands, as for the Fe/MgO/MoS2

multilayers. However, this crossing occurs for thicker MgO
layers in the V/MgO/MoS2 stacking (tMgO < 5 MLs) than
in the Fe/MgO/MoS2 multilayers (tMgO � 3 MLs), the en-
ergy difference between the top of the MoS2 and MgO
valence bands being smaller for V/MgO/MoS2 than for
Fe/MgO/MoS2. Figure 10, which uses a smaller energy scale
for tMgO = 5–7 ML, shows that the two MoS2 valence bands
are degenerate at �. The spin splitting out of � is propor-
tional to the modulus of the Bloch vector, as expected for
a nonmagnetic two-dimensional system with a Rashba or a
Dresselhaus SOC. Even for multilayers with tMgO � 5 ML,
for which hybridization effects are expected to be smaller, this
spin splitting is not trivial: it increases for Bloch vectors along
�-X and decreases along �-Y , when tMgO increases from 5 to
7 ML (see Fig. 10).

The valence-band splitting shown in Fig. 10 can be fitted
by an effective Hamiltonian similar to that [Eq. (1)] used for
studying Fe/MgO/MoS2, but without the Zeeman term.

The parameters ε, m∗
x , m∗

y , α, and β for which the best
agreement is found between E± and the dispersion near �

of the MoS2 valence bands calculated from first principles
are given in Table II for the V/MgO/MoS2 multilayers with
tMgO = 5, 6, and 7 ML (thicknesses for which the Hamiltonian
model can be used). This table shows that the Rashba and

FIG. 10. Dispersion of the MoS2 valence bands near the VBM
at �, calculated from first principles for Bloch wave vectors along
the �-X direction (upper panels) and along the �-Y direction (lower
panels). The different panels correspond to V/MgO/MoS2 multi-
layers with tMgO = 5, 6, and 7 ML. The energy of the VBM at �

(indicated by a red dot) is given in each panel.
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TABLE II. Parameters of the effective Hamiltonian achieving
the best possible agreement with the MoS2 band structure and
spin texture calculated from first principles near the top of the va-
lence bands at �, for V/MgO/MoS2 multilayers with tMgO = 5, 6,
and 7 ML.

tMgO 5 ML 6 ML 7 ML

ε (eV) −1.81 −1.76 −1.71
m∗

x/m0 −3.584 −3.263 −3.175
m∗

y/m0 −0.495 −1.111 −1.492
α (meVÅ) 57.3 14.3 2.86
β (meVÅ) 61.9 24.67 21.43
(β − α) (meVÅ) 4.6 10.37 18.57
(β + α) (meVÅ) 119.2 38.97 24.29

Dresselhaus parameters are greater than those calculated for
the Fe/MgO/MoS2 multilayers and that both increase when
the MgO layer thickness decreases. (β − α) decreases while
(β + α) increases when the MgO layer thickness decreases.
This explains why the linear band splitting increases along
�-X and decreases along �-Y when tMgO increases from 5
to 7 ML. The band dispersion along these two directions is
indeed given by

E± = ε + h̄2k2
x

2m∗
x

± |(β − α)kx| (9)

along �-X and by

E± = ε + h̄2k2
y

2m∗
y

± |(β + α)ky| (10)

along �-Y .
We have finally calculated the spin texture near the top

of the valence bands of MoS2 in V/MgO/MoS2 multilayers
with tMgO = 4–7 ML (see Figs. S3 and S4 in the supplemental
material [115]). As expected, the spin vector is entirely in
the MoS2 plane, and the spin texture for the multilayers with
tMgO = 6 and 7 ML (for which hybridization with MgO is
small) is characteristic of that of a 2DEG with Dresselhaus
interaction. As for Fe/MgO/MoS2 multilayers, we found that
the spin texture changes drastically for MgO thicknesses for
which the MgO bands approach or cross the MoS2 valence
bands, giving rise to a nearly persistent spin texture for tMgO =
4 ML. The persistent spin texture obtained for tMgO = 5 ML
is mainly due to the fact that α ≈ β for this MgO thickness.

V. DISCUSSION

We must discuss the robustness of our main results and
whether they would stay valid in multilayers free of any
structural distortion. The increase of the SOC parameters α

and β when the MgO layer thickness decreases and the corre-
sponding Dresselhaus + Rashba-like spin texture are mostly
due to the electric potential drop across the MoS2 ML, re-
sulting from the charge transfer in the Fe/MgO/MoS2 and
V/MgO/MoS2 multilayers, as clearly shown in Fig. 11.
These charge-transfer-induced effects would also exist with-
out structural distortion of the MgO layer, the electron transfer
being mostly due (if we ignore interface effects) to the

FIG. 11. Values of the SOC parameters α and β, vs the elec-
tric potential drop |Vvacuum − VvdW| calculated between the vacuum
and the center of the vdW gap for Fe/MgO/MoS2 (blue dots) and
V/MgO/MoS2 (red dots) multilayers, for different values of tMgO.

difference between the metal work function and MoS2

electron affinity, which would keep similar values without
distorting MgO [68].

Let us now focus on Fe/MgO/MoS2 magnetic multilayers.
The increase of the spin splitting near the maximum of the
MoS2 valence bands at � and the increase of the z component
of the spin textures when the thickness of the MgO layer
decreases would be preserved without distortion of the MgO
layer, as it is only due to the increase of the magnetic proxim-
ity effects when the MgO spacer becomes thinner.

Fe/MgO/MoS2 multilayers free of any distortion should
thus keep being considered as versatile and adjustable sys-
tems in which the SOC and magnetic proximity effects can
continuously be tuned by a judicious choice of the MgO layer
thickness.

However, although the electronic structure of the MgO
layer does not globally change when it is distorted (the width
of its band gap being nearly the same with and without dis-
tortion; see Fig. S2 in the supplementary material [115]), the
details of the dispersion of the MgO bands along the �-X and
�-Y directions are slightly modified by the crystal distortion,
as can be seen in Appendix B. This may have consequences
on those physical properties of the MoS2 ML that depend on
the interactions or hybridization between the MgO and MoS2

valence bands, as we have seen in Sec. III B 4. In particular,
the critical MgO thicknesses below which the MgO bands
cross the MoS2 valence bands should be the same along the
�-X and �-Y directions for genuine Fe/MgO/MoS2 samples.
This may slightly change the MgO thickness range where the
Hamiltonian model applies, but the existence of such a MgO
range is not questioned.

Finally, the persistent spin textures that we have observed
for specific MgO thicknesses may also be due to the splitting
of the MgO bands near � and to their different dispersion
along �-X and �-Y : The persistent spin texture may disap-
pear in Fe/MgO/MoS2 multilayers (but may remain in the
V/MgO/MoS2 systems with the MgO thickness for which
similar values of α and β have been found) without distorting
the MgO layer. However, our results clearly show that using
alternative metallic/insulating bilayers with a different band
dispersion of the insulating layer along �-X and �-Y , and an
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insulator thickness such that the insulator valence bands cross
those of the MoS2 ML, should be considered as a promising
avenue to stabilize persistent spin textures in a MoS2 ML.
This would confirm that the interface symmetry can promote
persistent spin textures, following symmetry arguments previ-
ously used to stabilize a persistent spin texture in a bulk crystal
[150,151].

VI. SUMMARY

We have investigated the electronic and magnetic prop-
erties of a MoS2 ML in Fe(001)/MgO(nMLs)/MoS2(1ML)
stacks with n = 3–7. In these multilayers, the MoS2 ML is
only bound by weak vdW interaction to the Fe/MgO bilayer.
An electron transfer occurs from Fe to MoS2 in these mul-
tilayers, due to the difference between the Fe work function
and MoS2 electron affinity. We have demonstrated that the
density of the corresponding 2DEG (with negligible spin-
polarization) and the resulting built-in electric field in the
MgO layer increase when the MgO layer thickness decreases.
We have studied the splitting of the MoS2 valence bands
near � for these multilayers: This splitting is due to the in-
terplay of various magnetic interactions, namely the Rashba,
Dresselhaus, and Zeeman interactions. Their contributions
are understood by an analytical Hamiltonian model. The
coefficients describing the spin-orbit and exchange-Zeeman
interactions increase when the MgO layer thickness decreases,
with a Dresselhaus term that dominates the Rashba one for
the thinner MgO layers. As long as the MoS2 valence bands
do not interact with those of MgO, these coefficients ex-
plain the details of the dispersion, the spin texture, and the
rotation of the spin vector near �, from mostly in-plane to
mostly out-of-plane when the MgO layer thickness decreases.
Fe/MgO/MoS2 multilayers with ultrathin MgO layers (1 or
2 ML) have not been considered here. They would also war-
rant being studied (provided that they can be grown with a
high-quality crystal structure), as they should show stronger
magnetic proximity effects; hybridization between the MgO,
MoS2, and even Fe bands should dominate in this case. Addi-
tionally, we compared the results obtained for the magnetic
Fe/MgO/MoS2 multilayers with those calculated for non-
magnetic V/MgO/MoS2 systems, which show a different
dispersion of the MoS2 valence bands and only an in-plane
spin texture, due to the absence of Zeeman effects in this case.

Van der Waals insulators such as hexagonal BN could be
used instead of MgO to get thinner insulating layers between
Fe and MoS2, thus increasing the magnetic proximity effects.
We finally suggest that a persistent spin texture could emerge
in metal/insulator/TMDC multilayers based on an insulating
layer other than MgO but with an anisotropic band dispersion
and a thickness for which the insulator valence bands cross
those of the MoS2 monolayer.
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FIG. 12. (a) Dispersion of the highest-energy MoS2 valence
bands of the multilayer Fe/MgO(5MLs)/MoS2, for Bloch vectors
along �-X ; the blue solid lines correspond to the first-principles
data, while the red dotted lines correspond to the eigenvalues E+
and E− of the effective Hamiltonian. (b) Same as (a), but for Bloch
vectors along �-Y . (c) Angle θ between the spin vector and the
z axis, calculated for the multilayer Fe/MgO(5MLs)/MoS2 and for
Bloch vectors along �-X ; the blue solid lines correspond to the
first-principles data and the red dotted lines to the angles θ+ and
θ− calculated from the eigenvectors of the effective Hamiltonian.
(d) Same as (c), but for Bloch vectors along �-Y . (e) Modulus and
direction of the in-plane projection of the spin vector, calculated for
the multilayer Fe/MgO(5MLs)/MoS2 using the angle φ+ [Eq. (8)].

APPENDIX A: DFT VERSUS EFFECTIVE HAMILTONIAN

Figures 12(a) and 12(b) compare the dispersion of the
splitted MoS2 valence bands calculated from first principles
for the multilayer Fe/MgO(5MLs)/MoS2, respectively, for
Bloch wave vectors along the �-X and �-Y directions of the
first BZ, with the energies E± fitted with the set of parameters
given in Table I. Figures 12(c) and 12(d) compare the values of
the angle θ calculated from first principles for these two bands
of the same multilayer, with the angles θ± calculated from
Eq. (7) and the same set of parameters. Figure 12(e) finally
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FIG. 13. Bulk MgO band structure calculated along the �-X and
�-Y directions, for (a) the nondistorted cubic crystal and (b) the
distorted crystal.

shows the modulus and direction of the projection of the spin
vector in the xy-plane, calculated for Fe/MgO(5MLs)/MoS2,
using the angle φ+ given in Eq. (8) and the parameters α and β

previously obtained for this multilayer. All these figures show
that the effective Hamiltonian correctly describes the results
calculated from first principles.

Similar comparisons are given in the supplemental
material for Fe/MgO(4MLs)/MoS2 and Fe/MgO(6MLs)/

MoS2 (Figs. S5–S8 in [115]), and for V/MgO/MoS2 multi-
layers with tMgO = 5, 6, and 7 MLs (Figs. S9–S14 in [115]).

APPENDIX B: MgO BAND STRUCTURE IN THE �-X
AND �-Y DIRECTIONS: CUBIC VERSUS DISTORTED

BULK CRYSTALS

In this Appendix, we compare the dispersion of the bands
calculated for bulk MgO along the �-X and �-Y directions
of the Brillouin zone of a conventional quadratic unit cell,
when the distortion described in Sec. II is taken into account
and when this distortion does not occur (cubic MgO crystal
with the rocksalt structure). The distortion makes the [110]
and [11̄0] MgO crystallographic axes nonequivalent, which
lifts the degeneracy between MgO bands that would otherwise
be degenerated at � (see Fig. 13). After this degeneracy has
been lifted, the MgO valence band which has the highest
energy near � has a stronger dispersion along �-Y than along
�-X : this band corresponds to that drawn with a blue line
in Figs. 6 and 9. The band that has been splitted from the
former one by the structural distortion is found just below it
(see Fig. 13); it shows a stronger dispersion along �-X than
along �-Y . Without any distortion, these two bands are de-
generate at � and both a dispersive band and a less dispersive
one are found, with similar energies along the �-X and �-Y
directions.

The band structure calculated for the distorted bulk MgO
crystal explains the difference between the dispersions of the
MgO valence bands calculated at the MgO/MoS2 interface,
along �-X and along �-Y .
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