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Magnetic properties of transition metal dichalcogenides-Fe/Ir(111) interfaces from first principles
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In our density functional theory study we systematically explored how the interaction between magnetic and
nonmagnetic transition metal dichalcogenide (TMD) monolayers and a magnetic Fe/Ir(111) electrode reciprocally
modifies their electronic and magnetic properties. From an electronic point of view, all investigated semiconductor
TMDs become metallic upon adsorption on the Fe/Ir(111) substrate related to a rather strong TMD-Fe/Ir(111)
hybridization. On the other hand, from a magnetic point of view, the TMD-surface hybridization leads to a
spin-imbalanced electronic structure of such hybrid systems with system-specific features. Additionally, the
calculated exchange coupling constants for the Fe surface atoms evidenced a stronger magnetic interaction upon
TMD adsorption as compared to the case of the clean surface. This observation indicates the presence of a
magnetic hardening of the exchange coupling constants similarly to the case of molecular systems on magnetic
surfaces, which emphasizes the generality of this adsorbate-induced effect on magnetic substrates.
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I. INTRODUCTION

Recently, the two-dimensional (2D) transition metal
dichalcogenides (TMDs) emerged as a promising technolog-
ical alternative [1-4] to the graphene-based electronic and
spintronic devices [5,6]. For instance, a single-layer MoS,
was successfully employed as the active channel in a field
effect transistor (FET) [7], a direct gap semiconductor WS,
monolayer in optoelectronic devices [8,9], or bilayer MoS;
transistors in integrated circuits [10].

In bulk the layered TMDs described by the chemical
formula M X, (M is a transition metal from the group IV,
V, or VI and X is a chalcogen one) exhibit a hexagonal
X-M-X layer structure with covalent X-M bonds bound by
the van der Waals interlayer interactions [1]. Importantly,
for semiconducting TMDs the transition from the bulk to
monolayer semiconductor TMDs is associated with a change
from indirect to direct band gap with a significant impact on
their optical properties [11]. Moreover, the electronic structure
of single TMD layers can be subsequently tuned by a chemical
functionalization process [12]. In particular, TMD monolayers
that lack the spatial inversion symmetry open the fascinating
prospect of coupling the spin and valley degrees of freedom
via spin-orbit coupling (SOC) [13] leading to valleytronics
devices for optoelectronic applications [14,15]. Furthermore,
it was experimentally shown that the valley pseudospin can
be tuned via a magnetic field [16] and the strength of SOC
can also be tailored by alloying a MoSe, monolayer with
tungsten (W) to design optoelectronic devices with an efficient
valley polarization [17]. Besides this, ab initio simulations
were employed to model large-gap quantum spin Hall materials
based on TMDs [18].
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From a technological point of view, the TMD-metal surface
interface significantly controls the performance of a TMD-
based electronic device through the contact resistance [4,19—
21]. In this regard, for a MoS, monolayer on the Ir(111),
Pd(111), and Ru(0001) surfaces a Schottky-type barrier was
unveiled from first principles [22] and similar results were
obtained for single-layer TMDs such as MoS;, VS,, MoSe,,
and WSe, on other metal surfaces [23-28].

More importantly, to explore the perspective of using TMD
in spintronic devices [29] it is essential to analyze how the
magnetic properties of single TMD layers can be specifically
engineered due to their interaction with a metal substrate of
choice. In this respect, it was experimentally shown that the
valley polarization in WSe; can be induced via spin injection
from a permalloy ferromagnetic electrode in a light-emitting
diode [30]. In addition, the spin-valve effect was evidenced
in experiments performed for a monolayer MoS, acting as a
nonmagnetic spacer in NiFe/MoS, /NiFe heterostructures [31]
and a similar spin-dependent transport behavior was revealed
for Fe;04/MoS, /Fe;O4 magnetic tunnel junctions [32]. From
a theoretical point of view, several studies focused especially
on the electronic properties of the intrinsic magnetic VS, and
VSe, monolayers [33,34], in TMD nanoribbons [35,36], in
hydrogenated [37] and fluorinated [38] single TMD layers,
and in TMD monolayers doped with transition metal atoms
[39—41] or strain-induced ones [42—44]. On the other hand, less
attention was focused on the properties of TMDs on magnetic
substrates [45-50] that can serve, for instance, as electrodes in
spintronic devices [51].

Therefore in this first-principles study we systematically
investigate the electronic and magnetic properties of hybrid
systems formed by nonmagnetic (M=Mo, W and X=S, Se)
and magnetic (M=V and X=S, Se) TMD monolayers adsorbed
on the Fe/Ir(111) surface. Regarding the Fe/Ir(111) substrate,
it is important to note that although the Fe monolayer on
Ir(111) exhibits a complex magnetic structure [52], in a recent
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combined experimental and theoretical work we demonstrated
that the chemisorption of finite (molecular) and extended
(graphene nanoislands) 7 systems on this substrate leads to
a local ferromagnetic order of the Fe surface atoms [53]. On
this basis we focused on (i) how the electronic and magnetic
properties of the TMD layers can be engineered in the presence
of a 3d magnetic layer and conversely (ii) how the magnetic
properties of the Fe layer are modulated by its interaction with
the TMD monolayers.

In particular, our ab initio study revealed that the semi-
conductor TMDs are chemisorbed on the magnetic substrate
and exhibit a metallic character due to a significant TMD-
Fe/Ir(111) hybridization. This TMD-substrate hybridization
is spin-dependent and determines a system-specific spin-
imbalanced electronic structure of the corresponding hybrid
systems. In this respect, a strong hybridization between the d
states of the surface Fe and V transition metal atoms via the
p states of the interfacial S (Se) atomic layer leads a larger
spin-polarized density of states at the Fermi energy for the V-
based hybrid systems as compared to the nonmagnetic TMDs.
Particularly, this feature may play an important role in the spin
transport in these systems. Furthermore, similarly to the way
finite and extended  systems modify the magnetic properties
of metal surfaces [53-57], the calculated exchange coupling
constants J describing the strength of the magnetic interactions
between the surface Fe atoms also exhibit a magnetic hardening
due to the adsorbate—magnetic substrate hybridization effects.

II. COMPUTATIONAL SETUP

Our first-principles calculations were carried out using
density functional theory (DFT) [58,59] with the generalized
gradient approximation [60] for the exchange-correlation en-
ergy functional. The interaction between the valence electrons
and the atomic cores is described by pseudopotentials gener-
ated with the help of the projector augmented wave method
(PAW) [61] as implemented in the VASP code [62—64]. As
transition metal dichalcogenide (TMD) single layers, in our
ab initio study the V, Mo, and W disulphides and diselenides
were considered (i.e., VS;, MoS,, WS,, VSe,, MoSe,, and
WSe,, respectively) with hexagonal symmetry. To minimize
the TMD-surface lattice mismatch [22], the corresponding six
TMD/Fe/lIr(111) systems were modeled by a ﬁ X \/5 TMD
surface unit cell on the 2 x 2 Ir(111) surface consisting of
five atomic layers. Additionally, the vacuum region separating
the topmost TMD layer and the next slab was larger than 18
A. Furthermore, the atomic degrees of freedom of the TMD,
Fe, and first Ir surface layer were relaxed until the calculated
Hellmann-Feynman forces were smaller than 5 meV/A ob-
tained for a k mesh of 14 x 14 x 1 and plane waves basis set
determined by a cutoff energy of 500 eV.

III. RESULTS

As depicted in Fig. 1(a), in the ground state the VS,
and VSe, monolayers adsorb in a Syop-Sholow (S€top-Se€holiow)
geometry characterized by the S (Se) atoms of the lower TMD
atomic layer above Fe and on the top and hcp surface Ir atoms.
On the other hand, for the Mo and W disulphide and diselenide
TMDs the S and Se atoms are in an atop adsorption position

©

FIG. 1. The ground-state adsorption geometry for the (a) VS,
(VSe,) and (b) Mo and W disulphide and diselenide single layers on
Fe/Ir(111). In the case of the VS,- and VSe,/Fe/Ir(111) systems the
chalcogen atoms prefer top (Fef,ﬁ-e and Ir) and hollow (Ir) adsorption
sites while they are in an atop adsorption configuration with respect to
the surface Fe atoms (denoted also as Fefu/rsfe) for the Mo- and W-based
systems. The plane 1 (containing S, V, and Fe atoms) and 2 (holding
S and V atoms) in (a) are the planes used to plot the spin polarization
in Fig. 3. (c) The exchange coupling constants J; and J, that describe
within the Heisenberg Hamiltonian model the magnetic interactions

between the surface Fe atoms (see text).

with respect to the Fe magnetic layer [see Fig. 1(b)]. Overall,
in both cases one can differentiate between the Fe atoms
underneath the S and Se ones in a top or atop configuration

(denoted in the following as Feiﬁe) and the remaining ones
Fequt (the corresponding Fe-S/Se bond lengths are presented
in Table I). Regarding the strength of the TMD-substrate inter-
action, the calculated adsorption energies reported in Table I
clearly indicate that the TMDs containing S atoms are more
strongly chemisorbed on Fe/Ir(111) than those incorporating
Se atoms. In addition, we also note that for both S- and Se-
based TMDs the largest adsorption energy is obtained for the
hybrid TMD-surface systems containing V atoms. As a direct
consequence, the TMD-surface hybridization is expected to
lead to TMD-specific features in the electronic structure of the
hybrid systems investigated in our first-principles study.
Indeed, as presented in Fig. 2 for the d states of the TM
atoms of the TMD monolayers, close to the Fermi energy Er
the calculated spin-polarized atom-projected density of states
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TABLEI The calculated adsorption energy Eqqs defined as Euqs = Egys — (Esurr + Etvmp ), Where Ejy is the total energy of the TMD-surface
hybrid system, E,; represents the total energy of the Fe/Ir(111) surface, and Etyp corresponds to the total energy of the freestanding V3 x /3
TMD monolayer. The TM-chalcogen distances between the surface Fei{rsfe atoms underneath the S (Se) and the remaining Fe, ones are also
presented. Additionally, the magnetic moments of the interfacial chalcogen (S or Se) and TM (V, Mo, W, and Fe) atoms as well as the calculated
magnetic exchange coupling constants J for the surface Fe atoms [see Fig. 1(c)] are reported. More precisely, the exchange coupling constants
Ji and J, describe the magnetic exchange interactions of Feflfrsfe-Fesurf and Feiﬁe-Fefl{rSf (or Feg,s coordinated by S/Se in top-hollow sites)
atomic pairs, respectively. As a reference, the exchange coupling constant of the clean Fe/Ir(111) surface J. is 18.0 meV [53]. Then, overall, a
hardening of the calculated J values is obtained for all investigated hybrid TMD/Fe/Ir(111) systems.

Magnetic moment Exchange coupling

E . Fe-S/Se bond length (/3\) (up) constant J (meV)
System (eV) Fel/%°-S/Se Fequi-S/Se ™ S/Se Fel/5 Fequt Ji J
VS, /Fe/Ir(111) —3.46 2.18 2.43 0.33 0.03 2.38 2.66 19.74 30.35
MoS, /Fe/Ir(111) -1.75 2.27 2.82 —0.10 0.02 2.51 2.86 29.41 23.73
WS, /Fe/Ir(111) —1.35 2.30 2.88 —0.07 0.02 2.52 2.83 28.00 27.22
VSe,/Fe/Ir(111) —1.94 2.34 2.59 0.21 0.03 2.50 271 22.35 33.94
MoSe, /Fe/Ir(111) —0.87 2.46 2.99 —0.02 0.02 2.60 2.83 23.67 30.12
WSe, /Fe/Ir(111) —0.57 2.49 3.04 —0.02 0.01 2.61 2.81 21.82 32.73

(SP-PDOS) indicates a significantly larger density of electronic
states in the case of VS, and VSe, on Fe/Ir(111) as compared
with the nonmagnetic TMDs for both spin channels. On the
other hand, close to the Fermi energy E the SP-PDOS for
the WS, (WSe;) exhibits similar features to those for MoS,
(MoSe;) (see also the Supplementary Material (SM) [65]).
Besides this, one can also observe spin-imbalanced features in
the calculated SP-PDOS for all investigated TMDs that suggest
a system-dependent spin polarization at the hybrid interface.
Finally, it is also important to mention that all semiconductor

TMDs considered in this study exhibit a finite PDOS at Ep
implying that they become metallic upon adsorption on the
Fe/lr(111) surface (see also SM [65]). This observation is
also clearly supported by the comparison with the SP-PDOS
obtained for TM d states of the corresponding freestanding
V3 x +/3 TMD monolayers (see Fig. 2).

Additionally, close to Er the SP-PDOS evaluated for the
transition metal atoms of the TMD single layers investigated
in our theoretical study (see Fig. 2) and that for the Fe layer
(see Fig. 1 in the SM [65]) is significantly larger in the case
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FIG. 2. The spin-polarized atom-projected density of states (SP-PDOS) for the total, in-plane (d,, + d,2_,2), and out-of-plane (d,. + d 2> +
d,;) d states of the TM layer in the case of (a) VS;, (b) MoS,, (c) WS;, (d) VSe,, (e) MoSe,, and (f) WSe, on Fe/Ir(111). Note that in gray
are depicted the corresponding TM total d states of the freestanding +/3 x +/3 TMD monolayers. It is also important to mention that a strong
spin-dependent hybridization between V d states with the substrate ones leads to a spin-unbalanced electronic structure near Fermi energy

while this feature is less pronounced for Mo and W transition metal atoms.
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FIG. 3. (a) The spin polarization distribution in space for VS, on Fe/Ir(111) plotted in the planes indicated in Fig. 1. The images in the
lower panel were obtained for the occupied electronic states in the energy interval [Er — 0.5 eV, Er] while the upper ones correspond to the
unoccupied electronic states in the energy interval [Er, Er 4 0.5 eV]. Overall, note that a negative spin density is delocalized over the Fe layer
while a positive spin polarization is present at the lower interface S and first Ir layer atoms. However, the upper panel clearly indicates a negative
spin polarization at the V and upper S layer atoms (for the unoccupied electronic states) and a predominantly positive one in the case of the
occupied electronic states (lower panel). The negative spin density is shown in blue and the positive one in red and yellow. (b) These features of
the spin polarization for VS, on Fe/Ir(111) are directly reflected by the SP-PDOS calculated for the upper and lower S layer (for more details
see Fig. 2 in the Supplemental Material [65]). More specifically, the analysis of the SP-PDOS for the upper S layer shows that the difference
between the spin-up and spin-down electronic states is positive for the interval [Er — 0.5 eV, Er] and negative for the [Er, Er + 0.5 eV] one.

of the magnetic VS, and VSe, monolayers as compared to
the nonmagnetic TMDs that may play an important role in
the spin transport in these systems. This observation is further
supported by a spin-unbalanced electronic structure of the S
(Se) atomic layers near Fermi energy (see Fig. 2 in the SM
[65]).

Moreover, for the VS, /Fe/Ir(111) system the spatial distri-
bution of the spin polarization corresponding to its spin-split
electronic structure in an energy interval of [Er — 0.5 eV, Ef]
and [Ep, Er + 0.5 eV] is depicted in the lower and upper
panels of Fig. 3(a), respectively. Interestingly, as a general
feature, it shows a negative spin polarization delocalized over
the Fe layer (in the minority spin channel) while a positive spin
polarization (in the majority spin channel) is localized at the
lower interface S and first Ir layer atoms. This observation
suggests that two different channels are available for the
spin transport in the Fe layer: (1) a localized one at the Fe
atoms that form a chemical bond with S atoms and has an
out-of-plane 3d:-like character and (2) a delocalized one
over the whole Fe atomic layer originating from the in-plane
(dxy + dy>_,2) and out-of-plane (d,; + d,;) 3d-like atomic
orbitals. In particular, these features can be of technological
interest since the analysis of the plane-averaged electrostatic
potential at the VS, and VSe,/Fe/Ir(111) interfaces suggests
the formation of an Ohmic contact while for the remaining
TMD-surface hybrid systems an interface tunneling barrier is
present (see Fig. 3 in the Supplemental Material [65]).

On the other hand, the upper panel of Fig. 3(a) clearly
indicates a negative spin polarization at the V and upper S
layer atoms (for the unoccupied electronic states) and a pre-
dominantly positive one in the case of the occupied electronic
states (lower panel). This observation is further supported by
the analysis of the SP-PDOS calculated for the upper S layer

[see Fig. 3(b)] that reveals a positive difference for the occupied
spin-up and spin-down electronic states in the energy interval
[Er —0.5eV, Er] and a negative one for the unoccupied
states in [Ep, Er + 0.5 eV]. Generally, this outcome of our
ab initio study implies that in a spin-polarized scanning
tunneling microscopy (SP-STM) experiment an opposite spin
contrast should be obtained in the recorded topography images
when this system is imaged for such an energy interval.

Overall, this behavior of the magnetic TMDs on Fe/Ir(111)
is related to a strong spin-dependent hybridization between the
TMD and Fe d states such that for the V-based systems close to
the Fermi energy a significant part of the unoccupied minority
d states of the freestanding TMD layers are shifted below
Er. It is also worth mentioning that a similar spin-dependent
hybridization mechanism was put forward also for the spin
injection at hybrid organic-metal interfaces [66,67].

As a direct consequence of the hybridization between the
TMD and the substrate electronic states, in the case of VS,
each V atom has a magnetic moment of ~0.33 yup while
for VSe, this value is further reduced to ~0.21 pup being
significantly smaller than the corresponding values for the
freestanding monolayers (1.0 up for VS, and 1.08 up for
VSe,, respectively) (see Table I). Additionally, for both V-
based hybrid systems the two chalcogen atoms in a hollow
adsorption site at the TMD-substrate interface exhibit a small
magnetic moment of ~0.03 g while those at the top of the
surface Fe atoms or at the vacuum interface have a negligible
one. Similar features are present for the Mo- and W-based TMD
monolayers with a smaller average induced magnetic moment
for the chalcogen atoms in disulphide TMDs (~0.02 ) and
even smaller for the diselenides.

More importantly, the spin-dependent interaction of the
nonmagnetic TMD with the magnetic Fe/Ir(111) substrate
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induces a small magnetic moment in the Mo and W transition
metal atoms that are ferromagnetically coupled. In particular,
the magnitude of the induced magnetic moment of 0.10 . in
the case of the MoS, is similar to that obtained for this TMD
on Gd(0001) [45]. Interestingly, note also that in the V-based
hybrid systems the TM atoms couple ferromagnetically to the
Fe magnetic layer while an antiferromagnetic order is observed
for the induced magnetic moments of the Mo and W atoms as
well as of the chalcogen ones due to Fefirsfe—interfacial S (Se)
hybridization effects.

On the other hand, the average magnetic moment of the
surface Feg,s atoms is ~2.78 g, sizeably larger than in the
bulk Fe (~2.2 wp). Nevertheless, the Fei{rsfe atoms that locally
form a chemical bond with the S or Se atoms have a smaller
magnetic moment by ~0.2-0.3 . Finally, as regards the
Ir(111) substrate, the Fe layer induces in the Ir one underneath
a small magnetic moment of ~0.07 ug ferromagnetically
coupled to Fe magnetic moments while the second surface
Ir layer shows an antiferromagnetic coupling.

As already discussed in the literature for molecular systems
adsorbed on magnetic surfaces [53-56], in the case of the
magnetic surface atoms the molecule-surface interaction can
modify the magnitude of their magnetic moments as well as
their interatomic distances. Importantly, these structural and
electronic changes of the magnetic surface layer can also alter
the strength of the magnetic exchange interactions between
the surface atoms that in turn leads to a magnetic hardening or
softening of the corresponding exchange coupling constants J
[53-55].

In consequence, for the TMD/Fe/Ir(111) systems analyzed
in our theoretical study the exchange coupling constants J;
and J, that describe the strength of the magnetic exchange
interaction between the surface Fe atoms [see Fig. 1(c)] are
evaluated with the help of an effective Heisenberg Hamil-
tonian H = —3_,_ . Jij i i that considers only the cou-
pling between the nearest-neighbor pairs of atoms i and j
with the magnetic moments u; and p;, respectively. The
magnetic exchange couplings J; and J, evaluated for the
Fefu/rsfe—Fesurf and Feiﬁe—Fefu/rsfe (or Fegy coordinated by S/Se
in top-hollow sites) surface atoms are reported in Table I. As
a general observation, in the case of the VS, /Fe/Ir(111) and
VSe,/Fe/Ir(111) systems the exchange coupling constant J,
describing the magnetic interactions between the Feg,,+ atoms
coordinated by the Sy, and Spojiow (S€top and Seporiow) atoms

are significantly larger than the J; obtained for the Fefﬁe—Fesurf
atomic pairs. On the other hand, for Mo and W disulfides
on Fe/lr(111) the magnetic exchange interactions between the
Fefm,f atoms with atop S ones as quantified by the exchange
coupling J, are weaker with respect to those between Fe® .
and Feg,s atoms and described by the exchange coupling J;.
However, the opposite trend is observed for the diselenide-
based systems. With respect to the exchange coupling constant
of the clean Fe/Ir(111) surface J., of 18.0 meV [53], the
calculated J values indicate a hardening of the magnetic
interactions for the Fe-Fe atomic pairs. This outcome of our
study is similar to the results reported for finite 7 molecular
systems on Fe/W(110) [54-56] and for extended 7 ones such as
graphene and hBN on Co(111) [57]. As discussed in depth for

these molecular-based systems, the mechanism of the magnetic
hardening of the exchange coupling constants J for the Fe
surface atoms is intrinsically related to the strong hybridiza-
tion between the out-of-plane Fe d-like atomic orbitals and
the electronic states of the TMD layer, especially with the
interfacial S (Se) p.-like ones. Therefore our present and
previous results obtained for (nonmagnetic) organic molecules
and (magnetic and nonmagnetic) TMDs on magnetic surfaces
clearly illustrates the generality of the magnetic hardening
effect related to the increase of the magnetic exchange coupling
due to chemical interactions between an adsorbate and a
magnetic surface of choice.

IV. SUMMARY AND OUTLOOK

In this first-principles study we systematically investigated
the electronic and magnetic properties of several magnetic
and nonmagnetic TMD monolayers such as V, Mo, and W
disulphides and diselenides (i.e., VS,;, MoS,, WS,, VSe,,
MoSe;, and WSe;) deposited on the magnetic metal electrode
Fe/lr(111). As a common feature, all semiconductor TMDs
investigated in this study acquire a metallic character upon
adsorption on the Fe/Ir(111) surface due to a rather strong
TMD-substrate hybridization pointing to a chemisorption
bonding mechanism. From a magnetic point of view, the
TMD-Fe/Ir(111) hybridization leads to a spin-imbalanced
electronic structure with features specific for each hybrid
system as also reflected by the simulated spin polarization
maps. Interestingly, this spin-polarized hybridization process
induces also a magnetic moment in the Mo and W TM atoms of
the TMD monolayers that are antiferromagnetically coupled to
the Fe atomic layer. Besides this, our theoretical investigation
suggests that the interfaces obtained for magnetic TMDs such
as VS, and VSe, strongly chemisorbed on the Fe/Ir(111)
magnetic substrate may be better suited for spin transport
than the nonmagnetic ones (i) due to a strong spin-dependent
hybridization between the Fe and V d states near Fermi energy
via the p ones of the S (Se) interfacial atomic layer as well
as (ii) due to the formation of an interface Ohmic contact.
Furthermore, at the TMD-Fe/Ir(111) interface the strength of
the magnetic interactions between the Fe surface atoms as
described by the exchange coupling constants evaluated within
the Heisenberg model are significantly increased with respect
to that obtained for the clean Fe/Ir(111) surface. Interestingly,
this magnetic hardening effect of the exchange coupling con-
stants is similar to that revealed for hybrid organic-magnetic
surface systems and therefore demonstrates the generality of
this adsorbate-induced effect on magnetic substrates. Overall,
our ab initio study of hybrid interfaces obtained by wiring
TMD monolayers on a metal magnetic surface is a first
necessary step to investigate further properties of these system
such as spin transport with the final goal to design realistic
systems for 2D-based spintronic devices.
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