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Abstract

Recently, the electronic and magnetic properties of the MoSs-graphene van der
Waals heterostructure epitaxially grown on ferromagnetic Co(0001) were investigated
using different experimental methods accompanied by density functional theory (DFT)

calculations [Voroshnin et al., ACS Nano 2022, 16, 7448]. Despite the large distance



between the S-terminated Co(0001) surface and Mo atoms of ~ 7.6 — 9.8 A (depend-
ing on the system’s model), a sizeable magnetically induced exchange spin-splitting
of =~ 20meV for the MoSs-derived valence band states at the I' point was found and
supported by the DFT calculations. Our present realistic state-of-the-art large-scale
DFT calculations performed for different MoS,-graphene-Co interfaces (with and with-
out inclusion of interface S atoms) rule out such effect and the possibility to induce any
sizeable magnetic moment in the MoSs layer and the respective spin-splitting of the
MoSs-derived bands. It is explained by the large distances between Mo and Co atoms
in all considered cases and that magnetic interaction between them is screened by S

and C layers in the studied systems.

Transition metal dichalcogenides (TMDs), the class of 2D materials with a structural
formula MXs, recently attracted an increased attention because of the possible applications
of these layered materials in different areas ranging from catalysis and sensing to opto-
spintronics.? % In case of MoS,, which is a representative example in this class of materials,
with a band gap of 1.8V, two spin-orbit split valleys at the K and K’ points have opposite
spins” that can be detected either in circular dichroism experiments or using spin-resolved
photoelectron spectroscopy.®'? Several ways to control spin-polarization of the respective

13-15

spin-orbit split states at K and K’ were proposed, like external magnetic field, magnetic

18,19 or via proximity with

impurities in single- or multilayer MoS,,'6:'7 defects engineering
ferromagnetic or antiferromagnetic materials.?° 22 In the later case of the MoS,/YIG system
(YIG is the yttrium iron garnet magnetic insulator), it was found that the magnetic proximity
effect disappears at distances more than 5 A with antiferromagnetic coupling at the interface
between two materials.?? The effective charge transfer of spin-polarized electrons was found,
however without hybridization of the electronic states at the interface.

Recently, several experimental works appeared in the literature, which aimed in the

23,24

controllable epitaxial growth of TMDs layers on metals, like Au(111), or insulating sub-

strates, like sapphire.?® Further works demonstrated the successful decoupling of TMDs,



particularly of MoS, from metallic substrates using graphene (gr) as an intermediate layer.?
The similar approach was suggested for the growth of MoS; on graphene prepared on fer-
romagnetic Co.?” In this work the CVD grown gr/Co(0001) system was used as a support
for the deposition of Mo layer and then the sulphurization of this layer at 600° C should
lead to the formation of MoS; on gr/Co(0001). Despite the simultaneous intercalation of
S-atoms in the gr/Co interface during formation of MoSs, as confirmed by the respective
angle-resolved photoelectron spectroscopy (ARPES) experiments, and the large distance of
~ 8 — 9 A between magnetically dead Co interface atoms and Mo atoms, which are magneti-
cally screened from Co by graphene layer and S-atoms, the sizeable exchange spin splitting of
the MoS, energy bands at the I' point of ~ 20 meV is found at room temperature, confirmed
also by the density functional theory (DFT) calculations. If one assumes that the same
empirical rule for the magnetic moment of 3d metals (1eV of the exchange splitting of the
3d states near the Fermi level approximately corresponds to the 1 up of the local magnetic

moment) 282

is also valid for the magnetic state of 4d atoms, then the induced magnetic
moment of 0.02 ug/Mo-atom is expected for MoS, grown on gr/Co(0001) substrate. Such
results lead to the estimation of the effective magnetic field produced by the gr/Co substrate
of ~ 100 T. The obtained values for the magnetic moment in MoS, are comparable to the
induced magnetic moment of carbon atoms in graphene (0.05 — 0.1 up), which, however,
was found in much closer proximity to ferromagnetic Ni, Fe or Co at the distance of ~ 2 A,
where the effective hybridization of the electronic states and charge transfer at the interface

were found. 3932

Therefore, the systematic studies and analysis of the observed effects for the
MoS,/gr/Co(0001) system where interaction between layers is of the van der Waals origin
are required in order to shed more light on the mechanism causing the respective observed
magnetic phenomena.

Here, we present systematic realistic large-scale DFT studies of different layered systems

combining MoS, and graphene layers on ferromagnetic Co(0001). In order to correctly

describe the complete set of experimental data (observed p-doping of a graphene layer),



we considered large-scale epitaxial systems corresponding to the respective periodicities of
the MoS, and graphene layers, and additionally the effect of intercalated S-atoms in the
gr/Co(0001) interface with distributed S-atoms or formation of the CoS, layer was taken into
account. Our results unequivocally demonstrate that, taking into account all experimental
observations, only MoS, /gr on S™/Co(0001) correctly reproduces the obtained results. It is
also demonstrated that in all considered cases the exchange spin splitting of energy bands
and induced magnetic moment in MoS, are absent and not reproduced in realistic DF'T
calculations. The absence of the claimed effects is clearly explained by the van der Waals
origin of interactions in the considered systems at the large distances between weakly coupled
graphene and MoS, layers, and by the screening effect caused by graphene and S atoms for
the strongly reduced magnetic moments of the interface Co atoms. The presented results
point to the importance of the careful analysis of the presented experimental data, which

might be of importance for further studies of different layered heterostructures.

Discussion of observations by Voroshnin et al. [Ref. 27]

Before presenting our systematic and realistic large-scale DF'T studies of different systems
which combine MoS,, graphene and Co(0001), we would like to point to several critical

questions that cast doubt on the results presented in the article by Voroshnin et al.?7

e Let us firstly compare ARPES and spin-resolved photoemission data presented in two
figures from the article by Voroshnin et al.:?" Fig.2a and Fig. 3, respectively. As it
is well know and clearly stated in Ref. 27: “The band structure of MoS, depends on
the number of layers: in a few-layer stack, the valence-band maximum is located at
the I' point, while in a single-layer it is at K. Figure 2a shows that the valence-band
maximum is at the K point, demonstrating that the MoS, film is one monolayer thick.”
This is true for Fig. 2a of Ref. 27 and one can see that the position of the band at the

I’ point is by ~ 250 meV lower compared to the band position of the upper spin-orbit-



split band at the K point. However, if we compare the positions of these bands in
Fig. 3 of Ref. 27 then we can see that these bands have the same binding energies, thus

contradicting to Fig. 2a and to the statement in the manuscript.

According to the article by Voroshnin et al.,?” the coverage of MoS, in the synthesised
trilayer is about 0.4 ML. Therefore, the apparent “spin splitting of MoS, states” may
actually be the spin-polarised signal, which comes from the graphene/Co(0001) support
underneath MoS,. Particularly it can happened for the photon energy of 20 eV, which
was used for the spin-resolved photoemission experiments. At this photon energy, the
photoemission cross section for the Mo 4d and S 3p valence band states is larger com-
pared to the value for Co3d by factor of ~ 6 and ~ 1.5, respectively. However, in the
photoemission experiments this difference is partly compensated by the non-complete
coverage for the MoS, layer, that leaves some parts of the gr/Co(0001) support naked
to the light. In this case the contribution of the spin-polarized photoemission signal,
which originates from the gr/Co(0001) support, to the total photoemission picture is
expected to be very significant. The evidence that the background photoemission signal
from gr/Co(0001) is spin-polarised is the shift of two curves, spin-up and spin-down, in
vertical direction in Fig. 3a,c,e of Ref. 27 and the spin-polarized (or spin-split) intensity
“bump” clearly visible at 0.9¢eV in Fig. 3a Ref. 27. Moreover, the previous spin-resolved
photoemission data for gr/Co(0001) measured at the I" point clearly demonstrate the
strong variation of the spin polarization (in value and in sign) in the range of 2 eV below
the Fermi level,? i.e. exactly in the energy range where spin-resolved experiments for
MoS; on gr/Co(0001) are presented in Ref. 27. [The photon energy used in Ref. 33 is
different from the one used in the discussed work.?” However, taking into account the
band structure of gr/Co(0001) the similar strong variation of the spin-polarization is
expected.| Unfortunately, such reference spin-resolved photoemission at photon energy

of 20eV for the gr/Co(0001) system are not presented in Ref. 27. Therefore without

such reference data one cannot unequivocally claim that presented spin-splitting ob-



served for the MoS,-derived states is due to the intrinsic spin-polarisation of the MoS,
states. Moreover, using the parameters which can be considered as very close to the
real ones used in the discussed experiment,?” we present the very rough example of
how the spin-splitting in the background signal (with spin splitting of 1eV) can intro-
duce the “spin-splitting” of 30 meV for the band which is not originally spin-polarized
(Fig. 1). Here, spin-up and spin-down Lorentzians simulate the photoemission intensity
from the respective exchange-split states of the ferromagnetic substrate. If we compare
data in Fig.3a of Ref. 27 and Fig. 1 of the present work, we can clearly see that the
claimed effect is clearly reproduced; however, without intrinsic spin-polarization for
the initially non spin-polarized emission line. These simulations do not pretend on the
completeness and cannot be considered as an attempt to simulate the experimental
data presented in Ref. 27, but they point on the importance of preliminary reference
data for gr/Co(0001) (used as a support for the MoS, growth), which are unfortunately

missed in the original work.

Here we also would like to note that in Ref. 27 the energy resolution of 10 meV and
45meV are claimed for ARPES and spin-resolved ARPES experiments at room temper-
ature, respectively. However, the dominant factor in such experiments is the thermal
broadening caused by the sample’s temperature and which amounts to AE ~ 4kgT ~
120meV,?* which is much large compared to the claimed exchange spin splitting of

20meV for the MoSs-derived band at the I' point and claimed energy resolutions.

In manuscript of Voroshnin et al.?” the crystallographic structure of the resulting sys-
tem for which ARPES and spin-resolved photoemission data are presented do not
correspond to the crystallographic structures which were used for the interpretation
of spin-resolved photoemission data and in the DFT calculations. Moreover, only one
model was used in the DFT calculations ignoring other possibilities as discussed below

in section “Results and discussion”.



For example, in Ref. 27, the authors stay: “We relate it to the formation of a surface
cobalt sulfide (CoS,) under graphene.”, when considering LEED patterns, and “These
domains demonstrate striped patterns, which are caused by underlying CoS,.”, when
considering the STM images. However, despite the experimental observations, the
intercalation of S and the respective formation of CoS, was not considered during
interfaces modelling in Ref. 27. As it is shown below, the intercalation of S atoms in the
gr/Co(0001) interface and formation of the CoS, layer have a very strong implications

on the electronic and magnetic properties of considered systems.

In Ref. 27, the authors mention: “A closer look at the region near the K point [Fig-
ure 2c,e| reveals that graphene is slightly p-doped with the Dirac point located 0.3 eV
above the Fermi level. We relate the doping to sulfur intercalation, as supported by
additional experiments on sulfur-intercalated graphene/Co samples in the absence of
MoS; [see Supporting Information, Figure S2].” Thus, the sulfur intercalation was
presumed; however, it was fully ignored in further considerations when constructing
the structural model for the theory part. From the theoretical data presented in Ref.
27 it is not clear if the linear dispersion of the graphene-derived m-bands, observed
in the ARPES experiments, is maintained in the DFT calculations. Unfortunately, in
Ref. 27 only very small portion of the electronic structure of very complicated system
around some bands showing desired splitting is presented, not allowing to make clear

conclusions about correct description of all effects observed in the experiment.

The authors of Ref. 27 use very thin Co-slab of only 4 ML. This is an insufficient
thickness in general, which is also very critical when working with magnetic systems.
However, even more serious is the lack of passivation of the bottom layer of the slab
by ad-atoms. The approach where the bottom layer of the thin metallic slab is passi-
vated with ad-atoms, such as H or Al, is a common practice in computation materials
modelling. This is especially important for consideration of spin-orbit related and

exchange-splitting effects because of the inversion-symmetry breaking necessary in this



case.?>30 Also such layers protects the magnetic exchange interaction between slabs
which can cause artefacts in the calculations. In our work we have performed the cal-
culations for the (4 x 4)MoS, /(5 x 5)graphene/Co(0001) with the distances reported by

Voroshnin et al.?”

with and without Al-passivation. The results of these calculations
allow us to conclude that the claimed in Ref. 27 spin-splitting of the MoSs-derived
states at the I' point is an artefact due to the wrong computational approach (see

discussion below and section “Methods”).

In our work, we eliminated the above-mentioned shortcomings of the theoretical part of

the research carried out by the authors of Ref. 27:

e We are considering supercell that has the periodicity that was observed in the experi-
ment, namely: a (9 x 9) lateral periodicity with respect to graphene and Co(0001)
and a (7 x 7) lateral periodicity with respect to MoSs (the resulting structure in
our manuscript is approximately four times larger as compared to the model used in
manuscript of Voroshnin et al.). This way the lattice mismatch of both two-dimensional
materials, graphene and MoS,, is less than 1%. In our work, the slabs have sufficient

thickness with the bottom side of each slab is protected by a layer of ad-atoms.

e Taking into account the synthesis conditions and experimental observations, we take
into account the possible intercalation of S and the formation of CoS,. This results in
the consideration of 6 possible structures (instead of 1 random structure, which does

not correspond to the experimental situation, investigated by Voroshnin et al.).

e We use the same code (see section “Methods”) for the structure optimization and for
calculating the band structures. For each structure, all calculated parameters are
extracted from the same output-file. Furthermore, we present all computational details

so that the results can be clearly reproduced by any qualified reader.

e We disclose all our results: We present the optimised structures (see Supporting In-

formation), optimized distances (see section “Results and discussion”), calculated band

8



structures in the ranges where graphene- and MoS,-valence band states are visible (see

section “Results and discussion”).

Results and discussion

The DF'T optimized crystallographic structures of all systems studied in the present work are
shown in Figure 2 and 3 (top and side views). On the first step, the spin-resolved electronic
structure of the parent gr/Co(0001) interface, which was used in Ref. 27 as a substrate
for the MoS, formation, is shown in Figure 3(c). In agreement with previous results3”3?
graphene is adsorbed on Co(0001) in the so-called top-fec configuration with a mean distance
between Co top layer and graphene of 2.09 A (one carbon atom of the graphene unit cell is
adsorbed above the Co interface atom and second carbon atom is located at the fec hollow
site of the Co(0001) surface, see Fig. 3(a,b)). Due to the close proximity of graphene to the
ferromagnetic Co(0001) surface, the characteristic linear dispersion of the graphene-derived
7 band is fully destroyed at the Fermi level.%® In this situation the strong hybridization
between graphene m and Co 3d states leads to the large band gap between 7 and 7* bands
at the K point and formation of a series of the so-called hybrid interface states (Fig. 3(c)).
As a result of the interface hybridization the magnetic moment in graphene is induced:
m(CtP) = —0.042 up and m(C7¢) = 0.038 up, respectively (Tab. 1). At the same time the
magnetic moment of Co(S) atoms is decreased to 1.514 up compared to the value of 1.707 ug
for the clean Co(0001) surface. |[The magnetic moment inside the Co-slab is 1.579 up.]

In Ref. 27 the MoS; layer was formed via sulphurization of the 1/3 ML-thick pre-deposited
Mo-layer on top of gr/Co(0001) at the sulphur partial pressure of 5x 10~? mbar and substrate
temperature of 600° C. Taking into account a large amount of experimental and theoretical
works on the temperature-promoted interaction of the gr/metal interfaces with different
species, 1142 the intercalation of sulphur atoms and/or Mo atoms in the gr/Co(0001) interface

with the simultaneous formation of MoS; cannot be ruled out. Indeed, the intercalation of



S in gr/Co(0001) and formation of the gr-S interface is confirmed in Ref. 27 using XPS
and via the observation of the restored linear dispersion of the graphene 7 bands and p-
doping of graphene with the position of the Dirac point at £ — Er =~ 0.3eV above the Fermi
level. At the same time the complete undistorted band structure of the MoS, single layer
is observed in ARPES experiments. Following these results, in order to fully understand
the electronic and magnetic properties of the formed system, several interfaces have to be
considered, where MoS, /gr stack (in different order) can be formed on (i) clean Co(0001), (ii)
CoS,/Co(0001), or S/Co(0001) (Tab. 2). Also for the correct theoretical description of the
formed system the full set of experimental data have to be taken into account. In the DFT
analysis, which is presented below for all possible structures, due to the different number
of atoms in the considered systems, the more energetically favourable structure (geometry)
can only be concluded from the comparison of the total energies for the corresponding pairs,
e.g. for gr/MoSy/Co and MoS,/gr/Co, etc.

Band structures calculated for the MoS, /gr/Co(0001) and gr/MoSs/Co(0001) systems are
presented in Fig. 4(a,b), respectively, for graphene m and MoS, bands after unfolding proce-
dure for the corresponding hexagonal Brillouin zone. The formation of the gr/MoSs/Co(0001)
system is more energetically favourable with the total energy gain of ~ 9¢eV (or ~ 11 meV
per atom) (Tab. 2). However, the formation of both systems in the described experiment?”
can be clearly ruled out: for MoSy/gr/Co(0001) the linear dispersion of the graphene
band is not reproduced in the DFT calculations (Fig. 4(a)) and the obtained band structure
is the same as for gr/Co(0001); for gr/MoSy/Co(0001) the free-standing-like band struc-
ture of MoS, is completely lifted out indicating the strong hybridization of the electronic
states at the MoS,/Co interfaces and the obtained doping level of graphene on MoS,/Co
does not reproduce the experimental value (E — Er = 0.02eV in the DFT calculations
vs. £ — Er = 0.3€eV in experiment). The calculated exchange spin-splitting of the MoS,-
derived states at the I' point for the MoSs/gr/Co(0001) system is 5 meV which is equal to

the energy error of the unfolding procedure for such big system. This value is negligible
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compared to the experimentally observed spin-splitting of 20meV (at room temperature
used in the experiment) and correlates with extremely small value of 0.002 up for the cal-
culated magnetic moment of Mo atoms in MoSs (Tab. 2). These small values (if any) of
the exchange spin-splitting and magnetic moments are due to the large gr-S, Co-S, and Co-
Mo distances of 3.312 A, 5.404 A, and 6.960 A, respectively, accompanied by the screening
effect of the graphene layer, that prevents the effective electronic and magnetic exchange
between Co and MoSy in the MoS,/gr/Co(0001) system. The sizeable magnetic moments
for Mo and S atoms in the MoS, layer of 0.011 ug and 0.020 5, respectively, are calculated
for gr/MoSs/Co(0001) with a close proximity between MoS, and Co layers. However, the
formation of this system is not confirmed in the experiment (see above).

Further improvements of the obtained results with taking into account the more realis-
tic experimental conditions when S-atoms are intercalated in the gr-Co or MoS,-Co inter-
faces and form the CoS, alloy (see Fig. 2(c,d)) lead to the results shown in Fig. 4(c,d) for
MoS,/gr/CoS,/Co(0001) and gr/MoSs/CoS, /Co(0001) interfaces, respectively. The forma-
tion of the later system is more energetically favourable with the total energy gain of ~ 11eV
(or =~ 14meV per atom) (Tab. 2). However, the similar conclusions on the electronic and
magnetic properties of the graphene and MoS, layers can be also made in the present cases.
First of all, the formation of the CoS, alloy leads to the further reduction of the Co-atoms’
magnetic moments to 1.509 pup and 1.316 ug for MoS, /gr/CoS, /Co and gr/MoSs/CoS,./Co,
respectively. At the same time, the magnetic moments of Mo/S atoms in the MoS, layers
for the considered systems are 0.003/0.000 g and —0.007/0.012 up, respectively. Again,
such small magnetic moments are explained by the large distance between Co layer and
MoS;. The electronic structures calculated for the considered systems also do not support
their formation in the experiment: for MoSsy/gr/CoS,/Co(0001) the linear dispersion of the
graphene 7 band is partially restored with a clear n-doping of a graphene layer, which is
opposite to the experimental observation, and the exchange spin-splitting of the MoSs bands

is absent; for the gr/MoS;/CoS,/Co(0001) system the free-standing-like band structure of

11



MoS, is completely destroyed also indicating the strong hybridization of the electronic states
at the MoS,/CoS,./Co(0001) interface.

The previous results presented in Fig. 4(a-d) indicate that in order to correctly theo-
retically reproduce the experimentally observed electronic structure of the considered sys-
tem, the top-placed MoSs/gr stack has to be electronically decoupled from the underly-
ing Co(0001) surface by a layer of intercalated sulphur atoms. Following this point, on
the next step the electronic and magnetic properties of the MoS,/gr/S™ /Co(0001) and
gr/MoS,/S™ /Co(0001) systems were analyzed (Fig. 2(e,f) and Fig. 4(e,f)). Due to the de-
coupling of the MoS, /gr stacks from the Co(0001) surface by the layer of S-atoms, the total
energies for both systems are very close to each other with a difference of only ~ 0.7¢V (or
~ 0.9meV per atom) in a slight favour of the former system (Tab. 2). This fact points to
the equal probability for both stacks to be present in the formed and experimentally studied
samples.

The adsorption of S-atoms at the interface between Co(0001) and MoS,/gr stack dras-
tically reduces the magnetic moment of Co interface atoms to 1.433 up compared to values
for previously considered systems and value of 1.579 ug for Co bulk (Tab. 2). This corre-
lates with previous spectroscopic studies pointing to the formation of the so-called “dead”
magnetic layer after adsorption of S on ferromagnetic surfaces with the reduction of the
magnetic moment for surface atoms.**#> The obtained bands dispersions of the graphene 7
and MoS, bands for MoS,/gr/S™ /Co(0001) and gr/MoS,/S™ /Co(0001) systems resemble
the experimental data. In both systems graphene is p-doped with the position of the Dirac
point at K — Er = 0.315¢V and F — Er = 0.17€V for the former and later systems, re-
spectively. At the same time the free-standing-like dispersion of electronic bands for MoS,
is fully restored and reproduces the experimentally observed picture. However, the calcu-
lated band structures show the absence of any exchange spin-splitting for the MoS, bands
in whole Brillouin zone disproving the previously published experimental and theoretical

data. The calculated magnetic moment of 0.000 up for Mo and S atoms of the MoS, layer

12



in MoS,/gr/S™/Co(0001) and gr/MoS,/S™/Co(0001) also confirms the presently obtained
results on the absence of any magnetic states in MoS,. These results are clearly under-
stood by the large Co-Mo and Co-S distances of [9.817]/[6.402] A and [8.261]/[4.845] A for
the [MoSy/gr|/|gr/MoS,| stacks, respectively, adsorbed on S/Co(0001), thus preventing the

appearance of any ferromagnetic order in MoS,.

Conclusion

The recent experiments claim on the observation of the exchange spin-splitting of ~ 20 meV
for the MoSs bands at the I" point in the MoS, /gr/Co(0001) system explaining this effect by
the proximity effect from the gr/Co substrate. In the present work we performed the most
realistic DFT studies of electronic and magnetic properties of different MoS, /gr stacks on
Co(0001) taking into account the possible S intercalation at the gr/Co interface originating
from the preparation procedure for the studied system. During these calculations several
factors support the correctness of the employed computational approach in our work for the
description of the studied system and we conclude that the MoS, /gr /S /Co(0001) stack has
to be used for the modelling of the experimentally observed band structure (linear dispersion
of the graphene 7 band with position of the Dirac point at F— Er =~ 0.3 €V and free-standing-
like dispersion of electronic bands for MoS,, see Tab. 3). However, opposite to the claimed
experimentally observed exchange spin-splitting for the MoS, bands at the I' point, our
realistic large-scale calculations do not show any exchange splitting for the MoS, bands over
the whole Brillouin zone pointing to the absence of any proximity effect for the MoS, layer
in such system. Moreover, other systems which do not include the intercalated S layer or
with MoS, in close vicinity to Co(0001) also show vanishingly small (if any) exchange spin-
splitting for the discussed band and magnetic moments of Mo and S atoms. The absence of
any proximity effect is clearly explained by the van der Waals nature of interaction between

layers at the relatively large distance between Co(0001) and MoS; and by the screening
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effect caused by a graphene layer. Therefore, we conclude that the present state-of-the-art
calculations fully and correctly describe considered experimentally realized MoS,/graphene
stacks on the Co(0001) substrate, pointing to the importance of the correct modelling of the
studied systems and correct application of theoretical methods. Moreover, our findings keep
open the validity of the recent experimental observations and limited theoretical approaches
used for the description of the studied systems. The present results also question the ability
to manipulate the magnetic state of TMD MoS, in the proposed way via its decoupling from

ferromagnetic substrate using graphene.

Methods

DFT calculations based on plane-wave basis sets of 400 eV cut-off energy were performed with
the Vienna ab initio simulation package (VASP).%647 The Perdew-Burke-Ernzerhof (PBE)

exchange-correlation functional4®

was employed. The electron-ion interaction was described
within the projector augmented wave (PAW) method?® with C (2s, 2p), Co (3d, 4s), Mo
(4d, 5s), and S (3s, 3p) states treated as valence states. The Brillouin-zone integration
was performed on I'-centered symmetry reduced Monkhorst-Pack mesh using a Methfessel-
Paxton smearing method of first order with o = 0.15¢eV, except for the calculations of total

0 was used.

energies. For those calculations, the tetrahedron method with Blochl corrections®
The k-mesh for sampling the supercell Brillouin zone is chosen to be 6 x 6 x 1. Dispersion
interactions were considered by adding a 1/7% atom-atom term as parameterized by Grimme
(“D2” parameterization).5! The spin-orbit interaction is taken into account.

The supercells used in this work are presented in Figure 2. They are constructed from a
slab of five layers of Co, a graphene and MoS, layers adsorbed on one (top) side of a metal
slab and a vacuum region of at least 20.6 A. The positions (x, y, z-coordinates) of C atoms,

the ions of alloy (CoS,), or intercalant (S™) as well as z-coordinates of the two topmost

layers of a substrate were fully relaxed until forces became smaller than 0.02eV A~!. The
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lattice constant in the lateral plane was set according to the optimized value of the bulk
Co (2.488A). The supercells have a (9 x 9) lateral periodicity with respect to graphene
and Co(0001) and a (7 x 7) lateral periodicity with respect to MoS,. This way the lattice
mismatch of both two-dimensional materials, graphene and MoS,, is less than 1%. The
bottom side of the slab was protected by a layer of Al atoms.?33¢ Our test calculations for
the (4 x 4)MoS, /(5 x 5)graphene/Co(0001) with the distances reported by Voroshnin et al.?”
with and without Al-passivation allow us to conclude that the claimed spin-splitting of the
MoS,-derived states at the I' point is an artefact due to the wrong computational approach
(Fig. 5). In order to simulate formation of CoS, layer at the interface between the MoS,-
graphene heterostrcuture and the substrate, 20 Co atoms were randomly substituted by S
atoms (Fig. 2(c,d)). In the structures presented in Figure 2(e,f), the interface S-layer consists
of 25 atoms uniformly distributed between the Co surface and the adsorbed heterostructure.
The optimized structures (z, y, z-coordinates) can be found in the Supporting Information.

The band structures calculated for the studied systems were unfolded to the graphene
(1 x 1) and the MoSs (1 x 1) primitive unit cells according to the procedure described in

Refs. 52,53 with the code BandUP.
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Table 1: Magnetic moments of C and Co (in ug) obtained for the bulk Co, Co(0001) surface
and gr/Co(0001) interface.

bulk Co Co(0001) gr/Co

m(C1) - - —0.042
m(C2) - - 0.038
m(Col) - 1707  1.514
m(Co2) - 1.616 1.574
m(Co3)  1.616 1.578 1.579

23



Table 2: Results for the MoSs-graphene heterostructures on ferromagnetic Co(0001): total
energy (Eio, in eV per unit cell); the mean distances between different layers in the optimized
structures (for details, see Fig. 2: d(gr-S1), d(gr-Co), d(S1-Co), d(Mo-Co), d(gr-S™), d(S1-
S") in A); corrugation of the graphene layer (gr-corr., in A); average magnetic moments
of Mo, S, C, and Co (m(Mo), m(S1), m(S2), m(S™), m(C1), m(C2), m(Col), m(Co2),
m(Co3), in up per atom).

MoSz/gr/ gr/MoSa/ MoSs/gr/ gr/MoSa/ MoSs/gr/ gr/MoSs/

Co(0001) Co(0001)  CoS*/Co(0001) CoSi/Co(0001) St /Co(0001) S™/Co(0001)
FEiot —5891.0957  —5900.1487 —5832.7294 —5843.6277 —6018.2870 —6017.5665
d(gr-S1) 3.312 3.388 3.374 3.378 3.415 3.391
d(gr-Co) 2.092 8.551 2.683 8.726 4.847 11.347
d(S1-Co) 5.404 2.026 6.057 2.227 8.261 4.845
d(Mo-Co) 6.960 3.618 7.611 3.799 9.817 6.402
d(gr-Sint) - - 2.808 9.031 3.219 9.720
d(S1-Sint) - - 6.182 2.532 6.634 3.219
gr-COIT. 0.058 0.089 0.966 0.210 0.132 0.067
m(Mo) —0.002 —0.011 0.003 —0.007 0.000 0.000
m(S1) 0.000 0.020 0.000 0.012 0.000 0.000
m(S2) 0.000 0.003 0.000 0.001 0.000 0.000
m(Sint) - - 0.057 0.031 0.009 0.009
m(C1) —0.042 —0.002 —0.015 —0.002 0.000 0.000
m(C2) 0.038 0.001 0.017 0.001 0.000 0.000
m(Col) 1.503 1.520 1.509 1.316 1.433 1.433
m(Co2) 1.558 1.633 1.570 1.519 1.585 1.586
m(Co3) 1.559 1.586 1.588 1.594 1.589 1.589
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Table 3: Comparison between the experimental observations and theoretical data for the
six systems under study (“v” - experimental observable is reproduced in calculations; “X” -
experimental observable is not reproduced in calculations).

Experimental MoSy/gr/ gr/MoSs/ MoSsy/gr/ gr/MoSs/ MoS, /gr/ gr/MoSy/
observation Co(0001)  Co(0001)  CoSint/Co(0001) CoSitt/Co(0001) S™t/Co(0001) St /Co(0001)
gr-m linear

dispersion X v partially v v v

gr p-doping X X X X v partially
freestanding

MoSs v X v X v v/
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Figure 1: The formation of the “artificial” spin-polarization in the initially non spin-polarized
peak by the spin-polarized photoemission background signal (for details see the text).
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Figure 2: Optimized crystallographic structures (top and side views) of the MoSs-graphene
heterostructures on ferromagnetic Co(0001) considered in this work. The red rhombus marks

the unit cell.
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Figure 3: (a,b) Crystallographic structure of the lattice-matched graphene/Co(0001) inter-
face: top (a) and side (b) views. (c) Spin-resolved band structure of graphene/Co(0001)
in the vicinity of the K point. (d) Spin-resolved band structure of free-standing MoS,. All
visible spin-splittings are due to the spin-orbit interaction.
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Figure 4: Spin-resolved band structures of the MoS,-graphene heterostructures on ferromag-
netic Co(0001) obtained after the unfolding procedure for the graphene (1 x 1) primitive cell
(left) and MoSy (1 x 1) primitive cell (right). Size of the filled circles gives the number of
primitive cell bands crossing particular (k,F) in the unfolding procedure, that is, the partial
density of states at (k,E) for graphene (left) and MoS, (right), respectively.
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Figure 5: Effect of the bottom passivation of the MoSy/gr/Co(0001) slab by Al atoms:
(a) no passivation by Al, with exchange splitting of the MoS,-derived states, (b) bottom is
passivated by Al, without exchange splitting of the MoSy-derived states. The area of interest

is marked by the green rectangle.
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