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Orbital-selective chemical functionalization of MoS, by Fe
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The occupied electron energy bands of monolayer MoS, are composed from out-of-plane d orbitals at the
Brillouin zone (BZ) center and from in-plane d orbitals at the BZ corner. If a dopant would interact in an orbital
selective manner with the MoS, bands, it could provide a tuning knob to modulate the MoS, energy bands
according to the electron wave vector. Here we directly show by angle-resolved photoemission spectroscopy
(ARPES) that Fe doping of epitaxial MoS, is orbital selective. That is, Fe doping causes a larger energy
upshift of the valence band at the BZ center compared to the BZ corner. The optical properties of Fe-doped
MoS, are investigated by ultrahigh vacuum photoluminescence and reveal a loss of photoluminescence upon Fe
doping. The sample morphology is investigated by scanning tunneling microscopy and shows a two-dimensional
core-shell structure with Fe chemisorbed along the edge of MoS, islands. This structural determination is consis-
tent with core-level spectroscopy measurements. Realistic ab initio calculations and tight-binding calculations
of the electronic band structure fully explain ARPES and photoluminescence experiments and highlight that
dopants with complex d-orbital structure interact with MoS, in an orbital-sensitive manner. Our approach opens

opportunities in band-structure engineering of two-dimensional materials.

DOI: 10.1103/PhysRevB.108.195430

I. INTRODUCTION

In a 1H-MoS, monolayer which has a trigonal prismatic
symmetry (D3, point group), crystal-field splitting results in
three distinct Mo energy levels with d character: the lowest
level with d_> orbital character; a degenerate level of dy,, d.2 .
orbitals; and the highest level composed out of the degenerate
dy;, dy, orbitals [1,2]. When forming energy bands in the
1H-MoS, solid, the orbitals mix and four out of the six Mo
electrons are transferred to the S atoms. The remaining two
electrons completely fill the valence band (VB) with partial
dy, d,y, and d»_» orbital character [3]. As a consequence, the
chemical potential lies above the lowest band with d character
and four out of the five bands with d orbital character are
empty [3]. The multiorbital nature of the VB wave function is
evident in different regions of the Brillouin zone (BZ) where
the wave function has a distinct character. That is, the VB
maxima which are located at I" and K points have out-of-plane
d and in-plane d,,, d,>_,» character, respectively. In a tight-
binding (TB) picture, the d orbital energies are encoded in
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the on-site energies (diagonal terms) of the TB Hamiltonian
[3]. The on-site term for the d,. orbitals has a different value
from the on-site terms for the d>_,» and d,, orbitals which
are equal to each other [3]. The modification of these on-site
terms is key to controlling the energies of the VB maxima
at I and K points, which play an important role for optical
properties. A small modification of the d on-site energies can
significantly change the band structure, e.g., from direct band
gap to indirect band gap semiconductor. The band structure
change has, by proxy, a large effect on the optical properties.
For example, monolayer MoS, has a direct band gap while
bilayer MoS, has an indirect band gap [4]. The multiorbital
character of MoS; could, in principle, provide opportunities
for band-structure engineering if one could selectively change
the energy of only some of the d orbitals (i.e., to shift d» and
dyy, dy>_y» energies differently). Strain engineering [5] is an
option to modify the d-orbital energies in MoS,. However,
the engineering of homogeneous strain fields is difficult to
achieve over large areas in MoS, grown by molecular beam
epitaxy (MBE). This is why the adsorption of dopant atoms
on the surface of a MoS, monolayer is a tempting route [6].
Experimentally, it was shown that alkali metal doping of bulk
MoS, changes the size of the band gap but does not result in a
change from indirect to direct semiconductor [7]. The absence
of orbital selectivity can be understood by the nondirectional s

©2023 American Physical Society
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FIG. 1. ARPES (hv =32¢eV, T = 15 K) of (a) pristine MoS,, (b) Fe-doped MoS, (0.05 A Fe coverage), and (c) Fe-doped MoS, after
annealing to RT. ARPES spectra have been recorded along the I'K direction of the 2D BZ. The lines denote tight-binding (TB) calculations.
(d) Schematics of the K point and I' point energies. The labels K, and K}, denote the energies of the upper and lower spin-orbit split bands
at K point and the label I denotes the energy at I" point. [(e)—(g)] Energy dispersion curves (EDCs) through the I' and K points of MoS,.
These EDCs are obtained by cutting through the ARPES spectra shown in [(a)—(c)] at wave vectors I and K. The energy E = 0 in the EDCs
corresponds to the Fermi level. (h) Ultrahigh vacuum photoluminescence (UHV-PL) as a function of Fe doping for three Fe doses in steps of
0.016 A and after annealing to RT (all measurements at 7 = 5 K). The purple trace for the Fe-doped sample after annealing is multiplied by a

factor of 3.

orbital character of the alkali metal and the ionic nature of the
interaction. This poses the question if dopants with more com-
plex orbitals are able to interact in an orbital selective manner.
In the present paper, we show that Fe interacts in an orbital
selective way with MoS,, whereby MoS is transformed from
a direct band gap semiconductor into an indirect band gap
semiconductor.

Previously, doping MoS, by transition metals (TMs) has
been investigated theoretically in the context of inducing mag-
netism [8—11] or the valley Zeeman effect [12] in TMDCs. It
has also been suggested that TM-doped MoS, is well suited
to bind noble gases such as Xe and Kr [13]. A single TM
atom in a freestanding TMDC can, in principle, be adsorbed
on top of Mo, or form an interstitial or substitutional defect
[10,11]. For a single Fe atom interacting with MoS,, theory
predicts that the formation energy for interstitial Fe is highest,
followed by substitutional Fe and Fe adsorbed on top of Mo
[11]. Other theoretical investigations agree that the most stable
site for Fe adsorption is on top of Mo [13,14]. It has been
shown by transmission electron microscopy that sulfur single
and double vacancies in monolayer MoS,; are rather common
[15]. One important question in context of the present paper is
under what circumstances these vacancies can be filled by Fe.
The substitutional doping of a chalcogen vacancy by various
TMs has been investigated theoretically for different TMDCs
(MoS,, MoSe,, and MoTe,) [11]. The filling of a chalcogen
vacancy by a TM requires not only the energetic stability of
the final state but also the overcoming of an energy barrier
after TM adsorption. As a result of these calculations, the
incorporation of Fe into sulfur vacancies of MoS, was found
to be not energetically favorable for an isolated island and

hence Fe is expected to stay on top of MoS, or at the edge of
MoS,. Nevertheless, it is not clear how this situation changes
if MoS; is on a substrate and if the substitution close to the
edge of an MoS; island can occur.

There are no studies on the effect of Fe doping on the
electronic energy band structure and optical properties and
the roles of temperature on the Fe-MoS, interaction have not
been investigated. MoS, monolayers grown by MBE typically
have small crystallite sizes for low coverage and therefore the
edges of MoS, crystallites are important for their physical and
chemical properties [16]. Yet, the interaction of TMs with the
edges of epitaxial MoS, has not been studied. The present
paper addresses these issues and investigates the electronic
and optical properties as well as the sample morphology of Fe-
doped epitaxial MoS, /graphene and the effect of temperature.

II. RESULTS

A. Electronic band structure

Monolayer MoS, samples are grown on top of graphene
by MBE according to a previous recipe [16]. These samples
have monolayer thickness MoS, as evidenced by ARPES,
photoluminescence (PL), and scanning tunneling microscopy
(STM) measurements (see Methods). Figures 1(a)—1(c) show
ARPES of pristine and Fe-doped MoS, as well as the Fe-
doped MoS, after annealing to room temperature (see the
Methods sections for experimental details). The ARPES data
feature the intense MoS, band with two valleys around I" and
K points and a linear graphene band with a weak ARPES
intensity. In the case of pristine and Fe-doped MoS, (before
annealing), the VB maximum is located at K. After warming
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TABLE 1. Changes in tight-binding (TB) parameters for the on-site energies of Fe-doped MoS, and Fe-doped MoS, after annealing to
room temperature. These values have been used in the calculation shown in Figs. 1(a)-1(c) and are responsible for the observed band structure

changes at I" and K points.

Change in on-site energy

Fe-doped MoS,

Fe-doped MoS, after annealing

A€y
A€y 2 = A€yyy

—190 meV
—190 meV

340 meV
280 meV

up the Fe-doped MoS,/graphene sample to room tempera-
ture and cooling down again, we observe that the VB has
approximately equal energy at I' and K points. The sketch in
Fig. 1(d) denotes VB maxima at K and I" points and how their
energies change as a function of Fe doping and annealing. In
Figs. 1(e)-1(g), the energy dispersion curves (EDCs) through
the I" and K points for pristine, Fe-doped MoS, and Fe-doped
MoS; after annealing are shown. The EDCs are obtained by
cutting the 2D ARPES intensity of Figs. 1(a)-1(c) at the "
and K points. This process of cutting the 2D ARPES intensity
yields a one-dimensional graph of ARPES intensity versus
binding energy (BE) for each wave vector. In the EDCs, fea-
tures at energies £ ~ —0.5eV and E ~ —1 eV appear after Fe
deposition. We assign these features to the Fe 3d levels. This
assignment is in agreement to previous photoemission mea-
surements of thin Fe films grown on Cu [17]. Finally, we note
that the VBs of Fe-doped MoS; after annealing [Fig. 1(c)] are
upshifted with respect to the pristine MoS, [Fig. 1(a)].

We now proceed to the interpretation of ARPES band
structures via TB simulations of the energy band structure
using a Hamiltonian, which employs d., d,,, and d,>_,» or-
bitals and includes the spin-orbit coupling in the VBs [3,18].
The Fe atoms are not included in the TB calculations. We
effectively model the adsorption of an Fe atom to MoS, by
change of the on-site energies due to the interaction with Fe.
Our calculations are performed as follows. We first fit all TB
parameters to the ARPES data of pristine MoS,. For simu-
lations of Fe-doped MoS, and annealed Fe-doped MoS,, we
keep all parameters except the three on-site matrix elements
for the d orbitals fixed within a 5% range. The changes of
the on-site energies €2, €4,2_y2, and €4, upon Fe doping and
annealing are given in Table I. We are able to fully reproduce
the observed ARPES data of Fe-doped MoS, and Fe-doped
MoS; after annealing. The change in €,,2 is larger than that of
€dxry = €422 parameters. This indicates that the out-of-plane
orbitals are affected more by the Fe dopants than the in-plane
orbitals. The ARPES data in Figs. 1(a)-1(c) are overlaid with
the results of the TB calculation.

B. Optical properties

Sample synthesis, Fe doping, and PL measurements were
carried out in ultrahigh vacuum (UHV) conditions (see Meth-
ods). The UHV-PL setup used in this paper has also been
used in a previous experiment studying PL of alkali metal
doped TMDC heterostructures [19]. For the pristine samples,
we obtain sharp PL spectra at an energy of 1.946 eV with a
FWHM of ~15 meV as shown in Fig. 1(h). We performed
Fe doping in three steps with the sample at 5 K during Fe
deposition and PL measurement. In each Fe deposition, we
used one-third of the total Fe amount compared to what we

had deposited in the ARPES experiment. After each Fe depo-
sition, we perform PL measurement. The Fe deposition results
in small blueshifts (~10 meV) of the PL peak position and a
reduced PL intensity. We attribute the small shift to the con-
comitant changes of the quasiparticle band gaps and exciton
BEs which cancel each other [20]. The lower PL intensity
after Fe evaporation could be due to Fe atoms and clusters
promoting radiationless decay of the optical excitation. After
three cycles of Fe evaporation [dark red curve in Fig. 1(h)], the
deposited amount of Fe is identical to that in ARPES. Upon
warmup to room temperature and subsequent cooldown, we
observe the disappearance of PL (the purple curve in Fig. 1(h)
was multiplied by a factor of 3 with the graphene 2D mode
as a reference and no PL is visible). The absence of PL can
be understood by the change of direct to indirect band gap,
which we assign to the shift of the VB maximum from the K
to I" point as observed by ARPES and the TB calculations.

C. Scanning tunneling microscopy

The changes observed in ARPES and PL upon warming
MoS; with adsorbed Fe are likely caused by surface diffusion
of Fe or a chemical reaction between Fe and MoS, that is
activated by temperature. We perform STM to investigate the
structure of Fe adsorbed to MoS,/graphene. This is impor-
tant for the construction of a realistic atomic model needed
as input for ab initio calculations (see Sec. IV B). We have
studied the adsorption process of Fe by STM using nearly
the double amount of deposited Fe compared to ARPES and
PL experiments, i.e., 0.08 10\, to be able to easily visualize
Fe. Figures 2(a)-2(c) depict STM images for pristine MoS,,
Fe-doped MoS,, and Fe-doped MoS, after annealing to room
temperature, respectively. After Fe deposition, we observe
small protrusions which are attributed to single Fe atoms and
small Fe clusters [Fig. 2(b)]. The low deposition temperature
of 30 K largely prevents diffusion and thereby suppresses
formation of larger clusters. Our observations are consis-
tent with the predominant presence of single Fe adatoms on
MoS;,/Au(111) after deposition of a small amount of Fe at a
temperature less than 10 K [21]. After annealing to room tem-
perature, we observe that the small protrusions on graphene
and on MoS, have disappeared, see Fig. 2(c). We also found
that the morphology of the MoS, islands is changed, i.e.,
very few big clusters are found on top of MoS, islands. Most
Fe is located at the edges of the MoS, islands forming a
dense ring along the islands’ circumferences. For better ap-
preciation of the formed Fe rim, the Fe accumulation around
the MoS; islands is highlighted in shaded blue in Fig. 2(c).
Accumulation of Fe on the edge of the island is in line with
the reported chemical activity of MoS, edges [22] and their
use in catalysis. That is, Fe deposited onto MoS, /graphene is
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(a) pristine MoS, (b)

Fe-doped MoS,

Fe-doped MoS,
after annealing

(c)

FIG. 2. Scanning tunneling microscopy (STM) characterization of 0.4 ML of MoS, grown on graphene/Ir(111) (a) before and (b) after
deposition of Fe atoms at 7 = 30 K and (c) after annealing to room temperature. The Fe around the MoS, island edge is shaded in blue (Fe
rim). Images in (a) and in (c) were recorded at room temperature and (b) was recorded at 7 = 30 K. STM image parameters: V, = 1.5V,

I, = 0.1 nA. The scale bar is 20 nm.

physisorbed and mobile at room temperature. Upon annealing,
it chemically binds to the edges of MoS, islands forming a
two-dimensional core-shell structure.

D. Core-level spectroscopy

We have performed x-ray photoelectron spectroscopy of
the pristine and the Fe-doped sample after annealing for
two different MoS, coverages corresponding to ~0.5 ML
and ~0.3 ML. A larger (smaller) coverage results in larger
(smaller) MoS, islands and, hereafter, these samples are
labeled large islands and small islands, respectively. We per-
formed XPS of MoS; core levels at the dipole beamline RGBL
of the BESSY II electron storage ring operated by Helmholtz-
Zentrum Berlin fiir Materialien und Energie. Figures 3(a) and
3(b) depict the spin-orbit split Mo 3d and S 2p core levels
of small and large islands, respectively. We observe that the
spin-orbit split core levels of Mo 3d have multiple compo-
nents and our data are in good agreement to previous XPS
data of MoS, islands on Au that was studied in the context
of the catalytic activity of MoS, edges [23]. The Mo 3d line
shape was modeled by three Doniach-Sunjic components at
low BE, middle BE, and high BE [23] at fixed positions and
widths. The colors used for these components are as follows:
high BE (green), middle BE (blue), and low BE (orange)
and are used in the fits in Fig. 3(a). This grouping into three
chemical shifts as used in previous works [23] is supported by
our ab initio calculations of the core-level shifts (see Methods
section for details). Figure 3(c) gives a graphical summary of
the calculated core-level shifts for Mo 3d depending on the
environment of the Mo atom. The number close to the Mo
atom position describes the calculated core-level shift. The
model that we used to fit the Mo 3d core-level spectra of
pristine and Fe-doped MoS, with a set of three BEs allows us
to accurately reproduce all experimental XPS data. Note that
the BEs of the three components are fixed to the calculated
core-level shifts (see Sec. IV, Methods).

The high BE component (no core-level shift) of the Mo 3d
core level is due to Mo atoms in the bulk of the MoS, island.
The middle BE (0.3 eV-0.7 eV shift) is due to one of the

following: Mo atoms close to the edge bound to three pairs of
S atoms, Mo atoms having one of the three neighboring S pairs
located on the edge, and Mo atoms next to a single or double S
vacancy. The low BE component (0.7 eV-1 eV shift) is mostly
due to Mo edge atoms that have only two pairs of S atoms as
neighbors instead of three and in part to Mo atoms next to a
S single/double vacancy. We believe that the pristine MoS;
flakes have few sulfur vacancies compared to the number of
edge atoms. Therefore, the main contribution to the middle
and low BE components are not neighboring vacancies but Mo
edge atoms. We observe that the MoS, sample with smaller
islands has a larger component at middle and low BE than the
MoS; sample with larger islands. This is due to the fact that
the small MoS, islands have a larger surface-to-bulk ratio.
Regarding the S 2p peak position, we observe a 200 meV
higher BE for the small islands as compared to the large
islands, which we attribute to unsaturated S atoms at the edge.

Let us now move to the Fe-doped MoS, flakes [lower pan-
els of Figs. 3(a) and 3(b) and right part of Fig. 3(c)]. Upon Fe
doping, we observe an increase of the low BE component (or-
ange color). We attribute this increase to the presence of large
Fe clusters at the edge as observed via STM [cf. Fig. 2(c)].
According to our calculations (Method section), the presence
of Fe at the edge of the island reduces the Mo 3d core-level
BE of Mo atoms close to Fe. The larger relative increase of the
high Mo 3d core levels BE component for the small islands is
due to their larger surface/bulk ratio compared to the large
islands. The increase in the medium BE component is due to
the presence of Fe atoms on the island edge. After Fe doping,
the S 2p peaks for both island sizes move to the same energy
of 161.9 eV for the S 2p3,, peak. We attribute this to Fe
atoms and clusters adsorbed to the islands’ edges that saturate
dangling S bonds.

E. Ab initio band structure of Fe-doped MoS,

Next, we have investigated the electronic structure of MoS,
upon Fe doping with a special focus on the location of the VB
maximum. Figure 4 depicts DFT band-structure calculations
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FIG. 3. X-ray photoemission spectroscopy (XPS) of Mo 3d and S 2p core levels of (a) small islands and (b) large islands before (upper
row) and after (lower row) Fe deposition and annealing. The Doniach-Sunjic lineshape analysis of the Mo 3d core level is shown for the more
intense spin-orbit split XPS line. The components at high binding energy (BE) in green, medium BE in blue, and low BE in orange denote the
different Mo atom positions as shown in (c). The dashed vertical lines are guides to the eye and indicate the low and high BE components in
Mo 3d and the S 2p position in the Fe-doped MoS,. (c) Calculated relative shift of the Mo 3d core level BE with respect to the bulk component
(green color) for the pristine (left) and Fe-doped MoS, (right). The Mo 3d core-level shift in pristine MoS; is a consequence of an Mo atom
located at the edge or near a vacancy. Black, red, and yellow colored atoms denote Mo, Fe, and S, respectively.

of MoS, with Fe in various geometries. We have included the
Fe sites that are considered energetically favorable (on top of
MoS; and on the edge of MoS;) and the unfavorable sites
(substitutional Fe) for completeness. The calculations were
performed without SOC included in a supercell geometry. The
calculations we performed grasp the chemical-induced modi-
fication of the band structure and the SOC contribution does
not alter the calculated energy shifts but induces a splitting of
the bands which rigidly follows the band structure. The band
structures were unfolded after calculation, projected on the
corresponding d orbitals and compared to the band structure
of pristine MoS,. Figure 4(a) shows the energy band structure
for Fe adsorbed on top of a MoS, layer. The unfolded band
structure of Fe on top of MoS; has a VB maximum located
at the K point. That is, there is no shift of the VB maximum
for this geometry with respect to pristine MoS,. Figure 4(b) is
the band structure of defective MoS, with Fe replacing the S
single vacancy site. Here, the VB maximum is shifted from the
K point for the pristine layer to the I" point. Figure 4(c) also
depicts a defective MoS, band structure with a Mo vacancy
filled by an Fe atom. In this case, the VB maximum is shifted
to the zone center, too.

To understand the influence of Fe adsorbed to the edge of a
MoS; island, we used the simplified model of Fe adsorbed at
the edge of a MoS; armchair nanoribbon. Figure 4(d) depicts
the top view and side view of a MoS, armchair nanoribbon

with Fe atoms replacing Mo at its edge. The electronic struc-
ture of the nanoribbon can be understood by zone folding
the band structure of a MoS, layer by cutting the 2D dis-
persion along so-called cutting lines that are parallel to the
I'M direction in the BZ. As a result, we obtain that both I
and K points of the two-dimensional BZ are located on the
one-dimensional kK = 0 wave vector. The different effective
masses of the VB at the I' (larger) and K (smaller) points,
allow us, together with the orbital character, to distinguish
them when both are folded at the I" point of the nanoribbon’s
BZ. To study the effect of Fe binding to the edge of MoS,
in the electronic properties of the ribbon, we also project the
calculated bands onto the atomic wave function centered on
a Mo atom at the center and edge of the ribbon. Figure 4(e)
reports the band structure projected onto a center atom: K-
derived states are higher in energy with respect to I"-derived
states (blue), indicating that Fe decorating the edges of the
ribbon does not perturb the d band dispersion in the interior
of the ribbon. On the contrary, for the projection of the bands
on Mo atoms at the edges of the ribbon, shown in Fig. 4(f), the
energy ordering between K and I' derived bands is inverted,
indicating that Fe atoms that decorate the edges induce a local
perturbation of the band structure. This is in agreement with
the wave-function character of 2D MoS, and can also be seen
in Figs. 4(b) and 4(c). Figure 4(g) depicts the set of cutting
lines for the armchair ribbon used in the calculation indicating
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FIG. 4. (a) The crystal structure (top) and unfolded electronic band structure (bottom) of adsorbed Fe atoms on MoS, monolayer (Fe atom
is colored in red, Mo in violet, and sulfur in yellow) modelled with a 3 x 3 supercell (highlighted in orange). The color code in the band
structure is proportional to the orbital character red for d,y/d,>_,» and blue for d». Grey lines indicate the band structure of pristine MoS,.
(b) Structural model and electronic band structure of MoS, with a double sulfur vacancy capped with iron. (c) Structural model and unfolded
electronic band structure of MoS, with substitutional Fe (in the Mo site) MoS,. (d) Model for a Fe atom adsorbed at the MoS, armchair
nanoribbon edge and its electronic structure evaluated in the bulk of the ribbon (e) and at the ribbon edge (f). (g) Cutting lines denoting the

allowed wave vectors for the MoS, ribbon.

that the two-dimensional I' and K points are projected onto
the same one-dimensional k = 0. Comparing experimental
ARPES data of Figs. 1(a)-1(c), we find that the following
scenarios result in a VB maximum shift from K to I': Fe
filling a Mo or S vacancy and Fe adsorbed to the MoS, island
edge. We rule out the Fe adsorption on top as a possibility
for the observed VB maximum shift to I". Taking into account
that substitutionally incorporated Fe is theoretically predicted
to be unstable [11], we conclude that the Fe adsorbed to the
edge of MoS; islands is mainly responsible for the observed
changed of electronic and optical properties.

III. CONCLUSION AND OUTLOOK

We have shown that Fe deposited on MoS,/graphene at
low temperature is physisorbed to graphene and MoS,. Upon
annealing, the Fe is mobile and becomes stabilized by binding
to the edge of MoS, flakes, forming a 2D core-shell structure
with Fe along the edge of an MoS, island. Due to the large
edge to bulk ratio in epitaxially grown MoS,, even small
amounts of deposited Fe can have a large effect when Fe
accumulates at the MoS, edges. Fe adsorption changes the
MoS, electronic structure in that it shifts the VB maximum
from the K to I" point. This change in electronic band structure
is accompanied by the loss of PL. We explain the observed
changes in the electronic structure and the optical properties

theoretically by showing that Fe interacts differently with
in-plane and out-of-plane d orbitals. The final structure, i.e.,
stabilized Fe clusters at the edge of epitaxial MoS,/graphene,
is not only interesting for band structure engineering but might
also be useful for future experiments that probe its catalytic
and magnetic properties. Finally, it might be interesting to
investigate the interaction of Fe with other TMDCs such as
MoTe,; for which theory predicts that Fe substitution is possi-
ble [11].

IV. METHODS
A. Experimental details

We have grown MoS; on graphene/Ir(111) according to
a previously published recipe [16]. Samples grown in that
way have monolayer thickness which is evidenced by having
only a single VB in ARPES [24,25], by having a PL intensity
[24] and by the fact that STM shows only monolayer islands.
We performed Fe doping in situ by evaporation of Fe (via
electron bombardment) onto the cooled sample. The amount
of deposited Fe was calibrated using a quartz microbalance.
For the ARPES experiment (BaDEIPh beamline [26] of the
Elettra synchrotron in Trieste, Italy), 0.05 A of Fe have been
deposited with the sample (0.7 ML MoS, coverage) at T =
15 K. The Fe height is given with respect to the Fe(110) bcc
structure. Next, we annealed the sample to room temperature
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for ~10 min. Afterward, the sample was cooled to 15 K again
and we performed ARPES. For PL, we performed sample
synthesis in situ as described above. The PL measurements
and Fe doping were performed in a home-built UHV optical
setup at 4 K [24,27]. Fe doping experiments were carried out
in three steps so the amount of Fe deposited after the third
step was equal to 0.05 A. For STM measurements, the MoS,
sample synthesis (0.4 ML coverage) and Fe doping was also
performed in situ. The Fe evaporation has been performed
with the sample at 7 = 30 K. The amount of Fe deposited
in the STM experiment was chosen as 0.08 A.

B. Computational details

Calculations were performed within first-principles density
functional theory using the VIENNA AB-INITIO SIMULATION
PACKAGE [28,29]. We used projected augmented-wave pseu-
dopotentials [30] and the generalized gradient approximation
[31] to the exchange-correlation energy with an energy cutoff
up to 350 eV (560 eV for the augmentation charges) for all
calculations. We considered the unit cell of 1H-MoS, at the
experimental lattice constant [32,33], including about 12 A of
vacuum in the out-of-plane direction. From this, we have con-
structed a 3 x 3 supercell to simulate the Fe-substituted bulk
and armchair nanoribon systems, respectively. The choice of
the 3 x 3 supercell was done considering the computational
cost of the many different calculations performed, having
in any case tested the convergence with respect to a larger
4 x 4 unit cell which confirmed that the dimension of the
supercell was converged. In the nanoribbon, we included the
same 12 A of vacuum in the nonperiodic direction. The Fe
atom was substituted to a Mo atom in the bulk case and added
at the edges of the nanoribbon in the position that the Mo
atom would occupy in the natural continuation of the crystal
keeping the innermost atoms fixed in the positions of the
monolayer (atoms at distance >12 A from the edge). Inte-
gration over the BZ was performed using uniform Monkhorst
and Pack grids [34] depending by the system: a 24 x 24 x 1
for the MoS; unitcell, a8 x 8 x 1 for the 3 x 3 supercell, and
a 12 x 1 x 1 grid in the nanoribbon case. For all calculations,

a Gaussian smearing parameter of o = 0.02 eV was included.
The relaxation was performed until the forces dropped below
0.1 mRy/(a.u.) and the energy threshold for total energy was
set to 0.1 mRy for all calculations. The unfolding processes
were performed using BAND-UP software [35,36]. Core-level
shifts are calculated using a 6 x 6 supercell in the final-state
approximation, exciting one electron from the core state of a
specific atom directly into the VB [37].
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