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Abstract

In this work, we report on an ab-initio computational study of the electronic and magnetic
properties of transition metal adatoms on a monolayer of NbSe,. We demonstrate that Cr, Mn, Fe
and Co prefer all to sit above the Nb atom, where the d states experience a substantial
hybridization. The inter-atomic exchange coupling is shown to have an oscillatory nature
accompanied by an exponential decay, in accordance with what theory predicts for a damped
Ruderman—Kittel-Kasuya—Yosida interaction. Our results indicate that the qualitative features of
the magnetic coupling for the four investigated adatoms can be connected to the fine details of
their Fermi surface. In particular, the oscillations of the exchange in Fe and Co are found to be
related to a single nesting vector, connecting large electrons and hole pockets. Most interestingly,
this behavior is found to be unaffected by changes induced on the height of the impurity, which
makes the magnetism robust to external perturbations. Considering that NbSe, is a
superconductor down to a single layer, our research might open the path for further research into
the interplay between magnetic and superconducting characteristics, which could lead to novel

superconductivity engineering.

1. Introduction

The recent years have seen a drastic increase in
the research on two-dimensional (2D) magnetism,
motivated by a fascinating fundamental physics
as well as the perspective of various applications.
According to the Mermin-Wagner theorem, long-
range magnetic ordering in 2D systems should be
suppressed at any finite temperature by thermal fluc-
tuations [1]. However, this result is inferred from
simple models where continuous symmetry breaking
takes place and does not hold when the Hamiltonian
of the system admits a discrete symmetry, as e.g.
in the presence of a sizeable magnetocrystalline

© 2022 The Author(s). Published by IOP Publishing Ltd

anisotropy [2]. Layered van der Waals (vdW) mater-
ials have an intrinsic magnetocrystalline anisotropy,
as a result of their reduced crystal symmetry, and
hence are ideal, potential candidates for 2D magnet-
ism [2]. In fact, several recent studies reported on
the discovery of ferromagnetism in vdW materials
down to the truly 2D limit [3-6]. Intrinsic magnet-
ism is naturally the most attractive option in this
regard and was confirmed in Crls, Cr,Ge,Tes and
VSe,, albeit only for the latter the ordering temperat-
ure was found to be above room temperature. Unfor-
tunately, structural degradation due to exposure to
air has proven to be detrimental for the application of
these materials in devices [7]. An alternative strategy
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to avoid this problem is to work with non-magnetic
2D materials and induce magnetism via the func-
tionalization with defects, doping or adatoms [8—13].
Transition metal dichalcogenides (TMD) occupy a
special place among 2D materials, due to their high
versatility, tunability, ease of synthesis and manip-
ulation [14]. Intrinsic as well as extrinsic magnet-
ism has been predicted by theory and confirmed in
experiment [15]. A substantial amount of research
on extrinsic magnetism has been focused on insu-
lating systems, as e.g. MoS, and MoSe,, due to
the possibility of realizing localized impurity states
with large atomic-like magnetic moments [16-23].
Metallic TMDs in 2D are also very interesting, due
to the presence of fascinating collective phenom-
ena such as superconductivity and charge density
waves (CDWs) [24]. A 2D material that exhibits this
type of physics is NbSe;, whose structural and elec-
tronic properties have been extensively characterized
in recent years [25-32]. A peculiar feature of NbSe,
in the monolayer limit is that it is close to a magnetic
instability, which may easily be triggered by external
means. For example, long-range order has been
shown to arise under a small amount of tensile strain,
albeit the precise amount of required strain and the
type of magnetic pattern are still debated [33-36].
Functionalization via doping or adsorbed atoms and
molecules has been also explored. Zhu et al have
shown in an experiment that superconductivity and
ferromagnetism coexist in NbSe, after adsorption
of hydrazine molecules [37]. Liebhaber et al have
used scanning tunneling microscopy and electronic
structure theory to show that Fe adatoms on NbSe,
lead to the formation of Yu—Shiba—Rusinov bound
state with the charge-density order [38]. Similar
analyses for thin films of NbSe, were also recently
published [39, 40].

In a previous work [41], we investigated how
the presence of magnetic and non-magnetic adatoms
alter the local patterns and energy hierarchy of CDWs
in NbSe,. In this work, instead, we intend to focus
on the very nature of the exchange mechanism driv-
ing the formation of the magnetic order in NbSe; in
presence of selected magnetic adatoms, namely Cr,
Mn, Fe and Co. By means of ab-initio electronic struc-
ture calculations based on density-functional the-
ory (DFT) [42], we analyze the magnetic landscape
associated to different positions of adatoms on the
NbSe, monolayer, showing the presence of several
stable minima at different heights. After obtaining the
ground state structures, we extract the inter-atomic
exchange interactions between adatoms and show
that they have a damped oscillatory nature, which
is caused by the Ruderman—Kittel-Kasuya—Yosida
(RKKY)-type coupling [43, 44]. Most importantly,
the qualitative features of the magnetic coupling
can be connected to the details of the Fermi sur-
face (FS). For Fe and Co, the presence of a nesting

S Sarkar et al

vector connecting large electron and hole pockets is
found to essentially determine the oscillatory char-
acter of the magnetic interactions. Conversely, the
absence of this features for Cr and Mn gives rise to
a coupling of a much shorter range.

The rest of the paper is organized as follows. In
section 2, the methodological aspects of our study
are presented. Then, section 3 is centered on the ana-
lysis of the interplay between geometry and mag-
netism. The analysis of the long-range character
of the exchange coupling is reported in section 4.
Finally, the conclusions of this work are discussed in
section 5.

2. Methodology

2.1. Structural optimization

The electronic structure was calculated using a pro-
jected augmented wave method [45, 46] as imple-
mented in the Vienna ab-initio simulation package
(VASP) [47-50]. The generalized gradient approxim-
ation [51] in the Perdew—Burke—Ernzerhof realiza-
tion [51, 52] was used for the exchange-correlation
functional. The system to investigate consisted of a
4 x 4 supercell of 1H-NbSe, monolayer, including
a total of 48 atoms, with a single magnetic adatom
on top. The magnetic adatoms addressed in our
study were Cr, Mn, Fe, and Co. A vacuum region
of 14 A was considered between two monolayers in
the adjacent supercells along the z-direction to elim-
inate any unphysical inter-layer interactions. The in-
plane lattice constant was fixed to the experimental
value of 3.45 A corresponding to the NbSe, unit
cell [53]. The internal positions of the atoms were
optimized towards the minimum energy configur-
ation until the forces were found to be less than
102 eVA~!. A gamma centered Monkhorst—Pack
mesh of 19 x 19 x 1 k-points and a plane wave energy
cutoff of 800 eV were used in the calculations. Due
to the localized nature of the 3d states in trans-
ition metal (TM) adatoms, previous studies on 2D
materials have emphasized the need of including an
explicit correction due to the local Coulomb interac-
tion [13, 18, 19, 41, 54]. This term was then treated
in the Hartree—Fock approximation, via the DFT+U
method [55, 56]. In VASP, we employed the rotation-
ally invariant formulation proposed by Liechtenstein
et al [57]. The Coulomb interaction parameters U
and J for the 3d states of the adatoms were chosen on
the basis of previous studies [41, 54], as 4.0 eV and
0.9 eV respectively. All the other states were treated in
standard DFT. Finally, we also investigated the effect
of vdW interactions on the calculations, by using the
DFT-D3 correction method by Grimme et al [58].
We found out that corrections to the DFT+U res-
ults are rather small, as better illustrated in the
supplementary material.
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2.2. Electronic and magnetic properties

After performing the structural optimization, we
investigated the details of the electronic and magnetic
properties by means of an all-electron theory, which
provides a more accurate solution, albeit at a higher
computational cost [59]. To this aim, we employed
the full potential linear muffin-tin orbital method as
implemented in the Relativistic Spin Polarized Toolkit
(RSPt) [60, 61]. The radii of the muffin-tin spheres
were set to 2.21 +2.34, 2.15+2.27 and 2.09 = 2.18
a.u. for respectively Nb, Se and TM adatoms. The
intervals refer to the small variations when going
from Co (smallest values) to Mn and Cr (largest val-
ues). The basis functions were formally divided in
two energy sets, one for the valence states and one
for the semi-core states. The former included 5s 5p
4d states for Nb, 4s 4p 4d states for Se, and 4s 4p 3d
states for adatoms. The latter included 4s 4p states
Nb, 3d states for Se, and 3s 3p states for adatoms.
Three kinetic energy tails were used for the valence
sp states, corresponding to the values of —0.1, —2.3
and —1.5Ry. Only the first two tails were used for
all the other basis functions. The DFT+U correction
was applied using the spin and orbital rotationally
invariant formulation described in [62, 63], using
a local basis that was constructed from the muffin-
tin heads. The double counting correction was based
on the fully localized limit [56, 64]. The four-index
U-matrix was constructed using the same Coulomb
interaction parameters used in VASP and hence, in
absence of spin—orbit coupling, the two formalisms
should be absolutely equivalent [65]. The remaining
computational settings, including k-point mesh and
integration method, were also set to be in accordance
with VASP, in order to ensure the consistency of our
results across the manuscript. An example of the good
agreement between the band structures obtained with
these two codes is reported in the SM. RSPt was also
used to calculate the inter-atomic exchange paramet-
ers, by mapping the magnetic excitations onto the fol-
lowing Heisenberg Hamiltonian:

H=-Y J;& g (1)
7]

Here Jj; is the exchange interaction between the spins
at sites i and j, while ¢ and ¢; are unit vectors along
the magnetization direction at the corresponding site.
The Jij’s were calculated by employing the generalized
magnetic force theorem [66, 67], whose implement-
ation in RSPt is described in [68]. The local basis for
the calculation of the J;’s was chosen to be equival-
ent to the one used in DFT+U, which was described
above. Finally, the convergence of the inter-atomic
exchange parameters up to the precision used in our
data analysis required the use of a very fine sampling
of the Brillouin Zone, extending up to a mesh consist-
ing of 70 x 70 x 1 k-points.
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3. Interplay between structure and
magnetism

We performed the structural relaxation of Cr, Mn,
Fe and Co adatoms on 1H-NbSe, monolayer. We
focused on the 4 x 4 supercell, where the adatoms
are sufficiently distant to investigate the long range
character of the magnetic interaction. As illustrated in
figure 1(a), we considered three possible positions for
the adatoms, which are the sites on top of Nb ions or
Se ions, as well as the hollow (H) site. Other possible
positions, as e.g. the bridge site positions between
Nb and Se atoms, can be ignored based on previ-
ous studies on similar systems [18, 19, 41, 69, 70].
We first performed a detailed analysis of the ener-
getic landscape without including spin polarization.
These data, which are discussed more extensively in
the appendix, show that adatoms located on top of
Nb can relax in two different configurations. In the
first one, which we label as NT, the adatom is loc-
ated above the NbSe, monolayer, as expected. In the
second one, which we label as N—, the adatom sinks
slightly below the plane of the Se ions, pushing the
neighbors further away. The adatoms at the hollow
site and at the Se site relax to a single configuration
each, and for convenience we label them as H and S.
The four possible configurations obtained are visual-
ized in figure 1(c).

We can now proceed to investigate how mag-
netism affects this scenario, by performing spin-
polarized calculations in DFT. The relative energy
AE, the height of the adatom above the Se plane,
hm, as well as the magnetic moments of the impur-
ity and the nearest Nb atoms, respectively pmm and
[Nb> are reported in table 1. For all impurities, Ay is
increased with respect to the data without spin polar-
ization, which is consistent with an increased bond
length associated to 3d magnetism. This mechanism,
however, does not affect the N~ configuration, due to
the geometrical constraints on the adatom. As a res-
ult, the N~ configuration is energetically penalized,
by a correction that is proportional to the magnetic
moment. Hence, all the adatoms prefer to occupy
the H position. As for the non magnetic calcula-
tions, the S configurations are always much higher
in energy. Focusing on the magnetic moments, we
see an evident correlation between pmy and hry, for
all adatoms. In the S configuration, the largest height
corresponds to the largest moment, characterized by
a small hybridization with the NbSe, monolayer. In
the NT configuration, the height and the moment
are slightly decreased, which indicates a larger hybrid-
ization. A further decrease is observed for the H
configuration, which we already identified as the
most favourable arrangement. Finally, the moment
is drastically quenched in the N~ configuration, due
to the strong overlap with states from Nb and Se.
For Fe and Co, the hybridization is so strong that
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Figure 1. (a) Top view of the 4 x 4 supercell of 1H-NbSe, monolayer, showing the three considered sitting positions for the TM
atoms. The dotted line indicates the size of the supercell. (b) Side view of a part of the NbSe, monolayer. The topmost layer of Se
atoms is shown with a dotted line, which is used as a reference for the height of the TM atoms. (c) Schematics showing the four
possible equilibrium positions identified in DFT without spin polarization. In the Nt configuration, the TM atom sits at a finite
positive height above the Se layer, whereas in the N~ configuration the TM atom moves closer to the Nb atoms, making the

height negative.

Table 1. Total energy AE (eV) relative to the ground state, height of the adatom hm (&) above the Se plane, total magnetic moment of
the adatom g (p8), and total magnetic moment of the closest Nb atom ginp (128). The negative sign of puny indicates that this magnetic
moment is anti-parallel to the magnetic moment of the transition metal adatom. Data for both DFT and DFT+-U are reported. The H,
N7, N~ and S configurations are depicted in figure 1 and explained in its caption.

DFT DFT+U
AE b Hm LAND AE i M HNb
Cr H GS 0.39 2.70 —0.21 0.24 1.47 4.20 —0.28
N+ 0.17 1.26 3.68 —0.20 GS 1.41 4.16 —0.24
N— 0.50 —0.86 1.31 —0.10 1.67 —0.84 2.66 —0.46
S 1.48 2.21 4.27 —0.06 0.89 2.27 4.43 —0.07
Mn H GS 0.50 3.52 —0.18 0.08 1.18 4.40 —0.26
N+ 0.08 1.20 3.98 —0.15 GS 1.30 4.40 —0.15
N™ 0.61 —0.85 1.48 —0.30 1.91 —0.78 3.18 —0.56
S 1.88 2.29 4.66 0.02 1.27 2.38 4.89 0.04
Fe H GS 0.25 2.73 0.11 0.02 0.49 3.21 0.16
N+ 0.45 0.92 3.00 0.20 GS 1.03 3.34 0.28
N™ 0.18 —0.86 0.10 0.00 1.11 —0.64 2.34 —0.39
S 2.57 2.01 2.97 0.17 1.84 2.36 3.79 0.23
Co H GS —0.17 1.16 0.15 0.21 0.23 1.97 0.36
Nt 0.50 1.01 1.74 0.11 GS 1.12 1.94 0.20
N™ 0.29 —0.77 0.01 0.00 1.35 —0.87 0.02 0.00
S 2.65 1.98 1.92 0.13 2.30 2.07 2.22 0.22

the system does not even manage to form a signific-
ant local moment. A more quantitative analysis of the
hybridization is provided in appendix B. Finally, we
also note that a small moment is induced on the Nb
atoms. For the nearest neighbors, this moment is anti-
ferromagnetically aligned for Cr and Mn, but ferro-
magnetically aligned for Fe and Co. This is consistent
with the general behavior of these TMs in their bulk
form [71, 72].

Next, we consider that the physics of the 3d
electrons on adatoms is usually not well cap-
tured by standard DFT with local or semi-local
functionals [13, 18, 19, 41, 54]. To remedy this

problem, we performed fully relaxed DFT+U cal-
culations, whose results are reported on the right side
of table 1. As expected, the inclusion of an explicit
Coulomb interaction term increases the localiza-
tion of the TM-3d electrons, which in turn results
in a weaker covalent bonding with the Nb-4d states.
Thus, the adatom moves farther from the mono-
layer and pw increases, acquiring more atomic-like
character. This increased moment induces a larger
polarization of the Nb atoms too, i.e. a larger pp.
Although this may seem obvious at first, one should
also keep in mind that the increased localization of
the TM-3d states also implies a smaller hopping, and
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therefore a weaker exchange coupling with the Nb-
4d states. However, this effect does not seem to be
significant in these systems. Notice also that no mag-
netization is seen for Co in the N~ configuration,
as the Coulomb interaction is not strong enough to
overcome the hybridization with the neighboring
orbitals, as better illustrated in appendix B. Concern-
ing the energetic stability, in DFT+U all adatoms
prefer to arrange in the N configuration, in place
of the H configuration. This is consistent with pre-
vious studies on NbSe, and MoS, monolayers, des-
pite the usage of supercells with different periodicit-
ies [19, 41]. Finally, it is important to stress that our
analysis did not show any evidence of metastable spin
states, as e.g. those reported for adatoms on graphene
or MoS, [19, 54]. This is due to the fact that NbSe,
monolayer is metallic, which increases the hybridiz-
ation of the 3d states of the impurity and therefore
diminishes their atomic-like character. This is par-
ticularly important for DFT+U calculations, which
may lead to a plethora of local minima for atomic-
like systems as adatoms [73, 74]. Since the N* and
N~ configurations arise also without spin polariza-
tion (see appendix A), they cannot be considered as
metastable spin states.

4. Long-range inter-atomic exchange
coupling

Having clarified the relation between structural and
magnetic configurations, we proceed to investigate
the long range behavior of the exchange interaction.
We focus mainly on the ground state structure N*,
while additional data for the H configuration, which
lays slightly above in energy, are shown in the SM.
Since we are interested in the long range coupling, it
is more convenient to discuss results obtained along
the zigzag direction, a; in figure 2(a), which ensures
the maximum line density. Focusing on this direc-
tion, we calculated the inter-atomic exchange inter-
actions J;; between adatoms at sites i and j, for Cr,
Mn, Fe and Co in the N* configuration. The res-
ults obtained from DFT+U calculations, as a func-
tion of the distance R between the adatoms, are shown
in figure 3. For a better analysis of their asymptotic
scaling, the J;;’s have been multiplied times RZ%. This
factor should account for the scaling expected for the
exchange coupling between two localized moments
mediated by a 2D electron gas, which is a generaliza-
tion of the RKKY interaction [75, 76]. Previous stud-
ies based on model Hamiltonians have in fact shown
that the inter-atomic exchange coupling between TM
adatoms on doped MoS, [77, 78] scales as R™2 at
large distances. NbSe; is metallic from the outset and
in principle one may expect a similar scaling even in
absence of doping. However, the inspection of figure 3
reveals a more complex behavior, with a decay that
is much faster than a quadratic scaling. As we will
see below, this is a consequence of the particular FS
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of these systems. The second common feature for all
the adatoms reported in figure 3 is that the inter-
atomic exchange interaction oscillates between being
ferromagnetic (positive sign) and anti-ferromagnetic
(negative sign). This is another manifestation of the
RKKY coupling and can also be connected to the
topology of the FS. Going more into the details of
each element, we can notice that Fe and Co are char-
acterized by oscillations of similar period as well as a
similar scaling. For Cr, instead, the magnetic coup-
ling seems to decay faster and the oscillations seem
to have a slightly shorter period. Finally, the decay of
the exchange interaction in Mn is so fast that we can-
not really resolve the period of the oscillations for the
inter-atomic distances under consideration.

Overall, figure 3 shows a non-trivial trend that
cannot simply be interpreted in terms of a gradual
filling of the 3d orbitals. Nevertheless, a qualitative
understanding can be gained by analyzing the basic
features of the density of states (DOS) and FS. The
calculated FSs of all systems in their N™ configura-
tion are shown in figure 4. Common features include
a triangular-shaped electron pocket at K or a lens-
shaped hole pocket at M, or both. The analysis of
the band structure and the fat bands, included in the
SM, illustrates that the electron pockets at K have
major contributions from the TM-d. states whereas
the hole pockets at M originate mainly from Nb-d,
states. Besides these common features, some differ-
ences are also evident for each adatom. The FS of
the systems with Fe and Co have both electron and
hole pockets. Cr has only the electron pockets at K,
but no hole pockets at M, whereas the opposite hap-
pens for Mn. A direct comparison between the sys-
tems with Co and Fe suggests that the amplitude of
the Jj; oscillations directly depends on the volume of
the Fermi pockets. In fact, figure 4 shows that their
FSs are similar, but the volume of both electron and
hole pockets is smaller for Fe than for Co. At the same
time, figure 3 shows that the J;s of Fe and Co have
oscillations of similar period, but a smaller amplitude
is observed for Fe, if compared to Co. In the case
of Cr, we see that the FS consists of small electron
pockets at K, which originate from the Cr-d,. states.
The hole pockets coming from Nb-d . states are miss-
ing, which indicates a weak coupling between Cr and
Nb states. As a result the J;; oscillations vanish very
quickly for increasing inter-atomic distance. For Mn,
we only have the hole pockets at the M points coming
from the Nb-d,. states. The Mn-d,. states are far from
the Fermi energy, due to the large exchange splitting.
This is clearly visible in the TM-3d projected DOS,
shown in figure 5. As a consequence of the limited
hopping involving the TM-3d states, the inter-atomic
exchange interaction has a very short range.

A more comprehensive theory for understanding
the behavior of the RKKY coupling between adatoms
on metallic 2D materials can be formulated bor-
rowing from the seminal works by Roth et al [79],
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Figure 2. (a) Top view of the 4 X 4 NbSe; supercell with TM adatoms in the NT configuration, including the lattice vectors a,
and a, as well as the Wigner—Seitz (WS) cell. Jo, is the inter-atomic exchange interaction between the central TM atom and its
second neighbor along the a; lattice vector direction. (b) Corresponding Brillouin Zone (BZ), including the two reciprocal lattice
vectors by and by, as well as high symmetry points. The reciprocal space direction along I'-K’ corresponds to the real space
direction along a;.

(mRy-A’)

JyRZ
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R(A)
Figure 3. Inter-atomic exchange interaction J;; between adatoms at sites i and j along the zigzag direction, as a function of their

distance R. Data for Cr, Mn, Fe and Co in the NT configuration in DFT+U are shown. Note that the J;;’s are multiplied by R? to
take into account their expected asymptotic behavior and make the long range oscillations more visible.
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Figure 4. FS of Cr, Mn Fe, and Co on monolayer NbSe; in the N+ configuration, as obtained in DFT+U. Two basic features are
visible: a triangular-shaped electron pocket at K and a lens-shaped hole pocket at M. The dominant spin and orbital character of
the Fermi pockets is also indicated.
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Figure 5. Projected DOS for the TM-3d states for selected adatoms on NbSe; as obtained in DFT+U. Positive and negative signs
correspond to majority and minority spins, respectively.
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Figure 6. Fitting of the inter-atomic exchange interaction J;; with an exponentially decaying sine wave for (a) Co and (c) Fe.
(b) Possible caliper vectors identified in the FS of Co. In the case of Fe, we obtain the same vectors, albeit with a different length.
(d) Table illustrating the lengths of the possible caliper vectors found for Fe and Co.

Bruno et al [80-84] and Pajda et al [44]. The concept
of complex FS [44, 83] helps us understand why
the long range exchange coupling decays faster than
R%. As shown in figure 4, the contribution of the
TM states to the FS include at most one spin chan-
nel, which means that a gap characterizes the other
spin channel. This leads to an additional exponen-
tial decay that dominates over the quadratic scal-
ing, as it happens e.g. in strong ferromagnets [44,
85]. This also explains why Mn stands out as hav-
ing an exchange coupling that has a much shorter
range and no marked oscillations, given that its
FS shows states that have no dominant TM con-
tribution, for either spin. Determining the pre-
cise factor governing the decay is complicated, but
insightful information can be obtained by fitting the
inter-atomic exchange via an expression as J(R) ~
Asin (Q x R+ ¢)R™2exp (—nR). Here, A and Q are
respectively amplitude and period of the oscillations,
¢ is a phase factor and 7 describes the exponential
decay. In figure 6, we illustrate the results of the fit-
ting for Fe and Co, which are the two elements for
which the RKKY nature of the coupling is more evid-
ent. Although in principle one could have a super-
position of more oscillatory functions [86], the data
in figure 6 suggest that a single mode is sufficient
to describe the asymptotic behavior of Fe and Co
adatoms on NbSe,. The coefficients determining the
exponential decay were found to be g = 0.04 A~}

and 7¢, = 0.03 A~!, providing a more quantitative
connection between J;’s and FS. The periods of the
oscillations were instead found to be very similar, i.e.
Qre =0.110 A~ " and Qg, = 0.105 A~!. These vectors
can be traced back to the details of the FS and in par-
ticular to the possible caliper vectors [44, 79, 87, 88].
The latter have to be parallel to the '-K’ direction,
i.e. parallel to the real space direction a; that we
used to calculate the Jjj’s, see figure 2(b). As illus-
trated in figure 6(b) for Co, we can identify a total
of seven possible caliper vectors that are parallel to
K. Their precise values for Fe and Co are repor-
ted in figure 6(d). It is evident that the caliper vec-
tors that are in better agreement with the fitting are
those labeled as Q3, connecting the electron pockets
at the K or K’ points to the hole pockets at the M
points and having a value of 0.133 A=! and 0.117 A~}
for respectively Fe and Co. These caliper vectors have
also important nesting properties, connecting large
parallel regions from the electron and hole pockets.
The small discrepancy between the identified caliper
vectors and those obtained from the fitting is attrib-
uted to the numerical uncertainties characterizing the
latter.

When comparing the properties of the exchange
coupling for Fe and Co adatoms, we should keep in
mind that the difference between these two systems is
not limited to the FS, but involves also the local charge
and magnetic moment, which in turn affect the local
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obtained for different heights of the Co atom along the important high-symmetry paths in the BZ. (c) Comparison of the
inter-atomic exchange interactions J és for different heights of the Co atom.

R(A)

hybridization. To avoid these multiple changes, we
performed additional calculations for the Co system
only, where the height of the impurity is varied with
respect to its GS value, as shown in figure 7(a). Relat-
ing the changes obtained for the J/s to those obtained
in the FS can help us clarify if the previously iden-
tified caliper vectors are really those responsible for
the long-range behavior of the RKKY coupling. The
inter-atomic exchange interactions calculated in the
systems where the Co adatom height is modified of
+0.20 A with respect to hgs = 1.12 A are reported in
figure 7(c). It is clear that the changes induced by a
different height are minimal and concern mainly the
amplitude of the wave and not its period. The corres-
ponding band structures along the relevant high sym-
metry directions are shown in figure 7(b). We see that
increasing the height leaves the electron pocket at K
substantially unvaried, while the hole pocket around
M becomes smaller, due to the band moving down-
ward. Decreasing the height, instead, leads to a larger
electron pocket at K and a larger hole pocket at M,
with their corresponding bands moving downward
and upward, respectively. From the FS, we can extract
the full set of caliper vectors and their variations with
respect to the height, as reported in table 2. As we can
see, the smallest absolute and relative variations are
obtained for the vector Qs, which is exactly the one we
had identified above. All the other vectors experience
a change of about 10%, which does not correspond
to what observed in figure 7(c). The reason why the

caliper vector Qs remains unchanged is that it con-
nects two parallel regions of electron and hole pock-
ets that move toward the same direction when these
pockets are both increased or decreased in volume.
Therefore, we can conclude that this caliper vector
determines the long-range behavior of the magnetic
coupling for Fe and Co adatoms on NbSe,.

For sake of completeness, we investigated how the
previous discussion is affected by the precise choice
of the Coulomb interaction parameters. To this aim,
we performed selected calculations for Co adatoms
in the N configuration, whose results are illustrated
in the SM. Despite some quantitative differences in
the magnetic coupling at short distances, the asymp-
totic behavior of the long-range oscillations remains
unchanged. This reflects the fact that the degree of
localization of the 3d states of the adatoms, which
is directly affected by U, does not induce relevant
changes in the characteristics of the FS. Overall, these
results show that our conclusions are solid and do not
depend on the details of our calculations.

Finally, we also performed the analysis of the
inter-atomic exchange interaction of the adatoms in
H configuration, corresponding to the first excited
state. These data, presented in the SM, show a more
complex behavior, where one cannot resolve well
defined oscillatory asymptotics. This behavior can
be traced back to a higher complexity of the FS,
indicating the presence of two overlapping modes.
The exponential decay is also present and seems to

9
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Table 2. Possible caliper vectors Q (A™!) calculated when the height & (&) of the Co adatom on NbSe; is changed. The absolute
variation is calculated using the range of the values, while the relative variation is obtained from it by dividing by the GS value. No
further structural relaxation is performed with respect to the GS configuration. The precise visualization of the caliper vectors is

provided in figure 6(b).
heo Variation

0.92 1.12 1.32 Absolute Relative
O 0.081 0.074 0.072 0.009 12.2%
Q2 0.206 0.184 0.186 0.020 10.9%
Q3 0.116 0.117 0.118 0.002 1.7%
Qs 0.142 0.160 0.160 0.018 11.3%
Qs 0.079 0.089 0.086 0.010 11.2%
Qs 0.178 0.193 0.202 0.024 12.4%
Q7 0.270 0.255 0.249 0.021 8.2%

be more marked than the one observed for the N+t
configuration.

5. Conclusions

In this work, we have investigated the nature of
the magnetic coupling between adatoms deposited
on a monolayer of NbSe,. We have shown that the
adatoms may occupy several stable configurations,
whose energetic hierarchy depends on the method
used for the computations. In DFT+U, which we con-
sider as the method of choice among those we used,
all adatoms prefer to occupy a position just on top
of the Nb atoms and above the Se plane, which we
named as N7 configuration. The magnetic moments
obtained for each adatom are found to be slightly
lower than their corresponding ionic values, which
reflects the presence of a finite hybridization with
the metallic substrate. The calculated inter-atomic
exchange couplings show that pairs of adatoms inter-
act with each other via RKKY interaction, accompan-
ied by a further exponential decay that is due to the
absence of one of the spin channels from the FS, in
the case of Cr, Fe and Co. For these elements the
exchange is found to oscillate between ferromagnetic
and anti-ferromagnetic character, and the period of
the oscillation is found to be determined by the cal-
iper vector connecting electron pockets at K and hole
pockets at M. We have also shown that this vector
is rather insensitive to changes of the height of the
adatom. This implies that one can in principle manip-
ulate the magnetic character of pair of atoms on top
of NbSe; by moving them in-plane, without signi-
ficant effects arising from the out-of-plane modi-
fications. This seems to offer a better realization of
the magnetic interaction control between adatoms by
means of external bias voltage, recently proposed by
Badrtdinov et al for phosphorene [70]. Furthermore,
considering that NbSe; is metallic and that adatoms
have a single spin configuration (without low and
high spins), probing their magnetic interactions via
inelastic electron tunneling spectroscopy seems much
more feasible. Cr, Fe and Co adatoms seem easier to
be measured, as they experience a stronger exchange
interaction. Mn adatoms may instead involve more
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difficulties, having an exchange interaction that is
smaller and extremely short ranged. Nevertheless, this
limitation may become an advantage for controlling
the spin interaction at the atomic scale and tailor
more complex systems with well defined magnetic
properties. Since monolayer NbSe, is a supercon-
ductor, the manipulation of the magnetic coupling is
also connected to the study of the coexistence of mag-
netic order and superconductivity. As recently shown,
thelocal magnetic order leaves a clear signature on the
Yu-Shiba—Rusinov states that, in presence of strong
spin-orbit coupling, may support low-dimensional
topological superconductivity with Majorana bound
states [89].
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Table Al. Total energy AE (eV) relative to the ground state and height of the adatom hm (&) above the S plane, as obtained in DFT

without spin polarization.

AE hw
H Nt N~ S H N+ N~ S
Cr GS 1.26 0.17 4.78 —0.03 1.07 —0.87 1.87
Mn 0.06 1.24 GS 4.68 —0.22 1.00 —0.88 1.85
Fe 0.08 1.22 GS 4.26 —0.28 0.93 —0.86 1.87
Co GS 0.85 0.28 3.40 —0.25 0.89 —0.76 1.91
Appendix A Appendix B

Here we focus on the energetic landscape obtained
in DFT without considering any spin polarization.
In table Al, we illustrate the energy and equilib-
rium height of all the investigated adatoms posi-
tioned on the NbSe, monolayer. The positions are
labeled as explained in the main text and illustrated
in figure 1(c). We first notice that the energy of the S
configuration is much higher than those of the other
configurations, for all adatoms, and is also accom-
panied by the largest height. This suggest that a large
energy gain results from the strong covalent interac-
tion between the TM and Nb atoms, which is present
for all configurations except S. As a matter of fact,
one can see a strong correlation between the equilib-
rium height and the relative energy with respect to
the ground state. As discussed in the main text, there
are two possible equilibrium heights for adatoms loc-
ated on top of the Nb site. These two stable con-
figurations arise from the competition between two
possible microscopic interactions. One of them is the
aforementioned covalent interaction between the TM
atom and the Nb atoms. The other one is due to
the steric effects between the TM atom and the top-
most Se layer. The competition between these two
types of interaction results in a potential well with
two minima with respect to the variation of the height
of the TM atom along the z-direction, perpendicu-
larly to the monolayer. The location of the two min-
ima is on either side of the top Se layer, separated by
the potential barrier resulting from the steric effects.
Therefore, we obtain two different geometries at the
Nb site, which were labeled as N* and N~ in the
main text. As expected from the large difference in
height, the N~ configuration is more favourable in
energy than the N™ configuration, when spin polar-
ization is not considered. Table Al shows that the
H configuration and the N~ configuration are very
close in both height and energy. In fact, Cr and
Co prefer the H structure, while Mn and Fe prefer
the N~ structure.
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In this section we provide a more quantitative analysis
of the hybridization of the TM-3d states with their
chemical environment. To this aim, we will employ
the local hybridization function A(E), which can be
obtained directly from the local Green’s function,
projected on a given set of local orbitals [56]. Recent
works have shown that the hybridization function can
provide significant insight into the physical proper-
ties of various compounds [90-92]. For sake of sim-
plicity we will limit our analysis to Mn impurities,
as the other impurities show a similar behavior. The
trace of the imaginary part of A(E) for the Mn-3d
states, as obtained in spin-polarized DFT, is illus-
trated in the bottom panel of figure B1. The 4 differ-
ent curves correspond to the four possible configura-
tions discussed in the text. The other three panels of
figure B1 show the total DOS, as well as the projec-
ted densities of the 4p states of the nearest Se atoms
and the 4d states of the nearest Nb atoms. Focus-
ing on A(E), we observe that the smallest hybrid-
ization is found for the S configuration (blue dot-
ted line), which is consistent with having the largest
distances from Nb and Se atoms. A slightly larger
hybridization is observed for the N* configuration
(red dashed line), mainly determined by the Se-4p
states. A more structured hybridization characterizes
the H configuration (black line), which is also the
ground state in spin-polarized DFT. The largest peak
is found at —1.5eV and can find correspondence in
the Se-4p states in the same energy range. Finally, the
largest hybridization is found for the N~ configura-
tion (green line) and the most important contribu-
tion is visible around the Fermi energy. In this energy
range, there is a clear correspondence with Nb-4d
states, Se-4p states, as well as other states arising from
different electronic shells and visible in the total DOS.
The strength of the hybridization is also found to be
proportional to the difference observed between the
calculated Mn magnetic moment, reported in table 1,
and its expected ionic value. The trends described
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Nb atoms, as well as hybridization function of the Mn-3d states for the four considered sites of the impurity. Data obtained from
spin-polarized DFT calculations.

above are also observed in DFT+U, although the
stronger localization of the TM-3d states leads to a
smaller hybridization function overall.
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