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We perform first-principles calculations to determine the electronic, magnetic, and transport properties of
rare-earth dichalcogenides, taking a monolayer of H-phase EuS, as a representative. We predict that the H phase
of the EuS, monolayer exhibits a half-metallic behavior upon doping with a very high magnetic moment. We
find that the electronic structure of EuS; is very sensitive to the value of Coulomb repulsion U, which effectively
controls the degree of hybridization between Eu f and S p states. We further predict that the nontrivial electronic
structure of EuS, directly results in a pronounced anomalous Hall effect with nontrivial band topology. Moreover,
while we find that the spin Hall effect closely follows the anomalous Hall effect in the system, the orbital
complexity of the system results in a very large orbital Hall effect, whose properties depend very sensitively on
the strength of correlations. Our findings thus promote rare-earth-based dichalcogenides as a promising platform

for topological spintronics and orbitronics.
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I. INTRODUCTION

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs) have attracted enormous attention due to their strong
potential as a platform for various flavors of spintronics
effects. The rich set of electronic phases that TMDs ex-
hibit includes semiconductors [1-3], semimetals [4], metals
[5], and superconductors [6], which allows for novel design
paradigms incorporating multiple complex phases of matter.
Furthermore, due to a combination of low crystal symmetry
and spin-orbit coupling (SOC) [7], these materials can host
exotic excitations and exhibit different transport properties.
For example, recent studies suggested that TMDs naturally
lacking inversion symmetry can be exploited to exhibit a va-
riety of Hall effects such as the anomalous Hall effect (AHE)
[8], valley Hall effect [9,10], spin Hall effect (SHE) [11,12],
or even the orbital Hall effect (OHE) [13-23].

Among the latter two phenomena, the SHE and OHE have
attracted particular attention owing to bright prospects for
spintronic applications [24-27]. While the SHE is a well-
known phenomenon that has, by now, been studied in depth
[28], the OHE is much less explored [18,20-22,25]. The
essence of the OHE is in the coupling between the orbital mo-
tion of electrons and an electric field, which drives a transverse
flow of orbital angular momentum, as opposed to spin angular
momentum in the SHE [13,15,18,29-31]. Such orbital Hall
currents can, for example, generate a measurable effect via
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the generation of the orbital type of torques on magnetization
[32,33] or can give rise to strong nonlocal spin currents via
the effect of spin-orbit coupling [34]. This also gives rise to
a new channel for information transfer: the orbital channel.
Harnessing the physics of orbital currents is expected to push
spintronics into a new direction, the direction of orbitronics
[35].

On the side of materials, the OHE has been studied pre-
dominantly in nonmagnetic systems, and very little is known
about orbital currents in magnetic systems, especially in low
dimensions. In this light, magnetism in 2D materials can be
extremely profitable for spintronics and orbitronics [36-38].
Recent discoveries of magnetic order in various classes of
2D magnets such as Crlz [39], Fe;GeTe, [40], and bilayer
Cr,Ge,Teg [41,42] have given the exploration of novel 2D
ferromagnetic materials and their magnetic properties signifi-
cant momentum. On the side of TMDs, several representative
compounds, such as metallic VX, [43-45], CrX, [45-47], and
semiconducting MnS, (X = S, Se, Te) [45,48,49], have been
shown to exhibit magnetic ordering in their ground state. A
very promising direction to pursue here is the realization of
2D magnetic materials, in particular dichalcogenides, based
on 4f elements. Given a strong tendency to magnetism and
strong SOC combined with the orbital complexity of 4 f elec-
trons, 4 f-based 2D materials are expected to serve as a fruitful
foundation for various spin and, especially, orbital transport
effects.

In this work, we perform first-principles calculations of
structural, electronic, magnetic, and transport properties of
the H-phase monolayer of the 4f rare-earth dichalcogenide
EuS,. Taking EuS, as an example, we thus aim to uncover
the potential of the 4 f rare-earth dichalcogenides as possible

©2022 American Physical Society
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sources of pronounced charge, spin, and orbital currents.
Keeping in mind the importance of correlation effects in f
electron materials, we consider a range of Coulomb strengths
as given by the parameter U, finding that EuS, has a very
large magnetic moment and a large band gap for a wide
range of correlation strengths. Importantly, we find a strongly
increased p-d-f hybridization among Eu and S atoms upon
increasing U, which has a drastic influence on the transport
properties. Specifically, our calculations predict that in the
strongly correlated limit the electronic bands in EuS; have a
nontrivial topology, which results in sizable nearly quantized
values of the anomalous Hall conductivity (AHC) exhibited
by the f states. Remarkably, we find that the SHE in the
system largely follows the behavior of the AHE owing to the
strong majority character of the occupied f states, while the
OHE exhibits a very nontrivial behavior as a function of band
filling, reaching a magnitude more than six times larger than
that of the SHE. The detailed analysis we have carried out
of the electronic structure in conjunction with Hall effects
in the EuS, makes it possible to grasp the basic principles
that can be used to turn rare-earth dichalcogenides into an
efficient source of orbital currents. Given the strong tendency
of this class of materials to magnetism, we thus propose that
rare-earth dichalcogenides can occupy a unique place in the
exotic niche of 2D magnetic materials with high potential for
spintronics and orbitronics. Our paper is structured as follows:
In Sec. II we provide the computational details of our study. In
Sec. III we present the results of our calculations and analysis,
including a discussion, and we end with a brief discussion in
Sec. IV.

II. COMPUTATIONAL DETAILS

Our first-principles calculations were performed using
the film version of the full-potential linearized augmented
plane wave method [50], as implemented in the Jiilich den-
sity functional theory (DFT) code FLEUR [51]. We used
the Perdew-Burke-Ernzerhof approximation to the exchange-
correlation potential [52]. The structure of the monolayer was
relaxed so that residual forces are well below 0.001 eV /A. For
self-consistent calculations we used a 16 x 16 Monkhorst-
Pack grid in the first Brillouin zone and a plane-wave cutoff
of 4.1a, I where aq is the Bohr radius. We set an angular
momentum expansion of 10 and 8 for Eu and S atoms, respec-
tively. The muffin-tin radii of Eu and S atoms were set to 2.8a,
and 1.94q,, respectively. SOC was included self-consistently
within the second variation scheme for all calculations.

To treat the effect of strongly correlated electrons in the 4 f
shell of Eu we applied the GGA+U method within the self-
consistent DFT cycle [53]. The on-site Coulomb interaction
strength U applied to the Eu 4f states was varied from 0
to 6.7eV, and the intra-atomic exchange interaction strength
J was chosen to be 0.7eV [53]. The optimized structure of
H-EuS,; is shown in Fig. | together with the definition of
the axes. We first performed structural relaxations without U,
which yielded a lattice constant of H-EuS, of 4.616 A and
a distance between the planes of the Eu and S atoms along
the z axis of 1.1 A. Adding a Coulomb repulsion strength of
U = 6.7¢eV modified the values of the respective distances

FIG. 1. Top and side views of H-phase monolayer EuS,. The
dark blue balls and yellow balls represent Eu and S atoms, respec-
tively. The definition of the axes is shown with arrows.

to 4.744 and 1.08 A. All calculations were performed for the
latter values of the structural constants.

Transport calculations were performed for two values of U:
2.5 and 6.7 eV. The calculations of the AHC, spin Hall con-
ductivity (SHC), and orbital Hall conductivity (OHC) were
performed according to expressions discussed below by ex-
ploiting the technique of Wannier interpolation [54,55]. In
order to do this, 36 maximally localized Wannier functions
(MLWF) were constructed out of the ab initio electronic struc-
ture by projecting the Bloch states onto p states of S and f and
d states of Eu atoms to reproduce the electronic structure in
an energy window that contains all the states below the Fermi
energy and enough states above the Fermi energy. Throughout
this work we treat the system as a perpendicularly magnetized
ferromagnet. For U = 6.7 eV the magnetic anisotropy energy
was estimated to be of the order of 30 ueV, favoring the out-
of-plane direction of magnetization, while the ferromagnetic
state was found to be 0.3 meV lower in energy than the row-
wise antiferromagnetic state. We have to remark that these
values may change following changes in the Fermi energy
in the system upon doping, which presents the main case of
interest in this study (see discussion below).

III. RESULTS AND DISCUSSION

A. Electronic structure of EuS,

We first discuss the electronic structure of EuS,. We re-
call that consistent with Hund’s first rule, the intra-atomic
exchange interaction arranges the electronic configuration of
the half-filled Eu 4f shell in the 4f7 configuration, giving
rise to a large magnetic moment of 6.95ug, a value which is
robust with respect to the correlation strength. This is signifi-
cantly larger than the spin moments in other TMD materials,
compared, e.g., to Refs. [44,48,49]. In Fig. 2 we show the
computed band structure of the system [Figs. 2(a)-2(d)], to-
gether with the densities of states (DOSs) [Figs. 2(e)-2(h)],
for U values of 0 eV [Figs. 2(a) and 2(e)], 2.5 eV [Figs. 2(b)
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FIG. 2. Electronic structure of the H-phase EuS, monolayer as a function of Coulomb repulsion strength U. In (a)—(d) the band structures
are shown for U = 0, 2.5, 4.5, and 6.7 eV, respectively. In (e)—(h) the corresponding evolution of the spin-resolved density of states is shown.

In (e)—(h) the left and right parts of the plots correspond to the majority

and minority spins, respectively, while the densities of states of Eu

f,Eud, and S p states are shown with dark red, orange, and blue thin lines, respectively. While the dominance of the majority Eu f states at
the Fermi level is evident, increasing U drives the hybridization of Eu f states with S p states. This has a drastic influence on the transport

properties of the system, as discussed in the text.

and 2(f)], 4.5 eV [Figs. 2(c) and 2(g)], and 6.7 eV [Figs. 2(d)
and 2(h)]. The quantitative features of the electronic structure
of EuS, are similar irrespective of U: The highest occupied
states are formed by the Eu 4f majority electrons. The po-
sition of the minority f states varies from about +4 eV for
U =0¢eV to about +10eV for U = 6.7¢V, and we do not
discuss these states further. The valence band maximum is
positioned at the I" point. We find p states of the chalcogen S
atoms well separated and lying above and below the majority
f states. Together with Eu f and d states the p states of
S form bonding and antibonding states that have an energy
separation of about 3.5 eV irrespective of the spin channel.
The lowest conduction band is relatively flat, and it is formed
by states with primarily S p character. The conduction band
minimum is also positioned at the I' point, and the EuS,
monolayer exhibits a direct band gap of f-p transition. The
higher conduction bands following the S p band are formed by
highly dispersing Eu 6s and 5d states. The localized occupied
4f states act as a repulsive scattering potential to the S p
electrons which moves bonding and antibonding S p states in
the majority and minority spin channels to lower and higher
energies, respectively. This introduces a small exchange split-
ting, visible in Figs. 2(a)-2(d), and a magnetic moment of
—0.28up on S atoms. The values of the orbital moments of
Eu and S atoms are practically negligible.

Focusing on the 4 f states, in the ground state, at U = OeV,
the majority f states are separated from the conduction S p

states by about 1 eV [direct band gap of 0.59 eV at I'; see
Figs. 2(a) and 2(e)]. Increasing U leads to an increase of the f-
p gap without a change in dispersion, and the 4 f states move
down in energy closer to the occupied S p valence states (or,
alternatively, since the Fermi energy is fixed by the band edge
of the majority 4 f states, the S p states move up in energy with
respect to the f states). At U = 6.7¢V this results in a p-f
energy separation of about 3 eV at the Fermi energy [direct
band gap of 2.27 eV at I'; Figs. 2(d) and 2(h)]. This puts EuS,
among the large band gap TMD semiconductors [56,57]. On
the other hand, increasing U drives the lower p states into
the region of majority f states. In turn, this drives a strong
hybridization between the p, d, and f states, which results in
the orbital complexity and strong modifications that U brings
to transport properties of the doped system which we discuss
below. We conclude at this point that the EuS, monolayer is
a ferromagnetic semiconductor with a direct band gap, whose
value depends on the choice of U. The studied system can
be turned into a half metal upon replacing Eu by, e.g., Gd,
forming an Eu,_,Gd,S; layer.

B. Anomalous Hall effect in EuS,

Next, we proceed to investigate the AHE in the system.
Here, we focus on the intrinsic Berry curvature contribution
to the AHC tensor [58]. To compute the Berry curvature from
MLWEF we first construct a tight-binding MLWF Hamiltonian
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FIG. 3. Transport properties of monolayer EuS, as a function of
band filling. (a) Anomalous Hall conductivity (AHC) oay, (b) spin
Hall conductivity (SHC) osy, and (c) orbital Hall conductivity
(OHC) ooy, computed as a function of band filling in EuS, for
U = 2.5eV (red dashed line) and 6.7 eV (blue solid line). Vertical
dashed lines in (c) are guides to the eye marking the position of
energy at —1.2, —0.9, —0.6, and —0.4eV. The influence of S-Eu
hybridization at U = 6.7 eV is clearly visible in the plot: while in the
case of weak hybridization at U = 2.5eV the AHE and SHE in the
system are suppressed, the combined effect of interacting S p and Eu
f states on the overall magnitude and complex behavior of the AHE,
SHE, and OHE at U = 6.7 eV just below the Fermi energy is drastic.

and use the Wannier interpolation technique to efficiently
evaluate the xy component of the AHC oy as a Brillouin
zone integral on a 300 x 300 mesh of k points according to
the expression:

&2 d’k
= - A Jn Qn s 1
o =—— Z/BZ oy ok (1)

with fx being the Fermi-Dirac distribution function and the
Berry curvature €2, of a state n at point k being given by

an — 2h2 Zlm (unk|vx|umk) (umk“)ylunk) , (2)
n#m (Ene = Enic + in)?

where E,; is the energy of a Bloch state with the lattice-
periodic part of Bloch wave function given by u, and v; is the
ith Cartesian component of the velocity operator. To improve
the convergence, we set n = 25 meV.

The results of our calculations of the AHC are summarized
in Fig. 3(a) for the cases of U = 2.5 and 6.7 eV, of which we
first discuss the former. The energy dependence of the AHC
for U = 2.5eV is shown with a dashed line in Fig. 3(a), where
we observe that the AHC is nonzero only in narrow windows
between —0.6 and +0 eV and —3 and —2 eV. They correspond
to the upper region of majority f states and the region of
occupied S p states, respectively. The out-of-plane spin and
orbital polarization of these states is shown in Figs. 4(a) and
4(b). We observe that the low-lying p states are slightly ex-

change split (by 50-100 meV) and perfectly spin polarized,
and they display very strong orbital polarization, especially
at the top and bottom of the group. This is consistent with the
process of p, £ p, orbital polarization, confirmed by the DOS
analysis (not shown), giving rise to nontrivial Chern numbers
and a nonvanishing AHC in the region of these states [59].
By inspecting the region of f states in Figs. 4(a) and 4(b)
more closely, we observe the formation of relatively large
gaps among the groups of f states, separated by the combined
effect of crystal field and spin-orbit interaction. The topolog-
ical nature of these gaps is predominantly trivial; that is, the
quantized value of the AHC within these gaps is topologically
trivial, except for the case of the gap at about —0.4 eV, where
the AHC is quantized to a value of —1 % (i.e., having a Chern
number of —1). From the analysis of the orbital character
of contributing states it is clear that this is the region where
the overall change in the sign of orbital polarization of the
states around the gap takes place. This change in the orbital
polarization across the gap mediated by the spin-conserving
part of spin-orbit interaction can be closely associated with
the nontrivial AHC in this region [59].

At this point we would like to comment on the logic be-
hind the energy-resolved orbital polarization of the system for
U = 2.5¢V. For this correlation strength, the Eu f states are
separated from the p states of S atoms. The 4 f electrons are
localized and experience a nonspherical potential exhibiting
the point group symmetry of the Eu atom embedded in the
EuS; monolayer. Therefore, the development of the orbital
moments is a result of a competition between Coulomb inter-
action, summarized under Hund’s second rule, and the crystal
field. We notice that our results still resemble Hund’s second
and third rules [Figs. 4(a) and 4(b)]. In the lower half of the
4 f majority states, the orbital moment is opposite to the spin
moment, while for the upper half of the 4f states the orbital
moment is parallel to the spin moment, which results in a
negligible orbital moment when summed over all majority 4 f
states. For S 4p states the situation is very different since the
p states are subject to a large band dispersion where crystal
field effects dominate. For states along I'-M the dispersion of
the S p states is rather small, and Hund’s third rule is obeyed
since the orbital moments of the lower (upper) half of the
bands is antiparallel (parallel) to the spin moments, but the
strong crystal field associated with the band dispersion along
the high-symmetry lines M-K-I" makes Hund’s third rule in-
applicable. This violation becomes even more prominent for
larger values of the correlation strength.

The effect of direct interaction between the p states of S
and f states of Eu, which takes place when we increase the
correlation strength to U = 6.7 eV, has a profound effect on
the AHE. From the analysis of the DOS and spin polarization
of the states shown in Fig. 4(c) we observe that minority p
states are easily identifiable as they do not at all hybridize with
the f states of opposite spin. The hybridization of the majority
pand f states is, on the other hand, drastic, which is evidenced
by strong changes in the position and dispersion of the bands,
as well as increased spread of Eu and S states over the region
of almost 1.5 eV in energy for this spin channel. The resulting
orbital complexity of hybridized states, visible in Fig. 4(c),
has an amplifying effect on the overall magnitude of the
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FIG. 4. Evolution of (a) and (c) the out-of-plane spin (S.),x and
(b) and (d) orbital polarization (L.),x of occupied states in EuS,.
(a) The occupied spin-up f states of Eu above —0.8eV (top) and
S p states in the region between —3 and —1.5eV (bottom) for the
case of U = 2.5eV. Note that both groups of displayed states are
isolated in energy from other states. (c) The hybridized group of oc-
cupied f and p states for the case of U = 6.7 eV which reside above
—1.5eV. (b) and (d) are analogous to (a) and (c). The value scales
are indicated by the color bars at the bottom in units of /i. Horizontal
dashed lines in (c) and (d) are guides to the eye marking the position
of energy at —1.2, —0.9, —0.6, and —0.4¢eV. (e), (f), (g) and (h)
Distribution of the orbital Berry curvature along high-symmetry lines
for the indicated position of the Fermi energy, shown together with
the distribution of the corresponding orbital Berry curvature in the
Brillouin zone.

AHC. In particular, close to quantized values of the AHC are

achieved for the lower bands around —1.2eV (oag ~ +1 5,
related to a global gap present there, crossed by minority S

states), a wide plateau around —0.6 eV (with oayg ~ —1 %, re

lated to the nontrivial gap between three upper and five lower
majority bands, separated by an “inactive” band at —0.55 eV),

and a peak at —0.4 eV (with oay ~ —2 %).

C. Spin Hall effect in EuS,

We now move on to the study of the SHE and OHE
in the system. While the SHE has been explicitly studied
in group-VI dichalcogenides [11,12], very recently, Canon-
ico and coworkers investigated the orbital Hall effect in the
nonmagnetic H-phase 2D TMDs MoS, and WS, [14,16],
addressing especially the question of quantization of the OHC
within the electronic energy gaps and the corresponding emer-
gence of the quantum orbital Hall insulating phase. The study
of the OHE is a subject of general interest since the magnitude
of the OHC can often be dominant over that of the SHC, which
suggests systems with a large OHE as a potential platform for
novel concepts in orbitronics [35,60].

Motivated by these considerations, we proceed to explore
the possibility that EuS, can host SHE and OHE. Following
the established methodology [22,61], we calculate the SHC
and OHC, which mediates the generation of a transverse
in-plane current of out-of-plane (spin or orbital) angular mo-
mentum in response to an applied electric field, according to
the Kubo expression:

OOH/SH = —2/(27”2 QF, 3)

where the so-called spin (orbital) Berry curvature reads

Qi =2/ Im

m##n

(ke | 7Vttt ) (e | Vs | U
— 4)
(Enk — Epie + 1)

with jyjZ being the spin (J, = S,, the z component of the
spin operator) or orbital (J, = L., the z component of the
local angular momentum operator) current operator defined
as ji = (v, + J.vy)/2.

We first look at the SHE, presenting the results of the
calculations in Fig. 3(b). For the case of U = 2.5eV we find
that for the f states the SHC precisely follows the AHC as
the band filling is varied. This is consistent with the picture
of the spin angular momentum carried by the anomalous Hall
current of fully spin polarized f bands in that energy region.
The behavior of the SHC of S p states at lower energies is
more complicated; however, the consistently negative sign of
the SHC can be understood from the sign reversal both in
net spin polarization and in the AHC at the top and bottom
of the S states. Remarkably, an almost perfect one-to-one
correspondence between the energy dependences of the SHC
and AHC still persists for a more complex case of U = 6.7 V.
This can be, again, understood by taking into account the pure
spin character of f states. The presence in that energy region
of minority S states [see Figs. 4(c) and 4(d)] is the reason for a
discrepancy in the shape of the SHC and AHC between —1.0
and —0.6eV, which can be explained by taking into account
the small negative spin Hall signal that the minority S states
bring with them into that energy region.
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D. Orbital Hall effect in EuS,

Finally, we turn to the analysis of the OHE in the system.
We present the results of our calculations of the OHC in
Fig. 3(c). We first observe that in the “unhybridized” case of
U = 2.5eV, the OHC of f states is minimal, reaching in mag-
nitude the SHC in the region around —0.4 eV, where the AHE
and SHE are present as well. Most remarkable is the gigantic
OHE carried by the p states of S atoms, positioned between
—3 and —2eV [Fig. 4(b)]. The OHC in this region is almost
one order of magnitude larger than the SHC or OHC of the
f states for this value of U. By inspecting the correlation be-
tween the electronic structure, orbital polarization, and orbital
Hall conductivity, we can identify a region of energy between
—2.4 and —2.1eV as the dominant source of the OHE due to
contributions coming from crossings among bands of different
orbital characters, clearly visible close to the M point and the
I' point in Fig. 4(b), as well as larger parts of the Brillouin
zone where there is strong k-dependent exchange of orbital
angular momentum among the oppositely polarized bands,
which is a direct consequence of the k-dependent hybridiza-
tion strength.

Upon increasing the value of U to 6.7 eV the complicated
p-d-f hybridization taking place among S and Eu atoms ex-
erts a striking influence on the properties of the OHE of the
p-f group of states below the Fermi energy. This is reflected
in a 3 to 4 times larger magnitude of the OHC compared to the
SHC observed in the region of majority f states [Fig. 3(c)]
and, in contrast to expectations from oversimplifying band-
filling arguments applied in the past to nonmagnetic materials
[19], a very nontrivial dependence of the OHC on the Fermi
energy. At first, it is tempting to attribute the large computed
OHC to S p states, which promote a strong OHE already for
smaller values of U without any need for aid from the side of
f orbitals. However, a closer analysis shows that this is not
the case.

First, we take a look at the region of energy around
—1.2eV, where the lowest of the peaks in the OHC appears
[this energy value is indicated with dashed lines in Figs. 3(c),
4(c), and 4(d)]. Here, the large peak in the OHC originates
from an anticrossing among two strongly Eu-S hybridized
bands [see also the corresponding DOS in Fig. 2(h)], po-
sitioned at that energy, where an exchange of the orbital
polarization is particularly visible around the M point. A
very similar situation is encountered next to and directly at
the M point around Er = —0.9eV, where the crucial role
of the orbital angular momentum exchange and large values
of the OHC displayed by the majority p states become very
apparent. The distribution of the orbital Berry curvature of
occupied states up to the corresponding Fermi energy, shown
in Figs. 4(g) and 4(h), confirms this picture. From the k-space
distribution of the orbital Berry curvature we observe that
large OHE at these energies originates from sharp circular
features centered around K’ points in the Brillouin zone.

Despite the sizable magnitude of the AHC and SHC in
the region of energy between —0.7 and —0.5eV [the value
of —0.6¢eV is marked with dashed lines in Figs. 3(c), 4(c) and
4(d)], the OHC is suppressed there, which is quite unexpected.
The reason for this is the absence of the k-dependent ex-
change of the orbital polarization among pairs of bands, which

appear in this energy window. Although there is a crossing
of positively and negatively orbitally polarized bands around
—0.55¢eV in the vicinity of the K point, no hybridization or
exchange of orbital angular momentum takes place there. The
corresponding orbital Berry curvature for this Fermi energy,
shown in Fig. 4(f), is overall more than one order of magnitude
smaller than that for the previously considered cases. This
solidifies the k-dependent orbital polarization exchange as a
driving force behind the large OHE observed in the studied
system at lower energies.

The scenario for the large OHC in the vicinity of —0.4eV
is different: Here, it is the orbital exchange around M and K,
taking place among pairs of bands well separated in energy,
i.e., the second and third bands when counting down from
zero energy. While this gives rise to moderate negative values
of the orbital Berry curvature over larger regions of the re-
ciprocal space around K, smaller regions of reciprocal space
around M and especially M’ contribute prominently to the
overall sizable OHC [Fig. 4(e)]. The negative sign of the OHC
here, which cannot be achieved with either p or f states sep-
arately (for lower U), emphasizes once more the importance
of the p-f hybridization for the orbital Hall physics in EuS,
in particular and in rare-earth dichalcogenides in general.

IV. DISCUSSION

The main motivation behind our work was the exploration
of possible benefits that the combination of chalcogenides
with f elements in 2D geometry can bring. Here, we chose
EuS, as a representative of this class of materials. One of
the strongest points of this type of system, besides the very
prominent magnetism that f electrons exhibit, is the strong
spin-orbit interaction mediated by the f states. This is a very
robust and unique feature which is very difficult to achieve
with other types of TMDs, where magnetism is much more
fragile and the influence of the structure on the nature of
exchange-split bands is much stronger. Combined with the
orbital complexity of f states, robust magnetism has the po-
tential to give rise to topologically nontrivial anomalous and
spin Hall effects. While the strong localization of f states nat-
urally suppresses interatomic hybridization among atoms of f
species, the expectation is that the hybridization with highly
dispersive p states of chalcogenides will aid in promoting
strong Hall effects that are unachievable either by a pure f
system or by at best slightly magnetized p bands. Fostering
strong hybridization between f and p atoms thus presents
a material challenge. At the same time, while it is known
that even nonmagnetic p systems can host large orbital trans-
port properties, a material system which exhibits very large
anomalous, spin, and orbital Hall effects at the same time is
not yet known. In this context, rare-earth dichalcogenides thus
present an exciting platform for the realization of pronounced
transport phenomena of a diverse nature.

With our work we attempt to initiate focused research
on the discovery and characterization of rare-earth dichalco-
genides by showing that exciting properties listed above can
be achieved in principle. In the course of our study of struc-
tural, electronic, magnetic, and transport properties of EuS,
from first principles we expectedly found that EuS, exhibits
pronounced magnetism. We also found that this f material
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gives rise to very strong Hall responses and hosts topo-
logically nontrivial bands, despite strong correlation among
electrons in the f shell. We identified that the reason for
this is a strong degree of p-d-f hybridization among the Eu
and S atoms, enhanced by stronger correlation effects owing
to the peculiar electronic structure of EuS,. Effectively, the
S-originated p states and Eu f states unite their efforts in
enhancing each other’s anomalous and spin Hall responses.
As a result of complex orbital hybridization among the latter
states, the composite p-f group of states also exhibits a very
large orbital Hall effect, which is dominant over the SHE by
about a factor of 3. We identify k-dependent orbital exchange
among pairs of hybridized bands as the major source and
physical mechanism of the large and nontrivial orbital Hall
effect, which should be explored further as the possible gov-
erning force behind the large orbital Hall effect in magnetic
materials in general.

Concerning the feasibility of experimental observation of
the studied system, we have to remark that several compounds
of Eu with chalcogenides are experimentally known in the
bulk, at interfaces, and in thin films, e.g., based on EuS
[62—-66], EuSe, [67], and EuTe, [68]. We thus believe that thin
two-dimensional layers of EuS, can be naturally produced

using, for example, exfoliation or molecular beam epitaxy. On
the other hand, the general conclusions of our work are valid
for the entire class of two-dimensional rare-earth dichalco-
genides, marking them as an exciting platform for spin and
orbital physics and advancing our understanding of complex
orbital transport manifestations of correlated magnetic two-
dimensional materials.
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