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Engineering spin-orbit effects and Berry curvature by deposition of a monolayer of Eu on WSe2
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Motivated by recent progress in two-dimensional (2D) spintronics, we present a monolayer of Eu deposited
on 1H-WSe2 as a promising platform for engineering spin-orbit effects and Berry curvature. By first-principles
calculations based on density functional theory, we show that Eu/WSe2 exhibits intriguing properties such
as high magnetic anisotropy, valley-dependent polarization of spin and orbital angular momenta, and Rashba
textures. These originate from magnetic and spin-orbit proximity effects at the interface and the interplay
between localized 4 f magnetic moments of Eu and mobile charge carriers of Eu and WSe2. The analysis of the
magnetic properties reveal a ferromagnetic configuration with an out-of-plane easy axis of the magnetization,
which favor a pronounced anomalous Hall effect in the proposed system. Thus, we promote 4 f rare-earth metals
deposited on top of a transition-metal dichalcogenides as a promising platform for 2D spintronics.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDCs) are two-
dimensional (2D)-materials with the formula MX2, where
M is a transition-metal element bonded to chalcogen atoms
X . Based on the composition (i.e., the nature of M and X )
and the crystalline structure [1,2] (the stacking sequence in
the bulk systems), such systems exhibit different electronic
properties and can be semimetals, semiconductors, metals,
or even superconductors [3–11]. Moreover, individual mono-
layers of TMDC are atomically thin structures, which can
manifest either hexagonal (1H phase) or octahedral symmetry
(1T phase) [2]. These materials exhibit interesting phenomena
such as valley degrees of freedom [12] and band splitting [13]
due to the presence of different features they naturally pos-
sess, like inversion symmetry breaking and strong spin-orbit
coupling (SOC). The inversion symmetry breaking leads to
valley-dependent orbital splittings at the corner points K and
K′ of the hexagonal Brillouin zone (BZ), which are character-
ized by the opposite signs of the orbital angular momentum
and Berry curvature. This leads to the valley-orbital Hall ef-
fect, where electrons at K and K′ valleys carry the opposite
orbital angular momentum [14–19]. Furthermore, strong SOC
leads to valley-dependent spin polarization and results in the
spin Hall effect [20]. The valley-dependent Berry curvature
also leads to the Berry curvature dipole, which drives a non-
linear Hall effect [21–24].

In recent years, different studies have been conducted on
TMDCs, showing that the symmetry properties have an im-
portant impact on the transport properties. In Ref. [25], it
is demonstrated that by application of an electric field per-
pendicular to a WSe2 bilayer, structural inversion symmetry
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is broken and it is thus possible to control the Berry cur-
vature and the orbital moment at the K and K′ valleys by
tuning the external electric field. Reducing the system to a
monolayer, different kinds of SOC effects arise due to the
reduction in symmetry which can be exploited in valleytronics
as explained in Ref. [26].

By proximity effect, it is also possible to induce exchange
interaction by depositing a ferromagnetic layer on top of a
TMDC. Since a clean surface of TMDCs can be prepared
by exfoliation, it can be brought into intimate contact with a
ferromagnet [27]. It is found that these magnetic interactions
modify the extent of the Hall effects compared to the situation
without exchange interaction [28].

The coexistence of strong SOC, emerging from the transi-
tion metal of a TMDC monolayer, and of a net magnetization
is also the key ingredient for magnetotransport phenomena
such as the anomalous Hall effect (AHE) [29] and spin-
orbit torque [30,31]. In particular, the low symmetry of the
TMDCs can induce unconventional spin polarization and
torque [30,32,33], which is crucial for field-free magnetiza-
tion switching.

By similar reasoning, the presence of rare-earth adatoms
with high coverage on top of TDMCs is here demonstrated
to produce an additional contribution to the Hall conduc-
tivity that depends on the particular topology of the band
structure and can be described in terms of Berry curvature.
The combination of rare-earth atoms with 2D materials is a
promising strategy for the implementation of novel magnetic
storage devices and for applications in the field of spintronics.
Indeed, the use of rare-earth atoms as a magnetic source has
different advantages, such as high magnetic moments gener-
ated by localized 4 f electrons, the effect of which, together
with the strong SOC and the particular crystal field of the 2D
material, generates a magnetocrystalline anisotropy that is in-
tensively studied from both theoretical and experimental point
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of view [34–38]. This effect can be exploited for example in
the creation of nanoscale magnets where the main challenge
is the stabilization of the magnetic moments which undergo
fluctuations due to vibrations or interaction with conduction
electrons of the substrate. This can be achieved in several
ways, for instance, through manipulation of the symmetry
properties of the system.

In the present work, the effect of the adsorption of one
monolayer of Eu atoms on a WSe2 substrate modeled by
one layer of formular unit in the 1H phase is investigated
through ab init io density functional theory (DFT) calcula-
tions. We calculate the lowest energy magnetic state covering
all Heisenberg-type interactions by scanning energies of the
spin-spiral state for q vectors across the Brillouin zone and
determine the magnetic anisotropy energy. We predict for a Eu
monolayer on WSe2 a ferromagnetic out-of-plane magnetic
state. We compare the results to a structural model with 1/3
Eu coverage. A further analysis concerns the impact of the
4 f metal on the spin-orbital texture and on the consequences
of the interaction between the rare-earth electrons and the
substrate on the band topology. In particular, anomalous Hall
transport properties are analyzed by considering a high cov-
erage of the 4 f metal and using interpolation by Wannier
interpolation. It is shown that the adsorption of Eu generates
states in the gap of the semiconducting substrate, which are
influenced by the SOC arising from the W atom and that hy-
bridization between the different species induces a nontrivial
Berry curvature and an anomalous Hall conductivity, which is
experimentally measurable.

II. RESULTS

A. Computational details

WSe2 has a hexagonal structure characterized by one W
atom covalently bonded to six Se atoms. To determine the
adsorption site for the atom in the Eu monolayer, we com-
pare the total energies of the three different sites: on top
of the W atom (T-W), on top of the Se atom (T-Se), and
in the middle of the hexagon formed by W and Se atoms
(H). The relaxation procedure and the following calculations
are performed inside of a 1 × 1 simulation cell with lat-
tice constant a = 3.327 Å using the full-potential linearized
augmented plane-wave (FLAPW) method as implemented
in the FLEUR code [39] and using DFT plus Hubbard U
method [40] in order to account for the highly localized
4 f electrons. In this respect, the Perdew-Burke-Ernzerhof
exchange-correlation functional [41] is adopted and the on-
site Coulomb and Hund exchange parameters are set to U =
6.7 eV and J = 0.7 eV, which are values widely accepted
for the treatment of f electrons in chemical elements with
half-filled 4 f shells such as Eu and Gd [40,42] as with those
structural, thermodynamic, and electronic structure data are
reproduced well.

Concerning the computational parameters, we set the
muffin-tin radii to 2.80 a0 for Eu and 2.29 a0 for W and Se,
where a0 is the Bohr radius. The cut-off for the plane-wave
basis functions is chosen to be Kmax = 4.0 a−1

0 for the wave
functions and Gmax = 10.7 a−1

0 for the charge density and
potential. The upper limit of angular momentum inside of the

TABLE I. Adsorption energy, distance of the Eu atom from the
WSe2 layer, the magnetic moment, and the f and d occupations
in the muffin-tin sphere of the Eu atom for the different adsorption
sites of Eu in the 1 × 1 unit cell. Calculations have been performed
without SOC.

Site Eads (eV) h (Å) mtot
s (μB) focc docc

H −0.312 2.830 7.240 6.861 0.520
T-W −0.474 2.500 7.130 6.865 0.522
T-Se −0.341 3.119 7.440 6.858 0.550

muffin-tin sphere is set to lmax = 10 for Eu and lmax = 8 for
W and Se. For the self-consistent field cycle, a 10 × 10 k-
point mesh is sampled throughout the first Brillouin zone.
For the calculation of the magnetic anisotropy curve and the
spin-spiral discussed in Sec. II C, we adopted a 21 × 21 k-
point mesh. Concerning the spin-polarized calculations for the√

3 × √
3 simulation cell discussed in Sec. III A, the same

computational, on-site, Coulomb and Hund exchange param-
eters have been used, but a 20 × 20 k-point mesh has been
adopted.

Table I summarizes the adsorption energy of the Eu mono-
layer atom on each adsorption site, the distance along the z
direction, i.e., perpendicular from the top Se layer, the mag-
netic moment of Eu, and the f and d occupations in the
valence shell of Eu for the unit cell shown in Fig. 1. The
reference point of the energy is defined as the total energy
for an isolated Eu monolayer and WSe2. In the case of T-Se, h
represents the distance between the Eu atom and the Se atom,
which is directly underneath the Eu one. From these data, it is
evident that the most stable adsorption site is Eu on top of the
W atom (Fig. 1) and that the 4 f metal maintains its large mag-
netic moment of about 7.1 μB independent of the structural
details. Looking at the occupation numbers of the 4 f electrons
of Eu, focc, we find a value close to the atomic limit of 7 4 f
electrons and consistent with Hund’s first rule of half-filled
shells, we find 4 f magnetic moments of m4 f = focc, which
explains the large magnetic moments. Such a value is close
to what is obtained by adopting the Hubbard-I approximation
in the calculation of bulk Eu [43]. The small deviation from
the theoretical atomic value of 7 μB suggested by Hund’s
rule, arises primarily from the Eu d electrons, which become
spin polarized due to the intra-atomic exchange interaction
between the 4 f and 5d electrons. For the lowest energy Eu
stacking on WSe2 we estimate the magnetic moment of the
Eu d electrons to m5d = mtot

s − focc ≈ 0.265 μB.

FIG. 1. Structure of the 1 × 1 unit cell of Eu (purple spheres)
monolayer deposited on top of the W atom (gray spheres) of a single
layer of WSe2. Se atoms are indicated by yellow spheres.
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FIG. 2. (a) Contribution to the local DOS of the f and d electrons of Eu. The total DOS (TDOS) is shown as gray shaded area.
(b) Contribution to the local DOS of the s, p, d electrons of Eu, d electrons of W, and p electrons of Se. Both DOS in panels (a) and (b) have
been calculated without SOC. (c) Band structure of Eu/WSe2 calculated with DFT+U (blue dashed line represents the majority channel and
red dashed line represents the minority channel) and with DFT+U+SOC (black solid line). (d) First Brillouin zone with high-symmetry points.

The DFT energy bands are compared to the band struc-
ture obtained by constructing maximally localized Wannier
functions (MLWFs) in the FLAPW formalism [44] and the
open-source code Wannier90 [45]. The initial projections for
the Wannier functions are chosen to be s, d, f orbitals for the
Eu atom, p orbitals for the Se atoms, and s, d orbitals for
the W atom. In this way, 50 MLWFs are constructed, where
the frozen window maximum was set 0.4 eV above the Fermi
energy. From the converged MLWFs, the Hamiltonian, spin,
and orbital operators are written in real space, which is Fourier
transformed in an interpolated k mesh for the calculation of
spin-orbital texture, Berry curvature, and AHE.

B. Electronic structure

A detailed analysis of the electronic structure, the orbital
contribution, and hybridization effects occurring in the system
can be found in the Supplemental Material [46] visualized
in Figs. S1 and S2. One immediately notices that unlike the
pristine WSe2 substrate monolayer, the system is metallic. In
first approximation, we can understand the electronic structure
of our system by the electronic structure of the WSe2 mono-
layer to which Eu donates spin-polarized conduction electrons
through hybridizaton and subsequently the Fermi surface cuts
now into the formerly unoccupied WSe2 conduction states.
Thus, in the vicinity of the Fermi surface we observe spin-
polarized Eu d (and s) states hybridizing with W d states.

In addition, it is evidenced that the valley-shaped states at
−1.5 eV at the K and K′ points, which have predominantly
d character from W, split in the presence of SOC. In the
following, we focus on the discussion of spin polarization,
SOC, and hybridization effects of the Eu/WSe2 system.

The effect of the interactions between the Eu atom and
the substrate can be understood by looking at the electronic
structure of the material, shown in Fig. 2. An overview of the
spin-resolved electronic structure is obtained from Fig. 2(a)
which displays the total DOS (TDOS) and the d- and f -orbital
resolved local density of states (LDOS) of Eu. The upper
(lower) panel, DOS � 0 (� 0), denotes the majority (minor-
ity) states. We observe the 4 f -majority states of Eu, fully
occupied with about seven electrons, energetically localized
at around −2.5 eV, and the unoccupied minority ones at about
+8 eV, exhibiting an exchange splitting of about 11 eV. The
Eu d states are largely unoccupied, illustrating a large band-
width over more than 10 eV, a result of the large delocalization
of theses states. A small fraction of the Eu d electrons are
occupied consistent with docc = 0.522 in Table I, this being a
consequence of the hybridization with neighboring atoms that
the Eu atom undergoes when it becomes part of the solid phase
instead of being an isolated single atom. This hybridization
promotes the Eu s electrons to d electrons. To understand
the strength of this effect, it is interesting to compare the
Eu s → d promotion to the case of the quasisingle Eu atom
adsorption discussed in Sec. III A and summarized in Table II.
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TABLE II. Adsorption energy, distance of the Eu atom from the
WSe2 layer, the magnetic moment, and the f and d occupations in
the muffin-tin sphere of the Eu atom for the different adsorption sites
in the

√
3 × √

3 cell.

Site Eads (eV) h (Å) mtot
s (μB) focc docc

H −0.611 2.582 6.991 6.923 0.128
T-W −0.690 2.500 6.994 6.923 0.158
T-Se −0.401 3.112 7.000 6.922 0.085

One clearly witnesses that the TDOS of the majority and
minority states are different, especially in the vicinity of the
Fermi energy. Therefore, we focus in Fig. 2(b) on the spin-
and orbital-resolved LDOS of Eu (s, p, d), W-d and Se-p, in
the energy window of ±3 eV around the Fermi energy. Please
notice the scale of the DOS is finer by a factor of 4 than that in
Fig. 2(a) and the Eu-4 f LDOS is neglected. We find the LDOS
is dominated by the Eu-d , W-d , and Se-p states. It is seen that
in this energy window W-d hybridizes with Se-p states. The
strongest exchange splitting of about 1.7 eV is found for the
Eu-d states, resulting finally in the magnetic Eu d-electron
moment of 0.265 μB as discussed in the context of Table I.
This is a result of the intra-atomic ferromagnetic exchange
coupling between the localized Eu-4 f and the delocalized d
states. In the direct vicinity of the Fermi surface (±0.5 eV)
one observes a strong spin dependence of Eu-d , W-d , and Se-
p DOS. Clearly the majority states dominate over the minority
states and one finds a hybridization between the W and Eu d
states.

The role of the spin-orbit coupling is analyzed in Fig. 2(c),
displaying a comparison between the spin-resolved band
structure in the vicinity of the Fermi energy along high-
symmetry lines [for details see Fig. 2(d)], neglecting the SOC
by which majority states (blue lines) and minority states (red
lines) are well-defined eigenstates with the ones calculated
with SOC (black lines). A strong spin-orbit splitting is wit-
nessed at the K and K′ points around −1.6 eV. These primarily
W d states spin-orbit split by about ±0.18 to −1.42 and
−1.78 eV into j = 3/2 and j = 5/2 states. In the same way,
also the crossing point at K just above the Fermi energy is
split up into two separated bands, while on the path between
K and � just below the Fermi energy an avoided crossing
is generated. This plays a crucial role in determining the
strength of the magnetic anisotropy, in generating large Berry
curvature and contributing to the AHE. Concerning the energy
bands from K′ to �, similar effects arise but it can be already
noticed that the two high-symmetry points K and K′ are not
equivalent due to the absence of structural inversion symme-
try. As anticipated from the large LDOS of W-d at the Fermi
energy, discussed in Fig. 2(b), in general, the SOC effect arises
mainly from the W atom.

C. Perpendicular magnetic anisotropy

In magnetic data-storage devices, an important key ingre-
dient is the stiffness of the magnetization with respect to
external perturbations (i.e., thermal fluctuations or scattering
from conduction electrons) such that a specific direction of
the magnetic moments is stable over time, which translates

FIG. 3. (a) Magnetic anisotropy energy curve: the total energy of
the system plotted vs the polar angle θ of the magnetization measured
from the z axis. (b) The energy of the spin-spiral states of a flat
spiral, i.e., with cone angle β = π/2, computed for the values of
the q vector along the �-K-M path, presented with respect to the
ferromagnetic ground state at the � point.

into the need for high magnetic anisotropy energies. This is
particularly important in thin film magnets, where high mag-
netic anisotropy can circumvent the Mermin-Wagner theorem
in 2D [47,48]. In Fig. 3(a), the total energy of Eu/WSe2

is plotted with respect to the angle θ between the surface
normal direction and the direction of the magnetization. The
result indicates an out-of-plane easy axis of the magnetization
(θ = 0◦) as minimum energy state with an energy difference
of 1.75 meV per unit cell compared to the energy of the
in-plane state.

This effect can be described in terms of the magnetic
anisotropy emerging from the electronic hybridization be-
tween Eu and WSe2. Eu has 7 4 f electrons, leading to a
closed-shell situation for which the total orbital angular mo-
mentum is L = 0, but the total spin moment is close to 7 μB

as discussed before. Therefore, we expect no direct magnetic
anisotropy from the 4 f shell. On the other hand, we discussed
in Sec. II B the ferromagnetic spin polarization of the Eu-d
electrons due to intra-atomic exchange with 4 f electrons as
well as the hybridization of the Eu and W d electrons at the
Fermi surface. By comparing in Fig. 2(c) the band structure
with and without SOC, we witness a strong SOC influence on
the Eu-W hybridization at the Fermi energy. Turning the spin-
quantization axis of the Eu-4 f electrons, the spin-quantization
axis of the Eu-d electrons will follow and the spin-orbit
dependent interaction between the spin-quantization axis of
the Eu-d states with the crystal lattice dependent spin-orbit
interaction of the W-d electrons will lead to the magnetic
anisotropy energy observed in Fig. 3(a).
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D. Magnetic order

To confirm that the magnetic ground state is indeed an out-
of-plane ferromagnetic phase, we study the total energy for a
given spin-spiral state with wave vector q (defined in units
of the reciprocal lattice vectors) along the high-symmetry
lines in the 2D Brillouin zone. Recall that the spin spiral is
the exact mathematical solution of the classical Heisenberg
model applied to periodic crystal lattices within the set of
all single-q states [49]. The q-state with the lowest energy,
is then the magnetic ground state among all Heisenberg-type
interactions. Based on symmetry arguments, we expect the
minimum energy to be found either at high-symmetry points,
or at high-symmetry lines between high-symmetry points. The
high-symmetry points of the Brillouin zone then correspond
to a certain periodic magnetic order in the real space (for
hexagonal lattices, see Ref. [50]). A numerically very efficient
method to calculate the DFT total energy for a spin-spiral
state is the generalized Bloch theorem [51,52] as implemented
in the FLEUR code [53]. Figure 3(b) shows the energy cal-
culated for different values of the q vector of a spin spiral
along the �-K-M path. The first Brillouin zone is shown in
the inset in Fig. 2(b), highlighting the high-symmetry points.
We find the energy minimum at �, indicating that the system
favors a ferromagnetic ground state. Furthermore, the energy
differences between the � and the other two high-symmetry
points, K (noncollinear 120◦-Néel state) and M (row-wise
antiferromagnetic state) are about 70 and 50 meV. Therefore,
the Néel or the antiferromagnetic state is not energetically
favorable.

E. Orbital and spin textures

In a TMDC monolayer, spatial inversion symmetry is bro-
ken, and the immediate consequence is the emergence of
inequivalent valleys K and K′ in k space. This leads to valley-
dependent orbital angular momentum and Berry curvature and
results in the valley-orbital Hall effect [16,18,19]. Addition-
ally, by depositing Eu atoms on WSe2, the Rashba effect can
be induced by breaking the mirror symmetry with respect
to the 2D plane [54,55]. The Rashba effect is induced not
only on the spin but also on the orbital angular momentum,
which is known as the orbital Rashba effect [56–59]. These
spin and orbital textures play a crucial role in spin and orbital
magneto-transport phenomena [17,60,61].

Thus, we investigate the spin, SFS(k), and orbital, LFS(k),
texture in k space at the Fermi surface of Eu/WSe2. Following
Ref. [61], the latter

LFS(k) =
∑

n

2 〈unk| L |unk〉
1 + cosh[(EF − Enk )/kBT ]

(1)

is evaluated as expectation value of the orbital angular mo-
mentum operator L defined within the muffin-tin sphere of
each atom unk is the periodic part of the Bloch state with band
index n. The denominator expresses the Fermi-Dirac temper-
ature broadening of the Fermi surface. We set kBT = 25 meV
for broadening, where kB is the Boltzmann constant and T is
the temperature. Enk corresponds to the energy band and EF

to the Fermi energy. The spin texture is obtained replacing L
by S in (1).

The k-space-dependent spin and orbital texture at the
Fermi surface is summarized in Fig. 4. Overall, we find that
SFS and LFS are of the same order of magnitude and thus nei-
ther are good quantum numbers. It is a result of a competition
of the intra-atomic 〈Sz〉FS and 〈Lz〉FS polarization of Eu s and
d states due to the Eu 4 f electrons and the hybridization with
W d-electrons subject to strong orbital-dependent Rashba-
type SOC.

Figure 4(a) shows the z component of the orbital angular
momentum. We find a threefold rotational symmetry, as ex-
pected, and the valley-dependent orbital texture is observed,
which have opposite signs at K and K′ valleys. We find that
this feature is similar to the conduction states of the bare
WSe2 [62]. The z component of the spin angular momentum
is shown in Fig. 4(c). Although it satisfies a threefold rotation
symmetry, it nearly exhibits a sixfold rotation symmetry. This
is because the spin magnetism is mainly driven by Eu layer,
which has a sixfold rotation symmetry if the substrate is
absent. Slight deviation of the spin texture from the sixfold
rotation symmetry indicates hybridization of Eu atoms with
the substrate, where proximity-induced W d states exhibit
finite spin polarization via an indirect exchange interaction
between itinerant Eu s, d electrons, and the spin moments of
localized f electrons. These features can be directly associ-
ated to the orbital contributions to the band structure discussed
in Fig. 2(c) and in the Supplemental Material (Fig. S1).
Here, around the � point the Eu-d majority states are preva-
lent. This leads to the positive value of 〈Sz〉FS around the
� point.

Concerning the K and K′ points instead, the biggest con-
tribution comes from the W-d states with a spin-orbit splitting
that competes in energy with the exchange splitting of the hy-
bridizing s and d electrons of Eu, causing the majority states
to lie around the Fermi energy and a full quantum mixture
of electronic states, resulting in three-dimensional spin and
angular moment textures. Comparing Figs. 4(a) to 4(d) around
the K and K′ points, we indeed observe similar values for
〈S〉FS and 〈L〉FS for the out-of-plane and in-plane components,
respectively.

Figure 4(b) shows the in-plane component of the orbital

angular momentum, 〈Lxy〉FS =
√

〈Lx〉2
FS + 〈Ly〉2

FS, which cap-
tures a chiral Rashba-like texture. Here, the orbital Rashba
effect originates from the hybridization between Eu and
WSe2, which breaks the z-reflection mirror symmetry. We
note that the orbital Rashba effect emerges regardless of the
SOC and it is a consequence of the orbital hybridization [58].
When the SOC is taken into account, the chiral orbital tex-
ture is accompanied by the chiral spin texture, leading to the
emergence of spin Rashba effect, Fig. 4(d). We note the stark
resemblance of the in-plane orbital and spin textures, which
supports the idea that both share the same origin—the orbital
hybridizations. This also explains why a threefold rotation
symmetry is evident in both spin and orbital textures for the
in-plane components, compared to those for the out-of-plane
component.

F. Berry curvature

The features of the spin-orbital texture and the perpen-
dicular magnetization arranged in a ferromagnetic fashion
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FIG. 4. Spin and orbital texture in k space at the Fermi surface. (a) Expectation value for the out-of-plane component of the orbital
angular momentum at the Fermi surface 〈Lz〉FS. (b) Magnitude of the expectation value of the in-plane component of the orbital angular
momentum 〈Lxy〉FS = √〈Lx〉2

FS + 〈Ly〉2
FS. Analogously, the z component and the magnitude of the in-plane component for the spin expectation

value at the Fermi surface are shown in panels (c) and (d), respectively. 〈Lz〉FS > (<)0 and 〈Sz〉FS > (<)0 [color blue (red)] correspond to the
angular-momentum direction (anti)parallel to the spin of Eu-4 f electrons.

are an interesting starting point for the investigation of the
anomalous conductivity. The latter can be described in terms
of Berry curvature, which acts in k space as an effective mag-
netic field and causes a transverse electron current in presence
of an electric field. The Berry curvature is evaluated using the
Kubo formula,

�nk = ∂kx A
y
nk − ∂ky A

x
nk

= −2Im[〈∂kx unk|∂ky unk〉]

= −2h̄2
∑
m 	=n

Im

[ 〈unk| vx |umk〉 〈umk| vy |unk〉
(Enk − Emk + iη)2

]
, (2)

where �nk is the Berry curvature for a Bloch state with band
index n with finite scattering (η), Ank = i 〈unk|∂kunk〉 is the
Berry connection, and vx(y) is the x(y) component of the veloc-
ity operator. The room temperature broadening is introduced
by a small positive number η, which is set to 25 meV. A lower
(higher) temperature or η, respectively, will lead to more (less)
spiky variations of the Berry curvature in momentum space.
From Eq. (2), it is clear that there will be contributions to the
Berry curvature from the regions where the energy bands are
separated by small energy gaps by the effect of SOC, such as
avoided crossings discussed in Fig. 2(a).

While the Berry curvature vanishes when the spatial inver-
sion and time-reversal symmetries are combined, in Eu/WSe2

both symmetries are broken. In particular, orbital hybridiza-
tions by proximity and the SOC can generate strong Berry
curvature near avoided crossings of bands as shown in
Fig. 2(a). This explains the features of the Berry curvature
shown in Fig. 5(a), where the calculated band structure along
the k path �-K-M-K′-� and the respective value is shown
in color scale. Different hot spots of �nk can be seen at
points where the SOC lifts the degeneracy of the energy
bands. In particular, the splitting of the bands between �

and K appears to result in a band inversion. In terms of
Eq. (2), these splittings correspond to small values of the
denominator and thus sharp peaks of the Berry curvature.
In Fig. 5(b), we show the Berry curvature summed over all
occupied states below the Fermi energy for the same k path.
We confirm that spiky contributions comes from the SOC-
induced avoided crossings, which is found on �-K and �-K′
paths. Another important feature is that also in terms of Berry
curvature, the two K and K′ points are inequivalent: The K
point presents a positive peak, while at the K′ point displays a
broad negative feature. Along the path K′-�, an intense peak
appears characterized by inverted sign with respect to the peak
between �-K.

064401-6



ENGINEERING SPIN-ORBIT EFFECTS AND BERRY … PHYSICAL REVIEW B 106, 064401 (2022)

FIG. 5. (a) Band structure around the Fermi energy with color
scale indicating the value of the Berry curvature �nk. (b) Berry curva-
ture summed over all occupied states along the k path �-K-M-K′-�.

G. Anomalous Hall effect

By integrating the Berry curvature over the Brillouin zone
(BZ), it is possible to calculate the intrinsic anomalous Hall
conductivity as

σAH ≡ σyx = e2

h̄

∑
n

∫
BZ

d2k

(2π )2
fnk�nk, (3)

where fnk is the Fermi-Dirac distribution function evaluated at
room temperature, i.e., at 25 meV. Figure 6 shows the anoma-
lous conductivity σyx as a function of the Fermi energy. The
Fermi energy is varied with respect to the original value E true

F
by assuming that the potential is fixed for the change of band
filling. Major peaks are found around 2 eV below the Fermi
energy, slightly above the Fermi energy, and 1 eV above the
Fermi energy. These energies are where avoided band cross-
ings induced by the SOC are found. A double-peak feature
right above the Fermi energy implies an interesting possibility
to tune the Hall response by electron doping, which may be

FIG. 6. Anomalous Hall conductivity as a function of the Fermi
level.

FIG. 7. Comparison of the electronic structure of Eu monolayer
on WSe2 monolayer for two simulation cells: (a) 1 × 1 unit cell (high
coverage of Eu) and (b)

√
3 × √

3 unit cell (low coverage of Eu). The
corresponding band structures determined neglecting SOC are shown
in panels (c) and (d), where blue and red lines indicate majority and
minority states, respectively.

experimentally observed. Meanwhile, the peak at −2 eV is
where the K and K′ valleys of WSe2 in k space are situated.
From Fig. 2(a) it is clear that SOC lifts the degeneracy of
the band at the K and K′ valleys which have predominantly
d character from the W atom such that a contribution to the
Berry curvature arises.

III. DISCUSSION

A. Effect of Eu coverage

In an experimental setup, Eu atoms might not fully cover
the WSe2 substrate. To investigate the effect of Eu coverage
on the electronic and magnetic properties, we also compare
the electronic structures of Eu in the 1 × 1 unit cell [see
Fig. 7(a)] with Eu in the

√
3 × √

3 unit cell [Fig. 7(b)], in
which Eu has 1/3 coverage compared to the 1 × 1 unit cell.
Table II summarizes the adsorption energies, distances from
the substrate (as discussed also in Sec. II A), the total mag-
netic moment of the Eu atom, its f - and d-state occupation
for the

√
3 × √

3 cell. In this dilute situation with respect to
Eu coverage, we witness that Eu is much more in the limit
of single-atom adsorption: The adsorption energy is slightly
increased (the bonding toward the substrate is stronger), the
occupation number of the Eu f electrons is approaching the
atomic number of 7, the occupation number of the Eu d elec-
trons, docc, is a factor of 4 smaller, and the magnetic moment
of the Eu d electrons md ≈ 0.07 μB is a factor of 3 smaller,
when compared to the dense coverage.

Obviously, reducing the Eu coverage of WSe2 reduces the
magnetic proximity of WSe2 by decreasing the hybridiza-
tion of Eu and W d electrons and, at the same time, the
semiconducting features of the WSe2 monolayer reemerges.
Inspecting the band structure of (

√
3 × √

3)-Eu/WSe2 in
Fig. 7(d), we observe a band gap of about ±0.4 eV at around
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−1 eV. The doping of WSe2 by Eu s, p, and d electrons makes
(
√

3 × √
3)-Eu/WSe2 a conductor. Comparing the exchange

splitting of the states at the Fermi energy (energy difference
between the red and blue lines) with those of the full coverage
case in Fig. 7(c), we find that the exchange splitting and thus
the magnetic proximity is indeed much smaller. Figure S3 of
the Supplemental Material displays the respective magnetic
anisotropy energy as function of the magnetization direction
in the dilute situation. In agreement with the full-coverage
case, the easy axis is out of plane and consistent with our
explanation given in Sec. II C that the hybridization of spin
carrying Eu and the spin-orbit carrying W d electrons are the
origin of the magnetocrystalline anisotropy, and the energy
of the in-plane hard axis is only 0.2 meV per

√
3 × √

3 unit
cell, much smaller than the 1.75 meV in the 1 × 1 unit cell.
This observation also has strong implications for realizations
in experiments and suggests that a high coverage of Eu atoms
is crucial for the measurement of the AHE. This also implies
that the AHE should be enhanced with increasing coverage by
Eu atoms.

B. Other rare-earth elements

In order to tailor an efficient device, it is necessary to pro-
tect the perpendicular magnetization from perturbations that
might flip it to in-plane. An enhancement of the anisotropy
energy might be obtained, for example, by substituting Eu
with an open 4 f -shell rare-earth metal (such as Nd, Dy, or Ho)
where the charge cloud presents deviations from the spher-
ical geometry and electron correlations play an important
role. In these cases, the 4 f shell gives rise to an anisotropic
charge cloud that depends on the nonvanishing orbital angu-
lar momentum L. The large values of L and S are a source
of SOC and cause magnetocrystalline anisotropy, which can
be exploited when placed in specific chemical environments.
The task is to engineer properly the rare-earth/2D material
combination in order to achieve high energy differences be-
tween different magnetic states. A theoretical challenge is
to achieve an accurate description of open-shell 4 f systems
for which approaches like DFT+U , self-interaction corrected
DFT [63], or dynamical mean field theory in the Hubbard-I
approximation [37,38,43,64] that has been implemented in
recent times in several codes and applied to a variety of
rare-earth systems. These approaches serve as future topics of
investigation.

IV. CONCLUSION

In conclusion, we analyzed the effect of depositing Eu
monolayers with full and 1/3 coverage on a layer of WSe2

and showed how the interplay of proximity-induced orbital
hybridization, SOC, magnetism, and broken symmetry leads
to the possibility of engineering the magnetic anisotropy,
the spin-orbital texture, and the Berry curvature in such het-
erostructures. We explained that the large local magnetic 4 f
moment of Eu spin polarizes the delocalized Eu-d electrons
which hybridize with spin-orbit carrying W-d electrons and
determine such the spin-orbit properties at the Fermi surface.
We predicted that these hybridization effects give rise to a
magnetic anisotropy energy of about 1.75 meV, which acts
as a barrier against turning the magnetization from out of
plane to in plane. In addition, the analysis of the magnetic
texture of the material predicts a ferromagnetic configuration
among all possible magnetic states described by Heisenberg-
type interactions. As a consequence of the synergy between
these magnetic features and the particular spin-orbital texture,
Berry curvature hot spots are induced in k space, which in turn
lead to a sizable anomalous Hall conductivity in the sample.
Such rare-earth-based properties expand the design portfolio
of potential future spintronic or quantum spintronic devices
using 2D materials. Indeed, a fundamental understanding of
the magnetic behavior of rare-earth magnets in different 2D
environments could provide the foundations for novel ma-
terials, for example, for applications in quantum computing,
along the lines of ideas already being explored on rare-earth
ions in molecular magnets [65]. From this point of view, also
in a solid matrix, rare-earth atoms appear to be very promising
and are being intensively investigated [66–68].
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