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The design of spin-orbit torque properties in two-dimensional (2D) materials presents one of the
challenges of modern spintronics. In this context, 2D layers involving rare-earth ions — which giverise
to robust magnetism, exhibit pronounced orbital polarization of the states, and carry strong spin-orbit
interaction —hold particular promise. Here, we investigate ferromagnetic Janus H-phase monolayers
of 4f-Eu rare-earth dichalcogenides EuSP, EuSSe, and EuSCI using first-principles calculations. We
demonstrate that all compounds exhibit significant spin-orbit torques which originate predominantly
inthe colossal current-induced orbital response on the Eu f-electrons. Moreover, we demonstrate that
the corresponding orbital torques can be used to drive strong in-plane currents of orbital angular
momentum with non-trivial direction of orbital polarization, constituting the effect of in-plane orbital
pumping. We provide an interpretation of this effect in terms of orbital-to-orbital-curent conversion,
and draw a simple qualitative picture of orbital pumping by magnetization dynamics in two
dimensional systems. Our findings promote f-orbital-based 2D materials as a promising platform for

in-plane orbital pumping and spin-orbit torque applications, and motivate further research on
educated design of orbital properties for orbitronics with 2D materials.

Orbitronics, holding significant potential to shape information tech-
nology, has emerged as a field capable of developing eco-friendly
electronic devices'. By harnessing the unique properties of electron’s
orbital angular momentum (OAM), which can be generated in a highly
efficient manner by the direct transfer of angular momentum from the
lattice, orbitronics opens up new possibilities for energy-efficient
technologies that can reduce environmental impact and optimize
device performance’. The study of OAM offers the opportunity to
explore novel data storage and processing mechanisms, which could
revolutionize modern computing™. The OAM is the pivotal degree of
electronic freedom, which can result in various phenomena such as the
orbital Hall effect (OHE)>°, orbital magnetoelectric effects, and orbital
torques’””. In this context, orbital torque and orbital pumping emerge
as critical mechanisms in orbitronics. Orbital torque, akin to spin
torque in spintronics *'*"', allows for efficient manipulation of mag-
netization via the transfer of angular momentum. Similarly, orbital
pumping facilitates the generation of orbital currents through dynamic

coupling between orbitals and magnetization. Together, these
mechanisms bridge theoretical insights with practical applications,
advancing the potential of orbitronics in modern technology.

In broad terms, the current-induced magnetization dynamics involves
the transfer of angular momentum, extending beyond spin alone. The key
role of the OAM as a source of torque on the magnetization has been firmly
established in the past years, both theoretically and experimentally®' ">
The fundamental mechanism of exchange among the non-equilibrium
OAM and spin via the process of spin-orbit coupling (SOC) mediated spin-
orbital, or simply, orbital torque, has been recently deduced from quantum
mechanical formulations and first principles calculations”. As a result, this
provided a key to understanding of various experiments where the excess of
OAM is believed to be generated via the mechanisms of OHE or orbital
Rashba-Edelstein effect'®". In such cases, strong spin-orbit torques on the
magnetization are generated, and they often exhibit an unusual behavior
distinctly different from that expected from purely spin-mediated

torques'™".
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Reciprocal to spin-orbit torque process, the magnetization dynamics
generates a flow of charge, with the correlation between the direct and
inverse process governed by the very same spin-orbit torkance tensor™.
Given the observed role of OAM in mediating the spin-orbit torque, it was
postulated that, in addition to the effect of spin pumping, the magnetization
dynamics is able to create an excess of OAM*"”, with the corresponding
effect of orbital pumping observed very recently”. Despite clear successes in
promoting and exploiting the OAM for magnetization dynamics, still very
little is understood concerning the basic ingredients of the orbital torque and
orbital pumping. In this context, the design of material families where
various contributions to the spin-orbit torque and pumping can be sup-
pressed and promoted in an educated way, is pertinent. In a recent work,
Ding et al.** demonstrated that tuning the concentration of heavy Gd in a
GdCo alloy can be used to effectively enhance the strength of orbital-to-spin
conversion, which has direct impact on the magnitude and sign of the
torque. Strong spin-to-orbital conversion leading to THz emission has been
also recently demonstrated in heterostructures containing Nd, Gd and Ho™.
This suggests that employing heavy rare-earth elements for orbital torque
and orbital current design can aid in gaining deeper insights into the
interplay of spin and orbital degrees of freedom out of equilibrium.

Among novel material classes, two-dimensional (2D) materials present
an exciting platform for various novel phenomena, such as the OHE, valley-
dependent orbital transport, and spin-orbit torque effects”>’. The confined
geometry and intrinsic anisotropy of these compounds especially promote

the orbital degree of freedom™’, which makes 2D materials a fruitful
ground for testing and realizing various flavors of orbital effects. For
example, it was found that in transition-metal dichalcogenides such as MoS,
and WS,, the OHE, see Fig. 1a, acquires exotic properties, and can even
exhibit quantization’”, leading to a formulation of a concept of orbital
Chern insulator’™*. It was shown that the valley degree of freedom, which
naturally emerges in transition-metal dichalcogenides™ ™ is closely corre-
lated with orbital transport out of equilibrium®*. Additionally, it was
demonstrated that utilizing rare-earth elements such as Gd and Eu to form
2D layers of rare-earth metal dichalcogenides, can give rise to strong
magnetism, promote large orbital Hall response of p- and f-electrons, and
result in robust quantum spin, anomalous and orbital Hall phases™*.

The design of spin-orbit torque in two dimensions is one of the actively
explored areas of 2D magnetism*'. Following the continuity equations for
the redistribution of angular momentum, it has been suggested that in
purely 2D systems the spin-orbit torque should be entirely attributed to the
orbital contribution'*". It was also found that in 2D layers of finite thickness
the spin and orbital nature of the torque can be controlled by the magne-
tization direction®. In particular, the so-called Janus 2D layers have
attracted significant attention recently*** due to the combined properties of
low-dimensionality, anisotropy, valley-spin coupling, and the Rashba cou-
pling. The hexagonal phase of Janus layers has been predicted and experi-
mentally realized in nonmagnetic TMDs MoSSe and WSSe"*™"". Magnetic
Janus 2D materials, meanwhile, have been the subject of extensive
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Fig. 1 | Orbital torque and orbital pumping in 2D Janus dichalcogenides. a In 2D
magnetic dichalcogenides (magnetization out of the plane along z, indicated with a
black arrow), application of an electric field E, along x (red arrow) leads to gen-
eration of a current of orbital angular momentum Q" along y, polarized along z
(small red arrows and yellow circular arrows) via the mechanism of the orbital Hall
effect (OHE). b At the same time, due to broken z-reflection symmetry in Janus
geometry, the electric field will give rise to a current-induced orbital polarization L,
(green arrow, as well as small red arrows and yellow circular arrows), which mediates
an orbital torque on the magnetization along y (depicted with fading arrows). cIn a
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reciprocal process, perturbing the magnetization with a torque T, along y (grey
arrow) will result in a generation of an orbital current along x polarized along y and z
(shown with small yellow and red arrows), which constitutes the effect of in-plane
orbital pumping. d For rare-earth dichalcogenides, the effect of orbital pumping is
equivalent to the effect of orbital-to-orbital-current conversion, where the orbital
current arises in response to an increasing linearly in time orbital field B (¢) applied
along x (pink arrow). While the OHE can be used to generate orbital currents in 2D
materials, the effect of orbital pumping mediated by orbital torque can be used to
achieve orbital current generation by magnetization dynamics in 2D geometry.
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Table 1 | Optimal lattice parameters and magnetic properties of EuSX for out-of-plane magnetization: lattice constant (a),
buckled height between Eu-S/X atoms plane A(Eu-S/X), and the magnetic moment (S) of atom Eu and S/X, as well as the orbital

magnetic moment (L) of Eu, in addition to the bandgap

Lattice dg,— S dg, — X mg (Eu) ms (S) mg (X) my (Eu) Band gap

[Al [A] [Al [us] [us] [us] [us] [eV]
EuSP 4.789 1.136 1.008 6.829 —0.337 -0.120 —0.047 0.002
EuSSe 4.785 1.029 1.307 6.951 —0.022 —0.024 —0.007 1.847
EuSClI 4.479 1.315 1.571 6.875 —0.638 -0.192 —0.035 0.534

theoretical predictions, including Cr-, Fe-, and V-based dichalcogenide and
halide monolayers with strong SOC and magnetic anisotropy***. Recently,
the first experimental realization of a magnetic Janus monolayer was
reported in CrTeSe”, fabricated via molecular beam epitaxy, establishing a
promising platform for exploring symmetry-driven spin-orbit effects in 2D
magnets. Low symmetry of these materials promotes phenomena such as
the spin Hall effect”™ and the quantized transport due to nontrivial Z, band
topology””. The Janus layers were found to possess a high level of electrical
conductivity, mechanical strength’**, and thermal stability’’, making them
a promising material class for applications in electronics, energy storage, and
spintronic devices” ™. The Janus structure has also attracted significant
research in the context of spin-orbit torque switching®.

In this work, taking as an example low-symmetry rare-earth dichalco-
genides of Janus type, which combine strong magnetism with large SOC and
orbital polarization, we explore the role of orbital magnetism in mediating
spin-orbit torque and orbital pumping in 2D magnets based on f-electrons.
First of all, we demonstrate that the current-induced torque acting on the
f-states can reach an order of magnitude observed in most optimal repre-
sentatives of the 2D magnets™”. We find that the f-torque is purely orbital in
nature, that is, it is directly proportional to the current-induced local orbital
moment of rare-earth atoms, Fig. 1b. Second, we predict that igniting mag-
netization dynamics by external means will result in the effect of two-
dimensional orbital pumping, with the pumped in-plane currents of angular
momentum dominated by the orbital contribution, Fig. 1c. Moreover, our
prediction is that, due to the low symmetry of the structure, the response of
pumped current is non-trivial in terms of direction and polarization, which
may find direct applications in spintronic architectures based on an in-plane
spin and OAM injection. Finally, we uncover the origin of the orbital
pumping in the effect of orbital-to-orbital-current conversion mechanism,
Fig. 1d, where a perturbation of the Hamiltonian by the time-dependent
orbital field can fully replace the dynamical term in predicting the response,
thus postulating an equivalence between the torque and OAM operators
within the subspace of f-electrons. At the end of the manuscript, we discuss
the implications of our findings in the discipline of 2D magnetism and
spintronics research and experimental methods to confirm our predictions.

Results

Electronic and magnetic properties

We summarize in Table 1 of the “Methods” section the optimized structure
lattice parameters, magnetic moments of Eu, S, and X atoms, and the band
gaps calculated for considered systems with the magnetization along z,
which we find to be the easy axis for all systems. Here, we consider only the
case of out-of-plane magnetized EuSX, leaving the aspect of anisotropy of
various effects with respect to the magnetization direction for future work.
We find that for all cases the Eu spin moment is close to 7 y, reflecting the
half-filled f-shell configuration (4f 6s%), while X spin moment is opposite in
sign, ranging in magnitude between 0.02 yg for Se and 0.64 pp for Cl. The
orbital moments are always negative with respect to Eu spin moment,
ranging between —0.01 pg and —0.19 yg for all atoms.

We first analyze the evolution of the electronic structure and magnetic
properties when increasing the number of electrons in the system by going
from EuSP, to EuSSe, and EuSCI. Note that the valence shell configurations
for P, S, and Cl are 353p’, 3s’3p*, and 35’3p°, respectively. The band-
structures and spin-resolved density of states (DOS) for EuSX monolayers

computed with SOC are shown in Fig. 2. Starting with the case of EuSP,
Fig. 2b, we find that the system is a metal with states at the Fermi energy
dominated by p-orbitals of P, and Eu-f states located 1-2 eV below.

Remarkably, the f-states of Eu and the p-states of S or P atoms are
always separated in energy, so that their hybridization is minimal. In con-
trast, the p-states of S and P atoms exhibit a strong hybridization, particu-
larly between —3 and —4 eV. Turning to EuSSe, Fig. 2¢, we observe that itisa
semiconductor with a large band gap of 1.84 eV. The valence band max-
imum and the conduction band minimum are both located at the I' point,
with the former dominated by the 4f majority states of the Eu atom, and the
latter originating in the p states of S/P atoms, with both orbital types
hybridizing strongly near the Fermi energy.

The results for the case of EuSCl are shown in Fig. 2d. This system has a
direct semiconducting band gap of 0.534 €V at I', which is generated by the
flat band of majority 4f-state of the Eu atom and the minority 3p of the Cl
atom. It also exhibits the largest in magnitude spin moment of the S atom
among all layers of 0.64 i, originating in the partial occupation of spin-split
flat S p-bands at the Fermi energy. In contrast to other systems, there is a
clear imbalance in the hybridization of the p- and f-states: Eu states bond
much stronger with the p-states of S, while the group of states at around
—3 eV is predominantly of Cl character. The latter group of p-states also
looks qualitatively different from the other two compounds.

Orbital torque in EuSX
The geometry of EuSX is of Janus type, where the structural inversion
symmetry and the mirror reflection symmetry with respect to z (M,) are
naturally broken, which allows for the effect of spin-orbit torque for the out
of plane magnetization.

To investigate the torque that is exerted on the magnetization upon
application of an electric field, we utilize the spin continuity equation for the
time evolution of spin density':

oS

5 O

O + T + TRe

where @° stands for the spin flux contribution, Tsg is what we refer to as the
spin-orbital, or, simply orbital torque, and Txc is the torque on the mag-
netization due to transfer of angular momentum from the spin of excited
electronic states.

For the total Hamiltonian H, the spin flux coming into an atom defined
by the projection P is given by

o =

1
- ﬁ{[Pv H]7 8}7

@

where [A, B] = AB — BA and {A, B} = AB 4 BA are the commutator and
anti-commutator for the pair of operators A and B. The spin-orbital torque
and exchange torque are given as
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Fig. 2 | Electronic structure of EuSX. a Top and side views of the Janus H-phase
EuSX monolayers (X = P, Se, and Cl) are shown. The dark blue balls represent Eu
atoms, and the yellow/red balls represent S and X atoms, respectively, with the axes
shown with black arrows. The first Brillouin zone is shown at the bottom. Right:

b-d The band structures and the corresponding spin-resolved density of states
(DOS) are shown. The left and right parts of the DOS correspond to the majority and
minority spin, respectively. The DOS of Eu-f, Eu-d, S-p, and X-p states is shown with
dark red, green, blue, and pink, respectively.

respectively, where Hso and Hxc stand for the spin-orbit and spin-
dependent exchange-correlation part of the single-particle Kohn-
Sham Hamiltonian, respectively. That is, the total Hamiltonian is
given by

H=H,+ Hgg + Hyc, (5)
where H, incorporates the spin-independent part of the Hamiltonian,
including the kinetic energy and the crystal-field potential generated by the
lattice and the mean-field of electron cloud. Note that the exchange
Hamiltonian is given as Hxc = (2up/h)S - Vxc, where Vi = M- Vxc(r)is
the so-called exchange field which determines the magnitude of the
magnetic moments and spatial properties of the spin density, and M is the
unit vector along the magnetization direction.

In the steady state, the torque on the magnetization is given by

(—Txe) ~ (®%) +(T), ©)
where ( --- ) stands for the statistical average in the steady state. In a purely
2D system, periodic in the xy plane, the flux is absent by construction, and
the exchange torque is purely given by the spin-orbital torque, the angular
momentum transfer from the OAM to the spin, <— T§<c> ~ <T§O>. Under

an external electric field E, applied along x, the response of the torque along
y in the steady state is given by the Kubo formula

AE,
<T§(C>y = eNk Z Z(fﬂk _fmk)
nm k
S @)
y 1 [ (9, T, W) (VoY) ]
(E—Ectin)’
= tyxExa (8)

where e > 0 is the unit charge, N is the number of k-points used for the
summation such that the response is given in the unit per unit cell, v, is the x-
component of the velocity operator, ¥, is an eigenstate of the total
Hamiltonian with band index #, E, i is its energy eigenvalue, and £,,, is the yx-
component of the torkance tensor. Here, f is the corresponding Fermi-
Dirac distribution function, where we set the temperature T = 300K. The
broadening parameter # effectively describes the degree of disorder, which

explicit reference to the distibution function in the summation, referring
thus to the zero temperature limit expressions for computed quantities.

We present the results of our calculations for the y-component of the
total exchange torque, i.e., t,x component of the torkance tensor, and spin-
orbital torque in Fig. 3a-c for EuSP, EuSSe, and EuSCl, respectively, as a
function of the Fermi energy, keeping the magnetization aligned along z in
all cases. First, we find that the overall magnitude of the exchange torque is
very large, almost reaching —2 eA, far exceeding that in transition metal
heterostructures™. This is comparable to the magnitude exhibited by some
representative 2D materials™*”". For EuSCl, large values of the torque can
be achieved in direct proximity of the Fermi level, which underlines the
promise of this particular material for spin-orbit torque applications.
Expectedly, the total summed over all atoms exchange torque in these
systems is equivalent to the orbital torque, which is also apparent from the
fact that it is very difficult to distinguish the curves for the orbital and
exchange torques in the whole interval of energies, Fig. 3a—c.

By relating the regions in energy, where the exchange torque is non-
zero, to the band-resolved contributions shown in Fig. 4a-c, we identify the
largest torque with the region of 4f-states, observing that a much smaller
torque also arises in the region of p-states below the f-region (for EuSP).
Correspondingly, we identify Eu atoms as contributing predominantly to
the orbital “f’-torque, although at some energies within the f-band of EuSCI
the contributions of S and Cl atoms are also non-zero (not shown), owing to
the p-d-f hybridization taking place in that region of energy. The origin of
the torque in near band degeneracies becomes apparent after a careful
analysis of band-resolved contributions: for example, while the two flat p-
bands positioned at about —3.2 eV in EuSP contribute only at the points
where they cross the more dispersive bands, the latter provide a contribution
over a larger part of the k-path as they are nearly degenerate around —3 eV.
The roles of these two groups of p-states are interchanged in EuSSe, with flat
bands being nearly degenerate resulting in a small but finite torque, while the
more dispersive bands are split off from each other almost everywhere
giving a vanishing torque signal.

Next, to gain further insight into the origins of the torque, we analyze
the non-equilibrium interband spin and orbital accumulation induced by an
external electric field and calculated according to the linear response theory
from the following expression:

also help numerical convergence. We set 7 =25 meV in all the calculations (]) mk > Ep (i 1ty ) (b v, L1030

shown below. The calculation for the spin-orbital torque is done by ehE. 2 Z Im [ NE,—E  +in? | ©)
replacing TS by TS, in Eq. (7). In the following, for brevity, we skip the ¥ nk<Eg Kl Enke = Sk
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Fig. 3 | Orbital torque and orbital pumping in EuSX. a-c Band-filling dependence
of the y-component of spin-orbital ((Tgo)) and exchange ((T)S(C)) torque normalized
to the strength of an electric field E, applied along x. The band-filling of the x-
component of the normalized current-induced OAM ({L,)), d-f and spin ({(S,)),
g-i, resolved into Eu and SX contributions, is shown for comparison. In (j-1), the
distribution of orbital currents arising in response to the exchange torque along y, as

given by tensor components t,L(; and ti} defined by Eq. (14), is shown. In m-o, the
respective tensors are shown for the case of spin current. The band filling depen-
dence of the orbital-to-orbital-current conversion strength, as given by tensors 73*
and 7 defined by Eq. (15), is shown for comparison in (p-r). The case of EuSP,
EuSSe, and EuSCI corresponds to the left, middle, and right columns, respectively.

where J stands either for the operator of spin or OAM, S or L. The latter is
computed using the atom-centered approximation”. The results are
presented in Fig. 4(d-i) for the only non-vanishing components (L,) and
(Ss)», decomposed into Eu and SX contributions. The exchange f-torque

observed in the monolayers of EuSX systems, as shown in Fig. 3, can be
primarily attributed to orbital physics, which clearly manifests in a
remarkable one-to-one correspondence in the band filling behavior of (L,)
on Euatoms and (T$.) in the region of f-states. This observation highlights
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the key role played by nonequilibrium OAM generation in mediating the
overall torque in 2D limit. Note that the (L,) of SX atoms is non-vanishing
only for the case of EuSCl, where it is still an order of magnitude smaller than
that on Eu atoms. In particular, for EuSCl, the non-equilibrium orbital
magnetism is of purely p-origin in the p-region of states below —3 eV, see
also Fig. 4f. The impact of the p-states in the f-region on the Eu-(L,) is also
significant for EuSCl, as the behavior of (L,) and the torque for this material
is distinctly different from the other two materials—something, which can
be clearly observed also in Fig. 4d-f.

Owing to the atom-centered approximation that we use for assessing
orbital properties, the values of current-induced orbital moments on Eu
atoms are sensitive to the angular expansion of Bloch states with respect to
the Eu center, and are thus mostly determined by the f-orbital character of
the states, being much less sensitive to the admixture of the states originated
from chalcogen atoms. The situation is different for the current-induced
spin moment inside Eu atoms, which can be qualitatively decomposed into a
spin-orbit contribution originated from the localized around the core f-
states, as well as contribution from more delocalized parts of the

wavefunctions which may contain a significant weight from the chalcogen
states within Eu atoms.

The analysis of current-induced spin polarization, (S,), in Fig. 3g-i
confirms the origin of the non-equilibrium spin density on Eu atoms in the
current-induced orbital magnetization by SOC. Indeed, although the
magnitude of Eu (S,) is about one order of magnitude smaller than that of
(L), the close correlation between the two quantities in the f-region is
obvious. At the same time, isolated regions, indicated by small black arrows
(marked as A, B, C,and D) in Fig. 3h, i, where the correlation among Eu (S,)
and (L,) is violated, are also present. These contributions to (S,) can be
traced back to points of strong hybridization among Eu-f and SX-p states,
which drives spin density response inside europia with large admixture of
chalcogen states.

Note that the current-induced spin moments originated from chal-
cogen states are much larger in magnitude than the (S,) coming from the f-
states. This can be explained as follows. The generation of transverse to
magnetization spin density along x relies on non-vanishing matrix elements
of S among the states of opposite spin. Among the f-states, this corresponds
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to transitions among states which are separated in energy by more than 6 eV,
which suppresses the effect significantly. On the other hand, the states of
chalcogen atoms are slightly exchange split by interaction with magnetic
europia, see Fig. 2, which in contrast, counter-intuitively, promotes the
magnitude of (S,) on nominally non-magnetic atoms.

The p-originated spin density does not give rise to noticeable exchange
torque, neither within calcogen atoms nor in europia. Recall that the
exchange torque is given by TS = —(2u5/h)S x V., which is expressed
in terms of the operator of spin and exchange field*’. The exchange field of
Eu atoms is predominantly determined by the localized f-states, which
results in the strong localization of the exchange field around the cores, and
corresponding to f-states orbital structure. This means that the overlap of
the exchange field with current-induced spin density S,(r), which has a
significant weight of p-states of chalcogen atoms is overwhelmed by the
contribution due to the overlap of Vxc with spin-orbit induced spin density,
with the latter not only being localized around Eu cores, but also consistent
in symmetry with the angular expansion of the f-electron driven exchange
field. Indeed, the local orbital response (L,) on Eu atoms is very localized as
well, and it stems predominantly from the f-states which ensures the locality
and suitable symmetry of the SOC-induced spin density. This explains the
observation that the current-induced orbital magnetization correlates with
the exchange torque much stronger than the non-equilibrium spin density,
despite the fact that the operator of OAM does not participate in T
explicitly. Our findings thus establish the local current-induced OAM as the
key factor in mediating spin-orbit torques in f-systems.

Orbital pumping in EuSX
Next, we focus on the spin and orbital current generation by magnetization
dynamics. To model the effect of the magnetization dynamics, we asumme
that the exchange field becomes time-dependent via the time-dependence of
the magnetization direction:

Vye(t) = M(t) - Vye(r). (10)

20

It can be shown™ that this results in the following rate of change of the
Hamiltonian of the system:

dH

I (11)

R AM(r)

= T)S(C . (M(t) X a0 .
In terms of the torkance tensor f,4, by using perturbation theory, one can
arrive at the expression for the so-called inverse spin-orbit torque effect, i.e.,
an effect of charge pumping by magnetization dynamics:

== Ztﬁa M(1)) (M(t) au ()> : (12)
B

where Vis the volume and j,, is the «’th component of charge current density
generated by magnetization dynamics®. Thus, following Onsager’s reci-
procity principle, the torkance tensor describes both the response of torque
to the current, and the response of current to the magnetization dynamics.

In this context, one can also ask a question whether the time-dependent
magnetization can give rise to the non-vanishing spin and orbital currents,
arising in addition to the currents of charge. In the past, Kubo linear
response formalism has been used to compute the effect of spin pumping—
i.e, spin current driven by magnetization dynamics — into the substrate by a
deposited thin ferromagnet, e.g.,”” with the effect being extensively studied
experimentally”. In a similar geometry, the twin effect of orbital pumping
has been also recently observed”. In contrast to the previous works where
the currents of spin and OAM propagate into the bulk of the film, here, we
consider a situation where the corresponding currents are lying in the plane
of our EuSX systems, see Fig. 3¢, constituting thereby the effect of in-plane
orbital pumping.

To assess the effects of orbital and spin pumping, we introduce the
inverse spin and orbital torkance tensors ¢, according to

(13)

Qi ==~ Zfa M) (M(t)x am )> ,

where ], stands for the y-component of either spin (S,) or orbital (L,)
angular momentum, and Q" is the current density of J, along direction a.
Within the Kubo linear response the intrinsic contribution to the inverse
spin (orbital) torkance tensor reads:

Jy mk>Ep
o _ 2
eh

J
<unk |]“y | umk> <umk I T)S(C1ﬁ|unk>
m

14
N(E — Epye + in)? )

nk<Ep

where JJJ 1(vJ" +]"v,) is the operator of spin (orbital) velocity.

For our compounds, the symmetry dictates that for the case of the

torque along y (8 = ), the only non-vanishing components are txy, ty,and
Y = Lz, while for the torque along x (ﬁ x) the non-vanishing compo-
nents are t{,x = —t b = —ty,and ) = —tyx

We can understand it based on the example of a current of angular
momentum arising in response to the torque along y. In our Janus layers
with magnetization M along z, a symmetry operation which leaves the
system invariant is a combination of time-reversal 7 with M. As far as the
torque operator along y, which is proportional to the vector product of S,
with M,, is concerned, the application of 7 M, flips it sign. On the other
hand, among different components of angular momentum current opera-
tors, jz,and jg,x remain invariant, while j’x, j,’ ,and j{f change the sign. Taking
into account the fact that 7M, is anti-unitary, which introduces an
additional minus sign in the intrinsic Kubo response ~ Im[- - -], non-
vanishing response is expected for j¢, j/z, and 7+ under the perturbation by
the torque along y. These correspond to tiy, tyy»and t)’,y Analogously, since
the torque along x is proportional to a product between S, and M., it does
not change sign under 7 .M, which results in non- Vanishing t;x, tix, and £}
components. The rest of the relations can be obtained by invoking the C;,
symmetry of the lattice with out-of-plane magnetization.

In short, we find that when a torque is applied on the magnetization,
this results in a generation of two types of currents of angular momentum:
(i) A current which is polarized along the direction of the magnetization and
propagates together with the pumped flow of charge; (ii) An in-plane cur-
rent of angular momentum with an in-plane propagation-direction-
dependent polarization, whose properties can be controlled by the direction
of the applied torque. It is important to realize that were our atoms arranged
in a square lattice with both mirror symmetries M, and M, present, only
one conventional component t{g, would survive, dr1v1ng the current of type
(1). The complexity of the pumped currents of angular momentum is thus a
direct consequence of the complex structural symmetry of considered Janus
rare-earth dichacogenides.

The tensor components txy and txy for the case of spin, and txy and txy
for the case of orbital channel are shown for EuSX in Fig. 3j-1and Fig. 3m-o,
respectively, as a function of band filling. By first looking at the pumped spin
currents, we immediately realize that for all compounds, in case of the z-
polarization, the spin current in the f-region is directly proportional to the
generated by E, distribution of { T)S(C) and (L,), and not to the corresponding
values of (S, ), Fig. 3a—i. This can be easily understood from the fact that in
the ground state the localized f-states are almost pure eigenstates of S,. This
means that when we consider matrix elements of spin  velocity
LIS, v, + .S, |t ), which enter expression (14) for txy, they become
proportional to the matrix elements of v, when evaluated among the f states.
To good approximation this manifests an equivalence of Q% and (T5.), see
Eg. (6). On the other hand, for the same reason, Qy is vanishing almost
everywhere since the matrix elements of S, are zero when evaluated among
the eigenstates of S,. The only exclusion can be seen at the “spin-flip" points
at the electronic structure, where the spin-up and spin-down bands of SX
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and Eu atoms meet (see for example vanishing ti} for EuSP where f-states
are well-separated from p-states). These spin-flip points allow for the non-
vanishing matrix elements of S, among the states of opposite z-spin
polarization, and are also responsible for the pronounced response in
current-induced S, mediated by hybridization among the p- and f-states, as
discussed above.

The behavior of the pumped orbital currents is, however, very dif-
ferent. We first discuss the case of out-of-plane polarized pumped orbital
currents. Let us recall that for the considered here out-of-plane magne-
tization the f-states, to a large degree, can be considered as eigenstates of
L, spreading in energy from negative to positive values of (L), according
to Hund’s rules. This implies that when the Fermi energy is in the middle
of the lower band with negative (L,) (or in the middle of the upper band
with positive (L)), the matrix element of the orbital velocity 1 (i, |L,v, +
v, L, |u,,.) approximately equals the matrix element of v, times an effective
averaged value of L,, which is negative (positive) within the lower (upper)
f-band. This effective value should be much smaller in the middle of the f-
band, as it is determined as an average of positive and negative eigenvalues
of L, above and below the Fermi energy. Respectively, we observe in
Fig. 3j-1 that, qualitatively, in the f-region the z-polarized orbital current
can be reconstructed from the behavior of the (T;C), Fig. 3a—c, multiplied
with a negative (positive) factor in lower (upper) f-subband, while being
suppressed in the middle of the f-band. If we recall that (T5..) is directly
proportional to the density of charge current driven by magnetization
dynamics by the inverse spin-orbit torque effect, we can perceive pumped
orbital current Q- as an orbital filtering effect, where the pumped charge
current becomes orbitally polarized along z as it is generated by an
application of a torque.

When inspecting the in-plane polarized OAM current, we find that it is
peaking in the middle of the —banLd, where z-polarized current is suppressed.
Moreover, in contrast to Q/', Q" is spread over wider regions of energy.
This can be understood based on a observation that in contrast to L,,
operator L, couples the states with different orbital #-character, which gives
rise to Q" in wider regions of energy by feeding on high complexity in the
orbital composition of the bands. The effect is maximized in the middle of
the f-band, which corresponds to the excess of states with m = 0, coupling
with which across the Fermi energy provides largest matrix elements of L, in
the basis of f-states.

On the other hand, when looking at the k-space behavior of the two
types of orbital currents, shown in Fig. 4g-1, we find two clear distinctions.
First, Q%= is more often originating from narrower regions in the reciprocal
space, which is reflected in a larger number of monopole-like features where
the bands cross each Lother. Second, aside from monopole-like contribu-
tions, we find that Q,” exhibits a much richer behavior in k-space with
contributions of various sign spread over larger regions in energy, in con-
trast to QL= which is much more uniform when staying within a given
narrow energy interval of a given flat band.

Origin of orbital pumping in 2D

Above, we have observed that for f-electrons the effect of the current-
induced torque on the exchange field is equivalent to the effect of current-
induced orbital magnetization. Therefore, it seems rewarding to explore
whether the same holds true for the inverse process: i.e., whether the
pumping of the OAM currents by the torque is equivalent to an OAM
current arising in response to an induced orbital magnetization. In other
words, we have to assess the properties of pumped OAM current when the
orbital magnetization is increasing in time. This effect can be modelled by
considering an additional orbital term in the Hamiltonian, B;(¢)L, with
linearly increasing in time orbital exchange field, B;(¢) ~ t. Introducing
such a term on the level of spin has been used in the past to study the
phenomena of inverse (spin) Edelstein effect” and its magnetic
counterpart’’, associated with the pumping of charge currents. By con-
sidering this term as a perturbation, we are interested in the response of
the orbital currents, proportional to the rate of change in the orbital
magnetic field, which is governed by the following orbital-to-orbital-

current conversion tensor:

L S
Tﬁy 5 mk>Er <unk|]ﬁy|umk><umk|La|unk> (15)
£ m
eh nk<Eg Nk(Enk - Emk + ”7)2

The calculations for the %% and 73 components—corresponding to a
generation of y- or z-polarized OAM currents along x in response to the
orbital field applied along x—are shown in Fig. 3p-r. From this data we
make a remarkable observation: as far as pumped orbital currents in the
region of the f-states are concerned, the effect of the magnetization dynamics
represented by a torque along y is quantitatively completely equivalent to the
effect of L, via the application of a time-dependent orbital field, since the two
types of tensors exhibit an almost identical to each other behavior in the
region of corresponding energies. Conceptually, this is similar to the picture
of the origin of the inverse spin Edelstein effect in a linearly increasing
magnetic field acting on spin”’. The effect of the OAM current generation by
inverse orbital torque that we uncover here can be correspondingly quali-
tatively considered as an intrinsic version of the inverse orbital Rashba effect
for the orbital current, see Fig. 1.

The established equivalence of the perturbation by an increasing in
time orbital field and torque allows to draw a simple picture of the origin of
orbital pumping in 2D systems with broken z-mirror symmetry. When the
magnetization dynamics is ignited by the torque along y, the equivalent
process of increasing in time By (f)L, can be seen as a source of an electro-
motive force along + y at the upper and along —y at the lower surfaces of the
2D film, following the principle of Faraday’s induction law. This can be also
qualitatively understood as follows: recalling the definition of L, operator,
we can write the time-dependent perturbation as being proportional to
v,2zB;(f). Assuming a picture of localized perturbation we can roughly
replace z with the positions of the upper and lower surfaces, z,, = zy and
Zdown = —Z, arriving at the perturbation by a staggered time-dependent
term +2zov,B () and —zov, By (¢), acting and accelerating electrons on upper
and lower surfaces, respectively, thereby contributing to formation of an
orbital moment along y. The latter can be envisaged as an action of a
staggered electromagnetic vector potential A*(f) ~ +zoB; (f), which generates
a staggered electric field E* = Fz,dB;(f)/dt at the opposite surfaces of the
film. Following the principle of local OHE, the staggered E* will generate an
orbital Hall current flowing along x at the opposite surfaces of the system.
However, owing to locally different electronic structure and locally different
orbital Hall conductivities, the corresponding generated orbital Hall cur-
rents at the two surfaces of the slab are not equivalent, and will not com-
pensate each other. This ultimately gives rise to a net orbital current pumped
along x, underlining the microscopic mechanism behind orbital pumping.
While this mechamism relies on a correspondce between torque and orbital
perturbation mediated by SOC, which we have established for f-electrons, it
can probably be in part used also to understand orbital pumping phe-
nomena in 3d magnetic systems, where the exchange field is much more
delocalized, and the effect of interatomic hybridization among the states of s,
P> d-character on the orbital response is more prominent. We leave the
exploration of the orbital pumping effects in 2D systems of 3d electrons for
future work.

Discussion
Our study provides unique insights into the structural, electronic, magnetic,
and transport properties of Janus H-phase monolayers of 4f-Eu rare-earth
dichalcogenides. The observation of substantial magnetic moments, distinct
electronic hybridization channels, and non-trivial response to an applied
current highlights the potential of these materials for spintronic device
applications. The understanding gained from this research opens new
avenues for designing and optimizing orbitronics devices based on 4f-Eu
rare-earth dichalcogenides and generally 2D materials hosting strongly
orbitally polarized states.

One of our key findings is the observation of pronouncedly orbital
character of the response to the electrical current which is mediated by f-
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electrons. The close correlation between the orbital magnetism and torques
in f-systems suggest that the orbital torque properties can be engineered by
carefully crafting the crystal field around rare-earth atoms due to sur-
rounding cage of sp-atoms. The latter is susceptible to strong changes in 2D
geometry which signifies a powerful channel for spin-orbit torque design.
The found correlation between the orbital magnetism and torque within the
f-shell is so strong that the torque operator acting on f-states can be replaced
by the local OAM operator within the same sub-shell in the linear response
expressions for the response properties. We attribute this to the properties of
the exchange field of f-atoms, which is closely interlinked with the strong
orbital polarization of the f-states by very large spin-orbit interaction. Since
the properties of the f-states, their orbital polarization and degree of loca-
lization are very sensitive to the degree of correlation of valence electrons,
one possible way to tune the response properties in considered classes of
systems lies in alloying with other rare-earth or transition metals.

Another remarkable property that we uncovered is the effect of in-
plane orbital pumping, i.e. pumping of currents of OAM by magnetization
dynamics. Intuitively, one would expect that this effect can be attributed to
the OAM polarized along the magnetization direction and carried by the
pumped current of charge. However, we find this picture to be too naive to
reflect the complexity that we observe in the magnitude, direction and
polarization of the generated current. We speculate that this complexity may
be exploited for the purpose of orbital current injection into a planar
adjacent material, with a controllable polarization of the current. We predict
that this is a generic effect which occurs in 2D magnetic materials of Janus
type owing to their lowered crystal symmetry. While we leave the
exploration of exact microscopic mechanisms for the orbital pumping to
future work, we make the first step in this direction by discovering that
orbital pumping realized by f-electrons can be considered as an effective
orbital-to-orbital-current conversion, where changing in time orbital
polarization relaxes via a generation of an orbital current. Our findings open
new possibilities for generating diverse flavors of orbital currents in 2D
materials which go beyond the protocol of the OHE. We thus declare that
the peculiarities of 2D geometry combined with the specifics of f-electron
magnetism may provide as robust and efficient platform for orbital current
generation.

Methods

General DFT setup

We performed our density functional theory (DFT) calculations of Janus
H-phase monolayers of EuSX (X =P, Se, Cl) using the full-potential line-
arized augmented plane wave method (FLAPW), as implemented in the
Jillich DFT code FLEUR”, with the Perdew-Burke-Ernzerhof” para-
metrization of the exchange-correlation potential. The structural optimi-
zation was carried out using the FLEUR code with DFT+U method. For the
self-consistent calculations, a 16 x 16 k-point mesh was used to sample the
first Brillouin zone. All calculations included SOC self-consistently within
the second variation scheme. To account for the effect of strongly correlated
electrons of the highlylocalized 4f-electrons of Eu, the GGA+U method was
applied within a self-consistent DFT cycle. The on-site Coulomb and Hund
exchange parameters were set to U= 6.7 eV and J = 0.7 eV, which are values
commonly used for the treatment of f electrons in chemical elements with
half-filled 4f shells such as Eu and Gd"*”.

Table 1 summarizes the relaxed structure lattice parameters, magnetic
moments of Eu, S, and X atoms, and the band gaps calculated using the GGA
+Umethod. Regarding the computational parameters, we set the muffin-tin
radii to 2.80 a, for Eu and 1.69, 1.84, and 2.35 aq for S, and 2.16, 2.35, and
2.95 a, for X, where a, is the Bohr radius. The cut-off for the plane-wave
basis functions was chosen as K, = 3.7, 4.3, and 3.9 a ! for the wave
functions and G, = 11.1, 12.9, and 11.7 a;! for the charge density and
potential for EuSP, EuSSe and EuSCl, respectively. The upper limit of
angular momentum inside of the muffin-tin sphere was set to [, . = 10 for
Eu and I, = 6, 8, and 10 for S and 8, 8, and 10 for X. The magnetic
anisotropy energy of EuSP, EuSSe, and EuSCl was estimated to be 0.73 meV,

0.047 meV, and 2.341 meV, respectively, favoring an out-of-plane direction
of magnetization.

Wannier functions construction

From DFT calculations, we extracted 36 maximally localized Wannier
functions (MLWFs) by using Eu-d, Eu-f and S,X-p orbitals as initial pro-
jections, as these orbitals dominate the band structure in a wide energy
window around the Fermi energy, with the frozen window maximum set to
2 eV above the Fermi energy. The electronic band structure was compared
to the band structure obtained by constructing MLWFs in the FLAPW
formalism™ and the open-source WANNIER90”. Based on the tight-
binding Wannier Hamiltonian constructed from the Wannier functions, we
performed the calculations on a 500 x 500 interpolation k-mesh. The orbital
pumping and orbital torque were computed using the Kubo formula and the
Wannier interpolation technique, capturing the dominant contributions
from the specified orbitals.

Data availability
The data supporting the findings of this study are available from the cor-
responding author upon reasonable request.

Code availability

The DFT code used in this study is the full-potential linearized augmented
plane-wave package FLEUR”, which is openly available at https://www.
flapw.de/.
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