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Nonlinear spin and orbital Rashba-Edelstein effects induced by a femtosecond
laser pulse: Simulations for Au(001)
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Rashba-type spin-orbit coupling gives rise to distinctive surface and interface phenomena, such as spin-
momentum locking and spin splitting. In nonequilibrium settings, one of the key manifestations is the
(Rashba-)Edelstein effect, where an electric current generates a net spin or orbital polarization perpendicular to
the current direction. While the steady-state behavior of these effects is well studied, their dynamics on ultrafast
timescales remain largely unexplored. In this work, we present a theoretical investigation of the ultrafast spin
and orbital Edelstein effects on an Au(001) surface, triggered by excitation with a femtosecond laser pulse.
These effects are intrinsic and inherently nonlinear. Using a real-space tight-binding model combined with time
evolution governed by the von Neumann equation, we simulate the electron dynamics in response to the pulse.
Our results reveal pronounced differences between the spin and orbital responses, offering detailed insights
into their distinct temporal profiles and magnitudes. We further explore the associated charge, spin, and orbital
currents, including the emergence of laser-induced spin and orbital Hall effects. Finally, we quantify the angular
momentum transfer mediated by the light-matter interaction. These findings shed light on the intricate ultrafast
dynamics driven by spin-orbit coupling and offer guidance for the design of next-generation spintronic and
orbitronic devices.
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I. INTRODUCTION

Rashba-type spin-orbit coupling (RSOC) manifests itself
in a number of effects at surfaces or interfaces [1,2]. A promi-
nent example is the spin-momentum locking of surface states,
for example, in the L-gap surface state in Au(111) [3], and the
accompanying spin splitting, for example, in the surface alloy
Bi/Ag(111) [4]. Concerning nonequilibrium situations, the
(Rashba-)Edelstein effect is a clear signature of RSOC [5–9]:
An electric current flowing parallel to a surface produces a
homogeneous spin polarization in the surface layers that is
in plane and perpendicular to the current’s direction. This
spin Edelstein effect (SEE) is complemented by the orbital
Edelstein effect (OEE), in which the current results in an
orbital polarization [9–15].

Both the spin and the orbital Edelstein effect are well un-
derstood for the steady state in which the applied electric field
is time independent. For ultrafast electron dynamics, results
obtained for the steady state cannot be easily transferred into
the time domain. An example is the ultrafast orbital Hall
effect generated by a femtosecond laser pulse, which exhibits
similarities but also striking differences in comparison to its
steady-state counterpart [16].
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Concerning ultrafast Edelstein effects, the following ques-
tions arise. Are there significant differences between the SEE
and the OEE? Recall that spin is an inherent property of an
electron, whereas its orbital moment is related to its motion.
Are the ultrafast Edelstein effects significant mainly “dur-
ing the laser pulse” or is there a sizable signal “after the
pulse”? Are the Edelstein effects accompanied by currents
of spin and orbital angular momentum, either in longitudinal
or transversal directions (i.e., Hall currents)? How large are
the magnitudes of the laser-induced spin angular momentum
(SAM) and orbital angular momentum (OAM)?

In this paper, we give answers to the above questions. We
report on a theoretical study of the SEE and the OEE gener-
ated by a femtosecond laser pulse. As a sample, we choose an
Au(001) surface, which is subject to RSOC; the latter may be
induced by an insulating substrate. The sample is illuminated
by a femtosecond laser pulse (Fig. 1), which excites the elec-
tron system via dipole transitions. The electron dynamics is
described by a one-electron density matrix, the time evolution
of which is given by the von Neumann equation. The Edelstein
effects are then analyzed in terms of time-dependent spin and
orbital polarizations as well as in terms of their respective
currents flowing within the Au sample.

Ultrafast phenomena can be delineated on the level of
time-dependent density functional theory (TDDFT), a very
accurate description [17–19]. Being computationally demand-
ing, TDDFT simulations are usually restricted to small sample
sizes and short time spans. In contrast, model calculations,
which require less computational effort, may not capture im-
portant details of the electronic structure, in particular, if
highly excited electronic states are involved in the dynamics.

2643-1564/2025/7(4)/043023(11) 043023-1 Published by the American Physical Society

https://orcid.org/0000-0002-8473-3345
https://orcid.org/0009-0007-7878-6444
https://orcid.org/0000-0003-4050-6869
https://orcid.org/0000-0001-8488-0997
https://orcid.org/0000-0003-0764-0214
https://ror.org/05gqaka33
https://crossmark.crossref.org/dialog/?doi=10.1103/mpz5-z4kk&domain=pdf&date_stamp=2025-10-06
https://doi.org/10.1103/mpz5-z4kk
https://creativecommons.org/licenses/by/4.0/


BUSCH, ZIOLKOWSKI, GÖBEL, MERTIG, AND HENK PHYSICAL REVIEW RESEARCH 7, 043023 (2025)

FIG. 1. Sketch of the ultrafast spin and orbital Edelstein effect
in a two-dimensional (2D) system. (a) A linearly polarized laser
pulse with electric field E along the +x-direction (violet) impinges
perpendicular to the sample (gray; located in the xy plane). Oy (red)
is the laser-induced in-plane angular momentum O (either spin or
orbital angular momentum) along the +y direction. (b) Same as
(a) but half a period later: E and Oy point along the −x and the −y
direction, respectively.

Our computational approach EVOLVE [16,20–23] bridges the
gap between TDDFT and model calculations: based on a
tight-binding (TB) method in real space, it allows treating
comparably large samples and long time spans, and it rep-
resents the electronic structure reasonably well. EVOLVE has
proven its suitability in a number of investigations. For ex-
ample, a backflow mechanism in Co/Cu heterostructures is
faithfully reproduced [20]. The tight-binding description im-
poses two restrictions: the discrete representation in terms of
sites and atomic orbitals imposes, first, that spatial resolution
is limited to atomic sites and, second, the hopping matrix ele-
ments in the Hamilton operator introduce a lower limit of the
temporal resolution (in the order of a few tens of attoseconds).

This paper is organized as follows. Theoretical aspects are
sketched in Sec. II. Section III collects the discussion of the
results, and concluding remarks are given in Sec. IV. In the
Appendixes, we present the symmetry analysis (Appendix A),
derive the RSOC in a real-space tight-binding approach (Ap-
pendix B), and present results for a sample without RSOC
(Appendix C). A frequency analysis provides a means to dis-
tinguish SAM and OAM currents with regard to their origin
(Appendix D).

II. THEORETICAL ASPECTS

We briefly introduce the main ideas of our approach to
ultrafast electron dynamics. The computations have been
performed with the computer code EVOLVE, which is being
developed in our group (for details, see Refs. [16,20–23]).

The samples are Au(001) monolayers. The free-standing
films form a square lattice, with Cartesian axes chosen as
x ≡ [110], y ≡ [1̄10], and z ≡ [001]. The samples are approx-
imated by real-space clusters with dimension 11 × 11 atomic
sites, with periodic boundary conditions applied in x and in y
directions (i.e., closed circuit geometry). Au lends itself to a
study of the ultrafast SEE and OEE since it exhibits a sizable
spin Hall conductivity [24–26] and a moderate Rashba spin
splitting [27–30].

The electronic structure of the samples is described by
a semiempirical real-space TB approach [31]. The Hamilto-
nian Ĥ0 is of Slater-Koster type with parameters taken from
Ref. [32]. The difference of the on-site energies of the p- and

d-orbitals is about 14 eV, and the hopping integrals have a
magnitude of maximal 2.5 eV. Ĥ0 includes both the atomic
spin-orbit coupling (SOC) [33] and the RSOC for gold [34].
The latter mimics the effect of a substrate, which induces a
potential gradient perpendicular to the film (for details, see
Appendix B). Values for the atomic SOC strength of Au have
been taken from Ref. [34] and read ξp = 1.5 eV and ξd =
0.65 eV for p- and d-orbitals, respectively. We have estimated
the RSOC parameter λR

zα to about 0.1 eV with γ SO = 4.2 ×
10−9 eV cm from Ref. [34] and with the Au lattice constant of
4.08 Å.

The electronic system described by Ĥ0 is excited by a
femtosecond laser pulse [35], whose electric field oscillates
within the sample along the x axis. This field has a sinusoidal
carrier wave with an energy of h̄ω = 3.0 eV (equivalent to a
period T of about 1.38 fs) and a Lorentzian envelope of 10 fs
width and center at t = 0 fs. The photon energy was chosen to
allow excitation of the occupied d states (centered about 3 eV
below the chemical potential) into the unoccupied p orbitals.
The laser’s amplitude is chosen to obtain a fluence of about
3.2 mJ cm−2 and 0.15 excited electrons per site (at the laser’s
maximum; about 0.05 thereafter). The geometry of the entire
setup (sample and laser) dictates that only certain components
of the SAM and the OAM are produced by the incident radia-
tion (see Refs. [16,22,23,36], as well as the symmetry analysis
in Appendix A).

The ultrafast electron dynamics is described by the von
Neumann equation

−ih̄
dρ̂(t )

dt
= [ρ̂(t ), Ĥ (t )] (1)

for the one-particle density matrix ρ̂(t ). The latter is either
expressed in a site-orbital-spin basis or in the eigenstate basis
of Ĥ0. The time-dependent Hamiltonian Ĥ (t ) supplements Ĥ0

by the rapidly oscillating laser radiation. The latter is taken
into account by a unitary transformation [35], which includes
dipole transitions in first order in the electric field.

Since we are interested in spatial-temporal signatures of
SAM, OAM, and their currents, we express the density matrix
ρ̂(t ) in the site-orbital-spin basis. This allows us to compute
expectation values 〈O〉(t ) = tr[ρ̂(t ) Ô], in which the trace can
be restricted to achieve site, orbital, and spin resolution. We
are particularly interested in the occupation probabilities

〈pk〉(t ) = trk[ρ̂(t )], (2)

as well as in the spin and orbital polarization

〈sk〉(t ) = trk[ρ̂(t ) σ̂], (3a)

〈lk〉(t ) = trk[ρ̂(t ) L̂], (3b)

at site k [σ̂ vector of SAM operators, L̂ = (L̂x, L̂y, L̂z ) vec-
tor of OAM operators]. Orbital momenta are calculated in
the atomic center approximation (ACA) [11,16,37] and are
brought about by hybridization of orbitals [38,39].

The electric field of the laser not only changes the
above quantities locally but also results in respective currents
[16,22,40]. The probability current from site l to site k is
calculated from (in atomic units)

〈 jkl〉(t ) ≡ i

2
〈ρlk (t ) hkl (t )〉 − 〈l ↔ k〉, (4)
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where ρlk and hkl are off-diagonal blocks of the density matrix
and of the Hamiltonian matrix in the site representation, re-
spectively. Transport of the μth momentum component from
site k to site l is quantified by [16,23]

〈
jOμ

kl

〉
(t ) ≡ 1

2

[〈
Oμ

k jkl
〉
(t ) + 〈

jklO
μ

l

〉
(t )

]
, μ = x, y, z. (5)

For the latter, Oμ

k and Oμ

l are either a SAM or an OAM
operator taken with respect to the sites’ positions.

A typical simulation performed with EVOLVE proceeds as
follows. In the first step, the Hamiltonian Ĥ0 is set up and diag-
onalized, which allows us to determine the chemical potential
of the ground state and the initial occupation probabilities.
Subsequently, the von Neumann equation (1) is solved, start-
ing at least 50 fs before the laser pulse’s maximum (depending
on the pulse width). At each time t , the site-resolved expecta-
tion values of the observables, Eqs. (2)–(5), are computed.

III. RESULTS AND DISCUSSION

A photo excitation of an electron system produces, in
general, SAM and OAM, an effect well known from pho-
toelectron emission spectroscopy [36,41–46]. We performed
a symmetry analysis in order to identify the RSOC-induced
SAM and OAM components.

The symmetry analysis, detailed in Appendix A, shows that
an electric field E along the x direction yields nonzero 〈sy〉(t )
and 〈ly〉(t ) only if RSOC is present: These components thus
signify the SEE and the OEE, respectively. Moreover, the lon-
gitudinal probability current 〈 jx〉(t ) is expectably nonzero, but
there is no transversal probability current 〈 jy〉(t ). However,
there are y-polarized longitudinal SAM and OAM currents
〈 j

Oy
x 〉(t ) (i.e, SAM- and OAM-momentum locking). Besides,

we find x- and z-polarized transversal SAM and OAM currents
〈 jOx

y 〉(t ) and 〈 jOz
y 〉(t ), i.e., Hall currents carrying SAM and

OAM.
The numerical results presented in what follows fully

comply with the above symmetry relations. For the periodic
samples discussed here, the mentioned expectation values are
homogeneously distributed and vanish without a laser pulse;
i.e., they are induced by laser excitation. In order to quantify
the magnitude of the photoinduced signals that arise from the
RSOC, we produced numerical results for systems without
RSOC for comparison (see Appendix C).

In general, the OEE requires broken inversion symmetry
[9]. However, unlike the SEE, it does not necessarily rely on
spin-orbit interaction. In periodic systems, an orbital texture
can arise, for instance, in chiral materials [12,15], where in-
version symmetry is inherently broken, and energy splitting of
spin-degenerate bands is not required. Such orbital textures—
often antisymmetric—can result from orbital hybridization
[11,38] or be described using the modern framework, which
also captures topological aspects [47,48].

In the case of the Au film studied here, the intrinsic crystal
structure is inversion symmetric. However, inversion symme-
try is effectively broken by the RSOC term in the Hamiltonian,
which can emerge due to the influence of a substrate. This sce-
nario is analogous to the conventional Rashba model, where
inversion symmetry breaking gives rise to the SEE. In our
system, however, excitation is induced by a laser pulse, and

the dipole-transition matrix elements play a crucial role. This
necessitates the inclusion of atomic SOC to facilitate the
required orbital mixing. Consequently, both SEE and OEE
appear in the system.

A. Laser-induced nonlinear Edelstein effects

The photoinduced SAM and OAM components do not
follow the laser intensity; their envelope differs from a
Lorentzian shape (cf. Fig. 2). The induced moments do
not scale with the laser’s electric field amplitude and thus
correspond to a nonlinear Edelstein effect [49]. Supporting
this viewpoint, additional simulations confirm that the spin
and orbital responses in our system exhibit clear nonlinear
dependence on the amplitude of the driving electric field.
Accordingly, we interpret the laser-induced signals in Fig. 2
as manifestations of nonlinear SEE and OEE, respectively.

In the data, pronounced maxima appear at about 7.5 fs
[panels (b) and (c)], which is clearly after the laser’s maximum
at 0 fs. Moreover, both signals exhibit distinct beating patterns
after the laser pulse has faded away. In a recent publication, we
related the time-resolved response to the laser field (orbital
Hall currents in that case [16]) to the classical dynamics
analog of a driven damped oscillator. Such a model is able
to qualitatively capture characteristic phase relations (notably
the phase shift of π/2 between the orbital Hall currents
and the driving field in Ref. [16]). This motivates comparing
the beating patterns observed in Fig. 2 to those in classical
systems, such as a driven pendulum at low amplitudes [50].
For the latter, beating is observed between the transient and
steady-state responses. However, we stress that this analogy
serves an illustrative purpose and should not be viewed as a
rigorous explanation of the microscopic quantum dynamics.

Regarding the possible origins of the observed beat-
ing patterns—particularly whether multiphoton processes are
involved—we note that the applied laser pulse is dom-
inated by its carrier frequency [cf. Fig. 6(a)]. In our
computational framework, EVOLVE, the laser’s electromag-
netic field is treated classically, rendering the concept of
photons—quantized excitations of the field—strictly speaking
inapplicable. However, the simulations reveal a nonlinear de-
pendency of the response amplitudes on the driving electric
field. Such nonlinear behavior is sometimes associated with
multiphoton physics, although the classical treatment does not
capture photon-based processes.

Consistent with earlier findings reported in Ref. [20],
we observe that electronic states far above the chemical
potential—at energies several times larger than the laser’s
carrier energy—become transiently populated. This occurs
through the continued evolution of the “excited” density ma-
trix ρ(t ), as governed by the von Neumann equation. Both
excitation and de-excitation processes persist throughout the
duration of the laser pulse. Since the induced population
remains nearly unchanged after the pulse (see Fig. 1 in
Ref. [20]), the beating patterns reflect coherent postpulse dy-
namics of the excited electronic states rather than ongoing
transitions.

The signals do not vanish after the laser pulse.
However, maxima and minima follow rapidly after the pulse
(a frequency analysis is given in Appendix D), so the time
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FIG. 2. Ultrafast spin and orbital Edelstein effect in an Au(001) monolayer. (a) Electric field of the laser pulse (in arbitrary units). For
parameters, see the text. (b), (c) Photoinduced y components 〈sy〉(t ) and 〈ly〉(t ) of spin and orbital angular momenta, respectively. Thicker
lines in panels (b) and (c) represent the data convoluted with a Gaussian with standard deviation σ = 10 fs to visualize the main trends better.
Vertical lines indicate the maxima of the laser’s electric field.

average is very small. This feature presents experiments with
the problem of detecting the laser-induced SAM or OAM:
It requires temporal resolution on the femtosecond timescale
(alternatively, the modulus of the laser-induced signals might
be measured). One may consider a time average over several
periods in order to detect trends in the signal’s evolution. A
convolution of the original oscillating data with a Gaussian
with a standard deviation of 10 fs shows that these time av-
erages are tiny as mentioned before (thicker lines in Fig. 2);
this finding implies that there is almost no net SAM and OAM
induced by the laser pulse.

In the present simulations, the coupling of the electron
system to a bosonic heat bath via Lindblad operators has been
neglected [20,21], as our primary focus is on the fundamental
processes that are induced by the laser excitation. Nonethe-
less, we performed additional calculations that include this
coupling. As expected, the key processes discussed here still
appear. The magnitude and overall features (e.g., rapid os-
cillations and beating patterns) of the resulting signals are
slightly modified within the time range shown in the figures.
Consistent with expectations, the presence of the heat bath
leads to a reduction in signal amplitude following the pulse,
occurring within a few hundred femtoseconds, depending on
the coupling parameters.

Within the EVOLVE framework, only the intrinsic contribu-
tions to the Edelstein effects are considered, as the system is
assumed to be free from defects and thus lacking any extrin-
sic contributions. This naturally raises the question: Why do
Edelstein effects manifest on ultrafast timescales?

Since the laser-induced magnetic moments depend nonlin-
early on the laser’s electric field, the intrinsic Edelstein effect
is nonlinear and distinct from the linear extrinsic Edelstein
effect that is typically discussed in a Rashba system. In the

context of linear response theory, as described by the Kubo
formalism, the emergence of a linear extrinsic Edelstein ef-
fect is closely tied to the symmetries of time reversal T and
spatial inversion I. A broken I symmetry is necessary for
both extrinsic and intrinsic contributions, ensured here by
the out-of-plane potential gradient (Appendix A). However,
in linear response, a nonvanishing intrinsic contribution also
requires the breaking of T symmetry, even in a nonmagnetic
system. Thus, within our model, the breaking of time-reversal
symmetry would be essential for the linear intrinsic Edelstein
effect, as detailed in Ref. [9].

A nonlinear Edelstein effect, as we observe here, can
occur independently of time-reversal symmetry. This was
explicitly demonstrated by Vignale and Tokatly in the case
of a noninteracting, ideal two-dimensional electron gas [51].
Laser-induced nonlinear Edelstein effects in nonmagnetic sys-
tems have previously been attributed to energy dissipation
associated with photocurrents generated during laser excita-
tion [52]. When the laser pulse interacts with the system,
it injects energy and couples electronic states that were
previously disconnected. This results in a redistribution of
population among the energy levels: the density matrix be-
comes more complex, acquiring additional nonzero elements
both on and off its diagonal.

B. Laser-induced currents

As mentioned above, the ultrafast Edelstein effects are
accompanied by laser-induced currents. The longitudinal
probability current [panel (a) in Fig. 3] mainly follows the
laser’s oscillation “under the pulse,” but is slightly offset;
its envelope is maximal a bit after the pulse maximum. The
presence of other frequencies yields a beating pattern “after
the pulse” (see Appendix D).
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FIG. 3. Photoinduced longitudinal currents in an Au(001) monolayer. (a) Probability current 〈 jx〉(t ) between next-nearest neighbor sites in
x direction. (b), (c) As panel (a) but for the y-polarized spin and orbital angular momentum currents 〈 j

sy
x 〉(t ) and 〈 j

ly
x 〉(t ), respectively. Like in

Fig. 2, thicker lines represent the data convoluted with a Gaussian, and vertical lines indicate the maxima of the laser’s electric field.

The longitudinal y-polarized SAM current [panel (b) in
Fig. 3] exhibits a frequency that is twice as large as that of
the laser pulse. This feature has been observed for the ultra-
fast orbital Hall effect [16]; it is explained in a “two-current
model”: The sign of the laser-induced y-polarized SAM is
strictly related to the sign of the laser’s electric field (confer
Appendix A); this also holds for the probability current. In one
half-period of the laser oscillation, positive y-polarized SAM
is transported along the +x direction. In the next half-period,
negative y-polarized SAM is transported along −x; the latter is
equivalent to the transport of positive y-polarized SAM along
+x. This results in the doubled frequency of the longitudinal
y-polarized SAM current. The same argument holds for the
OAM current [panel (c) in Fig. 3]. Both SAM and OAM
currents exhibit a beating pattern. However, in contrast to
〈sy〉(t ) and 〈ly〉(t ) (Fig. 2), their average is not small.

Having addressed the angular momenta and (longitudinal)
currents in the foregoing, we now discuss the transversal
currents brought about by the laser excitation (Fig. 4). The
x-polarized currents 〈 jOx

y 〉(t ) exhibit different time signatures
[panels (a) and (c)]. The most striking feature is that the SAM
current increases with time until a plateau is reached [panel
(a)]. In contrast, the OAM current is rapidly oscillating about
a very small average value [panel (c)].

Also, the z-polarized transversal currents 〈 jOz
y 〉(t ) deviate

significantly from each other. While the SAM current [panel
(b)] is sizable “after the laser pulse” [as is seen also for 〈 jsx

y 〉(t )
in panel (a)], the respective OAM current [panel (d)] is largest
in magnitude during the pulse and smaller afterwards.

Note that only the z-polarized transversal currents as well
as the longitudinal probability current exist even in the ab-
sence of RSOC (cf. Fig. 5 in Appendix C).

As mentioned above, we performed our simulations with-
out coupling the electron system to a bosonic heat bath. If
the latter is included, the laser-induced currents would also
decay after the illumination. On timescales of at least several
hundred femtoseconds after the laser pulse, the signal ampli-
tudes would be reduced until they vanish eventually, since the
system relaxes toward an equilibrium state.

The transversal currents depicted in Fig. 4 substantiate that
SAM and OAM currents behave differently, which may be
attributed to the very nature of SAM and OAM: SAM is an
intrinsic feature of electrons, while OAM is motion related
and determined by the lattice geometry as well as by the hy-
bridization of the (occupied) orbitals (cf. the ACA [11,38,39]).

Additionally, a frequency analysis can help to determine
the origin of the currents. Specifically, RSOC-induced cur-
rents [〈 j

Oy
x 〉(t ) and 〈 jOx

y 〉(t )] oscillate at even multiples of the

laser frequency, whereas currents [〈 jx〉(t ) and 〈 jOz
y 〉(t )] that

exist without RSOC (but with atomic spin-orbit coupling)
oscillate at odd multiples of ω (for details, see Appendix D).

Finally, we would like to note that it might be counterintu-
itive, at first glance, that there are nonzero polarized currents
but zero polarizations; recall that the x and z components
of the angular momenta vanish (see Appendix A), while the
associated transversal currents do not (Fig. 4). An explanation
relies again on the two-current model: A positive polarized
current can be viewed either as transport of positive angular
momentum in one direction or as transport of negative angular
momentum in the opposite direction (say, j↑y ≡ j↓−y). If both
currents have the same magnitude (in absolute value), there is
a positive net polarized current, but the polarization vanishes
everywhere at any time.
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FIG. 4. Photoinduced transversal currents of spin and orbital moment in an Au(001) monolayer. (a), (b) x- and z-polarized currents of spin
angular momentum 〈 jsx

y 〉(t ) and 〈 jsz
y 〉(t ), respectively. (c), (d) The respective x- and z-polarized orbital angular momentum currents 〈 jlx

y 〉(t )
and 〈 jlz

y 〉(t ) are shown, as indicated. Like in Fig. 2, thicker lines represent the data convoluted with a Gaussian, and vertical lines indicate the
maxima of the laser’s electric field.

FIG. 5. Laser-induced currents in an Au(001) sample without Rashba spin-orbit coupling. (a) Longitudinal probability current 〈 jx〉(t )
between next-nearest neighbor sites in x direction. (b), (c) Transversal z-polarized spin and orbital angular momentum currents in y direction
〈 jsz

y 〉(t ) and 〈 jlz
y 〉(t ), respectively. Like in Fig. 2, thicker lines represent the data convoluted with a Gaussian, and vertical lines indicate maxima

of the laser’s electric field.
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IV. CONCLUDING REMARKS

In this study, our simulations with EVOLVE are in full
agreement with symmetry considerations and demonstrate
that RSOC manifests itself in the existence of nonlinear
spin and orbital Edelstein effects induced by a femtosecond
laser pulse. Therefore, we extend the well-known steady-
state Edelstein effects to the femtosecond timescale, which
advances our understanding of ultrafast light-matter interac-
tions. In contrast to our findings for the ultrafast orbital Hall
effect, which is largest “under the laser pulse,” the ultrafast
Edelstein effects are still seizable after the laser pulse has
decayed.

Additionally, our simulations show that the RSOC-induced
ultrafast Edelstein effects are accompanied by both longitudi-
nal and transversal currents, which offer additional transport
channels. Our findings revealed significant differences in
the mechanisms governing the transversal transport of spin
and orbital angular momenta. These insights deepen our
comprehension of angular momentum dynamics and may
pave the way for alternative approaches in spintronics and
orbitronics at ultrafast timescales.

This investigation focuses on an Au(001) monolayer,
where RSOC may be induced by an insulating substrate. By
adopting this deliberately simplified model, we aim to identify
the key features of the spin and orbital Edelstein effects.
However, the inherent simplifications highlight the need for
further studies using more realistic and experimentally rele-
vant samples. Future research should explore a wider range of
materials and incorporate additional factors, such as structural
imperfections and substrate interactions, to bridge the gap
between theoretical models and real-world applications.
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APPENDIX A: SYMMETRY ANALYSIS

As in the main text, we consider a 2D sample in the xy
plane. For the RSOC, we address its symmetry properties by
the potential gradient in z direction ∂V/∂z rather than dealing
with the associated TB parameters. The electric field E of the
laser is along the x axis, and probability currents flow in x ( jx,
longitudinal) or in y direction ( jy, transversal).

The introduction of two edges along the y direction pro-
duces the geometry of a nanoribbon. Taking the Cartesian x
axis as the central line along the nanoribbon, the sample is
separated into a left (l) and a right (r) half, both of which
have to be taken into account when applying the symmetry
operations. The symmetry operations and their effects on the
quantities are listed in Table I. Note that the results obtained

TABLE I. Symmetry operations on a 2D sample and their ef-
fects on the potential gradient ∂zV , the laser’s electric field E along
the x direction, the spin-polarization vector s = (sx, sy, sz ), and the
probability currents jx and jy in x and y directions, respectively. 1̂ is
the identity operation, rotations about π are labeled Ĉ2μ (μ = x, y, z
rotation axis), reflections are m̂μν (μ and ν specify the reflection
plane). For a nanoribbon, the left and the right half have to be
considered (l and r; see text); these labels can be ignored when
analyzing a 2D system without edges.

1̂ ∂zV E srx sry srz jrx jry
Ĉ2x −∂zV E slx −sly −slz jlx − jly
Ĉ2y −∂zV −E −srx sry −srz − jrx jry
Ĉ2z ∂zV −E −slx −sly slz − jlx − jly
m̂xy −∂zV E −srx −sry srz jrx jry
m̂yz ∂zV −E srx −sry −srz − jrx jry
m̂zx ∂zV E −slx sly −slz jlx − jly

for the spin polarization s = (sx, sy, sz ) also apply to the or-
bital polarization l = (lx, ly, lz ).

1. 2D system without edges

Without an electric field (no laser, i.e., when the system is
in thermal equilibrium), only operations that leave the Rashba
term ∂zV invariant are considered: 1̂, Ĉ2z, m̂yz, m̂zx. As a
result, both spin polarization and the currents vanish. Note
that this statement only holds for the ground-state scenario
before the laser pulse illuminates the sample. After the laser
pulse has vanished again, the system is still in a laser-excited
nonequilibrium state and not in thermal equilibrium.

With electric field (with laser, i.e., when the system is
in a nonequilibrium state), considering only operations that
leave the Rashba term and the electric field invariant (1̂, m̂zx)
yields that sy is nonzero: This is the Rashba-Edelstein effect
(without Rashba contribution to the spin-orbit interaction,
there is no Rashba-Edelstein effect because of the then al-
lowed additional operations Ĉ2x and m̂xy; we note in passing
that the laser-induced sy persists after the laser pulse has
vanished since there is no damping mechanism considered
in the simulations). Moreover, the longitudinal probability
current jx is nonzero, but there is no transversal probability
current jy. By combining the symmetry properties of spin-
polarization components and currents, we conclude that there
is a y-spin-polarized longitudinal current jy

x as well as x- and
z-spin-polarized transversal currents jx

y and jz
y . As explained

above, the symmetry analysis implies that a y-polarized longi-
tudinal orbital current as well as x- and z-polarized transversal
orbital currents are allowed.

2. Nanoribbon

For completeness and in view of experiments in which
samples are unavoidably finite, we briefly analyze a
nanoribbon.

Without an electric field, sx may be nonzero but with op-
posite signs in opposite halves (slx = −srx ). The longitudinal
probability current vanishes in the entire ribbon. However,
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jly = − jry is allowed for the transversal current. Since there
is no electric field that drives this transversal current, it is
regarded as a persistent current and has to be subtracted from
the laser-induced time-dependent current.

For the nanoribbon with electric field, we obtain slμ = −srμ
for μ = x, z and the Rashba-Edelstein effect deduced for the
2D sample without edges. The longitudinal probability and
the y-polarized currents are nonzero in the entire ribbon and
obey the relations jlx = + jrx and jyl

x = + jyr
x , but there are lon-

gitudinal x- and z-polarized currents with opposite sign of the
spin polarization in opposite halves ( jμlx = − jμrx , μ = x, z).
Similarly, for the transversal probability and y-polarized cur-
rent jly = − jry and jyl

y = − jyr
y holds. However, for the other

two transversal spin-polarized currents, it is jμly = + jμry for
μ = x, z.

APPENDIX B: RASHBA-TYPE SPIN-ORBIT COUPLING
IN REAL-SPACE TIGHT-BINDING FORM

The Hamiltonian for spin-orbit coupling

Ĥso = 1

4c2
σ · (∇V × p̂) (B1)

(in Hartree atomic units; c speed of light, σ vector of Pauli
matrices, V (r) potential, p̂ = −i∇ momentum operator) de-
scribes, when considering a homogeneous potential gradient
in z direction, RSOC [1]

ĤR
so = 1

4c2

∂V

∂z
(σy p̂x − σx p̂y). (B2)

Assuming further that the gradient is constant, the TB matrix
elements of this Hamiltonian are essentially given by the
matrix elements of the momentum operator.

We express an electron state

�(r) =
∑

αl

cαl φα (r − Rl ) (B3)

as a sum over orthonormal orbitals φα (r) of type α centered
at lattice sites Rl . The action of the momentum operator p̂ on
that state is

p̂�(r) = −i
∑

αl

cαl∇φα (r − Rl ). (B4)

Since in semiempirical TB approaches the explicit form of the
orbitals is usually unknown, the gradient cannot be calculated
and, therefore, has to be determined otherwise. The directional
derivative of an orbital

∇φα (r − Rl ) = d
d

lim
d→0

φα (r + d − Rl ) − φα (r − Rl )

d
, (B5)

with respect to a certain direction d becomes without taking
the limit

∇φα (r − Rl ) ≈ d
d2

[φα (r + d − Rl ) − φα (r − Rl )]. (B6)

“Coarsening” the gradient by taking d as a lattice vector R and
exploiting the orthonormality of the orbitals, we arrive at the
matrix element

〈�| p̂|�〉 ≈ −i
∑

α;k,l

c�
αkcαl

d
d2

(
δRk ,Rl −d − δRk ,Rl

)
(B7)

of the momentum operator. Since the site-diagonal terms are
already treated within the atomic L · S contribution to spin-
orbit coupling in the Hamiltonian Ĥ0 (cf. Ref. [33]), we are
left with the site-nondiagonal contributions. The above equa-
tion thus reduces to

〈�| p̂|�〉 ≈ −i
∑

α;k �=l

c�
αkcαl

Rl − Rk

|Rl − Rk|2 , (B8)

with d = Rl − Rk . With this approximation, the matrix ele-
ments

〈�|ĤR
so|�〉 ≈

∑

α,β;k �=l

c�
βktR

βk,αl cαl (B9)

of the RSOC introduce the spin- and direction-dependent hop-
ping terms

tR
βk,αl = i σ · λR

α × Rk − Rl

|Rk − Rl |2 δβα, k �= l, (B10)

in the TB Hamiltonian Ĥ0, in addition to the conventional
Slater-Koster-type hopping terms. The vector λR

α of Rashba
parameters comprises in particular the potential gradient, be-
sides some constants. tR

βk,αl is antisymmetric and Hermitian,
that is, tR

βk,αl = −tR
αl,βk = (tR

αl,βk )�.
A Rashba parameter is usually obtained from the parabolic

dispersion relation E (k) of a pair of Rashba-split states [4]
and hence is valid only for that state pair. In the present paper,
the set of Rashba parameters comprised in λR

α depends on the
orbital-type α = s, px, py, etc. It could also depend on the pair
of sites k and l .

For the 2D systems lying within the xy plane that are in-
vestigated in the present paper, a constant potential gradient in
z direction is considered, which implies λR

α = (0, 0, λR
zα ) and

reproduces the well-known combinations of Pauli matrices
and directions in

tR
βk,αl = i λR

zα

σy(Rkx − Rlx ) − σx(Rky − Rly)

|Rk − Rl |2 δβα (B11)

(k �= l), as found in Eq. (B2) (effects of in-plane potential gra-
dients present at surfaces with threefold rotational symmetry
have been studied in Ref. [54]). Moreover, ignoring the orbital
dependence, the vector

nkl ≡ λR × Rk − Rl

|Rk − Rl |2 (B12)

lies within the xy plane and is perpendicular to the distance
vector between the two sites. It allows to rewrite Eq. (B11)
as tR

kl = i σ · nkl , which is utilized in model Hamiltonians
[55–59].

In the context of the present study, the relevant angu-
lar momentum processes—mechanisms by which angular
momentum is generated, transferred, or converted between
different degrees of freedom—are the dynamics of SAM and
SOC. Concerning SAM dynamics, the SEE arises from the
generation of a nonequilibrium spin polarization in response
to an applied electric field in systems with SOC [9,60]. This
involves the redistribution of SAM through interactions with
external fields and scattering processes. Our model explicitly
includes this mechanism by treating spin degrees of freedom
coupled via SOC.

The second mechanism, SOC, provides a coupling be-
tween SAM and OAM, allowing for the interconversion of

043023-8



NONLINEAR SPIN AND ORBITAL RASHBA-EDELSTEIN … PHYSICAL REVIEW RESEARCH 7, 043023 (2025)

linear momentum (associated with charge currents) and SAM.
This interconversion is the central angular momentum transfer
mechanism underlying the Edelstein effect [14]. In our frame-
work, where the electromagnetic field is treated classically
and the lattice remains rigid, SOC plays the dominant role
(our model includes both atomic SOC and RSOC). In more
comprehensive treatments, additional channels such as OAM
of electrons or angular momentum transfer to the lattice—via
phonons or rigid-body rotations—may contribute. However,
such processes are often neglected in effective models focused
on capturing the essential physics of spintronic effects. Our
model does not incorporate these mechanisms, as they are not
required for describing the SEE in its fundamental form.

APPENDIX C: LASER-INDUCED CURRENTS
WITHOUT RASHBA SPIN-ORBIT COUPLING

In order to reveal the effect of RSOC on the dynam-
ics, we performed calculations as discussed in the main text
(Sec. III) with keeping the atomic spin-orbit interaction but
without RSOC. In accordance with the symmetry analysis in
Appendix A, all laser-induced components of SAM and OAM
vanish in the sample without RSOC. This means that nonzero
SAM and OAM clearly indicate (ultrafast) Rashba-Edelstein
effects.

Concerning the laser-induced longitudinal currents, there is
only a longitudinal probability current, but neither a SAM nor
an OAM current. Moreover, both the transversal x-polarized
SAM and OAM currents vanish without RSOC, and only the
z-polarized ones remain. This is in agreement to our previous
work on the ultrafast orbital Hall effect in metallic nanorib-
bons [16].

The overall shape of the current signals agrees fairly well
with those computed for the sample with RSOC (compare
Figs. 3 and 4 with Fig. 5). Also, the overall magnitude of the
signals is barely affected by neglecting RSOC.

If not only RSOC but also the atomic spin-orbit coupling is
neglected, the z-polarized transversal SAM current also van-
ishes, whereas the z-polarized transversal OAM current within
the ACA is still nonzero. These findings are in agreement
with the literature; Go et al. demonstrated that within the
ACA, hybridization of specific orbitals gives rise to the orbital
Hall effect, which is allowed in nonmagnetic centrosymmetric
systems even in the absence of (atomic) spin-orbit interaction
[38,39]. Yet, the latter is required for the spin Hall effect in
such systems.

APPENDIX D: FREQUENCY ANALYSIS

Fast Fourier transformations (FFTs) of the time-dependent
signals (presented in Figs. 2–4) reveal noticeable differences
regarding their origin.

The SAM and OAM components display strong FFT max-
ima at about the laser’s frequency and at about higher odd
multiples of ω [Fig. 6(a); ω, 3 ω, 5 ω, ...], as does the longitu-
dinal current 〈 jx〉. This finding supports that these SAM and
OAM components are brought about by the perturbation (i.e.,
they are nonequilibrium features).

The respective longitudinal y-polarized SAM and OAM
currents, 〈 j

sy
x 〉 and 〈 j

ly
x 〉, have maxima concentrated at even

FIG. 6. Frequency analysis. (a) Fast Fourier transformations of
the laser pulse and the induced y components of the spin and the
orbital angular momentum. (b) As panel (a), but for the longitudinal
probability, spin, and orbital angular momentum currents flowing in x
direction. (c) As panel (b), but for the respective transversal currents
flowing in y direction. The inset in panel (c) shows the vicinity of 2 ω

and 3 ω for better visibility. Gray vertical lines indicate multiples of
the laser frequency.

multiples of the laser frequency [Fig. 6(b); 0, 2 ω, 4 ω, ...].
This frequency doubling with respect to the laser-induced
SAM and OAM components is explained in a two-current
model as follows. The sign of the laser-induced angular mo-
mentum is directly related to the orientation of the laser’s
electric field, giving an oscillation with ω. The longitudinal
current also oscillates with ω and transports angular momen-
tum in +x direction in one half-period of the laser pulse
and the opposite angular momentum along −x in the next
half-period. Since the transport of angular momentum in one
direction is equivalent to the transport of the opposite angular
momentum in the opposite direction, the SAM and OAM
currents oscillate with 2 ω. Such an effect has also been seen
in the laser-induced ultrafast orbital Hall effect [16]. The zero-
frequency features indicate sustained, small contributions.
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Concerning the transversal SAM and OAM currents
[Fig. 6(c)], we find that the x-polarized ones, 〈 jsx

y 〉 and 〈 jlx
y 〉,

show maxima at even multiples of ω. Recall that these are
brought about by the RSOC, as are the longitudinal currents
〈 j

sy
x 〉 and 〈 j

ly
x 〉.

In contrast, the z-polarized transversal SAM and OAM
currents, 〈 jsz

y 〉 and 〈 jlz
y 〉, have FFT maxima at odd multiples

of ω. These currents show up even if RSOC is switched
off in the simulations (Fig. 5). This finding suggests that a
frequency analysis allows one to conclude on the origin of the
currents. In the present case, currents brought about by RSOC
oscillate with even multiples of the laser’s frequency, while
those not associated with RSOC oscillate with odd multiples
of ω.
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