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Probing topological Floquet states in WSe2 using
circular dichroism in time- and angle-resolved
photoemission spectroscopy
Michael Schüler 1✉ & Samuel Beaulieu2

Observing signatures of light-induced topological Floquet states in materials has been shown

to be very challenging. Angle-resolved photoemission spectroscopy (ARPES) is well suited

for the investigation of Floquet physics, as it allows to directly probe the dressed electronic

states of driven solids. Depending on the system, scattering and decoherence can play an

important role, hampering the emergence of Floquet states. Another challenge is to disen-

tangle Floquet side bands from laser-assisted photoemission (LAPE), since both lead to

similar signatures in ARPES spectra. Here, we investigate the emergence of Floquet state in

the transition metal dichalcogenide 2H-WSe2, one of the most promising systems for

observing Floquet physics. We discuss how the topological Floquet state manifests in

characteristic features in the circular dichroism in photoelectron angular distributions

(CDAD) that is determined by the transient band structure modifications and the associated

texture of the orbital angular momentum. Combining highly accurate modeling of the pho-

toemission matrix elements with an ab initio description of the light-matter interaction, we

investigate regimes which can be realized in current state-of-the-art experimental setups.

The predicted features are robust against scattering effects and are expected to be observed

in forthcoming experiments.
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Controlling properties of quantum materials by tailored
light is at the forefront of condensed matter physics1,2 due
to recent advances of ultrafast laser technologies. In par-

ticular, manipulating the electronic structure’s topology and
creating on-demand topological properties—theoretically pre-
dicted in ref. 3—is one of the most fundamental goals of the field.
The key idea is that periodically driven solids (described by
Floquet theory) form effective bands that correspond to a topo-
logically non-trivial state. While countless theoretical proposals
exist, direct experimental observations of Floquet physics are
scarce. The first experiments confirming the Floquet hallmarks—
emergence of side bands and gap openings—have been performed
on the surface of Bi2Se34,5 using time- and angle-resolved pho-
toemission spectroscopy (trARPES). Observing Floquet features
in graphene, following the original proposal from ref. 3, has
proven difficult, as the interplay of decoherence6,7 and scattering
effects8–10 is adversarial to the formation of Floquet states.
Indeed, it has been concluded that Floquet-Bloch states cannot
emerge if the scattering time of the electrons is shorter than or
comparable to the period of the driving field10. Furthermore,
laser-assisted photoemission (LAPE)11 often overshadows the
Floquet side bands5,12. To enhance the typically weak photo-
dressing of the electronic bands, using intense low-frequency
pump pulses emerged as a new direction10,13 to investigate Flo-
quet physics in real systems. However, in this regime, scattering
effects are becoming more pronounced: if the duration of the
optical cycles is long compared to the decoherence time, the
emergence of Floquet features is suppressed. Alternatively, evi-
dencing the Floquet-topological state in light-driven graphene via
transport measurements14,15 is a promising route, albeit the
manifestation of the topology in ref. 14 is far from clear7.

trARPES is the most direct experimental technique to access the
electronic structure and occupations in photodressed solids16–19.
However, instead of focusing on the spectral features of photo-
dressed band structure alone, mapping out properties of the asso-
ciated Bloch wave-functions would yield a new level of insight.
Information on the Bloch wave-function manifests in the complex
photoemissionmatrix elements (interference effects and anisotropy
of the photoemission intensity20,21), leading to (linear and circular)
dichroism in the ARPES spectrum. In static ARPES, the circular
dichroism in the photoelectron angular distributions (CDAD) has
been proven to be a powerful tool to map out pseudospin
properties22,23, helical spin textures24–26, high-symmetry planes27

in 3D reciprocal space, and Berry curvature28–32. The sensitivity of
the CDAD to topological properties is due to the intimate con-
nection between Berry curvature and orbital angular momentum
(OAM)33. This link provides a new avenue for observing light-
induced topology from features in the CDAD in trARPES.

While graphene is the paradigmatic material for the emergence
of light-induced topological states3,8, complications like the sample
size and/or quality as well as very fast electronic scattering time,
render such experimental demonstration very difficult10. At var-
iance, Floquet physics has been predicted by first-principle
calculations34 and has been observed experimentally in transition
metal dichalcogenides (TMDCs)10,35. Furthermore, as predicted in
ref. 36, a Floquet-Chern insulating state can be realized in the
conduction band manifold. This raises the question: can we use
CDAD in time-resolved ARPES to directly probe the light-induced
topological state in driven TMDCs?

In this work, we address this fundamental question by pre-
dictive simulations. We are motivated by recent experimental
progress that allows to perform XUV-trARPES measurements
with femtosecond time resolution19,37–44. Achieving circularly
polarized XUV pulses at hundreds of kilohertz repetition-rate is
the key technical challenge for measuring transient CDAD across
the entire Brillouin zone. While this was not demonstrated yet, all

the technological building blocks (high-repetition-rate XUV
source and XUV quarter–wave plate45–48) allowing to performed
such experiments are available and are currently being put
together by some experimental groups (including one of the
authors). The purpose of this paper is to predict the Floquet
features in laser-driven TMDC and the associated CDAD, under
conditions that are directly compatible with trARPES setups.

Our main finding is that the emergence of Floquet side bands is
accompanied by the formation of specific orbital textures with
locally non-trivial topological characters, giving rise to a distinct
CDAD signal. We also show that the dichroic signal is robust
against dissipation and should be observable in a wide range of
parameters. We use atomic units (a.u.) unless stated otherwise.

Results
Analogous to the previous experiments49,50 we consider the surface
of bulk 2H-WSe2. To study the transient photodressing effects, we
consider the following pump-probe setup. A relatively strong, cir-
cularly polarized pump pulse (typical peak intensity in the range of
I0 ~ 1011W/cm2—reached using realistic fluences of 1 mJ/cm2

using 10 fs pulse and of 30mJ/cm2 for 300 fs pulse, which spans the
typical pump pulse duration range of trARPES setups) induces
Floquet features in the electronic structure, which are probed by
circularly polarized XUV probe pulses (see Fig. 1a). Similar to
typical ARPES setups using time-of-flight detector allowing to
record the photoemission signal in the entire Brillouin zone within
a single measurement44,49,51–53, we assume an incidence angle of
θ= 65∘ for the propagation direction of the XUV probe, as illu-
strated in Fig. 1b. Varying the time delay Δt between the pump and
probe pulses allows observing the transient build-up of the pho-
todressing effects. However, the Floquet features in the trARPES
spectrum are maximized for the probe pulse centered at the peak of
the envelope of the pump pulse, which is the regime we focus on in
this work. In a typical setup, both the pump and the probe pulse
impinge under the same angle θ. However, for simplicity we take
the circular polarization of the pump to be in the x–y plane, which
can effectively be implemented by generated elliptically polarized
pump pulses propagating collinearly with the probe pulse. The out-
of-plane component does not play an important role for 2H-WSe2
due to the weak coupling of between layers. The results presented
in this work are also robust against lifting this restriction.

Model and light-matter coupling. As discussed e.g. in ref. 49, in
the above described experimental condition, only the top-most
layer of the bulk sample contributes notably to the photoemission

Fig. 1 Sketch of the setup. a A left-hand circularly polarized (LCP) or right-
hand circularly polarized (RCP) pump pulse transiently dresses the
electronic structure of bulk 2H-WSe2, which is probed by a circularly
polarized femtosecond extreme ultraviolet (XUV) pulse. The probe pulse is
centered at time delay Δt= 0 with respect to the peak of the pump pulse.
b Geometry of the simulated experiment: the propagation direction of the
probe pulse is in the p plane (x–y plane), rotated by an angle of θ= 65∘ with
respect to the z axis. The s plane is along the x axis.
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signal. Hence, for our theoretical investigations, we model the
system by a monolayer of WSe2, which simplifies the theory
considerably while retaining the relevant physics. The electronic
properties and associated photoemission intensities in the vicinity
of the K, K0 valleys are well captured by a monolayer; small
corrections to the photoemission properties due to bilayer
interference—as discussed in ref. 54—are built into the theory by
fitting to experimental data, as explained below in the method
section.

The electronic structure is described by the first-principle
Wannier model from ref. 55, which comprises the Se p orbitals
and W d orbitals (11 orbitals in total). In Wannier presentation,
the Bloch states of band α are given by

ψkαðrÞ ¼
1ffiffiffiffi
N

p ∑
R;j

eik�RCjαðkÞϕjðr� RÞ � ∑
j
CjαðkÞφkjðrÞ; ð1Þ

where R runs over all N lattice sites; ϕj(r) denote the Wannier
orbitals. The coefficients Cjα(k) determine the complex super-
position of the orbitals and thus the orbital texture. To describe the
photoemission by the XUV probe pulse, we need the photoemis-
sion matrix elements Mαðk; EÞ ¼ k; Eh je � p̂ ψkα

�� �
(p̂ denotes the

momentum operator) with respect to the initial Bloch state and the
final state determined by the in-plane momentum k and the energy
of the outgoing photoelectron E. Matrix-element effects encode the
orbital texture and the orbital angular momentum of the Bloch
states. For our simulations to be predictive, an accurate model of
matrix elements is thus crucial. We construct such a model by
directly fitting calculated photoemission intensities to experimental
data, which contains characteristic signal modulation due to
matrix-element effects. The most pronounced feature close to the
valence band maximum (VBM) is the so-called dark corridor, i.e.
the suppression of intensity along the edges of the Brillouin zone.
The dark corridor is directly related to the interference of the
relevant orbitals close to the VBM49,54 and is very sensitive to both
the underlying orbital character ϕj(r) and their relative phase50.
Therefore, a model that contains the correct orbital symmetries and
reproduces the orientation of dark corridors in the Brillouin zone
contains all the relevant phase information ingredients to predict
spectra for both linear and circular polarization50. We construct
such a model from the ansatz

Mαðk; EÞ ¼ ∑
j
CjαðkÞeiγjMðatÞ

j ðk; EÞ; ð2Þ

where MðatÞ
j ðk; EÞ denote the matrix elements with respect to the

Wannier orbitals, calculated similarly as in atomic physics, while γj
are additional phase shifts that account for final state effects. We
have fitted the phases γj and the few parameters enteringMðatÞ

j ðk; EÞ
to experimental spectra from ref. 50 for both s and p polarized light
(see methods section Supplementary Note 1 for details and the
explicit comparison).

The Wannier representation Eq. (1) also provides a direct path
to computing the light-matter coupling matrix elements that
allow us to incorporate the pump field in a first-principle
fashion55. Here we adopt the velocity gauge in which the time-
dependent Hamiltonian (including the pump pulse only) is given
by

Hαα0 ðk; tÞ ¼ εαðkÞ þ
ApðtÞ2

2

 !
δαα0 � ApðtÞ � vαα0 ðkÞ; ð3Þ

where εα(k) is the band energy of corresponding the Bloch state,
while vαα0 ðkÞ ¼ ψkα

� ��p̂ ψkα0
�� �

are the matrix elements of the
momentum operator p̂, known as the velocity matrix elements.
The pump pulse is described by the vector potential Ap(t) within
the dipole approximation. The light-matter coupling entering

Eq. (3) accounts for intra- and inter-orbital transitions on equal
footing. Furthermore, as opposed to the standard Peierls
substitution, the calculation of the trARPES signal including
photoemission matrix elements is straightforward56.

To calculate pump-probe ARPES intensities, we combine the
light-matter coupling entering the Hamiltonian Eq. (3) and the
photoemission matrix elements Eq. (2) with the nonequilibrium
steady-state (NESS) approach. For a sufficiently long pump pulse,
the trARPES signal for the probe pulse at the center of the pump
can be described by the Floquet bands calculated from a
purely time-periodic Hamiltonian. Due to electron-electron and
electron-phonon scattering, the excited states reach a quasi-
thermal state, thus determining the transient occupation of the
Floquet bands57. In this regime, the NESS approach yields a
realistic model for the trARPES signal8. The steady state reached
by the dynamical balance of absorption and a generic type of
dissipation is modeled by assuming that the monolayer WSe2 is
coupled to a wide-band thermalizing bath, while the excitation is
induced by a time-periodic vector potential ApðtÞ ¼ A0 sinðωptÞ,
ωp= 2π/Tp. From these ingredients, we compute the lesser
Green’s function G<

αα0 ðk; t; t0Þ within the NESS formalism (see
methods section). Assuming a sufficiently long probe pulse, the
trARPES signal is then obtained56,58 from

Iðk; EÞ / Im∑
αα0

Mαðk; EÞG<
αα0 ðk;ωpr � EÞM�

α0 ðk; EÞ; ð4Þ

where

G <
αα0 ðk;ωÞ ¼

1
Tp

Z Tp

0
dtav

Z 1

�1
dtrel e

iωtrel

´G<
αα0 tav þ

trel
2
; tav �

trel
2

� � ð5Þ

and ωpr denotes the frequency of the probe pulse. The lesser
Green’s function G<

αα0 ðk;ωÞ contains both the information on the
spectrum and the occupation. If we are only interested in the
spectrum, we can compute the retarded Green’s function
GR
αα0 ðk; t; t0Þ, which is transformed to frequency space by a direct

analog of Eq. (5).
The only parameters of the NESS approach originate from the

bath, which is characterized by a coupling strength Γ (which also
determines the energy resolution) and an effective temperature
Teff. Computing the Green’s function Eq. (5) in the presence of
the bath determines the occupation of the excited states and the
side-band intensity. We choose typical values for the bath
temperature Teff ~ 104K, which yield realistic pump-probe
photoemission spectra as discussed in ref. 8. Note that Teff is
different from the electronic temperature of WSe2, which is of the
order of 103 K.

Orbital character and circular dichroism. Before presenting the
pump-probe spectra, it is instructive to discuss the orbital char-
acter of the relevant bands in equilibrium. The Bloch state of top
valence band close to the VBM is dominated by the W dz2 , dxy
and dx2�y2 orbitals, which form magnetic states at the K, K0

points. Therefore, it is convenient to work in the magnetic basis
j→ ℓ,m, where ℓ,m correspond to complex spherical harmonics.
In this basis, the Bloch state in the vicinity of the VBM is given by��ψK;K0

kα

� � �C2;0ðkÞjφk;2;0i þ C2;± 2ðkÞjφk;2;± 2ii
	� j ";#i, where

jφk;2;0i (jφk;2;± 2i) denotes a Bloch state with dz2
(d ± 2 ¼ ðdx2�y2 ± dxyÞ=

ffiffiffi
2

p
) orbitals localized at the W sites only.

The orbital angular momentum (OAM) of a given Bloch state is
reversed by rotating the crystal by 60∘, which swaps K$ K0 (see
illustration in Fig. 2a). Hence, the rotation operation R60� is
equivalent to a time-reversal operation49.
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The OAM of the Bloch state can directly be accessed by
circularly polarized probes. In particular, the OAM is reflected in
circular dichroism in photoelectron angular distributions 28–32,
which can be understood intuitively by considering both the
helicity of light and the self-rotation of the Bloch states33. In
Fig. 2b we show the z component of the OAM of the top valence
band, which qualitatively aligns with the texture of the d±2
orbitals. How exactly the OAM and the circular dichroism
are related quantitatively depends on details of the experimental
geometry and the photon energy. Here we consider the
geometry sketched in Fig. 1b. In this setup, left/right-hand
circular polarized (LCP/RCP) light is defined by the polarization
vector eLCP=RCP ¼ ðesðθÞ 	 iepðθÞÞ=

ffiffiffi
2

p
, where es(θ) (ep(θ)) denote

the direction of s (p) polarization with the incidence angle θ.
As in our previous experiments49,50,59, we fix θ= 65∘ and
ℏωpr= 21.7 eV.

In Fig. 2c we present the circular dichroism ICD(k, E)= ILCP(k,
E)− IRCP(k, E), calculated from Eq. (4) (in absence of a pump
pulse), where the polarization vector eLCP/RCP were inserted in the
definition of the matrix elements Eq. (2). The circular dichroism
in the angular distribution (CDAD) for binding energies close to
the VBM is predominantly positive (negative) at K (K0),
displaying its direct connection to the OAM. The structure of
the CDAD is more complex around the top edge of the Brillouin
zone, which is due to the specifics of the geometry, as θ ≠ 0 breaks
the reflection symmetry of the ARPES signal. Since for a 2D
system Lz is the only relevant component, we would expect the
one-to-one correspondence of the OAM only for normal
incidence31. However, even for strongly tilted incidence angle
(θ= 65∘) the CDAD provides an excellent qualitative map of the
OAM texture. Therefore, the CDAD in the present geometry is

expected to be an excellent marker for the pump-induced
modifications of the orbital texture.

Floquet spectra. Before presenting the CDAD in the presence of
the driving pump pulse, we discuss the photodressed electronic
structure and associated orbital texture. To this end we have
calculated the retarded Green’s function GR

αα0 ðk;ωÞ, including the
interaction with the pump pulse via the Hamiltonian Eq. (3), and
the Floquet spectral function

Aðk;ωÞ ¼ � 1
π
Im∑

α
GR
ααðk;ωÞ; ð6Þ

which can be seen as a steady-state extension of the density of
states. Eq. (6) is similar to the trARPES intensity Eq. (4) upon
replacing the matrix elements Mαðk; EÞM�

α0 ðk; EÞ ! δαα0 .
We consider sub-gap (band gap in our model Egap= 1.52 eV)

pumping ℏωp= 1.4 eV for two reasons. (i) Red-detuned pumping
is the most direct path to realizing the topologically non-trivial state
in the conduction band manifold as discussed in ref. 36. (ii)
Absorption is strongly suppressed, which is crucial for avoiding
laser-heating effects. While there would be pronounced resonant
exciton features for the monolayer, the strong screening in the bulk
sample reduces the exciton binding energy and oscillator strength.
Hence, in this case, we neglect excitonic effects. The peak field
strength of the pump pulse is chosen in the range E0= 1 × 10−3 a.u.
to E0= 2 × 10−3 a.u., which corresponds to peak intensity
I0 ~ 3.5 × 1010 W/cm2 to I0 ~ 1.4 × 1011 W/cm2. This field strength
range is well within the experimentally feasible regime.

Figure 3 shows the Floquet spectral function Eq. (6) for LCP
pumps at two different field strength. For clarity of the discussion,
we ignore spin-orbit coupling (SOC) at this point. The driven

Fig. 2 Orbital angular momentum and circular dichroism. a Top view of the WSe2 monolayer and sketch of the first Brillouin zone. Upon rotating the
crystal by 60°, the dominant orbital character at K (K0) reverse from the magnetic state d+2 (d−2) to d−2 (d+2), thus emulating the time-reversal operation.
b Out-of-plane component of the orbital angular momentum Lz of the top valence band. The value of Lz is represented by the color as given by the color bar.
c Calculated circular dichroism ICD(k, E)= ILCP(k, E)− IRCP(k, E) (LCP/RCP: left/right-hand circularly polarized) at binding energy E− EVBM=−0.215 eV for
the orientation on the left-hand side of (a). Positive (negative) values are indicated by red (blue) color as given by the color bar above. The circular
dichroism for the rotated crystal orientation is qualitatively similar. The probe pulse is coming from above.
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band structure exhibits only subtle changes in this regime, apart
from small gap openings in the first conduction band and top
valence band at K0. Note the optical absorption selection rules
suppress photodressing at K points. The most striking features are
the side-band features S1 (S2) directly above (below) the valence
(conduction) band. These side bands separate further from the
main bands upon increasing the pump strength, indicating light-
induced orbital hybridization. To elucidate the orbital texture of
these Floquet features, we have projected the Floquet spectral
function Eq. (6) onto the Wannier functions jφk;‘;mi in angular
momentum basis. The projected spectral function Aℓ,m(k, ω) thus
describes the energy- and momentum resolved orbital weight
of jφk;‘;mi. The Floquet spectrum for ð‘;mÞ ¼ ð2; 0Þ � dz2 is
presented in the middle panels in Fig. 3. The weight of the dz2
orbital is dominant for the first conduction band at K/K0 and for
the side-band S2.

The orbital-projected spectral function Aℓ,m(k, ω) also allows to
define the spectral density of OAM via

‘zðk;ωÞ ¼ ∑
‘;m

mA‘;mðk;ωÞ: ð7Þ
Note that Eq. (7) is an approximation ignoring non-local
contributions of self-rotating Bloch states60. Nevertheless,
including the local orbital contributions only has been shown
to be accurate for WSe2 in refs. 29,30. The OAM texture Eq. (7) is
shown in the right panels in Fig. 3. At K/K0 the OAM reflects the
magnetic orbital character as sketched in Fig. 2a. Interestingly, the
side-band S1 inherits the OAM texture of the top valence band.

The character of the involved orbitals and their hybridization
can be further pinned down by projecting into the relevant subset
of orbitals. This is achieved by the downfolding technique (we use
the quadratic muffin-tin orbital method from ref. 61). We start
from Floquet Hamiltonian

Hαn;α0n0 ðkÞ ¼
1
Tp

Z Tp

0
dt eiðn�n0ÞωptHαα0 ðk; tÞ � nωpδαα0δnn0 ; ð8Þ

where n; n0 label the photon ladder. Diagonalizing the Floquet
Hamiltonian Eq. (8) yields the photodressed bands; it is also used to
compute the NESS Green’s functions Eq. (5). To understand the

orbital texture of S2, we downfold onto the subspace fðdz2 ; n ¼
0Þ; ðd�2; n ¼ �1Þ; ðdþ2; n ¼ þ1Þg (see Fig. 4a for an illustration).
This set corresponds to the original conduction band (dz2 ; n ¼ 0),
the first side band of the top valence band upon absorbing one
photon (d−2, n=−1), and the first side band of a higher-lying
conduction band (d+2, n=+1) upon emitting photon. Down-
folding the full Floquet Hamiltonian Eq. (8) into this subspace
yields an effective 3 × 3 Hamiltonian; the corresponding structure is
shown (as dashed lines) in Fig. 4b, c. The excellent match of the
first-principle Floquet spectrum and the downfolded bands
underline that the orbital texture is captured by these few orbitals.
While S2 originates from the d−2-dominated valence band, the top
of the side band acquires dz2 character. The two other bands
passing through the original conduction band exhibit orbital
inversion stemming from the conduction band and the side-band
of the higher-lying d+2 crossing. Consistent with ref. 36, these two
bands—viewed as eigenstates of a static Hamiltonian—form a
Chern insulator state with Chern number C= 1.

The orbital texture of S1 (Fig. 4a) is simpler: the photodressed
top valence band retains its d−2 character, while the first side
band of the conduction band (minus a photon) acquires some
d−2 character in addition to its predominant dz2 weight (Fig. 4d,
e). This transfer of orbital weight is compensated by the gain of
dz2 character of S2.

Although the Floquet-topological state is realized in the
conduction band, the steady-state orbital weight—which deter-
mines the observable photoemission intensity—follows the
original (trivial) dz2 band. Hence, the total occupation-weighted
Berry curvature is vanishingly small, since the Berry curvature of
the upper and lower band are opposite. Evidencing the light-
induced topological state by a quantized Hall response (which
probes the global—momentum integrated —topological nature of
the system) is thus not feasible. The orbital weight transfer in the
side bands S1 and S2, on the other hand, is a fingerprint of the
topological state since the specific hybridizations and the resulting
orbital textures are tied to the topological state. Therefore, one
needs to have an observable which is sensitive to the local (in
momentum-space) topological character of the band structure. As
explained in the Introduction, this can be achieved by looking at

Fig. 3 Floquet spectrum and orbital texture. Spectral function A(k,ω) in the presence of a driving laser, associated spectral function A2,0(k,ω) projected
onto ð‘;mÞ ¼ ð2;0Þ � dz2 orbitals, and orbital angular momentum texture ℓz(k,ω) defined by Eq. (7), for (a) E0= 1.0 × 10−3 a.u., and (b) E0= 2.0 × 10−3

a.u. peak pump field strength. The pump photon energy is ℏωp= 1.4 eV and the pump field is left-handed circularly polarized.
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the photoemission intensity modulation upon swapping the
helicity of the ionizing probe pulse, i.e. by measuring the CDAD.

Pump-probe circular dichroism. Exploiting the helicity of the
circularly polarized probe pulse, the orbital texture of the side
bands can be accessed. In particular, we consider the CDAD as a
direct probe of magnetic properties and orbital symmetry31. We
compute the photoemission spectrum from Eq. (4) using the full
matrix elements Eq. (2). At equilibrium, this approach reproduces
the CDAD in Fig. 2b, while in the presence of the driving laser
pulse, we can directly study the CDAD of the Floquet features
and thus access its orbital texture.

We focus on the orbital texture of the side bands S1,2. Figure 5
presents the pump-probe photoemission intensity and the CDAD
(measured by swapping the ellicity of circularly polarized probe
pulse), for the driven WSe2 sample. Due to optical selection rules,
for the sample orientation in Fig. 5a, the LCP pump gives rise to
Floquet side bands only in the vicinity of the K0 valleys, as in
Fig. 3. Hence, the intensity (Fig. 5b, d) exhibits a threefold
symmetric pattern, with pronounced features at the K0 points.
Inspecting the CDAD of S1 (Fig. 5c), we observe negative CDAD,
while the CDAD of S2 shows, when averaged around the K0

valleys, positive (negative) CDAD for kx > 0 (kx < 0).
Now we consider the sample rotated by 60∘ and pumped by

RCP light (Fig. 5f). Since this sample rotation is equivalent to a
time-reversal operation, also the pump polarization needs to be
time-reversed for the side bands to appear at the same position
(same valleys) in momentum space. While the intensity of S1 is
very similar, the valley-averaged CDAD changes its sign. This
behavior is a clear indication of the OAM reversing its sign, which
is consistent with the acquired d−2 (d+2) character of the side
band of the original conduction band. Indeed, if we assume that
only the d±2 orbital contributes to the matrix element Eq. (2), one
finds for the corresponding CDAD Ið2;þ2Þ

CD ðk; EÞ � �Ið2;�2Þ
CD ðk; EÞ

on completely general grounds (Supplementary Note 2). This
equality holds for normal incidence.

In contrast to the behavior of S1, the CDAD of S2 does not
show an overall sign reversal (except for some subtle intra-valley
modifications). This is consistent with dz2 orbital character, which
is not affected by the time-reversal operation upon rotating by

60∘. Furthermore, the sign change along kx is indicative of dz2
character. As shown in the Supplementary Note 2, the CDAD
for a Bloch state comprised of only the dz2 orbital obeys
Ið2;0ÞCD ð�kx; ky; EÞ ¼ �Ið2;0ÞCD ðkx; ky; EÞ.

In summary, the CDAD of the side bands directly reflects the
orbital character acquired by the hybridization of the valence
band and a replica of the conduction band (S1) or the
hybridization of the conduction band a copy of the valence band
(S2).

Robustness of dichroic markers against dissipation. The CDAD
of the Floquet side bands and their behavior under rotating the
crystal (effective time-reversal operation) allows us to define
dichroic markers, which are expected to be robust and thus
measurable in experiments. In the present geometry, the CDAD
for ky ≤ 0 is less affected by extrinsic (geometric) matrix-element
effects within the K0 valleys; hence, we focus on the CDAD
around K0

1;2 as illustrated in Fig. 6a. We define the valley-
integrated intensity IavðK0

1;2; EÞ and CDAD ICDðK0
1;2; EÞ, where

the momentum integration is performed over the dashed squares
in Fig. 6a. Because the same (opposite) sign of the CDAD around
K0
1;2 is expected for S1 (S2), we introduce the dichroic markers

A1ðEÞ ¼
ICDðK0

1; EÞ
IavðK0

1; EÞ
þ ICDðK0

2; EÞ
IavðK0

2; EÞ
; ð9Þ

A2ðEÞ ¼
ICDðK0

1; EÞ
IavðK0

1; EÞ
� ICDðK0

2; EÞ
IavðK0

2; EÞ
: ð10Þ

Given the expected momentum dependence of the dichroism for
dz2 and d−2/d+2 orbitals explained above, a peak in A1(E) (A2(E))
would reflect a state with strong d−2/d+2 (dz2 ) character. These
markers hence allow reducing complex momentum-resolved
CDAD into integrated quantities that are directly reflecting the
orbital character of a given equilibrium or light-induced state.
The normalization to the intensity allows for a direct comparison
under different pump and dissipation conditions. In Fig. 6b, c we
present the marker Eq. (9) for both crystal orientations. The
dichroic marker shows two distinct peaks that correspond to the
states with pronounced OAM. The first peak originates from the
top valence band with its almost unchanged d−2 character, while

Fig. 4 Orbital character of Floquet side bands. a Sketch of the band structure and dominant orbitals near K0 along the sketched path in reciprocal space. The
dashed lines are periodic replicas of the bottom conduction band (gray), top valence band (blue), and a higher conduction band (red), respectively. b Zoom into
the region close to the side-band features S2 in Fig. 3 for E0= 1 × 10−3 a.u., and c E0= 2 × 10−3 a.u. peak field strength. d Zoom into the region of S1 for
E0= 1.0 × 10−3 a.u., and e E0= 2 × 10−3 a.u. pump amplitude. The dashed lines in b–e represent the band structure of the downfolded model.
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the second peak reflects the acquired d−2 character of S1 (Fig. 3).
This peak is very pronounced for low to moderate dissipation and
remains visible even for a bath coupling strength of Γ= 0.2 eV.
The corresponding energy smearing (~80 meV) is larger than the
spectral resolution that can be achieved in trARPES setups37,40.
Note that the sign of peaks changes upon applying the time-
reversal operation, which reverses the OAM of the magnetic
orbitals d−2↔ d+2.

Inspecting the marker Eq. (10) sensitive to sign changes along kx,
we see that most of the features near the VBM cancel, while the
region close to the conduction band is highlighted. There is a
pronounced peak corresponding to S2 and to the lowest conduction
band. Both peaks are attributed to dz2 orbital character. The S2 peak
is even more robust against dissipation than the S1 peak.

The sign reversal of the marker Eq. (9) and absence thereof in the
marker Eq. (10) upon crystal rotation prompts us to symmetrize or

Fig. 5 Intensity and circular dichroism of Floquet side bands. a Sketch of the sample orientation and left-hand circular polarization (LCP) of the pump for
the spectra in b–e. b Photoemission intensity at a fixed-energy cut through the side-band S1; c corresponding circular dichroism. d, e Analogous plots of
intensity and circular dichroism for a fixed-energy cut through the side-band feature S2. f Sketched of rotated sample and right-hand circular polarization
(RCP) of the pump, which is the setup for the spectra in g–j. The intensity for S1/S2 is shown in g, i, while the circular dichroism is presented in h, j. The
binding energy E is chosen to maximize the intensity; the pump field strength is E0= 2 × 10−3 a.u., corresponding to Fig. 3b.

Fig. 6 Dichroic markers and robustness against dissipation. a Illustration of the definition of the dichroic markers A1,2(E) for the side bands S1,2. b dichroic
marker A1(E) for the orientation and left-hand circularly polarized pump as in Fig. 5a, and c for orientation and right-hand circularly polarized pump as in
Fig. 5f. d, e dichroic marker A2(E) for crystal orientation as in b, c. The pump field strength is E0= 2 × 10−3 a.u. in b–e, and the signal for different bath
coupling strength Γ is shown. We also indicate the position of the valence band (VB), side band band (S1,2), and conduction band (CB) peaks. f Time-
reversal difference of the marker A1(E) for Γ= 0.1 eV for different field strength of the pump. The dashed lines in b, c, f indicate the position of the side
band S1, while they indicate S2 in d, e, g.
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anti-symmetrize, respectively, the energy-resolved dichroic mar-
kers. To highlight the reversal of the OAM, we calculated the
difference of the dichroic marker Eq. (9) upon effective time-
reversal operation, shown in Fig. 6f. Similarly, the calculated
average upon effective time-reversal operation highlights the
nonmagnetic orbitals and dz2 in particular (Fig. 6g). As Fig. 6f, g
demonstrate, for moderate strength of the dissipation Γ= 0.1 eV
the S1,2 peaks remain visible even an amplitude of the pump pulse
as weak as E0= 10−3 a.u.

Note that we have excluded spin-orbit coupling (SOC) in the
results presented here for clarity of the discussion. Neglecting the
SOC is justified by the pronounced spin splitting of the top
valence band. In the sub-gap pumping regime, the split-off
Floquet side band is clearly separated from the conduction band
and thus far off-resonant. The hybridization of the Floquet side
bands and the valence and conduction band is suppressed, and
the photoemission intensity of the side bands is about two orders
of magnitude lower. Hence, our simulations without SOC are
predictive. This is underpinned by additional calculations
including SOC in the Supplementary Note 3.

Effects of laser-assisted photoemission. Replica of the original
bands in the trARPES signal can also occur due to LAPE11, which
describes transitions from the occupied bands to the Floquet-
Volkov ladder of periodic replica of photoelectron states. Thus,
LAPE typically gives rise to photoemission intensity overlapping
(and also interfering62) with Floquet side bands. To investigate
the robustness of the dichroic features in more realistic condi-
tions, we extended the theory of trARPES by including the
Floquet-Volkov ladder. In combination with the Floquet NESS
formalism, we obtain a straightforward generalization of Eq. (4)
that captures both Floquet and LAPE effects (see methods sec-
tion). Equipped with this powerful approach we computed the
trARPES signals and extracted the dichroic markers in an ana-
logous fashion as above.

In Fig. 7a we compare the trARPES intensity without LAPE (left-
hand side) to the case with LAPE fully included. As expected, LAPE
enhances the intensity of the side band structures throughout the
Brillouin zone; the optical selection rules that govern the orbital
hybridization and the photodressing of the bands do not apply for
LAPE. At K0, the intensity of the side band features S1,2 is almost
unaffected by LAPE. In particular, as LAPE results in exact replica
of the valence band (as seen at K), while the feature S2 is pushed to
lower energies, strongly suppresses interference effects.

Inspecting the dichroic markers upon including LAPE (Fig. 7b,
c) reveals that the characteristic peaks remain qualitatively
unaffected. In particular, for S1 the spectral weight associated to
LAPE is negligible (Fig. 7b), while the dichroic marker high-
lighting S2 (Fig. 7c) shows a slight reduction of the S2 peak. The
only qualitatively different features due to LAPE is a peak slightly
below the energy of S2 in Fig. 7b. As the definition of the marker
A1(E) (Eq. 9) highlights the signal originating from the magnetic
orbitals d±2, a direct replica of the valence band due to LAPE
manifest as a peak in A1(E) in the energy region below the
conduction band.

Discussion
In summary, we presented how the local topological properties
and orbital texture of pumped 2H-WSe2 manifest in circular
dichroism in time-resolved ARPES. Combining first-principle
light-matter coupling and a highly accurate model for the pho-
toemission matrix elements allowed us to predict the distinct
dichroic features under realistic experimental conditions. In this
setup, the manifestation of the topological state is masked by the
quasi-thermal population of the Floquet bands. However, the

orbital texture of the side bands—which is intimately connected
to the induced topology—gives rise to distinct CDAD. Defining
robust observables that are sensitive to the orbital character, we
showed that we can access the light-induced orbital texture, even
for strong dissipation and relatively weak pump fields. Focusing
on the CDAD as a hallmark of the Floquet state also allows to
disentangle LAPE contributions from photodressing effects. The
dichroic markers in the relevant energy region are qualitatively
unaffected as LAPE contributions to the dichroism effectively
cancel out.

Therefore—supported by our predictive calculations—mea-
suring the pump-probe CDAD is an ideal platform to evidence
the emergence of light-induced topological state in 2H-WSe2 in
forthcoming experiments. Indeed, while time-resolved CD-
ARPES in the XUV spectral range (allowing extending the pho-
toemission horizon up to Brillouin zone edges (e.g. K/K’)) has
never been archived yet, all the technological building blocks
allowing to performed these experiments have been demonstrated
independently and are currently being put together by some
experimental groups63. The last step towards time-resolved CD-
ARPES in the XUV spectral range is to achieved polarization
control of high-repetition-rate XUV source, which is not funda-
mentally different to what has been already demonstrated for
femtosecond XUV source pumped by Ti:Sa drivers, operating at
moderate repetition rate46,64. This is allowing us to believe that
the methodology described in this manuscript is experimentally
within reach.

In addition, recent static CDAD ARPES experiments also
showed the signatures of Berry curvature from Weyl semimetals32;
time-resolved CDAD ARPES would thus also be a powerful tool to
evidence Floquet-Weyl states65 and other light-induced topological
phenomena.

Fig. 7 Effects of LAPE on spectra and dichroic markers. a Comparison of
the unpolarized trARPES signal Iav(k, E) without (left panel) and with (right
panel) including laser-assisted photoemission (LAPE), for an left-hand
circularly polarized (LCP) pump and the crystal orientation as in Fig. 6a.
b, c Time-reversal difference of the dichroic markers as in Fig. 6f, g
including LAPE (RCP: right-hand circularly polarized). The pump strength is
E0= 2 × 10−3 a.u. and the bath coupling is set to Γ= 0.1 eV in all plots.
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Methods
Wannier functions and photoemission matrix elements. We computed the
electronic structure of monolayer WSe2 using the QUANTUM ESPRESSO
package66. We used the PBE functional and norm-conserving pseudopotentials
from the PSEUDODOJO project67. We constructed symmetry-adapted maximally
localized Wannier functions to retain the d and p orbital character associated to the
W and Se sites, respectively. More details on the calculations and extracting the
velocity matrix elements vαα0 ðkÞ can be found in ref. 55.

The atomic photoemission matrix elements Eq. (2) are computed from the
Wannier functions ϕj(r). We approximate the real-space dependence by

ϕjðrÞ ¼ RjðrÞX‘jmj
ð̂rÞ; ð11Þ

where X‘m ð̂rÞ denotes the real spherical harmonics. We assume that all d (p)
orbitals possess the same radial dependence: Rj(r)= Rd(r) (Rj(r)= Rp(r)).

Following ref. 50, we compute the photoemission matrix elements by (i)
switching to length gauge by replacing p̂ ¼ �i½Ĥ; r̂
, where r̂ is the dipole operator,
and (ii) approximating the final states by plane waves. We obtain

Mαðk; EÞ ¼ � iðE � εαðkÞÞ∑
j
CjαðkÞeiγj e�ip�tj

´
Z

dr e�ip�re � rRjðrÞX‘jmj
ð̂rÞ;

ð12Þ

where p is the three-dimensional photoelectron momentum vector defined by
p∥= k and p2/2= E+ V0 (V0 is the inner potential), and where tj denote the
positions of the W and Se atoms in the unit cell. The probe polarization is denoted
by the complex unit vector e. The integral in Eq. (12) is evaluated by expanding the
plane waves in real spherical harmonics. This leads to two radial integrals

Ið± Þj ðEÞ ¼
Z 1

0
dr r3j‘j ± 1ð

ffiffiffiffiffiffi
2E

p
rÞRjðrÞ; ð13Þ

where jℓ(x) denotes the spherical Bessel functions. The energy dependence of the
radial integrals Ið1;2Þj ðEÞ is weak in the XUV regime, therefore we ~Ið ± Þj ðEÞ � Ið± Þj ,
which correspond to four (j= d, p) independent parameters. Together with the
inner potential V0 and the 11 phase factors γj, there are 17 free parameters. We
determined these parameters such that the resulting photoemission intensity I(k, E)
for s and p polarized at binding energy E− EVBM=− 0.2 eV fits the experimental
signals (see Supplementary Note 1 for a direct comparison).

Floquet NESS formalism. We assume that each lattice site (independent of the
orbital) is coupled to a thermalizing bath within the wide-band limit approxima-
tion (WBLA). The effects of the bath on the system is captured by the self-energy,
which is then used to calculate the Green’s function. It is convenient to express
these quantities in the basis of the Floquet Hamiltonian Eq. (8). In this basis, the
retarded part of the self-energy reads

ΣR
αn;α0n0 ðωÞ ¼ �i

Γ

2
δαα0δnn0 ; ð14Þ

while the lesser part (which determines the occupation of the Floquet bands) is
given by

Σ<
αn;α0n0 ðk;ωÞ ¼ iΓδαα0 δnn0nFðω� μþ nωpÞ: ð15Þ

Here, nF(ω) denotes the Fermi function, which also includes the effective tem-
perature Teff. Representing the self-energies Eq. (14)–(15) by compact matrices in
band-Floquet space, the Floquet Green’s function is then determined solving the
Dyson equation

½ĜRðk;ωÞ

�1

¼ ω� ĤðkÞ � Σ̂
RðωÞ ð16Þ

and the Keldysh equation

Ĝ<ðk;ωÞ ¼ ĜRðk;ωÞΣ̂<ðωÞ
h
ĜRðk;ωÞ

iy
: ð17Þ

Once the Floquet Green’s functions have been computed from Eqs. (17)–(17), the
physical Green’s functions entering the spectra can be obtained, as explained below.

Time-resolved photoemission and laser-assisted processes. The Floquet NESS
formalism also allows to compute the trARPES signal in the limit of long pump and
probe pulses. We start from the general expression for trARPES56,

Iðp;ΔtÞ ¼Im∑
αα0

M�
αðpÞMα0 ðpÞ

Z 1

0
dt
Z t

0
dt0sðtÞsðt0Þ

´G<
α0αðk; t0; tÞeiΦðp;t;t

0 Þ;
ð18Þ

where s(t) denotes the envelop of the probe pulse, and

Φðp; t; t0Þ ¼ 1
2

Z t

t0
d�t p� qAð�tÞ
 �2 ð19Þ

accounts for the laser-dressed final (Volkov) states. For brevity we introduced the
three-dimensional photoelectron momentum p as in Eq. (12). The time-dependent
Green’s function entering Eq. (18) can be expressed in terms of the Floquet Green’s

function Eq. (17):

G<
αα0 ðk; t; t0Þ ¼∑

nn0

Z ωp=2

�ωp=2

dω
2π

G<
αn;α0n0 ðk;ωÞe�iωðt�t0 Þ

´ e�inωp t e�in0ωp t
0
:

ð20Þ

Now we take the limit of long pulses s(t)→ 1; in this limit it is convenient to switch
to average and relative time represenation tav ¼ ðt þ t0Þ=2, trel ¼ t � t0 . If LAPE
effects can be neglected, the phase Eq. (19) simplifies to Φðp; t; t0Þ ¼ Etrel , and the
trARPES expression Eq. (18) reduces to Eq. (4) with the effective frequency-space
Green’s function

GR;<
αα0 ðk;ωÞ ¼ ∑

n
GR;<
αn;α0nðk;ω� nωpÞΛðω� nωpÞ; ð21Þ

where Λ(ω)= 1 if−ωp/2 < ω < ωp/2 and zero otherwise.
To capture for LAPE effects the time-dependent phase Eq. (19) needs to be

included explictly. Inserting the two-time representation Eq. (20) into Eq. (18) and
expanding Eq. (19) in a Fourier series with respect to tav, we recover a similar
expression as Eq. (4):

Iðk; EÞ / Im∑
αα0

Mαðk; EÞeG<
αα0 ðωpr � EÞM�

α0 ðk;EÞ: ð22Þ

Here, we have introduced the LAPE-augmented effective Green’s function

eG<
αα0 ðωÞ ¼∑

l
∑
nn0

GR;<
αn;α0n0 k;ω� n þ n0 þ l

2
ωp

� 

´Λ ω� nþ n0 þ l
2

ωp

� 
Ln

0�n
l ðωÞ

ð23Þ

with the LAPE kernel

Lml ðωÞ ¼
e�imθ

2Tp

Z 2Tp

0
dt eilωp t=2Jm x0 sin

ωpt

2

� 
: ð24Þ

Here, Tp= 2π/ωp, x0 ¼ qE0je � pj=ω2
p, and θ ¼ argðe � pÞ.

Data availability
The referenced experimental data and the Wannier model are available at the repository
schuel_m/fitting-matrix-elements at gitlab.psi.ch.

Code availability
The script performing the fitting procedure are available at the repository schuel_m/
fitting-matrix-elements at gitlab.psi.ch. The custom computer codes used obtain the
results are available upon reasonable request.
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