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Observation of Floquet states in graphene
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Abstract

Recent advances in the field of condensed-matter physics have unlocked the potential to realize and con-
trol emergent material phases that do not exist in thermal equilibrium [1H3]]. One of the most promising
concepts in this regard is Floquet engineering, the coherent dressing of matter via time-periodic perturba-
tions [4} 15]. However, the broad applicability of Floquet engineering to quantum materials is still unclear.
For the paradigmatic case of monolayer graphene, the theoretically predicted Floquet-induced effects [6-9]],
despite a seminal report of the light-induced anomalous Hall effect [[10]], have been put into question [L1].
Here, we overcome this problem by using electronic structure measurements to provide direct experimental
evidence of Floquet engineering in graphene. We report light-matter-dressed Dirac bands by measuring the
contribution of Floquet sidebands, Volkov sidebands [[12, [13]], and their quantum path interference [14} [15]]
to graphene’s photoemission spectral function. Our results finally demonstrate that Floquet engineering in
graphene is possible, paving the way for the experimental realization of the many theoretical proposals on

Floquet-engineered band structures and topological phases [8, [16H26]].
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Introduction

The field of topological Floquet engineering was started by Oka and Aoki [6], who proposed
that the Haldane model [27]] — one of the most paradigmatic models of topology in condensed mat-
ter physics — can be realized in monolayer graphene. Upon irradiation with circularly polarized
light, a dynamical topological anomalous Hall state can be induced, which manifests itself via the
formation of Floquet replicas of the original Bloch bands and a band gap opening at the Brillouin
zone’s K and K’ points with an inherent change of the Chern number. Such a light-induced topo-
logical phase transition can be rationalized within Floquet theory [7, 8, 28], and has been demon-
strated experimentally for ultracold fermions in an optical lattice [29] and photonic crystals [30].
Specifically in graphene, the power and versatility of Floquet engineering was demonstrated in a
pioneering experiment reporting a light-induced anomalous Hall effect [10]. However, significant
theoretical effort was needed to explain the experimental findings by a combination of Floquet-
induced topology and asymmetric photocarrier distributions [31, 32]. Moreover, while there is
a growing body of experimental reports highlighting the applicability of Floquet engineering to
condensed matter systems [11} 14, 3340, for graphene, today’s preconception is that the ultra-
fast decoherence time of only a few tens of femtoseconds [41] is so short that it hinders the efficient
generation and verification of Floquet-engineered phases [11, 42, 43]]. Hence, any unambiguous
experimental demonstration of the Floquet engineering concept for monolayer graphene would be

a major advancement in the field.

In this article, we use linearly-polarized infrared driving light fields to coherently dress mono-
layer graphene and then probe the energy-momentum dispersion of the light-dressed band struc-
ture with extreme ultraviolet laser pulses generated via high-harmonic generation in a new type
of angle-resolved photoemission spectroscopy experiment (ARPES), known as momentum mi-
croscopy [44, 45]. In the direct comparison of measured and calculated ARPES maps of the
light-dressed band structure, we identify energy- and momentum-resolved fingerprints of Floquet
sidebands, Volkov sidebands, and their mutual interference. Specifically, we show that the latter,
i.e., the quantum path interference between Floquet and Volkov states in momentum space, is a
powerful tool to unambiguously identify light-dressed band structures with time-resolved momen-
tum microscopy. Our work opens up a direct pathway to test the many theoretical proposals of

light-induced phase transitions that have remained elusive experimentally to this date [8} |[16-26].
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Experimental observables for Floquet engineering in graphene

Figure 1a shows a schematic of the equilibrium (black) and the Floquet-engineered (red) elec-
tronic structure of graphene (using linearly-polarized laser pulses). As discussed in many earlier

reports [6-9]], the light-dressed band structure deviates from its equilibrium counterpart based on
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FIG. 1. Floquet-engineered modifications to graphene’s electronic structure that are accessible in
ARPES experiments. a Energy- and in-plane momentum-resolved representation of the energy eigenstates
of graphene in equilibrium (black) and light-driven graphene (red) in the proximity of the K; point. The
characteristics of the Floquet-engineered band structure are (i) the formation of sidebands 417 spaced by
the driving photon energy from the original main band (MB), and (ii) the formation of energy gaps AE where
sidebands of different photon order cross. b The plane-of-incidence (scattering plane) of the laser fields is
along the K)-I'-K crystal direction. The EUV probe pulses are p-polarized and the linear polarization of
the IR driving laser pulses is tuneable via the polarization angle ®. ¢ The coherent interaction of the IR laser
pulses within graphene and with the quasi-free photoelectrons after the photoemission process lead to the
formation of Floquet (red) and Volkov (grey) sidebands, respectively. Quantum path interference between
Floquet and Volkov transitions have to be considered, as both states are probed at the same photoelectron

energy and in-plane momentum.



two distinct signatures: First (i), Floquet theory predicts that higher-order photon-dressed side-
bands of the main band Dirac cone are formed (labelled +1%€ and MB in Fig. 1a, respectively).
Second (i1), energy bands are gapped where sidebands of different photon order cross and hy-
bridize in energy-momentum space (AE in Fig. 1a). To probe such coherent modifications of
graphene’s band structure, the combination of ARPES, in particular momentum microscopy, with
a femtosecond pump-probe setup is ideally suited [[11,114}33,135,137, 38,140, 46l]. While an infrared
(IR) laser pulse enables the periodic driving of the system, a time-delayed extreme ultraviolet
(EUV) laser pulse allows to record the energy- and in-plane momentum-resolved photoemission
spectral function. Notably, as broadband ultrashort laser pulses are used in time-resolved ARPES
experiments, Floquet energy gaps AE might not be directly resolvable (extended Fig.[7). Hence,
it is more straightforward to study the aforementioned case (i), i.e., the photon-dressed sideband
formation in momentum space. We opt for this route by using our in-house photoemission endsta-
tion [45, 47] that combines a time-of-flight momentum microscope [44]] with an ultrafast table-top
EUYV light source. From the n-doped graphene sample grown on 4H-SiC [48, 49], the momentum
microscope facilitates the collection of photoelectrons as a function of energy E and both in-plane
momenta k, and ky. In our experimental geometry, the EUV probe (26.5¢V, 20fs, p-polarized)
and infrared (IR) driving (AQ = 0.65 eV, 100 fs, 3 MV/cm) pulses impinge nearly co-linearly onto
the graphene sample at an oblique angle of incidence of 22°. The K/-I'-K; crystal direction lies in

the scattering plane and photoelectrons are collected in the proximity of the K; point (Fig. 1b).

IR polarization dependence of sideband photoemission yield

During the presence of the IR driving laser field, Floquet eigenstates are created and can, in
principle, be photoexcited by the EUV laser pulse and measured with ARPES (Fig. 1c, left panel).
However, when ARPES is used for such measurements, it is well-known that a competing process
can lead to similar photoemission signatures: The coherent interaction of quasi-free photoelec-
trons with the driving light field leads to the formation of so-called Volkov sidebands of the main
photoemission signature (Fig. 1c, middle panel) [12, [13]. Importantly, these Volkov sidebands
look similar to Floquet sidebands in ARPES, but are not an indication for a light-dressed band
structure. However, because the Floquet and the Volkov transitions are observed at the same final
state energy, quantum path interference effects between both excitation pathways occur and can
be observed [[14}[15] (Fig. Ic, right panel). Hence, for the unambiguous identification of Floquet

sidebands in ARPES, the experimental challenge lies in the discrimination of Floquet sidebands,
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FIG. 2. IR polarization dependence of the sideband photoemission spectral weight. a IR polarization
dependent +1/4€ sideband photoemission yield integrated over the blue region of interest in b. The insets
show the momentum-resolved Volkov sideband amplitude calculated within the Volkov formalism for p-
(left) and s-polarized (right) IR pulses [blue-shaded color code; white corresponds to no sideband amplitude;
calculated with equation (2)]. Note that the color scale for s-polarized IR pulses is multiplied by a factor
20. The corners of the hexagons indicate the momenta of the six K (K’) points of graphene; the K; point
is marked with a black circle. The doubleheaded grey arrows indicate the direction of the in-plane IR
electric field component. From this momentum-resolved analysis of the Volkov formalism, the grey line in
the main panel is calculated and shows the Volkov sideband amplitude for the Dirac cone at the K; point
for all polarizations ®. b,c,d Energy- and momentum-resolved photoemission data collected in temporal
overlap of the EUV and the IR pulses for &, ~ 0 A-land ® = 10° (near-p-polarized), 90° (s-polarized), and
76° (near-s-polarized). The vertical grey arrows in d highlight the £k, asymmetry of the +17€Q sideband
spectral weight for near-s-polarized IR pulses. The black arrowhead in d denotes the center energy of the

momentum maps shown in Fig. 3.

Volkov sidebands, and their interference pattern.

For this task, we make use of the fact that the (k,,ky)-momentum-resolved amplitude of Volkov
sidebands can be controlled by varying the polarization @ of the IR field [14]}, [15] 46], and do
not yet consider possible contributions of Floquet states (methods): For p-polarized IR pulses
(® = 0°), the surface projected electric field vector FE is oriented parallel to the scattering plane,

and the amplitude of Volkov sidebands is large for all six K; points (Fig. 2a, left inset). In contrast,
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for s-polarized IR pulses (P = 90°), the surface projected electric field vector E is oriented per-
pendicular to the scattering plane, and the Volkov sideband amplitude vanishes for all momenta
along the K-I"-K; crystal direction (Fig. 2a, right inset). Based on these calculations, in the main
panel of Fig. 2a, we plot the calculated polarization dependence of the Volkov sideband amplitude
at the momentum of the K point (grey line): The Volkov sideband amplitude is maximized for
p-polarized light and vanishes for s-polarized light. Hence, if it is possible to observe sideband
photoemission spectral weight in the proximity of the K; point for s-polarized IR light, where
the Volkov sideband amplitude must be zero, the result would be indicative for the formation of

Floquet states.

Figures 2b,c,d show energy- and momentum-resolved photoemission data collected in temporal
overlap of the EUV and the IR laser pulses; the polarization of the IR pulses is @ = 10° (near-p-
polarization), 90° (s-polarization), and 76° (near-s-polarization). Starting with the case of near-
p-polarization, we can clearly identify the main Dirac cone (main band, MB), and, in addition,
sidebands spaced by —14€Q, +1AQ, and +2AQ (Fig. 2b). In order to evaluate the impact of the
IR polarization on the sideband photoemission yield, we systematically evaluate the data in a
0.064 A=! % 0.064 A~! x 0.22 eV region of interest at the +1AQ sideband (blue box in Fig. 2b).
For all polarizations ®, we detect a spectral weight originating from the +17€ sideband (Fig. 2a,
data points). Notably, even for the case of s-polarized IR pulses, we still identify spectral weight
of the +17€ sideband (Fig. 2¢). This observation is in stark contrast to the expected fingerprints
in the hypothetical case of Volkov states only, which should not lead to a finite 4+1/4€2 sideband

photoemission yield for s-polarized IR pulses (grey line in Fig. 2a).

The natural follow-up question is whether the +17€2 sideband photoemission signal collected
for s-polarized IR light already constitutes unambiguous proof for the existence of Floquet states
(Fig. 2c), especially since such a signature could not be identified in a previous ARPES experi-
ment [11]. For instance, it might be possible that the linear polarization of the IR pulses is not pure,
which would also lead to a finite Volkov sideband intensity. Hence, an additional hallmark that
supports the successful generation of Floquet states seems necessary. Looking again at Fig. 2b-d,
we find another very strong signature in the energy-momentum-resolved photoemission spectra
that is incompatible with the Volkov picture alone: While the near-p- and the s-polarized measure-
ments show symmetric +17Q sideband spectral weight in 4k, momentum-direction (Fig. 2b,c),
for ® = 76°, the measurement exhibits a striking 4=k, asymmetry between the two sides of the

Dirac cone (Fig. 2d, vertical arrows). In the following, we will show that such strongly asymmet-
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ric photoemission signatures of the observed sidebands cannot be explained within the Volkov or
the Floquet picture alone, but must be a result of quantum path interference of Volkov and Floquet

states.

Verification of Floquet states in graphene

To investigate the 4=k, momentum asymmetry in more detail, we make use of the full momentum-
resolved data collection capability of our photoemission endstation and generate (k,,ky)-resolved
photoemission maps at the energy of the 41742 sideband (Fig. 3a,c). While the momentum map
of the near-p-polarized case (P = 10°) shows the well-known horseshoe-like spectral weight dis-
tribution in the sideband that originates from the dark corridor effect [S0] (Fig. 3a), in the case of
near-s-polarized IR pulses (& = 76°), the spectral weight distribution is dominated by the strong
+k, asymmetry (Fig. 3b) that was already observed in the energy-momentum-resolved data in
Fig. 2d. In order to show that this asymmetry provides unambiguous evidence for Floquet states
in graphene, we compare our experimental data with ARPES momentum maps calculated within
the time-dependent non-equilibrium Green’s function formalism (methods). The calculations are
performed such that the spectral weight in the momentum maps can contain contributions of the
coherent sum of Floquet and Volkov sidebands, Floquet sidebands only, or Volkov sidebands
only, as labelled in the respective momentum maps in Fig. 3a,c. Intriguingly, already from the
visual inspection of the momentum maps, it is obvious that the experimental +k, momentum
asymmetry for the near-s-polarized IR pulses can only be reproduced by the calculations that
consider constructive and destructive quantum path interference processes between Floquet and
Volkov transitions (Fig. 3¢, red highlighted momentum maps). Neither the calculated momentum-
dependence of the pure Floquet (orange) nor of the pure Volkov (black) transitions can reproduce

the experimentally observed asymmetry.

We evaluate the momentum-dependent spectral weight distribution of the +1/€Q sideband in
experiment and theory by integrating the sideband signal in segments around the K; point pa-
rameterized with the angle ® (cf. Fig. 3a). For near-p-polarized IR pulses (Fig. 3b), we make
two important observations: First, we find that the experimental data (blue circles) follows the
®-dependence expected from the dark corridor effect [S0] (grey area), indicating that the 41/
sideband spectral weight is a near-perfect replica of the non-driven main band (extended Fig. [Sk).
Second, the experimental ®-dependence is well-described by the calculations that include the co-

herent contribution of Floquet and Volkov states (blue solid line). However, by comparing the
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FIG. 3. Sideband photoemission momentum-fingerprints and quantum path interference between Floquet
and Volkov transitions. a,c Measured and calculated +17Q sideband momentum-fingerprints for near-p-polarized
(® = 10°, a) and near-s-polarized (P = 76°, ¢) IR pulses (E-Er = 0.63 eV, Ar = 0 fs, +17Q labelled arrowhead in
Fig. 2d). The theory maps contain the coherent sum of Floquet and Volkov transitions (blue [red] axes in (a) [(c)]),
Floquet transitions only (orange axes), and Volkov transitions only (black axes). b,d The momentum-fingerprint of
the +17Q sideband spectral weight is parameterized with the angle ® [cf. panel (a)]. b For near-p-polarized IR
pulses, the measured photoemission momentum-fingerprint of the 4172 sideband (blue circles) qualitatively mirrors
the ®-dependence of the dark corridor (grey area), and is well-described by the calculations that consider Floquet and
Volkov transitions (blue line). d In the case of near-s-polarized IR pulses, the measured photoemission momentum-
fingerprint of the +17€Q sideband (red circles) is qualitatively different to the ®-dependence expected from the dark
corridor, and shows a distinct asymmetry with a minimum and a maximum for ® < 7 and ® > 7, respectively. Neither
the Volkov-only (black dotted line) nor the Floquet-only (orange dashed) calculations predict this strong asymmetry.
Agreement between experiment and theory can only be found if quantum path interference processes between Floquet

and Volkov transitions are considered (red line). 9



®-dependent spectral weight of the Volkov only (black dotted line) and the Floquet only calcula-
tion (orange dashed line), it is obvious that mainly Volkov transitions contribute to the measured

+1h€Q sideband intensity, as expected for near-p-polarized driving.

Next, we repeat the same evaluation for the 417 sideband momentum pattern for the case of
near-s-polarized IR pulses (® = 76°, Fig. 3c,d). In Fig. 3d, it is directly clear that the sideband’s
photoemission spectral weight (red circles) deviates from the pure cosine-like ®-dependence and
thus does not follow the periodicity of graphene’s dark corridor (grey area). To verify the contri-
bution of Floquet states at ® = 76° IR driving, Fig. 3d shows the ®-dependence of the spectral
weight of the calculated momentum maps for Floquet-only (orange line), Volkov-only (black line),
and the case of photoemission quantum path interference of Floquet and Volkov states (red line).
Notably, the ®-dependence of the Volkov-only solution is close to symmetric for ® < 7, as found
for the case of near-p-polarized IR driving, but in contrast to the experimental data of the & = 76°
case. Hence, the measured momentum-asymmetric +1/4€Q sideband spectral weight distribution
cannot be described within the Volkov formalism alone. Likewise, the calculated Floquet-only
momentum-dependence is close to symmetric for ® < 7, and therefore does not reproduce our
experimental observations either. However, in the case that constructive and destructive quan-
tum path interference processes of Floquet and Volkov transitions are considered, our calculations
clearly reproduce the experimentally observed asymmetry (red line). In other words, the strong
asymmetric momentum-fingerprint of the +1/Q sideband intensity can only be observed if Flo-
quet and Volkov states are detected, which thus, for the first time, directly verifies the experimental

realization of Floquet engineering in graphene.

Quantum path interference of Floquet and Volkov states

Our results indicate that the momentum-resolved sideband photoemission spectral weight is
dependent on the relative phase of the Floquet and Volkov transitions contributing to the quantum
path interference conditions. As discussed by Park [[15], the phase of the Floquet amplitude is de-
termined by the projection of the IR field onto the momentum k, while the Volkov phase exhibits
a much weaker dependence. Therefore, as in an interferometer where the phase of one channel
can be controlled, it must be possible to flip the asymmetric momentum fingerprint of the + 1€
sideband by controlling the polarization angle around ® = 90° (s-polarization). In Fig. 4a-c, we
show measured (top row) and calculated (bottom row) momentum maps of the + 1€ sideband for

® =90° (Fig. 4b) and ® = 90° F 4° (Fig. 4a,c). In the case of s-polarized IR pulses, the surface
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FIG. 4. Control of quantum path interference between Floquet and Volkov states via the IR pulse
polarization ®. a-c The upper and the lower row show measured and calculated photoemission momentum
maps of the 4+17€Q sideband, respectively (E-Ep = 0.63 eV, Ar = 0 fs). As the polarization of the IR
pulses (doubleheaded arrows in inset) is rotated from ® = 90° —4° = 86° (a) to ® = 90° (b) and ® =
90° +-4° = 94° (¢), the spectral weight is more intense for —k,, similarly intense in +k, and more intense
for +ky, respectively (cf. horizontal arrows in lower panels). d Systematic evaluation of the ®-dependent
asymmetry A = (IH(y — ka) / (erY —i—ka) (regions of interest indicated in (c)). The data points and the
black line are extracted from experiment and theory, respectively. The asymmetry A changes sign when the

surface projected electric field vector (double-headed arrow) is rotated through & = 0°, 90°, and 180°.

projected electric field vector is oriented perpendicular to the scattering plane and the quantum
path interference conditions are symmetric in +k, and —k, direction (Fig. 4b). In contrast, if
@ £ 90°, the surface projected electric field vector and the scattering plane are not perpendicu-
lar anymore with respect to each other, and quantum path interference leads to an asymmetric
spectral weight for &k, (Fig. 4a,c). In particular, the asymmetry flips for angles < 90°, as ex-
pected from theory. Finally, Fig. 4d shows the systematic evaluation of the momentum asymmetry
A= (I+ky — I_ky) / (I+ky +I_ky) as a function of the IR pulse polarization angle ®. In agreement
between experiment (blue dots) and theory (black line), we find that the asymmetry A increases
from the p-polarized (& = 0°, 180°) to the s-polarized case (® = 90°). Close to s-polarization
(P =90°), the asymmetry A flips and is most sensitive to changes in polarization, as both Floquet

and Volkov sideband contributions have comparable amplitudes.
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Conclusions and outlook

We directly and unambiguously demonstrate the successful generation of Floquet states in
graphene. We do so by exploiting quantum path interference processes of Floquet and Volkov
transitions in the time- and momentum-resolved photoemission experiment, i.e., without the need
to resolve vanishingly small energy gaps or band renormalizations. More generally, our results
are the first direct experimental proof for the seminal theoretical predictions of Floquet states in
monolayer graphene, first proposed about 15 years ago [6]. In a next step, the application of cir-
cularly polarized driving light pulses will show if a phase transition to a topologically non-trivial
state can be achieved. Moreover, since the pioneering work of Oka and Aoki [6]], many subsequent
theoretical proposals have extended the Floquet engineering concept to quantum materials such as
Weyl semimetals [16] and twisted heterostructures of two-dimensional materials [22-24], moti-
vating even the combination of Floquet engineering and twistronics [25]. Our results will allow
the experimental verification of all these theoretical proposals in the coming years, promising the

creation of light-matter coupled material phases without a counterpart in thermal equilibrium.
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I. EXPERIMENTAL SETUP AND SAMPLE PREPARATION

The time-resolved momentum microscopy experiments have been performed with our in-house
photoemission endstation that combines a time-of-flight momentum microscope [44] (Surface
Concept GmbH) and a 300 W fiber laser system (Active Fiber Systems) [45]. The laser is op-
erated at 500 kHz and drives a table-top high-harmonic generation (HHG) beamline and an optical
parametric amplifier (OPA, Light Conversion), as detailed in refs. [45,47]. The HHG beamline is
operated with 5W, 50 fs, 515 nm pulses focused into Argon gas, and the 11th harmonic (26.5¢eV,
p-polarized) is selected with a pair of EUV multilayer mirrors. The OPA is operated at 40 W input
power (1030 nm, 220 fs) and generates the 210 mW (at sample), 100 fs, 0.65 eV IR driving laser
pulses. The polarization angle ® of the IR pulses is varied with an achromatic half-wave plate
(B. Halle, 700-2500 nm). The polarization & of the IR pulses on the sample is determined by
monitoring the extractor current as a function of the IR polarization angle (extended Fig. [Sh) and
the direct comparison of the sideband momentum fingerprints in experiment and theory (Fig. 4).

All experiments are performed at room temperature on a n-doped graphene sample grown on
4H-SiC [48], 49]]. In ultra-high-vacuum, the graphene sample was annealed for 1 h at 450 °C.
For all experiments, the microscope was aligned such that a momentum area with a diameter
of 1.3 A~! centered on the K point is projected onto the detector [45]. In addition, the multi-
dimensional photoemission data shown throughout the text are corrected for distortions in energy
and momentum [S1-53]]. The vacuum electric field strength of the IR pulses is approximated to
3 MV/cm with an estimated 1/ ¢? diameter of the IR beam of 300 um x 250 pm and a peak fluence
of 1.23 mJ/cm?.

II. TIME- AND ENERGY-RESOLUTION OF THE PHOTOEMISSION EXPERIMENT

We quantify the energy resolution of the momentum microscopy experiment by fitting a
momentum-filtered energy distribution curve with a Fermi-Dirac distribution broadened by a
Gaussian distribution (extended Fig.[Sp,c,d). The data is taken from a measurement at -1 ps delay,
i.e., the IR and EUV pulses are on the sample but not in temporal overlap (extended Fig. [Sp,c).
Keeping the temperature of the Fermi-Dirac distribution fixed to 300 K, the fit yields a Gaussian
width of 155447 meV (extended Fig. [5d). The Gaussian width then describes the energy resolu-

tion of our experiment and contains contributions from the spectral width of the laser pulses and
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FIG. 5. Characterization of the IR pulse polarization ® on the sample, ARPES data of non-driven graphene,
and the time- and energy-resolution of the experiment. a Irradiation of the graphene sample with IR laser pulses
leads to a measurable current between the sample and the extractor, which varies as the pulse’s polarization ® changes
from s to p (data points). As a guide-to-the-eye, the gray line is reproduced from Fig. 2a and shows the calculated
Volkov sideband amplitude at the K; point. b, ¢ Energy-momentum-resolved (at ky-K; =0 A~!, indicated by dashed
line in b)) and momentum-momentum-resolved (E-Er = 0 eV, indicated by dashed line in c)) photoemission data
collected when the IR and EUV pulses are far from temporal overlap (At = —1 ps). d Momentum-filtered energy
distribution curve (data points) in the region of interest indicated in panel ¢, blue box. The fit (blue solid line) is
carried out with a Fermi-Dirac distribution at 300 K (grey dashed line) convoluted with a Gaussian with a width of
0.155 eV (FWHM, black horizontal line). e Quantification of the cross-correlation of the IR driving and the EUV
probing laser pulses. The data points are obtained by filtering the photoemission yield from the +17Q sideband in
the magenta 0.7 eV x 0.07 Al (ky) x 0.07 Al (ky) region of interest (both pulses p-polarized). The width of the

cross-correlation is 100+3 fs (FWHM, black horizontal line).

the energy resolution of the momentum microscope [45]].

In extended Fig.[5g, we evaluate the pump-probe delay dependence of the +17€2 sideband pho-
toemission signal in order to extract the cross-correlation of the IR and EUV beams to 100+3 fs

(FWHM). With a pulse duration of the EUV pulses of 2045 fs [45] [54], we extract the pulse du-
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ration of the IR pulse to 9814 fs. This translates to a Fourier-limited spectral width of 27+1 meV
and 124430 meV for the IR and the EUV laser pulses, respectively.
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III. MOMENTUM- AND POLARIZATION-DEPENDENT VOLKOV SIDEBAND AMPLITUDE

In the following, we briefly describe the polarization- and momentum-dependence of the
Volkov sideband yield, as discussed in the main text and shown in Fig. 2a (insets and grey line).
Details on this analysis can be found in refs. [12, [15} 46, 55]], and we follow the earlier work of
some of us (Keunecke et al. [46]). The photoelectron momentum-distribution of the first order

Volkov sideband is given by
Il (kxy79kakz) NI(/) (kxyaekakz) X ‘al‘za (1)

with I, (kyy, 6k, k;) being the photoemission yield of the undriven system, and | |? is the Volkov
sideband amplitude. In the electron scattering description [12} (15, 155], the & parameter can be

expressed as

e
o~ (W(Exykxy cos(6 — 6) +Ezkz>> ‘ @

Here, the in-plane electric field components and the in-plane momentum components are ex-
pressed in polar coordinates, i.e. 6 = tan~!(ky/k;) (measured from the I" point) and O =
tan ! (Ey/Ex), as detailed in ref. [46]. Moreover, e, m,, and Q are the elementary charge, the
elementary mass, and the driving light frequency, respectively. In the insets of Fig. 2a, the

2, which describes the Volkov amplitude, is plotted for

momentum-dependent distribution of |¢y

s- and p-polarized IR pulses in our experimental geometry (see Fig. 1b and ref. [46]).
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IV. DETAILS ON THE CALCULATIONS
A. Experimental parameters that enter the calculations

For the determination of the experimental parameters that enter our simulations, we start with
the measured vacuum field strength of Ey ~ 3 MV/cm (see section I of the methods). Further,
we need to adjust the electric field strength at the surface and inside the graphene, because the
interface between the graphene and the vacuum is not a sharp interface as assumed for the Fresnel
equations. To do so, we introduce scaling factors fiy and fr for the Volkov and Floquet field

strengths at the surface and inside the graphene, respectively.

The electric field strength that generates Volkov sidebands at the surface is then

Ecit(P) = fv (Ein(®P) + E(P)) , (3)

where E;,(®) (E;(®)) is the amplitude of the incoming (reflected) pump field for a given polar-
ization angle ®. The reflected field is computed by decomposing E; into s and p components
and using the Fresnel equations. In direct comparison of our calculations with the experimental
results, we fix fy = 0.5. We note that this value is in good agreement with a study by Neppl et al.

on dielectric screening on the atomic length scale [56].

The local effective field driving the electrons inside the graphene sample is also modified by
the screening. To account for the screening of the field inside the graphene, we interpolate the

fields by approximating the pump field Epump by

Epump(®) = fr (Ein(®) + Er(®)) + (1 — fr)Ei(P) . 4)

Here, E((®) is the transmitted field amplitude. We chose fr = 0.5, assuming that the effective
electric field Epymp interpolates between the field outside and inside the material. We note again
that this value is in good agreement with the study by Neppl ef al. [56]. Finally, we stress that
while there is a considerable uncertainty of Ep, the momentum-space signatures of the Floquet-
Volkov interference discussed in the main text are unaffected over a large parameter range (see
extended Fig. 2).

From the electric field amplitudes we also obtain the time-dependent vector potentials A (?)

and Apump(?), which enter the calculation of the trARPES signals.
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FIG. 6. Overview of the calculated Floquet and Volkov +1/£2 sideband momentum fingerprint at
® = 76° as a function of the vacuum electric field strength Ey and the factor fy . From top to bottom,
the parameter fy is varied from 0.5 to 1. From left to right, the vacuum electric field strength Ey is varied
from 0.5 MV/cm to 3.5 MV/cm. The Floquet scaling factor is set to fr = 0.5 for all shown momentum

maps. For all figures in the main text, we choose fr = fy = 0.5 and Ey =3 MV /cm.

B. Time-dependent dynamics

The pump-induced dynamics are described by solving the equation of motion for the density

matrix:

© p(k.1) = ~ilH(k.1), (k. 1] + Dlp(k.)] . 5)

Here, D[p(k,?)] denotes a scattering term incorporating pure dephasing dynamics with a deco-
herence time of 7, = 20 fs. The decoherence of the off-diagonal elements of p(k,) is defined

with respect to the instantaneous Hamiltonian H(k,?), as discussed in ref. [57]. The Hamiltonian
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is formulated in the velocity gauge, which allows us to consistently compute the time-resolved

photoemission signal while retaining gauge invariance [38]. In the velocity gauge,

1
Hyo (K, 1) = €4/(K)0gqr — Apump(t) Voo (K) + EApump(t)2 . (6)

We have computed the electronic band structure €4 (k) and the velocity matrix elements v/ (K) =
(Wka|P|Wke) using our in-house all-electron density-functional theory (DFT) code. The consis-
tency with the standard codes QUANTUM ESPRESSO and WANNIER90 has been checked. We
included the two Dirac-like bands @ = 1,2 in Eq. (5)) and (6).

The pump pulse is parameterized by a Gaussian pulse,

1 .
Apump(r) = 5 S(1)Re Epumpe ™| (7)

where S(¢) is a Gaussian function with FWHM = 100 fs.
We have also performed calculations for the Floquet band structure of the Hamiltonian (6 by

replacing S(¢) — 1 and analyzing the thus time-periodic Hamiltonian.

C. Simulation of time-resolved ARPES data

From the time-dependent density matrix p(k,7) we computed the time-resolved photoemission
spectra through the time-dependent nonequilibrium Green’s function (td-NEGF) formalism. As
described in refs. [9, 58], we employed the generalized Kadanoff-Baym ansatz (GKBA) that yields

the lesser Green’s function from the equation of motion
[id; —H(k,?)]G=(k,t,t') =0 (8)

with G=(k,7,t) = ip(k,t). From the Green’s function we can then compute the photoemission

signal as a function of quasi-momentum Kk, final-state energy E, and pump-probe delay 7 as

oo t . ,
Ik, E, 7)o Im Y M (K, E)Mos (k. E) /O dt /0 dt's(t,2)s(t', 1) OGS, (k). (9)

ao’

In Eq. (9), s(z,7) denotes the envelope function of the probe pulse (taken as Gaussian function

with FWHM = 20 fs), while the phase factor is defined by

t
o(k,1,1") = [ df [ep(f) — o] , (10)

[/
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where @, is the photon energy of the probe pulse and &¢(7) is the light-dressed final state energy:

2

1
&(t) = % — Aett(t) - p+ EAeff(t)z - (11)

Here, p; = k, while p is determined from p?/2 = E. In our theory, the LAPE effect can be
switched off by replacing A — 0 in Eq. (T1)). Similarly, the case of pure Volkov side bands can
be simulated by replacing Apymp — 0 in the time-dependent Hamiltonian (6)).

Our DFT code also allows us to compute the photoemission matrix elements

M(X(k7E) = <Xk,E’epr'f)|WkOt> y (12)

where e, denotes the polarization of the p-polarized probe pulse, and where |y ) are the inverse
LEED states. The predictive power of our method to directly compute the matrix elements has
been confirmed by comparing the calculations to probe photon-energy dependent measurements
in equilibrium.

Combining the light-matter coupling encoded in Eq. (6)) with the matrix elements (12)) provides

us with an ab initio description of time-resolved photoemission (9).
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V. FLOQUET ENERGY GAPS AE IN TIME-RESOLVED ARPES EXPERIMENTS

In the main text, we highlight two options to observe a Floquet-engineered band structure
in an ARPES experiment. Option (ii) is the identification of light-induced energy gaps where
Floquet bands of different photon orders cross (AE in Fig. la). For this, extended Fig. [7a shows
energy-momentum-resolved photoemission data taken along the k, momentum direction for s-
polarized IR pulses (K; point, @ = 90°), i.e., the momentum direction where Floquet energy gaps
are expected [8, [11} [14]]. However, the data shows no clear indication for energy gaps.

To verify whether this result is caused by the limited energy resolution in our ultrafast ARPES
experiment with spectrally broad laser pulses, we compare the experimental data with our model

calculations. For this, we first calculate the energy-momentum dispersion of the Floquet eigenen-

O

1
Floquet
& Volkov

1
Theory

1 1
Experiment

AE

E —Er (eV)

AE

Min.

Max.

Min.

015 0 015
ky =K1 (A1)

015 0 015
ky =K1 (A1)

FIG. 7. Floquet energy gaps AE in ARPES experiments with spectrally broad femtosecond laser
pulses. a Energy- and momentum-resolved photoemission spectrum of light-driven graphene (s-polarized)
collected in the proximity of the K; point along the k, momentum-direction (inset). The parameters of the
driving light field (the probing light field) are 650 meV, 100 fs, 3 MV/cm (26.5 eV, 20 fs). b Floquet energy
spectra (red) in the proximity of the K; point calculated for the experimental conditions predict an energy
gap of AE =70 meV. As a guide to the eye, the black lines indicate the main band and the +1st order
sidebands neglecting hybridisation. The color-coded data is obtained by calculating an ARPES map for the
experimental conditions based on the time-dependent Green’s function formalism. The width of the spectral

weight dominantly results from the finite width of the ultrashort EUV probe pulse.
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ergies (red lines in extended Fig. [7p). For the 650 meV IR pulses with a vacuum electric field
strength of 3 MV/cm, we extract a Floquet energy gap of AE = 70 meV. Second, we calculate an
ARPES spectrum of the light-driven band structure within the non-equilibrium Green’s function
formalism (color-coded data in extended Fig. [7p). The ARPES spectrum now intrinsically shows
a distinct energy broadening, which is mainly caused by the spectrally broad pump and probe
laser pulses. We note that the linewidth of the calculated ARPES signature is much narrower than
found in our experimental results, indicating that also other broadening effects contribute to the
experimental broadening (155 meV, extended Fig.[5d), which are not captured in the model. Nev-
ertheless, also in the calculated ARPES spectrum, it is not straightforwardly possible to identify a
clear spectroscopic signature of an energy gap. In consequence, for the parameters of the driving
light field that are currently accessible with our setup, we conclude that the energy resolution of
the time-resolved momentum microscopy experiment is simply not sufficient to directly resolve

the spectroscopic signatures of energy gaps.
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