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Abstract

Floquet engineering is a novel method of manipulating quantum phases of matter via periodic driving [1, 2].
It has successfully been utilized in different platforms ranging from photonic systems [3] to optical lattice of
ultracold atoms [4, 5]. In solids, light can be used as the periodic drive via coherent light-matter interaction.
This leads to hybridization of Bloch electrons with photons resulting in replica bands known as Floquet-Bloch
states. After the direct observation of Floquet-Bloch states in a topological insulator [6], their manifestations
have been seen in a number of other experiments [7–14]. By engineering the electronic band structure using
Floquet-Bloch states, various exotic phase transitions have been predicted [15–22] to occur. To realize these
phases, it is necessary to better understand the nature of Floquet-Bloch states in different materials. However,
direct energy and momentum resolved observation of these states is still limited to only few material systems
[6, 10, 14, 23, 24]. Here, we report direct observation of Floquet-Bloch states in monolayer epitaxial graphene
which was the first proposed material platform [15] for Floquet engineering. By using time- and angle-resolved
photoemission spectroscopy (trARPES) with mid-infrared (mid-IR) pump excitation, we detected replicas of the
Dirac cone. Pump polarization dependence of these replica bands unequivocally shows that they originate from
the scattering between Floquet-Bloch states and photon-dressed free-electron-like photoemission final states,
called Volkov states. Beyond graphene, our method can potentially be used to directly observe Floquet-Bloch
states in other systems paving the way for Floquet engineering in a wide range of quantum materials.

Keywords: Floquet-Bloch states, monolayer (epitaxial) graphene, time- and angle-resolved photoemission spectroscopy

1. Introduction

Ever since the prediction of a Chern insulator state in graphene through manipulation of the electronic band

structure with circularly polarized light [15], various exotic phase transitions via Floquet engineering have been
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envisioned in solids. Among others, these include Floquet topological insulator [16, 17], control of the exchange

interaction [19], and Floquet-Weyl semimetal [18, 20–22]. Experimentally, Floquet-Bloch states were observed for

the first time in the three-dimensional topological insulator, Bi2Se3 [6] and the light-induced Chern insulator state

was also realized in the same system by breaking time-reversal symmetry with a circularly polarized pump beam

[6]. Subsequently, Floquet driving has been explored in various condensed matter systems such as WSe2 [10],

MnPS3 [12], black phosphorous [14], and Cr2O3 [25].

Floquet engineering has also been intensively investigated in graphene. Ultrafast transport techniques were

used [9] to measure light induced anomalous Hall effect, and superconducting tunneling spectroscopy [13] revealed

steady-state Floquet-Andreev states. However, despite various theoretical proposals [26–29], direct observation

of Floquet-Bloch states in graphene using trARPES has never been achieved. Several reasons make this a very

challenging task: First, unlike topological insulators, the Dirac cone in graphene is located at the K point making

it necessary to combine high harmonic generation probe and mid-IR pump excitation in trARPES. Second, even

after observation of replica bands in trARPES, a reliable procedure for graphene is lacking to disentangle the

contribution of Volkov states. Finally, it was also suggested that high scattering rate in the sample [10, 30] might

mask their observation.

Here, we report the energy-momentum resolved direct observation of Floquet-Bloch states in monolayer epi-

taxial graphene using trARPES. After exciting the sample with mid-IR (246 meV) pump pulse, we recorded the

evolution of the electronic band structure via photo-emission performed by a synchronized extreme UV (26.4 eV)

probe pulse (Fig. 1a). Measured ARPES spectra show replicas of the Dirac cone indicating the presence of photon

dressed states. To identify whether these replicas originate from Floquet-Bloch states, we investigated the evolu-

tion of spectral features as the pump polarization was rotated. By using a simple analytical theory inspired by ref.

[31], we show that scattering between Floquet-Bloch and Volkov states (Fig. 1b) can reproduce the experimental

results and Volkov states alone can not account for the observed pump polarization dependence, indicating that

Floquet-Bloch states are indeed observed.

2. Observation of transient replica bands in monolayer graphene

Figure 1c displays a static ARPES spectrum of monolayer epitaxial graphene on SiC obtained in our chamber. It

features a well-known Dirac cone at K point. The Dirac point is gapped due to the breaking of A and B sublattice

symmetry induced by interaction with the buffer layer [32]. The arc-shaped feature of the Fermi surface (Fig.

1d) is due to photoemission matrix element effects. We excite the monolayer graphene using linearly polarized

pump pulses with duration of 250 fs. The pump beam was incident nearly normal to the sample surface. In Fig.

1f, snapshots depict the emergence and decay of replica bands. There is a depletion in the occupied band and

an excitation in the unoccupied band in the original (n = 0) Dirac dispersion, where n corresponds to index of

replica bands. This results from multi-photon excitation followed by intraband relaxation and/or intraband carrier

acceleration. Nevertheless, we did not detect any avoided crossing gap, since the size of the gap at the Dirac point

(approximately 0.27 eV) exceeds the pump photon energy (refer to the section S2 in Supplementary Information
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(SI)) preventing the crossing of the successive replicas. The absence of the avoided crossing gap leaves the origin

of replica bands ambiguous at this stage, as the observation of such a gap would have been conclusive evidence

for the existence of Floquet-Bloch states [31].

3. Dependence of replica bands on pump polarization

To elucidate the origin of these replica bands, we investigated the evolution of their spectral features in kx - ky

plane at E−EF = 0.219 eV as the pump polarization angle (θp) is rotated (Fig. 2a). Here θp is defined with respect

to Γ − K direction. To clearly display the replica band with a weak intensity, panels in Fig. 2a are normalized

such that the color scale is set from the minimum to the maximum value within each panel. At θp = 12.5◦, the

arc-shaped spectral feature is the n = 1 replica band which is similar to the n = 0 band (Fig. 1d). As we rotate the

pump polarization counterclockwise (CCW), we found that the arc also rotates. To follow the intensity distribution

in detail, we divided the displayed θp range into three segments: range I, middle range, range II, as delineated in

Fig. 2a. In the range I, as θp increases, the inner arc rotates CCW. Transitioning into the middle range, at θp =

90.6◦, spectral weight emerges at the upper left side. The outer arc becomes more pronounced and it represents the

excitation in the unoccupied band in the n = 0 Dirac cone. Subsequently, at θp = 98.5◦, the original arc disappears,

and a new arc in the upper left side rotates CCW in the range II. To provide a clearer visualization of this evolution,

we extracted one-dimensional intensity profiles as a function of the angle around the arc (θk) which is defined in

Fig. 1e. This analysis reaffirms that as θp increases, the profile shifts towards the right, corresponding to a CCW

rotation in both ranges I and II. Furthermore, it clarifies the evolution of the two arcs within the middle range:

two peaks (or arcs) coexist, and with increasing θp, the primary peak in the range I diminishes while a new peak

emerges on the left side, becoming the primary peak in the range II. These observations prompt the question: are

Floquet-Bloch states necessary to explain these features, or can they be understood solely based on Volkov states?

4. Theoretical modeling of the pump polarization dependent replica

bands

To understand the evolution of replica bands with pump polarization, we employed a model describing the proba-

bility density of photoelectron states using the scattering matrix elements derived in [31]. We conducted simulations

for three distinct cases: the scattering between Floquet-Bloch and Volkov states (Floquet-Volkov), only Volkov

states, and only Floquet states. According to ref. [31], the photoelectron probability (squared modulus of the scat-

tering matrix element) of the n = 1 replica state is P1 ∝ |M |2 × |γ|2, where M denotes the matrix element of

the photoemission process from the ground state (|M |2∼ sin2(θk/2) in monolayer graphene [33]). |γ|2 character-

izes the strength of sidebands, containing scattering processes between the Floquet-Bloch and Volkov states as

presented by |γ|2= (β − α)2. Here, α and β are given by ev⃗α,β · A⃗/(ℏωp) which are the dimensionless Volkov and

Floquet interaction parameters, respectively. v⃗α,β denotes the velocity of photoelectrons and the Fermi velocity

of electrons, respectively, e is the electron charge, A⃗ is the vector potential, and ℏωp represents the pump photon

energy. When the pump beam is at normal incidence, a condition almost satisfied in our experimental geometry, we
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consider the in-plane vector potential, A⃗xy = −iE⃗xy/ωp = −iExy/ωp × (cos θp, sin θp). Consequently, the sideband

parameter becomes

γ = β − α = −i
eExy

ℏω2
p

[
− ℏ

me
Kx cos θp +

(
vD − ℏ

me
kD

)
cos(θp − θk)

]
. (1)

Here, we used v⃗α,xy = ℏ
me

k⃗xy = ℏ
me

(
Kxk̂x + k⃗D

)
since the in-plane momentum of photoelectrons is conserved at

the photoemission process, and the magnitude of the Fermi velocity is |v⃗β |= vD. Note that k⃗D corresponds to a

vector from Kxk̂x = (Kx, 0) to a state in the kx − ky plane as illustrated in Fig. 1e.

Our simulations utilizing the above model show that the experimental data can not be adequately explained by

solely the Volkov states. On the other hand, considering the scattering between Floquet-Bloch and Volkov states

can successfully account for the observed behaviour. The photoelectron probability of the n = 1 replica state

incorporating the non-zero incidence angle of the pump beam (see Method) selectively simulate the three distinct

scenarios: Floquet-Volkov (β ̸= 0, α ̸= 0), only Volkov (β = 0, α ̸= 0), and only Floquet (β ̸= 0, α = 0). The

outcomes of these simulations are presented in Fig. 2b - d. Let us begin with the only Volkov case portrayed in Fig.

2c with the corresponding 1D intensity profiles shown in Fig. 2g. The evolution of the spectral feature in the only

Volkov case notably diverges from that observed in the experimental data of Fig. 2a: firstly, the rotation directions

of the arcs are opposite (experimental data: CCW, only Volkov: CW); secondly, the rotation speeds substantially

differ (experimental data: gradual, only Volkov: slow to abrupt); finally, only Volkov simulation does not exhibit

the simultaneous presence of two arcs at the given θp values. In the only Floquet case depicted in Fig. 2d, the arc

rotates CCW across the entire range, akin to the experimental data in Fig. 2a. However, the emergence of the new

arc transpires at a very early stage (θp = 52.8◦ in the range I), and three arcs are present in total at the initial and

final θp values (12.5◦ and 174.3◦, respectively). These features are more apparent in the 1D intensity profiles in

Fig. 2h, and these behaviors diverge from the evolution of the spectral feature observed in the experimental data of

Fig. 2a. On the other hand, in the Floquet-Volkov case illustrated in Fig. 2b, within the range I, the arc undergoes

a CCW rotation as θp increases. Subsequently, in the middle range, the original arc diminishes, and a new arc at

the upper left side emerges at θp = 90.6◦ and becomes more intense. This newly formed arc continues to rotate

CCW thereafter. This progression is further supported by the intensity profiles presented in Fig. 2f, indicating a

close resemblance to the evolution observed in the experimental data depicted in Fig. 2a. Figure 3 shows the peak

positions of the 1D intensity profiles of the experimental data, extracted from Fig. 2e, exhibiting a similar trend

to that of the Floquet-Volkov case, while the only Volkov case shows a contrasting trend. Therefore, the evolution

of the spectral features as the pump polarization rotates cannot be explained by the only Volkov scenario but can

be effectively described by the scattering between Floquet-Bloch and Volkov states. This proves the contribution

of Floquet-Bloch states to the observed replica bands in monolayer graphene.

5. Discussion

We can derive two key insights from Eq. 1 regarding (1) the strategy to minimize the Volkov parameter, α, which

differs for K and Γ electrons, and (2) the competition between Floquet-Bloch and Volkov states embedded in the
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trend of rotation direction of the arc. First, let us delve into the significance of the first term in Eq. 1, − ℏ
me

Kx cos θp,

which purely originates from the Volkov state. Owing to the substantial Kx = 1.7 Å−1 in graphene, this term may

dominate γ when cos θp approaches unity. To mitigate the influence of this term, the in-plane pump polarization

must be orthogonal to K⃗ (it should be polarized along the ky direction for our scenario). This stands in contrast

to the case of the Volkov states at Γ point, as observed in materials such as Bi2Se3 [23], where this term vanishes.

In this case, for a non-zero pump incidence angle, k⃗z · E⃗out,z in α (resulting from the coupling between the out-of-

plane components of the electric field and the photoelectron momentum k⃗z) may dominate γ [23]. To circumvent

this, s-polarization must be utilized to suppress the out-of-plane component of the electric field, E⃗out,z, thereby

maximizing the portion of the Floquet parameter in γ [23]. In the case of graphene, k⃗z ·E⃗out,z is minimized because

a substantial tilt of the sample is required to reach the K point at (1.7 Å−1,0), causing the pump incidence angle

to align nearly normal to the sample surface for our geometry. Note that, for electrons near K point with a normal

incidence pump beam, the first term in Eq. 1 exhibits a similar effect in γ compared to k⃗z · E⃗out,z for electrons near

Γ with a non-zero pump beam incidence angle. Both terms remain constant, independent of θk at a fixed θp. In

practice, even for the case of electrons near K, when the pump incidence angle slightly deviates from the normal

incidence and the probe photon energy is substantial, as in our experiments (8.7◦ and 26.4 eV, respectively), kz

can be substantial, and k⃗z · E⃗out,z may become comparable to the first term in Eq. 1 (refer to the section S4 in SI).

In this case, employing s-polarization which is set to be oriented perpendicular to K⃗, can minimize the impact of

both terms.

Next, the sign of the coefficient of the second term, vD − ℏ
me

kD, signifies the competition between Floquet-

Bloch and Volkov states and determines the rotation direction of the arc as θp varied. This can be understood

by examining the photoelectron probability of the n = 1 replica state, P1 ∝ |M |2 × |γ|2 which is proportional to[
sin2(θk/2)[Bcos(θp) +Acos(θp − θk)]

2
]
, where A = vD − ℏ

me
kD and B = − ℏ

me
Kx are constants. To gain insights

into how θk,max evolves as a function of θp, we focus on the small θp region. Fig. 3 clearly show that θk,max goes

up as a function of θp in this region for our data. It can be shown that (refer to the section S5 in SI for the proof)

the trend of θk,max reverses as the sign of A flips: A > 0 leads to an increase in θk,max as θp increases, while

A < 0 results in a decrease. Based on our experimental parameters
( ℏ
me

Kx = 2.0×106 m/s, vD = 9.6×105 m/s,

and ℏ
me

kD = 5.8×104 m/s
)
, we indeed have A > 0 since we are in Floquet-Volkov case. The only Volkov case

(A = − ℏ
me

kD < 0) would lead to the reverse trend which we do not observe. Hence, the different behaviour of

the rotation direction of the arc between the Floquet-Volkov and the only Volkov cases stems from vD > ℏ
me

kD,

which reflects a competition between Floquet-Bloch states (which are determined by the Fermi velocity within the

material vD) and a subset of the Volkov states due to in-plane momentum with respect to the Dirac (K) point

(which are set by the velocity ℏ
me

kD).

Floquet-Bloch states are anticipated to exhibit avoided crossings along the direction perpendicular to the

polarization direction of the pump beam, while remaining gapless along the polarization direction of the pump

beam [6, 15, 23, 34–39]. In our experiments, the avoided crossing gaps are absent due to the pump photon energy

being smaller than the gap size at the Dirac point (refer to the section S2 in SI). If the different orders were
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crossing, the expected gap size would be 2∆ = βω ∼ 21 meV [6, 15, 23, 34–39]. Even if these gaps were present,

it would be challenging to observe them since they would be below our energy resolution of 53 meV. However,

as explained above, we can still conclusively prove the existence of Floquet-Bloch states without observing these

gaps by studying the evolution of the replica bands as a function of pump polarization direction.

Finally, we discuss the similarities and differences between our work and ref. [10] which reported negative

result for the observation of Floquet-Bloch states in graphene using trARPES. Both works utilized monolayer

epitaxial graphene on SiC, albeit grown on different polytypes with distinct stacking sequences in their crystal

structures (4H-SiC vs. 6H-SiC), and employed probe photon energies of 26.4 eV vs. 21.7 eV, alongside pump photon

energies of 246 meV vs. 280 meV (our study vs. ref. [10]). However, our measurements were performed at a lower

temperature of 31 K, with a probe energy resolution of 53 meV, whereas ref. [10] conducted their experiments at

room temperature with 150 meV energy resolution. A potential decrease in scattering rate at a lower temperature

coupled with the improved energy resolution could be responsible for the findings in our study.

In conclusion, we reported momentum resolved observation of Floquet-Bloch states in monolayer graphene.

Measured ARPES spectra with mid-IR pump excitation shows replica bands of Dirac cone spaced by photon

energy. The evolution of these replicas with the pump polarization rotation unequivocally demonstrates that they

arise from the scattering between Floquet-Bloch and Volkov states. To explain these findings, we presented a

simple analytical model inspired by ref. [31]. The approach presented here can be extended to elucidate Floquet-

Bloch states at the Brillouiun zone edge in other material systems which may catalyze further advancements in

Floquet engineering.
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photoemitted band (nV = 0) of the nF = 1 Floquet-Bloch band. Here, n, nV , and nF denote the indices assigned to the replica bands
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spectra showing kx – ky cuts at E – EF = 0.219 eV (averaged by ±0.025 eV). The displayed θp range is divided into three segments:
range I, middle range, and range II. b – d, Simulation results for (b) the scattering between Floquet-Bloch and Volkov states, (c)
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Intensity profiles for b – d, respectively.
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intensity profile of the experimental data (Fig. 2e) were extracted by fitting a Gaussian peak with linear background. In the middle
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peak in Fig. 2e) deviates from the overall trend of the experimental data shown here. The underlying cause of this deviation remains
unclear and warrants further investigation.
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6. Method

Materials. A four-inch wafer monolayer epitaxial graphene was purchased from Graphenesic. The wafer was

synthesized by graphitizing the Si-face 4H-SiC. To see a general description of the synthesis process, please refer

to ref. [41]. The sample utilized for measurements was cleaved from the wafer, yielding lateral dimensions of

approximately 5 mm × 5 mm. According to the factory inspection report, optical inspection confirmed a mono-

layer coverage of 78.8% at the center of the wafer, accompanied by 21.2% bilayer graphene inclusions. Note that

the gapped Dirac point in Fig. 1c is due to the breaking of A and B sublattice symmetry induced by interaction

with the buffer layer [32]. The sample was transported in air. Prior to introduction to the measurement chamber

of trARPES, it was annealed at 600◦C for 10 minutes in a chamber at a vacuum level of low ×10−9 torr, which is

in-situ connected to the preparation chamber of trARPES.

Experimental setup. The beam line for our trARPES setup is powered by a Yb-fiber laser (Tangerine from

Amplitude). This laser operates at a repetition rate of 300 kHz and produces pulses with a center wavelength of

1030 nm (1.2 eV), duration of 135 fs, and pulse energy of 250 µJ. The fundamental beam is split into a probe

and a pump branch. In the probe arm, the second harmonic of the laser is generated within a harmonic box by

injecting the fundamental beam into a β-BBO crystal. The resulting beam is directed into a gas-jet chamber

where it is focused onto argon gas expelled from a nozzle to generate high-harmonics. As the seed beam and its

harmonics propagate together, we isolate 26.4 eV beam (11th harmonic of 2.4 eV) using an XUV monochromator

(McPherson Inc.), which employs gratings in an off-plane mounted configuration [42]. Subsequently, the selected

26.4 eV beam is focused onto the sample via a toroidal mirror. The polarization of the probe beam is linear

s-polarization and predominantly aligned along the ky axis (refer to Fig. S9 in SI). In the pump arm, pulses

carrying 26.7 µJ of energy are directed into an optical parametric amplifier (OPA) equipped with a different

frequency generation (DFG) module (ORPHEUS-HP from Light Conversion) to generate the pump beam with

a photon energy of 246 meV (approximately 5 um in wavelength). The pump beam was directed to the sample

at a nearly normal incidence angle of approximately 8.7◦ from the sample surface normal. The beam profile on

the sample was an ellipse with the axes of 480 µm and 440 µm. The pulse duration (FWHM) was estimated to

be about 250 fs. The fluence was around 25.4 µJ/cm2 corresponding to a peak electric field intensity of around

2.7×107 V/m. Polarization of the pump beam was controlled using a half-waveplate with the center wavelength

of 5 µm. The waveplate was purchased from VM-TIM. We employed an angle-resolved time-of-flight (ARTOF)

type analyzer (ARTOF 10k from ScientaOmicron). We utilized 26-7 lens mode offering an acceptance angle of

±13◦ and an energy window spanning ±3.5% of the center energy. The vacuum level of the measurement chamber

of trARPES is mid ×10−11 torr. The overall setup resembles that detailed in ref. [42], but notable modifications

include the different laser with a harmonic box, high-harmonic generation (HHG) module, and OPA/DFG. In

this study, we used the gas-jet method for HHG. The estimated energy resolution of the ARPES spectra obtained

with the 26.4 eV probe beam is approximately 53 meV.
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Simulations. In the main text, for the sake of simplicity, we presented the equation for γ by assuming a normal

incidence of the pump beam (Eq. 1). However, in the simulation results depicted in Fig. 2, a modified model was

employed, incorporating a non-zero incidence angle of the pump beam. This modified equation for γ is presented

below:

γ = −i
e

ℏω2
p

[
− ℏ

me

(
KxEout,xycos(θp,out) + k⃗z · E⃗out,z

)
+

(
vDEt,xycos(θp,t − θk)−

ℏ
me

kDEout,xycos(θp,out − θk)

)]
.

(M1)

Here, Et,xy =
√

E2
t,x + E2

t,y and Eout,xy =
√

E2
out,x + E2

out,y, which are the in-plane component of the transmitted

electric field and the one outside the sample, respectively. E⃗out,z represents the out-of-plane component of the

electric field intensity outside the sample. “in-plane” and “out-of-plane” are defined with respect to the sample

surface. θp,t and θp,out denote the polarization angle with respect to the kx axis for the in-plane components of

the transmitted electric field intensity and the one outside the sample, respectively. k⃗z denotes the ẑ component

of the momentum of photoelectrons, which can be evaluated as follows:

kz =

√
2me

ℏ2
(
Eprobe − EB − ϕW

)
− k2xy (M2)

Here, Eprobe, EB , and ϕW represent the probe photon energy, binding energy of the states, and work function,

respectively. The term kxy =

√(
Kx + kDcosθk

)2
+
(
kDsinθk

)2
denotes the magnitude of the in-plane momentum

of photoelectrons. When θi = 0, Eq. M1 reduces to Eq. 1. The parameter values used in the simulations are sum-

marized in Table M1. For the derivation of Eq. M1 and detailed information, please refer to the section S4 in SI.

Data availability. All data needed to evaluate the conclusions in the paper are present in the paper and/or the

Supplementary Information.
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Table M1 Parameter values used in the simulations.

θoff 12.5◦ Ei0 2.7×107 (V/m)
θi 8.66◦ n 5.60

Kx 1.7 (Å−1) Eprobe 26.4 (eV)

kD 0.05 (Å−1) EB -0.219 (eV)
vD 9.6×105 (m/s) ϕW 4.264 (eV)
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