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Sample Growth

Bulk 2H-WSe2 samples were grown via standard chemical vapor transport reactions.1,2 For

the growth of monolayer epitaxial graphene 6H-SiC wafers were graphitized in a modified

Aixtron Black Magic reactor in Ar atmosphere at atmospheric pressure3 using the param-

eters reported in Ref.4 The resulting graphene samples were n-doped with the Fermi level

∼0.4 eV above the Dirac point. After growth all samples were transported in air and inserted

into ultra-high vacuum for the tr-ARPES experiments. In order to obtain a clean surface

the WSe2 samples were cleaved in situ using Kapton tape and the graphene samples were

annealed at a temperature of 800◦C for 5 min.

Time- and Angle-Resolved Photoemission Spectroscopy (tr-ARPES)

We used a commercial Titanium:Sapphire amplifier (Legend Elite Duo from Coherent) de-

livering 35 fs pulses at a wavelength of 790 nm with a repetition rate of 1 kHz to gener-
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ate femtosecond mid-infrared (MIR) pump and extreme ultraviolet (XUV) probe pulses.

10 mJ of output power were sent into a commercial optical parametric amplifier (HE-TOPAS

from Light Conversion) where the fundamental of the laser was converted into signal and

idler pulses at 1.34µm and 1.92µm, respectively. These pulses were overlapped on a GaSe

crystal for difference frequency generation (DFG) of the pump pulse at λdrive = 4.45µm

(~ωdrive = 280 meV, Tdrive = 15 fs). In order to block signal and idler pulses and to reduce

the spectral width of the pump pulse the pump was sent through a bandpass filter centered at

4.45µm with a full width at half maximum (FWHM) of 200 nm. The pump was then focused

with a CaF2 lens, yielding a pump fluence of ∼ 2 mJ/cm2 at the focus. The polarization of

the pump pulse was controlled with a combination of λ/2 and λ/4 waveplates.

XUV probe pulses were generated from the second harmonic of the remaining 2 mJ of

output power by high harmonics generation in Argon. The 7th harmonic at ~ωprobe = 21.7 eV

was selected with a time-preserving grating monochromator5 and focused onto the sample

with a toroidal mirror. P-polarized XUV pulses were used to eject photoelectrons from

the sample. The photocurrent as a function of kinetic energy and emission angle of the

photoelectrons was measured with a hemispherical analyzer (Phoibos 100 from SPECS).

The signal on the two-dimensional detector was converted into snapshots of the energy and

momentum dependent spectral function A(E, ~k‖) of the material under investigation. The

energy resolution was 150 meV.

From the Gaussian full width at half maximum (FWHM) of the temporal profile of the

replica band intensity we extract a pump-probe cross correlation of 300 fs. With a nominal

XUV probe pulse duration of 120 fs we obtain a pump pulse duration of 270 fs. Therefore,

the experimental conditions satisfy FWHMdrive > FWHMprobe > Tdrive, where Tdrive = 15 fs

is the period of the pump, required for the experimental observation of replica bands in

periodically driven solids.6

From the experimental fluence of 2 mJ/cm2 and the driving pulse duration of 270 fs

we obtain a peak field strength of Evac = 2.4 MV/cm at the focus in vacuum. The field
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strength in the surface of the sample was calculated via Esample = 2Evac/(1 +
√
ε∞) where

ε∞ = 6.7 for SiC7 and ε∞ = 15.6 for WSe2.
8 Note that the dielectric constant for epitaxial

graphene on SiC(0001) remains controversial with values ranging from ε∞ = 229 to ε∞ =

7.26.10 We would like to stress that using a different value of ε∞ for our TDDFT simulations

induces quantitative but no qualitative changes in the calculated ARPES spectra. Hence, the

agreement with experiment cannot be improved by simply adapting the dielectric constant.

Data Analysis

The experimental EDCs at negative pump-probe delay were fitted with the following function

f(E) =

(∑
n

Peak(E,En, wn) + BGShirley

)
fFD(E, µ, T ) (1)

where Peak is either a Lorentzian or a Gaussian, En and wn are peak position and full width

at half maximum, respectively, BGShirley is the Shirley background, fFD is the Fermi-Dirac

distribution, µ is the chemical potential, and T is the electronic temperature. The replica

bands in the presence of the driving pulse were included like this

F = (1− 2a)f(E) + af(E − ~ωdrive) + af(E + ~ωdrive) (2)

where a is the intensity of the replica bands, and ωdrive is the driving frequency.

Time-Dependent Density Functional Theory (TDDFT)

We compute the photoemission spectra using density-functional theory as implemented in

the Octopus code.11 In this method the time evolution of an electronic structure under the

influence of pump and probe lasers in the dipole approximation is computed by propagating

the Kohn-Sham equations in time.12,13 The photoelectron spectrum is then obtained from the

flux of ionised electronic states through an analyser surface placed at an appropriate distance

away from the surface.14 The electronic structure of WSe2 and graphene was obtained using
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the local density approximation for the DFT exchange-correlation potential and HGH pseudo

potentials.15 The states of WSe2 and graphene where represented in the unit cell on a real

space grid with a spacing of 0.4 Bohr and 0.36 Bohr, respectively, and with k-point samplings

of 6 × 6 × 1 and 12 × 12 × 1. In both cases the time evolution was evaluated with steps

of 0.002 fs and the analyser surface was placed at 90 Bohr from the surface of the material.

A complex absorbing boundary with a width of 30 Bohr16 was used to prevent unphysical

rescattering.

Photon-Dressed States

Unfortunately, it is impossible to disentangle Volkov and Floquet-Bloch contributions to

the replica band intensity of a photoelectron spectrum using TDDFT. Therefore, in order to

calculate the intensity of the nth order Volkov replica band, we use the model from Madsen.17

This model also includes the contribution of the ponderomotive energy Up which is neglected

in the more recent model from Park et al.18 In Madsen’s model17 the normalized intensity

of the nth order Volkov replica band is given by

In/I0 ∝ J2
n

(
~α~qf ,

Up

2ωdrive

)
(3)

where ~α = ~A/ωdrive, ~qf is the momentum of the photoelectron, and Up = A2/4 is the

ponderomotive energy. The generalized Bessel functions Jn(u, v) have the following property:

Jn(u, v) =
∞∑

k=−∞

Jn−2k(u)Jk(v). (4)

Also, Jn(0) = 0 for n 6= 0 and J0(0) = 1. With u = ~α~qf = 0 (which is the case for sp driving

pulses in the present study) and v = Up

2ω
we get
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Jn(0, v) =
∞∑

k=−∞

Jn−2k(0)Jk(v) (5)

Jn=2k(0, v) =
∞∑

k=−∞

J0(0)Jk(v) (6)

=
∞∑

k=−∞

Jk(v) (7)

where we used that Jn−2k(0) 6= 0 only if n = 2k. This means that, if ~α~qf = 0, we will only

get even-order Volkov replica bands. Hence, the Volkov contribution to the first order replica

band is zero. Therefore, any first-order replica band that we observe in tr-ARPES using sp

driving pulses necessarily needs to be a Floquet-Bloch state.
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