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in the photoemission from the free-electron metal magnesium Mg(0001)10.
Theoretical models have addressed different contributions such as may
arise from the band structure of the material9,16,17, the spatial charac-
teristics of the initial-state wavefunctions18–21, and elastic and inelastic
scattering effects9,22. These models also differ from each other in the way
that the screening of the laser field at the surface is taken into account
when calculating the photoemission time delays19,22,23. To isolate the
atomic-scale electron propagation process from this multitude of dis-
parate effects, we investigate hybrid metallic samples consisting of a
controllable number n of Mg adlayers on a W(110) crystal12,24 (see Fig. 1a
and Supplementary Information for details) and contrast the measured
time shifts with electron transport calculations.

In our experiments, XUV pulses with a duration of about 450 as and
a photon energy of BvXUV 5 118 eV simultaneously generate photo-
electrons from core states of the substrate (W 4f) and adlayer (Mg 2p),
as well as from the energetically overlapping CB states of both materials
(Fig. 1b). A representative streaking spectrogram for n 5 4 Mg adlayers
on W(110) is shown in Fig. 2a. Despite the ,80% attenuation of the W
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Figure 1 | Spatio-temporal dynamics in attosecond photoemission from
Mg/W(110). a, Principle of the experiment: photoelectrons (green dots) are
launched inside a tungsten W(110) crystal and a magnesium (Mg) overlayer a
few ångströms thick by an XUV pulse of ,450 as, and are detected in ultrahigh
vacuum with a time-of-flight analyser. At the surface, the arrival times of
electrons released from different initial states are probed by streaking their
associated electron energy distributions with a 2 3 1011 W cm22 strong electric
field delivered by a sub-5 fs broadband linearly polarized visible/near-infrared
laser pulse. Relative time delays Dt developing during the propagation of
the photoelectrons to the metal–vacuum interface are detected as temporal
shifts between their streaked energy distributions. The time shifts Dt are

sensitive to the atomic-scale electron transport characteristics (quantified by
the inelastic mean free path l; indicated only for the W 4f electrons), the Mg
overlayer thickness and the screening behaviour of the laser field at the
solid–vacuum interface. b, Schematic energy-level diagram for the probed
electronic transitions. The central XUV photon energy of ,118 eV allows
the simultaneous excitation of Mg 2p, W 4f and the joint CB states (binding
energy Ebin as indicated). A background-corrected photoelectron spectrum of
n 5 4 adlayers of Mg on W(110) in the absence of the laser field is shown as
the black solid line. For better visibility, the strength of the CB and W 4f signals
are magnified by a factor of six.
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Figure 2 | Attosecond time-resolved photoemission from Mg/W(110).
a, Representative streaking spectrogram for n 5 4 Mg monolayers (ML). All
photoelectron spectra are corrected for the inelastic electron background signal.
The strength of the CB and W 4f signals is magnified by a factor of 6 for better
visibility. b, Exemplary timing analysis of the Mg 2p and W 4f core-level
electrons: the first moments calculated from their respective kinetic energy
distributions are shown as red crosses (Mg 2p) and blue crosses (W 4f) as
functions of NIR–XUV delay Dt. A global fit of the resultant streaking traces to
a parameterized waveform for the NIR vector potential (solid lines) reveals a
relative time shift Dt[4f - 2p], which can be identified with the time delay
occurring during the release of the electrons from the metal surface. Insets
illustrate the evolution of Dt[4f - 2p] for 0 , n # 4. Regions exhibiting the
largest gradient of the streaking field (corresponding to the highest temporal
resolution) are highlighted. An analogous evaluation of Dt[CB - 2p] is
presented in the Supplementary Information.
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100 and 300 K. Figure 2G summarizes these
results and displays the observed frequencies for
both modes as a function of fluence. At 300 K,
only the Temode (3.6 THz) is observed, whereas at
100 K, two modes are identified for F ≤ 1 mJ/cm2.
As for 300 K, thermodynamic fluctuations are ex-
pected to hamper the excitation of the amplitude
mode, which again suggests that the 2.3-THz mode
is the CDW amplitude mode. We also note that
this frequency regime is typical of the CDW sys-
tems (27). Recent Raman (26) and time-dependent
reflectivity (28) studies also come to the conclu-
sion that the 2.3-THz mode is connected to the
formation of the CDW.

The trARPES experiment provides an explicit
link between the amplitude mode and CDW gap
modulation via amomentum-dependent analysis:
In a nesting-driven CDW, the electrons are most
susceptible to scattering by the CDW phonon wave
vector QCDW at the FS as the Lindhardt response
function increases rapidly upon approaching kF
(here, kF is the electron momentum at the Fermi
energy) (1). We therefore expect that a modulation
in the CDW amplitude and thus a modulation in
CDW order parameter (i.e., the gap magnitude)
influences the electronic band structure the most
at or near kF. Following this simple argument, this
k-dependence should be present independent of
perturbation strength. Figure 3A defines the BZ
position where the data of Fig. 3, B to D, have
been recorded. Figure 3, B to D, establishes a
pronounced momentum-dependent excitation of
the electronic structure. While away from the FS
(below EF), the CB energy does not vary; the
largest change indeed occurs on the FS.

Our finding also has implications well beyond
the specific materials we study. Conventional
ARPES offers superior energy and angle resolu-
tion and is able to detect the effect of collective
modes in the form of dispersion kinks or spectral

dips (29). The interpretation of their assignment
and the impact on the low-lying electronic struc-
ture, however, requires sophisticated theoretical
and often model-dependent calculations. Current
technology limits the accessible BZ region, energy,
and angle resolution of trARPES. Nevertheless,
trARPES is able to directly probe the transient
interplay between collective modes and single-
particle states in theory-independent ways and
thus complements conventional ARPES.

We now turn to a momentum-specific anal-
ysis of the electronic excitation and the response
of the lattice to reveal the process of the ultrafast
melting of the CDW state. Figure 3, E to I, shows
the momentum-dependent data for selected de-
lays; the full data set is available as a supple-
mental movie online. At 0 fs, the CDW gap is
preserved, and the dispersion of the CB repre-
sents a localized state as prior to pumping.
However, in the vicinity of kF (red dot in Fig. 3,
E to I), an intensity increase at E − EF = 0.15 eV
coinciding with an unoccupied state as observed
in Fig. 2C is encountered and represents instan-
taneous photo-doping of the system. At 100 fs
(i.e., delayed with respect to the excitation), the
gap is closed and the dispersion of the band re-
sembles the quasi-free electron dispersion known
from spectra taken at 300K (Fig. 1).We term this
excitation regime “strongly perturbative,” as the
excitation results in an ultrafast melting of the
charge-ordered state. Notably, the conduction
electrons recover their wavelike nature, as they
are still strongly k-dependent, despite the intense
excitation and resulting intense scattering.

Thus, we have identified a delay in the ultra-
fast CDW melting with respect to the photo-
doping. This is related to themechanism of CDW
formation. Because of coupling between lattice
vibrations (phonons) to the electrons, electronic
energy is gained if a phonon with a wave vector

Q, which nests two regions of the FS, freezes in
the crystal, leading to a charge densitymodulation.
Upon cooling, this energy gain becomes larger
than the energy loss from the lattice deformation,
and the system undergoes a phase transition into
the CDW state. Because formation of the CDW
requires freezing of a phonon (i.e., nuclear
motion), the inverse process of melting cannot
proceed faster than the respective motion. Con-
sidering that photo-doping modifies the screened
ion potential such that it sustains a delocalized
state, the ion cores still have to propagate to
the potential minima in the presence of screen-
ing carriers, which explains the observed delay
in the CDW melting. This result provides a
direct and vivid demonstration of the electron-
phonon interaction being the origin of the CDW
formation.

This result also raises the question of whether
the transition is complete after 100 fs. We return
to the strong perturbation case with F = 2mJ/cm2

(Fig. 2 B, D, and F), where we have indicated
earlier that the physics can be divided into two
regimes according to the time delays. Between
1 and 3 ps, when the melting of the CDW is
complete and the amplitude mode no longer
exists, only the 3.6-THz Te phonon oscillation is
observed. This is most clearly seen in the black
dotted curve in Fig. 2F, which has the same
frequency. Below 1 ps, the situation is complex.
Whereas the gap is closed at 100 fs, a transient
“equilibrium” outside the CDW state has not
been established yet. The ions cannot stop once
excited and will continue to oscillate as previ-
ously discussed. Thus, we expect the system to
oscillate between a localized CDW state and a
delocalized molten CDW state en route to the
transient equilibrium beyond 1 ps. The mode as-
sociated with this oscillation is related to the
amplitude mode but is not quite the same.

Fig. 3. (A) Detail of the
FS plot in Fig. 1A′ with
indicated positions (white
circles) of time-resolved
data shown in (B) to (D)
for fixed k as a function of
time delay. Indicated cut
position (red line) of pho-
toelectron intensity is
shown as a function of
energy, and position [(E)
to (I)] for a momentum
scan is shown as a func-
tion of time delays. All
data were collected at
100 K and F = 2 mJ/cm2.
kF is marked in (E) to (I)
(red dot). Error bars indi-
cate the distance to the
neighboring sample
points, which is a good
estimate for the error
of kF.
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Examples:
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equilibrium, see Fig. 1(c). The first features to be populated
are displayed in Fig. 1(d). Curiously, the parabolic dispers-
ing feature (labeled 1) appears to be populated before time-
zero. Moreover, closer inspection reveals that it decays
toward negative delays [16]. We attribute this feature to
the first image potential state (IPS) [13,17–20], which is an
electron state bound in front of the metallic Bi2Se3 surface,
and frequently observed in time-resolved photoemission

experiments. Its decay toward negative delays indicates
that it is populated by h!2 and probed by h!1, hence its
separate energy axis in the figure. We compute a binding
energy EIPS ! Evac ¼ !0:77ð3Þ eV, consistent with the
IPS binding energy !0:85 eV expected for a perfectly
metallic surface [16–18]. Importantly, the decay toward
negative delay implies that the IPS relaxation is decoupled
from the SS and bulk band dynamics which are the focus of
this Letter, and we can safely disregard it for the remaining
discussion.
The feature at E! EF ¼ 1:3 eV (labeled 2) decays

with a time constant 70(20) fs and results from a direct
optical transition pumped by h!1 from the bulk valence
band (BVB) edge to higher-lying states in the bulk. Note
that the lower-lying BCB and SS have negligible popula-
tion around time-zero, and it takes %700 fs for them to
reach maximum population, see Fig. 1(a). This indicates
that these bands are not directly populated by h!1, but
are populated indirectly by scattering from higher-lying
states. The SS dispersion agrees with ARPES measure-
ments in thermal equilibrium, see Fig. 1(e) [6,21], ensuring
that we can discuss transient populations in a fixed
electronic structure. The BCB does not have a sharp
dispersion, consistent with its 3D bulk nature, but appears
as a diffuse electron distribution centered around the !
point.
After 2 ps the SS and BCB populations have signifi-

cantly decayed and energetically relaxed towards the bot-
tom of their respective bands, see Fig. 1(f). The subsequent
dynamics is much slower and persists for >10 ps.
Obstructed from further decay due to the band gap, the
BCB electrons form a metastable population at the BCB
edge. Intriguingly, this BCB population is accompanied by
a persistent population in the SS, but only energetically
below the BCB edge, see Fig. 1(g).
To understand the coupled dynamics of bulk and surface

electrons in more detail, we proceed by analyzing the
energetic distribution of electrons in the bulk. Figure 2(a)
presents energy distribution curves (EDCs), obtained by
integrating the trARPES spectral intensity within a &2'

angular window around the ! point, for selected delays. We
first focus on the energetic region of the EDCs associated
with the BVB. By fitting each EDC with a Fermi-Dirac
(FD) distribution, we extract an electronic temperature Te

as a function of delay, shown in Fig. 2(b) [16]. At negative
delays there is a well-defined FD distribution at EF in the
BVB. After excitation, a FD distribution with increased Te

is observed and attributed to scattering of photoexcited
electrons with electrons in the cold Fermi sea [22,23].
The hot electron population subsequently cools by trans-
ferring energy to the lattice [24,25]. Within 9 ps, Te almost
returns to its equilibrium value, and the BVB electrons and
lattice system can be regarded as equilibrated. We find that
Te decays exponentially with a time constant "BVB ¼
1:85ð6Þ ps. Note that we confine our fit to delays after

FIG. 1 (color online). (a) Transient photoemission intensity
within the integration windows indicated in the subsequent
panels. Feature (1) corresponds to an IPS populated by h!2

and probed by h!1 and thus appears before time-zero. Feature
(2) is a bulk state populated by a direct optical transition at time-
zero. The BCB (3) and SS (4) are indirectly populated by
scattering from higher energy states. (b) Schematic of the
electronic band structure for Bi2Se3. Grey, shaded regions rep-
resent the BVB and BCB. Lines represent the SS with spin
texture indicated. (c)–(g) trARPES spectra near the ! point for
various pump-probe delays. (c) BVB before excitation. (d) Initial
optical transition to high-lying bulk state and IPS. Note the
separate energy axis for the IPS. (e) The SS and BCB are
populated by scattering from higher-lying states. (f) Energy
relaxation of the SS and BCB populations are mostly complete.
(g) A metastable population in the BCB, accompanied by a
persistent population of the SS in the region energetically below
it. A movie showing data at all delays is included in the
Supplemental Material [16].
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Figure 1 | Dressed electron states in the Tr-ARPES spectra of a topological insulator and experimental geometry. a, Schematic illustrating the various
transitions in a Tr-ARPES experiment. In the unperturbed case or before time zero, electrons transition from bound states to free-electron-like states.
Dressing of the bound states results in Floquet states (nF) separated by the drive photon energy !, whereas dressing of the free-electron-like states results
in Volkov states (nV). If both the initial and final states are dressed (rightmost panel), the nth-order sideband in the Tr-ARPES spectra is given by all
transitions such that n=nF +nV. b, Experimental geometry of the Tr-ARPES set-up. The pump light is incident onto the sample at an angle of ⇠45�. The
pump is linearly polarized with the P-polarization having an out-of-plane component and an in-plane component along the kx direction, whereas the
S-polarization is purely in-plane along the ky direction. c, Tr-ARPES (E�Ef versus ky) spectra on Bi2Se3 using the P-polarized pump at various delay times
between the pump and the probe. BCB refers to the bulk conduction band and SS refers to the topological surface state. The nth-order sidebands are
indicated in the spectra at t=0.

pump pulse. The intensity of these sidebands is maximized at t=0,
which refers to the maximum E-field of the pump beam coinciding
with the maximum E-field of the probe. Once the dressing field
of the pump pulse disappears (t >500 fs), the sidebands disappear,
leaving a heated Dirac cone. The dynamics of this non-equilibrium
heated distribution of electrons has been discussed in a number of
Tr-ARPES experiments25–28. Here we will focus on the Tr-ARPES
spectra taken at t = 0 to ascertain the relative contribution of
Floquet–Bloch and Volkov states.

To disentangle the two, we study the Tr-ARPES spectra at t =0
along various directions of the electron momentum. Figure 2a and
b show the spectra along the kx and the ky directions respectively,
taken with the linear P-polarized pump with an in-plane electric
field component along kx (Fig. 1b). Two observations are apparent:
avoided crossing gaps along ky (Fig. 2b, red arrows) but not along kx ,
and asymmetry in the intensity of Floquet sidebands about kx =0.
The first observation is consistent with Floquet–Bloch theory on
Dirac systems29–32. As the pump E-field is along the x-direction,
the perturbing Hamiltonian commutes with the Dirac Hamiltonian
corresponding to electrons with momentum along kx . This leads to
a trivial crossing between sidebands along kx , which thus remains
gapless. However, along ky , the direction perpendicular to the
E-field, avoided crossing gaps open up. The gap (2�) at the

crossing between the zeroth- and first-order sideband is predicted32

to scale linearly with the electric field amplitude (E0), and thus
2�/

p
P , where P is the applied average pump power. By plotting

the measured value of the gap as a function of the pump power on
a log–log plot (Fig. 2c), we find that 2� indeed scales as the square
root of the pump power. This observation unequivocally establishes
the transient generation of Floquet–Bloch states.

The second observation of asymmetry in the intensity of the
sidebands allows us to establish scattering between Floquet–Bloch
and Volkov states. As seen in Fig. 2a, the first-order sideband
(n1) is not an exact replica of the original band (n0). Rather,
the replication of the Dirac cone is asymmetric between the
+kx and �kx directions. It is important to distinguish this from
the asymmetry in the intensity of the Dirac cone that arises in
the unperturbed ARPES spectra. Owing to the coupling of the
photoemitting 6 eVprobe beam to the spin texture of theDirac cone,
there is a natural asymmetry between the +kx and �kx directions
because the incident plane of the photoemitting probe is along the
kx direction. This matrix element (spin–probe) e�ect has been well
understood in other ARPES measurements on similar systems24.
Here, we will study the additional asymmetry that is present in the
replica of the original Dirac cone. This asymmetry is more evident
in constant energy cuts separated by the driving photon energy

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

F. Mahmood, et al.  Nat Phys 12, 306 (2016)

Floquet sidebands Floquet Weyl semimetal
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• How to simulate trARPES with TDDFT and tSURFFP 

• Application of trARPES on WSe2: 

★ ARPES and spin-ARPES 

★ Dichroic spin-valley resonant excitation 

★ Photon dressing and dressed-band hybridization 

Outline
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Solve TDDFT equations in real-space only for the 
periodic component in each k-point subspace:

The external field is an 
arbitrary function of time

It can describe any linear 
combination of laser pulses 
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Modeling ARPES with tSURFFP
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Summary
• Time and spin resolved ARPES can be efficiently simulated with TDDFT 

• Ab-initio simulations indicate that Floquet sidebands hybridization can 
be observed in trARPES experiments

http://www.tddft.org/programs/octopus

Hannes Hübener Michael Sentef Angel Rubio Ralph Ernstorfer
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