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Abstract: Attosecond time-resolved photoemission spectroscopy reveals that photoemission 

from solids is not yet fully understood. The relative emission delays between four photoemission 

channels measured for the van der Waals crystal WSe2 can only be explained by accounting for, 

both, propagation and intra-atomic delays. The intra-atomic delay depends on the angular 

momentum of the initial localized state and is determined by intra-atomic interactions. For the 

studied case of WSe2 the photoemission events are time-ordered with rising initial state angular 

momentum. Including intra-atomic electron-electron interaction and angular momentum of the 

initial localized state yields excellent agreement between theory and experiment. This has 

required a revision of existing models for solid state photoemission and, thus, attosecond time-

resolved photoemission from solids provides important benchmarks for improved future 

photoemission models. 

 

One Sentence Summary: Attosecond time-resolved spectroscopy reveals angular momentum 

induced delays in solid state photoemission and is thereby revising common photoemission 

models.  

 

Photoemission spectroscopy is widely used to study electronic properties of solids. The 

momentum and energy distribution of photoelectrons reflects the electronic ground state and is 

well understood based on theoretically derived electronic ground state configurations and 

delocalized photoemission states. However, as demonstrated here, the dynamics of the 

photoemission process is not correctly captured in common models of solid state photoemission. 

In the very initial stage of the photoemission process the excited state dynamics is governed by 



the local environment, i.e. the inner configuration of the atom. This gives rise to an angular 

momentum dependent delay that is enhanced by intra-atomic interactions (upper left panel in 

Fig. 1 and Supplementary Materials section 2.1). These effects are well established for the 

photoemission from atoms (1–4) but are neglected in models of solid state photoemission. 

Realistic modelling photoelectron kinematics and photoemission delays thus requires a revision 

of these models, i.e., both intra-atomic delays and propagation effects must be considered (upper 

panels in Fig. 1).  

The reported results are based on attosecond time-resolved photoemission spectroscopy using the 

streaking approach (5). As depicted in Fig. 1 the photoelectron excited by an attosecond EUV 

pulse is exposed to an IR streaking field. The delay tIR - tEUV between IR and EUV pulse and the 

photoemission delay, i.e. the time until the photoelectron leaves the solid and feels the streaking 

field, determine the streaking signal (5) and the streaking spectrogram yields delay differences 

between the various emission channels. WSe2 is chosen as substrate since the photoemission 

spectrum for the EUV photon energy (Fig. 2A) is dominated by four emission channels with 

different initial state characteristics: A valence band (VB) emission (Ekin = 87.0 eV) and 

photoemission from the Se 4s, W 4f, and Se 3d core levels at Ekin = 73.5 eV, Ekin = 54.2 eV, and 

Ekin = 32.2 eV (6), respectively. WSe2 (Fig. 1) allows in-situ cleaving and yields rather inert 

surfaces. Its layered structure helps identifying from which depth a particular photoelectron is 

emitted. Together with the minimization of systematic errors induced by chirp of the EUV pulse 

(< 0.01 fs2) and magnetic fields (< 1 µT) to less than 2 as this allows determining relative 

photoemission delays with 10 as resolution. 

From fitting the background corrected spectra recorded for different delay EUVIR tt   the delay-

dependent energy positions of four spectral components were determined (Fig. 2B). 



Simultaneous fitting (continuous lines in the overlay in Fig. 2B) of these streaking curves yields 

the photoemission delays t and the corresponding relative photoemission delays s4SeVBt , 

s4Sed3Se t , and s4Sef4W t relative to the emission from the Se 4s core level. The latter are shown 

in the left part of Fig. 3 as function of time after cleaving. Within the experimental uncertainties 

the delays show no systematic variation. Consequently, the individual measurements are 

averaged and small statistical uncertainties of about 10 as are achieved for the three different 

relative delays (red data points in the right part of Fig. 3). Note that averaging over different sub-

ensembles (see Supplementary Materials section 1.3 for details) does not significantly alter the 

retrieved average relative delays. In addition, ambiguities in the delay determination arising from 

various data evaluation procedures are excluded. Five different background subtraction 

procedures (see Supplementary Materials Fig. S1B) yield within the statistical uncertainty the 

same relative delays (right part of Fig. 3). As systematic errors are negligible, the error margins 

for the experimentally determined photoemission delays noted in the right part of Fig. 3 and 

tabulated in Tab. 1 reflect the counting statistics of individual streaking spectra, the scattering of 

results for different WSe2 crystals, different positions on the cleaved surfaces, and ambiguities of 

the evaluation procedure. 

The positive relative delays indicate a photoemission sequence as follows: The photoelectrons 

emitted from the Se 4s state arrive first, about 10 as later the electrons from the VB 

( as1012s4SeVB  t ), and again roughly 20 as later photoelectrons originating from the Se 3d 

core level appear ( as1028s4Sed3Se  t ). Finally, the electrons from the W 4f state arrive again 

about 20 as later ( as1447s4Sef4W  t ). This emission sequence has a striking qualitative 

behavior: the emission events appear time-ordered with respect to rising angular momentum of 



the initial states. Emission from Se 4s is fastest although the kinetic energy of the photoelectrons 

is lower than for the VB emission and is thus expected to proceed slower. The emission from the 

state with the highest angular momentum, i.e. the W 4f state, is last. Electrons originating from 

Se 3d have a lower kinetic energy but are emitted earlier. Assignment of an angular momentum 

to the VB is difficult, but the bonding in WSe2 is dominated by Se 4p- and W 5d-orbitals 

(Supplementary Material section 2.2) and thus also the VB emission is matching this pattern of 

increasing delay with increasing angular momentum. This time-ordering according to initial state 

angular momenta provides a first hint that intra-atomic effects (Fig. 1) affect the photoemission 

kinematics. However, the effects are subtle and a theoretical analysis accounting for known 

effects influencing the photoemission delay is needed to clearly identify the underlying 

mechanisms. 

Table 1 summarizes the measured delays and compares them to theory. A full three-dimensional 

quantum mechanical model that accounts for the transient many-body effects is still beyond the 

reach of the contemporary theoretical methods. Here we separate the photoemission process into 

two steps, i.e. an intra-atomic initial stage and the propagation in an effective one-dimensional 

potential in the solid, as they are indicated in the upper panels in Fig. 1. 

The intra-atomic delays summarized in Tab. 1 are derived using, both, an independent electron 

Hartree-Slater (HS) model (7) and the Multiconfiguration Dirac-Fock (MCDF) approach (8) 

which accounts for electron correlations and relativistic effects (Supplementary Materials section 

2.1). Both methods consistently yield relative delays that become larger with increasing angular 

momentum difference to the Se 4s state. In contrast to the MCDF calculations, the HS method 

provides an intuitive interpretation of the intra-atomic effects enhancing the photoemission 

delays (upper left panel in Fig. 1 and Supplementary Material section 2.1.3): The electron-



electron interaction within the atom screens the Coulomb interaction with the nucleus and is 

taken into account in a single particle approach by the spherically symmetric Hartree-Slater 

potential  HS
U r . The effective potential       21 2HS HS

eff
U r U r l l r    (in a.u.) that combines 

electrostatic attraction and centrifugal repulsion governs the photoelectron dynamics. In time-

resolved experiments performed on atoms (2) and molecules (9) this mechanism is well 

established and accounted for in theoretical modelling of photoemission delays (4). For high 

angular momenta l ≥ 2, the complicated shape of the effective potential strongly varies with 

atomic number Z (10). Such an l-dependent effective potential determines the photoelectron 

phase shift (and time delay), which includes the impact of intra-atomic interactions. Accordingly, 

the time delay depends on l and thus on the electron angular momentum in the initial atomic state 

(see Supplementary Materials section 2.1 for details). The impact of the centrifugal term 

increases with increase of l and is most pronounced in the core of the atom where charge 

screening is most effective, i.e. for radii smaller than about 1 Å. Thus the corresponding delay is 

accumulated in the very initial stage of the photoemission process. This strong localization 

allows separating the photoemission process in an intra-atomic initial step and the subsequent 

propagation in the solid. 

The photoelectron propagation in the solid and the emission is modeled using a single-particle 

time-dependent Schrödinger equation approach (TDSE) (11, 12). The method originally 

developed for gas phase streaking (13) is adapted here to account for the streaking field 

distribution, the inner potential of WSe2 (14), inelastic electron scattering in the solid, and the 

photoelectron-photohole interaction. For normal emission the streaking is determined by the 

normal component of the IR field. This allows restricting the TDSE to propagation in one 

dimension. The dynamical screening and penetration of the IR field (Supplementary Materials 



Fig. S5) and the inelastic mean free path (MFP) (Supplementary Materials Fig. S6) are derived 

from ab-initio electronic structure calculations for WSe2 (Supplementary Materials sections 2.2.3 

and 2.2.4). For each atomic layer and initial state the streaking spectrogram is calculated 

separately and then added yielding the streaking spectrogram (Supplementary Materials Fig. S9) 

and the corresponding photoemission delays listed in Tab. 1. Note that this approach 

incorporates all previously demonstrated photoemission delay mechanisms that were identified 

based on various approaches (11, 12, 15–23): wave packet propagation (24–27), inelastic 

scattering in the bulk solid (21, 28), initial states localization (19), and a realistic choice of the 

“streaking clock” position, i.e. the position along the photoelectron trajectory at which the 

electron starts to be exposed to the streaking field (21, 25). 

Compared to the experimental values the delays obtained using the 1D TDSE propagation alone 

(column labeled 1D TDSE in Tab. 1) are systematically too small by about a factor two. This 

discrepancy is robust with respect to realistic variations of the MFP (4 to 5 Å), the e-h interaction 

screening length, and of the exact position of the attosecond clock (± 0.5 Å). Neither atomic 

delays nor propagation effects alone account for the experimentally observed delays. However, if 

propagation induced delays and atomic delays are joined the total delay (column “Theory ” in 

Tab. 1) matches the experimental observations. Based on this we conclude that the angular 

momentum of the initial localized atomic state affects the time-delay of photoelectrons in solids. 

Intra-atomic interactions substantially contribute to the total delay. 

This observation is in contrast to state-of-the-art photoemission models that emphasize the 

translational invariance in the solid for initial and excited state. As demonstrated the initially 

excited localized wave packet is dominated by the spherical symmetry of the atom from which 

the electron is emitted. Only after some time, as the wave propagates to neighboring atoms, the 



photoelectron feels the structure of the crystal. This complex evolution of a many-body system is 

not captured in common photoemission models and attosecond time-resolved photoemission 

spectroscopy thus provides access investigating this initial phase of the photoemission process in 

more detail. Incorporating this initial stage localized at the particular atom from which the 

electron is emitted is cornerstone of our model and any future models of solid state 

photoemission.  



Fig. 1. Elementary steps in photoemission from the van der Waals crystal WSe2. The WSe2 

substrate and the principle of attosecond time-resolved streaking spectroscopy are depicted. The 

surface held at room temperature is illuminated collinearly with a 300 as long EUV pulse with 

91 eV center energy and an intense few-cycle IR streaking field (85° angle of incidence, p-

polarized). The EUV pulses excite photoelectrons (here shown for the W 4f photoemission) that 

are then streaked in the IR field, i.e. are gaining or losing kinetic energy depending on the delay 

tIR-tEUV between EUV and IR pulse. As indicated in the upper left panel the initial stage of 

photoemission is dominated by intra-atomic processes: Within the Hartree-Slater (HS) approach 

the photoelectron wave (green) created by EUV excitation from the W 4f state (blue) is governed 

by the effective radial potential (red) composed of the HS potential UHS and the centrifugal term. 

The wave packet propagation in the later stage is schematically depicted in the right panel. It is 

dominated by a one-dimensional (1D) potential that accounts for the inner potential UIP of WSe2 

and the interaction with the remaining photohole. The inelastic mean free path (MFP) for the 

photoelectron is indicated as horizontal bar. 

Fig. 2. Attosecond time-resolved photoemission spectroscopy from WSe2. (A) Long-term 

stability of the surface over 40 h. Background corrected photoemission spectra (Supplementary 

Materials Fig. S1A) recorded 30 min (black circles) and 40 h (red circles) after cleaving. The 

photoelectron peaks for VB, Se 4s, W 4f, and Se 3d are indicated.(B) Streaking spectrogram. As 

function of the delay between IR and EUV pulse the photoemission spectra (after background 

subtraction) are shown as density plot. For each delay the energy positions (overlaid symbols) of 

the VB, Se 4s, W 4f, and Se 3d emissions and the corresponding simultaneously fitted IR field 



time dependence (Supplementary Materials Eq. S1) yielding the delay parameters t for each 

emission channel (continuous overlaid lines) are shown.  

Fig.3. Relative photoemission delays. The left part shows the relative photoemission delays 

s4SeVBt , s4Sed3Se t , and s4Sef4W t  as function of time after cleaving for two different crystals 

indicated by different symbols (circles and squares) using the background subtraction method 

based on a model spectrum (Supplementary Materials Fig. S1A). The horizontal error bars 

indicate the time period in which the spectrogram was recorded and the vertical bars indicate 

the uncertainty of the delay determination. In the right part the average delays obtained by 

various background subtraction procedures are shown: background based on model spectrum 

(red circle), parabolic background (black circle), combination of parabolic and Shirley 

background with and without delay-dependent background (blue and green circle, respectively), 

and delay-dependent background based on model spectrum (magenta circle).  

  Exp. Theory  Atomic delay Propagation del. 

X 
s4Se

kin

X

kin EE   s4Se Xt  total incl. HS / MCDF HS / MCDF 1D TDSE 

VB 4p/5d 13.5 eV 12 ± 10 12 / 12 6 / 6 6 

Se 3d - 41.3 eV 28 ± 10 29 / 25 14 / 10 15 

W 4f - 19.3 eV 47 ± 14 44 / 36 20 / 12 24 

Tab. 1. Comparison between experimental and theoretical photoemission delays in as. The 

second column specifies the difference between the kinetic energies for X and Se 4s 

photoelectrons. The third column summarizes the experimental delays as indicated in Fig. 3. The 

4th column lists the summed intra-atomic and propagation induced delays derived using either 

the HS or the MCDF approach (5th column) and 1D TDSE simulation of propagation in the solid 

(6th column), respectively. For details see Supplementary Materials section 2. 
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Materials and Methods 
In the Supplementary Materials we provide further details on the used method of attosecond 

time-resolved streaking spectroscopy and the related data evaluation procedure in section 1. The 
theoretical model used in the analysis of the experimental data, is described in section 2. In 
Subsection 2.1 we consider the intra-atomic delays accumulated in the very initial stage of the 
photoemission process, i.e. well within the atom from which the photoelectron is emitted. In 
Section 2.2 we present the general description of propagation of the wave packet of an electron, 
ejected by an EUV pulse from an atom inside the bulk. Here we introduce the quantities relevant 
for description of the electron propagation in the solid. Section 3 summarizes experimentally and 
theoretically derived relative photoemission delays. 
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1 Attosecond time-resolved streaking spectroscopy 

The attosecond streaking experiments were performed under ultra-high vacuum (UHV) 
conditions (base pressure < 10-10 mbar) in an experimental chamber that had already been used 
for streaking spectroscopy in an equivalent setup (5). WSe2 crystals were cleaved under UHV 
conditions (10-10 mbar) and EUV photoemission spectra and streaking spectrograms were 
recorded at room temperature over periods of up to 3 days without sign of degradation (Fig. 2a).  

A commercial femtosecond laser system (Femtopower PRO) provided intense carrier 
envelope phase (CEP) stabilized fs-pulses (30 fs pulse duration, 800 nm center wavelength) at a 
repetition rate of 1 kHz. Self-phase modulation in a Neon-filled hollow core fiber (3.1 bar, 250 
µm inner diameter, 1 m length) produced an octave spanning spectrum and 5-6 fs long few-cycle 
pulses after a chirped mirror compressor. Single attosecond EUV pulses were created via high 
harmonic generation (HHG) in a Neon gas target, suppression of the low order high harmonics 
using a 150 nm thick Zirconium absorber, spectrally filtering the cut-off region of the HHG 
spectrum using a multilayer EUV focusing mirror with a spectral bandwidth of 6 eV and a peak 
reflectance at 91 eV, and adjusting the CEP of the IR pulse to a cosine pulse. For this CEP the 
maximum of the IR pulse envelope coincides with a maximum of the carrier frequency 
oscillation. As a result the highest EUV radiation energy in the cut-off regime of the HHG 
spectrum is generated only once during a single IR pulse and spectral filtering of this highest 
energy part of the spectrum delivers isolated single attosecond EUV pulses. The smaller 
divergence of the EUV radiation compared to the IR beam used for HHG was employed for 
separating both spectral components for time-resolved spectroscopy using a coaxial mirror 
assembly. The diameter of Zr absorber and EUV multilayer mirror match the diameter of the 
EUV radiation in the beam and since the IR radiation is absorbed by the Zr layer the inner part of 
the beam contained just EUV radiation. The outer part of the beam containing only IR radiation 
was directed onto the sample surface by the outer mirror of the coaxial assembly. Alignment of 
the inner EUV mirror and outer IR mirror guaranteed spatial and temporal overlap of IR and 
EUV pulse on the sample surface. Axial displacement of the EUV mirror using a stabilized 
translation stage allowed controlling the temporal delay tIR - tEUV between IR and EUV pulse. 
The IR intensity on the sample surface was adjusted using an iris aperture in the beam. 

EUV and IR pulses impinge on the surface under an angle of incidence of 85°. The created 
photoelectrons emitted in normal emission were detected using a field-free time-of-flight 
electron spectrometer. Gas phase photoemission from Xe was used to calibrate the spectrometer. 
Before and after the recording of streaking spectrograms reference EUV photoemission spectra 
were recorded to guarantee that the experimental conditions remained stable. 
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1.1 Inelastic background subtraction and error analysis 

The analysis of a solid state photoemission spectrum requires an assessment of the various 
spectral components and the inelastic background. Fig. S1A shows a WSe2 EUV photoemission 
spectrum. The large bandwidth of the EUV excitation pulse broadens the spectral features and 
for example the spin-orbit splitting of the Se 3d and W4f core levels are no longer resolved. In 
addition, an Auger peak related to the recombination of a VB electron with a photohole in the 
Se 3d core level further impedes the decomposition of the spectrum. The measured spectrum can 
be well fitted using a model spectrum that is based on a series of distinct photoemission 
components (color shaded peaks in Fig. S1A) convoluted with the excitation spectrum, their 
inelastic background signals also convoluted with the excitation spectrum, the Auger peak, its 
inelastic background, and a contribution of secondary electrons for kinetic energies smaller than 
about 30 eV (not indicated in Fig. S1A). Note that the latter three components are not affected by 
the bandwidth of the excitation pulse.  

The Tougaard approach (29) is used to model the inelastic background for each 
photoemission component and the Auger peak (color shaded peaks in Fig. S1A) and then 
convoluted with the excitation spectrum. Lower and upper energy edge of the Auger peak are 
determined by the VB spread over about 6-7 eV (14) and the Se 3d core level energy. This 
restricts possible models for the background function. After subtraction of the inelastic 
background and the Auger peak the four different photoemission components are clearly visible 
(lower panel of Fig. S1A). Note that the Se 3d peak now appears broader and matches the 
bandwidth expected from the convolution of the spin-orbit split Se 3d peaks and the EUV 
excitation spectrum. 

Although the just introduced model spectrum reproduces the measured spectrum rather well 
it is not unambiguously defined. Another choice of the background function affects the peak 
positions and therefore might significantly alter the small delays measured in attosecond 
streaking spectroscopy. Note that for example the inelastic contribution underneath the elastic 
photoemission peak might streak with the same delay as the elastic peak, a different delay, or 
might even be completely unaffected by the IR streaking field. To test the robustness of the 
determined delays with respect to this ambiguity five different background subtraction 
procedures based on three different background functions were implemented. The corresponding 
three background functions are shown in Fig. S1B. In addition to the already introduced model 
function (red dashed line) a purely parabolic background function (black dashed line) and a 
combination of a parabolic background combined with a Shirley background (30) for the Se 4s 
and VB photoemission peaks (solid blue line) are employed. Note that the subtracted background 
varies substantially between the three methods. In addition the subtraction of a parabolic 
background for the Se 3d peak leads to unphysically narrow Se 3d peaks and hence the 
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corresponding streaking delays were omitted. However, as discussed in the main text the 
evaluated delays are robust with respect to these significantly varying background subtraction 
methods and the correspondingly determined relative delays scatter only within their statistical 
uncertainty.  

 

Fig. S1. Decomposition of the EUV photoemission spectrum and inelastic background 

subtraction. (A) WSe2 EUV photoemission spectra for photoexcitation with 300 as EUV pulses 

with 91 eV center photon energy (open circles) without and with background subtracted are 

shown in the upper and lower panel, respectively. The shaded peaks in the upper panel represent 

the different photoemission components prior to convolution with the EUV excitation spectrum 

and the Auger peak related to the recombination of a valence band electron with a hole in the Se 
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3d core level. The correspondingly colored lines indicate the inelastic background for these 

spectral components. The total inelastic background is shown as black dashed line. A schematic 

excitation scheme appears as inset in the upper panel. The lower panel shows the photoemission 

spectrum and model spectrum (red line) after background subtraction.(B) Comparison of 

background subtraction procedures. For an EUV photoemission spectrum (black circles) the 

background contributions are shown for a parabolic shaped background (dashed black line), a 

combination of parabolic and Shirley-type background for VB and Se4s emission (blue line), and 

the model background determined as in A (red dashed line). 

To reflect the uncertainties arising from ambiguous background subtraction methods the 
averaged relative photoemission delays noted in the right part of Fig. 3 and tabulated in Tab. 1 
are calculated as arithmetic mean of the delays determined for the different background 
subtraction methods. Note that also the standard deviation of the delays is determined as 
arithmetic mean since the delays determined by different evaluation methods are correlated.  

In addition, sources for systematic errors were minimized. In a preliminary study of the 
same material we reported different relative delays (31), a discrepancy that was recently 
identified as arising from a spurious magnetic field in the setup (32). The impact of an observed 
susceptibility of photoemission delay differences on magnetic fields in the order of up to 
0.5 as µT-1 was minimized by applying field compensation, magnetic shielding, and nonmagnetic 
materials resulting in residual magnetic fields < 1 µT. The comparison of measured streaking 
spectrograms and spectrograms simulated for different linear chirp of the EUV pulse limits its 
actual value to < 0.01 fs2 and the related systematic uncertainty of the delay differences to < 2 as. 

1.2 Analysis of streaking spectrograms 

After applying the various background subtraction procedures to each individual spectrum 
of a streaking spectrogram the peak positions of the four different spectral components were 
deduced by simultaneously fitting four Gaussians. Cases in which the spectral linewidth obtained 
in this fit is smaller than the energetic bandwidth of the EUV spectrum because of an unphysical 
background subtraction were omitted from further analysis. After conversion of the obtained 
kinetic energies to linear momenta the photoemission delays t were determined by least-square 
fits of the streaking curves using  

          offsetCEL
tt StGVDteSS L     22ln4

0 sin
2

 (S1) 

as fit function, where EUVIR tt   is the delay between IR and EUV pulse, S0 and Soffset are 
amplitude and offset of the streaking curve, respectively, tL the duration of the IR Pulse, L the 
center frequency of the IR pulse, GVD allows for linear chirp of the IR pulse, and CE is the 
carrier envelope phase. The parameters determined by the IR field (tL, L, GVD, CE) were 
chosen identical for the four different streaking curves derived from an individual streaking 



7 
 

spectrogram. In contrast to gas phase streaking, S0 could vary slightly for different emission 
channels because the IR field is no longer homogeneous and IR field penetration into the 
material occurs. 

1.3 Data averaging 

The determined relative photoemission delays rely both on streaking measurements with 
good statistics and on an averaging over different measurements. Note that the averaging over 
individual measurements does not serve primarily to decrease the experimental uncertainty since 
similar uncertainties are also reached in individual measurements. The averaging serves to 
exclude effects due to sample and surface variability as well as possible surface contamination 
and other degradation processes such as laser damage.  

The streaking measurements were performed using two different WSe2 crystals and on 
different positions on each crystal. Neither aspect significantly influenced the obtained average 
relative delays. We performed these averages independently for both surfaces and obtained 
within the experimental uncertainty identical relative delays. Based on this we decided that we 
can average over the whole ensemble of streaking delay measurements. In order to make this 
procedure transparent we show the corresponding average delays in Tab. S1. Note that in all 
cases discussed here the resulting average delays reflect also the uncertainty inflicted by the 
different data evaluation procedures as they are discussed in Supplementary Materials section 
1.1.   

Tab. S1. Average relative delays determined independently for the different WSe2 crystals  

 tVB-Se4s [as] tW4f-Se4s [as] tSe3d-Se4s [as] 

Sample 1 8± 11 49±15 30±13 

Sample 2 15±8 43±12 28±9 

Average 12±10 47±14 28±10 

Besides sample variability surface degradation is another big concern. Even the slightest 
change of the surface conditions can significantly alter the observed photoemission delays. 
Actually the choice of the van der Waals material WSe2 is a big advantage in this respect since 
the cleaved surface is rather inert. Still, adsorbates might lead to a drift of the measured delays, 
and could influence the obtained average delays. In the analysis of the measurements we took 
care to identify possible surface modifications: Between each streaking measurement EUV 
photoemission spectra with no IR light present were recorded to check for possible spectrum 
modifications. Both, modifications in the spectrum and variations in the total yield would 
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indicate surface contamination or degradation. For all shown experimental results no such 
evidence for a possible surface modification was observed. 

However, there might still have occurred undetected modifications influencing the streaking 
measurements as function of time after cleavage. This effect could be analyzed by averaging the 
delays over sub-ensembles of the whole data set. To illustrate the possible impact of evaluating 
such sub-ensembles we draw the attention to an effect in the data set that might reflect such a 
possible trend in the measurements: The delays recorded for the largest period after cleaving 
(about 32 and 35 h after cleaving) appear all close to the lower border of the band marking the 
error margins (Fig. 3). Based on this one might suspect that some surface changes affect the 
streaking measurement and systematically reduces the delays. Tab. S2 summarizes the average 
delays for the full data set and a data set in which the last two measurements were omitted. The 
average delays for both sets of data again agree within the statistical uncertainty. Note that the 
omission of the last two data points even reduces the error margins of the delays and provides 
clearer evidence of the reported photoemission sequence ordered according to the initial state 
angular momentum s,p,d, and f. However, omission of the last two data points cannot be 
rationalized and we therefore report averages over the whole data set.       

Tab. S2. Average relative delays for a sub-ensemble of the data set shown in Fig. 3  

 tVB-Se4s [as] tW4f-Se4s [as] tSe3d-Se4s [as] 

All data points in Fig. 3 12± 10 47±14 28±10 

Omitting last two data 
points in Fig. 3 

17±8 50±13 28±10 

Summarizing, we found no significant deviation of the average delays in any of our tests 
analyzing sub-ensembles of the whole data set. Accordingly we take averages over all 
measurements of both crystals, all times after cleaving and varying sample positions. The 
resulting reported error margins reflect the impact of unavoidable variability and statistical 
uncertainty, both in the measurement and in the delay evaluation procedure.   



9 
 

2 Quantum mechanical model for solid state photoemission delays 

In the following the basic principles of the methods used to theoretically determine 
photoemission delays are outlined. The theoretically determined photoemission delays rely on 
separate treatment of the intra-atomic delay (Section 2.1) and the delay arising from propagation 
effects in the solid (Section 2.2). The separation in two contributions is based on the following 
consideration: Atomic photoemission delays in many-electron atoms are determined by intra-
atomic effects and the Coulomb phase accumulated for larger separations. The Coulomb phase 
induced delay is known (4) and thus the delay accumulated outside the atom can be subtracted 
from the total delay determined from atomic photoemission theory. After subtraction of the 
Coulomb delay the derived atomic delays only reflect the intra-atomic effects occurring in the 
very initial stage of the photoemission process. In addition the relative delays accumulated in the 
bulk-like propagation in this initial phase of the photoemission process are negligible and hence 
both contributions can be treated independently. Tests based on the WKB approximation 
confirmed the separability of both contributions. 

2.1 Intra-atomic photoemission delays 

The intra-atomic delay in photoemission is related to the Eisenbud–Wigner–Smith (EWS) 
delay. In the seminal papers (33–35) the time delay EWS

sc for a wave packet scattering by a 
potential was related to the scattering phase-shift ( )E  for the center kinetic energy E of the 
wave packet by 2 ( ) dEWS

sc d E E  . Half of this delay reveals itself in photoionization of atoms 
as well (4). We keep the notation EWS delay when consider the delay in photoemission. 

The photoionization process may be thought as consisting of the two stages: primary 
excitation of the electron and then propagation of the excited electron in the field of the core. 
One can compare an atom-ionization process in the case of a solitary atom and in the case of an 
atom embedded in the solid. From the physical point of view, the main difference is the 
substitution of the Coulomb field of the core by the corresponding screened Yukawa field. Since 
the Yukawa field (Eq. S15) is taken into account with the TDSE wave packet propagation we 
extract this atomic delay by subtracting the Coulomb delay. Note that in computation of the 
atomic delays for an atom inside the bulk the kinetic energy bulkE  of the ejected electron has to 
be taken relative to the mean potential in the bulk, i.e. bulk IPE E U  , where E is the kinetic 
energy of the emitted electrons in vacuum and UIP is the inner potential of WSe2. The atomic 
delays (5th column in Tab. 1) were derived using, both, an single-configuration Hartree-Slater 
(HS) model (7) and the Multiconfiguration Dirac-Fock (MCDF) approach (8) which takes into 
account electron correlations and relativistic effects.  
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2.1.1 Single-configuration Hartree-Slater method 

In the single-configuration approximation the initial (ground) state is presented as a Slater 
determinant based on the single-electron wave functions. The latter are calculated within the 
Hartree-Slater approximation. The final state with one electron in continuum is considered 
within the frozen core approximation. The continuum wave function ( ) r  of the emitted 
electron is calculated using the Hartree-Slater potential UHS(r) derived via method developed by 
Herman and Skillman (7) which is widely used in description of atomic inner-shell phenomena. 

The large-r asymptote of the wave function of an electron emitted from an initial state with 
angular momentum l0 of a single isolated atom by monochromatic electromagnetic field reads:  

  

0 0

exp ln(2 )
( , , )

( , ) ,0 ,0 exp ( ) ( ) ,
2

C
l z l l l k

l

i k r kr k
r

r

l
Y l n l i k k R

  

   




     
 
 
 

    


 (S2)  

where 0 1l l   and , 00
d
d( ) ( )dl k l k rR P r r r


 ! . Here , ( )l kP r is the radial part of the wave 

function of the final continuum state with the small-r asymptote proportional to 1lr   and large-r 
asymptote given by 

( ) sin ln(2 ) ( ) ( ) ,
2

C
l k l l

l
P r B k r kr k k k

        
 

  (S3)  

where k is the momentum of the ejected electron,   ( ) arg 1C
l k l i k      is the conventional 

Coulomb phase-shift for the electron with angular momentum l, ( )l k is the intrinsic phase-shift 
due to a short range part of the potential of the positive ion, and B is the amplitude of the radial 
wave function.  

In our problem we consider the electrons ejected along the external field, i.e. 0   . 
Also, in propagation of the wave packet in bulk, instead of Coulomb field, we have used the 
screened Yukawa potential since the Coulomb field of an ion is quickly screened in the bulk. 
Therefore, in the present case, one has to omit the Coulomb contribution C

l  from the total 
phase. The wave function of the ejected electron asymptotically along z-direction is then given 
by 

   

0 0( ) (0,0) ,0 ,0 exp ( )
2

exp ( ) exp ( ) ,

l z l l k
l

eff eff

l
z Y l n l i k z k R

ik z A k i k

 



      


   




 
 


  (S4) 

where  0 0,0 (2 1) 4lY l    and 21,0 ,0 4 1z ll n l l  . Equation S4 is a definition of 
new quantities, ( )effA k and ( )eff k . This accounts for the fact that the electron waves with 
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various angular momenta but the same energy must be added coherently, if the electron emission 
at a given solid angle is considered. 

 

Fig. S2. Intra-atomic EWS photoemission delay HS
eff  in HS approximation. EWS photoemission 

delay HS
eff calculated based on Eq. S8 as function of the photoelectron kinetic energy for the 

different emission channels for Se 4s (red), Se3d (black), and W 4f (blue).   

In the calculations presented here, the single-electron radial matrix elements l kR and partial 
phases ( )l k were calculated using the Hartree-Slater potential ( )HSU r  (7). In the considered 
case, the short ionizing EUV pulse is quite broad in energy and the outgoing electron wave 
packet is 

  
2 2

0
( , ) exp ( ) exp ( ) d .

2 2
EUVeff eff

k t k
W z t i k z A k i k E k

     
      

    
   (S5) 

Here   EUV  is the Fourier transform of the EUV pulse envelope, 0 EUVE     is the center 
kinetic energy of the photoionized electron. The large-z and large-t asymptote of the wave packet 
is determined by the stationary point 

d ( )
0

d
eff k

z k t
k


   , (S6)  

indicating that the wave packet arrives with a delay 

d ( )1 ( ).
d
eff EWSkz z

t E
k k k k


     (S7)  

Thus in our case the conventional EWS delay 

d ( )
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d
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E
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   (S8)  



12 
 

is determined by the effective phase-shift which includes the contributions from both available 
angular momenta coherently. 

2.1.2 Multi-configuration Dirac-Fock approximation 

In the relativistic multi-configuration Dirac-Fock (MCDF) approach, which takes into 
account electron-electron correlations and relativistic effects (8, 36, 37), both the initial atomic 
and the final ionic wave functions are approximated as linear combinations of configuration state 
functions (CSFs) of the same overall symmetry 

1
, ( ) , ,

cn

r r
r

J c J    


   (S9)  

where J are the parity and the total angular momentum of the atomic system. The CSFs 
,r J   are constructed as anti-symmetrized products of a common set of orthonormal orbitals. 

These orbitals are optimized self-consistently on the basis of the Dirac-Coulomb Hamiltonian. In 
this work the MCDF atomic and ionic wave functions as well as complex photoionization 
amplitudes have been obtained using computer packages GRASP 14 (36, 37) and RATIP (38, 
39). The continuum wave functions, necessary for computation of the dipole amplitudes, have 
been calculated in the state-dependent potential with exchange. The computed photoionization 
amplitudes and phases for each particular channel have been used for calculating the time-delay 
with the help of Eq. S4 and Eq. S8. 

Note that in the MCDF approach a large number of many-body configurations i in the 
remaining ion contribute to one photoemission channel j  VB,Se 4s,W 4f, Se 3dj  . The 
calculated final ionic states have in general slightly different energies and for a single-EUV-
photon absorption process each individual ion remains in one particular configuration. Therefore 
the corresponding configurations i of the ejected electron and ion have to be added incoherently. 
The total photoionization cross section is the sum of partial cross sections while the 
photoelectron phases in different channels are different. The electron EWS delay must be 
computed as the mean value of the EWS delays ( )i

eff k (4) using  

( )
( )

i
eff

MCDF i

i

eff

i

i

k
k

 







,   (S10)  

where i is the partial cross section for a particular many-body configuration i, and ( )i
eff k is the 

electron delay for configuration i defined by Eq. S4 and Eq. S8.  

2.1.3  Interpretation of intra-atomic delays 

An intuitive interpretation of the intra-atomic delays may be provided in the framework of 
the Hartree-Slater method. The electron-electron interaction within the atom effectively screens 
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the Coulomb interaction with the nucleus resulting in the spherically symmetric self-consistent 
attractive potential, which is approximately represented by the Hartree-Slater potential UHS. The 
full effective potential  HS

effU r  acting on an electron with the angular momentum l within the 
atom is the sum of this attractive potential and the repulsive centrifugal term proportional to 
l(l+1)/r2 (Fig. S3 and Fig. 1). According to the dipole transition selection rule l = ±1 two partial 
waves li-1 and li+1 coherently contribute to atomic photoionization from the li subshell. However, 
it is well known that in general the li+1 contribution is dominant (40). Thus to a good 
approximation the initial orbital angular momentum of the electron fixes its final one. For high 
enough final angular momentum (l ≥ 2) the effective potential may have a complicated profile 
(see examples in Fig. 1 of the main manuscript and in Fig. S3). The shape of the l-dependent 
effective potential strongly depends on the atomic number Z reflecting periodic atomic structure 
(10). Within the semiclassical approximation, in which the link between the time delay and the 
phase shift is straightforward, the time delay is the difference between the times of flight of a 
particle with given energy, starting from the corresponding turning points in the effective 
potential and in the centrifugal  potential only, until some large distance. Obviously, the time 
delay depends on l and therefore on the orbital angular momentum of the initial state. Particular 
value of the time delay of the outgoing electron is determined by the peculiarities of the effective 
potential. Thus, the impact of the centrifugal barrier varies with electron energy and atomic 
number Z, increasing with increase of l. Because of the r-2 radial dependence of the centrifugal 
term in the effective potential the impact of the centrifugal barrier is most pronounced for radial 
distances below ~1 Å and thus the corresponding delay is accumulated in the very initial stage of 
the photoemission process.  

 

Fig. S3. Effective potential  HS
effU r  for W.  Based on the corresponding Hartree-Slater 

potential UHS the effective potential  HS
effU r  is shown for different angular momenta l=1,2,3, 

and 4. The gray shaded area for small r indicates that the inner repulsive part of  HS
effU r  is not 

shown in this range of r for clarity reasons. 
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Note that this intuitive picture provides just a qualitative explanation of the effect. The 
actual energy dependent phases and thus also the related photoemission delays depend critically 
on details of the effective potentials and can only be determined from full quantum mechanical 
calculations as they were used to determine the atomic delays in this study (see Supplementary 
Materials section 2.1.1 and 2.1.2). This treatment then accounts for the effects of transition 
matrix elements and all subtleties of the effective potential. 

2.2 Photoemission delays due to propagation in the solid  

For modelling the photoelectron propagation in the bulk and outside the solid we rely on a 
single-particle time-dependent Schrödinger equation approach (TDSE). The photoemission 
process can then be described with the TDSE equation (atomic units are used in all equations 
below): 

 1( , ) ( , ) ( ) ( ) ( ) ( , )
2

( ) ( ) ( ) ( , )

solid hole

EUV IR IR

i t t U U iU E t
t

i A t t U z t
z



        


     

r r r r r r

r
  (S11) 

with initial condition 0 0( , ) exp( ) ( )t i t   r r  for t   . Here 0 is the energy of the initial 
state from which electron is ejected due to absorption of an EUV photon, 0( ) r  is the initial 
wave function, and 0( ) ( )cos( )EUV EUVA t A t t  is the vector potential of the EUV field where the 
vector potential envelope 0 ( )A t  is chosen as Gaussian and the carrier frequency of the EUV 
pulse EUV  is not important within the approximation used here. ( )IR t  and ( )IRU z  are the 
temporal evolution and spatial profile of the potential of the IR laser pulse, respectively. 

The method originally developed for gas phase streaking (13) is adapted here to reflect the 
dominant effects in solid state streaking. For normal emission the streaking effect is dominated 
by the normal component of the IR field chosen here as z-component and the TDSE is treated 
using a one-dimensional potential. Based on the assumption that the initial state  z0  remains 
unaffected by the EUV excitation, i.e. the EUV pulse excites only a very minor fraction of the 
initial state population, and the rotating wave approximation the total wave function  tz,  can 
be written as  

     0
0, ,i t i tz t e z e z t       , (S12) 

where  tz,  is the photoemission wave function. EUV   0  is the center kinetic 
energy of the emitted photoelectrons if no streaking occurs, with the initial state energy 0  and 
the center EUV pulse photon energy .EUV Based on Eq. S12 the equation of motion for the 
photoemission wave function  tz,  is obtained as 
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where the velocity gauge and length gauge are used for EUV excitation and the interaction with 
the IR field, respectively. In Eq. S13, at variance with Eq. S11, only the absorption of one EUV 
photon is taken into account in the last term of this equation. The advantage of the rotating wave 
approximation (RWA) is that it does not refer to a particular intensity of the EUV pulse, which is 
factored out, and allows one to use larger time steps in the numerical wave packet propagation. 
Importantly, only the kinetic energy E of the ejected electron is relevant and hence within the 
RWA the exact energy 0  of the initial state 0( )z  is irrelevant. 

The potential term in Eq. S13 comprises the jellium type potential of the solid Usolid, the screened 
electron-hole (e-h) interaction Uhole of the propagating photoelectron with the remaining hole, an 
optical potential U that accounts for inelastic electron scattering in the bulk, which determines 
the inelastic mean free path of electrons in the solid, and the potential term UIR arising from the 
IR streaking field. The latter is modulated by the time evolution of the IR field IR. The last term 
accounts for EUV excitation from the initial state 0  with AEUV as envelope of the EUV pulse 
vector potential.  

The surface of the solid is assumed to be illuminated by an extreme ultra-violet (EUV) 
pulse with frequency EUV   91 eV and duration 0.5 fs. This pulse is accompanied by an 
infrared (IR) laser pulse with frequency IR   1.55 eV and intensity P = 2  1011 W cm-2. The 
time of arrival of EUV pulse with respect to the IR pulse is varied and dependence of the 
electron energy spectrum on this time is an object of the study. The fields in incident pulses are 
assumed to be linearly polarized along the surface normal (the z-axis is directed along this 
normal from the surface to vacuum, z = 0 gives the position of the topmost Se layer). The EUV 
pulse ionizes atoms in bulk and the yield of electrons ejected along the surface normal is 
investigated. 

2.2.1 Jellium type potential for WSe2 solid  

The impact of the solid on the photoelectron wave is taken into account using a jellium-type 
potential Usolid (Fig. S4). The potential step at the surface reflects the inner potential UIP of WSe2 
of 14.5 eV (14). The choice of a jellium-type potential is based on the conception that the 
photoelectron in the continuum is not significantly influenced by the presence of the lattice in the 
solid. The value of the inner potential was confirmed by calculating time-reversed low energy 
electron diffraction (LEED) states (41) for WSe2, which reflects the impact of the semi-infinite 
lattice on the photoemission state within the one step model of photoemission (42, 43). For the 
photoelectron kinetic energies considered here the emission is dominated by a free-electron-like 
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band with an effective mass of 1.08 me (see Fig. S7) and thus the choice of a jellium-type 
potential is plausible. The 8% change of effective mass leads to a 4% increase of the 
photoemission delays, that is in the order of 1 as and thus the effect is neglected in Eq. S13. With 
these data we have modeled the potential acting on the ejected electron in the bulk as follows: 

( ) 1 tanh
2 2
IP s

solid

U z z
U z

         
,  (S14)  

with zs = 0.25 nm.  

 

Fig. S4. Potentials used in 1D TDSE simulations of photoelectron propagation in WSe2. Static 

1D potential contributions for 1D TDSE simulation of electron wave packet propagation. The 

jellium-type potential USolid is shown as blue line. The potential step height at the surface 

corresponds to the inner potential UIP = 14.5 eV of WSe2 as it was determined by photoemission 

spectroscopy (14). The interaction of the emitted photoelectron with the remaining hole is 

represented by a screened (screening length µ = 5 Å) and regularized Coulomb potential (pink 

line) in this case shown for photoemission from the W atom in the top layer.  

2.2.2 Electron-hole interaction during photoemission 

In contrast to free atoms the interaction of the emitted photoelectron with the remaining 
photohole is screened. Still for propagation over a distance given by the screening length the 
photoelectron feels the presence of the positive charge and is thus slowed down. This effect is 
accounted for by Uhole (Fig. S4), i.e. a 1D Yukawa potential with 5 Å screening length and a soft 
core parameter (44) a = 0.15 Å that regularizes the r-1 pole at the position of the atom from 
which the photoelectron originates. The potential ( )holeU z  arising from the interaction between 
the positively charged core and the electron ejected from the state localized on the atom 
positioned at z0 is represented by 
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where the screening parameter μ was set to 0.5 nm. The regularization of the Coulomb potential 
with parameter a = 0.015 nm has been introduced for computational reason. In the 1D TDSE 
simulation each atomic layer along the z-axis is treated separately and Uhole(z) is shifted 
accordingly. 

2.2.3 Calculation of IR electric field distribution at a vicinity of the WSe2 surface  

The atomic scale variation of the IR streaking field at the interface determines the 
photoelectron streaking. Fresnel optics rely on an abrupt interface between two homogeneous 
media and it is not defined where this interface is located on an atomic scale. To avoid this 
uncertainty in modeling streaking at an interface we rely on ab-initio methods to derive the 
dielectric response. To determine the spatial distribution of the electric field induced by an 
external field of IR laser, we employed time-dependent density functional theory (TDDFT) (45), 
where the central quantity is the dynamical density response function ( , , ) r r  of an interacting 
electron system. The ab-initio treatment of WSe2 is based on the known crystal structure 
reported in literature (46, 14). Within the linear response theory, ( , , ) r r  determines the 
electronic density ind ( , )n r induced in the system by an external potential ext ( , )V r  according 
to  

ind ext( , ) ( , , ) ( , )n dz V      r r r r .  (S16)  

In the framework of TDDFT, ( , , ) r r is a solution of the integral equation 
0 0

1 2 1 1 2 XC 1 2 2( , , ) ( , , ) d d ( , , ) [ ( , ) ( , , )] ( , , )cv K             r r r r r r r r r r r r r r   (S17) 

with 0( , , ) r r  being the response function (polarizability) of the non-interacting Kohn-Sham 
electrons. Here 1 2( , )cv r r  is the bare Coulomb potential and XC 1 2( , , )K r r  accounts for the 
exchange-correlation (XC) effects for which in this work we used the random-phase 
approximation, i.e. setting it to zero. For description of the electronic structure and excitation 
spectrum of the WSe2(0001) surface we employ a three-dimensional model considering a 
repeated-slab geometry with the WSe2(0001) slabs separated by vacuum intervals. Such 
geometry allows us to express all the quantities in a matrix form in the basis of the reciprocal 
lattice vectors G. The slab consists of 6 W and 12 Se atomic layers using the bulk lattice 
parameters. The vacuum interval corresponds to the three lattice parameters along the c lattice 
direction, i.e. parallel to the surface normal. 

The self-consistent electronic band structure of such a system was obtained employing the 
norm-conserving non-local pseudopotentials (47) for description of the electron-ion interaction. 
The local-density approximation was chosen for the exchange-correlation potential using the 
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Perdew-Zunger parametrization (48) of the exchange-correlation potential of Ceperley and Alder 
(49). The resulting one-particle energies and wave-functions were employed in the evaluation of 

0 ( , ) GG q  matrix according to  
2BZ occ unocc

0 i( ) i( )2( , ) | | | |
( i )

n n
n n n n

n n n n

f f
e e

S E E
     

 
    

   
  


   

   k k q q G r q G r
GG k k q k q k

k k k q

q .  (S18) 

These calculations were carried out using a 120×120 k   grid for the sampling over the two-
dimensional Brillouin zone. All the energy bands with energies up to 20 eV above the Fermi 
level were included. In order to save computational time, in the expansion of 0 GG  we employed 
only (0,0, )zGG  vectors, i.e. the local-field effects in the direction perpendicular to the surface 
were taken into account only. Nevertheless, all important three-dimensional effects are 
accounted for in the evaluation of 0 GG  via inclusion of the one-particle wave functions in the 
evaluation of the matrix elements.  

 

Fig. S5. IR Streaking field and related potential UIR at the WSe2-vacuum interface. Time-

dependent streaking field EIR (upper panel) and corresponding potential UIR (lower panel) 

reflecting the perturbation due to the IR streaking field. The field screening at the interface and 

the penetration into the bulk is derived from ab-initio electronic structure calculations for WSe2. 

The actual potential distribution corresponds to external normal field strength of 0.1 V Å-1. The 

vertical dashed lines indicate the position of the different atomic layers in WSe2.  

Having obtained the 0 ( , ) GG q  for the smallest q  vectors, we calculated the 
corresponding induced density distribution ind ( , , )n z q according to Eq. S16. Subsequently, on 
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base of these data the corresponding induced potential ind ( , , )V z q  for such q ’s was obtained. 
The normal electric field distribution was calculated numerically according to 

ind( , ) ( , , ) /E z V z z   q‖ . The results of computation of the IR electric field screening and 
the relevant for the present study z-dependence of the corresponding potential ( )IRU z  are plotted 
in Fig. S5.  

2.2.4 Calculation of the inelastic mean free path (MFP) of excited electrons  

One essential property of the solid which determines the streaking delay is the electron 
mean free path (MFP) directly related to the imaginary potential ( )iU r  and the inelastic 
lifetime inelt  of the electrons in the bulk. These quantities are related to each other and determine 
the dependence of the yield of electrons ejected from various layers of the solid for a given 
kinetic electron energy due to the electron-electron inelastic scattering.  

The MFP of electrons follows roughly the universal curve (50). The kinetic energies of the 
emission channels studied here lie close to the minimum of the universal curve, i.e. the inelastic 
MFP is in the order a few Å. The universal curve provides just qualitative information and the 
MFP varies significantly between different systems. Since experimental values are not available 
for WSe2 we here rely on theoretical values derived from ab-initio electronic structure 
calculations. The one-electron states, obtained in the first-principles band structure calculations 
of a bulk WSe2 crystal, are characterized by energy n k  and a wave function ( )n k r , where n 
and k are band numbers and wave vectors, respectively. The experimental conditions imply that 
the electron emission normal to the surface should be considered only. This restricts the relevant 
electronic states to the states only along the A   symmetry direction of the Brillouin zone 
(BZ). The lifetime of electron states for all energy bands in this direction was calculated. For 
evaluation of n k  and ( )n k r  in bulk WSe2 we used a self-consistent pseudopotential method 
with the ion-electron interaction described by a norm-conserving pseudopotential (47). To 
describe the exchange-correlation potential the local-density approximation was employed (48, 
49). 

The width kn  of an electron state is related to the imaginary part of the self-energy n k via 

2 Imn n    k k ,  (S19) 

where Im n k  is evaluated as the projection of Im ( , , )n kr r  onto the one-electron state ( )n k r
(51, 52) 

*Im ( ) Im ( , , ) ( )d d .n n n n      k k k kr r r r r r   (S20) 

The self-energy ( , , )n kr r is calculated within the GW approximation of many-body theory 
(51), with W being the screened Coulomb interaction, and with the Green function G replaced by 
the non-interacting Green function. Thus, for Im  one obtains  
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where the sum is extended over the final states ( )m q r  with energy m q , F  is the Fermi energy, 
and ( , , )W r r  is the screened interaction given by 

1( , , ) ( , , ) ( ) dW V      r r r r r r r  . (S22) 

Here, 1( , , ) r r  and ( )V r  represent the inverse dielectric function and the bare Coulomb 
potential, respectively. Within the RPA the Fourier transform of the dielectric matrix 1 ( , )

GG k  
is related to the density-response function ( , ) GG k  via 

1 ( , ) ( , ) ( )V   
    GG GG GG Gk k k ,  (S23)  

where 2( ) 4 / | |V  G k k G  is the Fourier transform of the bare Coulomb potential. 

For evaluation of   we solve Eq. S17 employing 0  obtained according to the expression 
similar to Eq. S18. In this case the vectors k and q are in a three-dimensional BZ. Sampling over 
the BZ was performed on the 72x72x18 k mesh. We included all the states with the energies up 
to 125 eV above the Fermi level. In the expansion of 0 ,  , and 1  we employed 76 G vectors.  

Using Fourier transforms for all quantities in Eq. S21, we obtain 
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where W GG  is the Fourier transform of the screened interaction ( , , )W r r  and ( , , )nmB k q G  is 
*( , , ) ( ) ( )nm n mB a a



     
G

k q G k G G q G . (S25) 

Here ( )ma q G  are the expansion coefficients of the wave function ( )n k r . In Eq. S24 
summing has been performed over the q points on a 24x24x12 mesh in the BZ.  

When n k  is computed, the life time n k  of the corresponding state can be obtained as  
1

n n  k k . (S26)  

Knowing the life time, one can obtain the mean free path by multiplication of this time by the 
transport velocity (27, 53), which equals to 2 bulkE  in the case of high enough electron energy 
in the bulk. The dependencies of these quantities on the electron energy in vacuum are plotted on 
Fig. S6. For all emission channels the MFP lies between 5-6 Å. Note that the MFP is much 
smaller than the EUV penetration depth ( 5 nm for 85° incidence angle) (54) and thus a 
homogeneous EUV excitation profile is assumed. 

Here we construct the Bloch waves related to the escape of the photoelectron to the vacuum. 
We are interested in the dependence of the electron energy E on the Bloch vector component k  
perpendicular to the surface. Following the one-step theory of photoemission (42, 43), which 
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reduces the stationary photoemission to the optical transition from an initial state to a time-
reversed low energy electron diffraction (LEED) state, we have performed the calculation of 
LEED for the WSe2(0001) surface. Importantly, within this theory the inelastic scattering of 
electrons in the bulk is taken into account via the imaginary contribution ( )iU E  to the crystal 
potential inside the solid. The optical potential U  is related to the inverse lifetime of the 
electron as 2U   . The absorbing potential makes the Hamiltonian non-Hermitian, and the 
LEED functions decay exponentially into the crystal. Thus, for real E all k

  become complex. 
The present calculation is performed with the energy dependent decay rate ( )E  shown in 
Fig. S6. 

  

Fig. S6. Excited electron decay rate and inelastic mean free path. The upper panel shows the 

calculated decay rate ( )E  of the electron states as black points and their averaged data as red 

line. In the lower panel the corresponding inelastic electron mean free path is shown (red line). 

The inelastic mean free path (red line) and the corresponding excited electron lifetime (blue line) 

as derived from ab-initio electronic structure calculations are shown in the lower panel as 

function of the electron kinetic energy measured relative to the vacuum level. The vertical lines 

indicate the kinetic energies at which the corresponding photoemission peaks appear for EUV 

photoemission at 91 eV photon energy.  
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The points in Fig. S7 are obtained as solutions ( )k E
  of the inverse band structure problem, i.e., 

the Bloch solutions of the Schrödinger equation for the energy E with complex Bloch vectors k
  

(abscissa is the real part of k  ). The solutions k
  for a given energy E were generated using the 

extended LAPW k·p method (linear 6 augmented plane waves), which reduces the inverse band 

structure problem to a matrix eigenvalue problem (41). The scattering solution is then obtained 

as a linear combination of the partial waves (Bloch waves) (55).  
 

 

Fig. S7. Continuum band structure of WSe2 for the emission from the (0001) surface in the 

repeated zone scheme. The energy dependent optical potential ( )iU E  is included. Several 

conducting branches are shown; their relative contributions to the LEED function are indicated 

by the size of the symbols. The red line is the parabola 2 *( ) ( ) 2IPE k U k m   with 

m∗ = 1.08 me and 0 vacU E  = −10.5 eV. The ( )k E
  lines constitute the so-called complex band 

structure (56) of the semi-infinite crystal. To highlight the waves that most strongly contribute to 

the LEED state and are, at the same time, relevant to the bulk band structure, we choose the size 

of the symbol in Fig. S7 to be proportional to the current carried by the individual wave 

multiplied by the corresponding mean free path 12(Im )k
  . Generally, the contributions of the 

branches vary with energy, but one can easily notice one line with a persistently large 

contribution over the whole energy range. It is rather accurately fitted by the parabola 
2 *( ) ( ) 2IPE k U k m    with the effective mass m∗ = 1.08 me and inner potential 
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IPU  = −10.5 eV, see Fig. S7. This agrees well with the nearly-free-electron estimate from angle-

resolved photoemission measurements (14): m∗ = 1.05 ± 0.05 me and IPU  = -14.5 ± 0.5 eV for 

the inner potential of WSe2 (the work function of WSe2 is 5.2 eV according to (57, 58)). 

However, the results in Fig. S7 are obtained with a one-particle Hamiltonian in the local 
density approximation. For high-energy states this approximation is known to lead to 
underestimated energies of the quasiparticles by about 1 eV or more. This energy shift grows 
with energy, and it is different for different materials, see Refs. (59–61). Presently, this 
correction can only be obtained from an experiment, so here it is ignored. 

2.2.5 Derivation of the initial electron wave functions 

As a final step the initial state wave functions  z0  for each emission channel are required 
to numerically integrate Eq. S13. These states were derived from orbitals calculated using 
density functional theory (DFT) calculations. In contrast to the ab initio treatment dielectric 
response, inelastic mean free path, and the continuum band structure described in the previous 
subsections the determination of initial states for the 1D TDSE model is based on molecular 
orbitals for the compounds W3Se6 and W6Se12 that mimic a single and a double layer of WSe2. 
The corresponding molecular orbitals for W3Se6 and W6Se12 have D3h and D3d symmetries, 
respectively. The wave functions were extracted from a formatted checkpoint file generated by 
the Gaussian09 (62) package using the M06 functional (63) and the DZP basis set (64, 65). In 
addition, the relativistic effects have also been taken into account considering the Douglas-Kroll-
Hess second order approach (66–69). 

The numerical integration of the molecular orbital densities (valence band, Se 4s, W 4f, and 
Se 3d) in the xy-planes as functions of z were evaluated using an integration grid of 15 million 
points (70, 71). Overall, they were evaluated for a total of 90 and 175 molecular orbital densities 
for the W3Se6 and W6Se12 molecular structures, respectively. From the states with non-vanishing 
projection magnitude 0

proj  were selected since only these states contribute to photoemission 
normal to the surface. The obtained projected initial state wave functions corresponding to the 
photoemission channels observed experimentally are plotted in Fig. S8 . One can see that the 
wave functions are well localized inside the dimer. Note that the valence band states have 
different energies in the range of 10 eV - 7 eV below the vacuum level.  



24 
 

 

Fig. S8. Initial state wave functions 0( )z  for solving the 1D TDSE. The upper panel shows 

four different valence band states. In the lower panel the Se 3d (black), Se 4s (red), and W 4f 

initial states (blue) are displayed. Note that for the latter states for each layer an individual 

initial state is used in the 1D TDSE simulation. 

2.2.6 Photoemission delays derived from solving the 1D TDSE 

Eq. S13 was solved using the split-propagation approach (72) (for details about the 
implementation see Refs. (11, 12)). The system was considered on the mesh with N = 32768 
nodes on the interval [−4.5 nm, 201 nm]. The time step for numerical propagation is dt = 0.48 as. 
The energy distribution was obtained from a Fourier transform of the wave packet for a 
propagation time well after the IR pulse termination, i.e. when the wave packet is definitely 
localized far from the solid-vacuum interface. Based on the so calculated photoelectron kinetic 
energy spectra for different delay IR EUVt t  between IR and EUV pulse the theoretical streaking 
spectrograms were computed (Fig. S9A). The following procedure to determine the relative 
delay between the streaking spectrograms for the different emission channels was employed: For 
each emission channel the center of energy of the photoelectron kinetic energy distribution 
(COE) was determined as function of the delay IR EUVt t . The corresponding temporal shift of 
these delay-dependent COEs relative to the time-dependence of the vector-potential of the IR 
pulse ( ) ( ) dIR t IRA t t t   !  are a measure of the total photoemission delay j

d   of the 
corresponding photoemission channel VB, Se4s, W 4f, Se3dj  . j

d is positive when the j-th 
COE curve is shifted to smaller delay IR EUVt t . In this case the electrons emitted from the j-th 
initial state are delayed in solid by time j

d . The lower index d indicates that the 1D TDSE 
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propagation is performed for a double-layer of WSe2 monolayers. As pointed out in the 
following the delay correction caused by photoemission from deeper layers can be accounted for 
quantitatively.  

In computations, we have considered the initial wave functions nested at the first 6 atomic 
layers of WSe2, i.e. the two uppermost van der Waals layers. However, it is possible to 
quantitatively account for the effect of emission from deeper atomic layers using the following 
procedure: The effect due to the infinite number of WSe2 layers can be directly evaluated by 
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where j
d  and j  are the times to reach the surface for the electron ejected from the j-th emission 

channel related to initial states in the WSe2 dimer or the infinite chain of dimers, Ld = 1.296 nm 
is the spatial period of the dimer chain, λ is the inelastic MFP taken for the corresponding kinetic 
energies from the relation shown in Fig. S6, and 2 j

b lk
j

uEv is the velocity of the ejected 
electron into channel j inside the bulk. 

 

Fig. S9. 1D TDSE streaking spectrogram. (A) Streaking spectrogram derived from 1D TDSE 

calculation following the procedure described in the text. (B) Variation of the center of energy 

for the four different emission channels VB, Se 4s, W 4f, and Se 3d as function of the delay 

between the IR pulse and the EUV pulse. (C) Streaking energy 

     IR EUV IR EUVE t t COE t t COE       as function of the delay between the IR pulse and 

the EUV pulse zoomed in on the first maximum. The vertical dashed line is centered at the 

maximum of the Se 4s signal. From the relative shift of the COE curves the theoretical relative 

photoemission delays are determined.   

Experimentally measured are only the relative delays between any pair of such delays. In 
the following we always refer to the delay difference Se 4sjt   with respect to the photoemission 
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delay of the Se 4s photoelectrons defined as Se 4s
Se 4s

j
jt       . Accordingly, these values yield 

the following relative delays: VB Se4st   = 6 as, Se3d Se4st   = 15 as, and W4f Se4st   = 24 as, as they 
are listed in Tab. 1 of the main manuscript and are obtained as the sum of the values listed in 
Tab. S3 in the 2nd and 3rd column (Section 3). 

3 Summary of theoretically derived relative photoemission delays 

Finally the various theoretically derived delays summarized in Tab. S3 are combined and 
compared to the experimentally determined values. The second column in Tab. S3 list the delays 
derived from 1D TDSE simulation of photoemission from a double layer of WSe2. Se 4s 
emission is first. With 6 as, 14 as, and 22 as delay the emission form the VB, Se 3d, and W 4f, 
respectively, occur. Here the effect of emission from deeper layers in the bulk of WSe2 is 
neglected and the values have to be corrected according to Eq. S27, i.e. by the values listed in the 
3rd column. The 4th and 5th column summarize the intra-atomic delays derived by the non-
relativistic Hartree-Slater approach and the relativistic MCDF method. Consistently both 
methods add a delay that increases with the initial state angular momentum. Note that no intra-
atomic corrections can be derived for the valence band states since the wave function is no 
longer localized at a particular atom. The theoretically predicted total delay is listed in the 6th 
column. The values obtained with both intra-atomic corrections agree with the experimental 
values within the uncertainties.   

Tab. S3. Comparison between experimental and theoretical photoemission delays. 

Initial state 1D TDSE
Se4sjt    

 

j j
d     

(eq. S27)  

HS
eff  

(eq. S8) 

MCDF
eff  

(eq. S10) 

Full delay 

HS / MCDF 

Exp. results

VB 6 0 - - 12 / 12 12±10 

Se 4s 0 0 -6 -6 0 - 

W 4f 22 2 14 6 44 / 36 47±14 

Se 3d 14 1 8 4 29 / 25 28±10 

The results of computations of delays, in attoseconds. The 1st column: initial states for the 

considered emission channels; the 2nd column: the propagation delays obtained by solving the 

1D TDSE for electron emission from the first two WSe2 layers; the 3rd column: delay corrections 

due to emission from deeper WSe2 layers; the 4th  column: the EWS delays obtained with HS 

potential; the 5th column: the delays obtained from multi configurational Dirac-Fock 

approximation; the 6th column: the full delays calculated relative to Se 4s emission; the 7th 

column: the corresponding experimental results. 


	siek_2017_Science.pdf
	siek_2017_streaking_resubmission_science_fig_1
	Page 1

	siek_2017_streaking_resubmission_science_fig_2
	Page 1

	siek_2017_streaking_resubmission_science_fig_3
	Page 1

	siek_2017_streaking_supplementary_information_resubmission

