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Absolute timing of the photoelectric effect
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Photoemission spectroscopy is central to understanding the
inner workings of condensed matter, from simple metals and
semiconductors to complex materials such as Mott insulators
and superconductors!. Most state-of-the-art knowledge about
such solids stems from spectroscopic investigations, and use
of subfemtosecond light pulses can provide a time-domain
perspective. For example, attosecond (10~!8 seconds) metrology
allows electron wave packet creation, transport and scattering to be
followed on atomic length scales and on attosecond timescales®~’.
However, previous studies could not disclose the duration of these
processes, because the arrival time of the photons was not known
with attosecond precision. Here we show that this main source of
ambiguity can be overcome by introducing the atomic chronoscope
method, which references all measured timings to the moment
of light-pulse arrival and therefore provides absolute timing of
the processes under scrutiny. Our proof-of-principle experiment
reveals that photoemission from the tungsten conduction band can
proceed faster than previously anticipated. By contrast, the duration
of electron emanation from core states is correctly described by
semiclassical modelling. These findings highlight the necessity
of treating the origin, initial excitation and transport of electrons
in advanced modelling of the attosecond response of solids, and
our absolute data provide a benchmark. Starting from a robustly
characterized surface, we then extend attosecond spectroscopy
towards isolating the emission properties of atomic adsorbates
on surfaces and demonstrate that these act as photoemitters with
instantaneous response. We also find that the tungsten core-electron
timing remains unchanged by the adsorption of less than one
monolayer of dielectric atoms, providing a starting point for the
exploration of excitation and charge migration in technologically
and biologically relevant adsorbate systems.

Two complementary methods of attosecond metrology, namely, the
attosecond streak camera® and RABITT interferometry’, are capable of
providing attosecond-scale timing information on electron emission.
The ultimate aim—to determine the absolute duration of the photo-
electric effect from a solid, that is, the temporal sequence of events
between the arrival time of an ionizing extreme-ultraviolet (XUV)
photon at its surface and photoelectron emission into vacuum—has
remained a major challenge. Here we report an approach that can
overcome this difficulty: by using adsorbed atoms as a chronoscope
whose absolute photoionization timing can be determined in concur-
rent gas-phase measurements, the absolute timing of photoemission
from solid surfaces can now be clocked with attosecond precision.
As proof of the concept, we examine the photoelectric effect for the
dense-packed W(110) surface of a tungsten crystal at 105 eV photon
energy using an attosecond streak camera. The measurement geometry
is depicted in Fig. 1a. We adsorb iodine atoms on a metallic surface:
these atoms serve as chronoscope species. When the XUV light pulse
arrives at the surface, it stimulates electron expulsion from these clock
atoms. The appearance of these electrons in the ionization continuum
marks the light pulse’s arrival time at the surface after correction for
the atomic photoemission delay of the adatom!®!!. The light pulse

simultaneously propagates into the crystal and photoexcites electrons
from both localized core orbitals and delocalized conduction bands
of W(110). Thus, Bloch wave packets in high-lying conduction bands
evolve, and some travel towards the surface and exit the crystal. Using a
defined near-infrared (NIR) electric waveform (temporal full-width at
half-maximum 7w ~ 4 fs, carrier wavelength Acyprier = 780 nm), we
encode the instant of an electron’s appearance in the ionization contin-
uum as an observable momentum modulation (‘streaking’®.). The NIR
light is reflected and refracted at the metal surface such that the electric
field components causing streaking are suppressed within the crys-
tal®. Therefore, electrons originating from the crystal interior are only
momentum-modulated once they have left the solid, and their sojourn
time in the crystal can be retraced. The dngstréom-scale proximity of
the chronoscope atoms to the surface eliminates uncertainties in the
synchronization of the two light pulses due to Gouy phase differences,
propagation and modification of the streaking field by reflection off the
surface'?. The last resulted in uncertainties of several tens of attosec-
onds in previous timing measurements of the photoelectron creation
process'>!*. We then gauge the emission delay of our clock atoms to
achieve a true absolute delay timing. This is accomplished in a gas-
phase streaking experiment using a mixture of chronoscope species and
helium, illustrated in Fig. 1b. For the latter, the absolute photoemission
delay is well tested and exactly computed by theory'>~'”. The complete
experimental timing sequence is depicted in Fig. 1c.

Owing to its spectral isolation from helium and tungsten surface
photoelectrons, we employ core-level photoemission from the 4d inner-
shell orbitals of iodine (I4d) as a time-zero marker (see Fig. 2a, b).
Core-level emission delays are largely independent of the chemi-
cal environment, as has been shown to hold for crystals®. The large
photoabsorption cross-section of the I4d channel enhanced by the
so-called giant dipole resonance allows for sufficient signal strength
at a wide range of iodine coverage. Hence, we can quantify and elimi-
nate residual transport and screening effects of the iodine overlayer by
systematic variation of the adatom density and extrapolation to zero
coverage. To obtain the moment of photon arrival at the surface from
the chronoscope photoemission, the absolute I4d emission timing was
determined in gauge measurements conducted on a gaseous mixture of
small iodine-containing molecules and helium. Further considerations
on the choice of chronoscope species, the gauge measurements, the
comparability of molecular and adsorbate photoemission and the delay
extraction method are detailed in Methods. The experimental setup is
described elsewhere!®1°.

Experimental results are summarized in Figs. 1c and 2c. In the
gas-phase gauge measurements, we find a relative delay of A7y4y_pe1s=
(31 £ 3) as between the escape of I4d and helium ground state
(Hels) electrons. The absolute photoemission delay of photoelec-
trons escaping the s orbital in helium at 105 eV photon energy is'"'®
Tie1s= —5.0 as. This yields an absolute 14d delay of T14g= AT144_He1s
~+ THe1s= (26 £ 3) as. All reported uncertainties represent 95% confi-
dence. The delayed emission of 14d compared to Hels is mainly caused
by an increased Eisenbud-Wigner—Smith (EWS) delay?®-* due to the
giant dipole resonance® (see also Methods).
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Fig. 1 | The atomic chronoscope method. a, Surface experiment. An
XUV (blue) light pulse launches photoelectrons (black arrows) from a
W(110) surface (grey) and from an iodine chronoscope (purple) on top.
An NIR (red) laser pulse encodes the appearance time of photoelectrons
above the crystal as a momentum shift, which is resolved using an

With the absolute time reference at hand, we can precisely determine
the absolute electron exit delay for tungsten 4f (W4f) core electrons
escaping the W(110) surface. A linear fit to the data in Fig. 2c reveals a
coverage-dependent exit delay of Tw(0) = ATwar 14a(0) + Traa=
(77£5) as + 0(8 £ 7) as + T4 for W4f electrons as a function of the
fractional iodine surface coverage 6 in units of saturated monolayers
(sat. ML). Importantly, the small influence of the iodine adlayer on the
delay over the wide range of examined coverages allows assessment of
the behaviour of pristine W(110) via extrapolation, which yields an
absolute W4f exit delay T‘f\}i}“ = (103 £ 6) as for a bare surface.

electron spectrometer. b, Gas-phase gauge experiment. The delay between
photon absorption by the chronoscope and photoelectron appearance is
determined by comparing to helium (yellow). ¢, Full timing sequence.
Absolute delays are depicted in red, surface-experiment delays in blue and
gauge-measurement delays in grey.

By contrast, the average valence-electron timing of iodine-covered
W(110) (denoted I/W(110)) features appreciable coverage dependence
due to spectral overlap of weakly bound electrons from iodine and the
tungsten conduction band. We thus performed additional measure-
ments on a pristine W(110) surface, and found a W4fto tungsten con-
duction-band (WCB) delay T‘f\l,i}'iWCB = (63+6) as. Owing to the high
XUV photon energy, we can observe emission from the full Brillouin
zone without delay artefacts due to misalignment of the electron detec-
tion direction and streaking laser field polarization®. By referencing
to the absolute W4f exit delay, we determine an absolute tungsten
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Fig. 2 | Absolute timing of W(110) photoemission at 105 eV photon
energy. a, Representative I/W(110) streaking spectrogram. Delays are
encoded as phase shifts of the kinetic-energy oscillations. b, XUV-only
photoemission spectra for I/W(110) and pristine W(110). ¢, Iodine-
coverage-dependent photoemission timing. Shown are W4f exit delay
averages at coinciding iodine coverage (blue circles), the extrapolation to

the pristine surface (blue line), I/W(110) valence-electron delays (green
squares), the pristine W(110) conduction-band timing (green diamond),
the I4d reference (purple) and transport simulation results (stars, W4f
(blue), WCB with (yellow) and without (green) surface state influence).
Errors represent 95% confidence intervals. Vertical error bars are
calculated assuming a Student’s ¢-distribution.
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Fig. 3 | Timing of adsorbate photoemission. a, Energy-resolved emission
delay of W4f core and I/W(110) valence-band (VB) photoelectrons

for different iodine coverages. Core-level emission timing (blue lines)

is unaffected by the iodine coverage (cov.) within the 95% confidence
interval (shaded areas). The emission delay of valence states is substantially
reduced, and its dispersion increases by adsorbing iodine (grey, purple

and green lines). b, Photoelectron spectra of an iodine-saturated (green)
and a clean (grey) W(110) surface. Iodine mainly contributes to the lower-
kinetic-energy part of the valence-electron emission, visible in the spectra
and in the energy-resolved photoemission delays.

conduction-band exit delay T‘S\I,eca}‘; = T\f\l,i}“ — Ar\f\l,i}‘"‘_ wep = (40£9) as.

The small conduction-band photoemission delay for clean tungsten is
surprising, as it is comparable to the EWS delay in gas-phase 14d
photoemission.

A major advantage of absolute emission timing is that the duration of
the creation process for each observed photoemission feature is individ-
ually recorded. Thus, all delay contributions, even those cancelling in
relative measurements?, are uncovered by the present absolute meas-
urement, enhancing the importance of the extracted timing informa-
tion for benchmarking theoretical models and allowing their direct
interpretation. Tungsten inner-shell photoemission is reproduced
quantitatively by transport simulations based on a three-step model
(see Methods): the primary photoexcitation of a W4f electron con-
tributes an EWS delay of about 10 as (see ref. * and its Supplementary
Information). Subsequently, the electron propagates to the crystal sur-
face and electron streaking starts at the jellium edge?, located about
1.1 A above the topmost tungsten layer. The average escape depth cor-
responds to the mean free path for inelastic scattering®®, approximately
4.1 A. Adding the transport time for free-electron propagation to the
EWS delay predicts a total exit delay of Tw4r= 85 as, slightly less than
measured in our experiment. Including inelastically scattered conduc-
tion-band electrons with an energy close to the W4fline yields 105 as,
in almost perfect agreement with the measured data. This is markedly
different from ref. %, where a reduced group velocity for W4felectrons was
proposed as a reason for the observed relative core-level to conduction-
band delay for comparable emission angle integration at slightly lower
photon energy.
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Electron ejection from the conduction band proceeds substantially
faster. Using the effective emission depth of photoionized conduction-
band electrons?, about 4.2 A, predicts an exit delay of Tycp =66 as for
conduction-band electrons, considerably larger than measured. As the
relevant band structure does not feature group velocities much larger
than that of a free electron in the relevant energy region?’, we attribute
the remaining discrepancy to a major contribution of surface states
to the tungsten conduction-band emission. Surface states of W(110)
have been studied theoretically*® and experimentally®®. Using density-
functional-theory (DFT) calculations we identify surface states located
in the surface bandgap of the clean substrate (see Methods). From their
depth distribution, we determine an exit delay of T¢s~ 11 as. Including
a surface state contribution with a spectral weight of 1/3 relative to
the total conduction-band emission?*>? in the transport simulation
reduces the average conduction-band exit delay to 7¢cg~ 45 as and
reproduces the experimental value for the pristine W(110) surface. In
turn, quenching of surface states by adsorbates covering the surface can
cause a larger exit delay and the non-monotonic behaviour of 7¢p at low
coverages (Fig. 2c). These findings highlight that proper accounting
for the initial creation, origin, transport and scattering of electrons is
imperative for the proper description of the photoelectric effect.

To scrutinize the electronic dynamics of the adsorbate surface layer,
we resolve the energy of the exit delays using a generalized-projection
algorithm!>3!, Results are presented in Fig. 3a. Spectrally averaged
delays match those obtained from the original retrieval method. The
valence photoelectron spectrum in Fig. 3b is dominated by emission
from the tungsten conduction band in the high-kinetic-energy region
and by adsorbate iodine valence states in the low-kinetic-energy flank,
consistent with DFT calculations (see Methods). Whereas the tung-
sten conduction-band (high-energy region) delay is only marginally
altered by the adsorption of chronoscope atoms, the adsorbate (low-
energy flank) delay decreases with increasing iodine surface coverage.
Comparing the photoemission delay for different adsorbate densities
thus directly reflects the shift of the valence photoelectron origin
from within the first crystal layers to the iodine above the surface.
Accounting for residual contributions of the tungsten conduction band
reveals an iodine valence (IV) photoemission delay of 7y = (8 £ 19) as.
Atomic adsorbates therefore enable the creation of photoelectrons with
negligible lag in time even from solid systems. The stability of the W4f
timing proves that crystal core-state photoemission is robust against
the addition of non-screening adsorbates. Hence, future studies can
directly explore the time domain evolution of complex adsorbates by
using the present surface core-electron results as a reference.

The atomic chronoscope is a viable tool with which one can
determine the absolute timing sequence of the photoelectric effect
in condensed matter systems. All terms contributing to its duration
are captured, allowing the analysis of future measurements without
ambiguity, even those performed on complex interfacial architec-
tures. Clocking a photoelectron’s creation is a direct gateway to its
phase; hence our results complement and challenge our understand-
ing of the electronic structure of solids, which has so far been shaped
by spectral investigations. Surface-adsorbate systems could allow
the creation of nanoscopic switches for molecular electronics, the
improvement of the efficiency of chemical reactions using heter-
ogeneous catalysis, or the inexpensive harvesting of solar energy.
The initial dynamics that lead to photon absorption and subsequent
chemical response are the key to systematic design of devices. The
photoemission delay of adsorbates probes the local environment
around the adsorption sites*?. Delay measurements using the present
technique and timing reference could thus serve as attosecond probes
and help to unravel the non-equilibrium dynamics that initiate
photochemistry.
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METHODS

Sample preparation and coverage calibration. Samples were prepared in situ
in ~1071° mbar ultrahigh vacaum. Commercially available polished W crystals
with (110) oriented surfaces were cleaned via thermal annealing, argon ion sput-
tering, ten oxidation/desorption cycles in 10~ mbar oxygen atmosphere and final
annealing to 2,400 K for 20 s. Surface structure and cleanliness were scrutinized
via low-energy electron diffraction and Al-Ka X-ray photoelectron spectroscopy.
Gaseous molecular iodine was introduced into the preparation volume via sub-
limation of a solid piece of iodine that was thoroughly degassed using cryogenic
distillation and several cycles of evaporation before the sample preparation. A
saturated monolayer of iodine atoms™ was adsorbed onto the crystal by dosing
~40 Langmuir of gaseous iodine. Iodine molecules dissociate upon adsorption
in the first monolayer®*. Subsequent growth of additional layers of iodine neces-
sitates cryogenic cooling and is unstable to NIR irradiation due to the broadband
visible light absorption of molecular iodine. Saturation was verified in the range
between ~6 and ~30 Langmuir by photoelectron spectroscopy with XUV light.
Submonolayer (non-saturated) coverages were created via subsequent thermal
desorption of iodine® at temperatures up to 1,400 K and quantified via XUV
photoelectron spectroscopy. Exemplary photoelectron spectra are presented in
Extended Data Fig. 1a. The background of inelastically scattered electrons in
the steady-state spectra in Extended Data Fig. 1a was subtracted using a Shirley
background>® in energy regions of primary electron emission and a constant back-
ground elsewhere. The background subtraction scheme is illustrated in the inset
of Extended Data Fig. la.

Electron detection. Electron momentum spectra were recorded along the XUV
polarization direction via time-of-flight spectrometry. An electrostatic lens assem-
bly was employed during streaking spectroscopy to increase the energy-dependent
electron acceptance angle during time-dependent measurements. The half-angle
acceptance for electrons from the Hels and I4d electron energy region was ~10°
in both measurements. The half-angle acceptance for W4f electrons was ~12°, and
the half-angle acceptance for valence-band electrons was ~22°. Both streaking and
RABITT measurements can suffer from delay distortions for large angles between
the electron detection and the laser field polarization direction?!. However, these
only occur at substantially higher acceptance angles than employed in the present
experiment. The energy-dependent lens transmission was corrected for before
delay extraction.

Energy-averaged delay extraction. All delays reported were extracted using estab-
lished algorithms®. A detailed discussion, validation and comparison to other
delay extraction methods is found elsewhere!®. Energy-averaged delays were
retrieved by fitting the strong-field solution of the time-dependent Schrédinger
equation37 P(Ef, )~ | foo EXUv(t _ 7_)del@Volkov(gNIRfoyt)e*itEjeitEfdt‘Z in the
central-momentum approximation®! to the experimental spectrograms. The
streaked photoelectron spectrum P(Ey, 7) at final kinetic energy Erand XUV-NIR
delay 7is determined by the energy of the unstreaked continuum state Ej, the dipole
matrix element d, the envelope of the attosecond pulse £,y and the NIR electric
field €y through the Volkov phase ¢voikov This technique prevents loss of infor-
mation as in, for example, methods treating only the first moments in energy of
the spectral distributions. The robustness of the method is increased by parametriz-
ing all light and electron pulses as Gaussians with up to second-order phase.
Inelastically scattered, non-streaking (that is, XUV —NIR-delay independent)
background electrons are subtracted without any assumptions about their shape
by taking the derivative along the XUV-NIR delay. The static shape of the
photoemission features was fixed to synchrotron data®* for stability. An individual
electron wave packet group delay and chirp were fitted to each resolved spectral
feature. Extended Data Fig. 2 shows a typical streaking spectrogram of the
I/W(110) surface and its reconstruction.

Energy-resolved delay extraction. Energy-resolved photoemission delays
were retrieved using a generalized-projections-type algorithm, similar to those
employed in frequency-resolved optical gating, constructed following refs 3140,
The algorithm is based on the same equations and approximations as above, but
employs no assumptions about the phase or amplitude of the electron wave pack-
ets. To overcome the limitations of the central momentum approximation, sev-
eral retrievals are run simultaneously at the central momenta of the individual
photoemission lines. The retrievals are coupled in between steps by mixing the
retrieved NIR waveforms, allowing accurate photoemission delays to be retrieved.
Background caused by inelastically scattered electrons was subtracted before the
retrieval using the Shirley scheme detailed in Methods section ‘Sample preparation
and coverage calibration’

Iodomethane/iodoethane helium sample preparation. Gas-phase experiments
were carried out on iodomethane or iodoethane mixed with helium. lodomethane
and iodoethane were bought from commercial suppliers (18507, Sigma-Aldrich;
17780, Sigma-Aldrich). The stainless-steel cylinder containing these molecules
was cooled using liquid nitrogen and then evacuated to remove residual air.
Several mixing cycles were performed and discarded before each measurement to

preserve purity. To maintain a stable backing pressure and helium/iodine-containing
molecule ratio during the measurement, a large volume of gas mixture was prepared
before the experiment. It was created by filling an evacuated reservoir up to the
molecules’ vapour pressure. This vapour was then diluted with helium until the
desired ratio was achieved.

Overlap of molecular valence orbital electrons with Hels electrons. In our
gas-phase reference measurement, the necessary spectral bandwidth of the XUV
radiation causes spectral overlap of electrons emitted from the Hels and molecular
orbitals. The same is true for the spectral overlap of shake-up photoemission from
helium with electrons from I4d orbitals. Exemplary spectra of only iodoethane
and a gas mixture are shown in Extended Data Fig. 3a. During the gas-phase
experiments, the molecule/helium ratio was controlled such that both the helium
shake-up states and the molecular orbitals yield only an ~5% contribution to the
dominant I4d and Hels peaks, respectively. Retrieving the photoemission delay
from simulated spectrograms containing overlapping photoemission features
reveals that our retrieval method weights the photoemission delay of small spec-
tral admixtures to a dominant feature quadratically with their intensity. Hence, the
retrieval algorithm also extracts meaningful photoemission delays for the domi-
nant part of a photoemission feature in the presence of small admixtures. Owing
to their small photoemission intensity, molecular valence orbitals and helium
shake-up satellites do not measurably influence the observed I14d and Hels delays,
respectively. To verify this statement, we varied the ratio of helium to iodoethane
in our measurements by more than a factor of four, leading to molecular orbital
contributions to the helium peak of between 2% and 9%, see Extended Data Fig. 3b.
We find no evidence of molecular orbital or helium shake-up influence on the
measured photoemission delays, corroborating that the minor admixtures do not
distort the results reported here.

Core-level photoemission from iodine on a surface and in a molecule. Not
all photoemission delays from an atom in a molecule or on top of a surface are
equivalent. Factors influencing delays in these different environments can be the
hybridization and spectral overlap of orbitals, charge redistribution due to the
chemical environment, scattering of electrons at other constituents of the molecule
during their exit, alignment of the bond axis versus random bond orientation
and modulation of the Coulomb-laser coupling due to screening by the metallic
surface. We thus paid particular attention to the selection of our chronoscope
species. This will be addressed in more detail below.

Hybridization and spectral overlap of atomic orbitals. To unambiguously extract
the photoemission delay of a given atomic orbital, it should be spectrally separable
from other orbitals in the spectrum. This fact prohibits the use of valence electrons
as references in both stages of the experiment since their orbitals’ shape and energy
are not spectrally separable from surface valence electrons and, furthermore, are
heavily influenced by the chemical environment. We therefore picked photoemis-
sion from the I4d core orbitals as an absolute time zero marker. Owing to its high
binding energy, it is not involved in the bonding of the iodine to the surface or
the molecule and is sufficiently spectrally separable from all surface and Hels
photoemission features. Initial experiments were conducted using xenon adlayers,
which also offer a usable 4d core level. However, all rare gases apart from He con-
dense in islands upon physisorption, excluding the preparation of a homogeneous
layer of clock atoms with variable coverage and density*!.

Orbital shape and charge localization. A change in the photoemission time delay
could occur if the localization of electron charge around the core or the shape
of the charge density were to change substantially. The I4d orbital shapes and
hybridization with carbon or tungsten orbitals can be examined using quantum
chemistry packages. We used GAMESS-US*~*, a triple-zeta-basis set*>*® and
the CAM-B3LYP exchange-correlation functional*” to calculate the 14d electron
densities in different bound states. The overlap integral between corresponding
I4d orbitals is >99% for iodine bound to CH; and W, stressing the immunity of
the core orbital to external influences.

Electron scattering at the molecule and bond orientation. Further factors
could influence the emission delay from the I4d orbitals: for example, the random
molecular orientation with respect to the XUV radiation as compared to the
aligned orientation on the surface, and the scattering of the continuum electron at
the molecule during its exit. To estimate effects of both, we calculated the angle-
dependent photoemission delay for 14d emission from iodomethane. For the calcu-
lations, we used GAMESS-US**"#, a triple-zeta-basis set* and the local-density
approximation®® for the initial state, ePolyScat*** for the photoionization and
electron scattering calculations, and ePSproc®! for the data analysis. ePolyScat has
previously been applied for the extraction of molecular photoemission delays*>>!.
While scattering and angle dependence can have significant effects at low contin-
uum electron energies, we find a maximum difference of less than 2 as between
the orientation-averaged delay (the molecular case) and delay along the bond axis
(the surface case) at 105 eV photon energy.

Giant dipole resonance properties. Molecular shape resonances arise in
the absorption spectra of molecules and have been observed to contribute to the
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photoemission delay®®. These are fragile and susceptible to the chemical environ-
ment, that is, they disappear when the molecular structure is changed. By contrast,
the spectral properties of atomic giant dipole resonances are largely independent
of the chemical environment. The 14d giant dipole resonance position and width
in atomic iodine and in iodomethane coincide®>>*. Even the ionization state of
atomic iodine has only minor influence, reinforcing the above statement®*, Because
the phase and amplitude properties of resonances are closely linked**, a modifi-
cation of the giant dipole resonance delay properties of iodine as adsorbate or in
amolecule is unlikely.

Coulomb-laser coupling and image potential screening. The streaking time
determined for the chronoscope atom iodine in the gas phase contains the con-
tribution from the Coulomb-laser coupling (CLC)!!. It is therefore important to
inquire into the modifications due to adsorption at a metallic surface. Dynamical
screening by conduction-band electrons will eventually shield the ionic core charge
of the photoionized iodine, replacing the ionic potential, —1/r, entering CLC by
an asymptotic Coulomb-like image potential, —1/4z. Here, r is the distance to
the ion and z is the distance above the surface. This time-dependent dynamical
screening potential®® can be approximated in our exit delay simulation (see
below) by a velocity (v) dependent potential experienced by the escaping elec-

wez

—_1 _rEY_ L 22\ | wi
tron, V(z,v) = . exp( . ) 41{1 exp( . )],wnh ws the surface plasmon

frequency”’. Since the dominant fraction of the CLC time shift is collected over
the first few angstroms, the corrections due to dynamical screening at large dis-
tances are in the present case small. Uncertainties induced into the CLC timing by
dynamical screening are found to be less than 3 as.

Gas-phase data. All individual gas-phase gauge measurements are summarized
in Extended Data Fig. 3c. We find no change in the photoemission delay of 14d
between iodoethane and iodomethane within the experimental uncertainty. This
result suggests that the changes in intra-molecular photoelectron scattering and in
the chemical environment do not affect the orientation-averaged photoemission
delay from the I4d core orbitals. The increased photoemission time delay of the
I4d orbitals compared to the Hels orbital is caused by the giant dipole resonance.
It is created by a well-like effective photoelectron potential which can transiently
trap the escaping electron?>*,

I/W(110) data and delay dependence on coverage. All individual I/W(110)
measurements are summarized in Extended Data Fig. 1b. Owing to the dielectric
properties of the iodine layer, we do not expect a change in the streaking field near
the surface and, hence, the W4f emission delay. Thus, we fit a linear function to the
coverage-dependent photoemission delay results. The regression yields a W4fexit
delay of ATwyy144(0) = (78 £ 5) as + 6(8 £ 7) as, which confirms near-negligible
coverage dependence.

Pristine surface delay measurements. Measurements of the photoemission time
delay of the W(110) surface were performed with the same XUV mirror as the
iodine adsorbate and gas-phase measurements. Owing to the high reactivity of
the tungsten surface, we investigated influences of surface contamination on the
observed photoemission delay. Results are shown in Extended Data Fig. 1c. We
find a weak increase (0.12 as min ") of the W4f—CB delay on the measurement
time after preparation of a pristine tungsten surface. The relative photoemission
time delay of the clean surface is recovered by linear extrapolation towards zero
irradiation time of the W(110) crystal surface, which shows that W4f core-electron
emission is delayed by T‘f\l,i;'l wep = (63 6) as with respect to emission from the
conduction band.

DFT calculations. We employ DFT calculations using the VASP software package
and the PBE exchange-correlation functional® % We use a cut-off energy of 230 eV
in line with the PAW potentials for tungsten and iodine, and a minimum of
40 x 40 x 1 k-points. After converging these parameters and the bulk lattice con-
stant for a bulk supercell, we consider 8 layer W(110) slabs, with up to 72 W atoms
(for the 3 x 3 supercell). Normal to the surface, the periodic images are separated
by 45 A of vacuum. The PAW potentials include 6 (7) active electrons for W (I),
resulting in up to 453 active electrons for a 3 x 3 slab and three iodine atoms (72 x 6
+ 3 x 7=453). All surface geometries are optimized by allowing the iodine atoms
and the top three W layers to relax.

Semiclassical transport simulations. The timing of the electron emission is sim-
ulated by combining the atomic time delay given by the EWS time delay with the
time delay due to the transport from the point of photoabsorption in the crystal
to the arrival at the exit surface clocked by the NIR streaking field. Initial con-
ditions for position and momenta for the transport simulation for the classical
electron ensemble are derived from DFT calculations of the electron density and
the density of states for the W(110) surface. Furthermore, the spectral width of the
ionizing XUV pulse is included in the initial energy (and momentum) distribution
of the electron departing from the site of photoabsorption. The subsequent trans-
port of the electron distribution (or classical wave packet) through the medium
takes into account interactions with ionic cores and electrons in terms of a sto-
chastic sequence of scattering events®, the properties of which are derived from
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doubly differential cross-sections for inelastic*® and elastic scattering®. Following
the trajectories until the photoelectron eventually escapes from the target sur-
face, the escape time (transition through the jellium edge located half a lattice
constant above the topmost layer) is recorded. Within this simulation, enhanced
photoemission from surface states can be included by adding their contribution
(as modelled by DFT) to the distribution of initial conditions. Streaking spectra
are modelled by switching on the vector potential at escape time and adding it to
the canonical momentum. Electron trajectories outside the acceptance angle of
our detector are removed from the analysis. Different starting depths, different
initial energies defined by the XUV spectrum, different transport lengths within
the crystal due to the random scattering distribution and varying exit angles of the
photoelectrons lead to a temporal broadening of the recorded electron wave packet
adding to the XUV pulse duration. The simulation allows us to directly extract the
microscopic average escape time from the solid. At the same time, it allows us to
determine the time shift recorded by streaking spectra. We find agreement between
the two within 5 as, thereby validating the interpretation of streaking time shift as
photoemission timing information.

Tungsten surface state delay. To obtain an estimate of the delay expected for
electrons emitted from surface states, we performed DFT calculations of a clean
W(110) surface and investigated states within the surface bandgap. Extended Data
Fig. 4a shows a 2D cut of the electronic density of the surface state. Streaking
starts at the jellium edge, which is located 1.1 A above the uppermost crystal layer.
Relevant dimensions are indicated in Extended Data Fig. 4a. The inelastic mean
free path, that is, the average escape depth for conduction-band photoelectrons in
the presented experiment is approximately 4.2 A, which would lead to an escape
delay of Twcp =~ 66 as. The localization of the surface state close to the jellium edge
results in an average crystal exit delay of only 7gs~ 11 as. Owing to the proximity
to the surface, inelastic scattering only negligibly affects photoelectrons from the
surface state.

Iodine and tungsten valence states. To scrutinize the origin of valence electrons
in different energy regions, we calculated the energy-resolved density of states
of an iodine covered W(110) surface via DFT. Results obtained fora 2 x 2 W +
21 slab (~86% saturated monolayer coverage) are presented in Extended Data
Fig. 4b. The calculated DOS convoluted with the spectral width of the XUV source
reproduces the experimental results. The density of states in the proximity of the
tungsten surface atoms is mainly found in the first 3 eV below the Fermi edge Ep.
Between 3 eV and 4 eV below the Fermi edge, the density of states is dominated
by contributions found near the iodine adsorbates. These findings corroborate
that the spectral differences observed in the experiment allow separation of the
valence photoelectron feature into iodine and tungsten dominated spectral regions.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon request.
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Extended Data Fig. 1 | I/W(110) and W(110) measurements. a, Main
panel, XUV I/W(110) photoelectron spectra taken at 105 eV central
photon energy for different adsorbate surface coverages (key in top

left inset). Three effects are observable with decreasing iodine surface
coverage: a decrease of the I4d peak intensity, an increase of the W4f
peak intensity due to reduced inelastic scattering, and a shape change

of the valence-electron peak towards a clean tungsten spectrum. The
iodine surface density was calibrated by taking a full monolayer I/W(110)
photoelectron spectrum as a reference before thermal desorption and
comparing the I4d photoelectron flux before and after the thermal
desorption of iodine. Because the iodine surface coverage saturates, this
allows for a reliable coverage calibration. Top centre inset, illustration

of the employed Shirley background (BG) subtraction scheme; top

right inset, the magnified valence photoelectron spectrum. b, Relative
photoemission delays for I/W(110). Both W4fto I4d (blue) and valence to

Occurrence

I4d (red) delays are shown. All individual measurements are depicted by
crosses, averages for individual coverages are depicted by circles. Vertical
error bars mark 95% confidence assuming a Students ¢-distribution and
horizontal error bars mark maximum errors. The blue line represents

a linear regression to the W4fto I4d delay (blue line), the shaded area
represents the 95% confidence interval of this model. ¢, Attosecond
streaking delay measurements on a pristine W(110) surface. The W4f—CB
emission delay (blue circles and histogram) as a function of the time of
measurement after the preparation of a pristine surface (yellow) reveals a
small deviation of the centre (red, dashed line) of the normal distribution
(red, solid line) fit to all measurements from the extrapolation to an
instantaneous measurement due to surface contamination. The large
number of measurements allows the extraction of the photoemission
timing of the clean surface by extrapolation.
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Extended Data Fig. 2 | Typical streaking spectrogram measured for
I/W(110) at 32% of the saturated iodine surface coverage and its
reconstruction. The first column shows the experimental data, the second
column the results of the reconstruction algorithm and the third column
their difference. The residual mainly consists of background independent
of the XUV —NIR-delay, which is cancelled during the retrieval by
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differentiating along the delay axis. The three rows focus, from top to
bottom, on the streaking of the valence, W4f and I4d photoemission peaks.
The XUV —NIR-delay difference between consecutive spectra in the
spectrogram is 200 as. The photoemission delay results extracted from this
sample spectrogram are ATyy,,_14y = 81as and ATy,jence 149 = 14as.
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Extended Data Fig. 3 | Gas-phase iodine/helium measurements.

a, Unstreaked XUV photoelectron spectra of iodoethane (red) and an
iodoethane/helium mixture (blue) recorded at 105 eV central photon
energy. Electrons emitted through the Ny 5VV Auger process are
spectrally separated from all timed photoelectron peaks. b, Relative
I4d—Hels photoemission delay for different mixture compositions

of iodoethane and helium. Shown are individual measurements (blue
circles), linear regression (red line) and the 95% confidence interval of the
regression (shaded area). ¢, Histograms (blue) of the individual relative
photoemission delay measurements (yellow) between Hels and 14d
electrons in iodomethane and iodoethane at 105 eV photon energy and
normal-distribution fits to the data (red).
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Extended Data Fig. 4 | Results of DFT calculations. a, DFT-derived
electron density in the surface bandgap of a clean W(110) surface. A 2D cut
through the (110) plane, perpendicular to the (110) surface, is shown.
Tungsten atoms are indicated as black circles. Second-layer atoms are
projected onto the plane of the cut. The inelastic mean free path Apvp for
conduction-band photoelectrons is marked as a guide to the eye. b, Energy-
resolved density of states for an iodine-covered W(110) surface. The red

Energy [eV]

dashed line represents the density of states in the proximity of the top-layer
tungsten atoms and the blue dashed line represents the density of states near
the iodine adsorbates. The full lines are folded with the spectrum of the
experimental XUV pulse. The yellow line represents the full density of states
of the iodine covered tungsten surface folded with the experimental XUV
spectrum. See Methods for details of ‘jellium edge’ and Er.
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