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Abstract 
How quanta of energy and charge are transported on both atomic spatial and ultrafast time 

scales is at the heart of modern technology. Recent progress in ultrafast spectroscopy1 has 
allowed us to directly study the dynamics of electrons, which is essential to understand 
underlying processes since electrons are the carriers of energy and information and form the 
chemical bonds between atoms. These electronic processes naturally occur on an attosecond 
(1 as = 10-18 s) timescale as a result of the characteristic electron velocities and length scales. 
Small relative delays between photoemission from different electronic states were observed in 
noble gas atoms2,3 and from metal surfaces4,5. Despite these advances, our understanding of 
the temporal characteristics of the photoemission process in condensed matter systems 
remains limited. We extend gas phase methodology based on quantum path interference6,7 to 
noble metal surfaces and we demonstrate that we can derive energy-dependent photoemission 
delays using attosecond pulse trains. Taking photoemission from Ar 3p as a temporal 
calibration enables us to extract absolute delays since the case of argon atoms has been 
extensively studied3 and is well understood from a theoretical point of view8,9. Our 
experimental photoemission delays from Ag(111) and Au(111) are in the same time range as 
those obtained from simulations based on scattering theory and ballistic transport, but vary 
strongly with small changes in energy. This interesting behaviour cannot be reproduced with 
our theoretical model and it must be attributed to effects beyond transport. Complex 
interactions of the outgoing electron with the photohole, the remaining electrons and the 
crystal lattice are imprinted on the temporal characteristics and accessible in our experiment. 
Our approach does not require single attosecond pulses and directly delivers photoemission 
delays at different electron energies. This reduction of experimental complexity will render 
our method an important tool for investigating the complex ultrafast electron dynamics in 
condensed matter. 

 

Main text 
Photoelectron spectroscopy has been the preeminent tool to study the electronic structure 

of atoms, molecules and condensed matter in the past 50 years10-12. The energetics of the 
photoemission process has been understood for a long time13 but its temporal aspect remained 
largely unexplored due to the lack of experimental tools with the required attosecond time 



resolution. The interaction of the outgoing electron with the remaining ion creates a slight 
delay between photon absorption and electron emission. In the case of photoemission from 
condensed matter additional many-body effects such as dynamical screening and electron-
electron scattering as well as transport come into play, which further contribute to the 
photoemission delay. Such subtle effects determine the lineshape in photoelectron spectra14 or 
the lifetime of quasiparticles15 such as plasmons and excitons, which is of fundamental 
importance for semiconductors and photovoltaic devices16. 

Attosecond energy and angular streaking17,18 and reconstruction of attosecond beating by 
interference of two-photon transitions (RABBITT)6,7 are the currently predominant methods 
to probe ultrafast electron dynamics on the attosecond time scale. Interaction of the outgoing 
electron emitted by the attosecond extreme ultraviolet (XUV) pulse with an intense few-cycle 
infrared (IR) field leads to formation of sidebands (RABBITT) or changes in the electron 
momentum (streaking). It has been shown in the atomic case that both RABBITT6,7 and 
attosecond streaking17 deliver the same temporal information about the photoemission 
process8. Whereas streaking was successfully applied to both isolated noble gas atoms and 
condensed matter systems, RABBITT has been used exclusively in the gas phase until now. 
The formation of sidebands due to simultaneous absorption of an XUV and an IR photon has 
been investigated on a platinum surface but no sub-cycle dynamics were observed19.  

Recent attosecond streaking experiments revealed characteristic relative delays between 
photoelectrons emitted from different electronic states in both noble gas atoms2,3 and in 
condensed matter systems4,5. Interestingly, different mechanisms were invoked to explain the 
observed delays. In the atomic case the scattering of the outgoing electron wave packet at the 
atomic potential leads to a phase shift and thus a delay, as it was first proposed by Wigner in 
195520. In condensed matter the situation is more complex as photoemission involves three 
steps: excitation, transport to the surface and escape into the vacuum21. In the streaking 
experiments on tungsten4 and magnesium5 surfaces it was presumed that the IR streaking field 
does not penetrate the solid and the observed delays were explained in terms of transport from 
the site of initial excitation to the surface.  

Here, we report a study of energy-dependent photoemission delays from the noble metal 
surfaces Ag(111) and Au(111). We extended the RABBITT technique to achieve the first 
observation of sub-cycle dynamics in a condensed matter system using attosecond pulse 
trains. In previous time-resolved photoemission experiments2-5 relative delays between two 
different initial states of the same physical system were examined. In this work the RABBITT 
technique was simultaneously applied to argon and to a metal surface. The case of Ar being 
well-understood3,8,9 it was used to calibrate our device for the temporal characteristics of the 
XUV pulse train and its timing relative to the IR pulse. This on-the-fly calibration vastly 
reduced the susceptibility to experimental instabilities and systematic errors. The 
simultaneous detection allowed us to choose a proper reference (Ar in our case) to gain access 
to absolute photoemission delays for the first time. 

For this purpose the existing attosecond beamline was extended with a surface physics 
endstation comprising a hemispherical electron analyser22. The focus of the beamline where 
the calibration RABBITT trace in Ar is recorded with a time-of-flight (ToF) spectrometer is 
reimaged by a gold-coated toroidal mirror onto the sample surface. Figure 1 shows the 
experimental setup together with typical photon and photoelectron spectra. RABBITT offers a 
temporal resolution comparable to attosecond streaking17 without the need for a single 
attosecond pulse with its experimental complexity. The lower intensity requirement of the IR 
probe field leads to reduced perturbation of the system under study. This renders the method 
less susceptible to above-threshold photoemission (ATP), which enables access to lower 
photon energies. In contrast to attosecond streaking the photoemission delay is measured for 



several photon energies (one per sideband) in one single measurement under the same 
conditions and for the same initial state. 

In Figure 2 a set of experimental RABBITT traces in argon and on Ag(111) is shown 
together with an energy level scheme of the process. In Ar the emitted electrons 
predominantly originate from the 3p-state, in Ag(111) the 4d-band is the main contributor. 
The spectral photoemission phase, φ2q

g/s , contains all temporal information and is retrieved by 
curve fitting. The same measurements were repeated for Au(111) with emission from the 5d-
band. Clear differences between the two noble metals were observed (see Figs S1 and S2). 
Data sets were taken with varying XUV generation conditions and IR intensities but retrieved 
phases remained stable, confirming the surface specificity and robustness of our method. 

Figure 3 summarizes the resulting photoemission delays in Ag(111) and Au(111) and 
provides a schematic overview of the RABBITT process for a solid surface: the Wigner 
delay, τ λ

s , (1) due to absorption of an XUV photon and transport within the solid, τ trans
s , (2) 

contribute to the true photoemission delay. The continuum-continuum interaction with the IR 
probe field (3) yields an additional measurement-induced delay, τ cc

s . The presented surface-

specific delays, τ 2q
s , were obtained as follows: 

 τ 2q
s = τ λ, 2q

s +τ cc, 2q
s +τ trans

s =
φ2q
s −φ2q

g

2ω
+τ λ, 2q

g +τ cc, 2q
g −τ prop +τ refl.    (1) 

φ2q
s and φ2q

g  are the spectral phases extracted from corresponding surface and gas phase 

RABBITT traces (Fig. 2e, f). τ λ, 2q
g  and τ cc, 2q

g  characterize our temporal reference, the 
photoemission in Ar, and are taken from literature8,9. The propagation delay between the two 
foci, τ prop , comprises a phase due to reflection at the toroidal mirror and the Gouy phase 
difference and was determined experimentally (see Fig. S3). Furthermore, the probe field for 
the surface measurement consists of the superposition of the incoming IR pulse and the 
reflected beam. The phase of the effective field was calculated based on Fresnel’s equations 
and taking the specific experimental geometry into account, leading to an additional delay, 
τ refl . We note that the validity of the Fresnel’s equations for the description of light-matter 
interaction at this time scale and microscopic level yet has to be confirmed. 

We employed a simple model based on scattering theory and ballistic transport to simulate 
photoemission in a solid surface. The Wigner delay due to absorption of the XUV photon and 
the continuum-continuum delay due to interaction with the IR probe field were calculated 
based on radial matrix elements and corresponding scattering phase shifts that were computed 
for dipole-allowed transitions in a muffin-tin potential for Ag and Au23. Transport times were 
derived from a ballistic model with group velocities obtained from fitting free-electron final 
states to the bulk band structure and taking the inelastic mean-free path (IMFP) at given 
energies into account. It is noteworthy that calculated transport times are independent of the 
skin depth since the IR field samples electrons that have propagated over the IMFP on 
average. The characteristic time scale of screening was predicted to be around 250 as24. The 
two limiting cases of an unscreened and a completely screened photohole were simulated 
using a hydrogen-like potential. In our case the difference is small compared to the overall 
transport delay due to the small effect of the photohole on the deep potential well in Ag and 
Au. (Fig. S4). The monotonic decrease of transport times with increasing kinetic energy is a 
consequence of both the increasing group velocity and the shape of the universal curve of the 



IMFP in solids25. Additional contributions from the Wigner delay and τ cc
s  are smaller and 

only slightly alter the shape of the computed energy-delay function.  

Calculated and experimental delays in Ag(111) are in agreement for photon energies of 28 
and 34 eV. XUV excitation in the probed energy region leads to resonant interband transitions 
to the Λ6 sp-band26 close to the L6+ van Hove singularity with a high density of states. The 
availability of bulk final states leads to enhanced emission from the metal bulk and observed 
delays are dominated by transport. In the absence of such resonances the electron spectrum is 
dominated by surface emission12. In this regime, electron transport is negligible and observed 
delays are dominated by τ λ

s  and τ cc
s , resulting in the negative delays observed at 25 and 31 

eV. Negative delays were originally predicted by Wigner20 and also observed in 
photoemission from Ar atoms3,8,9. Delays in Au(111) show less pronounced excursions from 
the theoretically predicted, transport-dominated behaviour. The 5d valence band of Au covers 
a wider energy range than the 4d band in Ag, giving rise to additional interband transitions. 
Bulk emission is therefore more important in Au at these energies and electron transport 
cannot be neglected. The interplay between resonant bulk vs. surface emission has been 
discussed recently27 to explain the delays observed in earlier streaking experiments4,5. Our 
experimental data demonstrate that delays in photoemission cannot be solely rationalized by 
energy-dependent transport times as done in previous studies based on attosecond streaking4,5. 
Conversely, we find that electron transport is only important if bulk final states are available. 

The ability to sample energy-dependent photoemission delays affords detailed insight into 
the ultrafast electron dynamics that goes well beyond the measurement of a plain relative 
delay. We believe that the RABBITT technique will play a major role in the advancement of 
attosecond science towards condensed-matter systems as it allows for studying charge 
dynamics at the inherent electronic timescale with less perturbation from the probe process. 
Such fundamental experiments access the fastest possible response of an electronic system to 
interaction with an electromagnetic field and hence provide an upper limit for novel electronic 
devices in the petahertz regime. 

Methods summary 
Filament compression28 of the output of a Ti:sapphire-based chirped-pulse amplification 

system (~25 fs, 1.2 mJ, 796 nm, 1 kHz repetition rate) produces laser pulses of 7-12 fs . The 
beam is then split into a probe branch (20%) that is sent through a delay line and a pump 
branch (80%), which produces attosecond pulse trains (20-45 eV, 300 as pulse width) by 
high-harmonic generation. Residual IR and lower-order harmonic radiation is blocked by a 
100 nm Al filter before recombination with the probe pulse. A toroidal mirror focuses the co-
propagating XUV and IR beams into the source of a ToF spectrometer where gas phase 
RABBITT traces are recorded. 

A second toroidal mirror images the first focus onto a solid sample surface in the source of 
a hemispherical electron analyser where RABBITT traces of the metal surfaces are recorded. 
Both pulses were p-polarized and the angle of incidence on the surface was 75°. Efficient 
differential pumping kept the pressure in the surface chamber below 7×10-10 mbar during the 
measurements, which allowed us to record RABBITT traces in Ar and on metal surfaces 
simultaneously. Ag(111) and Au(111) single crystals were cleaned by cycles of sputtering and 
annealing and the surface quality was verified by XPS and LEED. The propagation phase 
between the two foci was determined experimentally by performing a simultaneous 
RABBITT experiment with two Ar targets. 



The spectral phase, ϕ2q, of individual sidebands is obtained by integration of the 
RABBITT trace over the sideband energy range and fitting the resulting spectra with an 
oscillatory function of the form of A(t).cos(2ωt - ϕ2q).  
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Figure 1 ⎢ Simultaneous XUV-IR pump-probe spectroscopy in two targets. a, Schematic 
illustration of the experimental setup. Attosecond XUV pulse trains are generated by high-
harmonic generation (HHG) in Ar. Upon recombination XUV and IR beams are focused into 
the gas target (F1) equipped with a time-of-flight electron spectrometer (ToF). The first focus 
is then imaged onto a solid sample (F2) where electrons are recorded using a hemispherical 
analyser. b, Typical photon spectrum of the pulse train. c, Photoelectron spectrum of argon 
normalized by the ionisation cross-section. d, Photoelectron spectra of Ag(111). Replicas of 
the Ag 4d-band produced by the harmonic peaks from the XUV pulse (blue line) sit on a 
background of inelastically scattered electrons. Moreover, the IR probe field alone generates 
an above-threshold photoemission background (red line) comparable in strength to the signal 
of interest.  
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Figure 2 ⎢ Experimental RABBITT traces in argon and on Ag(111). a, Energy level 
scheme of the RABBITT process. Interfering two-colour two-photon transitions give rise to 
sidebands between adjacent odd high harmonics (HH). b, c, Experimental RABBITT traces 
from argon and Ag(111) with electrons originating from Ar 3p and Ag 4d levels, respectively. 
Both scans were recorded simultaneously with laser parameters optimized for the surface. A 
delay-independent ATP-background was subtracted from c for illustration purposes. d, 
Photoelectron spectra from c at two different delays. At 100 as (3) the appearance of 
sidebands is clearly visible whereas at 800 as (4) the photoelectron spectrum qualitatively 
resembles the spectrum in absence of the IR field. e, f, Integration over the energy range of 
sideband 18 revealing the oscillation with 2ω. Experimental curves were fitted with 
A(t).cos(2ωt - ϕ2q) where ϕ2q is the experimental spectral phase as indicated and A(t) is the 
pulse envelope function. 

 
  



 
 

Figure 3 ⎢ Photoemission delays for Ag(111) and Au(111). a, Schematic representation of 
the three steps involved in the surface RABBITT: (1) initial excitation of the electron by 
absorption of an XUV photon, (2) transport and (3) absorption/emission of an IR photon. b, 
Experimentally determined photoemission delays for emission from the Ag(111) 4d-band 
(golden diamonds). Results of our simulations are delimited by the extreme cases with and 
without screening (upper and lower blue line). c, Results for emission from the Au(111) 5d-
band. The additional error bars at 0 as in b and c indicate the experimental error (2στ) of the 
propagation delay, τprop, that leads to an uncertainty in the absolute delay scale. This error is 
added to the simulated values and illustrated by the light-blue shaded areas for better 
comparison. 
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Supplementary Material 

 
 

 
Figure S1. Raw data of typical RABBITT traces of Ag(111) and Au(111). Modulation of 

sidebands 18 (~20 eV) and 20 (~23-24 eV) is clearly visible by eye. Sidebands 16 (16 eV) 
and 22 (~27-28 eV) are less pronounced. 

 

 
 

 
 

 
Figure S2. Experimentally retrieved surface specific phase plotted as the phase difference 

between corresponding surface and gas phase RABBITT scans. Presented data are averaged 
over 6 scans for Ag(111) and 8 scans for Au(111). Error bars represent the standard deviation. 
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Figure S3. Propagation phase derived from RABBITT measurements in two Ar targets at 

the two different foci. The blue shaded area indicates the standard deviation of the mean 
phase. 

 

 
 

 

 
Figure S4. Results of the simulations for Ag (A) and Au (B). The difference in transport 
delays between screened (dark green line) and unscreened (light green line) photohole is 
slightly larger in Au. Contributions from Wigner delay (blue line) and continuum-continuum 
transitions (red line) are relatively small.  
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