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The emission of electrons from a solid surface through the 
interaction with light is an elementary process in nature 
that has played an important role in the establishment of 
quantum mechanics. Attosecond science has provided us 
with the tools to study photoemission dynamics on its 
natural time scale1. A deeper understanding of this process 
scrutinizes our interpretation of quantum dynamics on the 
atomic scale and in complex electronic systems. On this 
scale, a description of electronic properties through the 
well-established but quasi-stationary solid state physics 
concepts such as the effective mass is not straightforward 
anymore. Instead, the electron was believed to travel as a 
free particle on the shortest timescales1-3. Here, we discuss 
the influence of the band structure on the escape velocity 
of a photoemitted electron within the first atomic layers of 
a copper crystal4. 

We used attosecond pulse trains in the extreme 
ultraviolet (XUV) to excite electrons from the split 3d-
valence band of copper and timed their arrival at the 
crystal surface with a delayed 25-fs infrared (IR) probe 
pulse (Fig.1a). The delay-dependent electron spectra yield 
a RABBITT (reconstruction of attosecond bursts by 
interference of two-photon transitions) trace that encodes 
the phase of the photoemitted electron wavepacket 
(Fig.1b). Performing a reference RABBITT measurement 
simultaneously in argon gas5 allowed us to access the two-
photon two-color absolute photoemission delay of the 3d-
copper electrons4,6,7. The non-monotonic trend in the 
recorded delays (Fig. 1d) already suggests that the free-
electron propagation picture is not valid at all energies. 

We compared our experimental results with two 
theoretical models. The first (solid curve in Fig. 1d) 

assumes free electron propagation and ballistic transport 
over the electron inelastic mean free path. The free 
electron model is unable to reproduce the delays for the 
electron energies between 23-24 eV. In a second model, 
we derived the group velocities from the band structure. 
The latter was calculated using density functional theory. 
By applying a weight based on the transition matrix 
elements associated with the different possible electronic 
transitions, we could extract a propagation time delay for 
the lower and the upper excited band (dashed curves in 
Fig. 1d). We observe that the transport delay obtained 
from band structure considerations reproduces the data 
points that were inconsistent with the free-electron picture. 
This indicates that in this case the electron has been 
excited into a bulk final state. 

 

In conclusion, our results show that in case of a 
resonant transition into a bulk final state, the electronic 
propagation is governed by the band structure dispersion 
even on Ångström length-scales and attosecond 
timescales, thereby extending the validity of the effective 
mass concept. Our result can also be interpreted in terms 
of an upper limit of 350 ± 40 as to the time needed for an 
electron to assume its effective mass.  
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Fig. 1 a) Experimental configuration. b) RABBITT trace acquired from the copper sample with a split sideband signal  originating 
from the split 3d valence band. c) XUV spectrum used for the experiment and schematic of the two-color two-photon interference 
leading to the sideband signal. d) Absolute photoemission delays (black) extracted from the RABBITT traces for different parts 
(‘upper’ and ‘lower’) of the split band as a function of electron energy. Calculated propagation times for a free-electron final state 
(solid line) and for Bloch-state electrons excited from the two parts of the valence band (dashed curves). 


