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1. Attosecond delays in photoemission 
    from metallic surfaces

What are the contributions to the  
observed delays?  
What is the origin of the strong  
energy dependence?

2. Optical fields at metallic surfaces

What is the screening response?  
Can we measure the effective field  
at the surface? 
Can the screening be reduced by using  
nano-structures or thin films?
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Temporal aspects of the 
photoelectric effect 

 
The photoelectric effect was first observed 
from metallic surfaces and was crucial in the 
development on modern physics. 
Early statements about the dynamics 
reached from instantaneous to  
intensity-dependent. 
Modern understanding of electronic structure 
largely owing to photoelectron spectroscopy. 

Attosecond dynamics in metals 

‣ Plasma frequency in metals typically >1015 Hz, 
thus characteristic timescale of purely electronic 
effects (e. g. dynamical screening) on the order 
of attoseconds. 

‣ Electron transport on atomic length scales  
(~4 A lattice constant) and typical conduction 
band group velocities on attosecond timescale. 
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LETTERS

Attosecond spectroscopy in condensed matter
A. L. Cavalieri1, N. Müller2, Th. Uphues1,2, V. S. Yakovlev3, A. Baltuška1,4, B. Horvath1, B. Schmidt5, L. Blümel5,
R. Holzwarth5, S. Hendel2, M. Drescher6, U. Kleineberg3, P. M. Echenique7, R. Kienberger1, F. Krausz1,3

& U. Heinzmann2

Comprehensive knowledge of the dynamic behaviour of electrons
in condensed-matter systems is pertinent to the development of
manymodern technologies, such as semiconductor andmolecular
electronics, optoelectronics, information processing and photo-
voltaics. Yet it remains challenging to probe electronic processes,
many of which take place in the attosecond (1 as5 10218 s) regime.
In contrast, atomic motion occurs on the femtosecond (1 fs5
10215 s) timescale and has been mapped in solids in real time1,2

using femtosecond X-ray sources3. Here we extend the attosecond
techniques4,5 previously used to study isolated atoms in the gas
phase to observe electron motion in condensed-matter systems
and on surfaces in real time. We demonstrate our ability to obtain
direct time-domain access to charge dynamics with attosecond
resolution by probing photoelectron emission from single-crystal
tungsten. Our data reveal a delay of approximately 100 atto-
seconds between the emission of photoelectrons that originate
from localized core states of the metal, and those that are freed
from delocalized conduction-band states. These results illustrate
that attosecond metrology constitutes a powerful tool for explor-
ing not only gas-phase systems, but also fundamental electronic
processes occurring on the attosecond timescale in condensed-
matter systems and on surfaces.

Photoemission spectroscopy is based on the photoelectric effect,
first explained by Einstein more than 100 years ago6. According to
Einstein’s law, photoelectrons ejected from a metal surface by light
will have a kinetic energy that depends on the incident photon energy
and the electron’s original bound state energy. Photoelectron spectra
will thus provide information about the electronic structure of the
metal if well-characterized light sources are used7. Indeed, experi-
ments using a broad range of photon energies have now been per-
formed to determine the steady-state electronic properties of many
bulk materials, thin films, and surfaces. The photoemission process
itself involves three steps: excitation, transport, and ultimately escape
of the photoelectron through the surface8. Here, in a proof-of-
principle experiment, we combine this spectroscopy with attosecond
temporal resolution to obtain time-domain insight into the electron
transport stage of the photoemission process. The measurements
represent (to our knowledge) the first direct attosecond time-
resolved observation of electron transport in a condensed-matter
system, and we expect that they will trigger other experimental
research into the dynamics of processes that have attracted interest
in solid-state and surface science. Such processes include charge
transfer9,10, charge screening11, image charge creation and decay12,
electron–electron scattering13, and collective electronic motion14.

Time-resolved photoemission spectroscopy was originally imple-
mented in the picosecond (1 ps5 10212 s) to femtosecond regime,

using first visible15–17 and then extreme ultraviolet (XUV)18,19 radi-
ation. These experiments utilize one light pulse to trigger the
dynamics, followed by a second light pulse to induce photoemission
and thereby probe the transient state. Experiments using the laser-
assisted photoelectric effect have been carried out20–22; but the XUV
photoemission lasted over several wave cycles of the coincident near-
infrared (NIR) light, limiting the time resolution to.10 fs. To over-
come this limitation, we use single sub-femtosecond XUV pulses4,5

for pumping, and coincident NIR waveform-controlled few-cycle
laser pulses23 as a probe5. The XUV pulse triggers the photoemission
process, with only those photoelectron wave packets initiated from
the uppermost atomic layers escaping without inelastic collision.

1Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany. 2Fakultät für Physik, Universität Bielefeld, D-33615 Bielefeld, Germany. 3Department
für Physik, Ludwig-Maximilians-Universität, Am Coulombwall 1, D-85748 Garching, Germany. 4Institut für Photonik, Technische Universität Wien, Gußhausstr. 27, A-1040 Wien,
Austria. 5Menlo Systems GmbH, Am Klopferspitz 19, D-82152 Martinsried, Germany. 6Institut für Experimentalphysik, Universität Hamburg, Luruper Chaussee 149, D-22761
Hamburg, Germany. 7Dpto. Fisica de Materiales UPV/EHU, Centro Mixto CSIC-UPV/EHU and Donostia International Physics Center (DPIC), Paseo Manual de Lardizabal 4, 20018
San Sebastian, Spain.
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Figure 1 | Experimental set-up. Waveform-controlled,,5-fs, 750-nm, 400-mJ
laser pulses are focused with a mirror of 500-mm focal length into a,2-mm-
diameter tube filled with neon to generate XUV radiation by high-harmonic
generation. The collinear XUV and NIR beams co-propagate towards a cored
two-part mirror in the measurement chamber that is maintained under
ultrahigh vacuum in a 1-m-length differential vacuum pumping stage, until
the beams are separated by a pellicle/zirconium foil assembly. The zirconium
foil transmits the XUV but blocks the NIR. The XUV radiation, indicated by
the blue beam, is incident on a 6 eV (full-width at half-maximum FWHM)
broadmultilayer band-pass reflector centred at,91 eV, which is mounted on
a piezo-electric delay stage. With a proper XUV spectrum, the multilayer
mirror reflects and focuses,300-as (FWHM) XUV pulses. The NIR pulse,
indicated by the violet beam, is reflected by a stationary (silver) outer annular
mirror confocal with the inner mirror (f5 12.5 cm). Both pulses are focused
onto the (110) surface of a tungsten single crystal that is mounted on a
manipulator to control the angle of incidence. Themanipulator is also used to
retract the crystal into a preparatory chamber for cleaning. Resultant XUV-
induced photoemission, which is detected by the time-of-flight spectrometer
(TOF), is streaked by the coincident NIR laser pulse.
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Photoexcited electron wave packets propagate through the material
in upper conduction bands, ultimately leaving the surface with an
average kinetic energy determined by the XUV photon energy, the
initial binding energy, and thematerial work function. An attosecond
transient recorder (ATR), previously developed and used in gas-
phase experiments5, is used to observe the emitted photoelectron
wave packet. In this scheme, the photoelectronmomentum is further
influenced by the electric field of a coincident few-cycle NIR laser
pulse, giving rise to a ‘streaked’ final momentum distribution24,25.

An ATR spectrogram is compiled by measuring a series of streaked
photoelectron spectra with a time-of-flight detector, recorded as a
function of time delay between the XUV pump and NIR streaking
field. Important characteristics of the emitted electron wave packets,
including their duration and frequency sweep, or ‘chirp’, can be deter-
mined fromthe spectra24,25. Ifmeasured for twoormoredifferent types
of electrons, the complete ATR spectrograms can also yield relative
timing information about the arrival of the wave packets on the sur-
face, because the streaking effect is negligible until the electrons emerge
from the surface (seeMethods). The resolution of theATRdepends on
the duration of the XUV excitation, the gradient of the streaking NIR
field, and the signal-to-noise ratio in the photoelectron spectra.

In comparison to experiments performed on isolated atoms, ATR
measurements in condensed-matter systems are more complicated
because the photoelectron wave packets can be released from energy

bands containing many distinct states rather than from a single,
isolated energy level. Unoccupied conduction-band states just above
the Fermi energy (defined by the highest occupied energy level in the
absence of thermal excitation) might become populated by single-
photon absorption of the leading edge of the NIR probe field prior to
XUV photoemission, which is an unwanted complication. In con-
trast to conduction-band states, the localized 4f core states of tung-
sten are deeply bound and fully populated. Therefore, these states are
unsusceptible to this potential influence of the streaking field, and
constitute an ideal test case for proof of the extension of attosecond
metrology to solids.

As a further challenge, above-threshold ionization (ATI) by the
streaking field can, in condensed matter, generate energetic photo-
electrons, obscuring detection of XUV-induced photoelectrons. ATI
is favoured by the low work function of metals (as compared to the
relatively high ionization potential of isolated atoms), which limits
the intensity of the applied streaking field to levels far below those
that can be used in gas-phase experiments.

As indicated by the diagram of the experimental set-up in Fig. 1,
streaked photoemission spectra from a tungsten (110) crystal surface
were recorded by collecting electrons within a narrow cone aligned
perpendicularly to the surface. The relative delay between the XUV
pulse and the NIR waveform-controlled streaking field was varied in
300-as steps in a sequence chosen to minimize systematic error, with
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Figure 2 | Attosecond time-resolved photoemission spectra.
a, Photoelectron spectra collected at two different relative delays. The
spectrum recorded at the delay indicated by the white dashed line labelled
‘(1)’ in b is far from the zero of delay as defined by the overlap of the
maximums of the NIR and XUV pulse envelopes. This spectrum shows
pronounced peaks corresponding to the 4f-state and conduction-band
photoemission. The blue line shows the raw spectrum as recorded by the
time-of-flight detector, and the red line shows the corresponding spectrum
after subtraction of NIR-induced ATI background and numerical
smoothing. The 4f photoemission is peaked near 56 eV. The conduction-
band photoemission is peaked near 83 eV, owing to a high density of d-band
conducting states just below the Fermi energy. Ef denotes the kinetic energy
of a photoelectron excited from the Fermi energy level. The other spectrum
in a (displayed only after ATI subtraction and smoothing) was recorded near
zero delay, as indicated by the white dashed line labelled ‘(2)’. At this delay,

the XUV pulse peak coincides with the NIR field maximum on our target.
Consequently, the NIR vector potential crosses zero, giving rise to the
strongest streaking and a clear broadening of the photoemission peaks is
observed. b, The full ATI subtracted spectrogram for both the 4f-states and
conduction-band photoemission. The streakingwaveform (vector potential)
is evident in both spectrograms, proving the extension of attosecond
metrology to condensed-matter systems. We can expect that the energy
modulation of the conduction-band peak should be a little larger than that of
the 4f peak owing to their initial photoelectron kinetic energy. The
amplitude of the spectral shift has a square-root dependence on initial
kinetic energy (KE)24, yielding an expected ratio in spectral shift offfiffiffiffiffiffiffiffiffiffiffiffiffi
KEcond

p . ffiffiffiffiffiffiffiffiffiffi
KE4f

p
<1:2, which is consistent with our measurements. c, The

reconstructed spectrum corresponding to that measured and displayed in
a. d, The full simulated spectrogram.
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spectra integrated for 60 s at each delay. (For a brief description of the
experiment, see Methods Summary; full details regarding set-up,
measurements and data analysis are provided as Supplementary
Information.) Characteristic spectra obtained with our system are
shown in Fig. 2a, indicating that emission from the conduction band
occurs at a kinetic energy of ,83 eV while emission from the loca-
lized 4f states occurs at ,56 eV. At kinetic energies significantly
below the 4f peak, the measured spectrum is due to NIR-induced
ATI photoelectrons and XUV-generated photoelectrons that have
undergone inelastic scattering.

The two distinct background components were distinguished by
recording an additional photoelectron spectrum without the NIR
streaking field. The ATI component was subsequently subtracted
from the measured data (see Supplementary Information). This sub-
traction is illustrated for a fixed delay in Fig. 2a, andwas performed at
each of the delay steps, resulting in the full spectrogram presented in
Fig. 2b. Here, a positive relative delay corresponds to the XUV pulse
arriving earlier with respect to the streaking field at the surface. Both
the 4f and conduction-band photoemission exhibit a pronounced
periodic upshift and downshift in energy as a function of relative
delay and, as in previous gas-phase experiments, the spectrogram
reveals the waveform (vector potential) of the streaking field5,26,27.
Our ability to resolve the field oscillation indicates that the photo-
emission from the 4f core states and from the conduction band is sub-
femtosecond in duration, and proves that attosecond metrology has
been successfully extended to condensed-matter systems.

Further examination reveals that the 4f spectrogram is shifted
along the delay coordinate with respect to the conduction-band
spectrogram. This effect is readily apparent upon inspection of the
smoothed spectrograms that are obtained by interpolation of the
measured data and shown in Fig. 3a. We quantify the temporal shift
in themeasured data by evaluating, for each delay step, the centre-of-
mass (COM) of the spectral regions spanning the 4f and conduction-
band peaks that cover the energy intervals 47–66 eV and 66–110 eV,
respectively. Characterizing the periodicmotion of the peaks through
their COM requires no assumptions or fitting parameters, yet yields
timing information that is invariant to fluctuations in the instant-
aneous laser parameters. The approach is also relatively insensitive to
inelastic scattered background photoelectrons, which could not be
subtracted from our measurements. As a result, the COM accurately
describes the streaking-induced time-dependence of the energy shift
of the 4f and conduction-band peaks, as shown in Fig. 3b.

By comparing the COM trajectories of the 4f and conduction band
at the seven zero-crossings of the vector potential, we obtain seven
independent measurements of their relative timing. This yields a
temporal shift of Dt5 1106 70 as between the ATR spectrograms
of the conduction-band and 4f photoelectrons. (The error estimate
results from a straightforward extrapolation of the error in calculat-
ing the COM; see Supplementary Information.) This shift or delay
was observed in different independent measurements made at dif-
ferent locations on the tungsten sample, with the results corroborat-
ing the above value of Dt to within the measurement error. We note
that the rather large error associated with ourDt value could bemost
effectively reduced in future measurements by using higher XUV
photon energies and fluxes.

The shift between the two spectrograms indicates that, on average,
photoelectrons originating from the localized 4f states emerge from
the tungsten surface approximately 100 as later than those origin-
ating from the delocalized conduction band—even though the
photoemission process for both types of electrons is initiated simul-
taneously by the sameXUVpulse. The delay effect thus occurs during
transport of the excited photoelectrons to the surface, illustrating
that our technique provides a means to directly observe features of
electron wave packet propagation towards the surface with attose-
cond precision.

By adapting a quantum mechanical model used in previous gas-
phase streaking experiments28, we are able to reconstruct themeasured

spectra and spectrograms. The modelling of the streaking experiment
requires some assumptions, leaving several parameters (such as dura-
tion of the electron wave packets, their chirp, and their emission time)
for optimization. Figure 2c and d shows the reconstructions that best
agree with experiment. These were obtained for wave packets with a
duration of ,300 as (full-width at half-maximum, FWHM) and
assuming a delay of,100 as between the emission times of the electron
wave packets, which supports the conclusions drawn from the COM
analysis.

Our measurements also indicate that electron wave packets
launched from both the localized 4f and delocalized conduction-band
states are nearly undistorted on propagation to the surface. To explain
the observed delay, we consider the group velocities for the two differ-
ent photoelectronwavepackets travelling in the solid.The crucial point
is that after absorption of an XUV photon, the electron is excited
into an upper conduction band region that depends on the electron’s
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Figure 3 | Evidence of delayed photoemission. a, The 4f and conduction-
band spectrograms, following cubic-spline interpolationof themeasureddata
(but without background subtraction). The spectral region between,65 eV
and,83 eV has been omitted to more easily compare the edges of the 4f and
conduction-band peaks. A small shift in the relative delay is evident, as
indicated by the white dashed lines through the fringes, and can be seen at
each fringemaximumandminimum.Quantificationof the shift of the 4fwith
respect to the conduction-band spectrogram ismade byCOManalysis, and is
summarized in b. The energy intervals, within which the COMs were
calculated, are 47–66 eV for the 4f photoemission peak and 66–110 eV for the
conduction-band photoemission peak. Vertical error bars (61 s.d.) are
calculated from noise in the measured spectra (see Supplementary
Information for details). For ease of visual comparison, theCOMenergy shift
of the 4f spectral region was scaled by a factor of 2.5, to offset the stabilizing
effect of the background plateau underneath the 4f peak (see Supplementary
Information), in order to illuminate the,100 as delay in emission. Rescaling
these COM data points along the energy axis cannot influence the measured
delay. The COM data points were fitted with a damped sinusoid, which
corresponds to the NIR streaking field, to guide the eye.
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Cavalieri et al. Nature. 449, 1029 (2007)

Small relative delays observed in photoemission from W(110)

W(110)
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Δt = 110 as
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Attosecond Photoelectron Spectroscopy of Metal Surfaces

C.-H. Zhang and U. Thumm
Department of Physics, Kansas State University, Manhattan, Kansas 66506, USA

(Received 7 November 2008; published 25 March 2009)

Recent attosecond-streaking spectroscopy experiments [A. L. Cavalieri et al., Nature (London) 449 ,
1029 (2007)] using copropagating extreme ultraviolet (XUV) and infrared (IR) pulses of variable relative

delay have measured a delay of approximately 100 attoseconds between photoelectrons emitted by a

single XUV photon from localized core states and delocalized conduction-band states of a tungsten

surface. We analyze the underlying XUV-photoemission–IR-streaking mechanism by combining a pertur-

bative description of the XUV-photoemission process and the subsequent nonperturbative IR streaking of

the photoelectrons. Our calculated time-resolved photoelectron spectra agree with the experiments of

Cavalieri et al. and demonstrate that the observed temporal shift is caused by the interference of core-level

photoelectrons that originate in different layers of the solid.

DOI: 10.1103/PhysRevLett.102.123601 PACS numbers: 42.50.Hz, 42.65.Re, 79.60.-i

During the past few years, advances in ultrafast laser
technology [1–7] have enabled the resolution at a time
scale of the order of 100 attoseconds (1 as ¼ 10"18 s) of
the laser-induced electronic dynamics in atoms [8–11] and
molecules [12–14]. The recent successful extension of
laser-assisted attosecond photoelectron (PE) spectroscopy
to solid surfaces [15] promises the time-resolved observa-
tion of electronic processes in condensed matter systems
that may involve a single active electron [15,16], the
correlated dynamics of two electrons [8,17], or collective
electronic excitations (plasmons) [18–20]. Thus, as-
streaking spectroscopy now provides an ingenious tool
for the time-resolved investigation of photoemission from
solids that, in addition to such studies on isolated atoms in
the gas phase, promises to yield information on (i) the
structure and dynamics of delocalized valence and
conduction-band states, (ii) electron transport properties
in solids, and (iii) the decay of collective excitations near
solid surfaces of novel plasmonic devices [19,21].

The basic setup of an attosecond time-resolved photo-
electron streaking experiment on a metal surface is illus-
trated in Fig. 1. An attosecond extreme XUV light pulse is
used to release electrons from either bound core levels or
delocalized conduction-band (CB) states. The released PEs
get exposed to (‘‘streaked by’’) the same IR probe pulse
that was also used to generate the XUV pulse via harmonic
generation [22]. The two laser pulses are thus synchronized
with a precisely adjustable time delay !, and the measured
asymptotic PE kinetic energy E depends on !. By varying
!, a tomographic image of the time-resolved PE kinetic
energy distribution PðE; !Þcan be recorded. This method
was first successfully applied to isolated atoms in the gas
phase [1,9] and, very recently, to tungsten [15] and plati-
num [17] surfaces. By using attosecond-streaking spectros-
copy, Cavalieri et al. [15] measured a relative delay of
110% 70 as between the detection of PEs that are emitted
by absorption of a single XUV photon from 4f-core and

CB levels. Because of their different initial energies, PEs
from core and CB levels can be easily separated in the
energy-differential spectra. While Cavalieri et al. ex-
plained their result in terms of a heuristic model that is
based on different release depths and escape paths for core
and CB electrons, the question remains to what extent a
more rigorous quantum-mechanical model can explain
the mechanism behind the observed relative delay in the
PE spectra.
In this Letter, we apply a quantum-mechanical model in

which the XUV-photoemission step is treated in first-order
perturbation theory, while the IR streaking of the PEs is
included in a nonperturbative way. A quantum-mechanical
model for the comparison of laser-assisted photoemission

FIG. 1 (color online). Schematic for attosecond-streaking
spectroscopy at metal surfaces. Delocalized CB electrons and
localized core-level electrons are released by an attosecond XUV
pulse (photoelectric effect) and streaked by an IR laser pulse. By
changing the delay between the two pulses, the delay between
the detection of PEs that originate in CB and core levels can be
measured.

PRL 102, 123601 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

27 MARCH 2009

0031-9007=09=102(12)=123601(4) 123601-1 ! 2009 The American Physical Society

Initial state localization: 
Zhang and Thumm, Phys Rev. A 84, 065403 (2011)

transport and interlayer interference: 
Zhang and Thumm, PRL 102, 123601 (2009) 
Kazansky and Echenique, PRL 102, 177401 (2009)

escape depth and inelastic scattering: 
Lemell et al. Phys. Rev. A 79, 062901 (2009)

resonant bulk vs. surface emission 
Borisov et al. Phys Rev. B 87, R121110 (2013)

W(110)
VB vs. 4f
Δt = 110 as
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sample, but also verify the absence of a relative time shift
!!, that is included as an additional fit parameter.

For a more in-depth analysis of the time-resolved PE
data, we adapt a quantum-mechanical fitting scheme pre-
viously applied to retrieve the EWP properties from
their streaked energy distributions [4,10]. In this scheme,
a time-domain EWP c iðtÞ released from an initially bound

state i into the laser-dressed continuum is represented by
the complex function c iðtÞ ¼ c 0;i expð$4 ln2ðt=!eÞ2 $
iEitþ i"t2Þ, which is characterized by aGaussian envelope
with a FWHM !e and a linear chirp rate ". Its interaction
with the laser field is taken into account within the strong

field approximation, i.e., by setting c iðtÞ ! c iðtÞe$i#ðtÞ,
where #ðtÞ ¼ R1

t ½
ffiffiffiffiffiffiffiffi
2Ei

p
ALðt0Þ þ 1

2ALðt0Þ2'dt0 denotes the
Volkov phase and ALðtÞ takes the form as defined by
Eq. (1). The corresponding energy spectra PiðEi; !Þ as a
function of the NIR-XUV delay ! are given by the squared
modulus Fourier transform of c iðtÞ. The final spectrogram
is then calculated as the incoherent sum P ¼ P

iPi over all
transitions contributing to the total PE current.
To reconstruct the time-resolved signal from Mg(0001),

we model the spectrally broad VB emission phenomeno-
logically as a superposition of eight individual transitions,
while the electrons released from the 2p core levels are
represented by a single EWP. We also assume that all
EWPs have the same duration !e and chirp ". Their central
energies Ei and relative emission intensities jc iðtÞj2 are
chosen to reproduce the stationary PE spectrum [see
Fig. 1(b)] and kept constant in the subsequent fitting pro-
cedure optimizing !e, ", !L, !L, A0, and ’0. In analogy to
the analysis of the ECOEð!Þ traces, a possible time delay
between the ensemble of VB transitions and the 2p elec-
trons is introduced as an additional optimization parameter
in the fitting.
The best fit to the experimental data, shown in Fig. 2(b),

is achieved with !e ¼ 480 as, " ¼ $2 fs$2, and a vanish-
ing time delay between the VB and 2p wave packets.
Averaging the corresponding time shifts extracted from
19 independently acquired streaking spectrograms still
results in a negligible time delay of the 2p electrons of

only !! ¼ 5( 20 as (standard deviation). Within the
resolution of the experiment, this is fully consistent with
the COE analysis shown in Fig. 3.
It is worth mentioning that the values for !e and " are

very similar to those derived from gas-phase streaking
spectrograms recorded under identical experimental con-
ditions. This suggests that the time evolution of the EWPs
released from the metal surface is largely governed by the
XUV excitation pulse, and experience only marginal tem-
poral broadening and distortions within the solid. Such
temporal effects might be expected since an EWP released
from the surface contains contributions from different
atomic layers of the crystal, which remain energetically
unresolved but may give rise to a temporal smearing of
the PE.
We begin our discussion of the quasisynchronous release

of the photoelectrons from Mg(0001) by noting that the
refractive index of this material is smaller than unity over
the entire spectral range covered by the NIR pulses [31],
implying total reflection at the metal surface for the 15)

grazing incidence used in the PE experiments. Therefore,
thanks to the strongly damped evanescent wave within the
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FIG. 3 (color online). Timing analysis of the VB and 2p core-
level photoemission from Mg(0001). Calculated COEs for the
VB and 2p region of the spectrogram (depicted as crosses) are
fitted to a pair of parametrized analytic functions describing the
vector potential of the NIR streaking pulse [comp. Eq. (1)].
The absence of a relative shift between the fitted functions,
shown as red solid line for the VB and blue dotted line for the
2p emission, provides evidence for a synchronous release of
these electrons from the metal surface.

FIG. 2 (color online). Attosecond time-resolved PE spectra
obtained from the clean Mg(0001) surface. Positive delays
correspond to XUV arriving first. The false-color representation
of the measured streaking spectrogram (a) is compared to a
spectrogram (b) reconstructed by the quantum-mechanical fit
procedure (see text for details).
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field approximation, i.e., by setting c iðtÞ ! c iðtÞe$i#ðtÞ,
where #ðtÞ ¼ R1

t ½
ffiffiffiffiffiffiffiffi
2Ei

p
ALðt0Þ þ 1

2ALðt0Þ2'dt0 denotes the
Volkov phase and ALðtÞ takes the form as defined by
Eq. (1). The corresponding energy spectra PiðEi; !Þ as a
function of the NIR-XUV delay ! are given by the squared
modulus Fourier transform of c iðtÞ. The final spectrogram
is then calculated as the incoherent sum P ¼ P

iPi over all
transitions contributing to the total PE current.
To reconstruct the time-resolved signal from Mg(0001),

we model the spectrally broad VB emission phenomeno-
logically as a superposition of eight individual transitions,
while the electrons released from the 2p core levels are
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EWPs have the same duration !e and chirp ". Their central
energies Ei and relative emission intensities jc iðtÞj2 are
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the analysis of the ECOEð!Þ traces, a possible time delay
between the ensemble of VB transitions and the 2p elec-
trons is introduced as an additional optimization parameter
in the fitting.
The best fit to the experimental data, shown in Fig. 2(b),

is achieved with !e ¼ 480 as, " ¼ $2 fs$2, and a vanish-
ing time delay between the VB and 2p wave packets.
Averaging the corresponding time shifts extracted from
19 independently acquired streaking spectrograms still
results in a negligible time delay of the 2p electrons of

only !! ¼ 5( 20 as (standard deviation). Within the
resolution of the experiment, this is fully consistent with
the COE analysis shown in Fig. 3.
It is worth mentioning that the values for !e and " are

very similar to those derived from gas-phase streaking
spectrograms recorded under identical experimental con-
ditions. This suggests that the time evolution of the EWPs
released from the metal surface is largely governed by the
XUV excitation pulse, and experience only marginal tem-
poral broadening and distortions within the solid. Such
temporal effects might be expected since an EWP released
from the surface contains contributions from different
atomic layers of the crystal, which remain energetically
unresolved but may give rise to a temporal smearing of
the PE.
We begin our discussion of the quasisynchronous release

of the photoelectrons from Mg(0001) by noting that the
refractive index of this material is smaller than unity over
the entire spectral range covered by the NIR pulses [31],
implying total reflection at the metal surface for the 15)

grazing incidence used in the PE experiments. Therefore,
thanks to the strongly damped evanescent wave within the

Relative XUV−NIR Delay (fs)

E
ne

rg
y 

S
hi

ft 
(e

V
)

VB − Fit

VB − COEs

 2p − Fit

 2p − COEs

−4 −3 −2 −1 0 1 2 3 4
−2

−1

0

1

2

FIG. 3 (color online). Timing analysis of the VB and 2p core-
level photoemission from Mg(0001). Calculated COEs for the
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fitted to a pair of parametrized analytic functions describing the
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The absence of a relative shift between the fitted functions,
shown as red solid line for the VB and blue dotted line for the
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these electrons from the metal surface.

FIG. 2 (color online). Attosecond time-resolved PE spectra
obtained from the clean Mg(0001) surface. Positive delays
correspond to XUV arriving first. The false-color representation
of the measured streaking spectrogram (a) is compared to a
spectrogram (b) reconstructed by the quantum-mechanical fit
procedure (see text for details).

PRL 109, 087401 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

24 AUGUST 2012

087401-3

W(110): VB vs. 4f:

Mg(0001): VB vs. 2p

Cavalieri et al. Nature 449, 1029 (2007)

Neppl et al. PRL 109, 087401 (2012)

Δτ = 110 ± 70 as

Δτ = 0 ± 20 as

temporal broadening of WP

Δτ = 111 ± 50 as (WO3)  
Δτ = 71 ± 56 as (Au)

Okell et al. Optica 4, 383 (2015)

Thickness-dependent delays in 
Mg overlayers on W(110)

Neppl et al. Nature. 517, 342 (2015)
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This experiment represents a variant of the well known quantum beat spectroscopy of closely adjacent states.16
Our 75-fs pump pulses have a bandwidth of 30 meV (measured full width at half maximum) and are thus able to
coherently excite more than one eigenstate of the Rydberg series. In the simple case of the coherent excitations of two
levels n and n+1 the oscillations reflect the beating between the corresponding wavefunctions ™n(t) = |ni exp(°i!nt)
and ™n+1(t) = |n + 1i exp(°i!n+1t), with !n = En/h̄. Provided there is no loss of coherence, the 2PPE intensity
I(t) long after the pulse will be given by

I(t) / |an(t)™n(t) + an+1(t)™n+1(t)|2 (3)
/ a2

n + a2
n+1 + 2anan+1 cos(!n,n+1t) (4)

with the (exponentially) decaying coe±cients an(t) and an+1(t) and a beat frequency of ∫n,n+1 = !n,n+1/2º =
(En+1 ° En)/h. The beating period of 115 fs in Fig. 3 corresponds to an energy diÆerence of 36 meV.

The quantum beats become much more pronounced when the energy analyzer is set to detect electrons with yet
smaller binding energies. An example corresponding to a binding energy EB ' 40meV is displayed in Fig. 4. In
this case the almost transfrom-limited 95-fs sech2 pump pulse (bandwidth 14 meV) predominantly excites electrons
into the n = 4 and the n = 5 states. The beating period observed for short delays is 2º/!4,5 = 230 fs corresponding
to an energy diÆerence between the states ¢E4,5 = 17.8meV. After 2 ps most of the population in the n = 4 state
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 s
ig

na
l (

ar
b.

 u
ni

ts
) 1/ν45

1/ν56a(t)

A

Po
pu

la
tio

n

0 .5 1 1.5 2 2.5
Pump–probe delay (ps)

n = 5
n = 4

n = 6

τ4 = .63 ps
τ5 = 1.2 ps
τ6 = 2.0 ps

B

0 2 4 6 8 10

ν (THz)

Fourier
transform

ν56

ν45 Cu(100)
EB = 40 meV

ωa

ωb

3

5
∞

ΔE

Figure 4. Quantum beats observed after the coherent excitation of image-potential states with quantum numbers
n = 4, 5, 6 (EB ' 40meV). (A) The thick curve corresponds to the measured 2PPE signal as function of pump-
probe delay. The thin line is the result of the density matrix calculation for the two-photon excitation depicted
schematically on the right side of the figure. The dashed line shows the envelope Ea(t) of the exciting UV pulse.
The Fourier transform was obtained after subtraction of a smooth exponential decay from the measured data and
directly gives the beating frequencies ∫45 = (E5 ° E4)/h and ∫56 = (E6 ° E5)/h between the excited states. (B)
Relative population of the individual levels resulting from the calculation and corresponding decay times øn. The
coherent peaks visible for n = 4 and n = 6 are caused by oÆ-resonant excitation of these levels from the continuum
of initial states in the metal. (From Ref. 9).

5

U. Höfer et al. Science, 277, 1480 (1997)

2PPE to study the energetics and dynamics of unoccupied states such as 
image potential states
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equilibrium, see Fig. 1(c). The first features to be populated
are displayed in Fig. 1(d). Curiously, the parabolic dispers-
ing feature (labeled 1) appears to be populated before time-
zero. Moreover, closer inspection reveals that it decays
toward negative delays [16]. We attribute this feature to
the first image potential state (IPS) [13,17–20], which is an
electron state bound in front of the metallic Bi2Se3 surface,
and frequently observed in time-resolved photoemission

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

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

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

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

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

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

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

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

and probed by h!1 and thus appears before time-zero. Feature
(2) is a bulk state populated by a direct optical transition at time-
zero. The BCB (3) and SS (4) are indirectly populated by
scattering from higher energy states. (b) Schematic of the
electronic band structure for Bi2Se3. Grey, shaded regions rep-
resent the BVB and BCB. Lines represent the SS with spin
texture indicated. (c)–(g) trARPES spectra near the ! point for
various pump-probe delays. (c) BVB before excitation. (d) Initial
optical transition to high-lying bulk state and IPS. Note the
separate energy axis for the IPS. (e) The SS and BCB are
populated by scattering from higher-lying states. (f) Energy
relaxation of the SS and BCB populations are mostly complete.
(g) A metastable population in the BCB, accompanied by a
persistent population of the SS in the region energetically below
it. A movie showing data at all delays is included in the
Supplemental Material [16].

PRL 108, 117403 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

16 MARCH 2012

117403-2

Sobota et al. PRL 108, 117403 (2012)

tr-PES to study excitation and relaxation of hot electrons in a topological 
insulator
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Reconstruction of Attosecond Beating By Interference of Two-Photon Transitions

Paul et al. Nature. 292, 1689 (2001)

I = cos(2ωτ + φq+1 - φq-1 + φ(atomic, q+1) - φ(atomic, q-1))
Signal modulates with half of the optical cycle:

RABBITT and streaking 
These  sub-cycle 
resolved experiments 
with attosecond resolution 
probe the dynamics of 
quasi-bound continuum 
states.

Pump: XUV APT  
(attosecond pulse train) 
Probe: fs IR

phase- 
locked
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SB2q  ~ cos 2ω0τ −Φ2q( ) = cos 2ω0τ − Δθ2q − Δϕ2q
At( )

Δϕ2q
At

2ω0

= τ 2q
At = τ 2q

Wig +τ 2q
cc

Paul et al., Science 292, 1689 (2001) 
Dahlström et al., Chem. Phys. 414, 53(2013) Quantum path 

interference Yakovlel et al., PRL 105, 073001 (2010) 
Scrinzi, Laser Phys. 15, 880 (2005) 

Reconstruction of Attosecond Beating By Interference of Two-Photon Transitions
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Hemispherical 
electron analyzer Noble metal 

surface

Reimaging toroidal mirror

e-TOF

Argon gas

e-

HHG in argon

100nm Al foil

Delay stage

Mirror with 
center hole

Focusing 
toroidal mirror

Interferometric pump-probe spectroscopy in two foci (targets)

Differential pumping and 
interferometric stability 

Interferometric stability 
required over long beam 
path. 

Solely differential pumping 
between HHG generation 
(20 mbar) and surface 
target (< 5e-10 mbar)

Rev. Sci. Instr. 85, 013113 (2014) 
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    RABBITTs on noble metal surfaces 
‣ Clear sub-cycle dynamics in all three metals. 
‣ Replicas of valence band are spectrally resolved. 
‣ Background due to secondary electrons and above 

threshold photoemission (ATP) depends on the work 
function.
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SB2q  ~ cos 2ω0τ −Δθ2q −Δϕ2q
Ar + 2ϕ0( ) SB2q  ~ cos 2ω0τ − Δθ2q − Δϕ2q

Surf + 2ϕ '0( )

Optica. 2, 405 (2015
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Dipole-allowed transitions 
We consider all dipole-allowed transitions 
that lead to interfering quantum paths  
2q+1 and 2q-1.

1. XUV excitation 
2. Wavepacket propagation / transport 
3. Interaction with IR probe field

Optica. 2, 405 (2015)
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Wigner delay as a consequence of scattering phase shift


Wigner, Phys. Rev. 98, 145 (1955) 

V(r) 
Ψin 

(Defined for short-range potential scattering) 

Incoming wave-packet: 

€ 

Ψin (r,t)∝ dE A(E)
0

+∞

∫ ei(−kr−Et )

Ψout 

Outgoing wave-packet: 

€ 

Ψout (r,t)∝ dE A(E)
0

+∞

∫ ei(kr−Et+η(E ))

Courtesy A. Maquet

€ 

tW =
dη(E)
dE

η(Ε) scattering phase shift:


Wigner time-delay:
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     Model based on scattering calculations 
• Valence band serves as initial states, i. e. 4d (Ag), 5d (Au) 
• Dipole-selection rules and multiplicities applied 
• Scattering of plane wave expanded into spherical harmonics 
• Scattering potential: linearized-muffin-tin-orbitals (LMTO)



Castiglioni 
10-17-2018 Electron transport  24

3.0

2.5

2.0

1.5

1.0

0.5

0.0

no
rm

al
iz

ed
 s

id
e 

ba
nd

 in
te

ns
ity

  (
ar

b.
 u

ni
ts

)

2.52.01.51.00.50.0
time delay  (fs)

 no transport time: phase shift 0
 single site: shift 0.25 fs
 sum over emission sites: 0.153 fs

Effective transport time
Inelastic-mean free path from literature
Group velocities: fitting to free electron final states
Summation over emission sites (20 layers)

Ballistic electron transport
‣ Single site (z = λ):      250 as  
‣ Summation over z:    150 as
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‣ Atomic delays (Wigner & cc):      +/- 20 as  
‣ Transport:                               100-200 as
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Optica. 2, 405 (2015)Krasovskii, Phy. Rev. B, 84, 195106 (2011)

τ i (Ekin ) =
λ Ekin( )
!vg k! ,k⊥

(i )( )

    RABBITTs on noble metal surfaces 
‣ Delays vary non-monotonically with energy. 
‣ Largest contribution from final state. 

wavepacket propagation. 
‣ Lifetime/delay depends only on inelastic 

mean-free path and group velocity.
Krasovskii & Schattke, Phy. Rev. B, 59, R15 609 (1999)
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Optica. 4, 1492 (2017)

Resonance
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Optica. 4, 1492 (2017)

Chen et al. PNAS, E5300 (2017) 
Tao et al. Science, 353, 62 (2016)

Resonance
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2.
Optical fields at metallic surfaces
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RABBITT at different incidence angles of the light but equivalent 
positions in momentum space.

Near normal

incidence

Near gracing

incidence

PRL 115, 137401 (2015)
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Comparison of calibrated photoemission delays at 15° and 75°

Experimental phase shifts are in 
agreement with Fresnel!

350-400 as

PRL 115, 137401 (2015)
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Interaction of 
photoelectron wavepacket 
with IR probe-field 
happens right at the 
surface (z=0). This precise 
localisation is important for 
the correct interpretation of 
attosecond delays.

PRL 115, 137401 (2015)
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Pt valence 
band

CO/Pt(111)

FLASH BL3 (THz) 

THz pump - XUV probe 

XUV: 151 eV (< 80 fs), p-pol 
THz: 1.5 - 2.0 THz, s-pol
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Ex
Ez

z

x

Opt. Express, 26, 8364 (2018) 
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Pt(111)/YSZ/Si(111)  
thin films

Pt thin film: 
Small sub-wavelength 

Pt islands with (111) faces

on THz-transparent 
substrate.

Pt islands large enough to 
resemble electronic 
structure of bulk Pt.
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Pt(111) bulkPt(111) thin film
155

150

145

140

135

 E
kin

 [e
V]

-8

-4

0

4

8

 E
 [1

06  V
/m

]

121086420
 delay [ps]

 E⊥

 E ∣∣

121086420
 delay [ps]

 E⊥

 E ∣∣

(a)

(b)

(c)

(d)



Castiglioni 
10-17-2018 Summary  38

Optica, 4, 1492 (2017)

Optica, 2, 405 (2015)

1. Attosecond delays in photoemission 

‣ RABBITT and streaking allow study of 
electron dynamics on as timescale. 

‣ Photoemission delays dominated by 
electron transport. 

‣ Enhanced lifetime of resonant transition due 
to lower group velocity. 
Photoemission final state matters!

2. Optical fields at metallic surfaces

‣ “attosecond metrology” allows for 
probing of effective fields at surfaces. 

‣ Fresnel equations (i. e. Maxwell) remain 
valid on atomic length- and timescales. 

‣ Different screening behaviour of bulk 
metals and thin films.

Opt. Express, 26, 8364 (2018)  
PRL, 115, 137401 (2015)
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relative delay τ 
between the two states


Interaction of a single attosecond pulse (SAP) with an IR field
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Interaction of an attosecond pulse train (APT) with an IR field

Rela%ve''
delay'τ(2q) 
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