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22.1
Overview

An area of physics exhibiting rapid progress and strongly focused interest is that of
extremely fast phenomena; both the development of suitable methods and the
understanding of such processes are at issue. While the term �ultrafast� was
originally used for processes occurring in the (first upper, then lower) femtosecond
range, today timescales of 1 fs or fractions thereof are accessible. This does not
represent a marginal improvement, but encompasses a qualitative change: from the
range where in principle the Born–Oppenheimer approximation, albeit with diabatic
extensions, can be applied, to that of true nonadiabatic response, where themotion of
individual electrons becomes the focus of attention. Therefore, the opportunity now
exists to investigate the motions of electrons within many-electron systems, includ-
ing the development of coupled many-body responses like the formation of band
structure and the buildup of screening responses. First attempts to push into this
range by looking at, for example, the ultrafast charge transfer at surfaces have been
made successfully in the last 15 years with the core hole clock method. However, the
latest developments utilizing attosecond laser pulses promise to provide a general
tool to investigate in detail, andwith few restrictions, this realmof electronicmotions.
While significant methodological development remains necessary for complete
utilization and interpretation of measurements made on the attosecond timescale,
the results obtained so far are extremely promising. It is timely, therefore, to give an
overview of some past approaches, themost recent developments, and to identify the
types of problems that should be attacked in the future using this exciting new tool.
Wewill focus in particular on processes occurring at surfaces, because they contain in
nuce the ingredients operative in atoms and molecules together with the important
effects of solids.
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With this contribution, a short overview of surface-relevant processes proceeding
on the attosecond timescales will be given. In its first part, we present a selection of
ultrafast phenomena and show how they can be accessed under continuous wave
(cw) conditions, that is, in experiments where no temporal resolution is provided
either by attosecond excitation pulses or by ultrafast detection. We use this part to
introduce key phenomena of ultrafast dynamics on surfaces and to illustrate the
limits of conventional methods. In the second part (Chapter 22.3), we demonstrate
how the application of laser-based attosecond metrology can be used to overcome
these limits.

22.2
Examples for Ultrafast Dynamics on Solid Surfaces

22.2.1
Electronic Response

When comparing electron binding energies from photoemission experiments on
isolated atoms with one-electron energy levels of the unperturbed particle obtained
from one-electron calculations, significant differences appear, which are larger for
more localized and compact photoionized orbitals [1, 2]. This effect, known as
intraatomic relaxation, is due to a rearrangement of the ion�s electron distribution in
response to the creation of the vacancy. As a result, the total energy of the ion is
decreased and the kinetic energy of the photoelectron is increased. Coulombic and
exchange energy also contribute to the observed increase in kinetic energy. For
incomplete relaxation, part of the excess energy remains in the ion as a bound or
continuum excitation, and additional shake-up or shake-off satellites are observed in
addition to themain lines in the photoelectron spectrum [1, 3]. Formolecules or solid
compounds, this satellite structure can be very rich due to contributions of local and
nonlocal excitations (e.g., plasmons) and charge transfer between the atomic con-
stituents of the compound [1]. To gain perspective, we will examine a simple case: an
atom adsorbed onto a surface that is photoionized.We assume that charge transfer is
slow. In this case, only the polarization of the surrounding matrix will contribute the
additional, extraatomic part to the total relaxation energy. It is largest for metallic
substrates with delocalized conduction electrons (typically�1–2 eV) and smallest for
insulators with low e [1, 4]. How fast does this simple screening process proceed (and
all the other, more complicated processes mentioned above)? Calculations indicate
that the dynamics can be divided into two parts: For short times, defined by less than
one half of a plasma frequency oscillation period, the electrons react ballistically as
independent particles. For long times, collective oscillations with the plasma fre-
quency are encountered [5]. For all metals, these dynamics proceed in the sub-
femtosecond regime due to their corresponding plasma frequencies. So far, time-
resolved measurements have only been possible for semiconductors with very low
electron density and correspondingly small plasma frequency [6]. Do cw experiments
allow access to these dynamics? One could consider photoemission experiments on
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identical atoms bound to different surfaces with very different plasma frequencies.
Using different photon energies resulting in low and high kinetic photoelectron
energies, that is, slow or fast photoelectron release, one could hope to see differences
in the response of the matrix showing up as shifts of the experimentally obtained
binding energies. Unfortunately, such an experiment fails. Due to the temporally
extended photon pulses from conventional cw sources, the photoemission process
will occur for a long time and the experimentally obtained spectrum will be
dominated by the fully screened final state in both cases. Since the adiabatic limit
is never reached, there will also be lines from less or unscreened final states even if
the excitation process is extended by using extremely narrowband radiation [3]. The
spectrum sums over all possible final states and for practical situations, it is always
close to the sudden limit. Therefore, feasible cw approaches to screening dynamics
are difficult.

One way to access the screening dynamics would be to monitor a process in
which two electrons are emitted sequentially, separated by a time interval comparable
to the critical screening time noted above. The analysis of postcollision interaction
(PCI) line shapes [7] falls into this category and consequently seems promising.
During PCI, near-threshold ionization of inner shell levels results in slow photo-
electrons that are still within reach of the ion�s Coulomb potential when the core
hole decays by a subsequent Auger process. This doubles the ion�s positive charge
and increases the attractive force on the threshold photoelectron. Because of the
statistical nature of core decay, broadened and red (blue) shifted energy profiles
result for the photo (decay) electrons for such near-threshold ionization of core
levels [7]. For an adsorbate on a surface, screening by extraatomic polarization
reduces both PCI effects, that is, level broadening as well as energy shift [8]. We
propose, therefore, that PCI profiles from very short-lived core levels of adsorbates
contain information on the dynamics of this screening process. Because of the small
ionization cross sections of such levels [9] and the large widths of their spectral
lines [10], related experiments are difficult, which is probably the reason why no
successful attempts have beenmade so far. Access to the dynamics of more complex
satellites or to that of matrix-induced energy losses like plasmons or electron–hole
excitations will be even more difficult to observe without the use of true attosecond
metrology.

There is, however, an interesting exception. The spin-dependent screening dy-
namics of magnetic impurities in 3d ferromagnets have been successfully investi-
gated by inelastic resonant Raman scattering (IRRS) [11]. Using the lifetime of the 2p
core holes as a time ruler (see the description of the core hole clock method below),
magnetic screening time constants ranging from 1.5 fs for Ni to less than 180 as for
Fe have been obtained [11].

22.2.2
Charge Transfer Dynamics and Resonant Photoemission

Lifetimes of inner shell levels can be very short. For thosewith large binding energies
or those decaying via Coster–Kronig or super-Coster–Kronig processes, lifetimes are
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well below 1 fs (see Ref. [10] for a compilation). Lifetime-broadened maxima are
observed in kinetic energy spectra for the photoelectrons as well as for the decay
(Auger) electrons. We note, however, that these homogeneous broadenings are
correlated. For all decay processes with a final state of well-defined energy (e.g., the
ground state of a doubly charged ion) and no further inelastic channels, energy
conservation can only be violated for the (short) lifetime of the intermediate core-
ionized state; it has to apply between initial (ground) and final (doubly ionized)
states. In other words, a positive energy shift (þDE) of the photoelectron is
compensated by �DE of the decay electron. It has been convincingly demonstrated
by coincidence experiments that excitation and de-excitation are coherent process-
es [12]. Unfortunately, coincidence experiments are very difficult to carry out, due to
the very large background counts from solids. It is much easier to start with a bound
core resonance instead and excite it with narrowband radiation. If the resonantly
excited electron does not exchange energywith its environment during the lifetime of
the core hole, which is typically the case for an isolated particle, due to energy
conservation the energy of the decay electron (or decay photon) disperses linearly
with the excitation energy. The decay electron spectrum resembles the off-resonant
photoemission spectrum, with one-hole states (participator lines, corresponding to
the main line in photoemission) and one-hole two-electron states (spectator lines,
corresponding to shake-up satellites), however with (often very) different relative
amplitudes [13]. For molecules, which may be vibrationally excited in the interme-
diate as well as in the final states, this dispersion rule holds strictly only within one
set of vibrational quanta [13]; interesting redistribution processes among the vibra-
tions are observed by detuning the initial excitation within the resonance. This
coherent process, which is termed resonant photoemission or Auger resonant
Raman effect (ARRE), is – besides other interesting applications inmolecular physics
– also a very powerful tool for investigation of ultrafast charge delocalization
dynamics on surfaces [14–16].

Particles bound to surfaces or other molecules are not isolated. They can exchange
charge and energy. If the status of the resonantly excited electron is changed during
the lifetime of the core hole by interaction with the environment, the coherence of
excitation and deexcitation noted above is lost. Particularly, delocalization of the
resonance electron into a continuum, for example, into unoccupied electronic states
of the substrate, converts the shape of the decay spectrum from resonant into normal
Auger (Figure 22.1).

In many cases, both contributions can be well separated. Combined with the
known lifetime of the core hole, the ratio of the integrated intensities of these two
channels yield the charge delocalization time:

tdelocalization ¼ tcore hole � Iresonant
Inonresonant

;

that is, tdelocalization is measured in units of tcore hole [14]. The CHC method looks at
processes that are different from those observable by lasers in the optical range,
but it also has some clear limitations. A fundamental complication is that the
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core ionization increases the effective atomic number fromZ toZ þ 1 and therefore
changes the chemical behavior of the atom during the lifetime of the core hole
(�equivalent core approximation� [1]). The excited electronwhose transfer is observed
is therefore initially localized on the atomwith the core hole, while for laser excitation
in the optical range, the electronwave packet is delocalized in the adsorbate layer, and
the hole is in the substrate. This does not necessarily mean that one method, either
the CHC or the optical laser pump–probe, provides a more accurate depiction of the
systems dynamics. In fact, in the case of the CHC, the clear initial localization may
well be closer to actual charge transfer processes, but these differencesmust be taken
into account in interpretation and comparison. A severe limitation is that core levels
of appropriate lifetime [10] may not be available for the surface particles of specific
interest, or that the resonance energy may not be suitable for such measure-
ments [14]. In addition, in molecular adsorbates with spatially extended valence
state wave functions, it is difficult to distinguish intramolecular charge delocalization
from heterogeneous electron transfer, without further geometrical and/or energetic
information. Finally, the CHC method supplies only a number, namely, the ratio of
both channels, albeit as a function of energy through the resonance, but this number
does not yield information about the temporal evolution of the charge distribution.
We will show that future experiments with attosecond pulses can avoid these
limitations. We finally note that extracting charge delocalization times simply from
the widths of resonance lines fails in most cases because other effects, particularly
from inhomogeneity of the samples and also from vibrational envelopes, will cause
additional line broadening, which in most cases cannot be discriminated from the
lifetime effect, even by sophisticated data evaluation.
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Figure 22.1 Charge delocalization measured
by the core hole clock method. Inner shell levels
and occupied outer shell/valence levels are
indicated as solid black lines and unoccupied
levels as dashed gray lines. Core excitons (left)
decay via participator or spectator processes
if the lifetime of the resonance is longer than

the lifetime of the core hole. If the
delocalization of the resonantly excited
electron, that is, its transfer to a continuum,
for example, into unoccupied levels of the
substrate, is faster than core decay, normal
Auger is observed (middle) as for primary
core ionization (right).
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22.2.3
Scattering Experiments and Band Structure Buildup

Atomic and molecular orbitals of particles condensed into the solid-state interact,
forming energy bands with energy values dependent on electron momentum.
However, as for the collective behavior in the screening example, a few scattering
events are necessary for the electrons to probe the structure of their environment in
order to form bands. On a very short timescale, we can assume that the electrons �do
not know� about the solid structure or the corresponding electronic band
structure. This is confirmed by theoretical investigations and experiments on charge
transfer during scattering of fast ions at surfaces. Neutralization of negative ions
probes the unoccupied, while that of positive ions the occupied density of states at
the surface. For crystalline materials, the density of states varies strongly with
energy showingmaxima,minima, and gaps. As a result, charge transfer rates should
vary depending on the energetic positions of the projectile ionization or affinity
levels and indeed such effects have been found using the CHC method outlined
above [14]. Theory [17, 18] and experiment [18] show that the signature of the band
structure in the charge transfer rates vanishes for increasing particle energies,
corresponding to decreasing interaction times. We will see that this aspect is also
of fundamental importance for experiments with attosecond light pulses and their
interpretation.

22.3
Attosecond Experiments at Surfaces

22.3.1
General Remarks

The measurement of attosecond dynamics relies on the reproducible generation of
events with attosecond duration and on probing techniques with commensurate
resolution [19]. Until recently, the briefest reproducible events have been pulses of
near-infrared (NIR) laser light, with durations of around 5 fs [20, 21]. At present, high-
energy NIR pulses as short as 3.4 fs can be produced [22]. Traditionally, the fastest
measurement techniques have used the envelope of these laser pulses for sam-
pling [23]. However, these techniques have not yet been capable of resolving the time
structure of subfemtosecond transients.

With the arrival of isolated attosecond pulses in the extreme ultraviolet (XUV) [24–
27] and of carrier-envelope phase-stabilized intense few-cycle laser pulses [28], an
apparatus was developed allowing reconstruction of atomic processes with a time
resolution within the Bohr orbit time of �150 as. In this apparatus, an accurately
controlled few-cycle wave of visible light is used to collect �tomographic images� of
the time–momentum distribution of electrons ejected from atoms following sudden
excitation, for example, by XUV pulses of attosecond duration. From these images,
the temporal evolution of both the emission intensity and initial momentum of
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released electrons can be retrieved on a subfemtosecond timescale. As a first
application, primary photo and secondary Auger electrons were probed. In general,
transients can be triggered by an isolated attosecond electron or photon burst
synchronized with the probing light field oscillations.

22.3.2
Principles of Surface-Related Attosecond Metrology

The technique draws on the basic operation principle of a streak camera [29–33].
Deflection of the electrons in a rapidly varying electric field allows reconstruction of
the temporal profile of the electron bunch. In our case, the intense few-cycle pulse of a
laser supplies this field (see below). By measuring the evolution of the emission
intensity and momentum distribution of photoelectrons, this attosecond transient
recorder (ATR) [34] has already provided insight into the temporal rearrangement of
the electronic shell of excited atoms on a subfemtosecond scale. This technique has
now been extended to the investigation of solid surfaces.

22.3.3
Generation of Isolated Attosecond Pulses and Principle of Attosecond
Spectroscopy of Solids

In a gas target, the electricfield of intense linearly polarized femtosecond laser pulses
induces – in a highly nonlinear interaction – gigantic dipole oscillations by pulling an
electron out of the atom and subsequently forcing it back toward the core in the next
half-cycle of the electric field. These oscillations contain high-frequency components
extending into the extreme ultraviolet and soft-X-ray regimes [20]. In a long laser
pulse containing many field oscillation cycles, the giant dipole oscillations are
repeated quasiperiodically, resulting in the emission of a series of high-energy
bursts of subfemtosecond duration that appear in the frequency domain as high-
order harmonics of the drive laser. In contrast, for an ultrashort few-cycle laser pulse,
only a few dipole oscillations can occur, and furthermore these few oscillations vary
strongly in amplitude. The field oscillation with the largest amplitude produces a
single burst of radiation in the spectral range of the highest emitted photon
energies [35].

With waveform-controlled few-cycle laser pulses [28], the giant atomic dipole
oscillations can be precisely controlled and reproduced from one laser shot to the
next. As a result, the XUV burst parameters, including duration, energy, and timing
with respect to the laser field, are well reproduced from one shot to the next. Because
the XUV burst is precisely synchronized to the field oscillations of the driving laser
pulse, we can use the XUV burst in combination with the oscillating laser field for
attosecond spectroscopy. This is essential, as these laser-produced XUV bursts are
currently too weak to be used for both triggering and probing electron dynamics.
Instead, the oscillating laser field, which changes its strength from minimum to
maximumwithin only�1200 as for a wavelength of 750 nm,must take the role of the
probing attosecond pulse. Experiments have proven that precise control over the
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waveform of few-cycle laser pulses makes it possible to control and observe atomic
processes on a subfemtosecond timescale.

Corkum and coworkers [32] proposed the basic concept of ATRmetrology in 2002,
which was further developed with a comprehensive quantum theory by Brabec and
coworkers [33]. Today, ATR based on photoemission from noble gases is an
established technique for characterizing the duration of attosecond XUV pulses [22,
34, 36]. The principle of ATR is based on generating a photoelectron by an attosecond
XUV burst in the presence of an intense, linearly polarized, few-cycle laser field
EL(t)¼E0(t)cos(vLt þ j). The momentum of the released electrons is changed by
Dp¼ eAL(t) along the laser field vector, where ALðtrÞ ¼

Ð¥
tr
ELðtÞdt is the vector

potential of the laser field, e stands for the rest mass of the electron, and tr is the
instant of release of the photoelectron. This momentum transfer Dp maps the
temporal profile of the electron emission onto a similar distribution offinalmomenta
pf¼ pi þ Dp within a time window of T0/2¼p/vL. If the electron�s initial momen-
tum pi is constant in time and their emission terminates within T0/2, the temporal
evolution of the electron emission can be unambiguously retrieved from a single
�streaked� momentum distribution.

In the case of multiple, distinct emission lines in the photoelectron spectrum, the
ATR can be used to compare the characteristics of the photoelectrons originating
from the different states. For example, the photoelectron spectrumof a (110)-oriented
tungsten surface obtained with the attosecond XUV pulses (Figure 22.2) shows two
distinct peaks originating from 5d/6sp valence band electrons and 4f/5p core levels.
By employing the ATR, the relative timing of the photoelectrons emerging through
the surface can be determined. As illustrated in Figure 22.3, photoelectrons travers-
ing the surface at different instants of time are subject to different phases of the
streaking field. It is possible to extract an effective emergence time of the electrons
using the waveform-controlled streaking field even though it penetrates the bulk due
to the optical index of refraction. As a result, the effective delay in photoemission can
be reconstructed from the spectrograms.

22.3.4
Hardware Requirements

At present, solid-state and surface experiments are performed in an attosecond
beamline consisting of a HHG generation chamber, an XUV spectrometer, and
several differential pumping stages in order to ensure UHV vacuum conditions in
the measurement chamber. The measurement chamber contains a two-part multi-
layer mirror for the XUVand IR pulses as described in Ref. [23]. The mirror acts as a
spectralfilter for the generation of single, isolated attosecond pulses from80 to 300 as
duration and is –with its two parts –used to introduce the temporal delay between the
XUV and the IR pulses. Emitted electrons are recorded with a time-of-flight
spectrometer. The analyzer section of the measurement chamber is rotatable,
allowing independent settings of the angles of detection and light incidence; the
latter is important to meet the Brewster criterion for the NIR, which minimizes the
effect of the phase-shifted reflected wave in the streaking experiment. The sample is
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mounted on a manipulator that moves it between the measurement chamber and a
separate preparation chamber for cleaning, conditioning, and characterization
purposes.

22.3.5
First Experimental Results

A tungsten (110) surface was the sample used in the first proof-of-principle experi-
ments [38]. From cleanW(110), two parallel spectrograms are observed that originate
from different electronic states, 5d valence and 6sp conduction band electrons, and
4f, 5p core electrons, which are emittedwith different kinetic energies (Figure 22.4a).
The large bandwidth of the excitation pulse does not allow separation of the 4f/5p and
the 5d/6sp intensities, respectively. But due to their comparatively small ionization
cross sections and densities of states, the 5p and 6sp contributions areminor and the
two emission peaks are dominated by 5d valence and 4f core contributions,
respectively. Both spectrograms show the change in electron energy corresponding
to the evolution of the electric field of the NIR streaking pulse. Figure 22.4b shows a
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Figure 22.2 Raw photoelectron spectra of
tungsten (110) measured with (gray curve) and
without (dashed black curve) the presence of
the probe NIR streaking field using XUV
photons of �91 eV. The spectra show two
distinct peaks originating from 5d/6sp valence

electrons and 4f/5p core levels at �83 and
�56 eV, respectively. In the presence of the NIR
probe field, there is an intense photoelectron
signal below 35 eV induced by above-threshold
ionization (ATI). Each spectrum was obtained
by integration over 60 000 laser pulses.
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center-of-mass (COM) analysis of the spectrograms. For this analysis, the time-
dependent COM of both emission lines were calculated in a global fit by

COMCBðtÞ ¼ a1e
�4lnð2Þ ðt�t0Þ2

FWHM2 sinðvtþw0Þþ offsetCB;

COM4f ðtÞ ¼ a2e
�4lnð2Þðt�t0�DtÞ2

FWHM2 sinðvtþw0�vDtÞþ offset4f ;

where a1, a2, offsetCB, and offset4f denote the streaking amplitudes and the time-
independent positions of the emission lines, respectively. t0 and FWHM denote
center and full width at half maximum of the Gaussian-shaped envelope of the
streakingfield, andw0 gives its carrier envelope phase. The parameterDt accounts for

Figure 22.3 Attosecond spectroscopy on
solids: Electrons arriving at the surface at
different instants of time are subject to different
phases of the streaking field outside the metal.
(In this figure, we neglect the streaking field
inside the solid, which due to themetal�s optical
properties is weak.) In panel (a), an isolated
attosecond XUV pulse and a delayed few-cycle
waveform-controlled streaking field are incident
on a solid surface. In panel (b), at time t0, the
XUVpulse is absorbed in the solid and two types
of photoelectrons are born, for simplicity one
photoelectron is called �slow� and the other
�fast.� In panel (c), at time t1, the fast electron
has propagated to the surface and is now
subject to the strong streaking field, which
modulates its outgoing kinetic energy

depending on the instant of release. In panel
(d), at time t2, the slow electron has reached
the surface and feels the strong streaking field at
the vacuum side; since it has emerged at a
different time, the modulation of its kinetic
energy will vary depending on the precise
delay in emission. By evaluation of the full
streaking spectrograms, collected as a
function of relative delay between the
attosecond XUV pulse and the streaking
field, the delay in photoemission can be
determined. Compared to streaking
experiments at isolated particles, detailed
models of electron localization, and electron
and photon transport and interaction are
necessary for the evaluation of such
spectrograms.
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a temporal shift between the spectrograms of both emission lines. The fit results are
shown as solid lines in Figure 22.4b and a temporal shift in the streaking of 85� 35 as
corresponding to the same delay in emission of the photoelectrons from the tungsten
surface is extracted. This result is in good agreement with the initial study, where the
valence electrons were found to be emitted approximately 100 as earlier than their
tightly bound core-state counterparts [38].

These results demonstrate the technical capability of measuring photon-induced
electron release, electron transport through the topmost atomic layers of a solid
sample, and emission into the vacuum in real time, with attosecond temporal
resolution. However, explaining the state-dependent differences of these emission
dynamics as seen in the streaking experiment is, unfortunately, a much more
challenging task than its equivalent for isolated particles [34]. Four different theo-
retical approaches to describe the dynamics seen in this W(110) experiment exist so

Figure 22.4 (a) Raw ATR spectrogram of a
tungsten (110) surface. Photoelectron
intensities are given in arbitrary units. The 5d/
6sp and 4f/5p peaks are fitted with a Gaussian
function and the peak positions at every time
point are indicated by dots. The solid line shows
the transient shifts of these peaks as obtained

fromaglobal fit equivalent to the center-of-mass
(COM) analysis. (b) COM analysis of the
spectrogram. The COM of both emission lines
as measured are given as dots, a global fit to
bothCOMtraces is shown in solid lines. See text
for details. (Please find a color version of this
figure on the color plates.)
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far, all yielding delayed emission of the core versus valence electrons from 42 to 110
as. The first theoretical approach by Echenique and coworkers explained the delayed
emission of the core electrons by different group velocities of the final states [38].
Assuming validity of the static band structure picture, the authors showed that for the
photon energy of the experiment (91 eV), thefinal state bands of the valence electrons
exhibit stronger dispersion than those of the core electrons. As a result, a smaller
effectivemass, larger group velocity, andmore rapid transport were concluded for the
valence electrons, explaining the observed timing. A critical point of this model was
the application of the static band structure. As indicated in the introduction, at least a
few scattering events are expected to be required for the formation of delocalized
states, and attosecond time intervals may be too short for these processes to occur.
Considering this, Kazansky and Echenique have investigated in a second study the
relative contributions offinal and initial state effects to the observed dynamics [39]. In
their revised quantummodel, they treat the core electrons as localized and the valence
electrons as completely delocalized. Attenuation by inelastic scattering is taken into
account as well as electron–hole interaction for the inner shell levels, but not for the
valence states. The streaking field inside the metal is assumed to be zero. Pseudo-
potentials obtained for copper are used to model electron transport. Calculations
based on this one-dimensional theory also reproduce the experimentally obtained
result quite well. Comparedwith thefirst approach, however, the relativemagnitudes
offinal and initial state effects are reversed. The authors show that differentfinal state
energies contribute only a Dt of 10 as to the total delay; the main effect can now be
attributed to the localized nature of the core electrons in contrast to the valence
electrons that are treated as delocalized.

A third study by Zhang and Thumm also assumes localized core and delocalized
valence electrons in the jellium approximation [40]. Compared to Ref. [39], the
authors include the streaking field inside the solid: they argue that the skin depth
(�100A

�
) ismuch larger than the electron�smean free path (�5A

�
).While the effect of

streaking is treated nonperturbatively, the photoemission by the XUVpulse is treated
by first-order perturbation theory. The authors introduce interfering contributions
from different lattice layers to the photoemission dipole matrix element for the
localized core states but not for the valence states, which according to their
assumption are completely delocalized (jellium approximation). According to their
model, this interference is the main source for the delayed emission of the 4f core
electrons. For this delay they obtain 110 as, a value compatible with the experiment.

A fourth theoretical study by Lemell et al. models the attosecond streaking
experiment by classical transport [41].Quantumeffects enter this classical calculation
via a stochastic force Fstoc(t) containing elastic and inelastic scatterings with tungsten
cores, as well as with conduction electrons. Other forces changing the electron�s
momenta result from the NIR streaking field, which penetrates �85 layers of the
solid in their model, and from the potential barrier at the surface. Rather detailed
assumptions are made concerning the properties of the various involved electronic
states. They discriminate 5p and 4f core electrons and 5d and 6s valence electrons,
and treat only the 6s band as delocalized. Elastic scattering cross sections are
calculated with the ELSEPA package [42]. Inelastic scattering cross sections and
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angular distributions of inelastically scattered electrons are obtained from the
momentum distribution and energy-dependent dielectric constant of tungsten. Two
limiting cases are considered for the final states: (a) a free particle dispersion relation
and (b) the group velocity distribution of Silkin et al. (Ref. [38], supplementary
material). Depending on these two alternatives, delayed emission of the core
electrons from 42 (case a) to 110 as (case b) is obtained; the authors point out,
however, that the group velocity distribution from Ref. [38] had to be blueshifted by
8 eV to obtain themaximum effect. For the limiting case (a), larger emission depth of
the core electrons and the valence electrons scattered inelastically into the energy
region of the core photoelectrons are themain sources of the observed delay.We note
that the authors address possible extensions of their model, particularly inclusion of
local field enhancements at the surface (plasmons), whichmight affect emission and
transport of localized and delocalized states differently.

22.3.6
Future Experiments

22.3.6.1 Improving the Theoretical Description of Streaking Experiments on Solid
Targets
The fact that four different theoretical approaches based on rather different assump-
tions yield contradicting explanations for the experimentally observed electron
emission dynamics from a metal surface, yet numerical values for the expected
delay, which all arewithin the experimental scatter, clearly indicates that the streaking
process at solid surfaces is not well understood.Many processes and properties, such
as primary photoemission, screening by itinerant electrons, transport, including
elastic and inelastic scatterings in the bulk and across the solid/vacuum interface, the
influence of the streaking field inside the material, and the localization of the
individual electronic states contribute to the effect. Future experiments must help
to solve this puzzle. A homogeneous sample like tungsten with its overlapping
localized (5d) and delocalized (6sp) valence electrons and core levels of different
symmetry (5p, 4f) that are energetically not resolvable under the conditions of an
attosecond photoemission experiment may be too complex for this purpose. Well-
tailored samples and experiments performed on these samples with different photon
energies are required to disentangle the individual contributions of the above
processes to the overall delay observed in the experiment. Such samples could be
thin crystalline layers heteroepitaxially grown on top of substrates from different
materials (Figure 22.5).

By varying thickness and elemental composition of these layered samples,
transport and electronic properties could be varied independently and disentangled.
Experiments with different photon energies would test the influence of final state
effects.

22.3.6.2 Dynamics of Band Structure Formation, Screening, and Magnetic Effects
It is clear from the considerations given above that a comprehensive description of
the streaking process must encompass information about the dynamics of band
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structure formation and screening. To attain this, it will be particularly important to
compare experiments with different photon energies, resulting in electron propa-
gation in different final states, with different effective masses in the static band
structure picture. We expect the maximum contrast for flat final states, for example,
states with d or f symmetry, where the deviation from free particle dispersion is
largest. Exciting electrons into such states, while varying the duration of the time
interval during which the photoemission process occurs by tuning the spectral width
of the XUV pulse, could reveal the transition from the free particle (for short pulses)
to the static band regime (for long pulses), similar to the variation of the projectile
energy in ion scattering experiments mentioned in Section 22.2.3.

On a short timescale, the concept of screening encompasses scattering and
redistribution of electrons, and as such its dynamics must enter a detailed theory
of streaking, as does that of the dynamics of band formation. Following the
considerations above, well-designed samples can help to isolate the related phe-
nomena. For many materials, photoemission is accompanied by simultaneous
excitation of intrinsic plasmons, that is, collective excitations of the electron gas.
Because of their many-body character, time for at least a few scattering events is
required for their formation. A goal of future experiments will be the investigation of
the emission dynamics of plasmon satellites and of features resulting from the
inelastic electron–hole excitations.We also expect attosecond-related deviations from
the static picture in line shape and line energy for polarization screening of
photoemission from adsorbates, for example, from inert layers like monolayers of
rare gases, and for charge transfer screening satellites in photoemission from

substrate

interface layer

overlayer

localized delocalized
electron wave function

IR
XUV

IR refraction
and penetration

electron transport

Figure 22.5 Sketch of an exemplary future
sample design. Achieving a better
understanding of the streaking process requires
discriminating the influences of electron
localization, electron transport surface and

interface barriers, and refraction and
penetration of the IR streaking field.
Appropriately tailored crystalline sandwich
structures of different materials, metallic and
insulating, can help to solve this task.
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compounds, for example, Mott insulators like nickel oxide. Of particular interest will
be the class of valence band screening satellites obtained for 3(4,5)d transitionmetals,
4f rare earth metals, and 5f actinides. For these materials, vacancies in the 3(4,5)d or
4(5)f shells can be screened either by localized d or f electrons or by delocalized
conduction electrons [1]. The latter screening process is less efficient, leading to
photoemission satellites with binding energies larger than that of the main line by a
few eV. It is of particular interest that these satellites can also be resonantly excited by
the decay of [3(4,5)p]3(4,5)d or [4(5)d]4(5)f transitions, giving rise to interference
between direct photoemission (with different screening scenario) and autoionization
channels with emission delayed by the lifetime of the core hole. It is clear that by
varying the material, the thickness of the active material (by layered samples), the
photon energy, and the XUVpulse duration that many routes to study these different
processes selectively will be opened. In particular, analysis of the temporal evolution
of Fano line profiles resulting from interference phenomena will exclusively be
possible with the attosecond spectroscopy approach [43].

The investigation of ultrafast magnetic phenomena is another field that has
attracted considerable interest during the last years. Recently, coherent coupling of
the polarization induced by the photon field of a femtosecond laser pulse with the
spins of ferromagnetic samples has been demonstrated [44]. The origin of this
coupling mechanism has been explained by relativistic quantum electrodynamics,
beyond the spin–orbit coupling involving the ionic potential [44]. Intense, few-cycle
IR pulses in combination with ultrashort XUV probe pulses and spin-sensitive
detection will enable the investigation of such ultrafast magnetic phenomena with
unprecedented temporal resolution. These studies will also include the microscopic
details of the incoherent thermalization of excited spin and allow comparison with
the corresponding charge processes.

22.3.6.3 Charge Transport
Ultrafast charge transport and adsorbate-to-substrate charge transfer are processes
of key importance for the dynamics of bond formation and bond breaking,
modification of materials by electronic excitations, electrochemistry, including
processes in dye-sensitized solar cells, spectroscopy, and molecular electronics. The
core hole clock method has clear limitations, as mentioned in Section 22.2.3. In
particular, it is not possible to follow the evolution of the charge distribution in real
time. Attosecond streaking, however, can achieve this task. After a resonant inner
shell excitation by an attosecond XUV pulse, it can follow the entire evolution of the
charge redistribution, starting with autoionization spectra immediately after excita-
tion and ending with nonresonant core decay after complete charge delocalization.
This transition between the two regimes will be evident in both the energetics and
the line shapes of the streaking spectrogram of the decay electrons. This method
will reach its full potential as soon as the XUV photon energies in the K-shell
excitation region of the chemically important elements C, N, and O become available
(from 280 to 540 eV).

All the experiments mentioned so far, apart from the magnetization studies, are
common in that the excitation does not disturb the system under investigation. That
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is, the excitation does not drive the population of states far from equilibrium, as is the
case, for example, in classical pump–probe experiments with femtosecond laser. At
present, the intensity of the attosecond XUV pulses is too low to promote a large
enough fraction of electrons into an excited state to be probed by a subsequent laser
pulse.

Once they become feasible, such pump–probe experiments, with two attosecond
pulses, will be powerful despite their perturbative nature. The second pulse could be
used for ultrafast time-resolved XPS, where time-dependent chemical shifts would
make it possible tomonitor the electronic system�s evolution. Tracer atomswithwell-
separated spectral features along the trajectory of charge transport would allow a site-
selective view. At present, this detection scheme is applicable only for excitation with
(low) harmonics of the NIR pulse. Despite these limitations, it is an extremely
promising approach. The progress in light wave synthesis will enable detailed control
of pulse shapes in time, making excitation of selected electronic states possible by
coherent control of electron wave packets, the motion of which can then be followed
by time-resolved XPS. We foresee for this method a level of potential comparable to
multipulseNMR,which has revolutionized stereochemistry.We expect an analogous
impact on the investigation of electron dynamics in solids and at interfaces and all
related phenomena.
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