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Abstract

The low coverage adsorption of alkalis on metal surfaces induces excited states localised on the
adsorbate. In the case of noble metal substrates, these excited states can exhibit a very long lifetime,
up to tens of fs in the Cs/Cu(111) system. We review recent experimental and theoretical investiga-
tions of alkalis adsorbed on noble metal surfaces, with emphasis on the characteristics of the alkali-
induced excited states, the origin of their long lifetimes, and the consequences for the adsorbate
dynamics. The possibility of long-lived resonances in other adsorbate/substrate systems is also
discussed.
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1. Introduction

Quite a few electron- or photon-induced reactions in adsorbate-substrate systems
involve an excited electronic state as a reaction intermediate [1-8]. A transient excited elec-
tronic state can be formed on an adsorbate directly by the incident particle, via electronic
excitation, electron attachment or photo-excitation. An adsorbate excited state can also be
formed through an indirect scheme, in which the energy of the incident electron or photon
is absorbed by the substrate to form hot electrons, which in turn lead to the excitation of
the adsorbate. All these reaction processes can involve single or multiple events (see the
DIET/DIMET discussion in Ref. [9]). The excited state mediated reactions have been
the subject of growing interest in the past years. In particular, the use of femtosecond
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lasers to trigger and/or analyse the reaction directly in the time domain opened up a lot of
fascinating possibilities in the field of surface chemistry studies.

In a reaction mediated by a transient excited electronic state (a resonant state), the for-
mation of the excited state triggers an evolution in the adsorbate—substrate system, i.e., an
energy transfer between the excited electrons and the nuclei. This process possibly leads to
a rearrangement of the nuclei, opening the way to a variety of phenomena: vibrational
excitation, dissociation, desorption or more generally, chemical reactions. In this context,
the characteristics of the transient electronic state are of paramount importance. The
energy of the excited state governs its accessibility for a given initial excitation and deter-
mines which final states can be reached. Most importantly, the excited state lifetime gov-
erns the efficiency of the reaction process. Indeed, a too short lifetime severely hinders the
efficiency of the energy transfer and quenches the chemical reaction pathway. On the other
hand, very long-lived states can be seen as very efficient reaction intermediates.

Recently, very long-lived excited states [10-12] have been observed in the case of alkali
adsorbates on noble metal surfaces. As discussed below, such long-lived states were unex-
pected in these systems. It is, therefore, important to measure, characterise and analyse all
the relevant parameters that govern the excited state lifetime and energy on a surface, with
particular emphasis on the occurrence of long-lived states. The understanding of the origin
of long-lived states opens extremely interesting new possibilities towards the control of
reactions at surfaces.

In this context, the alkali/noble metal system presents a few very attractive features for
such a study:

(1) The resonant states exhibit a relatively long lifetime, which is accessible by real-time
measurements such as time-resolved two-photon photoemission spectroscopy (TR-
2PPE).

(2) The system is experimentally well defined and tuneable with respect to a variety of
parameters (surface, alkali species, and alkali coverage).

(3) The system can be modelled in a parameter-free approach. It is possible to study
both the static situation (fixed adsorbate—surface distance) and, most importantly
for a long-lived state, the dynamic situation where the excited adsorbate moves with
respect to the surface.

(4) Some studies of the neutralisation of alkali positive ions by collision on noble metal
surfaces have also been performed recently. This process is very closely related to the
decay of excited states in the alkali/noble metal systems and thus probes the same
phenomena from a different point of view.

Before going into the analysis of the excited state dynamics in the alkali/noble metal
systems, one may recall the three types of processes that can be responsible for the decay
of excited states at metal surfaces.

The first process is the one-electron transfer process, called resonant charge transfer
(RCT), in which an excited electron localised on an adsorbate is transferred into the metal.
It can be viewed as the tunnelling of the active electron through the potential barrier sep-
arating the atomic potential well from the metal potential well. This one-electron process is
energy conserving and corresponds to the decay of an adsorbate state into unoccupied
metal states of the same energy. When it is energetically possible, the RCT is usually very
efficient since it involves one-electron coupling terms. Typically, at adsorption distances,
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decay rates reach the eV range for a free-electron metal substrate, corresponding to sub-fs
lifetimes. Compared to these values for a jellium metal, the long lifetimes, up to a few tens
of fs, observed in the alkali/noble metals systems [10-12] appeared quite surprising. As we
will see below, the long lifetime in the alkali/noble metal systems can be understood as an
effect of the projected band gap of the noble metal surfaces which partially blocks the RCT
[13]. RCT has been the subject of many studies in various contexts, in particular collisional
charge transfer [14]. In the case of a metal described in the free-electron approximation,
quantitative methods to treat the RCT process are now available [15-19] that can accu-
rately account for the experimental observations [20-22]. Below, we will present results
obtained with an extension of one of these methods (wave-packet propagation [17]) to
the case of noble metal surfaces.

A second decay process involves the inelastic interaction between the active electron
and the substrate electrons. In contrast to RCT, this process does not conserve the energy
of a given electron, but corresponds to an energy decay process. It is associated with multi-
electron coupling terms and, as such, can be considered weaker than a typical one-electron
RCT process. Nevertheless, it plays a very important role in a variety of problems: decay
of hot electrons in metals [23], decay of image states at surfaces [24,25], Auger neutralisa-
tion of positive ions at surfaces [26-29], or plasmon-assisted neutralisation of positive ions
at surfaces [28,30-32]. As we will see below, multi-electron interactions significantly con-
tribute to the decay of excited states localised on adsorbates when the RCT process is
hindered.

As a last decay process for excited electrons at surfaces, one can mention the energy
transfer from the electron to the heavy particle motion, such as the phonon excitation
which plays a role in the decay of low energy excited electrons in metals [33,34], overlayer
quantum wells [35,36] or in the decay of holes (electrons) in surface (image) states [37-40].
This process is usually considered to be weaker than the others and plays a role when those
are inefficient. At this point, one can stress that the excited state mediated reaction mech-
anisms mentioned above involve an energy transfer from an electron to the heavy particles
and can also be considered as a decay process of the excited state that can be included in
this last category.

The scope of this review is to summarise the present state of our understanding of long-
lived excited adsorbate resonances from an experimental and theoretical point of view. The
outline of the review is the following. After a general presentation of the main features of
the alkali/metal systems in Section 2, Section 3 is devoted to the experimental and theoret-
ical methods applied to study the alkali/metal systems, with a strong emphasis on the noble
metal substrates. Section 4 then presents the main experimental and theoretical results of
the time evolution of the excited states in the alkali/noble metal systems; a lot of attention
is given to the origin of a long-lived excited state in certain systems. Section 5 extends the
discussion to other adsorbate systems where long-lived states have been (have not been)
observed or predicted and to the perspective of control of these excited states.

2. General presentation of the alkali/noble metal adsorption system
2.1. General considerations

Alkali adsorption on metals has attracted much theoretical and experimental attention
over several decades (for an overview on different aspects of alkali adsorption see reference
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[41,42]). The most striking effect of alkali adsorption on metals is the drastic change of the
surface work function. Typically, at low coverage, the work function drops quickly when
the coverage increases, reaches a minimum around half the monolayer coverage and then
increases, while remaining a few eV below the clean surface value. The first interpretation
of this effect was given by Gurney [43], who explained that, since the alkali ionisation
energy is smaller than the clean surface work function, the first alkalis adsorb as positive
ions on the metal, thus leading to a dipole layer on the surface. This view was confirmed by
early theoretical studies of adsorption of a single alkali atom on a jellium metal, showing a
charge transfer from the adsorbate to the substrate [44]. As the coverage increases, the
adsorbates progressively neutralise leading to saturation of the work function change,
and for even higher coverage to a metallic layer [43]. This interpretation has been and is
still much used to describe alkali adsorption. It was challenged a few years ago following
theoretical studies on finite adsorption coverage on metals [45,46] and photoemission
experiments [47], the idea being that an adsorbed alkali looks more like a strongly polar-
ised alkali atom than like a positive ion. Further theoretical studies and analysis in the case
of a single alkali on a metal surface [48-50] confirmed that Gurney’s picture is appropriate.
Qualitatively, one can say that a positively charged adsorbate induces an image charge in
the metal. These screening charges are located at the surface and, for small adsorbate—sur-
face distances, the whole system (ion + screening charge) can look like a polarised alkali
atom [48,49], therefore the discussion on ionised or polarised adsorbates is partly seman-
tic. Nevertheless, it has some importance in the present case. Indeed, at very low coverage,
in Gurney’s picture, an excited state can be formed by bringing an electron on the lowest
unoccupied atomic orbitals of the alkali, even though it is much distorted by the metal
neighbourhood, we will see below that the experimental observations of long-lived excited
states can be interpreted in this way. At higher coverage, various phenomena can appear,
depolarisation of the layer [43], island formation [51,52], alloying [53] or interstitial
adsorption [54], making the situation more complex to describe. In the case of a complete
mono-layer on the surface, the adsorbate alkali layer has a metallic character and quan-
tum well states corresponding to quantisation of the electron motion in the layer can
appear [55-57]. Theoretical descriptions of the overlayer quantum well structures have
been reported, based on both model representations of the alkali overlayer [36,55,58,59]
and on first principle calculations [60]. These studies account for the observed behaviours
of these states. It must be stressed that the physical properties of a metallic overlayer of
alkali on a metal are quite different from those of dispersed alkali atoms adsorbed on a
metal, which forms the subject of the present review.

2.2. Excited state spectrum of alkali adsorption

The excited state spectrum of alkali covered surfaces has been investigated by a number
of experimental groups. The typical techniques used for such studies are inverse photo-
emission spectroscopy (IPES), two-photon photoemission spectroscopy (2PPE), electron
energy loss spectroscopy (EELS) and second harmonic generation (SHG) [61-65]. These
complementary techniques revealed that the entire electronic surface structure becomes
modified as a result of alkali adsorption even for coverages” of a fraction of a monolayer.

2 In the following, all coverage values will be given with respect to the adsorbate saturation coverage, i.c., a
closely packed alkali layer (1 ML) on the substrate.
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Fig. 1. Band scheme of the clean copper surface at k| = 0 (left) in comparison to the excited electronic states of
the Na/Cu(111) system as function of Na coverage obtained from 2PPE experiments (right; reprinted from
reference [66], Copyright (1994), with permission from Elsevier). The Cu(111) surface is characterized by the
surface projected sp-band gap and the n = 0 Shockley surface state (SS) at a binding energy of 390 meV at 300 K
with respect to the Fermi-energy Er. The dashed lines close to the vacuum energy Ev,. indicate the energies of the
(n=1) and (n = 2) image states. Alkali adsorption results in a drastic change of the surface vacuum energy Ev.c
(solid line) and of the binding energies of the image states (n =1, n =2, n = 3) as well as the Shockley surface
state. Furthermore, a new adsorbate related state (A) appears in the spectrum.

Fig. 1 from Ref. [66] is the result of a 2PPE experiment on the Na/Cu(111) system. It illus-
trates different features of the excited electronic structure of the alkali/metal surface
systems at low coverage.

1. The most apparent effect is the drastic change in the work function @(6) of the surface
as a function of the alkali coverage, 0 (upper solid line in Fig. 1). It arises from the
strong dipole moment induced by the positive alkali core and its image charge at the
surface. For low coverages the work function change is proportional to the number
of dipoles at the surface and, therefore, proportional to coverage. At higher coverage
alkali—alkali interaction becomes important as it reduces the effective dipole moment
per alkali. An increasing deviation from the linear @(60) can be observed. At about half
a monolayer this depolarisation effect has compensated the net dipole moment per
alkali atom. With increasing coverage the work function increases until about 1ML
coverage where a work function close to the value for the bulk alkali is observed.

2. Substrate-derived image-potential states (n =1, n = 2, and n = 3), which already exist
at the uncovered metal surfaces, are also strongly influenced by alkali adsorption. These
states are excited states of electrons in front of metal surfaces that are bound in the
attractive image potential well, when a surface projected band gap prevents the electron
penetration inside the bulk [24,25]. As shown in Fig. 1, significant variations in the
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binding energy of image-states are observed, in particular in the low coverage range
represented in the inset. A comprehensive review of the behaviour of image-potential
states on clean surfaces and after adsorption of alkali atoms can be found in reference
[67].

3. The n = 0 state in Fig. 1 corresponds to the Shockley surface state SS of Cu(111). Sur-
face states appear in gaps of the bulk electronic structure. They are localised close to the
surface and present a parabolic dispersion with a mass usually different from that of the
free electron [68]. The energy of this state decreases with increasing alkali coverage and
the state finally disappears from the photoemission spectra as soon as it crosses the low
energy edge of the L, — L; Cu(111) band gap located at about 0.9 eV below Ef at the
L, point.

4. Three alkali-induced states can be identified in Fig. 1. In the very low coverage regime
an occupied state B is observed, it is completely absent above 0.1 ML coverage. At cov-
erages below half a monolayer, an unoccupied state A is very clearly visible in the 2PPE
spectra. Its energy rapidly decreases with the change of the surface work function. Close
to the work function minimum, the state A suddenly disappears and a new occupied
state F shows up right at the Fermi edge and remains for coverages beyond 1 ML.

The latter three states (A, B and F) do not exist at the clean Cu surface. Therefore, these
features can be directly related to the adsorbed alkali atoms. The appearance of the low
coverage state A and its shift to lower excitation energies when the coverage increases have
been observed for a number of alkali adsorption systems. Sudden changes in the electronic
structure at finite coverage, as observed in Fig. 1 at about half a mono-layer, have been
reported in several articles and are typically connected with the appearance of an ordered
alkali over-layer structure observable by LEED [58,69-71]. The details in the related elec-
tronic structure in this coverage regime seem to vary from system to system and may crit-
ically depend on the balance between alkali—substrate and alkali—alkali interaction which
becomes relevant as an ordered over-layer develops. For the example given in Fig. 1, the
observation of an energy level right at the Fermi edge probably indicates the presence of
the metallic phase of the alkali over-layer which is expected to appear when the first mono-
layer approaches completion.

For the rest of the paper we will mainly focus on the feature A which appears in the case
of Na/Cu(111) at about 3 eV above the Fermi level in the zero coverage limit.

The dependence of the properties of the excited state A on a variety of parameters such
as substrate material, substrate orientation, alkali species, momentum and coverage
dependence has been investigated in the past. These results revealed a general behaviour
of this state that is qualitatively more or less independent of the substrate species, substrate
orientation and alkali species:

(1) The excited state A has been identified in several alkali/surface systems investigated
by IPE and 2PPE [11,72-74,63,75,76]. In addition, EELS and SHG experiments give
indirect indications for the existence of this state [61,65]. In the zero coverage limit,
this state is typically located several eV above Ef.

(2) The energy of the excited state shows a strong coverage dependence, its excitation
energy with respect to the Fermi level decreases monotonically with coverage (see
e.g., Ref. [64,66,72,76] and Fig. 1). As will be discussed later, this energy shift is a
direct consequence of the interaction with the field of the neighbouring alkalis.
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(3) As a result of the weak interaction between separated alkali adsorbates, at low cov-
erage no kj-dispersion of the alkali excitation is expected. This has been verified
experimentally for Cs/Cu(111) [72], Cs/Cu(100) [72] and Cs/Ag(111) [77]. For
higher coverage, wave-function overlap between neighbouring alkalis should give
rise to dispersion. At 0.33 ML, a kj-dispersion has been observed for K/Ag(110)
[63]. However, the measured effective mass of 2.3 m,. shows that the wave function
overlap between neighbouring adsorbates is still weak at this coverage.

(4) The symmetry properties of the state have been studied for Cs/Cu(111) by means of
polarisation dependent 2PPE [78]. It could be shown that the corresponding excited
state is invariant under rotation around the surface normal.

(5) The spectral width of the state measured at room temperature lies typically in the
range of several 100 meV [11,66,75,79]. For Cs/Cu(111) at 33 K a much narrower
line width of 70 meV has been reported [12]. Line shape measurements at room tem-
perature indicate a dominant contribution due to inhomogeneous broadening. The
origin of inhomogeneous broadening of alkali line shapes has been discussed earlier
by Wertheim et al. [80] and Petek et al. [79] and was attributed to the excitation of
frustrated translation modes and to the high mobility of the alkalis at the surface at
elevated temperatures. Measurements at 33 K allowed a deconvolution of the actual
homogeneous contribution to the line shape [79], related to the total dephasing of the
alkali excitation.

Four different alkali/metal surface systems that highlight some common properties and
differences of alkali adsorption in the low coverage regime are compared in Table 1. The
respective parameters changed are alkali species (Cs/Cu(111) vs. Na/Cu(111)), substrate
orientation (Cs/Cu(111) vs. Cs/Cu(100)) and substrate species (Cs/Cu(111) and Cs/
Ag(111)). Note that for all four substrates, there exists a surface projected band gap
and the excited state lies within it. Table 1 illustrates the rather general properties of
the excited states in the alkali/metal systems that were outlined above. As an additional
feature, one can notice that the energy position of the alkali resonance with respect to
the Fermi level is almost the same in the four systems. The coverage dependence of the
alkali resonance energy is rather steep and varies from one system to another. This
variation is not exactly linear with the coverage (see illustration and discussions below
in Section 4.1.3) and the value quoted in the fourth column is an average slope.

Table 1

Some static properties of the investigated alkali resonance for different adsorption systems: Ej is the resonance
energy with respect to Er for vanishingly small adsorbate coverage, FWHM is the measured spectral width of the
resonance (the values at 33 K and the value for Cs/Ag(111) in brackets correspond to the deconvoluted pure
homogeneous broadening), dE/d6 is the change in resonance energy with alkali coverage at low coverages

System Ey [eV] FWHM [meV] dE/d0 [eV/ML]
Na/Cu(111) [66] 3.0 410 & 30, RT 9
Cs/Cu(111) 3.1 350 £ 50, RT [11] 8.5
70 £ 10, 33 K [12]
Cs/Cu(100) 3.15 400 + 50, RT [11] 45

250 = 20, 33 K [79]
Cs/Ag(111) 2.7 <420 [11] (90 meV [77])
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Despite the existence of rather general properties for the excited states in all the alkali/
metal systems that were studied, the assignment of the resonance localised on the alkali
(peak A in Fig. 1) to a specific orbital of the free alkali atom was not obvious and different
answers were given in different works. Most of the assignments were based on the energy
position of the alkali resonance in the limit of very low coverage. In several publications,
the observed excitation was attributed to the lowest excited p. orbital of the free atom or to
an hybrid orbital with a large component on this p. orbital [66,72,73,63] (p- refers to the p
orbital aligned along the surface normal, the other two p sublevels are noted p, and p,).
This assignment was based on a comparison of the resonance energy to that found in early
theoretical studies on alkali/metal systems: Li/Jellium [44], Na/Jellium [81,82] and K/Jel-
lium [81]. These considered the case of a single alkali atom adsorbed above a free-clectron
metal surface, either via a density functional approach [44] or a model study [82]. In these
calculations, the lowest excited resonance was found to be very broad (width of the order
of 1 eV) and was assigned to the outer s orbital of the free alkali atom, however strongly
mixed with the next p. orbital. The hybridisation was caused by the interaction with the
metal and the resonance energy was found to shift rather rapidly in energy, as the adsorp-
tion height was varied [82,83,15,84,21]. The calculated energy position of this lowest lying
resonance, typically around 1 eV above the Fermi level, was too low to account for the
experimental observations. Therefore, it was tempting to assign the observed resonance
to a higher lying state, either the p. orbital (or a hybrid with a large p. component), or
the p. , orbital. The problem was then the lack in most experiments of a lower lying state
that could be assigned to the lowest s,p hybrid. Because of this absence, Nielsen and
Thowladda [75] made an opposite choice and assigned the resonance observed in K/
Al(111) to the 4s orbital of the alkali, despite its rather large energy, 2.4 eV, above the
Fermi level. In only one IPES experiment [76] on Li, Na and K/Al(111), a second lower
lying resonance (although much weaker) could be observed around 0.7 eV above the
Fermi level; the observed energies in the limit of very low coverage were close to the the-
oretical results [81,82] and the two peaks were then attributed to the s and p levels of the
free alkali atom. Finally, one must also mention the case of the Cs/Cu(1 1 1) system where
the lowest s, p. hybrid was found by Muscat and Newns [82] to be significantly higher in
energy than for the lighter alkalis, so that it was consistent with the experimental observa-
tions [10] and the observed resonance could be assigned in that case to the lowest s, p.
hybrid. Similarly, for the Cs/Al(111) system, the same assignment is supported by recent
calculations [85] which found the lowest excited state at 2.3 eV above the Fermi level with
a width around 1 eV, in quite satisfying agreement with the experimental observations of
Frank et al. [76] in the limit of low coverage. A rather different assignment method was
used by Arena et al. [74]. From the analysis of the electron energy dependence of the signal
intensity in an IPES experiment, they concluded that the Cs resonance at Cu(100) and
Cu(111) surfaces was compatible with a d. orbital of cesium.

Below, we concentrate mainly on the excited state localised on the alkali in the case of
noble metal surfaces. We show that model theoretical studies account for the experimental
observations (energies and lifetimes of the alkali resonances). This allows assigning unam-
biguously the observed resonance to the lowest excited state on the alkali. It corresponds
to a hybrid of the different orbitals of the free atom (mainly s and p) which correlates to
the alkali ground state (s symmetry) when the alkali—substrate distance goes to infinity.
Experimentally, up to now, no higher lying state has been observed in these systems
and this point is addressed below. From the success of the studies on noble metals, we
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could conclude that the same assignment should also hold for the other substrates. How-
ever, this tentative assignment has to be supported by further theoretical studies. Recent
test calculations (unpublished) on the case of Na and K adsorbed above a free-electron
Al surface, using the approach outlined below for the noble metal substrates, yielded an
energy for the lowest lying alkali-localised resonance around 2.7 eV above the Fermi level
in both systems, with a width larger than 1 eV. This value is consistent with the experimen-
tal energy position of the alkali-induced resonance in the limit of very low coverage [76].
This allows assigning the main experimentally observed alkali resonance to the lowest
excited state on the adsorbed alkali, both for noble metals and free-electron substrates.
The difference between these results and earlier theoretical studies on Al are attributed,
besides the fact that they use different approaches, to the consideration of different adsorp-
tion distances [81,82] and to the effect of different treatments of the image charge interac-
tions. However, the problem of the assignment of the very weak structure observed on
Al(111) substrates at an energy lower than the lowest alkali resonance is still remaining.
[76]. Further theoretical and experimental analysis is required to fully solve this problem.
In this context, one can mention possible complications coming from the specificity of the
alkali adsorption in some systems such as Al(11 1), where interstitial adsorption and island
growth have been reported to occur above a certain alkali coverage [52,86,51,87], possibly
leading to the co-existence of different adsorption states of the alkali.

3. Methods
3.1. Experimental

3.1.1. Time-resolved two-photon photoemission spectroscopy

To measure the lifetime (in particular the depopulation time) of excited adsorbate res-
onances within a real-time experiment, high resolution pump-probe experiments capable
of a time resolution in the low femtosecond regime are required. So far, the decay dynam-
ics of the alkali resonance introduced in the last section has been investigated by means of
time-resolved two-photon photoemission (TR-2PPE) and interferometric and time-
resolved two-photon photoemission (I2PC). A comprehensive review of different aspects
of these two techniques is given in reference [88]. In the following a short summary of these
techniques will be given.

3.1.1.1. Experimental setup. The principle of time-resolved two-photon photoemission
spectroscopy is based on an optical pump-probe scheme that allows for a time resolution
that is mainly determined by the pulse width and stability of the exciting pulsed laser
source. An overview of a typical experimental setup used for investigations presented in
this paper is given in Fig. 2. A femtosecond laser pulse incident onto a surface populates
an unoccupied electronic level located between Fermi edge and vacuum level. A second
laser pulse probes the population of this excited state by photoemission into the vacuum,
where the electrons can be detected by an energy discriminating electron analyzer. This
2PPE configuration allows for spectroscopy of excited (usually unoccupied) electron states
at high energy resolution of the order of 50 meV. This static 2PPE mode already allows
line width measurements and enables in principle the determination of the total dephasing
time 7, of the excitation process, if inhomogeneous broadening can be neglected or
accounted for. In a time-resolved mode, an optical delay stage is implemented into the
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Fig. 2. Schematic view of an experimental set-up for time-resolved two-photon photoemission. The dashed line
marks the path of the red output of the Ti-Sapphire laser; the solid line corresponds to the frequency-doubled
light initiating the photoemission process at the sample surface. The optical delay line in one of the two beam
paths of the second harmonic is used to adjust the temporal delay between pump and probe line on a femtosecond
time scale.

setup that enables the defined control of the temporal delay between pump and probe
pulses. This additional degree of freedom allows to successively probe the remaining pop-
ulation of the excited state at different times after excitation by the first laser pulse. The
resulting photoemission signal recorded as function of the temporal delay between pump
and probe laser pulse at a fixed kinetic electron energy is referred to as the correlation trace
of the time-resolved experiment. In case of equal pump and probe pulse — as typically used
for the investigation of the lifetime of alkali resonances — this trace is referred to as the
autocorrelation trace of the measurement (see e.g. Fig. 4). When the temporal delay can
be adjusted with a sub-femtosecond accuracy (corresponding to reproducible control of
the delay stage in the 10 nanometer regime) interferometric time-resolved 2PPE can be
performed. Oscillations (fringes) in the 2PPE yield as a function of temporal delay reflect
constructive and destructive interferences of the pump and probe pulses around time-zero.
This degree of accuracy can further increase the information depth in particular with
respect to the dephasing of laser field and involved electronic states and, therefore, it
allows a real-time access to the total dephasing time 75.

3.1.1.2. Data evaluation. In general, the experimental signal from a TR-2PPE scan is a con-
volution of the autocorrelation trace of the exciting laser pulses and of the decay dynamics
of the probed electronic excitation. In the absence of coherence in the excitation process,
TR-2PPE probes the pure population decay of the excited state and the experimental trace
can be modeled within a simple rate equation approach. If coherence between the electro-
magnetic field and the electronic transitions involved in the 2PPE process persists for a
finite time (finite with respect to the laser pulse width), decay of electron population
and decay of the polarization induced by the laser field are probed in the experiment
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and contribute to the detailed shape of the 2PPE signal. A more realistic approach to
model the measured traces for this case can be performed within the framework of density
matrix formalism. In order to simulate the dynamical processes involved in TR-2PPE,
Hertel et al. [89] applied this formalism to a two-level system, representing the initial
and intermediate states of the 2PPE process. This model can be expanded to three discrete
levels, corresponding to discrete initial, intermediate and final states of the 2PPE process,
interacting with an electromagnetic field.

To deconvolute the relevant dynamical parameters of interest (lifetime and dephasing
of the intermediate state involved in the 2PPE process, i.e. the alkali excitation) the exper-
imental data are fitted by the Liouville-von Neumann equation that describes the tempo-
ral evolution of the density matrix of the system:

i~ iss

Sh=tim e S (1)
Here the density matrix p is defined by its elements (p),,, = |n)(m| and [H,p] is the com-
mutator of the H and p operators. The diagonal elements (p),, give the probability of the
system being in the state |n), while (p),, = ()., represent the optically induced coherence
between |n) and |m) states. The dissipative term $ p®** describes the temporal decay of the
respective elements of the density matrix due to coupling to an external bath. For a known
laser field envelope, the remaining parameters for a fitting procedure are the depopulation
time 7, and the dephasing time 77 of the electronic states involved in the 2PPE process.
Dephasing corresponds to the decay of the coherence between the various states in the sys-
tem. It can occur both with and without population decay and one can define a pure-
dephasing time T associated to coherence decay without population decay. The various
dephasing times are linked by: 1/7, = 1/T5 + 1/2T,. Certain assumptions may be made
to reduce the set of free parameters. For example, for the case of excitation from/into a
band it can be shown that the corresponding step can be treated in the limit of rapid
dephasing (7> — 0 fs) [90]. In the comparisons with theoretical results below, we only con-
sider the depopulation time 7 of the alkali excitation (intermediate state). However, the
knowledge of 7, is required for an accurate determination of 7j. If a value of T3 is
unavailable, considering the two limiting cases, vanishing 7, or 7, equal to twice T},
can yield an error bar for the T} experimental value.

We will see later that the 2PPE signal from the adsorbate is not only governed by the
pure electron dynamics but to a certain extent also by the adsorbate motion induced by the
electronic excitation. A detailed quantitative comparison between theory and experiment
requires, therefore, the explicit consideration of the nucleus dynamics. This issue will be
discussed in more detail in Section 4.2.3.

3.1.2. First time-resolved results

The very general behaviour of the alkali excitation at a surface and the variety of
parameters available for tuning of this system offer an ideal tool for systematic studies
of charge transfer mediated surface processes involving an adsorbate resonance. In addi-
tion to the static properties presented above, it was found that for certain systems the
alkali resonance exhibits a surprisingly long lifetime accessible by time-resolved 2PPE.
This specific behaviour was observed for the first time for excited Cs adsorbed on
Cu(111) [10]. The top graph of Fig. 3 shows a color coded 2PPE map of Cs/Cu(111)
recorded with an electron energy analyzer capable of parallel detection of energy and pho-
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Fig. 3. Two-photon photoemission map and time resolved 2PPE map of Cs/Cu(111) recorded with an electron
energy analyzer capable of parallel detection of energy and emission angle ¥ (with respect to the surface normal).
The top graph shows a colour-coded 2PPE spectrum exhibiting the Cs-resonance at a measured electron kinetic
energy of 1.3 eV. Due to the localisation of the Cs-state no dispersion of the resonance energy as function of the
emission angle is observed. The bottom graph maps the FWHM of the 2PPE autocorrelation traces measured at
each point in the £~ plane. The FWHM of the autocorrelation trace can be considered as an indirect measure of
the excited state lifetime. Clearly visible is the increase of the lifetime close to the position of the Cs-resonance
(indicated by the black line in the bottom graph). The obvious downward shift in the lifetime maximum to lower
energies in comparison to the resonance energy is a consequence of the adsorbate motion induced by the
electronic excitation which will be discussed in Section 4.2 (from reference [205]).

toemission angle. Clearly visible is the alkali excitation at an electron kinetic energy of
1.3 eV. The Cs coverage for these measurements was 0.08 ML. The bottom graph shows
the corresponding TR-2PPE data represented here by the FWHM of the 2PPE autocorre-
lation trace measured for each point of the top graph. The FWHM of the 2PPE autocor-
relation trace can be considered as an indirect measure of the excited state lifetime. The
FWHM maximum just below 1.3 eV kinetic energy highlights the enhanced lifetime of
the Cs-resonance state. It was the longest ever observed lifetime for an electronic excita-
tion of a metal chemisorption system. The corresponding autocorrelation trace as com-
pared to the laser autocorrelation and to fits based on the Liouville von Neumann
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Fig. 4. Data analysis of a time-resolved 2PPE autocorrelation trace for the excited cesium state at a Cu(111)
surface yielding a lifetime 7 =12 + 3 fs. The graph shows the measured autocorrelation trace for positive
temporal delays (black squares) compared with traces calculated with 7, =9 fs and 7', = 14 fs (dashed lines),
assuming that the dephasing rate I’ is exclusively determined by Ty (I'»; = (277)'). Open squares represent the
laser autocorrelation measured by excitation from the Shockley surface state of the clean Cu(111) surface. The
solid line is a fit to the laser autocorrelation with a pulse width of 39.5 fs.

formalism is shown in Fig. 4. The value of T; of 12 4 3 fs (for 7, = 2 x T;) deconvoluted
from the measured autocorrelation trace contradicts markedly with theoretical results for
free-electron metal substrates that predicted intrinsic line-widths of alkali resonances in
the 1 eV range corresponding to sub-femto-second lifetimes for these excitations. It is this
lifetime and its dependence on different system parameters, which are the focus of the
following experimental and theoretical considerations.

3.2. Theoretical

For the case of a single adsorbate, a model approach of the alkali/metal systems that
can treat the dynamics of the transient excited states observed in TR-2PPE has been devel-
oped. It was initially developed to treat the electron transfer process in the course of
atom(ion)-metal surface collisions, where it was very successful, both for free-electron
metal [20,21] and noble metal surfaces [91].

3.2.1. Description of the model

The method developed to treat the RCT has already been presented [92] and only a
brief outline is given here. It consists of studying the resonant states of the adsorbate/metal
substrate system via the model one-electron Hamiltonian:

H=T+ Vsur + Vags + AVsur (2)

where T is the electron kinetic energy, Vsur is the electron—clean metal surface interac-
tion, Vaq4s is the electron—adsorbate interaction and AVg,s is the modification of the
electron—metal interaction induced by the presence of the adsorbate. The Hamiltonian
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(2) only includes a single adsorbate, so that it is representative of the low alkali coverage
situation.

In the case of the alkali/metal systems, we assume that the alkali adsorbate is ionised on
the surface and that the alkali core is not modified by the adsorption. We can therefore
take Vaqs as the electron interaction with an alkali positive ion, as it can be obtained from
earlier atomic physics studies. Similarly, in the Hamiltonian (2), we assume that the only
modification of the Vg, interaction, i.e., the AVg, ¢ term, corresponds to the electrical
image of the alkali positive ion core. One can stress that the above Hamiltonian imposes
the charge state of the alkali, thus allowing the computation of excited states. This is obvi-
ously well adapted for the computation of excited states corresponding to the capture of
an electron by an ionised alkali.

In practice, for the results presented below, the Vaq4s potential is taken as a pseudo-
potential of the Kleynman—Bylander form [93], built from the /-dependent pseudo-poten-
tials by Bardsley [94]. More details can be found in Ref. [95]. For the electron—surface
interaction potential, Vg, we used two different model potentials. The first one, well
adapted to treat free-clectron metal surfaces, uses the model potential derived by
Jennings et al. [96]. This potential is only a function of z, the electron surface distance.
It is an analytical expression that smoothly joins the image charge interaction in the vac-
uum with the bottom of the conduction band in the metal. The (111) and (100) surfaces
of noble metals require a special treatment due to the peculiarities of their electronic
structure: the presence of a projected band gap in the direction normal to the surface
(L- and X-band gaps, see e.g., in [25]) and the existence of surface and image states.
The projected band gap forbids electron propagation along the surface normal in a cer-
tain energy range and can thus influence the electron transfer between an adsorbate and
the metal surface. To describe the (111) and (100) surfaces of the noble metals, we used
the model description of Vg, developed in Ref. [97,98] from ab initio studies. These
potentials reproduce the surface electronic properties at the I' point. They only depend
on z, the electron coordinate normal to the surface and assume a free electron motion
parallel to the surface.

3.2.2. Determination of the adsorbate localised excited states and of the decay due to
resonant charge transfer (RCT)

Due to the presence of the continuum of metallic states, excited states localised on an
alkali adsorbate appear as resonances, i.c., as quasi-stationary states that decay by elec-
tron transfer into the metal. A few non-perturbative quantum mechanical methods have
been developed to solve the model Hamiltonian (2) in the case of a free-electron metal
[15-19]. Most of the results presented here are obtained with a non-stationary approach:
the wave-packet propagation (WPP) approach [17,92]. It consists of solving the time-
dependent Schrédinger equation with Hamiltonian (2) to get the time dependent electron
wave function ¥ (¥,¢). Hamiltonian (2) is cylindrically symmetric around the axis normal
to the surface that goes through the adsorbate and so, m, the projection of the electron
momentum on the symmetry axis is a good quantum number. The electron wave function
Y(7,¢) is represented on a mesh of points in cylindrical coordinates ¥ = (p, ¢,z). The time
propagation of the wave packet makes use of a split-operator approximation [99,100],
which allows to treat separately and then in a well-adapted way the different terms in
Hamiltonian (2) (see e.g., in [92]). A complex absorbing potential is introduced at the grid
boundaries to suppress artificial reflections of the wave packet.
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The time propagation starts with an initial electron wave function ¥ (7, = 0) = @((7).
From the time propagation, one can define the survival amplitude of the electron in the
initial state:

A(t) = (o ()P (7, 1)) (3)
from which one can get the density of states, projected on the initial state:
1 [
n(w) :Re(lim —/ e e A(r) dt) 4)
n—0o*t T Jo

All the excited states appear as peaks in the projected density of states. Within the WPP
approach, the e term is taken care of by the optical absorbing potential at the bound-
aries of the calculation grid, so that the projected density of states, n(w), is given simply by
n(w) = Re(L [7e'4(r)dr). The size of a given peak is directly related to the weight of the
resonance wave function in the initial wave function, @,(7). In the present study, the ex-
cited states are strongly perturbed atomic states; nevertheless they still retain a significant
overlap with the free Cs wave functions, so that the latter are a good choice for @((7). Di-
rect analysis of n(w) or of the time dependence of A(¢) yields the energy position, Eg, and
the width of the resonances. In this case, the width is equal to the decay rate of the excited
state via the RCT process and is noted I'rct. The WPP calculation can also yield the res-
onance wave function, @x(7), corresponding to the resonance located at Ex via:

@p(7) = lim efrlg 1P (7 1) dt (5)
1—0" Jo
In practice, the wave packet propagation is performed up to a large but finite time, allow-
ing convergence of the time integral in (4) and (5).

3.2.3. Electron—electron interaction

As stated in the introduction, besides the RCT, excited states also decay via inelastic
electron—electron interactions. Below the corresponding decay rate is noted I'c.. Qualita-
tively, the excited electron makes a collision with one of the substrate electrons resulting
in its scattering into metal states of lower energy.

Two methods have been used to evaluate I'e.. In the first one [101,102], the resonant
wave function, @z (7), determined in the previous section is used as the initial state in a per-
turbation calculation of I'..:

Fee=-2 / / drd7 @, (F)Im(2Z (7, 7; Ex)) P& (7) (6)

where X is the quasi-particle self-energy, evaluated in the GW approximation [23,103].
This many-body response theory approach is analogous to the one used for the study
of image state decay on clean metal surfaces, which was very successful in accounting
for experimental data (see details in [23,4]). In the GW approximation [103], one only con-
siders the first term in the series expansion of the self energy, 2, in terms of the screened
Coulomb interaction, W (7,7, E). The decay rate is then expressed as:

Ey>E :>Ep

nk
Fe=-2 % / / AFdF B3 (7, (P Im (W, 7' Ey — E, 1) a7 ) 5(7)
Ex
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where zp,j,;(?) are the wave functions of the final states participating in the decay (n is
the band index and £ is the electron momentum). The screened Coulomb interaction is
obtained in the linear response theory as detailed in Ref. [23,104].

The second method is phenomenological and inspired by LEED treatments [105]. It
consists of introducing into the WPP calculation a local complex potential inside the metal
that mimics the effect of the inelastic electron—electron interaction. The decay rate that
comes out of the WPP study then takes into account both the RCT and the multi-electron
decay processes. The magnitude of this complex potential should a priori depend on the
energy of the excited state. It can be obtained from the known lifetime of hot electrons
in the bulk (e.g., [23,106,89]) or adjusted to results obtained from the above many-body
theory.

The total decay rate of the excited state, I't, is obtained as the sum of the two decay
rates discussed above:

I't=1/t=Tgrer+ Iec (7)

The lifetime of the excited state, 7, is given by the inverse of the total decay rate, I't. The
definition (7) makes the implicit assumption that the two decays are not influencing one
another. This has been checked using the above phenomenological method: it appears that
the total decay rate varies linearly with the effective complex potential, confirming the
validity of the above summed expression and the independence of the two decay channels
[101]. Further discussion of the expression (7) and its significance for a photoemission
experiment will be given below. But, at this stage, one can stress that the two terms in
(7) correspond to decays toward different kinds of final excited electronic states: I'g ot cor-
responds to an energy conserving transition of the excited electron whereas I, corre-
sponds to a sharing of the excited electron energy with the substrate electrons, i.e., to a
decay of the excited electron energy.

3.2.4. First results

As a first set of results, Fig. 5 presents the energy and RCT decay rate of Cs levels inter-
acting with a metal surface as a function of Z, the Cs—surface distance, measured from the
surface image reference plane [13,95]. Two different metal surfaces are considered: a free-
electron metal with Cu characteristics and Cu(111). The results are presented for two dif-
ferent states of m = 0 symmetry, correlating at infinite separation to the 6s and 6p levels of
Cs. Although the results presented in this section are specific to the Cs alkali, the other
alkalis were found to behave qualitatively in the same way.

The energy of the levels is seen to be very similar on both surfaces, increasing when the
alkali approaches the surface, roughly following the image charge interaction. The RCT
decay rates, I'rcT, are quite different on the two surfaces. On a free electron metal, I'rct
for the various levels presented in Fig. 5 increases roughly exponentially as Z decreases
from large Z and saturates at small Z. The Cs adsorption distance is 3.5 ag, measured from
the image plane, as it can be obtained from the coverage dependence of the work-function
[61] or from LEED experiments [107]. At the adsorption distance on a free-electron metal,
the RCT decay rate is of the order of 1 eV, corresponding to a lifetime of the excited state
of the order of 0.5 fs. This value is typical of the RCT rates for an alkali on a free-electron
metal, and agrees well with earlier self-consistent treatments of alkali adsorption on jel-
lium surfaces [44,81,108]. One can also notice that the decay rate of the level correlating
to the 6p Cs level at infinity is larger than that of the level correlating to the 6s level. This
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Fig. 5a. Energy of the lowest lying resonances of m = 0 symmetry in the Cs/Cu system as a function of the alkali—
surface distance measured from the Cu image reference plane. The energy is given with respect to the vacuum
level. Full lines: level correlated at infinite separation to the atomic Cs(6s) level. Dashed lines: level correlated at
infinite separation to the atomic Cs(6p) level. Black lines: Cu(1 1 1) surface. Grey lines: free-electron metal surface.
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Fig. 5b. RCT decay rates (in V) of the lowest lying levels of m = 0 symmetry in the Cs/Cu system as a function
of the alkali-surface distance measured from the Cu image reference plane. Full lines: level correlated at infinite
separation to the atomic Cs(6s) level. Dashed lines: level correlated at infinite separation to the atomic Cs(6p)
level. Black lines: Cu(111) surface. Grey lines: free-electron metal surface.

difference is mainly attributed to the lower binding energy of the 6p level. It is thus asso-
ciated with a more diffuse wave function allowing a larger overlap at large Z with the
metal wave functions. One can also stress that the behaviour of the Cs level energy and
RCT rate on a free-electron metal is very similar to what was found in other atom(ion)-
free electron metal surface systems [15,16,20,21].

The situation on Cu(111) is quite different: the RCT decay rate, I'rct, for the lowest
state increases roughly exponentially as Z decreases from infinity and around 7 ay, it dras-
tically decreases down to very small values around 5-10 meV for Z distances in the adsorp-



262 J.P. Gauyacq et al. | Progress in Surface Science 82 (2007) 244-292

tion distance range. The RCT rate for this state thus appears to be 2 orders of magnitude
smaller on Cu(111) than that of its equivalent on a free-electron metal. In such a situation
where the RCT rate is very low, one should wonder about the decay by inelastic electron—
electron interaction. I is usually much smaller than I'gcr, but if the latter is almost can-
celled, then I',. can play a significant role. Calculation of I'.. using a many-body response
theory [101] for Cs/Cu(1 1 1) at the adsorption distance yields a value of 15 meV, i.e., a total
lifetime of 30 fs. This calculation thus predicts the existence of a very long-lived state in Cs/
Cu(111), much longer lived than on a free-electron metal. The long lifetime is due to the
quasi-blocking of the RCT by the projected band gap of the Cu(111) surface (L-band
gap) and the total decay rate of the excited state is dominated by the inelastic interaction
with bulk electrons. The decay rate for the level correlated to the 6p level is also much
affected by the presence of the L-band gap: in particular, at large Z, it is significantly lower
on Cu(111) than on a jellium surface. At a very small distance from the surface, the energy
of the ‘6p’ level comes close to that of the Cu(111) n =1 image state. The interaction
between the localised ‘6p’ state and the 2D image state continuum leads to an avoided
crossing structure, that is not shown nor discussed here (see e.g., in Ref. [92] and below).
The decay rate of this level will be discussed in more detail below.

At this stage, one can notice that, in the Cs/Cu(111) system at the adsorption distance,
the states presented in Fig. 5 are well above the Fermi level in the case of a very small
coverage. Their width is rather limited too, so that one can conclude that their population
at equilibrium will be very small. The WPP study did not reveal any other quasi-stationary
state that would be close to the Fermi level. These findings confirm the initial assumption of
the calculation that the alkali core can be considered as an ionised one and that the excited
states that are considered here in the low coverage limit correspond to the capture of an
electron by the ionic Cs core. Indeed, the situation should change with coverage: an increas-
ing coverage brings the adsorbate-localised states closer to the Fermi level (see e.g. Fig. 1).

The key point for the occurrence of long-lived states appears to be the quasi-blocking of
the RCT in the Cs/Cu(111). This effect can be understood by looking at the resonant wave
function that illustrates the characteristics of the excited state RCT decay on Cu(111) and
on a free-electron metal (see also in Ref. [13,95,101]). Fig. 6 presents the square modulus of
the resonant wave function for the lowest lying state (the one correlated at infinite Z to the
6s level of atomic Cs) in the case of Cs/Cu(1 1 1) and Cs/free-electron metal. z and p are the
electron coordinates perpendicular and parallel to the surface. The Cs atom centre is
located on the z-axis at the origin of coordinates. On Cu(111), the Cs atom is at the
adsorption distance (3.5 aq from the image plane). For the free-electron case, the Cs adsor-
bate is located further away from the surface, at 10 @, from the image plane, in order to
keep the decay rate of the state at a reasonably low value. The RCT process corresponds
to the tunnelling of the active electron through the potential barrier separating the atomic
well and the metal well. The transparency of the barrier is the highest along the surface
normal that goes through the atom centre, since that is where it is the thinnest. So, a priori,
one can expect the RCT to favour transitions along the surface normal, i.e., to preferen-
tially populate metal states with a vanishing k|, electron momentum parallel to the surface.
This is indeed the case in the free-electron case (Fig. 6b), where one can see that the out-
going electron flux of the excited state decay is centred on the surface normal. One can
notice that the outgoing flux decreases rather rapidly as one moves away from the normal,
indicating a very fast decrease of the barrier transparency with the emission angle. The
picture is completely different in the Cu(111) case, due to the electronic structure of the
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Fig. 6a. Wave-packet for the transient state in the Cs/Cu(111) system. It presents log(|‘P|2) in cylindrical co-
ordinates: z, normal to the surface (positive in vacuum) and p, parallel to the surface. The dark areas correspond
to large probabilities for the electron and the thin full lines to contour lines. The Cs atom center is at the origin of
coordinates. The adsorbate—surface distance is 3.5 ao with respect to the image plane.

Cu(111) surface. This structure is schematically shown in Fig. 7, which presents the energy
of the metal states as a function of k. At kj =0, the projected band gap lies between
5.83 eV and 0.69 eV below the vacuum. In the model used here (model potential from
Ref. [97]), the position of the band gap is a parabolic function of k|, corresponding to
the free electron mass. Inside the projected band gap, a surface state (SS) and image states
(IS) are present (see e.g., in Ref. [25]). As discussed above, the RCT decay of the excited
state is an energy conserving transition that should favour transitions to metal states
around k|| = 0. This is impossible on Cu(111), since there is not any kj = 0 Cu state in res-
onance with the Cs state energy (indicated by the horizontal line in Fig. 7). The only avail-
able metal states for the excited state decay correspond to large k| in the surface state or in
the 3D-propagating bulk band. Thus, the RCT decay can only populate large k| states
resulting in a drastic reduction of the RCT rate as compared with the free-electron case.
This aspect is well illustrated in Fig. 6a. No outgoing flux is present along the surface nor-
mal. The largest outgoing flux corresponds to the population of 3D propagating bulk
states; it appears beyond a certain angle from the surface, i.e., beyond a certain finite
kj.. In this system, very little population of the surface state occurs, due to polarisation
effects (see a discussion in Ref. [95] and below). One can stress here that the model descrip-
tion of the Cu(111) surface [97] that is used in the present theoretical approach implies a
free-electron motion parallel to the surface. With a more realistic band structure, the
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Fig. 6b. Wave-packet for the transient state in the Cs/free-electron metal surface system. It presents log(] lI’|2) in
cylindrical coordinates: z, normal to the surface (positive in vacuum) and p, parallel to the surface. The dark areas
correspond to large probabilities for the electron and the thin full lines to contour lines. The Cs atom center is at
the origin of coordinates. The adsorbate—surface distance is 10 ay with respect to the image plane.
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Fig. 7. Schematic electronic band structure of the Cs/Cu(111) surface obtained with the model potential from
Ref. [97]: the energy of the electronic states in the model Cu(111) surface is given as a function of the electron
momentum parallel to the surface (k). Vacuum is at zero energy. The 3D propagating states are represented by
the hatched area. The surface and first image states (dashed lines) are labelled SS and IS. The thick horizontal line
indicates the Cu states degenerate with the Cs transient state.
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Cu(111) band edges are not dispersing with a unit mass [25]. The minimum k| required for
a decay of the excited state would be smaller with a more realistic band structure, possibly
affecting the RCT decay rates reported here.

Another feature is apparent on the Cs/Cu(1 1 1) wave packet picture. The resonant wave
function is very different from the atomic 6s wave function it correlates to at infinite sep-
aration. In particular, it has lost its spherical symmetry. The Cs states thus appear to be
much modified by the surface, even though the surface-induced decay is weak. Qualita-
tively, the main terms in the electron interaction with the surface are the interactions with
its own image and with the ionic core image. Globally, the electron is repelled from the
surface. Close to the surface, image charge interactions are large and are able to mix
the various atomic levels, creating hybrids, similar to Stark states. The lowest lying level
is correlated at infinity to the 6s atomic level. When the alkali—surface distance decreases
to the adsorption distance range, the 6s level evolves into a hybrid that is mainly pointing
away from the surface and that is formed from the 6s, 6p and higher lying levels. This is
well apparent in Fig. 6a, where the resonant wave function appears to be pushed from the
atom centre toward vacuum. This strong polarisation of the electronic cloud enhances the
effect of the Cu projected band gap (see a discussion in Ref. [95]). In particular the sharp
drop around 7 ag of I'rct When the atom approaches the surface is attributed to the onset
of the s—p mixing in the resonant wave function.

One can come back to the variation of the RCT decay rate of the level correlated with
the 6p level at infinity (Fig. 5) and discuss it along the same lines as with the lowest lying
state. Although this state does not remain a pure 6p state, for convenience we will still call
it ‘6p” below. First, one can see that at very large Z, the difference between the RCT rates
on a jellium and on Cu(111) is much larger for the ‘6p’ state than for the ‘6s’ state, even
leading to an inversion of the relative values of the 6s and 6p decay rates. This is attributed
to the different energy positions of the levels inside the L-band gap. The 6p level is higher
in the gap than the 6s and thus its decay has to involve metal states with a larger &, lead-
ing to a stronger blocking effect of the band gap. As Z decreases in Fig. 5, one notices
around Z =9 ag a sharp drop of the RCT decay rate of the ‘6p’ state. It is attributed
to the onset of the mixing between the 6p level and the higher lying 5d level. The slope
change in the energy and width of the 6p level on a free-electron metal that occurs in
the same Z range is similarly attributed to the onset of the p—d mixing. Closer to the sur-
face, the rise of the 6p RCT rate on Cu(111) is interpreted as due to the onset of the mix-
ing with the lowest lying s state. Indeed, the mixing that is responsible for the formation of
a ‘more stable’ hybrid with a wave function pushed away toward vacuum is associated
with the formation of a ‘less stable’ hybrid with its wave function pushed toward the
metal. Precise assignment of the hybrid structure of the higher lying states is, however,
more difficult than for the lowest lying one, due to the existence of the mixing of several
atomic states corresponding to different orbital angular momenta, £, but also to different
principal quantum numbers, n. In this system, further complications arise since the 6p
state comes close to the image state continua and to the upper edge of the L-band gap
(see a discussion of these effects below in Section 5.1).

4. Aspects of excited state lifetime

In this section, a systematic review of the different aspects of the long-lived state in the
alkali/noble metal systems as obtained from theoretical and experimental investigations is
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given. In the first part, theoretical results obtained in a static approach, in which the adsor-
bate is kept at a fixed distance from the surface, are discussed in comparison with corre-
sponding experimental results. This static approach applies to qualitative aspects of the
excited state lifetime; it can also be quantitative provided the lifetime is not long enough
to allow a significant motion of the adsorbate during the state lifetime. On longer time
scales, electronic and nucleus degrees of freedom cannot be treated independently. Exper-
imental results that clearly show the effects of the nuclear motion induced by the electronic
excitation are presented in the second part of this section and a dynamical theo-
retical approach, taking the coupled electronic and nuclear motions into account, is
described. This allows a discussion of the effect of nuclear motion on the electronic state
characteristics.

Before we compare experimental and theoretical results, it is important to briefly dis-
cuss what to compare. As outlined above, time-resolved 2PPE allows, in principle, exper-
imental access to the depopulation time 7, to the total dephasing time 7, and to the pure
dephasing time T; of an excited electronic state. These times correspond to the evolution
of the excited electron when it interacts with the rest of the system. Different processes can
occur due to these interactions. If they lead to a transition to another electronic state, they
contribute to the depopulation time, 7. If the interaction does not lead to a change of the
electronic state, but simply to a phase-shift, like in an elastic scattering process, then it
leads to the destruction of the coherence between the various electronic states and so it
contributes to the pure dephasing time, 7. Similarly, transitions between degenerate or
quasi-degenerate states if not resolved experimentally also contribute to the pure dephas-
ing time, 7. Both pure dephasing and population decay contribute to the total dephasing
time 7> (1/T, = 1/Ty* + 1/2T}). As described in Section 2.1, the model calculations con-
sider resonant charge transfer (RCT) processes from adsorbate to substrate as well as
multi-electron terms (inelastic electron—electron interaction). Both these processes lead
to the decay of the population of the excited state. The theoretical values have, therefore,
to be compared with the experimental value for 7. Experimentally 7> is accessible either
by line-width measurements or by interferometric time-resolved two photon photo-emis-
sion (ITR2PPE). The strong inhomogeneous broadening of the alkali-induced resonances
at elevated temperatures (see Section 2.1) restricts the measurement of the dephasing time
in the frequency domain to low temperatures. Measurements of 7, for Cs/Cu(111) by
means of ITR2PPE have been performed for temperatures up to 300 K [12]. These mea-
surements indicate only a weak temperature dependence of the total dephasing time 7’
of the excited alkali state and a value of about 10 fs. Compared to the measured depop-
ulation times T of (at least) 15 fs for Cs/Cu(11 1), this value shows that a significant con-
tribution to 75 is due to pure dephasing processes.

4.1. Static approach

4.1.1. Comparison between different surfaces: effect of the characteristics of the substrate
band structure

Both the (111) and (100) surfaces of noble metals exhibit a projected band gap in the
direction normal to the surface, however at different energy positions. In contrast, the
(110) surface does not have a projected band gap along the surface normal. Table 2 pre-
sents experimental [10-12,79] and theoretical [101] results obtained for a Cs adsorbate on
different noble metal surfaces, thus allowing an analysis of the effect of the substrate
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Table 2

Characteristics of the adsorbate-induced quasi-stationary state in various Cs/noble metal systems

System Cs/Cu(111) Cs/Cu(100) Cs/Ag(111) Cs/Cu(110)

Energy (experimental)  3.1eV 3.15eV 2.7eV

Lifetime 50 fs at 33 K [12] 2.6 fs at 33K [79] 30fs at 33 K [79] 2.2fsat33 K [79]
(experimental) 15+ 6fsat300K[10] 6+4fsat300K [11] >7fsat300K [11]

Energy (Theory [101])  2.99 eV 3.16eV - -

Lifetime (Theory [101]) 28 fs S5fs - -

The energy of the state is given in eV with respect to the Fermi level and corresponds to the limit of very small
adsorbate coverage on the surface. The lifetime is given in fs. There are two experimental sets corresponding to
two different substrate temperatures.

characteristics. With the exception of the (110) surface, a long-lived state is experimentally
observed in all cases, the Cu(111) case being the most spectacular. Note, however, that the
lifetimes predicted and measured for Cs/Cu(100) and (110) are close to the limit of the
time resolution of TR-2PPE. The experimental lifetimes appear to depend on the system
temperature. A discussion of possible origins for the apparent temperature effect together
with the effect of the adsorbate motion will be given below, in Section 3.2. As for the the-
oretical results [101], limited to the Cu surfaces, they do reproduce the large difference
between the lifetimes on the (100) and (111) surfaces, the theoretical lifetime being typi-
cally in-between the experimental values at 33 K and 300 K. The differences between the
lifetimes obtained in the (100) and (11 1) surface cases can be interpreted within the model
presented above in Section 2.2 which predicts that the long lifetime is due to the quasi-
blocking of the RCT in these systems. If one goes back to Fig. 7, which presents a sche-
matic picture of the Cu(111) electronic band structure, one can see that the efficiency of
the RCT is related to the energy position of the quasi-stationary state within the projected
band gap. Indeed, the higher the resonant state in the band gap, the larger k|, the electron
momentum parallel to the surface of the electrons transferred into the bulk, should be and
the more reduced the RCT decay rate is. The projected band gap in Cu(100) is located at
higher energies than that in Cu(111). The adsorbate-induced resonance is then closer to
the band gap bottom in the Cu(100) case, so that the blocking effect is weaker. This leads
to a very different RCT decay rate of the Cs-induced state on the two surfaces: 112 meV
(Cu(100)) vs. 7meV (Cu(111)). In contrast, the decay rate via inelastic electron—electron
interaction determined within the many-body response theory approach appears to be
much less sensitive to the characteristics of the substrate band structure. It is comparable
on the Cu(100) and (111) surfaces (20 meV and 16.5 meV). Finally, the difference between
the Cs/Cu(111) and (100) systems in Table 2 can be attributed to the RCT rate difference,
induced by the different energy positions within the band gap. The position of the pro-
jected band gap of Ag(111) is close to the position of Cu(111), which is consistent with
the long lifetime found in this system.

The (110) surface deserves some further comments. No projected band gap along the
surface normal is present therefore one does not expect any stabilisation effect and
the decay rate should be comparable to that found in the jellium case. On a jellium, the
RCT decay of an alkali state is extremely fast [21,44,82,84], below 1 fs. At this point,
one must go back to the interpretation of the population decay in the TR-2PPE experi-
ments, where the photo-emitted electrons are detected along the surface normal. On
Cu(111) and Cu(100), the RCT resonance decay populates states far from the surface
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normal (k| > 0), which are not detected in an experiment looking at photoemission along
the surface normal, so that the RCT decay is observed as a population decay. In contrast,
on Cu(110), the resonance decay populates states around the surface normal (k ~ 0) and
these are observed together with the resonant state in a photoemission experiment looking
along the surface normal. In this case, a real-time experiment probes both the dynamics of
the RCT and the decay of the substrate state at the resonance energy. In particular, the
long time behaviour of the photoemission will be dominated by the slower of these two
processes. In other words, in the absence of a significant trapping of the electron around
the adsorbate (very short lived adsorbate-induced state), the observed lifetime should be
the same as on a clean surface; it is then equal to that of a hot substrate electron and
not to the lifetime of the adsorbate-induced state.

4.1.2. Comparison between different alkalis: effect of the adsorbate characteristics

The different alkali atoms have a similar electronic structure and one can expect all of
them to induce long-lived states when adsorbed on a noble metal similarly to Cs. Table 3
shows experimental [10-12,79] and theoretical [101,102] results for different alkali adsor-
bates on a Cu(111) surface. On the theoretical side, a long-lived state is always present
with a clear evolution along the alkali series: the heavier the alkali, the longer the lifetime.
The RCT and inelastic electron—electron interaction contributions exhibit the same varia-
tion along the series, however, the RCT rate presents the largest variation (a factor of 10
from Cs to Na) and it is thus the main origin of the variation of the state lifetime. Exper-
imentally, the same evolution along the alkali series is observed, however with a very short
lifetime in the Na case. Different features of the adsorbed alkalis can be invoked to
account for this evolution along the alkali series. They have been discussed in detail in
Ref. [102]. First, one could invoke the adsorption height, which is different in the three sys-
tems or the different energy positions of the resonance, which could lead to an effect sim-
ilar to that discussed in Section 4.1.1. As shown in Ref. [102], these effects are too weak to
account for the variation of the lifetime along the alkali series. One should then go back to
Section 3.2.4, where the band gap effect as the origin of the long lifetime is discussed in

Table 3
Characteristics of the adsorbate-induced quasi-stationary state in various Alkali/Cu(111) systems
Na/Cu(111) K/Cu(111) Rb/Cu(111) Cs/Cu(111)

Theory [101,102]

Adsorption height (measured from 2.5 ay 3.4 ag 3.6 ag 3.5 aq
image plane)

Energy (Theoretical, with respect to  2.78 eV 2.74 eV 2.78 eV 2.97eV
Fermi level)

One-electron decay rate I'rct 70 meV 16 meV 10 meV 7 meV

Inelastic electron—electron decay I'.e 22 meV 18 meV 17 meV 15 meV

Level lifetime t = 1/(I'rer + Tee) 7 fs 19 fs 24 fs 30 fs

Experiments

Level lifetime 1.6 fs (300 K) 25fs (33K) 15 + 6fs (300 K

[79] [79] [10,11])
50 fs (33 K [12,79])

The energy of the state is given in eV with respect to the Fermi level and corresponds to the limit of very small
adsorbate coverage on the surface. The lifetime is given in fs. There are two experimental sets corresponding to
two different substrate temperatures.
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detail. An important aspect is the polarisation of the excited orbital by its interaction with
the surface, which repels the electronic cloud into vacuum. This clearly appears on the
wave function in Fig. 6 and is responsible for the drop of I'kct, when the adsorbate—sur-
face distance decreases (see Fig. 5). The polarisation of the electronic cloud is very efficient
in enhancing the band gap effect. The different free atomic alkalis have different polaris-
abilities [109]: 24.08, 43.4, 47.3 and 59.6 A3, for the Na, K, Rb and Cs. When interacting
with a surface, their electronic cloud will then polarise in different ways. This effect is quite
visible in Fig. 3 in Ref. [102], where the wave function of the excited state in the Cs case is
seen to extend further into vacuum than in the Na case. This different polarisation of the
electronic cloud combined with the band gap leads to a longer lifetime for the Cs case. The
evolution of the excited state lifetime along the alkali series is then attributed to the evo-
lution of the polarisability of the alkalis along this series. To further stress this relation,
one can also mention the case of Li, for which a detailed study is not available. However,
the RCT decay rate for a Li atom in front of Cu(111) has been reported as a function of
the alkali—surface distance in Ref. [13]; at short atom-surface distance, it is very close to
the RCT rate for Na consistently with its polarisability [109], 24.3 A3, which is very close
to that of Na (24.08 A?).

4.1.3. Variation of the excited state characteristics with adsorbate coverage

In Fig. 1 we showed the coverage dependence of the various surface features in the Na/
Cu(111) system. Increasing the coverage strongly influences the alkali-induced state. Its
energy rapidly changes and the level comes closer to the Fermi level, shifting by as much
as a couple of eV for a 0.2 ML coverage. Changing the surface coverage appears to be a
possibility for tuning the resonance energy with respect to the substrate band structure.
Following the above discussion, one may wonder about the effect of this energy shift,
and more generally of the presence of alkali neighbours, on the excited state lifetime.
Experiments at room temperature [11] (see Fig. 8) as well as low temperature [12] for
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Fig. 8. Lifetime of the Cs resonance as a function of its position within the Cu(11 1) band gap at 300 K as probed
by time-resolved 2PPE. The tuning of the resonance energy is easily performed by an increase in the cesium
coverage. The inset shows the energy range of 0.6 eV probed within the experiment (black triangles correspond to
the respective position of the cesium resonance). The experimental autocorrelation traces (solid and open squares
and circles) show no significant difference indicating a resonance lifetime independent of the resonance energy.
The dashed lines in the figure are results of the modelled autocorrelation traces for 7) =9 fs and 7, = 16 fs. The
open triangles correspond to the measured laser autocorrelation.
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Cs/Cu(111) have been performed. In both cases, no detectable change in the measured
lifetime could be found, although, in the data shown in Fig. 8, the energy of the cesium
resonance varies between 3.0 eV and 2.4 eV (with respect to Fermi level, see inset of
Fig. 8). Using the relation between the work function and the coverage [61], one can esti-
mate the maximum coverage in Fig. 8 to be of the order of 0.1 ML corresponding to a
density of 4.4x 10" cesium atoms/cm” (the saturation coverage for Cs on Cu(111)
amounts to 0.25 the surface density of the Cu substrate [61]). From a theoretical point
of view, two different types of effects can play a role in this coverage dependence: (i) the
long-range interaction between the various adsorbates, dominated by the dipole associated
to each adsorbate and (ii) the exchange interaction between adsorbates, corresponding to
the possibility of a jump of the excited electron from one adsorbate to another. The inter-
action (ii) is of shorter range and can be thought to be ineffective for the relatively small
coverages considered in Fig. 8. In contrast, the long-range action of all the other adsor-
bates on a given excited state plays a role.

The long-range effect of the neighbouring adsorbates has been modelled in the case of
Cs/Cu(111) in Ref. [13]. It follows an earlier work (see e.g., Ref. [110-112] for details) in
the context of the collisional charge transfer between a projectile and a surface with a small
coverage of alkali adsorbates. The general idea is to explicitly treat a given Cs adsorbate,
Ads,, as outlined in Section 3.2, whereas all the other adsorbates are only represented by a
long-range dipolar field. All the dipoles from the distant adsorbates are averaged into a
dipolar plane, from which a disk is cut out to avoid double counting the adsorbate
Ads;. Such an approach is well adapted to the small to moderate adsorbate coverage
before the occurrence of the depolarisation of the adsorbate layer. The corresponding
results for the energy of the Cs-induced quasi-stationary state are presented in Fig. 9
together with the experimental results [10]. The results [13] are presented as a function
of the surface work function change, A®, equivalently to a coverage scale. As can be seen,
the modelling reproduces the energy variation observed experimentally quite well. One
notices that the energy change of the excited state is smaller than the work function change
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Fig. 9. Energy of the 6s resonance in the Cs/Cu(111) for various Cs coverage of the surface. The energy of the
resonance is given with respect to the Fermi level as a function of the alkali adsorbate induced change of the
surface work function. Full line: theoretical results [13]. Black dots: experimental results [10].
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of the surface. This can be attributed to the fact that the excited electronic cloud lies above
the surface image plane but does not penetrate deeply into vacuum and does not fully feel
the potential change induced by the adsorbate dipoles. Following this idea, it is possible to
show3/[213] that the variation of the energy of the excited state is roughly proportional to
(AD)>>.

As for the RCT decay rate, it has been evaluated within the same modelling. The var-
iation of I'grer is small and non-monotonic at low coverage and becomes significant for
larger coverages (see Fig. 4c in Ref. [13]). This variation has been attributed to the
quasi-balance between two opposite effects [13]: on one side, the down-shift of the energy
that moves the level down in the band gap and leads to a weakening of the band gap effect
and on the other side, the increase due to the long-range dipolar potential of the barrier
separating the adsorbate and the metal which results in a decrease of the barrier transmis-
sion. Nevertheless, I'rct remains below 10 meV in most of the investigated coverage
range. When varying the coverage, the lifetime of the excited state is not deeply affected
by a change in I'gcr. The contribution of the electron—electron inelastic interactions in
the excited state decay also has to be taken into account in the discussion of the lifetime
variation. One could expect I'¢. to decrease as a consequence of the level energy downshift,
following Fermi liquid theory which predicts a variation of the rate proportional to
(E — Eg)? (see e.g., in Ref. [23]). If we apply this scaling law to the energy change observed
in Fig. 8, from 3 eV down to 2.4 eV, one gets a factor of 1.56 for the lifetime, which should
be clearly observable in a TR-2PPE experiment. However, the effects mentioned above
about the RCT rate also influence the wave function of the quasi-stationary state as well
as those of the metal states and thus could affect the I',, rate. In the absence of a detailed
calculation of the dependence of I'., on the coverage, it is difficult to further discuss this
point, except by stressing that the I'r ot rate which is usually at the origin of the main vari-
ations and characteristics of the long-lived states (see above discussions) is only weakly
dependent on the coverage in the low coverage range.

4.1.4. Relative role of the different decay channels

From the analysis presented above, one gets the relative importance of the various
decay channels of the quasi-stationary states. Up to now, this information comes almost
entirely from theoretical studies, with the exception of collisional studies discussed in Sec-
tion 4.2.4. I',. does not vary much from one system to another, whereas I'rct presents
large amplitude variations, so that the excited state decay is dominated by one or the other
process, depending on the system. As a rule of thumb, the decay of the longer lived states
(e.g., Cs/Cu(111)) is dominated by inelastic electron—electron interactions, whereas the
decay of the shorter lived states (e.g., Cs/Cu(100) or Na/Cu(111)) is dominated by the
RCT. It is possible to further analyze and look at the relative importance of the various
substrate states in the RCT decay. Cu(111) exhibits a Shockley-type surface state close
to the bottom of the projected band gap and RCT can populate both 3D-propagating bulk
states and the surface state continuum (see Fig. 7). On Cu(100), only a surface resonance
is present. Depending on the system, the relative importance of the RCT decay channels
are very different. In Li—Cu(111) at large Li—surface distances, Z, the RCT decay for the
state correlated at infinity to the Li(2s) atomic state is dominated by the surface state and
I'rer 18, in this case, larger than on a free-electron metal [13]. This is attributed to (i) the
difference between the normalisations in 2D and 3D that favours the surface state over
the 3D-propagating bulk states and (ii) at large Z, the low energy position of the Li state
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in the projected band gap where the blocking effect of the band gap is weak. The impor-
tance of the 2D surface state continuum can be related to other cases where the 2D con-
tinua (surface or image states) heavily contribute to surface processes [113-117]. In
contrast, at small Z, in the Cs/Cu(1 1 1) case, transitions to the surface state are practically
absent (see e.g., Fig. 6), due to the strong polarisation of the excited state wave function
(see a discussion in Ref. [95]). In this system, the polarisation of the electronic cloud results
in the narrowing of the range of k| states populated by the RCT and to the appearance of
a node in this distribution. An illustration of this polarisation effect can be found in Ref.
[118] for the H/AI system. The node in the k) spectrum suppresses transitions in a certain
k domain, which, in the Cs/Cu(111) case, happens to be the range concerned with the
surface state and therefore the contribution of the surface state to the decay is extremely
small.

The relative importance of the surface state and 3D-propagating state contributions in
RCT could also be modified by the variation of the alkali coverage. Indeed, as seen in
Fig. 1, the energy of the Shockley surface state shifts down as coverage is increased, the
state enters the 3D-propagating s—p band of Cu where it becomes a resonance and even
eventually completely disappears. Similarly, in the Cs/Cu(111) case, in the 2PPE spec-
trum, we observed a downward shift of the Shockley surface state as the Cs coverage
was increased. For a coverage of 0.15 ML, corresponding to a Cesium resonance energy
of approximately 1.7 €V, no signal from the surface state at k| = 0 was detected [119]. In
such a case, the RCT decay will only populate 3D states, although possible contributions
from a surface resonance may be included. Similarly, a surface resonance is present on the
Cu(100) surface and the RCT decay of alkali resonances, in this case, could also include
contributions from the surface resonance imbedded in the contributions from 3D-propa-
gating states.

No systematic experimental studies have yet been performed on this subject. At this
point we refer to the outlook section where possible approaches to deconvolute the differ-
ent contributions to the alkali decay in experiment will be discussed.

4.2. Dynamical approach

Electronic excitation of an adsorbate can induce an energy transfer between the elec-
tronic and the heavy particle motions that can lead to the adsorbate desorption. More gen-
erally, one can say that an electronic excitation of an adsorbate induces a change of the set
of forces acting between the various components of the system. This phenomena can be
described following the well-known ‘Menzel-Gomer—Redhead’ mechanism [120,121]. In
this scheme, the adsorbate is initially in its electronic ground state at the adsorption equi-
librium distance. If the adsorbate undergoes an electronic excitation, such as an electron
capture or electron loss, the change of electronic state results in a change of the interaction
potential between the adsorbate and the substrate; in particular, the adsorbate is not
located at a minimum of this new interaction potential and it starts to move either toward
or away from the surface. These new forces acting on the adsorbate only last for a finite
time, given by the lifetime of the excited electronic state. The outcome of this mechanism
depends on a few parameters: the electron to nuclei energy transfer is favoured by a steep
potential energy curve of the excited state and especially by a long excited state lifetime. If
the energy transfer to the adsorbate motion is large enough, desorption occurs; else, the
electronic excitation only results in the excitation of the adsorbate vibrational motion in
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the adsorption well. In the latter case, desorption could nevertheless occur via multiple
successive electronic excitation. In the alkali-noble metal system, the excited state lifetime
is quite long and indeed, a significant motion of the adsorbate can occur during the state
lifetime. This effect is discussed below, together with a short account of the role played by
the long-lived quasi-stationary states in collisional charge transfer.

4.2.1. Motion of the Cs adsorbate induced by photo-excitation in Cs/Cu(111)

The TR-2PPE in the fs domain allows one to follow the time evolution of a system with
a pump-probe method. Using this approach, Petek et al. [79,122] have very clearly dem-
onstrated the existence of nuclear motion during the lifetime of the lowest excited state in
Cs/Cu(111). Their results [79] are presented in Fig. 10 and show the differential two-pho-
ton photoemission spectrum as a function of the emitted electron energy for different time
delays between the pump and probe pulses. In the zero delay spectrum, two components
appear corresponding to the non-resonant 2PPE of the Cu(111) surface state (around
5.8 eV) and to the 2PPE via the Cs-induced excited state (around 6 eV). When the time
delay increases, the non-resonant peak disappears while the resonant peak shifts in energy,
bringing direct evidence for the evolution of the excited state during its lifetime.
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The evolution revealed in Fig. 10 can be understood from Fig. 5, which shows the
energy of the excited state as a function of Z, the Cs—Cu distance. If the interaction poten-
tial between the excited adsorbate and the substrate is assumed to be the sum of the inter-
action potential of the Cs"—Cu system (ground state) and of the energy of the excited
electron in the excited state (Fig. 5), this excited potential is very repulsive and thus the
formation of the excited state leads to a stretching of the Cs—Cu distance, i.c., to a move-
ment toward desorption. Since the energy of the excited state decreases when the Cs—Cu
distance increases, the Cs motion induced by the photo-excitation results in a down shift
of the photoemission line, as seen in Fig. 10. In addition, one could expect Cs desorption
to take place. Petek et al. [79,122] have indirectly confirmed the existence of a photo-
induced desorption induced via the long-lived excited state. The change of the surface
work function induced by the photo-desorption has been used to get an upper limit of
the photo-desorption cross section equal to 2.4 x 10~'* cm?. This value is much lower than
the one reported for a similar process in the K/Graphite system [123]. The difference has
been attributed in Ref. [79,122] to the mass difference of the desorbing particles which does
not favor Cs. Another very likely possibility is that the desorption energetic in Cs/Cu(111)
is much less favourable than in K/Graphite. Desorption only occurs if the energy change
of the excited electron from the adsorption distance to infinity is larger than the adsorption
energy. In Cs/Cu(111), the electron energy change is around 1.9 eV equal to the adsorp-
tion energy of Cs as estimated in Ref. [79]. In that case, the photo-induced motion leads to
a significant excitation of the Cs—Cu vibration, but to a very low desorption probability.

The time evolution of the excited electron in the Cs-induced state created by the first
photon absorption in a TR-2PPE experiment has been modelled theoretically using a
WPP approach [124]. The idea was to solve the WPP problem for the electron evolution
with a time dependent Hamiltonian H(z), where the z-dependence comes from the desorp-
tion motion of the classically treated Cs nucleus. The potential for the excited state desorp-
tion is modelled from the energy of the electronic level associated to the Cs(6s) level
(Fig. 5) and from a harmonic potential [125,126] for the ground state. The initial state
of the propagation is taken as the excited state at the adsorption equilibrium position.
It mimics the population of the excited state by a ‘pump’ laser pulse at a delay time
A = 0 (the first photon of a 2PPE experiment). The electronic wave-packet is then propa-
gated while the Cs—Cu distance varies according to classical dynamics. After a certain
delay, A, a probe laser pulse acts on the electronic wave-packet and induces electron emis-
sion. In a sense, this pulse mimics the second photon of a TR-2PPE experiment. The probe
pulse allows the analysis of the evolution of the system with time, namely to get the time
dependence of the energy spectrum of emitted electrons. As a first result, Fig. 11 shows the
position of the maximum of the emitted electron energy spectrum as a function of the
delay, A. This quantity is directly comparable to the experimental observation. The agree-
ment observed in Fig. 11 is quite satisfying, taking into account the approximations
involved in the treatment of the heavy particle motion. It confirms the picture used to
describe the process as well as the relevance of the modelling. It also confirms that the time
evolution of the excited electron is adiabatic, i.e., that, during the desorption, the electron
evolution corresponds to that of a single excited state decaying by electron transfer to the
metal without any significant non-adiabatic transitions. In other words, this evolution
could be described via a local complex potential approximation [14]. One can also quantify
the magnitude of the desorption motion: during the first 100 fs, i.e., around 3 times the
state lifetime, the state energy varies by 0.15 eV corresponding to a 0.4 a, Cs displacement.
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Fig. 11. Cs adsorbate movement induced by the excitation of the Cs(6s) resonance in the Cs/Cu(111) system. The
figure presents the energy shift of the Cs(6s) resonance as a function of the time delay between the excitation of
the resonance and its probe in a time resolved two-photon photoemission experiment. Symbols: two sets of
experimental points from reference [122]. Full line: theoretical results from reference [124].

A rough estimate of the adsorbate displacement, useful to stress the various parameters
influencing it, can be obtained from the classical motion of an adsorbate of mass, M,
which is initially at rest and feels the action of an applied force dV/dZ during a time T
(T is typically equal to a few times the resonance lifetime). One thus gets a displacement
of the adsorbate with respect to the surface, AZ, equal to:
1dv 7°
AN ==-— — 8
2dz M (8)
This stresses the importance of a long-lived resonance to get a significant motion of the
adsorbate.

4.2.2. Influence of the Cs motion on the photoemission spectrum

During the desorption motion, the spectrum of photoemitted electrons changes, as
clearly evidenced in the experimental results [79,122]. Particularly the dependence of the
photoemission on the time delay between the two pulses does not exhibit an exponential
decrease, as it would if the only feature influencing the time-dependence were the excited
state lifetime. Indeed, the time-dependence of the signal comes from a few factors: the
exponential decay of the quasi-stationary state population, the change of the quasi-sta-
tionary state energy and lifetime with time and the resolution of the experimental obser-
vation window. The non-exponential behaviour is illustrated in Fig. 12 (from Ref.
[124)) which presents the results of the modelling for the intensity of the photoemission
spectrum at different energies, as a function of the delay, A. The energy of the emitted elec-
tron is referred to the energy corresponding to the Cs resonance at the Cs adsorption equi-
librium distance. Except for the absence of a non-resonant contribution at very small A,
the results shown in Fig. 12 are very similar to the experimental observations of Petek
et al. [79,122]. Two very different behaviours can be observed. For an emitted electron
energy corresponding to the centre of the emission line at the equilibrium position
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Fig. 12. Cs adsorbate movement induced by the excitation of the Cs(6s) resonance in the Cs/Cu(111) system. The
figure presents the intensity of photoemitted electrons at different energies as a function of the time delay between
the pump and probe laser pulses in a time-resolved two-photon photoemission experiment. The energy of the
photoemitted electron, AE, is given with respect to the centre of the Cs(6s) line in the absence of Cs motion for a
Cs adsorbate at its equilibrium position. (from Ref. [124]).

(AE = 0¢eV), the signal decreases rapidly with time, faster than according to the state life-
time. In fact, the decay of the signal at AE = 0 eV is due to two factors: (i) the decay of the
population of the excited state and (i) the down shift of the energy of the excited state with
time (see Fig. 5). Because of (ii), the emission line which initially is centred at 0 is also shift-
ing down in energy with time and moves out of the detection window. In the present
calculation, the width of the detection window is given by the laser pulse duration. The
behaviour at AE = —0.25¢V is very different: basically no signal for small A and a peak
around 120 fs. This corresponds to the fact that at =0, the emission line is centred on
AE = 0, so that the emission at AE = —0.25 eV is very weak. However, later the Cs motion
has shifted down the emission line, bringing it into the detection window. Emission at
—0.25 eV only exists because of the Cs motion.

The Cs motion has a few other consequences. First, one must mention that the distri-
bution of different adsorption distances in the initial state leads, via the distance depen-
dence of the resonance line, to a strong inhomogeneous broadening of the
photoemission lines. The spread in the alkali-Cu distance due to thermal population of
the various vibrational levels gives an estimate of the inhomogeneous broadening at room
temperature equal to 200 meV for Cs/Cu(111) and 320 meV for Na/Cu(111) [124]. This is
a very significant contribution to the room temperature line widths shown in Table 1. This
inhomogeneous broadening is much smaller when the temperature goes down, consistent
with the narrowing of the photoemission lines observed experimentally (see Table 1 and
Ref. [12]). The broadening of the photoemission line due to the Cs motion is much smaller
(see Fig. 10) than the inhomogeneous broadening at room temperature. However, for low
temperatures it can significantly contribute to the total line broadening. Another broaden-
ing mechanism in this system is due to the random character of the distribution of the
alkali atoms on the surface. At low coverage, the alkali adsorbates are ionised and repel
each other, however, their distribution on the surface is not perfectly inhomogeneous lead-
ing to an inhomogeneous broadening of the potential around a given adsorbate. This effect
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has been investigated using a molecular dynamics approach [127] in the Na and Cs/
Cu(111) systems. It leads to a significant broadening which increases with temperature,
though the distribution of alkali adsorption heights appears as the dominant broadening
mechanism.

Another important consequence of the Cs motion for the experimental analysis follows
from the non-exponential behaviour of the time-dependence of the photoemission signal.
The extraction of the quasi-stationary state lifetime from behaviours like those shown in
Fig. 12 is not straightforward, as opposed to the case where no adsorbate motion is pres-
ent and where the emission time dependence is a simple decreasing exponential. In princi-
ple, the lifetime extraction should involve a modelling of all the effects influencing the time
dependence (decay of the state, Cs motion and experimental window). Fig. 12 shows data
that correspond to the situation where the Cs is initially at rest in its equilibrium position;
it should represent the situation of a very low temperature where only the ground vibra-
tional level for Cs—Cu motion is populated. By contrast, at room temperature, the broad-
ening referred to above should blur the effect of the Cs motion, restoring an almost
exponential behaviour for a global averaged signal and allowing the extraction of an aver-
age lifetime for the quasi-stationary state. This effect is a likely origin for the apparent tem-
perature dependence of the quasi-stationary state lifetime (see Table 1), since the fitting
procedure that was used to extract the excited state lifetime from the experimental data
ignored the effect of the adsorbate motion.

4.2.3. Computation of the photo-emission signal

As explained above, a direct extraction of the transient alkali state lifetime from the
TR-2PPE signal is not straightforward due to the alkali motion, making a detailed quan-
titative comparison with the theoretical lifetime difficult. Such a comparison is more easily
performed on an experimentally observable quantity. Recently, the time-dependence of
the TR-2PPE signal in the case of Cs/Cu(111) has been computed using the theoretical
description of the system discussed above [128]. Basically, it describes the system during
the TR-2PPE experiment by a wave function product of a nuclear and an electronic part
and it explicitly takes the two laser pulses into account. The calculation includes various
initial and final states and an energy window is defined to select the experimentally mea-
sured final states. This allows one to compute the TR-2PPE signal and the energy spec-
trum of the ejected electron as functions of the time delay between the two laser pulses.
Fig. 13 presents the corresponding results (slow component of the TR-2PPE signal) as
compared to experimental results [129] obtained at room temperature with two different
lasers of pulse duration 25 and 40 fs. Since the actual shapes of the experimental laser
pulses are not accurately known, the calculations were performed with two shapes: Gauss-
ian and hyperbolic secant. The agreement between the theoretical and the experimental
results is quite satisfying. In fact the agreement between the computed signal and the
raw experimental data are much better than the one between the computed lifetime and
the one extracted from experiment, i.e., after some processing of the experimental data
(see Table 2). One can stress that the theoretical signal is obtained using the theoretical
lifetime in Table 2. The key point here is that the effect of the Cs motion is taken into
account in the comparison.

In an interferometric TR-2PPE experiment, the photoemission signal can be split in
three components: a slow varying component, one at the laser frequency and one at twice
the laser frequency (see e.g., in [88]). Analysis of the three computed components
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Fig. 13. Slow varying component of the TR-2PPE signal as a function of the time delay between the two laser
pulses in the Cs/Cu(111) system. Comparison between experimental [129] and theoretical [128] 2PPE signals for a
25 fs (panel a) and 40fs (panel b) laser pulse duration. Dashed line: experimental data [129]. Full line with full
circles: theoretical signal [128] for the ‘sech’ pulse shape. Full line with open circles: theoretical signal [128] for the
gaussian pulse shape. Dashed dotted line: autocorrelation function of the ‘sech’ pulse shape.

elucidates the role of the various features of the system in the population and coherence
evolution. As discussed above, the decrease of the TR-2PPE signal with time is due to
the decay of the Cs™ state, to coherence decay and to the fact that the Cs* state moves
out of the detection window. One must stress that the approach in [128] that involves wave
functions, does not introduce any pure dephasing process associated to the time 7. This is
at variance with the phenomenological description based on the optical Bloch equations
(see the discussion above). Nevertheless dephasing processes are present in this system.
It appears that the coherence between the initial state and the final photo-emitted electron
state disappears very quickly when a summation is performed over initial and final states.
More interestingly, the desorption motion of the Cs atom results in the time variation of
its energy and thus to its dephasing since the quantal phase of the state,
exp(—i f:MtE (¢)dr'), departs from a simple exponential exp(—i EA¢). This interpretation
is quite different from the usual one, in which dephasing is introduced via phenomenolog-
ical terms in Bloch equations and is usually assumed to correspond to the interaction of
the system with a heat bath. In Ref. [128], effective decay and dephasing times (7} and
T,) have been extracted from the theoretical photo-emission signals, assuming that the
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various components in the signal can be described as convolutions of autocorrelations of
the laser pulse with decreasing exponential [88]. These effective times compare well with
the corresponding experimental data at room temperature [129]. This confirms (i) the var-
iation of the effective times with the laser characteristics as observed by Bauer et al. [129]
and (ii) that the effective Cs™ lifetime that can be extracted from the photoemission signal is
significantly shorter than the real lifetime. In addition, the effective pure dephasing time 77
is found to be very close to the one that has been extracted from experiment [12], support-
ing the interpretation of the dephasing process in this system as mainly a simple conse-
quence of the Cs motion.

4.2.4. Collisional charge transfer

The unoccupied quasi-stationary states observed by 2PPE also act as intermediates in
the electronic processes occurring during the scattering of alkali projectiles from metal sur-
faces. In particular those are the states formed by the electron capture/loss processes at
surfaces. In the case of collisions on clean free-electron metal surfaces, the electron transfer
problem has been extensively studied [14] and accurate quantitative descriptions are now
available [20,21]. Scattering from the (1 11) and (100) surfaces of noble metals reveal a few
special characteristics that are linked to the features discussed above. First, the RCT rate,
that governs the electron capture and loss processes in the course of an atom(ion) collision
on a surface, can be significantly decreased due to the projected band gap. However, the
band gap blocking effect has a strong dynamical aspect, i.e., it shows a pronounced depen-
dence on the collision velocity. Indeed, it has been shown that the blocking of the RCT by
the projected band gap can only be effective for a long enough interaction time. In a fast
collision, the system probes the surface on a short time scale and the active electron does
not have enough time to explore the target surface band structure [130]. The metal surface
then behaves roughly like a free-electron metal. This aspect has been used to interpret
experiments on the velocity dependence of the electron capture process during collisions
[131,132].

Another effect of the (11 1) surfaces is due to the role played by the surface state in the
collisional charge transfer. In the case of fast collisions in grazing angle geometry, the large
velocity component parallel to the surface leads to the so-called parallel velocity assisted
electron transfer process [14,133,134]. The two-dimensional character of the surface state
leads to qualitative changes in this process which have been observed and theoretically
accounted for in a few systems including H™ formation and alkali positive ions neutrali-
sation in grazing scattering from Cu(111) surfaces [91,135].

5. Outlook and conclusions

In this section, we discuss a few extra features of the long-lived excited states on the
alkali-noble metal systems that are currently under study, as well as extensions of these
studies to other systems, where long-lived states have been observed or can be expected.
5.1. Search for other excited states in alkalilCu systems

In the previous sections, we concentrated on the lowest lying excited state of the alkali/

noble metal systems, this excited state is correlated at infinite separation to the ground
state of the free alkali atom. One may also wonder about the existence of other higher
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lying states and their possible long lifetimes. Until now, none have been experimentally
observed. A theoretical study of these has been reported for the Cs/Cu(100) system [136].

First, one can look at the states correlated at infinite separation to the excited states of
the alkali spectrum and see what is their lifetime at the adsorption distance. Going back to
Fig. 5, one can see that the 6p (m = 0) state of Cs exists at a large distance from the
Cu(111) surface with a small width, but that its decay rate becomes very large at small
alkali—Cu distances, most likely making it very difficult to observe. As explained in Section
3.2.4, polarisation of the electronic cloud leads to an increase of the lifetime for the lowest
state but also leads to a shortening of the lifetime of higher lying states. One can then
expect shorter lifetimes for the higher states. The idea is to then look for long-lived states
in other symmetries, where the lowest lying state of each symmetry should be in the best
situation with respect to a long lifetime. The theoretical study of the Cs/Cu(100) system
[136] has shown that an excited state of m = 1 symmetry is present roughly 0.5 eV above
the well-known m = 0 state, with a comparable lifetime (7 fs against 5 fs). From this result,
one can then expect such a long-lived state in each symmetry, as long as it does not inter-
fere too much with image state continua (see below) and remains within the substrate pro-
jected band gap. The wave function associated to the m = 1 quasi-stationary state in Cs/
Cu(100) [136] has a well-marked atomic character, however, it is strongly perturbed from
the 6p (m = 1) atomic state it correlates to at infinity. As further proof of the strong mod-
ifications of these atomic-like resonances from their free-atom origin, one may notice that
the energy distance between the two states in Cs/Cu(100), 0.5 eV, is much smaller than the
corresponding 6s-6p energy difference in the free atom, that amounts to 1.44 eV. Calcula-
tions on the Cs/Cu(111) system also revealed the existence of a long-lived adsorbate-
induced state in the m = 1 symmetry [137]. At the adsorption distance of 3.5 aq, in the case
of a single adsorbate on the surface, this state was found to be bound by 1.154 eV with
respect to the vacuum level, 0.8 eV higher than the well-documented m = 0 state and inside
the Cu(111) surface projected band gap. The decay rate of this m = 1 state was calculated
to be 72 meV, corresponding to a 9 fs lifetime.

The study of the Cs/Cu(100) system revealed the existence of other states of a different
type, with an energy slightly below the bottom of each of the 2D-image state continua
[136]. These states were first revealed by the structures they induce in the scattering of
image state electrons by individual alkalis on a Cu surface [138,139]. The appearance of
these excited states has been related to the existence theorem for bound states in 2D by
B.Simon [140]. Broadly speaking, this theorem states that, in 2D, any attractive potential
should induce a bound state. The present situation is slightly different since the 2D-image
state is imbedded in a 3D-continuum of bulk states. Nevertheless, the perturbation of a
2D-image state continuum by the attractive potential around an alkali adsorbate induces
a localised state just below the image state bottom. The wave-functions of these extra
states look like what one expects for a bound state in the 2D-image state continuum
[136]. Because of the 3D character of the complete problem, these extra states have a finite
lifetime and appear as resonances decaying into the 3D-continua or into lower lying 2D-
continua. The lifetimes of these resonances are rather long, they range between 10 and
100 fs for the states in the m =0 and m = 1 symmetries located below the n =1 and 2
image states [136] (see Table 4). Such a long lifetime is a favourable characteristic for
experimental observation. However, the energies of these ‘split-off’ states are very close
to the bottom of the parent image state continuum. This might make them very difficult
to observe, except for in experiments in which, k|, the electron momentum parallel to
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Table 4

Energy (in eV with respect to vacuum), decay rates (in meV) and lifetimes (in fs) of the localised levels in the Cs/
Cu(100) system in the m = 0 and m = 1 symmetries (m is the projection of electron angular momentum on the
normal to the surface going through the alkali centre)

Symmetry Energy (in eV) RCT decay rate (in meV) Total decay rate (in meV) Lifetime (in fs)

m=0 —1.46 115 134 5
m=0 —0.609 5.2 13.6 48
m=0 —0.224 54 56 12
m=1 —0.926 71.4 88.3 7
m=1 —0.574 2.3 10.6 62
m=1 —0.203 4.1 6.7 98

In each symmetry, the first level is atomic-like, while the two others are respectively located just below the n =1
and n = 2 image state thresholds. On Cu(100), the two first image state thresholds are located at —0.573 eV and
—0.177 eV (with respect to vacuum).

the surface is resolved. One can stress that similar states have been observed by Photoemis-
sion, Inverse Photoemission and Scanning Tunnelling Microscope in the cases of image
states perturbed by steps on a surface [141-144]. In that case, the attractive 1D-potential
created by steps induces a 1D-state with an energy just below the image state bottom. It is
associated with electron propagation along the step direction and is localised along the
direction perpendicular to the steps. One can also mention that similar quasi-stationary
states can also appear below the bottom of an existing surface state continuum
[145,146]. These states could account for the structures observed with a scanning tunnel-
ling microscope (STM) in the spectroscopic mode in various systems [147,148] and have
been clearly identified in the Cu/Cu(111) system [146,149]. Theoretical studies of groups
of several adatoms on a surface also reported quasi-stationary states induced by localisa-
tion of the 2D-surface state continuum [150].

Finally, it is worth noting that the two kinds of excited states mentioned above, atomic-
like and split off from the 2D continua mix together when their energies are close to each
other, making a clear assignment of their characteristics difficult. This feature can be very
easily seen in theoretical studies in which the adsorbate—surface distance is changed. It
allows for a change of the energy difference between the various states or, equivalently,
allows to bring an atomic-like state close to the bottom of a 2D-continuum band. This
can be found in Ref. [92], for the H"—Cu(111) system, where the affinity level of hydrogen
presents an avoided crossing with a state localised slightly below the bottom of the 2D-sur-
face state continuum.

One can also stress the role played by the quasi-stationary states in the scattering of
image state electrons by impurities at surfaces, where these states appear as scattering res-
onances. An image state electron can be seen as an electron travelling parallel to the sur-
face and occasionally hitting the impurities that lie on the surface. Scattering of the image
state electron by an impurity into another electronic band is associated with a population
decay of the image states whereas, scattering inside the image state continuum results in a
loss of coherence, i.c., a pure dephasing process for the electron. Both population decay
and pure dephasing contribute to the broadening of the image state [138,139]. These
two kinds of processes correspond to the electron either changing its direction of propa-
gation while still travelling parallel to the surface (pure dephasing) or suffering a 3D-scat-
tering event (population decay). Population decay and broadening of the image states
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induced by adsorbates have been experimentally observed in a few systems, following pio-
neering work by Kevan [68,151-155]. In the limit of very low adsorbate coverage, the level
lifetime and photoemission line widths vary linearly with the adsorbate coverage on the
surface. Theoretical studies of electron scattering in the image state continua [138,139]
show that quasi-stationary states play an important role as intermediates in this scattering,
the cross sections as functions of the electron travelling energy present structures at the
position of the quasi-stationary states mentioned above.

5.2. Other adsorbatelmetal systems

In the above sections, we reviewed results on the alkali/noble metal systems which all
present a long-lived quasi-stationary state. In this section, we will now look for long-lived
states in other systems, progressively increasing the qualitative distance from the model
‘alkali/Cu’ system. This improves the discussion of the conditions for the observation of
a long-lived excited state in a given adsorbate/substrate system.

5.2.1. Core excited Ar atoms on Cu surfaces

In discussions of atomic states with a core hole, the so-called (Z + 1) approximation is
very often invoked [156,157], in which it is assumed that the spectrum of an atom with an
electron missing in one of its inner shells is identical to that of the next atom in the periodic
table. As an example, the core-excited Ar atom, Ar” (2p5/124s), should look very much like a
K(4s) state. Thus, one should expect that such a core-excited atom when adsorbed on e.g.,
Cu(111) would undergo the same RCT blocking effect as a K atom. A core excited
Ar*(2p; /124s) atom has two decay channels when adsorbed on a metal surface: (i) the
RCT decay of the 4s electron into the metal (analogous to the decay of the K(4s) electron),
followed by the Auger decay of the hole in the Ar" (2p3‘/‘2) ion and (ii) the Auger relaxation
of the core hole with the 4s electron as a spectator. Each of the two Auger decays produces
a characteristic energy spectrum of ejected electrons, so that it is possible to separate the
contributions from the two decay channels experimentally. This Resonant Auger Raman
Spectroscopy [158,159] has been applied to a few Ar/metal systems [160-163]. If one
assumes that the Auger decay of the 2p hole in Ar is not disturbed by the surface, and
therefore the corresponding decay rate is the same as in the free atom, then the decay rate
of the 4s electron can be obtained from the branching ratio of the two decay channels.
With this method the decay of the core hole is used as a clock to measure the very fast
transfer of the 4s electron into the metal substrate. Using this ‘core hole clock method’
it is thus possible to indirectly investigate the 4s lifetime when it does not greatly differ
from the 2p hole lifetime.

Experimental results on the Ar* (2p3’/124s) state in the IML Ar/Cu(111) and Ag(111)
systems have been reported recently [163]. The 4s electron energy lies within the
Cu(111) and Ag(111) projected band gaps and its lifetime was found to be around 7 fs
in these two systems, i.e., significantly longer than expected for a free-electron metal
(around 1 fs). This confirms the RCT blocking role of the Cu(111) and Ag(111) projected
band gaps. This lifetime is shorter than the lifetime of 19 fs reported in the analogous K/
Cu(111) [102] system (see Table 3). A very recent theoretical study of the Ar"(2p; /124s)
state in the IML Ar/Cu(111) system [164] provided a lifetime around 12 fs, again confirm-
ing the very important role of the projected band gap in Cu(111). The effects of the pres-
ence of Ar neighbours in the Ar mono-layer as well as of the adsorption distance were also
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found to significantly influence the level lifetime [164] and partly account for the quanti-
tative differences found between the K(4s) and Ar*(2p3’/124s) systems. However, the theoret-
ical study of K(4s) and Ar*(2p; /124s) single adsorbates at the same adsorption distance
leads to different lifetimes [164], so that the (Z + 1) approximation is not fully accurate
in this case. Experimental studies with other metal substrates [161,162] (Ru(001),
Ag(110), Au(110), Cu(100) and Pt(111)) reported 4s lifetimes in the 1-5fs range (the
longer was on Pt(111)), the differences being tentatively attributed to the different band
structures of the substrates.

5.2.2. Alkalis on other substrates

The above discussion focused on alkali adsorption on noble metal surfaces. It was
found that for these systems the localisation of the alkali resonance within the sp band-
gap is essential for the existence of a long-lived excited state. In the case of a free-electron
metal surface where there is not any projected band gap, theoretical studies predict very
short-lived excited states for the alkali adsorbates (see discussions in Sections 2.2 and
3.2.4). The sp band gap is also present in transition metals, however, the situation is more
complex because — in contrast to noble metals — the d-bands overlap the Fermi edge and
can be close to the adsorbate induced level. Depending on their energy with respect to an
adsorbate resonance, these d states will mix with the adsorbate levels and influence both
the RCT and the electron—electron inelastic interactions. Due to high chemical activity,
transition metals are interesting systems for the study of the charge transfer process and
its connections with chemical surface reactions. In search of a transition metal substrate
that exhibits a long-lived alkali excitation, one could look for band structure conditions
as close to the noble metal case as possible. Excited alkali states at transition metals have
been observed for the systems K/Fe(110), Na/Fe(110) and Na/Co(0001) by Fischer et al.
by means of 2PPE [66]. The coverage dependence of the investigated state is similar to the
results obtained for the Na/Cu(111) system (see Fig. 1) indicating that the corresponding
unoccupied ns-levels of the alkali are observed. Real-time studies for these systems have
not been published so far. However, in connection with time-resolved 2PPE studies of bulk
excitation of thin films of Co, Ni and Fe [165] epitaxically grown on Cu(100) (film thick-
ness ~10 nm), time-resolved measurements after Cs adsorption have also been performed
[166]. Within the time resolution of the experimental set-up (5 fs), no difference in the
decay dynamics of the alkali excitation compared to that of metal bulk excitation could
be found. However, none of these films exhibits a (111) orientation, which is obviously
the most favourable orientation for the stabilisation of the alkali resonance in case of
the noble metal. No conclusive results exist for alkali adsorption on transition metals that
allow statements on the alkali resonance lifetime as compared to the model studies for
noble metals.

A specific aspect of the magnetic properties of Co, Ni, and Fe substrates should now be
discussed. The respective band structures of these ferromagnetic systems split into two dif-
ferently occupied spin sub-bands (majority band and minority band) which are a few eV
apart [167]. Therefore, a decay of the alkali resonance depending on the spin state of the
excited electron can be expected: RCT and electron—electron scattering for electrons with
‘majority’ spin should be different compared to ‘minority’ spin electrons, as the d-band
overlap with the Fermi edge for the majority band is less pronounced (Fe) or even com-
pletely suppressed (Co, Ni). So far, neither the above mentioned real time experiments
or the spin-dependent line width measurement of the cesium resonance indicate such kinds
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of effect. The accuracy of the line width measurements is limited by the strong inhomoge-
neous broadening of the alkali resonances at elevated temperatures as mentioned above
(the experiments were performed at 300 K). A higher sensitivity to these processes would
be achieved in experiments at much lower temperatures.

An adsorption system rather different from the alkali on noble metal systems is the
alkali adsorption on graphite. This system has gained some interest in recent years,
[168] motivated by the specific electronic properties of the substrate: graphite exhibits a
quasi-2D electronic structure, is a semi metal and has a very low density of states near
the Fermi-level (about 10~*~10~° lower than typical metals). Experimental results on pho-
todesorption of potassium from graphite(0001) and their theoretical analysis indicate a
rather small resonance line width of the 4s level of 150 meV corresponding to a lifetime
of at least about 5 fs [169], compared to 19 fs predicted for K/Cu(111) (see Table 3). This
stabilisation of the alkali resonance may be attributed to the layered structure of the
graphite, which inhibits electron propagation/transfer perpendicular to the (000 1) surface
and is likely to partly suppress RCT from the alkali. The fundamental origin of the long-
lived alkali state may therefore be similar to that for the alkali/noble metal case. For a
detailed description the specific electronic properties of graphite have to be taken into
account. In particular, for the graphite system, anomalous features in the relaxation
dynamics of hot substrate electrons have been observed, which are not present in metals
and could be assigned to specific features of the graphite band structure [170,171].

5.2.3. A molecular resonance on Cu: CO/Cu(111) and (100)

The free CO molecule exhibits a well known resonance of *IT symmetry, that can be
formed by the transient capture of an electron around 1.7 eV into the molecular 21 orbi-
tal. Although this shape resonance is rather short lived (around 0.7fs), it is very efficient in
inducing a resonant vibrational excitation process [172—174]. This CO~(*IT) resonance has
been much studied over the past years in the CO/metal system; in particular, it has been
invoked as a reaction intermediate in a few systems [175,176]. Noble metal surfaces were
therefore very attractive as a possibility for getting long-lived CO™ ions and thus very effi-
cient reaction intermediates.

Time resolved photoemission experiments on CO~(2r")/Cu(111) [175,177,178] yielded
lifetimes shorter than 5 fs, this limit being set by the impossibility to actually measure the
too fast time dependence of the decay. It seems that in this system, although the CO res-
onance lies within the Cu(111) projected band gap, no long-lived state appears. This
absence has been confirmed by a theoretical study of the CO™(2rn*)/Cu(111) and
Cu(100) systems [95,179] using a joined ab initio/coupled angular mode (CAM) method
(see e.g., Ref. [16,180] for a description of the CAM method applied to molecular reso-
nances). A DFT study also confirmed the short lifetime of the CO resonance on
Cu(111) and (100) resonance [181]. Fig. 14 presents the width of the CO™(2r") resonance
on the Cu(111), (100) and on a free-electron metal surface, as a function of the molecule—
surface distance. On both surfaces, at the adsorption distance (around 3.0 a), the level
lifetime is seen to be extremely short, around 0.25 fs, even shorter than in the free mole-
cule. It is very similar to that found on a free-electron metal, despite the presence of the
projected band gap. This result allows for a more precise view of the conditions for the
existence of a long-lived state induced by a projected band gap (see a detailed discussion
in Ref. [95]). Two main features of the CO™(2n") state account for the difference with the
alkali case: (i) the CO ™ (2n*) resonance is a negative ion state and therefore the polarisation
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Fig. 14. Width of the CO™(2n") resonance of the CO molecule adsorbed on a Cu surface, as a function of the
molecule surface distance measured from the surface image plane. The molecular axis is normal to the surface.
Dashed line: free-electron metal surface. Black squares: model Cu(111) surface. Black circles: model Cu(100)
surface. (from Ref. [179]).

of the electronic cloud due to the interaction with the image charges will be the opposite of
that observed in the case of a neutral alkali atom interacting with a metal; namely, the elec-
tronic cloud is attracted toward the surface. This distortion of the electronic cloud should
strongly hamper the RCT blocking effect of the band gap. And (ii) the free CO™(2n") state
is quasi-stationary and therefore its decay is significantly different from that of an alkali
atom that is stable for infinite atom—surface distances and only decays by tunnelling at
finite distances. In the free molecule, the CO™(2r") resonance can decay by emitting an
electron in all directions of space, it is thus less influenced by what happens along the
surface normal than an atom decaying via a tunnelling process, which is strongly favoured
along the normal. Features (i) and (ii) make the RCT blocking effect much weaker in the
CO ™ (2r") case than in the case of an alkali and thus account for the short-lived state found
in the CO™(2n") case. We can then define the best situation for the existence of a long-lived
state in an adsorbate/noble metal system: a neutral excited adsorbate, highly polarisable
with a not too low level in the projected band gap.

5.3. Possible control scenarios of surface reactions

In the introductory section it was stated that an understanding of the mechanisms
responsible for a long-lived excited state will enable one to control reactions at surfaces
in the future. In the following two sections we will briefly discuss two potential approaches
to experimentally realise such a control of surface chemistry.

5.3.1. Coherent control of alkali excitation and nucleus motion

Most attention so far in this review has been paid to the aspect of depopulation of the
excited alkali resonance by means of RCT and e-e¢ scattering processes. The second
dynamical parameter, the total dephasing time 7, has been considered much less, so
far. One experimental study [12] reported an almost temperature independent dephasing
time of the order of 10 fs for Cs/Cu(111), in agreement with the homogeneous line-width
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of 70 meV which has been measured for this resonance at a temperature of 33 K. This
value is of importance as it is long enough to allow a defined manipulation of the excita-
tion process (coherent control) by the use of phase-controlled ultra-short excitation pulses.
Consequently, it allows for a defined control of the nucleus motion/reaction process fol-
lowing the (laser-induced) electronic excitation of the alkali. In an early study, the possi-
bility for this kind of manipulations was verified experimentally for Cs/Cu(111) [182]. It
could be shown that depending on the relative phase of two temporally overlapping pulses
the spectral 2PPE distribution from the Cs resonance can be significantly altered. Appli-
cation of pulse-shaping techniques in combination with optimisation algorithms based
on evolutionary strategies may in the future enable one to tailor reaction channels and effi-
ciency in this kind of model type adsorption systems. In contrast to surface science, quan-
tum control via pulse-shaping techniques have been used for the control of molecules in
gas phase for some time now [183-185].

5.3.2. Interaction of alkali adsorbates with quantum well states — an alternative way to tune
adsorbate—surface interaction

As we have seen in Section 4.1.4 it is not an easy task to experimentally separate the
different contributions (RCT, e—e scattering, interaction with 2D surface bands, etc...)
to the lifetime of the excited alkali state. This was important e.g., when the dependence
on alkali coverage was discussed. The well-considered choice of the alkali/surface system
can help to overcome this problem to a certain extent. Alkali adsorption on (11 1) oriented
noble metal surfaces allows one to almost completely inhibit the RCT process, the dom-
inant decay channel for other systems. Consequently, the relevance and strength of com-
peting decay channels can be probed for these systems. As discussed above, other
adsorption systems may be potential candidates for similar properties and are already
being investigated. However, the next and more challenging step would be to gain direct
access to a system intrinsic parameter that determines the strength of the adsorbate—sub-
strate coupling. For example, one can think of tuning the strength of RCT by adjusting the
substrate bulk states in resonance with the alkali excitation. One actual mean that could
allow such an external tuning of electronic properties is the use of thin metal films. In this
particular case, it has been shown that the electronic structure of a thin metallic film
changes with the film thickness. For thin films, discrete quantum well states (QWS) appear
in the electronic structure and have been observed for a number of different systems [186].
These quantum well states result from the quantisation of the electron motion perpendic-
ular to the surface and represent a 2D continuum parallel to the surface. The energy of
these states is determined by the film thickness and can be varied. With increasing cover-
age, these quantised states continuously transform into the bulk 3D continuum. QWS-tun-
ing is a potential approach for an adjustment of the different decay channels of excited
alkali states. Depending of the relative energy position of the QWS and of the adsorbate
state, the number of QWS available for RCT decay varies, as well as the position of the
resonance inside each continuum. The energy position of the resonance in each 2D contin-
uum determines the k|| of the electron involved in the RCT decay, possibly leading to a
partial blocking of the RCT in a way similar to that in the noble metal case. This aspect
appears very clearly in theoretical investigations of this problem and shows that the RCT
decay rate of an atom in front of a thin free-electron metallic film exhibits large variations
following the excited state energy position just above or below a QWS [187-189]. The con-
ditions for observing this finite size effect have been discussed, both for static and dynamic
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situations [189]. The energy variation of the excited state can be obtained via a variation of
the film thickness, possibly opening the way to a tuning of an adsorbate resonance. In this
context, one can also mention that the inelastic electron—electron interaction is also differ-
ent in a 2D or in a 3D system, as has been recently shown [190] and this can also influence
the electron—electron interaction part of the decay of an adsorbate excited state. This brief
discussion illustrates the two-fold interest of these reduced dimension systems: as a way to
gain more detailed insight in the relaxation dynamics of excited adsorbates and as a poten-
tial means to build long-lived excited states.

Thin insulator layers on a metal surface, in particular rare gas layers, have also been
found to deeply influence the lifetime of excited states at surfaces. If the excited state
energy lies inside the insulator band gap, then penetration of the excited electron through
the insulator layer has a low probability, weakening the decay of the excited state by RCT
or inelastic electron scattering. The insulator layer then acts as a spacer layer, efficiently
separating the excited state from the bulk substrate. This effect has been found in a few
systems and has been proposed as a way to control excited state lifetimes. The effect of
a spacer layer in increasing excited states lifetimes at surfaces has been used to explain
a few different phenomena: vibrational excitation of molecules by resonant electron scat-
tering in the case of molecules adsorbed on a thin insulator layer [191-193], energies and
lifetimes of image states on metal surfaces covered by a thin rare gas layer [194-199], and
survival against RCT of ions desorbing through an insulator layer in an electron
stimulated desorption (ESD) experiment [200,201]. This effect has been modeled via the
1D-continuous dielectric medium (CDM) model [202,193,196,197,203,204] as well as via
a 3D-microscopic approach [198].

6. Conclusions

We have presented a review on the properties of the long-lived alkali-induced excited
states on noble metals. The model character of the alkali/metal systems allows one to
obtain a good understanding of the various phenomena playing a role in the time evolu-
tion of these excited states and of the origin of their long lifetimes. Since the lifetime is the
key parameter for excited state mediated surface reactions, it was of paramount impor-
tance to understand the origin of the long-lived excited states in certain adsorbate/metal
systems. An interesting development would be a systematic study correlating lifetime mea-
surements of the alkali-induced states and alkali desorption yield measurements, as an
example of an excited state mediated surface reaction. To go beyond the present under-
standing of the excited state lifetime, studies of the dephasing time would be extremely
helpful and could be linked with control attempts following the work of Petek et al.
[182]. Finally, the analysis of the alkali/noble metal system yielded the conditions for a
long-lived adsorbate-induced state: a polarisable neutral state located not too low inside
the substrate surface-projected band gap. One may then wonder about the possibilities
of finding new systems with long lifetimes and the possibility of tailoring them. In this
end, adsorption on layered systems seems an attractive system to investigate. Adsorption
on a thin insulator spacer layer on a metal substrate can be very efficient in decoupling the
adsorbate and the metal states, thus leading to a strong increase of the excited state life-
times. Adsorption on layered metal-on-metal systems is also very attractive since the life-
time of adsorbate-induced resonances could be influenced by their relative energy position
with respect to quantum-well states in the layered system.
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