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J. Güdde, W. Berthold, and U. Höfer*
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1. Introduction
The coupling of electronic excitations at surfaces to the

bulk material is the key to a variety of dynamical processes.
It governs very diverse phenomena such as charge transfer
across interfaces in small scale electronic devices,1,2 desorp-
tion and dissociation processes of adsorbates induced by
electronic excitations,3,4,5 nonadiabatic effects observed for
adsorption of molecules at surfaces,6 and even chemical
reactions at surfaces in general. In the past few years,
enormous progress, both in the experimental and theoretical
methods, has been achieved to precisely measure and predict
the lifetimes of occupied and unoccupied electronic states
at pure metal surfaces.7 The advancement was particularly
remarkable in the case of image-potential states which
represent a prototype of electronic states at a metal surface.
The well-known properties of these hydrogen-like states
makes them an ideal probe of the electronic decay at surfaces

due to the many-body interactions between surface and bulk
electrons. Time-resolved two-photon photoemission (2PPE)
experiments and accurate many-body calculations have led
to a good understanding of many aspects of the electronic
decay of these hydrogen-like states at metal surfaces.7-24

In addition to internal electronic excitations, adsorbates
may introduce new electronic states at a surface, which are
derived from the electronic states of the free atom or
molecule and which are involved in the chemical bonding
of the adsorbate to the surface. The understanding of charge
transfer between metal and adsorbate will rely on detailed
knowledge of the coupling of such states to the metal surface.
This is in general a very complex task which will be further
complicated by the fact that the image-potential will always
be superimposed and lead to a modification of the electronic
structure of the adsorbate/metal complex. For adsorbates that
do not introduce unoccupied electronic levels around the
vacuum energy, however, the image-potential states will
retain their simple character. In this case, the influence of
the adsorbate on the electronic structure at the surface can
be described as a modification of the image-potential states.
Such adsorbate layers can modify the coupling of image-
potential states to the metal substrate very strongly and cause
a drastic change of their inelastic lifetimes due to a repelling
of the image-potential states from the surface.25,26,27 In
addition, some molecular adsorbates were shown to give rise
to two-dimensional localization of these states.28,29,30

For a detailed understanding of the effect of decoupling
of image-potential states by adsorbate layers, the study of
rare-gas layers is most promising because of their layer-by-
layer growth and their well-characterized electronic structure.
As will be discussed below, the energetic position of the
bulk conduction band, derived from the unoccupied 6s (5s,
4s) level of the Xe (Kr, Ar) atoms, is the crucial factor that
determines the layer-dependent dynamics of image-potential
states. If the electron affinity is negative, as in the case of
Ar, the insulator film represents a repulsive barrier and the
image-potential states are strongly decoupled from the metal
surface. Here, the image-potential states persist on the surface
of the adlayer even in the limit of macroscopic thicknesses.
For a positive electron affinity, as is the case for Xe and Kr,
the layer potential is slightly attractive and can give rise to
quantum-well states in the layer.

For thick adsorbate films, the image-potential of the metal
which is screened within the adlayer leads to the formation
of new electronic states with similar properties to those of
image-potential states at the surface, but spatially located at
the interface. The existence of these interface states has been
recently demonstrated for Ar/Cu(100).31 Their decay dynam-
ics could be studied by time- and momentum-resolved 2PPE
even for layer thicknesses of up to 200 Å, which is much
larger than the spatial extent of the wave function. This study
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became feasible by promoting the electrons from the interface
states into the Ar conduction band. There, the electrons un-
dergo ballistic transport without noticeable inelastic or elastic
losses to the Ar surface, where they can emerge into the
vacuum. This shows that in favorable cases 2PPE can be
used to investigate the electron dynamics not only for thin
film systems but also at buried interfaces between two solids.

Most of the results for rare-gas layers can be transferred
to other insulating adlayers, in particular if these are weakly
bound (physisorbed) to metal surfaces. Strong chemical
binding is usually accompanied by the formation of hybrid-
ized levels, which may lead to a complete quenching of the
image-potential states. While the decoupling of image-
potential states by adlayers with negative electron affinity
can increase their lifetime up to several picoseconds,32 the

time scale for resonant charge transfer from a hybridized
level of a strongly chemisorbed atom to a metal can be as
short as some hundred attoseconds.33

The paper is organized as follows: In section 2, we
describe the basic physics of image-potential states on metals
and the influence of dielectric adlayers on their properties.
This is followed by a short introduction to the technique of
two-photon photoemission and to the preparation of well-
ordered rare-gas layers (section 3). In section 4, we review
the experimental work on the dynamics of image-potential
states at rare-gas/metal interfaces. The corresponding mi-
croscopic models are discussed in section 5. Section 6 is
devoted to the recent work on buried interface states at rare-
gas/metal interfaces. The focus of this review will be on rare-
gas layers, but we will also briefly discuss the work on the
dynamics of image-potential states on organic layers in
section 7.

2. Image-Potential States

2.1. Bare Metal Surfaces
Image-potential states owe their existence to the polariza-

tion of near-surface electrons by a charge that is placed in
front of the surface. These normally unoccupied electronic
surface states were first discussed by Cole and Cohen34 and
Shikin35 for liquid helium, where they could be experimen-
tally observed by microwave absorption spectroscopy.36 The
existence of image-potential states on metal surfaces was
predicted by Echenique and Pendry37,38 and has been
confirmed first by inverse photoemission spectroscopy39,40

and subsequently by two-photon photoemission using nano-
second lasers.41 For a metal, the classical image potential
has the form
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with z denoting the distance from the surface. If the bulk
band structure projected onto the surface has a gap near the
vacuum energy, electrons can be trapped between the
attractive image potential and the metal, and a series of
hydrogen-like states with energies

is formed, wheren is the quantum number, Ry is the Rydberg
energy, anda is the quantum defect37,42(Figure 1). Electrons
in image-potential states are only bound in the direction
normal to the surface and can move almost freely in the
parallel plane. Relaxation of electrons that are transiently
excited into these states occurs predominantly via inelastic
scattering with the metal electrons and creation of electron-
hole pairs in the metal. In comparison to other electronic
excitations at surfaces, image-potential states exhibit rela-
tively long lifetimes, because they are located mainly in the
vacuum region in front of the metal. The lifetime of the first
image-potential state, for example, ranges from 10 to 60 fs,7

depending on the substrate material and orientation. The
lifetimes scale likeτ ∝ n3 in the limit of high quantum
numbersn, as expected from the classical round-trip time.8,37

It is one of the most attractive features of image-potential
states that it has become possible to measure their lifetimes

with high accuracy by means of time-resolved 2PPE and at
the same time to perform realistic many-body calculations
of their decay.7 Parallel to the development of a full theory,
the so-called bulk penetration approximation has frequently
been applied in the literature.42,43 This model assumes that
the lifetimes scale inversely to the probability densityp )
∫-∞

0 |Φ(z)|2 dz of the electron inside the metal

whereΓb, the line width of the bulk states, is an empirical
parameter. The bulk penetrationp depends on the energetic
position of the image-potential states in the projected band
gap. It has a minimum value of a few percent in the center
of the gap and approaches unity at the upper and lower band
edges, where the image-potential states are degenerate with
bulk states. Examples for both cases are then ) 1 image-
potential states on Cu(100) and Cu(111), which are located
close to the center and the upper edge of the projected band
gap, respectively. Their wave functions are plotted in Figure
2, which shows that, in addition to the larger bulk penetration
on Cu(111), the maximum of then ) 1 wave function is
shifted much closer to the surface compared to the case for
Cu(100).

The bulk penetration approximation is motivated by the
fact that the decay processes are mediated by the interaction
with the bulk electrons. It neglects the nonlocal character of
the Coulomb interaction, which plays an important role at
surfaces due to the reduced screening and also due to the
available phase space for the decay.7,44,45 For this reason,
penetration arguments alone are generally not sufficient to
understand the decay of image-potential states at different
surfaces, sometimes not even qualitatively. One striking
example of the limitations of the penetration approximation
appears when comparing Cu(100) and Ag(100) surfaces
which have a very similar electronic structure. Due to a
slightly smaller sp-gap, the penetration of the wave functions
in Ag(100) is slightly larger than that in Cu(100), whereas
the experimental decay rates of the image-potential states
are nearly 40% smaller.9 Only after properly accounting for
the decay into the surface plasmon can many-body calcula-
tions explain the experimental trend.46,47 Another example
is provided by the first image-potential states of Cu(111)
and Cu(100). While the measured lifetimes are 40 and 18
fs, respectively,9,18,23,24 model-potential calculations give
penetration values of 0.22 and 0.05.48 Thus, the rates differ

Figure 1. (A) Electric field and potential energy diagram of an
electron in front of a Cu(100) surface (z ) 0). The potential well
formed by the sp band gap and the Coulomb tail leads to a series
of discrete hydrogen-like electronic states that extend into the
vacuum (z > 0). The squares of the wave functions of the lowest
three states are shown. (B) Energy-resolved 2PPE spectrum obtained
after excitation by photons of energypωa andpωb. The energy of
the intermediate stateE is related to the kinetic energyEk by E )
Ek - pωb. Reprinted with permission fromScience (http://
www.aaas.org), ref 8. Copyright 1997 American Association of the
Advancement of Science.

En ) Evac - Ry
16

1

(n + a)2
(2)

Figure 2. Schematic energy diagrams, image potential, and wave
function of then ) 1 image-potential state in (a) Cu(100) and (b)
Cu(111). The wave functions were obtained by solving the one-
dimensional Schro¨dinger equation using a model potential.48,157

Reprinted from ref 118, copyright 2005, with permission from
Elsevier.

τ ) p
pΓb

(3)
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by a factor of 2, while the penetrations differ by a factor of
4. In this case, it is the reduced phase space of available
final states in Cu(111) and the presence of the occupied
surface states in Cu(111), when accounted for in a many-
body description, that give the correct ratios of lifetimes.13,49

Nevertheless, the bulk penetration may be used to estimate
the change of the lifetimes of particular surfaces in depen-
dence on the thickness of an adsorbate layer. In particular,
for rare-gas adsorbates on Cu(001) described in detail below,
the penetration approximation appears to work very well.32

For this surface, the nonlocal contributions to the total decay
rate cancel out each other to a large extent.10

Most of the experiments with dielectric layers have been
conducted with the noble metals Ag and Cu as substrate.
With respect to the lifetime of image-potential states, the
(001) surfaces of these metals represent the most simple
situation. The vacuum level is located close to the center of
the projected band gap, and the wave function of all members
of the Rydberg series of image-potential states decays
exponentially into the metal bulk. For the (111) surfaces,
the vacuum level is located above the gap, and then ) 2
and higher image-potential states are degenerate with bulk
states.42 Thus, the lifetimes on the (111) surfaces are not only
generally shorter than those on the (001) surfaces,9,18,23,24,50,51

but also then ) 2 and higher states decay even faster than
then ) 1 state.23,51,52,53Compared to the case of the surfaces
of noble metals, the lifetimes of image-potential states on
the surfaces of transition metals are shorter due the high
density of d-electrons at the Fermi level.14,15,48,54,55

2.2. Influence of Dielectric Adsorbate Layers
In the presence of well-ordered adsorbates that do not

introduce unoccupied electronic levels in the energy range
of the image-potential states, the wave functions of the latter
will retain their simple hydrogenic character.56,57 Systems
with such properties, that have been studied by time-resolved
2PPE, include Xe/Ag(111),58,59alkanes/Ag(111),51,60Xe and
N2/Cu(111),17,53 Xe/Ru(0001),61,62 and Ar/Cu(100).32 Life-
times have been found to increase by several orders of
magnitude, depending on the thickness and the electronic
properties of the layer.

The basic physics of decoupling of image-potential states
by homogeneous insulating layers is already contained in a
simple dielectric continuum description of the adlayers. The
model goes back to the work by Cole,34,63 who discussed
the possibility of increasing the binding energy of image-
potential states on the surfaces of liquid He, Ne, or H2 by
putting films of these materials on a metal substrate. The
modified image potential given by Harris and co-workers25,64

has the form

where z is the distance from the metal,d is the layer
thickness,ε is the dielectric constant of the adlayer, andâ
) (ε - 1)/(ε + 1). ECBM denotes the position of the
conduction band minimum with respect to the vacuum level,
that is, the affinity level of the rare gas layer. It is related to

the electron affinity EA byECBM - Evac ) -EA. Vout is the
potential in the vacuum region outside of the layer. The first
term is the image potential outside an infinite dielectric, and
the second term is a series of corrections that arises from
the presence of the metal and the finite layer thickness. In
particular for a thin layer,Vout is even dominated by the
image-potential of the metal. The potential inside the
dielectric,Vin, is the screened image potential of the metal,
which is lowered or raised with respect to the vacuum level
depending on the electron affinity of the adlayer. (The
complete form ofVin that results from the solution of the
Poisson equation was first given in ref 65.Vin(z) ) VCBM -
e2/4εz + (e2/4ε)∑k)1

∞ (-â)k[2/kd - 1/(kd - z) - 1/(kd + z)].
The summation arises from image charges caused by the
finite layer thicknessd.)

The effect of the adlayer on the image-state properties
depends critically on the position of the affinity levelECBM.
If ECBM > Evac, that is, for negative electron affinity, as in
the case of Ar, N2, or alkanes, the adlayer represents a tunnel
barrier for an electron in an image-potential state and its wave
function will be pushed into the vacuum outside of the layer
(Figure 3). Its binding energy will be mainly determined by
Vout, whereas the potentialVin describes the form of the
tunneling barrier that determines the penetration of the wave
function to the metal substrate and, thus, the lifetime. The
longest lifetime of an image-potential state that has been
measured so far with 2PPE is 10 ps for then ) 1 state of
Cu(100) in the presence of five monolayers of Ar.32 Even
longer lifetimes can be expected for thicker films, but the
vanishing overlap with the metal electrons not only sup-
presses the inelastic decay but also prevents an optical
excitation and, therefore, the observation by 2PPE. Indeed
the first experimental observation of image-potential states
on liquid helium revealed lifetimes of hours.36 In the case
of ECBM < Evac, the energy levels of the image-potential states
can become degenerate with the conduction band of the
adlayer and the wave functions of the states penetrate the
layer. Examples are then g 2 states in the presence of the
rare gases Xe and Kr. In this case, a quantum-well-like
behavior with an oscillatory dependence of energy and
lifetime on layer thickness is found.52,57

A special effect, that is already contained in the dielectric
continuum model, is important for Cu(111) and Ag(111).

Vin(z) ) ECBM - e2

4εz
+ ..., (0< z < d)

Vout(z) )
-âe2

4(z - d)
+

(1 - â2)e2

4â
∑
k)1

∞ (-â)k

z - d + kd
, (z > d) (4)

Figure 3. Schematic energy diagram of a rare-gas spacer layer on
a metal substrate along with the probability density of then ) 1
image-potential state. The wide band gap of the insulating film leads
to an out-shift of the probability density away from the metal. The
potential inside the film arising from the individual layers is highly
corrugated (solid line). Also shown is the potential of the dielectric
continuum model (dashed line). Electronic bands are marked as
shaded regions. Reprinted Figure 1 from ref 57, copyright 2004,
with kind permission of Springer Science and Business Media.
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The image-potential states lie close to the upper edge of the
band gap on these surfaces. The drop of the work function
upon rare-gas adsorption shifts the states away from the band
edge, resulting in a reduced penetration into the bulk. This
effect contributes to some extent to the lifetime increase after
monolayer adsorption on these surfaces.17 In the case of
Cu(100) and Ru(0001), this mechanism is negligible, because
the image-potential states lie close to the center of the gap.

Whereas the dielectric continuum model can explain the
influence of adlayers in a qualitative way, recent work has
shown that it is not sufficient for a satisfactory quantitative
description. Hotzelet al. have used a momentum dependent
effective massm*(z), to model the coverage dependence of
energies and lifetimes for the system Xe/Cu(111).53 Gaffney
and co-workers applied the two-band model of nearly free
electrons for describing the electronic structure of aromatic
overlayers on Ag(111).66 Bertholdet al. showed that for Xe/
Ru(0001) the properties obviously depend on the morphology
of the adlayer.62 In the case of Ar/Cu(100), the continuum
model fails to predict the correct binding energy for
monolayer coverage. At the same time, it underestimates the
lifetime for thicker layers.32 Most of these deficiencies of
the dielectric continuum can be fixed by including the atomic
corrugation of the adlayer as discussed in section 5.1.

3. Experimental Techniques

3.1. Time-Resolved Two-Photon Photoemission
Time-resolved two-photon photoemission (2PPE) is a

pump-probe technique that combines laser excitation with
photoelectron spectroscopy.8,50,67-76 A first laser pulse with
photon energypωa excites metal electrons from an initial
state|i〉 below the Fermi levelEF into a normally unoccupied
state|n〉 with energyEn betweenEF and the vaccum energy
Evac (Figure 4). A second laser pulsepωb follows after a
controlled time delay∆t and lifts a part of the excited
electrons in an final state|f〉 above the vacuum energy. The
photoelectrons escape from the sample with the kinetic
energyEkin ) pωb - EB, whereEB ) Evac - En is the binding
energy and is detected by means of a time-of flight or
dispersive electron spectrometer. If pump and probe pulses

are overlapping in time, the 2PPE signal can also originate
from occupied states which are photoemitted by a coherent
two-photon excitation process via a virtual intermediate state.
Different excitation pathways can be discriminated by their
different dependences on photon energies. The time evolution
of the transiently excited electrons is probed by recording
the 2PPE signal as a function of the time delay between the
pump and probe pulses with the spectrometer set to a fixed
energy. The inelastic lifetimesτ can be obtained directly from
the exponential decay of the time-resolved 2PPE curves. In
the case that several close lying states such as image-potential
states are simultaneously excited within the bandwidth of
the short pump laser pulse, the 2PPE signal shows a beating
with the frequency difference of the intermediate states as a
function of the time delay. Such quantum-beat spectroscopy
of image-potential states8,11,12,32,57,77provides not only an
accurate measure of the energy separation of the states. The
comparison of the decay of the oscillations with the overall
decay of the 2PPE signal directly reflects quasielastic
scattering processes which result in a loss of phase correlation
between their wave functions.11,12,77

A complete description of the dynamics of the 2PPE
process has to include not only the dynamics of the
populations but also those of the coherence (optical polariza-
tions) between the different electronic states, which are
induced by the optical excitations. This can be done by
applying a density-matrix formalism8,9,16,23,74,77-82 where the
interaction with the enviroment is empirically described by
the introduction of rates for the decay of the populations
due to inelastic scatteringΓn ) 1/τ and for the dephasing of
the optical polarizationsΓin (and Γnf as well asΓif

83) that
can decay by inelastic as well as by elastic scattering. The
inelastic lifetimes of the initial and final states are usually
assumed to be infinite (Γi ) Γf ) 0). As long aspΓin is
large compared to the experimental energy resolution given
by the detector resolution and the bandwidth of the probe
pulses, it can also be determined in the frequency domain
by measuring the line width of the photoemission peak for
large delays between pump and probe pulses if inhomoge-
neous broadening can be neglected and the laser pulse form
is known.82 In the limit of a fast dephasing rateΓin and, in
particular, for long lifetimes as observed for the rare-gas
covered surfaces, the population dynamics can be described
also by a simple rate-equation model only for the populations,
which yields the inelastic decay rateΓn of the intermeditate
state.

For well ordered crystals, 2PPE conserves the momentum
of electron motion parallel to the surface. It can be computed
from the knowledge of the emission angleæ by usingk|

(Å-1) ) 0.5123[Ekin (eV)]1/2 sin æ, permitting momentum-
resolved studies. Image-potential states show a free-electron-
like parabolic dispersion parallel to the surface, which can
be parametrized as

wheremeff is the effective mass,m0 is the mass of the free
electron, andE0 is the energy of the surface band fork| ) 0.

3.2. Preparation of Well-Ordered Rare-Gas Layers
For the comparison with theoretical predictions, it is

important to conduct the experiments with lateral homoge-
neous layers that contain a minimum of defects. It has been

Figure 4. Schematic energy diagram for a two-color 2PPE
excitation scheme.

E ) E0 +
p2k|

2

2meffm0
(5)
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shown that steps and defects not only result in an increased
line width of image-potential states by dephasing11,12,84but
that they also lead to faster temporal decay by enhanced
intraband and interband scattering.19,22,24,85-87

In the case of rare-gas layers, the experimental technique
for the preparation of well-ordered atomically flat layers is
well developed. It can be achieved by employing the unique
properties of temperature-programmed desorption (TPD).88,89

As shown in Figure 5 for rare-gas layers on Cu(100),
desorption of the individual layers gives rise to sharp, clearly
separated peaks with zero-order desorption kinetics up to
the third monolayer (ML). By comparing the temperature-
integrated signal with the peak area of 1 ML, the initial
coverage can be measured. The growth of a defined number
of layers can be achieved with high reproducibility by dosing
a controlled amount of the rare gases through a microchannel
plate.

Perfect, annealed monolayers are easily obtained by
slightly overdosing the sample and removing the excess
coverage by ramping the sample temperature just beyond
the 2 ML peak. The preparation of highly ordered thick films
involves two more steps. At first, an annealed monolayer is
made, on which subsequently a certain number of further
layers are adsorbed. Only under this condition can layerwise
desorption be observed in the TPD spectra (see inset b of
Figure 5). Final annealing of the sample to temperatures

below the multilayer desorption peak results in layer smooth-
ing by rapid intra- and interlayer diffusion and simultaneously
avoids desorption.

4. Decoupling by Rare-Gas Adlayers

4.1. Xe/Ag(111)
The first 2PPE experiments on image-potential states of

adsorbate covered metal surfaces were performed by Harris
and co-workers. Padowitzet al. have shown that image-
potential states may persist in the presence of Xe and alkane
overlayers.56 They have observed a decrease of the binding
energy of then ) 1 image-potential state upon absorption
of a Xe monolayer. Furthermore, the effective mass has been
observed to decrease toward the value of the free electron.
Both effects were attributed to the repulsion of then ) 1
wave function away from the attractive metal surface.90

McNeill et al. studied the binding energy and effective mass
of the n ) 1-3 states systematically as a function of film
thickness for Xe/Ag(111).64 As shown in Figure 6, a
completely different behavior has been observed forn ) 1
on the one side and forn ) 2 or 3 on the other side. Whereas
the binding energy of then ) 1 state decreases with Xe
coverage, it increases forn ) 2 andn ) 3. This can be
understood by considering the positive electron affinity of
0.5 eV of Xe. Then ) 1 state remains below the conduction
band minimum of the Xe layer up to 9 ML, which results in
a partial decoupling from the attractive image-potential of
the metal. Then ) 2 andn ) 3 states are degenerate with
the conduction band of Xe and can penetrate into the layer,
which increases their binding energy. In a subsequent time-
resolved study, McNeillet al. have shown that the different
degree of penetration is also reflected by the inelastic lifetime
of the image-potential states. While the lifetime of then )
1 state increases monotonically with Xe layer thickness due
to the decoupling from the metal, the lifetimes forn ) 2
andn ) 3 show an oscillatory dependence. Whenever a half-
cycle of the wave function fits into the layer, the penetration,
and, therewith, the coupling to the metal, is enhanced, which
reduces the lifetime considerably. The influence of the Xe
adlayers on binding energies and lifetimes could be quali-
tatively described by the dielectric continuum model. The
quantum-well character of the penetratingn ) 2, 3 states,

Figure 5. TPD spectra of Ar, Kr, and Xe layers obtained by dosing
on top of annealed monolayers adsorbed on Cu(100) (see text).
Initial coverages range from 1.7 to 3.4 ML, and the heating rate
was 0.5 K/s. (a) Calibration curve for Kr. (b) Plot of the Ar data as
a function of sample coverage during thermal desorption (layer plot;
see ref 89). The sharp signal dips at 1, 2, and 3 ML demonstrate
layer-by-layer desorption of the films. Between the curves, the initial
coverage was varied as stated above. Reprinted Figure 2 from ref
57, copyright 2004, with kind permission of Springer Science and
Business Media.

Figure 6. Experimental binding energies relative to the vacuum
level for then ) 1, 2, and 3 image-potential states for Xe overlayers
on Ag(111) (symbols) and predictions (lines) of the modified
dielectric continuum model. Reprinted with permission from ref
64. Copyright 1996 American Institute of Physics.
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however, could not be well reproduced, because the dielectric
continuum model treats the adlayer as a homogeneous
dielectric without internal electronic structure.

To account for the conduction band of the Xe adlayer,
McNeill et al. have described the potential inside the Xe
layer as a flat band with an effective mass obtained from a
quantum-well analysis.64 The effective mass for motion
parallel to the surface has been shown to decrease with Xe
layer thickness down to 0.6 of the free electron mass forn
) 1 at four layers of coverage. This decrease toward the
literature value of 0.3591,92 for the bulk Xe conduction band
demonstrates that the wave function of the electron is
confined to a large extent within the Xe layer. Figure 7 shows
the probability density of then ) 1 andn ) 2 states for 1,
3, and 6 ML of Xe calculated within the flat-band ap-
proximation for the potential inside the layer. Whereas the
n ) 1 state shifts further away from the metal for increasing
thickness, then ) 2 state penetrates into the Xe layer, in
particular if the Xe layer terminates near a node of the wave
function, as can be seen for three layers, and, even more
pronounced, for six layers, in contrast to the single layer.
This results in an oscillatory enhancement of the overlap with
the Ag bulk states and, therewith, in an increase of the
binding energy and a decrease of the lifetime.

4.2. Xe/Cu(111)
Wolf et al. have studied Xe/Cu(111),17,53 which is very

similar to Xe/Ag(111). As in Ag(111), then ) 1 state is
located near the top of the projected band gap of Cu(111)
while then ) 2 state lies above the gap, which results in a
shorter lifetime ofn ) 2 compared ton ) 1. Adsorption of
a monolayer of Xe reduces the work function by 0.5 eV.
This shifts then ) 1 state further away from the upper edge
of the band gap, which accounts to a certain extent for the
observed increase in lifetime. Furthermore, the wave function
is decoupled from the metal since the Xe layer acts as a
tunnel barrier for then ) 1 state. Forn ) 2 the change of
the work function is not sufficient to shift this state below
the top of the gap. It remains degenerate with the Xe
conduction band, which results in only slight changes of
binding energy and lifetime (Figure 12). As on Ag(111), the
lifetime of then ) 2 state has a maximum at 2 ML due to
its quantum-well character and remains still shorter than that
for n ) 1 due to the enhanced coupling to the metal. The
results have been discussed within the dielectric continuum

model, whereas the influence of the electronic structure of
the Xe adlayer was taken into account by using a momentum
dependent effective mass.

4.3. Xe/Ru(0001)
The binding energies and, in particular, the lifetimes of

the image-potential states on Ag(111) and Cu(111) depend
strongly on the position of the vacuum level relative to the
projected band gap. To isolate the effect of decoupling of
Xe layers from the shift of the work function, Bertholdet
al. have studied Xe/Ru(0001).62 Ru(0001) has a large band
gap of 9.4 eV. The vacuum level and, with it, the image-
potential states are located close to the center of the projected
band gap, which makes their properties insensitive to shifts
of the work function. Xe adsorption was found to lead to an
increase of the lifetime forn ) 1 and even forn ) 2 despite
its penetration into the Xe layer. However, the lifetime of
the n ) 2 state exhibits a weaker dependence on Xe
coverage. In addition, this study could demonstrate the
influence of the morphology of the adsorbate on the lifetime
of the image-potential states. Xe/Ru(0001) shows two well-
characterized phases of the adlayer geometry. At a coverage
of θ ) 0.85 ML, a commensurate (x3 × x3)R30°
superstructure is observed, whereas the full monolayer is
incommensurate,93 as illustrated in the insets of Figure 8.
These changes in the geometric structure of the adlayer have
a significant influence on the coupling properties of the
image-potential states. The two monolayer phases were
observed to differ distinctly in the lifetimes of the first image-
potential state, which amount to 36 fs for the commensurate
monolayer and 52 fs for the incommensurate monolayer. The
shorter lifetime for the commensurate phase has been
explained by the enhanced Xe/Ru interaction. Creation of a
theoretical model of this effect would be a demanding task,
because it involves a three-dimensional description of the

Figure 7. Calculated probability density for then ) 1 andn ) 2
states for 1, 3, and 6 ML of Xe. Reprinted (Figure 3) with
permission from ref 52 (http://link.aps.org/abstract/PRL/v79/p4645).
Copyright 1997 The American Physical Society.

Figure 8. Left: Lifetime measurements of then ) 1 state of Ru-
(0001) for various Xe coverages. Right: Schematic energy diagrams
and wave functions as computed with a tunneling model. The
coverage of 0.85 ML corresponds to the commensurate (x3×x3)-
R30° superstructure, and 1 and 2 ML correspond to the incom-
mensurate monolayer and bilayer, respectively. The dashed curves
reproduce the results of the clean surface for comparison. Adapted
from ref 62.
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adsorbate/metal system. Due to the large complexity intro-
duced by the strong Xe/Ru coupling and by the large number
of electrons in the Xe atom, such a calculation is still missing.
However, for weakly interacting Ar layers on a noble-metal
surface, a truly three-dimensional theory is feasible, as will
be discussed in section 5.3.

4.4. Ar,Kr,Xe/Cu(100)
The influence of the electron affinity of the rare-gas layers

on the properties of the image-potential states has been
systematically studied by Bertholdet al. in a subsequent
work.57 In this study, binding energies and lifetimes for Xe,
Kr, and Ar layers on Cu(100) have been compared for
coverages up to 5 ML. Quantum-beat spectroscopy8 has been
additionally used to determine binding energies up ton ) 5
and lifetimes up ton ) 4 at coverages of 0-2 ML. As for
Ru(0001), the vacuum level of Cu(100) is located close to
the center of the projected band gap. Thus, the potential
barrier at the metal/rare-gas interface is almost constant
within the range of binding energies of the image-potential
states, and shifts of the work function do not interfere with
the decoupling effect of the rare-gas layers.

In contrast to Xe and Kr, Ar has a negative electron affinity
which leads to a strong repulsion of the whole series of
image-potential states from the metal. 2PPE data for the clean
surface and the Ar-covered surface are shown in Figure 9.
The statesn ) 1 to n ) 3 are fairly well resolved on all
films. The repulsion from the metal results in a decrease of
the binding energy of all image-potential states and a strong
increase of the lifetime as a function of Ar thickness. The
2PPE intensity showed pronounced coverage-dependent
oscillations. For 2 ML of Ar, for example, then ) 1 intensity
is 200 times weaker than that for 1 ML and three times less
than that for 3 ML, which is most likely governed by a
variation of the optical matrix elements for the second
photoemission step with layer thickness, since the continuum
wave functions above the vacuum level will be also affected
by the presence of the rare-gas layers.

In the case of Xe and Kr, only the lifetime of then ) 1
state increases monotonically with coverage, but this increase
is much less pronounced than in the case of Ar. The lifetime
of the n ) 2 state first increases, but then it reaches a
maximum for a coverage of 2 ML. At 4 ML, the lifetimes

drop even below the value of the clean surface. The
corresponding 2PPE data for Kr are plotted in Figure 10.
The Xe data are very similar.

Figure 11 summarizes the results for binding energies and
lifetimes. It clearly shows the influence of the electron
affinity, that is, the position of the conduction band minimum
ECBM of the rare-gas layer. As long as an image-potential
state is located belowECBM, the adlayer represents a tunnel
barrier and the wave function is decoupled from the metal
surface. Thus, the binding energy decreases and the lifetime
increases almost exponentially with layer thickness, as can
be seen for then ) 1 state on Xe and Kr and for the whole
Rydberg series of image-potential states on Ar. This effect
increases systematically with increasingECBM, that is, with

Figure 9. Pump-probe traces (left) and 2PPE spectra (right) for
clean Cu(100) and for Ar coverages of 1 and 3 ML. Reprinted
(Figure 2) with permission from ref 116 (http://link/aps.org/abstract/
PRL/v89/p046802). Copyright 2002 The American Physical Soci-
ety.

Figure 10. Time-resolved pump-probe traces ofn ) 1 and 2 for
0-4 ML of Kr/Cu(100). Thin lines are fits using a rate-equation
model. Dotted lines indicate the experimental time resolution.
Reprinted Figure 6 from ref 57, copyright 2004, with kind
permission of Springer Science and Business Media.

Figure 11. Lifetimes (bottom) and energies (top) of the first three
image-potential states as a function of coverage for Xe, Kr, and
Ar on Cu(100). Experimental values are shown as symbols. The
thin lines depict the results of model calculations as described in
section 5.1. Conduction bands of the rare gases are indicated by
shading. Reprinted Figure 7 from ref 57, copyright 2004, with kind
permission of Springer Science and Business Media.
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increasing height of the tunnel barrier, from Xe to Kr and
Ar (Evac - ECBM ) -0.5 eV, -0.3, and +0.25 eV,
respectively). For Ar, this leads to an increase of the lifetime
by a factor of 10 if the layer thickness is tripled and reaches
up to 10 ps at 5 ML forn ) 1.32 As the binding energy and,
therewith, the distance to the affinity level ofn g 2 is smaller
in comparison to the case forn ) 1, the tunneling barrier is
lower and the lifetimes increase less rapidly compared to
the case forn ) 1.

Xe and Kr layers are slightly attractive to electrons and
represent a barrier only for the lowestn ) 1 state. The higher
quantum statesn g 2 are degenerate with the Xe or Kr
conduction band. Hence, they can penetrate the layer that
acts like a quantum well, as in Xe/Ag(111) and Xe/Cu(111).
Every time the layer thickness matches one-half-cycle of the
oscillating wave function, a resonance is formed with a high
probability amplitude near the metal, which leads to a
resonant decrease of the lifetime as well as to an increase of
the binding energy. For Xe and Kr on Cu(100), the quantum-
well resonance is formed for 4 ML. At 2 ML, the resonance
condition is least fulfilled, which causes the initial increase
in lifetime of the n ) 2 state and similarly of then ) 3
state.

As discussed by Bertholdet al.,57 the coverage dependence
of binding energies and lifetimes can be basically described
by the previously mentioned dielectric continuum model.25,64

The quantum-well-like behavior of then g 2 states in Xe
and Kr, however, cannot be well reproduced. A modification
of the dielectric continuum model which describes the
potential inside the layerVin as a flat band64 can reproduce
the quantum-well resonance in Kr at 4 ML but overestimates
the lifetime by up to a factor of 30. Even if the agreement
with the experimental data is better in other cases, the
dielectric continuum model and its variants53 are not based
on a microscopic description of the electronic structure of
the rare-gas layers and depend on empirical parameters which
have no physical meaning. The electronic structure of the
adsorbate layers enters into these continuum models only
via the electron affinity or sometimes by introducing an
effective mass.64,53 This simplification may be justified in
the limit of very thick films. In the case of films consisting
of only a few monolayers, however, the discrete structure
of the atomic layers must be considered.

A more realistic description of the electronic structure of
the adsorbate layer has been given by Bertholdet al.57,94They
developed a microscopic one-dimensional model potential
as described in section 5.1. It is composed by a superposition
of the image-potential with a potential that has the periodicity
of the rare-gas ions perpendicular to the surface. This
potential naturally produces the conduction band of the rare-
gas crystal without the neglect of the image-potential as in
a flat band model.

4.5. N2/Cu(111)
In their study of Xe/Cu(111), Wolf and co-workers have

also reported about N2/Cu(111).53 In contrast to Xe, N2 has
a negative electron affinity which has been estimated to be
between-1 and-2 eV. The negative electron affinity affects
the properties of the image-potential states in a similar way
as for Ar/Cu(100), where it is responsible for a strong
repulsion of all image-potential states away from the metal.
The binding energy of then ) 1 state on N2/Cu(111) was
found to decrease more strongly compared to that on Xe/
Cu(111), and in particular, the lifetime of then ) 1 state

grows by more than 1 order of magnitude per monolayer
(Figure 12). Also, the lifetime ofn ) 2 strongly increases
upon monolayer adsorption but remains below the one ofn
) 1, since the energy ofn ) 2 is still close to the sp-band
edge of Cu(111). This results in a larger bulk penetration
and, therewith, a shorter lifetime compared to the case ofn
) 1.

4.6. Heterolayers
Hotzel et al. have studied heterolayers of molecular

adsorbates (O2 and N2) physisorbed on top of Xe spacer
layers on Cu(111).95,96The goal was to study electron transfer
into a molecular resonance. However, the time scale of the
electron transfer dynamics for molecules chemisorbed on
metal surfaces is usually too fast to observe directly by 2PPE
in the time domain.97-99 The determination of lifetimes much
shorter then 10 fs requires techniques which work in the
frequency domain, like high-resolution spectroscopy of the
Auger decay of core-excited states.33,100 Therefore, many
researchers have sought to reduce and control the coupling
of adsorbate-induced states to the bulk metal by introducing
thin insulating spacer layers.101-108

As discussed in the last section, the negative electron
affinity of N2 leads to a strong decoupling of the image-
potential states from the Cu(111) surface. Insertion of a Xe
spacer layer shifts the wave function further away from the
metal, and an increase of the lifetime of then ) 1 image-
potential state to 1.6 ps has been found for 1 ML of N2 on
top of 1 ML of Xe on Cu(111).96 Angle-resolved measure-
ments revealed a strong dependence of the inelastic decay
rate on the parallel momentum. Due to the small decay rate
at k| ) 0, electron-electron interaction has been excluded
as the underlying mechanism for this intraband relaxation
in contrast to the cases of Xe on Ag(111)59 and to the
interface states in Ar/Cu(100).109 Instead, it has been sug-
gested that the intraband scattering is linked to the excitation
of low-energy phonons.

For O2/Xe/Cu(111), a single unoccupied O2 induced state
has been found in the 2PPE spectra at 4 eV aboveEF.95 It
has been brought in connection to the lowest-lying negative-

Figure 12. Lifetimes and binding energies of then ) 1 and 2
image-potential states as a function of number of Xe (left) and N2
(right) layers on Cu(111). Reprinted Figure 2 from ref 53, copyright
1999, with kind permission of Springer Science and Business
Media.
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ion resonance X2Πg of O2, which corresponds to the
population of an antibondingπ* orbital with an additional
electron. However, the polarization dependence of the 2PPE
intensity revealed aσ-symmetry which is compatible with
an image-potential state. Also, its effective mass close to
the mass of the free electron is typical for an image-potential
state. Therefore, it has been proposed that the observed state
results from the modification of the image potential by the
presence of the O2 molecule with its attractive negative-ion
resonance. Even if O2 is physisorbed on the bare Cu(111)
surface, this state shows a very short lifetime of<10 fs. A
huge increase of the lifetime to (650( 30) fs for one Xe
spacer layer has been found. However, the addition of further
Xe spacer layers led to a decrease of the lifetime again down
to (90( 10) fs for five Xe layers (Figure 13b). This can be
qualitatively understood by the fact that, in contrast to then
) 1 image-potential state on Xe/Cu(111) without O2, the
O2 induced state is degenerate with the conduction band of
bulk Xe. Thus, the Xe spacer layer does not represent a
tunnel barrier. Nevertheless, for one Xe layer, the lifetime
of the O2 induced state is 1 order of magnitude longer than
that of the correspondingn ) 1 image-potential state. This
behavior could be reproduced by model calculations using
a one-dimensional potential in which the Xe layer is
described within the dielectric continuum model and the
negative-ion resonance of O2 is represented by a square well
with a centrifugal barrier (Figure 13c). Clearly, the penetra-
tion of the wave function in the Xe layer is stronger for 3
ML of Xe compared to a single space layer.

5. Microscopic Models

5.1. 1D Model Potential
As mentioned above, Bertholdet al.57,94developed a one-

dimensional model potential for the description of image-
potential states on a rare-gas covered metal surface. In
contrast to the dielectric continuum model, it takes into
account the high corrugation of the potential inside the
adsorbate layer due to the screened ion cores of the rare-gas
atoms but keeps its simple one-dimensional character. The
resulting model potential for the whole systemV(z) contains
three parts

which describe the potential within the metal, inside the rare-
gas layer, and in front of the adlayer, respectively. Inside
the metal, the well-known two-band model of nearly free
electrons has been used

Here, Φ denotes the work function, anddmet is the layer
spacing normal to the surface. The offsetV0 and the potential
strengthVg were adjusted to reproduce the positions of the
lower and upper edges of the Cu(100) band gap. Inside the
rare-gas layer of thicknessd and in the vacuum region, the
dielectric continuum model in the form given in ref 51 was
used, where the constant conduction band minimumECBM

(compare eq 4) was replaced by a one-dimensional cor-
rugated potentialVatom(z)

Here,â ) (ε - 1)/(ε + 1). δVin(z) andδVout(z) are higher
order corrections, as described in detail in ref 57. The
corrugated potentialVatom(z) describes the main features of
the rare-gas band structure, which are a delocalized conduc-
tion band and a localized valence band. It is given by

where lscr, drg, and nrg are the screening length, the layer
spacing, and the number of atomic layers, respectively. The
screening length determines the range of the atomic potential.
It has only a minor influence on the computational results
and was set tolscr ) 0.05drg. The potential offsetVbg and the
potential strengthVcorewere adjusted to reproduce the correct
position and effective mass of the rare-gas conduction band
minimum. Binding energies and wave functions have been
computed by numerically solving the stationary Schro¨dinger
equation for this potential. Examples of the potential and
probability densities for Xe and Ar layers on Cu(100) are
depicted in Figure 14. The potential oscillates inside the metal
and the adsorbate layer with the period of the respective
lattice constant, while its envelope follows the screened
image potential of the continuum model. The stronger
attraction inside the Xe layer compared to Ar is clearly
visible. The probability density of then ) 1 state penetrates
more strongly into the Xe than into the Ar layer, which
reflects the different energetic positions relative to the
conduction band minimum of the rare-gas crystal in both
cases. The model can reproduce the quantum-well resonance
of n ) 2 at 4 ML of Xe, where the probability density inside
the layer and the metal ofn ) 2 even exceeds the one ofn
) 1. This results in a shorter lifetime ofn ) 2 compared to
n ) 1 at this coverage. In the case of Ar, on the contrary,

Figure 13. Energy (a) and lifetime (b) of the O2-induced
unoccupied state for 1 ML of O2/Xe/Cu(111) as a function of the
number of Xe space layers. Full circles: experimental data. Open
squares: results of the model calculations for energy and inverse
overlap with the Cu bulk, which is approximately proportional to
the lifetime. (c) Model potential (thin line) and calculated probability
density of the lowest-lying bound state (thick line) for O2 on top
of 1 and 3 Xe space layers, respectively. The same scale is used in
both cases. Reprinted from ref 95, copyright 1998, with permission
from Elsevier.
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the probability density decays exponentially inside the layer,
which generates the tunneling-like coverage dependence.

Lifetimes for the rare-gas covered surface were calculated
within the bulk-penetration approximation by scaling the
experimental lifetimes of the clean surface with the computed
probability density inside the metal. As discussed in section
2.1, this approximation neglects the nonlocal character of
the decay mediated by the screened Coulomb interaction with
bulk electrons.10,45However, recent many-body calculations
of absolute lifetimes for Ar/Cu(100) (cf. section 5.2) show
that the nonlocal contributions to the inelastic line width
cancel each other to a large extent, as they do for the clean
surface.27

The results of these model calculations for binding energies
and lifetimes for Xe, Kr, and Ar on Cu(100) are depicted
by the thin lines in Figure 11. They show very good
agreement with the measured data. In particular, the binding
energies are very well reproduced. Even the slight energy
decrease ofn ) 2 and n ) 3 for Xe and Kr within the
resonance at 4 ML is visible. The only free parameter within
the model that was adjusted in order to achieve good
agreement for the binding energies is the dielectric constant
of the adlayer. It was scaled for all three rare gases in the
same way byεcalc ) 1 + 0.5(ε - 1), with ε being the bulk
dielectric constant (ε ) 2.19, 1.86, 1.70 for Xe, Kr, Ar110).
This reduction leads to a decrease of the calculated binding
energies as well as the lifetimes and roughly accounts for
the screening properties at the two interfaces. The agreement
for the lifetimes is, in particular, good forn ) 1. Even the
saturation of then ) 1 lifetime for Xe and Kr is well
described, and then ) 2 resonance is generated at the correct
position at 4 ML. However, the lifetimes ofn ) 2 andn )
3 partly lie more than a factor of 3 above the experimental
values. This is probably an indication that the bulk penetra-
tion approximation is not as satisfied for high-n states on
Xe and Kr as for the nonpenetratingn ) 1 state as well as
for the whole Rydberg series on the clean and Ar-covered
surfaces.

In any case, the lifetime is the more sensitive quantity,
since it depends on the exact form of the wave function and
interaction in a small spatial region while the binding energy
is a more global quantity which is sampled over a larger
region, especially for higher quantum numbers. Such be-
havior can be found also for Rydberg states in atoms, where,
for example, the hyperfine interaction which depends pri-
marily on the probability density at the nucleus is much more
sensitive to the composition of the wave function than the

binding energy.111 The enhanced sensitivity of the lifetimes
to the exact form of the potential is also underlined by the
fact that model calculations for Kr within the dielectric
continuum model which neglects the atomic corrugation in
the adlayer exhibit almost quantitative overall agreement but
cannot reproduce the detailed coverage dependence.112 In
particular, the quantum-well resonance is placed at 2 ML of
coverage instead of 4 ML, and the lifetime ofn ) 1 is
predicted to decrease instead of saturate beyond 2 ML.

It has been shown that the atomic model can also be used
for the simulation of other systems.57 In Figure 15 the lifetime
changes upon Xe adsorption are compared for the three
different noble-metal surfaces Ag(111), Cu(111), and Cu-
(100). In all cases, very good agreement between experiment
and theory is found, whereby the same value for the dielectric
constant of Xe (ε ) 1.65) has been used. The (111) surfaces
of Ag and Cu exhibit a qualitatively similar behavior.
Differences between the (111) and (100) noble metal surfaces
can be understood easily, because, for the former, the image-
potential states lie close to the top of the band gap, where
the penetration of the wave functions into the metal is high,
while, for the latter, they are near the band gap center, where
the bulk penetration is minimized. This leads for the (111)
surfaces to a smaller lifetime ofn ) 2 in comparison ton )
1, as it is closer to the upper edge of the band gap. On
Cu(111), then ) 2 state is even in resonance with the
unoccupied metal band. Similarly, the steep initial rise of
then ) 1 lifetime on the (111) surfaces is generated by the
work function drop upon Xe adsorption that moves the
image-potential states toward the center of the gap.17

The one-dimensional model potential gives a microscopic
understanding of the influence of the electronic structure of

Figure 14. Examples of the atomic potential (bottom) along with the computed probability densities ofn ) 1 and 2 for clean Cu(100), 2
and 4 ML of Xe, and 4 ML of Ar. Metal and rare-gas films are highlighted in dark and light gray, respectively. Reprinted Figure 9 from
ref 57, copyright 2004, with kind permission of Springer Science and Business Media.

Figure 15. Coverage-dependent lifetimes ofn ) 1 and 2 for Xe
adsorption on the noble-metal surfaces Ag(111) (ref 52), Cu(111)
(ref 53), and Cu(100) (ref 57) along with computational results of
the atomic model (lines). Lifetimes could not be computed for the
n ) 2 surface resonance on Cu(111). Reprinted Figure 11 from ref
57, copyright 2004, with kind permission of Springer Science and
Business Media.
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the rare-gas layers. However, the calculation of the lifetimes
is still based on the bulk penetration approximation. As
shown by Echeniqueet al.,10,45 there are sizable nonlocal
contributions of the electron-electron interaction, which are
not taken into account within the bulk penetration ap-
proximation. Only in favorable cases such as the clean
Cu(001) surface10 do the nonlocal contributions to the total
decay rate cancel each other to a large extent. It is not clear
a priori if this cancellation holds also for the rare-gas covered
Cu(100) surface.

5.2. Many-Body Calculations

The description of the interaction between an electron and
the rare-gas covered surface by a one-dimensional potential
makes it possible to realize realistic many-body calculations
as in the case of the clean surface. Machadoet al. computed
inelastic lifetimes for Ar/Cu(100) within the GW approxima-
tion of the many-body theory from the imaginary part of
the self-energy.94 This technique makes it possible to predict
accurate lifetimes of image-potential states10,46 and also of
occupied surface states113 in the case of clean metal surfaces
(see also the paper by Chulkov et al.114 in this issue). Ar/
Cu(100) is the favorable system from a theoretical point of
view, because it possesses the largest band gap, smallest
polarizability, and weakest interaction both between the
atoms and with the metal substrate. For this system, the same
one-dimensional parametrized potential as for the calculations
within the bulk penetration approximation presented above
has been used for the description of the image-potential
states. The probability density forn ) 1 andn ) 2 for 0-4
ML of Ar is shown in Figure 16, which clearly demonstrates
the repulsion of the image-state electron due to the Ar layers
for both states. To avoid the enormous computational effort
of a true three-dimensional calculation,7,115 the final states
and the density response function of the metal/adsorbate
system were approximated by those of the clean surface
which can be described in a free-electron-like picture with
translational invariance parallel to the surface. The error thus
introduced is expected to be small, since the localized Ar
levels lie quite deep in energy and are only weakly coupled
to the Cu substrate. Thus, they do not provide additional
decay channels compared to the case of the clean surface.

Figure 17b shows the experimental and calculated coverage
dependence of the lifetimes. The agreement is particularly
good forn ) 1 compared to the calculations within the bulk
penetration approximation. This results from the almost
perfect cancellation of the nonlocal contributions, as for the
clean surface. This cancellation is most probably fortuitous
and will not occur in general if compared to other adsorbate
systems and electronic states. The agreement is less perfect
for n ) 2, which may be a hint that a one-dimensional
description cannot cover all details of the interaction.

5.3. 3D Potential
A truly three-dimensional approach for the description of

the Ar/Cu(100) system was chosen by Marinicaet al.116,117

They computed a parameter-free three-dimensional potential
for the interaction of the image-state electron with the Ar
layer (see also the paper by Chulkov et al.114 in this issue),
which is depicted in Figure 18. The potential between the
electron and the single atoms of the layer and the mutual
polarization of the Ar atoms was considered, allowing a
correct description of screening inside the layer. The
electron-Ar potential was adjusted to electron-scattering data
while the total three-dimensional potential was assumed to
be the sum of the electron-Ar and the electron-metal
interactions. The latter was included by a well-tested one-
dimensional potential that has been applied with great success
to many-body calculations of inelastic decay at metal

Figure 16. Calculated probability density forn ) 1 (solid line)
andn ) 2 (dashed line) for 0-4 ML of Ar/Cu(100). The position
of the last Ar plane is indicated with a dotted line.z) 0 corresponds
to the metal jellium edge. Reprinted from ref 27, copyright 2003,
with permission from Elsevier

Figure 17. Theoretical lifetimes (lines) obtained from (a) the bulk
penetration approximation (cf. also Figure 11) and (b) the many-
body calculation in comparison with the experimental data (sym-
bols). Compiled from refs 57 and 94.

Figure 18. Two-dimensional cut of the 3d interaction potential
between an electron and the Ar/Cu(100) system (4 ML coverage).
Thez-axis is perpendicular to the surface (z > 0 in a vacuum; the
Cu image plane is atz) 0), and they-axis is one of the axes parallel
to the surface. The orientation of they-axis with respect to the Ar
hexagonal array is given in the inset. Reprinted from ref 120,
copyright 2003, with permission from Elsevier
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surfaces.45 Finally, the Schro¨dinger equation was solved by
using a three-dimensional wave packet propagation method.
The change of lifetimes upon Ar adsorption was estimated
by the use of the bulk penetration approximation. As shown
in Figure 19, the coverage dependence of the lifetimes
computed with this three-dimensional model is very similar
to the bulk-penetration and many-body results obtained by
using the one-dimensional atomic model. Up to 2 ML, the
three-dimensional model fits slightly better than the other
two theories, in particular forn ) 2 andn ) 3, whereas at
higher coverages the lifetimes appear to saturate. This
saturation effect has been explained by the interplay between
the increasing thickness of the repulsive layer and the
decreasing binding energies, which lower the effective height
of the barrier. Details of the electronic structure or image
dipoles of the polarized layer may also be involved. In
general, the three-dimensional calculation confirms the results
of the one-dimensional theories. In fact, the three-dimensional
wave functions presented in ref 116, when averaged in the
surface plane, resemble those of the one-dimensional atomic
model.

6. Buried Interface States
Most of the studies on adsorbate systems, which use 2PPE

or conventional electron spectroscopy, remained restricted
to films that were only a few monolayers thick. For image-
potential states that are pushed away from the metal, this is
caused by the reduced overlap with bulk states, which inhibits
an efficient population by optical excitation with increasing
layer thickness. For electronic states that are located at the
metal/adsorbate interface, on the other hand, this restriction
is generally governed by the limited escape depth of electrons
in matter. The dynamics of electrons located at buried solid/
solid interfaces, however, is not only of vast technological
significance but also of great fundamental importance.
Interesting issues are, for example, the elastic or quasi-elastic
transfer of electrons across the boundary of two materials
with different geometric and electronic structures and the

dynamical many-body response of interface electrons leading
to inelastic decay. Rohlederet al. could recently show for
Ar/Cu(100) that the screened image-potential of the metal
within the rare-gas adlayers supports a series of unoccupied
electronic states located at the metal/rare-gas interface, which
nevertheless can be accessed by 2PPE up to an Ar layer
thickness of more than 20 nm.31

6.1. Origin
The origin of these interface states is the image-potential

of the metal which is screened within the rare-gas layer. For
a rare-gas crystal without the metal substrate, the conduction
band in the direction perpendicular to the surface develops
from a finite series of quantum-well states into the continuous
delocalized band with increasing layer thickness. These states
are derived from the unoccupied 6s (5s, 4s) level of the Xe
(Kr, Ar) atoms. Adsorbed on a metal, the attractive image-
potential of the metal within the rare-gas crystal represents
a trap for electrons at the rare-gas/metal interface. In the limit
of an adlayer of infinite thickness, an infinite Rydberg series
below the conduction band minimum with energies

is formed. This is already evident from the form of the
potentialVin within the dielectric continuum model (compare
eq 4). Reduction of the adlayer thickness leads to an upshift
of the interface-state energies such as in a simple quantum
well. For an adlayer with negative electron affinity, such as
Ar, the interface states are located aboveEvac and can be
observed also as final state resonances by conventional
photoemission spectroscopy.118 However, decay into the
vacuum will be suppressed with increasing layer thickness
since the screened image-potential forms a potential barrier
on the vacuum side. The energetic location of the interface
states above the vacuum level has most likely prevented an
earlier experimental detection of these states because one
usually avoids pump photon energies above the work
function in 2PPE experiments in order to suppress the one-
photon photoemission (1PPE) background.69 This transition
from a short-lived scattering resonance into a quasi-bound
interface state could be followed by 2PPE.31 Figure 20 shows
as an example the probability density of the first membern′
) 1 of the series of interface states in Ar/Cu(100), as can
be calculated by solving the one-dimensional Schro¨dinger
equation for positive energies using the same model potential
as has been used for the description of the image-potential
states (section 5.1). The probability density oscillates with
the period of the rare-gas lattice as for a Bloch-type state,
but its envelope has the form of a hydrogen-like image-
potential state in front of the metal. The maximum of the
probability density of the interface state is located further
away from the metal/rare-gas interface compared to that of
the n ) 1 image-potential state on the clean surface due to
the screening and the small effective mass within the Ar
layer. Compared to the clean surface, this results in a larger
lifetime for decay into the metal, which made it possible to
study the dynamics of these interface states in detail as a
function of film thickness and parallel momentum.

6.2. 2PPE Spectroscopy
Energy-resolved 2PPE spectra for Ar/Cu(100) show only

the bound image-potential states belowEvac at low Ar

Figure 19. Binding energies and lifetimes ofn ) 1-3 for Ar/
Cu(100) as a function of Ar coverage as calculated within the three-
dimensional model (lines) together with the experimental data
points. Reprinted (Figure 3) with permission from ref 116 (http://
link.aps.org/abstract/PRL/v89/p046802). Copyright 2002 The Ameri-
can Physical Society.
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coverage (Figure 21). With increasing coverage, their binding
energies relative toEvac decrease, and their intensity drops
rapidly due to the repulsion from the Cu interface, which
decreases the overlap with the Cu bulk electrons and
therewith the excitation probability. Starting at 2 ML, then′
) 1 interface state becomes visible as a broad feature above
the vacuum energy that grows in intensity, shifts down in
energy, and narrows in line width when the coverage is
further increased. The energy and intensity of this peak stay
constant at a high coverage above 15 ML. For coverages
larger than 10 ML, also then′ ) 2 state can be assigned,

which exhibits a similar behavior. In the limit of very thick
layers, the states converge to energies that lie slightly below
the conduction band minimum of Ar.

Figure 22 shows 2PPE data of the interface states in a 25
ML Ar film obtained with a display-style electron analyzer
which makes it possible to determine the dispersionE(k|) in
a single measurement.109 The parabolic dispersion of then′
) 1 state and even that of then′ ) 2 state can be clearly
resolved. Their effective mass has been determined to be
meff ) 0.61( 0.1,109 while the effective mass of then ) 1
image-potential state of clean Cu(100) is close to one.119 The
lower effective mass of the interface states reflects their
confinement within the Ar adlayer. It agrees with recent
theoretical work on these resonance states in very thin Ar
films120 using the 3D model described in section 5.3 and is
very close to the effective mass at the conduction band
minimum of Ar, where an effective mass of 0.53( 0.01
has been measured using low-energy electron-transmission
spectroscopy.121

The feasibility of 2PPE spectroscopy of electronic states
which are deeply buried under an insulating layer can be
understood as follows: In a usual surface 2PPE experiment,
the probe photon lifts the electrons from the intermediate
state, for example, an image-potential state, directly into
unbound vacuum states (Figure 21, bottom right). In the case
of the interface statesn′ ) 1, 2, the probe pulse promotes
the electrons into the Ar conduction band (Figure 21, top
right), from which they escape to the vacuum by ballistic
transport through the layer. The spectroscopic results indicate
that this transport occurs without appreciable loss of energy
or momentum for layer thicknesses up to roughly 100 Å.
Sharp peaks and an almost constant maximum count rate of
5000/s can be observed. For thicker Ar layers, however, the
count rate decreases and peak broadening is noticeable
(spectra for 40 and 70 ML in Figure 21). Contrasting the
2PPE process, the use of a pump photon energy well above
the work function of Ar/Cu(100) did not pose a serious
limitation in the present measurements because the one-
photon background was efficiently blocked by the insulating
layer.

Figure 20. Schematic energy diagram of a 20 monolayer (ML)
Ar film on Cu(100) indicating (from left to right) the pseudopo-
tential of sp electrons in Cu, the screened corrugated potential of
a single electron in Ar, and the vacuum image potential. Filled and
empty electronic bands are marked by dark and light shades.|Ψ|2n)1
denotes the calculated probability density of the first image-potential
state.|Ψ|2n′)1 is a further solution located at the Cu/Ar interface.
Reprinted (Figure 1) with permission from ref 31 (http://link.aps.org/
abstract/PRL/v94/p017401). Copyright 2005 The American Physical
Society.

Figure 21. Energy-resolved 2PPE spectra for Ar layers of variable
thickness showing then′ ) 1 and 2 interface states and at low
coverage also then ) 1 and 2 image-potential states. The asterisk
denotes an Ar defect state induced by laser irradiation. The energies
are referenced to the vacuum level that was obtained from the low-
energy cutoff of the spectra, and the dotted vertical line marks the
conduction band minimum of bulk Ar. The energy schemes on the
right indicate the 2PPE process for surface states (bottom) and
interface states (top) with electronic bands marked by shades.
Reprinted (Figure 2) with permission from ref 31 (http://link.aps.org/
abstract/PRL/v94/p017401). Copyright 2005 The American Physical
Society.

Figure 22. (left) E(k|) 12PPE spectrum for 25 ML of Ar/Cu(100)
acquired with a display-style electron analyzer. The solid line
depicts the parabolic dispersion of then′ ) 1 interface state. The
dots mark the points used for evaluation of the time-resolved
pump-probe traces. (right) 2PPE energy spectrum fork| ) 0
obtained from a cut through the 2d spectrum with a width of about
0.018 Å-1. The dashed line shows the position of the conduction
band minimum of Ar. Reprinted with permission from ref 109.
Copyright 2005 IOP Publishing Ltd. and Deutsche Physikalische
Gesellschaft.
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6.3. Tunneling and Inelastic Decay

Time-resolved measurements of the interface statesn′ )
1 andn′ ) 2 revealed a strong dependence of the lifetimes
on the adsorbed layer thickness, as summarized in Figure
23a. The lifetimeτ of the n′ ) 1 state is 40 fs at 8 ML,
while above 15 ML it saturates at 100 fs. The lifetime of
then′ ) 2 state lies below that of then′ ) 1 state for thinner
layers, but it approaches a value near 200 fs above 30 ML.
The data for then′ ) 2 state show a larger scatter at high
coverages due to contributions of energetically close-lying
and long-living states withn′ g 3, which are experimentally
difficult to separate. The curves separate in two regions: at
low coverage, that is, below 15 ML forn′ ) 1 and 30 ML
for n′ ) 2, there is a strong rise of the lifetimes with
increasing layer thickness, while at high coverage the
lifetimes of both states approach constant values of 100 fs
and around 200 fs, respectively. This behavior stems from
two different decay processes of the interface electrons,
which are sketched in the inset of Figure 23b). The strong
variation of the lifetimes in the low-coverage regime arises
from resonant electron transfer through the insulating over-
layer. It can be looked at as a leakage of the wave function,
that is confined to a thin layer, into the vacuum. Thiselastic
decay channel can exist, because the energies of the interface
states lie above the vacuum level. Thus, the interface states
are, in principle, not bound to the surface but form short-
lived resonances in the case of thin layers. However, when
the layer thickness becomes larger than the spatial spread
of the wave function, which is localized at the interface due
to image forces, this decay path becomes weaker and finally
vanishes, because then the wave function is contained
completely inside the layer (Figure 23b). Under this condi-
tion, only the second, inelastic decay process survives. The
corresponding decay rateΓe-h can be determined from the
experimental high-coverage lifetimesτsat by Γe-h ) p/τsat.
As in the case of image-potential states, it originates from
inelasticscattering with the electrons of the metal and scales
with the bulk penetration of the wave function of the interface
state. Although the bulk penetration and dielectric screening
may be slightly affected by the film thickness, this decay
channel can be regarded as approximately constant. Thus,
the elastic transfer rateΓtr is given byΓtr ) p/τ - p/τsat. As
shown in the inset of Figure 23a,Γtr decreases exponentially
with layer thickness, as for tunneling through a square barrier,

even if the screened image-potential decreases more gradu-
ally.

Angle- and time-resolved 2PPE experiments on 25-ML
thick Ar films on Cu(100) revealed a momentum dependence
of the inelastic decay rate of then′ ) 1 interface state.109 At
this coverage then′ ) 1 interface state is completely confined
to the Ar layers, and elastic decay due to tunneling can be
neglected. Figure 22 shows typical raw data for a fixed delay
of 67 fs between pump and probe pulses. The dynamics of
the inelastic decay along the dispersion curve has been
determined by recording such images as a function of pump-
probe delay. For the clean Cu(100) surface, it has been shown
that the momentum dependence of the inelastic decay rate
is governed by inter- and intraband decay processes, both
driven by electron-electron interaction.21 The momentum
dependence of the interband decay results from the energy
and momentum dependence of the electron-electron interac-
tion as well as from ak| dependence of the image-state wave
function due to the dispersion of the bulk bands. The
intraband decay within the bands of the image-states has a
comparable magnitude due to the almost complete spatial
overlap of image-potential wave function for differentk|.
As shown in Figure 24, the smaller rate for inelastic decay
of the n′ ) 1 interface state at theΓh-point (k| ) 0) goes
along with a weaker dependence onk| if compared with the
n ) 1 state on the clean surface. A similar relation has been
found for the momentum-dependent decay rate of the image-
potential states on mono- and bilayers of Xe on Ag(111).59

There, the bilayer exhibits a weaker dependence onk| as
well as a smaller decay rate at the band bottom compared to
the monolayer. This can be simply understood if the
momentum-dependent relaxation dynamics of then′ ) 1 state
is governed by the same scattering processes as for then )
1 state on the clean surface. Then both the decay rate and
its momentum dependence should scale with the same factor
compared to the case of then ) 1 state, as confirmed by the
dashed line in Figure 24. This empirical factor of 2.75 should
be related to the different penetrations of then′ ) 1 andn
) 1 wave functions into the Cu bulk if nonlocal contributions
of the electron-electron interaction cancel each other to the
same extent as they do for the image-potential states.94

However, the ratio of the calculated bulk penetrations is 4.7.
This indicates either that the local description by the bulk
penetration argument could be not appropriate for the
interface states or that the 3D corrugation of the wave

Figure 23. (a) Summary of the experimental lifetimes (symbols) as a function of Ar layer thickness (1 ML)̂ 3.04 Å). Simulated curves
were calculated asτ ) (Γtr/p + 1/τsat)-1 from the theoretical rates of elastic transferΓtr and the experimental high-coverage lifetimesτsat.
Inset: elastic ratesΓtr. (b) Computed probability densities of then′ ) 1 state for different Ar coverages. Reprinted (Figure 4) with permission
from ref 31 (http://link.aps.org/abstract/PRL/v94/p017401). Copyright 2005 The American Physical Society.
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function in the Ar layer, which leads to a lateral variation of
the coupling to the surface, could be crucial for the
quantitative description of the decay. Decay processes
mediated by phonons in the Ar layer as proposed for the
system N2/Xe/Cu(111)96 should lead to a strongerk| depen-
dence. However, scattering at defects is expected not to
depend much onk|,24 which could contribute to a constant
offset of the experimental decay rate compared to the scaled
theoretical results. On the other hand, the inelastic decay rate
of the n′ ) 1 state is very reproducible, as can be seen in
Figure 23, in particular for layer thicknesses between 50 and
210 Å, which makes defect scattering due to imperfections
of the Ar layer not very likely.

7. Organic Adlayers
During the last few years, the electron dynamics at the

interface between organic molecules and metals has attracted
much attention, partly due to its relevance for molecular-
based electronics.2 It has been reviewed in a number of recent
papers by Zhu2,26,122and Harris and co-workers.25,60,123Thus,
we will not discuss all aspects of this topic here, and we
will concentrate on the main differences and similarities
compared to image-potential states on rare-gas layers.

In the energy region which is probed by 2PPE, that is,
mainly betweenEF andEvac, the electronic structure of rare-
gas crystals is dominated by a delocalized conduction band.
The localized valence band is separated by a large band gap,
and direct excitations within the rare-gas layer play no role
at optical frequencies. Instead of valence and conduction
bands, the electronic structure of molecular adsorbates is
usually classified by molecular orbitals such as the highest
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO), both of which may be
partly hybridized with electronic states of the metal. For
molecular crystals, however, these levels form energy bands
which reflect the translational periodicity of the adlayer, but
these bands may be narrow, like a molecular resonance, if
the electronic coupling between the molecules is weak.

Examples for the observation of molecular resonances by
2PPE are CO,80,97,124-126 Cs,76,99,127-133 atomic oxygen,98

molecular oxygen,95 and benzene,134-138 all adsorbed on
Cu(111). In most 2PPE experiments, the initially unoccupied
resonances are populated by excitation of metal electrons.
For organic molecules, however, the energetic distance
between the HOMO and LUMO level may be small enough
for optical excitations within the adsorbate layer.139

In any case, the image-potential of the metal will be always
superimposed on the molecular potential, and image-potential
states may dominate the electronic structure aroundEvac, in
particular if the electronic coupling between the molecular
orbitals and the metal is weak. Examples for the dominance
of the image-potential states are alkanes/Ag(111),56 benzene/
Ag(111),140 and naphthalene and anthracene on Ag(111).66

As for rare-gas films, the binding energies and lifetimes of
the image-potential states on these organic layers depend
sensitively on the energetic position of the affinity level.
Naphthalene and anthracene, however, have two attractive
affinity levels, that is, two close lying bound conduction
bands. Such an electronic structure cannot be described by
the dielectric continuum model, in which the adsorbate layer
is represented by a single affinity level and its dielectric
constant. The qualitative arguments, however, are the same
as those for layers with a single conduction band. For
naphthalene, then ) 1 image-potential state is degenerated
with the first conduction band. This results in a penetration
of the electron into the layer, and an ) 1 lifetime of not
more than 60 fs even for a trilayer has been observed. For
anthracene, then ) 1 state is located in the gap between the
two conduction bands and the adlayer forms a tunnel barrier.
Thus, the lifetime is much longer and reaches 1.1 ps for the
bilayer.66

Self-assembled monolayers of thiolates, which chemisorb
on metal surfaces via a sulfur anchor, represent a case in
which the 2PPE spectra are dominated by molecular reso-
nances, and no image-potential states were observed for
methanethiolate (CH3S) on Ag(111)139 and pentafluorothiophe-
nolate (C6F5S) on Cu(111).141

In contrast to C6F5S, C6F6 binds only weakly to metal
surfaces, with the first layer lying flat on the surface.
Nevertheless, electron transfer by direct excitation of metal
electrons into the LUMO at 2.9 eV above the Fermi level
has been observed by 2PPE on C6F6/Cu(111).142 The strong
electronic coupling of this state to the metal surface is also
reflected by its short lifetime of only 7 fs at 1 ML
coverage.143 With increasing coverage, the lifetime of the
LUMO increases and the effective mass parallel to the
surface decreases toward the mass of the free electron. This
has been explained by an increasing delocalization in the
direction perpendicular as well as parallel to the surface due
to band formation caused by intramolecular interaction.
Recent time- and angle-resolved experiments with improved
time-resolution revealed a delayed build up of the LUMO
population atk| ) 0, which has been attributed to intraband
scattering within the delocalized band toward the band
minimum.144

In addition to the electronic polarization of the metal and
the adlayer, an excess electron can also induce a rearrange-
ment of the adsorbate atoms by intra- or intermolecular
polarization. This can lead to a dynamical localization of
the electron due to self-trapping into a small or large polaron,
respectively. Such a localization mechanism has been
observed for image-potential states on alkane layers. These

Figure 24. Decay rates of the first image-potential state (open
symbols) and the first Ar interface state (closed symbols) on Cu-
(100) as a function of the kinetic energy of parallel motionE| )
p2k|

2/2meffm0. The solid curve indicates the theoretical values for
the clean surface from ref 21. The dashed curve represents the same
curve but scaled by a constant factor which has been obtained from
the ratio of the lifetimes for the clean and Ar covered surfaces at
k| ) 0. Reprinted with permission from ref 109. Copyright 2005
IOP Publishing Ltd. and Deutsche Physikalische Gesellschaft.
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σ-bonded hydrocarbons have a negative electron affinity
similar to that of Ar, which leads to a strong decoupling of
the image-potential states, as has been shown by time-
resolved 2PPE atk| ) 0.51,145In contrast to the case of rare-
gas layers, however, angle-resolved 2PPE spectroscopy has
revealed that the image-potential states on bilayers and
trilayers of n-alkanes show, apart from a delocalized (meff

≈ 1), also a localized (meff ≈ ∞) component.56 The
nondispersive peak has been observed for different chain
alkanes such asn-pentane, as well as for the ring alkane
cyclohexane, but not for neopentane.146 It has been assigned
to an excess electron which collapses from the delocalized
image-potential state into a localized two-dimensional small
polaron by creating itself a potential well in the alkane layer
due to polarization and displacement of the atoms surround-
ing it. Geet al. have demonstrated that the unique capabilities
of time-resolved 2PPE can be used to investigate the
dynamics of this self-trapping localization process directly
in the time domain.28,147 They observed the transition from
a well-defined, delocalized image-potential state into a
localized state within a few hundred femtoseconds, as shown
in Figure 25. A dependence of the localization time on
parallel momentum and temperature has been found, which
could be explained by an activated polaron formation model.
So far, this is the only example in which polaron formation
has been observed at adsorbate/metal interfaces.

For polar molecules, dynamical localization of an excess
electron can occur due to a reorientation of the molecular
dipoles, that is, by the process of solvation. This has been
observed by time-resolved 2PPE for the polar organic
molecules acetonitrile, butyronitrile, and alcohol on Ag(111)
in the group of Harris.29,148,149 In these experiments, the
excess electron was excited in an image-potential state. Wolf
and co-workers investigated in detail the trapping of electrons
at metal/ice interfaces where the excess electron was excited
from the metal into the conduction band of the ice layers.
The dependence of the ultrafast dynamics on molecular and

electronic structure has been systematically studied by
investigating amorphous D2O and H2O on Cu(111) and
amorphous and crystalline D2O/Ru(0001).30,150-154

A strong corrugation of the electrostatic potential in the
adlayer can result in a large effective electron mass, which
would represent some sort of static localization. Such an
effect has been observed for C60,155,156which grows epitaxi-
ally on Cu(111). Due to the strong charge transfer from the
metal to the first monolayer, C60 films form a lattice of
dipoles at the interface with translational periodicity. This
results in a large effective mass of the image-potential states,
and almost no dispersion has been observed for 1 ML
coverage (Figure 26). For a coverage of 2 ML C60, then )
1 state shows a strong dispersion with an effective mass of
meff ) 3, since the electron is located further away from the
interface, where it samples a smoother potential. For a
periodic potential, however, the electron wave function is
not localized to a single molecule. The latter type of static
localization can occur in disordered films, as has been shown
for multilayers of benzene.140

8. Conclusion

Image-potential states on rare-gas covered metal surfaces
has been proven to be an ideal model system for the study
of electron dynamics at metal/insulator interfaces using two-
photon photoemission. The extensive experimental work has
shown that their binding energies and lifetimes for inelastic
decay are most essentially governed by the electron affinity
and the dielectric constant of the rare-gas layer. Even
relatively simple theoretical models which describe the rare-
gas layer as a homogeneous dielectric achieve qualitative
agreement with the experimental data, in particular for rare-
gas layers with negative electron affinity. The quantum-well
character of image-potential states which penetrate into layers
with positive electron affinity, however, can be correctly
reproduced only by models which take into account not only
the image-potential within the layer but also the periodic
crystal potential which forms the electronic bands of the rare-
gas solid. The one-dimensional character of image-potential
states made it even possible to perform realistic many-body
calculations of the quasi-particle dynamics, which cover the
nonlocal character of the interaction between an electron in
an image-potential state and the electronic system of the
metal. The role of the three-dimensional corrugation of the
electron potential within the rare-gas layers has been ac-
cessed, which will need further attention, in particular for

Figure 25. Angle-resolved 2PPE spectra of then ) 1 image-
potential state for a bilayer ofn-heptane/Ag(111) taken at pump-
probe delay times of 0 (B) and 1670 fs (C). Initially, the electron
is delocalized and then ) 1 state shows a strong dispersion. The
collapse into a nondispersive localized state occurs within a few
hundred femtoseconds. Reprinted with permission fromScience
(http://www.aaas.org), ref 28. Copyright 1998 American Association
of the Advancement of Science.

Figure 26. Dispersion of then ) 1 image-potential state parallel
to the surface on Cu(111) covered with 1 or 2 ML of C60. Filled
symbols are experimental results; solid curves are from quantum
mechanical simulations.156 Reprinted with permission from ref 122.
Copyright 2004 American Chemical Society.
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image-potential states which penetrate into the rare-gas
layers.

New electronic states have been found for thick Ar films
on Cu(100). These states are similar to image-potential states
but spatially located at the metal/rare-gas interface and bound
relative to the rare-gas conduction band minimum. Despite
the fact that these interface states are buried under Ar films
as thick as 200 Å, their dynamics could be studied by time-,
energy-, and angle-resolved 2PPE. Two distinct decay
channels have been separated: (1) inelastic decay by e-h
excitation in the metal and (2) elastic transfer through the
Ar layer. The latter is a consequence of the negative electron
affinity of Ar, which results in an energetic location of the
interface states above the vacuum level. This decay channel
is strongly suppressed if the layer thickness becomes larger
than the spatial extent of the interface-state wave function.
Thus, the inelastic decay could be studied in detail for thick
films. The existence of such buried image-potential states
makes it possible to investigate electron transfer and decay
processes, which are of general relevance to metal/insulator
interfaces, in a simple and well-defined model system.

The studies on molecular layers have shown that image-
potential states persist on a variety of physisorbed layers, in
particular, for adlayers with negative electron affinity. These
show the same decoupling of the image-potential states as
that for the rare-gas Ar. For molecular adlayers with positive
electron affinity, however, the affinity level may be strongly
coupled with the metal or with the image-potential states.
Thus, the electron transfer is fast and dominated by the
affinity level. In addition, molecular adlayers have shown a
variety of localization phenomena which are not present in
rare-gas layers.
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(147) Höfer, U. Science1998, 279, 190.
(148) Bezel, I.; Gaffney, K. J.; Garrett-Roe, S.; Liu, S. H.; Miller, A. D.;

Szymanski, P.; Harris, C. B.J. Chem. Phys.2004, 120, 845.
(149) Liu, S. H.; Miller, A. D.; Gaffney, K. J.; Szymanski, P.; Garrett-

Roe, S.; Bezel, I.; Harris, C. B.J. Phys. Chem. B2002, 106,
12908.

Electronic Transfer at Metal/Insulator Interfaces Chemical Reviews, 2006, Vol. 106, No. 10 4279



(150) Gahl, C.; Bovensiepen, U.; Frischkorn, C.; Morgenstern, K.; Rieder,
K. H.; Wolf, M. Surf. Sci.2003, 532, 108.

(151) Bovensiepen, U.; Gahl, C.; Wolf, M.J. Phys. Chem. B2003, 107,
8706.

(152) Bovensiepen, U.; Gahl, C.; Sta¨hler, J.; Loukakos, P. A.; Wolf, M.
Isr. J. Chem.2005, 45, 171.

(153) Andrianov, I.; Klamroth, T.; Saalfrank, P.; Bovensiepen, U.; Gahl,
C.; Wolf, M. J. Chem. Phys.2005, 122, 234710.

(154) Bovensiepen, U.Prog. Surf. Sci.2005, 78, 87.
(155) Dutton, G.; Zhu, X. Y.J. Phys. Chem. B2002, 106, 5975.
(156) Dutton, G.; Pu, J.; Truhlar, D. G.; Zhu, X. Y.J. Chem. Phys.2003,

118, 4337.
(157) Chulkov, E. V.; Silkin, V. M.; Echenique, P. M.Surf. Sci.1997,

391, L1217.

CR050171S

4280 Chemical Reviews, 2006, Vol. 106, No. 10 Güdde et al.


