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Abstract

We present an overview of experimental and theoretical studies of image states dynamics at

metal–dielectric interfaces. The interaction of an image-state electron with a metal substrate is

largely altered by the presence of a dielectric adlayer. The electron affinity of the adsorbate

determines, to a great extent, the evolution of image states upon adsorption. A large variety of

adsorbates and surfaces have been studied, from both experimental and theoretical points of

view. On the theoretical side, penetration approaches are not able to include all the physics

involved in decay processes. A more realistic many-body calculation, which takes into account

all the fundamental factors determining the lifetime, has been recently performed, and a fairly

good agreement with experiments has been obtained.
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1. Introduction

Electronic properties at surfaces and interfaces and their dependence on the in-

terfacial structure are of fundamental interest to various research fields. The inter-

action of excited surface electronic states with the underlying substrate governs the
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cross-sections and branching ratios of practically all electronically induced adsorbate

reactions at metal surfaces [1–4]. The dynamics of excited electrons at interfaces

provides important information on electronic transport across device junctions, in-
teraction of charges with metal–insulator interfaces, dielectrics in electronic circuits,

etc. [5]. The adsorption of dielectric materials on metal surfaces modifies the energy

levels, wave functions and dynamics of the excited states of a metal. In particular, it

is known that adsorbates with a negative electron affinity (EA) induce a large in-

crease in the lifetimes of image states, by decoupling the wave function from the solid

substrate [6–12]. Dielectric materials, such as Xe, with positive EA give rise to

quantum-well states [9,13–17]. Two-photon photoemission (2PPE) techniques have

enabled this effect to be studied in a layer-by-layer way, making it possible to probe
directly the nature of quantum confinement effects on electron transport.

Image states [18] are a particular class of surface states, which arise as a conse-

quence of the interaction between an electron in the vacuum region and the polari-

zation charge it induces in the surface. If the projected bulk-band structure of the

metal has a gap close to the vacuum level, the electron can neither penetrate into the

metal nor escape into the vacuum, because of the image-potential tail, whose

asymptotic form is that of the classical long-range image potential:
V ðzÞ ¼ �1

4ðz� zimÞ
; ð1Þ
where z represents the distance from the surface and zim is the image-plane position.
The electron is then trapped outside the surface, forming a series of image-potential

states, converging to the vacuum level. Image-state wave functions are quasi-free in

the plane parallel to the surface, and are localized perpendicularly to the surface,

with the maximum of the probability density located in vacuum region, beyond the

metal’s jellium edge.

In general, image states have longer lifetimes than surface or bulk states of the

same energy, because they are mainly localized outside the crystal, which results in a

small overlap with the substrate.
Experimentally, time-resolved 2PPE techniques have provided a very powerful

tool to study electron dynamics both in intrinsic and image surface states [19–21]. In

these experiments, a photon from a short laser pulse (pump) excites an electron from

a state below the Fermi level to an intermediate empty state below the vacuum level,

from which it is subsequently lifted above the vacuum level by a second photon

(probe) [22]. The energy spectrum of these photo-emitted electrons may be used to

determine the binding energies of the intermediate states. By varying the temporal

interval between the two pulses the dynamics of the system can be monitored in real
time.

In the present paper, we resume experimental and theoretical progress made in the

past decade on the study of electron dynamics at metal–insulator interfaces, together

with some recent advances. We will concentrate on physisorbed species, i.e., atoms

or molecules that do not interact chemically with the metal surface. For the saturated

monolayers (ML) and the higher adsorbate coverages that we consider in the
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following, the high-energy atomic orbitals of the adlayer overlap to form a con-

duction band. This band can lie below or above the vacuum level and defines the EA

of the adsorbate, which will be shown to play a key role in the evolution of the metal
image states upon adsorption of a dielectric material. Two main cases are analyzed:

negative (repulsive) EA, whose main effect is the decoupling of image states with

increasing coverage and positive (attractive) EA, which leads to a quantum-well like

behavior of the image states. Both experimental and theoretical descriptions of

electron dynamics at various metal–dielectric interfaces, mainly alkanes and rare

gases, are discussed.

The article is organized as follows: A brief overview on the main previous ex-

perimental and theoretical results on electron dynamics at metal-adsorbate systems is
given in Section 2. In Section 3, we present a recently reported many-body calcu-

lation of the image-potential states binding energies and lifetimes of the Ar/Cu(1 0 0)

system, as a function of coverage. These results are compared with experiments and

discussed in Section 4. Finally, our conclusions are summarized in Section 5.

Unless otherwise stated, atomic units (�h ¼ m ¼ e2 ¼ 1) are used throughout.
2. Metal–dielectric interfaces: earlier work

Image-state properties on clean surfaces, which are quite well understood, suffer

dramatic changes when a dielectric is adsorbed on a metal surface. Binding energies,
coupling with the bulk states and lifetimes become, as we will see, significantly al-

tered by the modified surface potential.

The time-resolved 2PPE studies that we discuss concentrate mainly on the (1 1 1)

and (1 0 0) surfaces of noble metals, mostly of Cu and Ag. The electronic structures

of these two crystallographic faces show important differences, which are crucial for

some of the properties of image states. The overlap of the image state wave function

with the surface and bulk states and its behavior in vacuum and bulk regions depend

to a large extent on the position of these states with respect to the energy gap of the
projected bulk band structure.

The multiple reflection theory (MRT) [23,24] predicts binding energies and the

position of the maximum of the wavefunctions of image states taking into account

the effect of the substrate’s band structure. It considers surface states as plane waves

trapped between the bulk crystal and the image potential barrier. Bound states occur

when the total accumulation of the phase is /C þ /B ¼ 2pn, /C and /B being the

phases of the crystal and the barrier reflectivity, respectively. For s–p inverted band

gaps, where the bottom of the gap is p-like, while the top is s-like, /C varies from 0 to
p from the bottom to the top of the gap. It is clear that, if this were the case for /B,

we would have only one or no solutions, thus no surface states. However, if /B varies

rapidly with energy, there are more chances of finding many solutions. States in-

duced by a rapid variation of /C are called crystal-induced surface states, while those

due to /B are barrier-induced states. The /B dependence on energy can be expressed

[23], within the WKB approximation, as
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/BðEÞ ¼ p
2Z1ffiffiffiffiffiffiffiffiffiffi
�2E

p
�

� 1

�
; ð2Þ
where
Z1 ¼
1

4

�� 1

�þ 1
; ð3Þ
� being the static dielectric constant of the material.

As the vacuum level is approached, the variation of /B becomes infinitely rapid,

and a Rydberg series of states (image states) is created. These states are within 1 eV
below the vacuum level, and in this case one can consider that /C remains constant.

Taking into account the condition for the phases and Eq. (2) leads to the following

expression for the binding energies of image states:
Eb ¼ � 0:85 eV

ðnþ aÞ2
; n ¼ 1; 2; . . . ; ð4Þ
where a, which is called the quantum defect, can be written as
a ¼ 1

2
1

�
� /C

p

�
: ð5Þ
At the close-packed (1 1 1) surfaces, the vacuum level is close to the top of the gap,

so /C � p and Eb ¼ �0:85 eV/n2. For (1 0 0) surfaces, the vacuum level is at the

middle of the gap and /C � p=2, so Eb ¼ �0:85=ðnþ 0:25Þ2. Therefore, with this
relatively simple model it can be easily seen that image states are more tightly bound

in (1 1 1) crystallographic faces than in the (1 0 0) ones. Then, it is also evident that

the maximum of the probability density will be closer to the surface for the (1 1 1)

case, as the states will be closer to the steep part of the Coulomb potential than at

(1 0 0) surfaces.

This dependence of the overlap on the particular surface face will undoubtedly

affect the image states lifetimes both at the clean surfaces and at the metal–dielectric

systems.

2.1. Experimental work

The first studies of image states at metal surfaces with adsorbates were performed

by means of inverse photoemission [25,26], which, unfortunately, lacks the necessary

precision to an accurate determination of the binding energy shift induced by the

adsorbates. 2PPE is a more suitable way to probe image-state properties in this kind

on systems.
The first 2PPE experiments on metal–dielectric systems, performed by Harris and

coworkers [27,28], showed that image states persist, with modified binding energies

and effective masses, upon adsorption of several layers of materials, such as alkanes

and rare gases. The work-function change, caused by the adsorbate, induces a shift

of the vacuum level with respect to the Fermi level of the metal. As image-state

binding energies remain pinned to the vacuum level, the energetic relationship of



M. Machado et al. / Progress in Surface Science 74 (2003) 219–237 223
image states with respect to the metal’s band structure will be altered by the physi-

sorption process. Lingle et al. [6,7] determined the n ¼ 1 energies and lifetimes for

Ag(1 1 1) with several ML of alkanes, finding that binding energies decrease when
coverage increases, while lifetimes get longer. For the n ¼ 1 state the lifetime shows

an approximately exponential increase with growing adlayer thickness. For n ¼ 2

and 3, a dramatic increase is found with adsorption of one layer, but this effect is

much less pronounced for the bilayer [7].

Lingle and coworkers propose a simple picture, where the repulsive EA of the

layers induces a tunneling barrier which decouples the image states from the un-

derlying substrate. The probability density maximum of the image states is shifted

away from the metal surface. In this way, coupling with electron–hole pairs in the
substrate becomes less probable and lifetimes increase.

It is interesting to note that at the bare Ag(1 1 1) surface, the n ¼ 2 state is shorter

lived than n ¼ 1 [19]. This happens because, while n ¼ 1 is in the energy gap, n ¼ 2 is

above the top of the gap and degenerate with the projected bulk conduction band.

For this kind of resonant states, the lifetime is, in general, much shorter than for

states in the gap, because the overlap with bulk states is much larger. With the

adsorption of an alkane monolayer, both the n ¼ 1 and the 2 state get decoupled

from the metal, the work-function change lowers the n ¼ 2 state into the gap and its
lifetime becomes longer (270 fs) than that of n ¼ 1 (155 fs) [7].

Dielectric materials with attractive EA add interesting effects to the physics of

image states outside insulator layers. McNeill et al. [13] reported measurements of

energies and dispersions of image states for several ML of Xe on Ag(1 1 1). They

found that, while the n ¼ 1 state evolves as an image state screened by the dielectric

layers, i.e., its probability density shifts toward the vacuum region with increasing

coverage, the n ¼ 2 and 3 states become quantum-well electronic states of the layer.

The second and third image states evolve from their purely two-dimensional free-like
behaviour (image states are only bound in the direction perpendicular to the surface)

to the three-dimensional conduction bulk bands of Xe. The main reason for this is

the attractive electron affinity, which gives rise to a quantum well potential bounded

by the band gap of the metal substrate and the image potential. This quantum well

confines the image state electron within the layer at high coverage.

This confinement effect was also found to influence the lifetimes of the first three

image states of 1–6 ML of Xe on Ag(1 1 1) [14]. While the n ¼ 1 lifetime increases

with the number of layers, the n ¼ 2 and 3 lifetimes oscillate with increasing coverage
as the layer boundary crosses the wave-function nodes.

The same trend was reported for Xe/Cu(1 1 1) in [9] whereas the strongly repulsive

N2 layers on the same substrate showed a drastic decrease of binding energies and

increase of lifetimes, similar to the alkane layers on Ag(1 1 1). In an earlier publi-

cation, Wolf et al. [29] had already reported the binding energies and lifetimes of the

n ¼ 1 and 2 image states for one monolayer of Xe/Cu(1 1 1). They pointed out the

importance of the decreased work-function upon Xe adsorption on the bulk pene-

tration of the image-state wavefunctions. At the bare Cu(1 1 1) surface (see Fig. 1),
the n ¼ 1 state is located near the top of the projected band gap, while n ¼ 2 lies

above the gap and strongly couples with bulk states. The monolayer lowers the
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energy of the n ¼ 1 state, shifting it toward the center of the gap, where its wave

function is more decoupled from the bulk substrate. As a consequence, the lifetime

increases from 18 to 75 fs and its binding energy decreases (smaller quantum defect).
However, for n ¼ 2, the workfunction change of )0.5 eV is not sufficient to remove

its degeneracy with the bulk states. It remains slightly above the top of the gap.

Nevertheless, its lifetime increases from 17 to 40 fs, suggesting that the Xe layer shifts

its probability density toward the vacuum region [9,29].

A systematic study that compares the effect of Ar, Kr, and Xe rare-gas layers on

the properties of image states on Cu(1 0 0) has recently been conducted by Berthold

et al. [30]. The original 2PPE data for Ar/Cu(1 0 0) of Fig. 2 demonstrate the high
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accuracy of these measurements. Binding energies and lifetimes determined for the
states n ¼ 1, 2, 3 plotted as function of layer thickness for the three adsorbates are

collected in Fig. 3. The comparison directly shows the qualitatively different behavior

of adsorbates with positive EA (Xe, Kr) and negative EA (Ar). Argon layers

(EA ¼ þ0:25 eV) are repulsive for all image states, the lifetimes increase nearly

exponentially with layer thickness, while the binding energies decrease monoto-

nously. This is fully consistent with the Ar layers presenting a tunelling barrier for

the image-state electron. With increasing layer thickness the image attraction of the

metal as well as the interaction with the metal surface is reduced. The result is a
reduced binding energy and a considerably prolonged lifetime. The effect of the Ar

adlayers is less dramatic for n ¼ 2 and 3 state than for n ¼ 1 because the energy of

these higher lying states is closer to the top of the Ar conduction band. For this

reason the height of the tunelling barrier is smaller, and the lifetime of the n ¼ 2

state, e.g., can even get shorter than that of n ¼ 1 [30].

The influence of Kr (EA¼)0.3 eV) and Xe layers (EA¼)0.5 eV ) on the n ¼ 1

state is similar but weaker than that of Ar layers because, again, the height of the

tunelling barrier is smaller. This effect overcompensates the somewhat increased
layer thickness of these rare gases at the same coverage. The higher quantum states

nP 2 are degenerate with the Xe or Kr conduction band. They can penetrate the

layers and the lifetimes of the image-states exhibit the quantum-well-like oscillations

of the lifetimes as function of coverage as described above for Xe/Ag(1 1 1).

In the results of Berthold et al. [11,30] the main effects of dielectric adsorbates on

the properties of image states are revealed in a rather clear way. At the noble metals
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(1 0 0) surfaces (Fig. 1) the vacuum level and the Rydberg series are located near the

center of the band gap. For this reason, the work function shift in the adsorption

process does not induce, as was the case for (1 1 1) surfaces, a significant change in
the position of the image states within the gap. They stay close to its center in all

cases. In addition the electronic structure of the light rare-gases like argon is rela-

tively simple and well known. This makes these experimental results particularly

interesting for comparison with theory.
2.2. Theoretical models

The most often used approximation for studying the modification of the surface

potential of a metal, due to adsorption of dielectric overlayers is the dielectric

continuum model (DCM), first proposed by Cole [31,32] and modified by Harris and

coworkers [13,17]. Within this approach, the adsorbed dielectric layers are treated as

a homogeneous, structureless continuum characterized by its dielectric constant, the
effective mass of the conduction band and the EA. In particular, the EA of the

adsorbate plays an important role in the DCM. It increases or decreases the elec-

trostatic potential within the dielectric layers, taking into account that the dielectric

has a band structure.

In the DCM, the electron in the image state is considered quasi-free in the plane

parallel to the surface, and bound in the perpendicular direction by a one-dimen-

sional model potential. This potential is calculated inside the layer and vacuum re-

gions from classical electrostatics, and can be expressed as [7,10,15,17]
V ðzÞ ¼ EA � 1

4�z
; 0 < z < t;

V ðzÞ ¼ �b
4ðz� tÞ þ

1� b2

4b

X1
k¼1

ð�bÞk

z� t þ kt
; z > t;

ð6Þ
where b ¼ ð�� 1Þ=ð�þ 1Þ, t is the width of the dielectric and z is the distance, re-

ferred to the metal’s jellium edge, in the direction perpendicular to the surface. The
divergence at z ¼ t, i.e., at the dielectric–vacuum interface, is avoided by imposing a

constant potential in the range t < z6 t þ b, where b is a cutoff parameter. At the

metal–dielectric interface, the divergence is removed by choosing a cutoff energy,

usually the Fermi energy of the metal. This potential is illustrated squematically in

Fig. 4 for the case of a repulsive EA material.

Inside the dielectric region, the potential of (6) describes the interaction between

the excess electron and the adlayer by means of the bulk EA (first term), modified by

the (screened) image potential of the metal (second term). The first term in the
vacuum region corresponds to the image potential of an excess electron outside an

infinite dielectric. The second term is a sum over infinite image charges inducing

successive image charges as a consequence of the presence of more than one inter-

face. Variations of this potential have been used by some authors [7,14] to treat

metal–dielectric systems.
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The effect of the dielectric on the image states binding energies can be analyzed

from (6). The dielectric screens the image potential of the metal (second term of both

equations), but on the other side, the excess electron polarizes the adlayer, adding an

attractive interaction, which appears in the first term of the potential in the vacuum

region. For the monolayer case, binding energies of image states are the result of
these two competing effects. As we have seen, as the number of adsorbed layers

increases, the EA of the dielectric exerts also an important influence on the image-

states character and dynamics.

Binding energies and wave functions are obtained straightforwardly from the

DCM, by solving the Schr€oodinger equation. In general, the DCM has been proved to

reproduce quite well the experimental trends for binding energies [9,13,14,16].

Lifetimes, however, are not included in this description and further approximations

are needed.
The first self-energy calculations of the inverse lifetime broadening of image

states on noble metal surfaces, were reported in [33]. In this calculation, hydro-

genic-like states were used, with no penetration into the solid, to describe the

image-state wave functions, a step model potential was introduced to compute the

bulk final-state wave functions, and a simplified free-electron gas model was used

to approximate the screened Coulomb interaction. More realistic wave functions,

allowing for penetration of the electron into the crystal, were introduced in [34].

The approximations used in [33,34] for bulk and image states, as well as for the
surface screening allowed qualitatively correct results for the lifetimes on the (1 1 1)

and (1 0 0) surfaces to be obtained. Later, Gao and Lundqvist [35,36] proposed an

even simpler model for the decay of the n ¼ 1 image state on the (1 1 1) surfaces.

They used an unscreened Coulomb potential, simulated the final bulk states by a

single band and, in addition, included in the model the surface state as a decay

channel.
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Other authors have estimated the lifetime of an image state by assuming that it is

inversely proportional to the part of the probability density, which overlaps with the

metal substrate [43], i.e., the penetration of the image state into the bulk, viz.,
pn ¼
Z 0

�1
w�

nwn dz: ð7Þ
The linewidth of the image state with energy En is determined from the linewidth
of a bulk state with the same energy, CbðEnÞ, scaled by the penetration of the image

state:
CðEnÞ ¼ pnCbðEnÞ: ð8Þ
The value of CbðEnÞ can be obtained either from first-principles calculations or

from the experiment.

Image-state lifetimes for the Xe/Cu(1 1 1) system have been obtained [9] via this
penetration approach. Experimental trends were reproduced for n ¼ 1 lifetimes as a

function of coverage. Decay rates for Xe/Ag(1 1 1) were calculated by McNeill et al.

[14] using photoemission data for CbðEnÞ. They obtained qualitative agreement with

experimental data and were able to reproduce the oscillations in the lifetime of n ¼ 2

and 3 states, due to their quantum-well character. In the case of Ar/Cu(1 0 0),

Berthold et al. [11], showed that the continuum model plus a lifetime calculation

based on penetration arguments, failed to describe satisfactorily the lifetime de-

pendence on coverage. The n ¼ 1 lifetime was overestimated by factors of 3, 5 and 10
for 3, 4 and 5 ML, respectively.

Recently, a more accurate study of the influence of adsorbates on image-state

properties has been performed by Marinica et al. [12] on Ar/Cu(1 0 0) systems. The

interaction between the excess electron and the Ar/Cu(1 0 0) system was modeled by

a two-term potential. The first one includes the electron–Cu interactions and was

taken from the work of Chulkov et al. [37,38]. The second term contains the sum of

the individual electron–Ar interactions, including a short-range part as well as a

long-range part, due to mutual polarization effects between Ar atoms. Wave func-
tions were obtained by solving the Schr€oodinger equation using a 3D wave packet

propagation method [44,45]. Lifetimes of image states were approximated from the

expression
sn;Ar=Cuð1 0 0Þ ¼
sn;Cuð1 0 0Þ � pn;Cuð1 0 0Þ

pn;Ar=Cuð1 0 0Þ
: ð9Þ
By using the experimental lifetime of the clean metal image states in (9), Marinica

et al. included some of the physics involved in the decay rate of the metal image
states. The effect of the adsorbate was taken into account in the calculation of the

wave functions. For the determination of the lifetime of the metal–dielectric image

states only effects due to the ratio between the new penetration value upon ad-

sorption and its value at the clean metal were considered. This constitutes quite a

successful and computationally simple approach, and results obtained show good

agreement with experimental data.
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However, from time-resolved 2PPE measurements we know that the linewidth of

the n ¼ 1 state on Cu(1 1 1) and Cu(1 0 0) is 30 and 16.5 meV, respectively, while

accurate model potential calculations [38] give penetrations of 0.22 and 0.05.
Therefore, line widths differ by a factor of 2 and penetrations by a factor of 4. This

example shows that the simple application of (8) or (9) can not, in general, give a

realistic description of the decay rates of image states. Contributions of the eva-

nescent tails of bulk states outside the crystal [39] and of the intrinsic surface states,

together with the dynamically screened Coulomb interaction [46,47], have to be

considered as well. All these key ingredients are included in the many-body calcu-

lation of image-state binding energies and lifetimes that we present in the following

sections, for the case of 0–4 monolayers of Ar/Cu(1 0 0).
3. Many-body calculation of image-potential state lifetimes

Inelastic scattering rates of image states at the Ar/Cu(1 0 0) system have been

obtained by Machado et al. [48] by means of a many-body calculation, based on the

electronic self-energy. Within this approach, the inelastic linewidth (or inverse life-

time) of an electron in the initial state /iðrÞ with energy Ei is given by the projection

of the imaginary part of the electron self-energy, R, onto this initial state [49]:
s�1 ¼ �2

Z
dr

Z
dr0/�

i ðrÞImRðr; r0;EiÞ/iðr0Þ: ð10Þ
The self-energy is computed in the GW approximation [50], which represents the first

term in a series of R, in terms of the Coulomb screened interaction, W ðr; r0;xÞ. The
evaluation of the exact many-body Green function of the system is extremely

complicated and, in general, one has to resort to perturbation theory. Usually, it is

the non-interacting Green function, G0, which is used in practice. This is known as

the G0W 0 approximation, where W 0 indicates that the screened interaction is ob-

tained at the RPA level. Self-consistent GW calculations are not systematically better

than G0W 0, and it is not trivial to find a way to go beyond this approximation

satisfactorily [51,52].

The screened Coulomb interaction, W ðr; r0;xÞ is related to the creation of elec-
tron–hole pairs in the metal, which is the main process through which image states

decay into the solid:
W ðr; r0;xÞ ¼ vðr; r0Þ þ
Z

dr1

Z
dr2vðr; r1Þvðr1; r2;xÞvðr2; r0Þ; ð11Þ
where vðr; r0Þ and vðr1; r2;xÞ are the bare Coulomb interaction and the response

function of the interacting electron system, respectively. The response function is

obtained within the random phase approximation (RPA) [49,53], by solving an in-

tegral equation for the induced potential in real space:
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vRPAðr; r0;xÞ ¼ v0ðr; r0;xÞ þ
Z

dr1

Z
dr2v

0ðr; r1;xÞ
1

jr1 � r2j
vRPAðr2; r0;xÞ;

ð12Þ
where v0ðr; r0;xÞ is the density-response function of noninteracting electrons [54].

The inverse lifetime can be expressed as the sum over all the possible final states of

the projection over the initial and final states of the imaginary part of the screened

Coulomb interaction:
s�1 ¼ 2
X
f

Z
dr

Z
dr0/�

i ðrÞ/
�
f ðr0ÞIm½�W ðr; r0;Ei � Ef Þ�/iðr0Þ/f ðrÞ: ð13Þ
Assuming that the charge density and the one-electron potential are constant in

the (x; y) plane parallel to the surface, so that all variations occur in the z-direction
perpendicular to the surface, wave functions of the following form can be taken:
/nðrÞ ¼
eikk:rkffiffiffi

A
p wnðzÞ; ð14Þ
where A is the normalization area of the surface and kk is the momentum parallel to

the surface. The resulting expression for the scattering rate is then
s�1 ¼ 2
X
f

Z
dqk

ð2pÞ2
Z

dz
Z

dz0w�
i ðzÞw

�
f ðz0ÞIm½�W ðz; z0; qk;Ei � Ef Þ�wiðz0Þwf ðzÞ;

ð15Þ
W ðz; z0; qk;Ei � Ef Þ being the two-dimensional Fourier transform of the screened

Coulomb interaction.

The computation of the full response function of the metal–dielectric system is a

very demanding task. The whole system cannot be described properly by means of a

one-dimensional model, which would not account for the free-electron-like behav-

iour of the electrons in the metal, together with the confinement of the electrons in

the Ar layer. In [48], the screened interaction of the whole system was replaced by
that of the clean metal substrate, obtained from the one-dimensional model potential

described in [37,38].

This potential is averaged in the plane parallel to the surface and varies in the z
direction, perpendicular to the surface plane, approaching the classical image-

potential tail in the vacuum region. The width and position of the energy gap at the

C point, as well as the experimental binding energies of the surface and first image

state, are exactly reproduced within this model. Moreover, the potential has been

proved to accurately predict the broadening of surface and image states on metal
surfaces [37–42].

A modification of this approach which takes into account the effect of the ad-

sorbate on the evanescent tails of bulk states with the same approximations as for

clean metal surfaces is currently in progress [55].

The main effect of the adsorbate layers is to change the surface potential and,

therefore, the image-state wave function. The effect of the dielectric films consisting
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of discrete atomic layers was included in [48] by extending the DCM by an atomic

potential [30]. In the former the electronic structure was accounted for by the elec-

tron affinity (EA) as a constant potential offset, which is now replaced by
Fig. 5

line) fo

(thin li
VatomðzÞ ¼ V0 �
Xnrg
i¼1

Vcore expð�jz� drg � ðiþ 1=2Þj=lscrÞ; ð16Þ
drg ¼ 3:04 �AA being the Ar interlayer spacing and nrg the number of Ar layers. This

potential generates a delocalized conduction band and a localized valence band and

core level for a bulk crystal. The parameters V0 ¼ �1:06 eV, Vcore ¼ 538:8 eV and

lscr ¼ 0:05� drg are adjusted in order to give the correct values for the bulk Ar

electron affinity and effective mass, EA¼+0.25 eV [56] and meff ¼ 0:47 [57], re-

spectively. The divergences of this classical potential are removed by restricting it to

the minimum of the metal potential at the metal/rare gas interface and by interpo-

lation across the rare gas/vacuum region for a distance of 0:3� drg. The dielectric
constant (� ¼ 1:70 for Ar) is fixed at �calc ¼ 1þ 0:5ð�� 1Þ ¼ 1:35, in order to re-

produce the experimentally observed binding energies of the image-potential states.

The dielectric properties of the metal plus adsorbate system are still described by

the DCM in this model. One should note, however, that the dielectric character of

the adsorbate is taken into account for the evaluation of image state wave functions,

while the screened Coulomb interaction entering the linewidth evaluation is just the

clean metal one.

The resulting model potential is plotted in Fig. 5 for the case of 2 ML of Ar on
Cu(1 0 0) (solid line), together with the probability density of the first image state

(dotted line). For comparison, the potential and the probability density of clean

Cu(1 0 0) (thin solid and thin dotted lines, respectively) have been included. The
. Example of model potential (thick solid line) and calculated n ¼ 1 probability density (thick dotted

r 2 ML of Ar. For comparison potential and probability density of clean Cu(1 0 0) are also shown

nes). Shaded region indicates the adlayer, the metal jellium edge is at z ¼ 0.
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jellium edge (half an interlayer distance beyond the last atomic plane) is placed at

z ¼ 0. The shaded region indicates the position of the adlayer.

The introduction of a corrugation of the potential accomplished by Eq. (16) has
two main effects on the wavefunctions of the image-potential states that influence

their binding energies and lifetimes. The fast oscillations in the Ar layer effectively

reduce the amplitude close to the metal surface and prevent that the smooth � 1
4�z

part of the V ðzÞ of the continuum model drags to a large fraction of the wave-

function towards the metal surface. This results in smaller binding energies and

longer lifetimes as obtained from a continuum model with similar parameters. If one

disregards the atomic oscillations of the wavefunction, the corrugation has still the

effect of reducing the effective mass meff of the electron in the Ar layer. This reduced
mass spreads the wavefunction by factor 1=meff in z-direction. This second effect is

very important for thicker layers and results in a description of the quantum-well

features (in particular the relative minima and maxima of the lifetimes as function of

layer thickness) that agree quantitatively with the experiment [30].
4. Results and discussion

Clean Cu(1 0 0) has a work function of 4.62 eV and the vacuum level is close to the

middle of the gap, together with the Rydberg series of image states (see Fig. 1).

Adsorption of 1 ML of Ar shifts the work function to 4.38 eV and the first image

state is 88 meV closer to the new vacuum level.

In Fig. 6 we have plotted schematically the energy levels at the central region of

the projected band gap for Cu(1 0 0) and 1 ML of Ar/Cu(1 0 0). Both the n ¼ 1 and 2
states become less bound with increasing coverage, as in Fig. 7, where we have

plotted our calculated energies (with respect to the vacuum level) for the first and

second image state as a function of coverage, together with the time-resolved 2PPE

experimental results. The n ¼ 1 state experimental energy decreases from )0.602 eV
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at the clean surface up to )0.297 eV for 4 ML. The second image-state energy shows

a weaker dependence on Ar coverage.

Fig. 8 displays the calculated probability density of n ¼ 1 and 2 states, from 0 to 4

ML of Ar/Cu(1 0 0). Dotted vertical lines indicate the end of the adlayer region. The

probability density maximum is displaced toward the vacuum region as the adlayer
coverage increases. With 4 ML, the n ¼ 1 probability density maximum is almost 28

atomic units away from the metal jellium edge, around 20 a.u. more than for the

clean surface one. The penetration of the n ¼ 1 wave function into the metal sub-

strate reduces from 5.2% at Cu(1 0 0), to 1.24% for 1 ML and 0.036% for 4 ML. This

strong decoupling effect is mainly a consequence of the negative EA of the Ar layers.

It can be easily seen that the binding energy shift does not displace the image states

series much from the gap center. Therefore, the penetration of the wave functions
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Fig. 8. Calculated probability density for n ¼ 1 (solid line) and n ¼ 2 (dashed line), for 0–4 ML Ar/

Cu(1 0 0). Position of last Ar plane is shown with dotted line. z ¼ 0 corresponds to metal jellium edge.
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into the bulk will not be affected by the change in the relative position of image states

with respect to band edges, as was the case for (1 1 1) surfaces. The bottom of the

conduction band in Ar lies above the vacuum level (0.25 eV in bulk Ar), so that the
layers act on the image states as a repulsive potential barrier. Growing layer

thickness pushes the image-state wave functions farther into the vacuum region,

reducing the coupling with the bulk states.

The decay rates of image states at metal–dielectric surfaces have been estimated in

the literature, as we have seen, mostly from the overlap of the image-state wave

function with the substrate. This coupling, weighted by the screened interaction, is

responsible for the decay of image states due to electron–hole pairs creation. In our

model potential calculations, penetration into the bulk for the clean Cu(1 0 0) n ¼ 1
state is about 4.5 larger than for the n ¼ 1 state of the 1 ML Ar/Cu(1 0 0), while the

experimental lifetime of n ¼ 1 in 1 ML Ar/Cu(1 0 0) is only three times the n ¼ 1

lifetime at the clean surface. Therefore, although it is clear that the reduction of

penetration of image states in the presence of noble gas adlayers is essential for the

increase of the lifetimes, this effect cannot explain by itself all the influence of the

adlayer on the image-state dynamics, and all the physics involved in lifetime calcu-

lations. A deeper understanding of the decay rates must be obtained from a more

detailed study of the main factors involved in our description of decay processes. In
our approach, both the coupling between initial and final states and the imaginary

part of the Coulomb screened interaction are included in the evaluation of the

lifetimes. The Coulomb interaction, Imð�W ðz; z0; qk;xÞÞ, incorporates the effects of

screening in the metal, enhancing the probability of decay processes by electron-hole

pair creation at the surface region. The contribution of each state lying in energy

below the image state of interest is also considered. The line width of each image

state will include in this way the contribution of the intrinsic surface states, if present,

and of the lower-lying image states.
Fig. 9 shows the results for the lifetimes of the first and second image state of the

Ar/Cu(1 0 0) system, from 0 to 4 ML, together with the corresponding experimental
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Fig. 9. Calculated and experimental lifetimes (fs) of n ¼ 1 and 2 states for 0–4 ML Ar coverages. Solid line

and circles stand for theoretical and experimental results for n ¼ 1, respectively. Dashed line and squares

show theoretical and experimental results for n ¼ 2.
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results. Both for n ¼ 1 and n ¼ 2 one can see a large increase in the lifetime of the

systems with 1 or more monolayers with respect to the clean surface values. Note

that lifetimes are plotted in logarithmic scale, showing clearly the exponential rais-
ing of lifetimes with increasing coverage. For the n ¼ 1 state, we find very good

agreement between theory and experiment for 0–4 MLs. For the second image

state, theoretical results for lifetimes are systematically longer than the experimental

ones.

The contribution of the lower-lying image states contains a substantial amount of

the n ¼ 2 and higher states linewidth. In our case, the first image state contributes as

much as 28% to the total decay rate of the second image state for 1–4 ML of Ar/

Cu(1 0 0).
A detailed analysis of the contribution of bulk, vacuum and interference regions

to the line width of image states can be found in [48]. The partial compensation

between the vacuum and interference terms explains the good results obtained by

penetration models for the Ar/Cu(1 0 0) system. The error made by neglecting the

vacuum and interference contributions (i.e., by considering only penetration into the

bulk) is small for the clean surface, but increases with Ar coverage.
5. Conclusions

We have reviewed the experimental and theoretical work on image-potential

states evolution at metal–dielectric interfaces. In general, the binding energies and

the lifetimes of image state electrons are strongly modified by the presence of di-

electric overlayers. The EA of the adsorbate largely determines the evolution of

image states upon adsorption. Adsorbates with repulsive EA decouple the image

states from the metal substrate. An attractive EA can give rise to a quantum-well

behaviour of the image states at high coverage.

We have described the experimental results on a variety of surfaces and adsor-
bates, together with the first theoretical attempts to evaluate binding energies and

lifetimes. We have discussed a recent many-body calculation of lifetimes for several

argon layers on Cu(1 0 0). This approach is based on the calculation of the electronic

self-energy and takes into account the different factors that determine decay pro-

cesses: the coupling between initial and final states, the available decay channels and

the imaginary part of the screened Coulomb interaction. The results obtained are in

good agreement with experiments, especially for the first image state.
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