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Lifetime of image-potential states on metal surfaces
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High-resolution bichromatic two-photon photoemission spectroscopy was used for an investigation of
intrinsic linewidths and, thus, lifetimes of image-potential states on clean and adsorbate-covered metal
surfaces. The linewidths of the first image state are 16+4 and 70+8 meV for Cu(111) and Ni(100), re-
spectively. Together with the results for Ag(100) and Ni(111) published previously, a systematic compar-
ison with theoretical predictions is presented. The discrepancies between experiment and theory can be
understood qualitatively if the actual band structure is taken into account. A high density of unoccupied
bulk or surface states offers many channels for the decay of the image state via electron-hole pair pro-
duction and results in the large linewidth observed on the nickel surfaces. The opposite is found for
Cu(111) where the band gap extends below EF. For oxygen adsorption on Ni(100), an increase of the
linewidth is observed, which can be explained by the lateral confinement of the image state and inelastic
scattering by the adsorbate atoms.

I. INTRODUCTION

Electrons can be trapped by the image potential in
front of a metal surface if the electron reflectivity of the
metal is high for energies below the vacuum energy Ev„.
A high electron reflectivity obviously occurs in a gap of
the projected bulk band structure, a situation that is
sketched in Fig. 1(a). The long-range I/z form of the im-
age potential leads to a series of unoccupied electronic
states that converge toward E„,and are called image
states. The binding energies Eb are referred to E„„and
to a first approximation exhibit a Rydberg-like behavior:
Eb(n)=l/16n Ry. On metals, image states were first
detected experimentally by low-energy electron-
diffraction (LEED) fine-structure analysis' and could be
observed in a more direct way in inverse photoemission
(IPE) (Refs. 2 —4) and two-photon photoemission
(2PPE). Whereas resolution in IPE is currently limited
to about 260 meV (Refs. 7 and 8) in energy and about
0.05 A in momentum, 2PPE is superior in both
respects. Recent 2PPE experiments have demonstrated
an energy resolution of =30 meV (Refs. 9 and 10) and an
angular resolution of =0.007 A '." This makes 2PPE a
suitable tool for precise measurements of unoccupied
states.

Binding energies and effective masses of image states
can be understood qualitatively by the so-called phase
analysis model, ' which combines a multiple-reflection
description of the image state' with a two-band model
approximating the crystal reflectivity. According to this
model, the binding energy of the image-state series de-
pends on the position of E „relative to the band gap.
Since the band gap on a fcc (100) surface is located at
higher energies than for the corresponding (111)surface,
the binding energies of the Rydberg series should be
smaller for the former. ' This trend could indeed be ob-
served in 2PPE experiments. '

Image states are expected to have long lifetimes. This

is because they are located mainly in front of the surface,
which keeps the overlap between the image-state wave
function and metal wave functions relatively small. Ex-
perimentally lifetimes of image states have only recently
become accessible through time-resolved' ' and
energy-resolved two-photon photoemission. ' In
energy-resolved 2PPE the intrinsic linewidth I is mea-
sured, which is related to the lifetime ~ via the uncertain-
ty principle I ~=A, and intrinsic linewidths for the n =1
state between 0.02 and 0.08 eV were found. Since bulk
states of comparable energy ( =4 eV above E~) exhibit a
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FIG. 1. Image states and two-photon photoemission. (a) Im-
age potential in front of the surface and projected bulk band
structure for k)~ =0 (i.e., the I point of the surface Brillouin
zone). The band gap shown is that of Ag(100). (b) Energy
scheme of conventional 2PPE with the first image state as the
intermediate state. (c) Same as (b), but bichromatic 2PPE. Con-
ventional 2PPE utilizes frequency-doubled laser light ("2hv")
for both excitation steps, whereas in bichromatic 2PPE the
second excitation is performed with the ground wave ("hv") of
the laser. The widths of the arrows symbolize light intensities.
The energy distribution curve in the upper right shows the
peaks corresponding to both excitation schemes.
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linewidth around 0.5 eV, ' these results underline the
basic picture of image states as states that are effectively
decoupled from the bulk.

A thorough understanding of image states must be
based on a many-body description of the complex self-
energy at the surface (e.g., by means of Green's func-
tions' ' ), which incorporates the dynamic response of
the metal surface on the field of an electron outside the
metal. The effective surface potential can be derived
from the real part of the electron self-energy. In this way
both the correct imagelike 1 jz behavior far from the sur-
face as well as a continuously differentiable transition
from the surface potential to the bulk potential is ob-
tained. Solving Schrodinger s equation (in a self-
consistent way) yields the binding energy of the image
states which can then be compared to experiment. The
same formalism describes the linewidth of image states
through the imaginary part of the self-energy. Thus mea-
surements of lifetimes establish an additional and in-
dependent test for calculations of the self-energy and the
underlying theoretical assumptions. This provides strong
motivation for attacking the difficult task of measuring
lifetimes of image states.

The paper is organized as follows: First we give a
short overview of the present theoretical models and re-
sults for the lifetimes of image states. The experimental
section contains details of the high-resolution 2PPE ex-
periment and the determination of the intrinsic lifetime
broadening from the data. In Sec. IV we present the
spectra for the surfaces Cu(111) and Ni(100), which allow
a determination of the lifetimes of image states. Section
V is devoted to a systematic comparison between the ex-
perimental results —including our earlier results on
Ag(100) (Ref. 9) and Ni(111) (Ref. 10)—and the theoreti-
cal predictions. We close with a short comment about to
what extent electrons in image states can form a two-
dimensional electron gas.

II. THEORETICAL ESTIMATES
OF IMAGE STATE LIFETIMES

Up to now quantitative predictions of lifetimes of im-

age states on metal surfaces have been given solely in the
papers of Echenique and coauthors. ' ' ' ' The decay
is dominated by electron-hole pair production, a process
which is included in the self-energy formalism to be dis-
cussed in this section.

In Refs. 19, 22, and 23 a 68 approximation is used
for calculating the imaginary part of the electron self-

energy. The GR' approximation has been shown to be
quite successful in many areas, e.g. , band gaps in semi-
conductors and insulators, and the electronic structure of
defects. However, constructing reasonable Green's func-
tions and screened interactions at a surface is far from be-
ing trivial. Indeed, Echenique and co-workers had to in-
voke several truncations in the course of their calcula-
tions:

(i) First they approximate the noninteracting one-
electron Green's function Go (which is used instead of the
full G throughout) in the jellium model. Thus the actual
band structure is neglected.

(ii) The surface dielectric function (surface DEF) which
enters the calculation of the screened interaction 8' is
determined approximately from a bulk DEF using mainly
the semiclassical infinite barrier model of Ref. 26. For
the bulk DEF the Lindhard DEF (Ref. 27) is used, which
describes the response of a homogeneous electron gas,
thus neglecting any band structure effect on 8'as well.

(iii) In addition, the z-dependent part of the wave func-
tion of the image state which is needed for calculating the
expectation value of the self-energy is taken to be hydro-
genic in the vacuum and approximated by a two-band
model in the crystal. This is not likely to be very realistic
in the surface region, where the effective surface potential
differs most from the diverging image potential.

Within these approximations Echenique and co-
workers quantify the intuitive expectation that a larger
penetration depth causes a shorter lifetime. They use the
fact that the penetration depth of the image-state wave
function into the bulk is mainly determined by the ener-
getic position of the image state in the band gap. For the
n =1 state near the rniddle of the gap the penetration is
small and may even be neglected altogether. This is the
case for Ag(100), where a lifetime broadening of about 5
meV full width at half maximum (FWHM) (and 8 meV
with a somewhat better approximation for the surface
DEF) has been calculated. ' For surfaces where the first
image state is close to the band-gap edge and penetration
is therefore significant —like on Cu(111) and Ag(111)—
they calculate linewidths of 19 [Cu(111)] and 22 meV
[Ag(111)] for 10% penetration, and linewidths of 39
[Cu(111)] and 43 meV [Ag(111)] for 20% penetration.
In that work the authors assign a 10% penetration to
Cu(111) and about a 20% penetration to Ag(111). These
values, however, are quite doubtful since even slight devi-
ations in the position of the n = 1 state relative to E~ and
the upper band-gap edge from the values they assume can
alter the picture substantially. We believe that fairly re-
cent experimental results indicate a greater penetration
on Cu(111) than on Ag(111):

(i) On Ag(111) the earlier reference value for the work
function 4=4.74 eV had to be corrected to 4.56 eV.
This means that the n =1 state lies further away from the
upper band-gap edge than assumed previously [3.79 eV
above EF, while the upper band-gap edge is around 4.0
eV above Ez (Ref. 29)].

(ii) On Cu(111) the upper band-gap edge may lie lower
than the value cited in Ref. 29. In Ref. 30 a value of 4. 1

instead of 4.25 eV above EF is reported, which means
that the n =1 state (4.10 eV above Ez) is located directly
at the band-gap edge.

Measurements of the dispersion of the first image state
on both surfaces support this view: On Cu(111) the
effective mass is m*/m, =1.0, ' whereas on Ag(111) it
was found to be 1.3. According to the phase analysis
model ' this can be understood if the n =1 state on
Cu(111) is located very close to (or even above) the upper
band-gap edge, whereas the state on Ag(111) must be
more separated from the gap edge. From this informa-
tion the reverse assignment for the penetration of 20%
[Cu(ill)] and 10% [Ag(111)] is much more plausible,
which gives a conservative estimate for the intrinsic
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linewidth on Cu(111) of 40 meV [the one on Ag(111) is
then around 20 rneV].

Since the calculated linewidths depend almost ex-
clusively on penetration and only marginally on the ma-
terial, we use them to find a rough estimate for the
linewidths of the image states on nickel surfaces. The im-
age states are located slightly above and below the center
of the band gap on Ni(ill) and Ni(100), respectively.
Therefore we expect linewidths around 15 meV, which is
between the values for Ag(100) and Ag(111).

Keeping in mind that the present theory should be tak-
en curn grano salis since it assumes a free-electron-like be-
havior of the metal, we summarize its predictions as fol-
lows:

(i) Image states become more long-lived with increasing
n, as long as they fall inside the band gap. An image
state located outside the band gap is broadened substan-
tially due to the direct coupling to energetically degen-
erated bulk states [about 50 meV for n =2 for Cu(111)
and Ag(111) (Ref. 22)].

(ii) By far the most important parameter determining
the lifetime of an image state is its penetration depth into
the bulk. The penetration depth is greatest for the image
state near the band-gap edge and least for one near the
rniddle of the band gap. Experimental realizations for
these extreme cases are Ag(100) and Cu(111). The life-
time for Ag(100) is expected to be several times larger
than the value for Cu(111).

(iii) Numerically linewidths between 8 and 40 meV are
expected for copper and silver (100) and (111) surfaces.
From their position in the band-gap image states on nick-
el surfaces should have widths around 15 meV.

III. EXPERIMENT

A. Bichromatic 2PPE

In a 2PPE process an electron from an occupied state
below E„is excited by a photon into an unoccupied state
above EF. If a second photon arrives within the lifetime
of the excited state, the electron may be lifted above the
vacuum level E„„whereit can be analyzed like in ordi-
nary photoemission. This situation is depicted in Figs.
l(b) and 1(c).

The photon energies of the two excitation steps may be
different. Whereas the first step must be performed with
an energy sufficient to reach the image state at 3.8—4.5
eV above EF, thus requiring UV photons, much less ener-

gy is needed in the second step for ionization. The UV
light causes photoemission from thermally occupied
states above EF. ' For high UV intensities this leads to
an increased spectral background, and 2PPE can be dis-
turbed substantially by a Gaussian broadening of the
peaks and shifts of their positions. Choosing a much
smaller second photon energy and increasing its intensity
at the expense of the UV intensity should therefore lead
to an increased signal-to-noise ratio (SNR). It turns out
experimentally that this "bichromatic" excitation indeed
enhances the SNR by an order of magnitude, thus ena-
bling us to investigate weak structures more precisely.

B. Experimental setup

The basic experimental setup for 2PPE experiments
has been described elsewhere (Ref. 6 and references
therein). The light source is an excimer-laser-pumped
three-stage dye laser which was tuned for the experiments
reported here between h v=2. 10—2. 82 eV. By frequency
doubling in a P-BaBz04 crystal we obtained the neces-
sary photon energy for the first excitation step in the
2PPE process. In our experiment p polarization was
needed for both excitation steps. Since in this type of fre-
quency doubling the 2h v wave is polarized perpendicular
to the ground wave h v, we used a set of two polarizers to
adjust the intensity ratio and to turn both waves into p
polarization. The laser light is focused onto the sample
by achromatic UV-grade optics.

The electrostatic sectoral hemispherical energy
analyzer combined with three-lens entrance and exit elec-
tron optics is capable of an energy resolution better than
30 meV and an angular resolution of about +0.6'. At
typical kinetic energies of the emitted photoelectrons (2
eV) the angular resolution is equivalent to a k~~ resolution

0
of 0.007 A . Assuming a free-electron-like dispersion of
the image state, this leads to an apparent broadening of
the image state in the spectra well below 1 meV for nor-
mal emission. Throughout this work the electrons emit-
ted perpendicular to the surface (k

~~

=0) were detected.
The analyzer function can be well approximated by a

Gaussian (see, e.g. , Ref. 35). The intrinsic, lifetime-
induced broadening has a Lorentzian shape and the re-
sulting line shape is a convolution of both. The line-
shape analysis used a nonlinear least-squares fitting pro-
cedure with the proper statistical weighting of the least-
squares sums. The positions, intensities, and intrinsic
Lorentzian widths of the peaks were fitted. The analyzer
resolution represented by the width of the Gaussian was
independently checked by measurements of the low-
energy cutoff of photoemission spectra. This procedure
has recently been shown to work successfully for 2PPE
data "and was again applied in the following.

IV. RESULTS

Figure 2 shows typical 2PPE spectra of the materials
under investigation. They are referred to the same ener-
gy scale so that binding energies and linewidths can be
compared in a direct way. Apart from Cu(111) at least
the first two image states on each surface were measured.
Two important features concerning linewidths are im-
mediately obvious from this figure: (i) The first image
state on Cu(111) is by no means broader than that on
Ag(100), quite contrary to the expectation from the eval-
uation of present theory in Sec. II; and (ii) the image
states on both nickel faces are much broader than on
Ag(100) and Cu(111), in contrast to the expectation from
the simple extrapolation of the theoretical model. We are
now going to discuss the experimental results separately
for the various surfaces. The comparison between the
different surfaces and the comparison to theory will be
presented in Sec. V.
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A. Cii(111)

On Cu(111) only the first image state appears in the
figure, because on this surface the Lz —L, gap at I ex-
tends down to 0.85 eV below EF. Thus no bulk states ex-
ist for a direct excitation of the image state with 2h v(4.
However, the occupied (n =0) surface state with

EF —Eb =0.39 eV lies in the band gap and can serve as
the initial state for a very efficient resonant excitation
into the n = 1 state if the photon energy 2h v is tuned to
the energy difference between both states. In agreement
with earlier 2PPE measurements we found 4c
=4.93+0.03 eV and E" '=0.83+0.03 eV' thus reso-
nance occurs at 2h v=4. 49 eV. With the ordinary light
intensities used in Bi2PPE a much higher signal than on
Ag(100) was observed in resonance, whereas o6'-

resonance almost no signal from the n =1 state could be
detected. This explains why the first two image states on
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FIG. 2. Linewidth of the first image states on different metal

surfaces. The binding energy is relative to E„„.. (a) Ag(100):
2hv=4. 350 eV. (b) Cu(111): 2hv=4. 484 eV (resonance with

occupied surface state So). (c) Ni(100): 2hv=5. 061 eV. (d)

Ni(111): h v= 5. 10? eV (monochromatic 2PPE).

Cu(111) could not be measured simultaneously. Line-
shape analysis of spectra taken with different analyzer
resolution (35—50 meV) gave in all cases within the error
limits an intrinsic line width broadening of
I &"""'=16+4 meV. This is even a slightly smaller
linewidth than on Ag(100), where we found

g( )=21+4 V
It must be noted, however, that the intrinsic Lorentzi-

an width obtained from line-shape analysis does not
necessarily correspond to the lifetime of the intermediate
state of the 2PPE process: It could be argued that if the
excitation steps are coherent the lifetime of the hole left
behind in the metal and that of the final state should be
involved as well. ("Coherent" in this context stands for a
phase correlation between the two excitation steps. It
should not be confused with the coherency of the laser
light used for the excitation. ) In fact a simple second-
order perturbation analysis shows that the Lorentzian
width I appearing in the spectrum should then be
r = rp+2r„where I p denotes the lifetime broadening of
the initial state and I

~
that of the intermediate state.

Following the argument in Ref. 36 in this expression, the
contribution from the width of the final state is already
omitted since the intermediate state (being a surface
state) has no k ~ dispersion.

On Cu(111) the question of coherency can be tested
rigorously by testing the relation r = rp+2I ] ~ On this
surface the n =0 surface state is, within our experimental
conditions, the only possible initial state for exciting the
n =1 state since it is located in a bulk band gap. Thus,
by measuring its linewidth through single-photon photo-
emission, the lifetime broadening of the initial state in the
2PPE process is accessible directly and unambiguously.
Using an argon resonance lamp we determined the intrin-
sic linewidth I p of the surface state to 54+3 meV in

agreement with earlier results. However, the intrinsic
Lorentzian width obtained from 2PPE spectra, 16+4
meV, is much smaller than the width of the initial state, a
fact which obviously rules out that the excitation steps
are coherent. In other words, after the first excitation
step the electron "forgets" about its initial state. An in-
coherent process is not surprising if the lifetime of the
hole is much shorter than the lifetime of the image state.
This holds even for Cu(111), where the occupied surface
state has a very small intrinsic linewidth. For Ni(111) the
occupied surface state is degenerate with bulk states and
has a width around 400 meV. On the (100) surfaces the
initial states are bulk states which are expected to have
shorter lifetimes than surface states due to their large
penetration depth. Furthermore, we found the measured
linewidths of the image-potential states to be independent
of photon energy and thus the initial state. The n =2 irn-

age state shows in all cases a considerably narrower
linewidth than the n =1 image state. For a coherent
two-step excitation process the width would be I p+2I z,

resulting in an unreasonably small linewidth for the ini-

tial state. Therefore it is safe to assume that on all sur-
faces studied in our work the 2PPE excitation is in-

coherent, and the measured Lorentzian widths are just
the widths of the intermediate states in the excitation
process, i.e., the widths I „ofthe image states n.
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B. Ni(100)

C. Disordered adsorption

Upon adsorption of atoms on a clean surface the
linewidth of image states increases. This can be seen in

Fig. 3, where the additional linewidth broadening 61 of
the first image state on Ni(100) is plotted versus the
work-function increase induced by submonolayer oxygen
adsorption. For this system a linear dependence of the
work-function increase h4 on the coverage 8 for cover-
ages below 0.25 rnonolayers (ML) was found in Ref. 41 by
observing peak ratios in Auger-electron spectroscopy.
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FIG. 3. Additional linewidth broadening AI of the first im-

age state on Ni(100), induced by the adsorption of oxygen. The
lower abscissa shows the adsorbate-induced increase in work
function, AN. The absolute coverage 0 given in the upper
abscissa was calculated from A4 using the data of Ref. 40.

In this paper we report the first 2PPE measurements
for this surface. We found it more difficult than on the
other clean surfaces to obtain a reasonable SNR: For
nickel the d bands lie in part above EF, which leads to an

especially high spectral background due to 1PPE (see
above); furthermore, on a fcc (100) surface no occupied
surface state exists which could be used for resonant exci-
tation. This is an example where no quantitative results
would have been possible at all without the bichromatic
excitation process. The SNR can be improved sti11 fur-

ther by reducing the photon energy, but then the second
image state can no longer be observed. Line-shape
analysis of both types of spectra (with and without the
n =2 state) yields the intrinsic linewidth of the first image
state on Ni(100): I," '=70+8 meV. The second state
is again narrower than the first, but due to the limited
SNR no linewidth can be given.

We also give our results for the work function and
binding energies of the first two image states on Ni(100):

'= 5 09+0.03 eV E" '=0.61+0.03 eV

Eb =0.18+0.03 eV. In much the same way as on
Ni(111) (Ref. 10) we looked for a magnetic splitting of the
n = 1 state on Ni(100). We found that the splitting is not
larger than 35 meV [compared to 40 meV on Ni(111)].
This upper limit is in good agreement with the value of
13+13meV from spin-resolved inverse photoemission.

Using these data we calculated the absolute coverage
shown also in Fig. 3. Obviously a linear relationship be-
tween AI and 8 holds for this system, and we find an ex-
perimental slope of = l.2 eV/ML.

There are two possible mechanisms to explain the
linewidth broadening: Scattering of the electron out of
the image state (e.g., into bulk states) by the adsorbate
atoms, and elastic scattering within the image state. The
first process obviously is—at least for small coverages-
proportiona1 to the coverage. We are going to discuss
the second process in more detail and show that it also
results in a linewidth broadening proportional to the cov-
erage.

The theoretical models of image states that have been
discussed up to now assumed translational invariance
parallel to the surface, which means that the image states
have been assumed to be infinitely extended laterally.
With disordered adsorption this translational invariance
is weakened. At low coverage (&(1 ML) the adsorbed
atoms cause a k~~ uncertainty hk~~ which, according to
the E(k~~~) dispersion, leads to a broadening of the image
state. Adopting the view that the adatoms act as elastic
scattering centers for electrons in image states and thus
confine the state laterally, Ak~~ can be related via the un-

certainty principle to the average nearest-neighbor dis-
tance of the adatoms: b,k~~a/&8=1, where a is the area
of the unit cell of the clean surface and 8 the coverage.
Detecting the electrons in normal emission, one finds
then a linear dependence of the adsorbate-induced
linewidth broadening on the coverage

From (1) a slope of =0.6 eV/ML is expected for adsorp-
tion on Ni(100). As compared to the experimental slope
of 1.2 eV/ML this result gives the correct order of mag-
nitude. Indeed the experimental value is larger, indicat-
ing the abovementioned additional scattering processes
out of the image state, which reduce the lifetime of the
image state and lead to a further linewidth broadening.
Thus we were able to show for 0/Ni(100) that simple
theoretical considerations are compatible with the experi-
mental adsorbate-induced linewidth broadening.

Our earlier results of adsorption experiments on
Ag(100) and Ni(111) deserve to be mentioned here: For
the system 0/Ag(100) (Ref. 9) we also found an increase
of linewidth with coverage but an evaluation like that for
0/Ni(100) is not possible, since the work function change
b,@(8)is much less reproducible. ' Assuming a constant
sticking coefficient, however, would indicate a nonlinear
dependence of b, I on 8: b I ~ &8 for both the n = 1 and
n =2 states. This could in principle be related to an ad-
sorption Inode like, e.g. , chain formation that does not
produce a Ak~~ ~ &0 as assumed in the derivation of (1).
But since there is no evidence for this from, e.g. , LEED
experiments, an interpretation in terms of the onset of
saturation in the sticking coefficient seems more ap-
propriate.

In contrast to these results, which confirm the expected
broadening effect, we found a decrease in linewidth upon
adsorption of residual gas on Ni(111) (Ref. 10) from more
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than 80 to about 70 meV. The contamination by the re-
sidual gas quenches the surface-state band and blocks a
decay channel for the image state.

V. DISCUSSION

The experimental results for the linewidths of image
states are summarized in Table I. hI denotes the change
in linewidth upon adsorption, which is symbolized by up
and down arrows. We are now going to make systematic
comparisons between the different surfaces and between
experiments and theoretical values also included in Table
I.

We note first that the theoretical linewidths (8—40
meV) are in the same order of magnitude as the experi-
mental ones (16—84 meV), despite the approximations in
the present theory. Furthermore, even though the small
linewidths for the n =2 states are difficult to determine
accurately in our experiment, we could show for Ag(100),
Ni(111), and Ni(100) that the lifetime broadening of the
n=2 state is smaller than that of the respective n =1
state. This is also in accordance with theory. Long life-
times can be measured better with time-resolved 2PPE
using femtosecond laser pulses. ' ' There the linewidth
of the n =2 image state for Ag(100) has been obtained to
3.7+0.4 meV. ' Combining this value with our result
21+4 meV for the n =1 state, where energy-resolved
2PPE is more accurate (see Table I), we note that the life-
time of the n =2 state is 5.7+1.2 times longer than the
lifetime of the n =1 state. This ratio differs significantly
from the asymptotical n expectation' and is closer to
the prediction 3.9 of Ref. 23.

For the more complicated discussion of the surface and
material dependence of the n =1 state, Fig. 4(b) presents
a graphic summary of the experimental and theoretical

linewidths on each material. The corresponding panels in
4(a) contain the k~~-dependent projected bulk band
structure —d bands emphasized by dark shading —as
well as the crystal-induced surface states. For complete-
ness Ag(111) is also included, the only other surface for
which experimental data for the lifetimes of image states
have been published. '

From this figure departures from the theoretical expec-
tations which were mentioned in the preceding section
are obvious. These deviations are explained by taking
into account the effect of the actual band structure on the
decay rate of image states. As outlined in Sec. II, present
theory assumes free-electron-like states, which produce a
smooth, but not particularly large density of states (DOS)
around E~, providing the decay channels for the image
state. However, this may not be a gcod approximation of
the electronic structure of the actual material: If EJ; lies
in a relative band gap, there are no direct decay channels
for the image state, and the lifetime broadening should be
much smaller than according to Echenique's free-electron
theory. On the other hand, if there is a higher DOS
above Ez than in free-electron-like bands, the additional
decay channels lead to a larger lifetime broadening than
in theory. We point out here that since the image state is
located mainly in front of the surface the decay via
electron-hole pair production is dominated by small k~~

ransfer
For Cu(111) no unoccupied states exist between E~ and

the first image state at k~~
=0. Such states exist only from

k~~ &0.21 A on, where the n =0 surface state crosses
0

E~, dispersing upwards with an effective mass
m*/m, =0.46. For k~~ &0.24 A ', where the gap
edge crosses E~, unoccupied bulk states can contribute as
well to the decay. In contrast, Ag(100) has bulk sp states
around E~ for k~~=0 and is therefore more similar to a

TABLE I. Lifetime broadening I of image states on metals. The first row shows the experimental
linewidths for the first image state, the second row theoretical estimates within Echenique s free-
electron theory. The response of I upon disordered adsorption in the submonolayer regime is denoted
by arrows in the next row. These results can be explained by the density of states (DOS) above E+ (see
text). The main contribution (around k~~ =0) to the actual DOS is shown in the fourth row; an SS there
denotes an unoccupied surface state. The last row contains the experimental results for the second im-

age state.

I exPt (meV)

I their (meV)
AI (adsorption)
DOS (above E+)

I'2' ' (meV)

Ag(100)

21+4'
19.. .44

8

sp bands

5+5'
3.7+0.4g

CU(111)

16+4

~ 40

Ni(100)

70+8

=15

d bands

Ni(111)

84+10'

~ 15

d bands
+SS

12+10'

Ag(111)

) 33
=20

0
+SS for

11 k

' Energy-resolved 2PPE experiments (Ref. 9).
Energy-resolved 2PPE experiments (this work).

' Energy-resolved 2PPE experiments (Ref. 10).
Time-resolved 2PPE experiments (Ref. 15).

' Time-resolved 2PPE experiments (Ref. 17).
' Theory: Refs. 19 and 22, and extrapolation (see text).

Time-resolved 2PPE experiments (Ref. 16).
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(a) 10-

6

4.
2

I

0

free-electron-like metal. This shows that the effect of the
larger penetration of the image-state wave function on
Cu(111) is more than compensated for by the lack of
DOS at EF around kI~ =0. The theoretical trend in life-

time broadening is therefore opposite to the experiment.
On the nickel surfaces the deviation from the free-

electron theory is at least as large as on Cu(111). In this
case however, a larger lifetime broadening is observed.
Here the second argument from above can be applied:
On nickel the d bands are located around EF and lead to
a high DOS compared to free-electron bands, which in

turn provides more decay channels than accounted for in
Echenique's theory. Moreover, in Ref. 10 we concluded
from the decrease in linewidth of =15 meV upon low-

coverage adsorption on Ni(111) that the unoccupied
crystal-induced surface state present on this surface must
also act as an additional decay channel. On adsorption
this decay channel is quenched, which explains the de-
crease in linewidth. On Ni(100) an unoccupied surface
resonance exists in the continuum of the free-electron-
like sp bands. Within our experimental errors we did not

observe an initial decrease of the linewidth upon oxygen
adsorption (see Fig. 3). Possible explanations are that the
quenching of the surface resonance proceeds slowly with
increasing oxygen coverage or that the more bulklike
character of the surface resonance makes it a less prob-
able decay channel compared to a true surface state as on
Ni(111). Table I summarizes all these explanations of
how the band structure affects the image-state lifetime in
short form.

We would also like to discuss the experimental results
for the linewidth on Ag(111) also given in Table I and
Fig. 4 within this picture. There exist experimentally
determined upper and lower limits for the linewidth on
this surface: I, g'"")33 meV from time-resolved
2PPE, ' and (80 meV from early energy-resolved
2PPE. For Ag(111) the band gap extends below EF, and
thus one could expect —just like for Cu(ill) —a smaller
linewidth than the 20 meV from free-electron-like theory.
The effect should be less pronounced than on Cu(111),
since unoccupied bulk states exist for smaller k~~ ()0.22
0
A ). However, quite unlike the situation on Cu(111),
the crystal-induced surface state So on Ag(111) is located
only 50 meV below E„atki =0 (Ref. 28) and is therefore
at room temperature partially unoccupied even for
k~~=0. Due to its large overlap with the image-state
wave function this forms an efficient additional decay
channel that leads to the relatively large linewidth for
this surface.

VI. PROSPECTS OF 2DEG PHYSICS
WITH IMAGE STATES

(b)

50-
L0a. IX

0)

Ag(100) Cu(111) Ni(100) Ni(111) Ag(111)

Finally, we want to comment on using electrons in im-

age states as a realization of a two-dimensional electron
gas (2DEG) in vacuum with a simple holding potential.
The vision of "exciting two-dimensional electron-gas
physics" on the basis of image states is indeed very
tempting and therefore quite frequently encountered in
the literature about image states, e.g. , in Refs. 5, 6, 8, 21,
24, and 44.

In our work we use to ways for estimating the electron
density n in the first image state that was produced in our
experiments:

(i) From the light intensity for the erst excitation step
an upper limit for n follows easily

FIG. 4. Linewidth of the first image state on metals. (a) Pro-
jected bulk band structure for each face. On each panel k&~ is

drawn to the right, running from 0.0 to 1.0 A along the I -M
direction. The n =1 image state for k~~

=0 is shown as a circle.
The crystal-induced surface states are denoted by So and S&.
The darker areas indicate the position of the d bands (disregard-

ing their k~~ dependence). In addition, on the Ni faces the fer-

romagnetic splitting of the bulk band gap is shown by the
dashed lines. (b) Comparison between experimental results of
this work [Ag(100), Cu(111), Ni(100), and Ni(111)] and the
present theory (after Ref. 22). The experimental values for
Ag(111) are taken from time-resolved 2PPE (Ref. 17) (lower lim-

it) and earlier 2PPE (Ref. 5) (upper limit). The darker shading
of the experimental histogram for the (111) surfaces indicates
the effect of surface states on the linewidth of the n = 1 state on
these surfaces.

1 pWn~—
A 2hv ht

(2)

where Wp and 4tp denote energy and length of the laser
pulse, A the illuminated area, and ~ the lifetime of the
image state. Of course equality in (2) holds only if each
incoming photon excites an electron into the image state,
and densities several orders of magnitude lower are more
realistic. Plugging into (2) a maximum usable intensity
( Wz/3 ),„=1mJ/cm and the maximum image-state
lifetime ~=40 fs we obtain the strict upper limit for the
electron density n (4X10 cm

(ii) The light-induced transition rate y, for the second
excitation step in 2PPE was approximately calculated in
Ref. 45 and can be used for an estimate of n as well:
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y, =a'F(g)E

with a'=2' ~m, e aoP /fi

and F(rj)=e """ " '/I(1 —e ")(1+ ) ]

(3)

where g=1/4kao, k =+2m, Ek;„/A', P=1/&2 in our
setup. E is the amplitude of the incident electromagnetic
field and is related to the intensity by
E2 = W /( roc A b t ). By introducing the energy-
integrated number of electrons N detected in the image
peak and taking into account the finite angular resolution
5k~~ one obtains

2hv a+ ~E—b ~n=N
(A'/2m*)(bk~~ )'aF(g) ~p

with a=a'/roc =30 cm2/mJ. From (4) we find electron
densities in the range 5X10 to 5X10 cm in our ex-
periments. %ith the density of states of a 2DEG
D(E)=m*/(M ), and assuming thermalization, these
electron densities correspond to a Fermi energy in the eV
range. Obviously the image-state electron gas in front of
a metal surface is too short lived to exhibit Fermi statis-
tics within the constraints of this experiment. In semi-
conductor physics densities of 10' cm (and
m *=0. lm, ) are typical for 2DEG experiments.

Using higher intensities for the first excitation step
would give proportionally increased densities; the sample
temperature, however, is increased as well. An experi-
mentally verified estimate for the temperature rise caused
by nanosecond laser pulses, which is based on a thermal
diffusion ansatz, can be found in Ref. 47. On the other
hand, shorter pulse lengths At increase the electron den-

sity like 1/At, but the sample temperature after Ref. 48
only like 1/Qb, t . Extrapolating the thermal diffusion
model to femtosecond pulses would indicate that an elec-
tron density 10 times that obtained in our experiments
could be possible. However, this model neglects that
femtosecond pulses act mainly on raising the temperature
of the metal electrons, not that of the lattice, a process
that again raises the threshold for observing Fermi statis-
tics in the image state. To summarize these ideas we note
that a two-dimensional Fermi gas does not seem to be at-
tainable and observable at the same time in a 2PPE ex-
periment.

VII. SUMMARY AND OUTLOOK

In this paper we have presented the first systematic
study of intrinsic linewidths of image-potential states on
metal surfaces, a task which was made possible by the re-
cent progress in high-resolution bichromatic two-photon
photoemission spectroscopy. By comparing the results to
predictions of the present theory we find that it is not
sufficient to account only for free-electron states of the
metal. Details of the actual band structure, however, can
explain the discrepancies between experiment and theory
quite easily: Lacking DOS near k

~~

=0 explains the unex-
pectedly small linewidth on Cu(111). The large unoccu-
pied DOS due to d bands leads to the large linewidths ob-
served on nickel. Recent experiments on Fe(110) and
Co(0001) follow the same trend. We would like to
point out that for the d-band metals the predictions for
the image-state energies are in much poorer agreement
with the experimental values than for free-electron-like
metals. ' A possible reason for this might be that for
the metals with partially filled d shells we have a large
self-energy correction for the real part as well as for the
imaginary part. The latter is measured in our experiment
directly, whereas the former is seen only as a shift in
binding energy. An unoccupied surface state like on
Ni(111) further broadens the image state and leads to an
anomalous behavior upon adsorption. Disordered ad-
sorption on Ni(100) can be understood semiquantitatively
simply by taking the adatoms as scattering centers
confining the lateral extension of image states parallel to
the surface.

Even though it seems impossible to investigate two-
dimensional electron-gas physics in 2PPE experiments,
our estimates give information about the laser intensities
necessary for pumping a significant electron density into
the image state. It remains a difficult task to do this
without heating the surface and the electron gas too
much, and to devise an experiment which permits the ob-
servation of the two-dimensional electron gas at the same
time.

Another interesting problem which deserves further in-
vestigation is the question whether a coherent excitation
process can be observed in 2PPE experiments. This
would require an initial state very close to EF which lives

longer than the image state.
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