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A quantitative evaluation of the lifetime of image-potential-induced surface states is presented
for the first time. It is shown that Auger processes give contributions to those linewidths of a few
thousandth of an electronvolt; these widths are much narrower than the values experimentally re-
ported, which seem to be limited by the experimental resolution. Increased resolution could pro-
vide experimental information on inelastic interactions at surfaces.
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Recently, through the technique of inverse photoe-
mission,!'~? it has become possible to measure the
binding energy, the width, and the dispersion of empty
surface states. Such experiments*’ provide informa-
tion about the localization process of electrons at sur-
faces. In this paper we are concerned with Rydberg
states induced by the image potential. An electron can
be trapped by its interaction with the polarization
charge it induces; its state is localized in the direction
normal to the surface, and its parallel movement is
described by a Bloch-type wave function. The binding
energy of such a state provides information about vir-
tual excitations of surface quasiparticles, i.e., the real
part of the surface image potential. From the width of
such states information about the nature of the inelas-
tic processes occurring at the surface could, in princi-
ple, be obtained. Recent experimental and theoretical
work has been concerned with the binding energy and
dispersion of such states.3-1°

This paper addresses the energy width of the image-
potential-induced surface states. Flux can leak from
such a state via diffraction into a beam having enough
energy associated with the normal motion to escape
into the vacuum. On the other hand, decay into empty
bulk states can occur via electron-hole pair excitation;
for finite momentum parallel to the surface, the elec-
tron can also decay into image surface states having
smaller parallel momentum. At the energies of the in-
verse photoemission experiments, only decay into al-
lowed bulk states and image states having smaller
parallel momentum can occur. The message of this
paper is that these image states are much narrower
than have been experimentally reported. The reason
is that, even for the first member of the series, i.e.,
the most tightly bound to the surface, the wave func-
tion lies mainly in the vacuum. The Rydberg-state
wave functions are effectively decoupled from the
bulk-state wave functions and thus have a small uncer-

tainty in their energy.

In this paper the previous statement is made more
rigorous by evaluation of the width of the state at the
bottom of the band (together with the extra width as-
sociated with the parallel motion) for different models
of the surface response. The width of a state is calcu-
lated in terms by the imaginary part of the electron
self-energy projected over the state itself:

A= [usOS(e, v Epo(r) dr dr, 1)

where ¥ (r) is the state wave function. 3 can be cal-
culated with a GW approximation,!! W being the
screened interaction and G the Green’s function. As-
suming translational invariance conditions for the sur-
face response, we find that A is given by the following
equation:
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where

AE=AEZ+Q2/2—k-Q
and

AEz=Efz_E02-

Here |0) and |f) are the initial and final states in the
direction perpendicular to the surface, Ey, and Ej
their respective energies, and g(Q, w) a quantity de-
fining the surface response function.!? k& is the
momentum parallel to the surface associated with the
initial state |0).

Two different models have been used to evaluate
g(0, w). First the specular reflection model of Ritchie
and Marusak!® has been used and g(Q, ») evaluated
with the random-phase approximation for the bulk
dielectric function. Secondly, the surface response
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TABLE 1. Half linewidth, I'®/2, of the image-
potential-induced surface state (n =1) for different values
(Ref. 14) of a as calculated for Ag by using the Persson-
Anderson (Ref. 12) (P-A) and the semiclassical infinite bar-
rier (Ref. 13) (SCIB) models for the surface response func-
tion.

r®/2 (mev)

a P-A SCIB
0.15 1.28 0.84
0.20 2.47 1.56
0.25 3.96 243
0.30 5.7 3.38
0.50 13.8 7.45

function suggested by Persson and Anderson!? has
been used. Now, we calculate the different contribu-
tions to the width of the state. First, we consider the
Auger process related to the transition from the initial
state to a final state defined by the empty free-electron
states of the metal. A step model is used to calculate
the bulk final-state wave functions in Eq. (2). A hy-
drogenic state |0) = (4a®)Y2ze~2% has been used to
describe the Rydberg-state wave functions (a~0.25
a.u.).!19 The results of our calculations for this width,
' are given in Table 1.

When the Rydberg states have momentum parallel
to the surface, an extra contribution to the width, re,
comes from an Auger process. In this process the ini-
tial state decays into a state localized in the surface
having the same z-dependent wave function but a dif-
ferent k-parallel component. For a hydrogenic wave
function, and the two different response functions
described above, our results are given in Table II. It
could be argued that the hydrogenic wave function
does not describe adequately the initial-state wave
function because of its neglect of electron penetration
into the crystal. This is not a serious objection since it
is known that even for the most tightly bound state the
electron penetration is effectively very small.'* An
upper limit for the width associated with the parallel
motion can, however, be easily obtained by the as-
sumption that the electron is localized at the surface
with a probability density given by a 8 function. Even
for this unphysical situation (which greatly overesti-
mates the width) we get by using the response func-
tion of Persson and Anderson'? that

/2= (b/8w,kp)k*,

which gives I''® =42 meV for the parameters!? of Ag
(b=0.82a.u.) and k=0.2 a.u.

The small penetration of the electronic wave func-
tion can cause a bulk contribution to the width which

TABLE II. As Table I, for I''®/2 and k =0.2 a.u.

r®/2 (mev)

a P-A SCIB
0.15 2.59 2.33
0.2 3.52 3.06
0.25 4.62 3.90
0.30 5.70 4.70
0.50 9.13 7.05

is easily estimated from the bulk values!! with ap-
propriate scaling by the square of the charge fraction
inside the crystal.* For a 10% penetration of the wave
function this leads to a correction of 10™4 of the bulk
value which is of the order of a few electronvolts.!!

Recent experimental datal® show, in agreement with
the ideas presented above, that the width of the first
two Rydberg states at the (111) surface of silver is at
most 50 meV. The fact that the width of the first two
states is the same indicates that the value is deter-
mined by the experimental resolution; the broadening
for the n =2 state should be much smaller.!*

In conclusion, we have shown that the width of
image-potential-induced Rydberg states due to surface
Auger processes is much narrower than has been re-
ported. Increased experimental resolution could serve
to provide much needed information about the details
of inelastic interactions occurring at surfaces.
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