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The binding energies of image-potential states are studied in a systematic way for metals [Cu(111),
Cu(100), Cu(110), Ag(111), Au(111), and Au(100)], a semimetal [Sb(100)], and a layered compound
(17-TiS,). Data for Au(111) show that image-potential states exist even in the presence of bulk
states. The coupling with bulk states is weak as indicated by the narrow (<0.1 eV) width of the im-
age states. The binding energies of the lowest state cluster around 0.7 eV for a variety of metal and
semimetal surfaces indicating a universal phenomenon. This value is close to the hydrogenic bind-
ing energy of ,'—6 Ry ~0.85 eV for the n =1 state, which indicates that the simple Coulombic image

potential dominates the energy balance.

I. PERSPECTIVE

Two-dimensional electronic states have received much
attention in recent years. Surface states' in the gap of
bulk energy bands have been found for nearly every clean
single-crystal surface. They are sensitive to the potential
in the vicinity of the outermost layer. Even in the case
where surface and bulk states are energetically degenerate
and hybridize with each other one has been able to observe
surface resonances,’ i.e., electronic states with high ampli-
tude near the surface. Another major field of research
concerns the two-dimensional electron gas at semicon-
ductor interfaces which exhibits novel transport proper-
ties® including the quantum Hall effect. Electrons can
also be trapped at the surface of liquid helium* by their
own image force and exhibit interesting phase transitions.
The image potential is quite simple compared with the
complex potential at the outermost layer of a solid or with
the effective potential for an electron gas in a semicon-
ductor.> A purely Coulombic image force (compare Fig.
1) gives rise to a hydrogenic series>* of bound energy lev-
els

E,=—[(+5 Ry)X Z%]/n? (1)

converging towards the vacuum level (E =0). For finite
momentum parallel to the surface, k)|, one has to add the
kinetic energy term (ﬁk||)2/2m" to Eq. (1) where devia-
tions from a simple free-electron behavior can be accom-
modated by an effective mass m*. The connection be-
tween image potential states and the hydrogen atom can
be seen by comparing the kinetic energy terms in the cor-
responding one-dimensional and three-dimensional
Schrodinger equations. The kinetic energy perpendicular
to the surface (d?/dz*)Yimag(z) corresponds to
Atpydrogen=(1/7 )(3%/3r2)( PYhydrogen) + (angular  terms).
Thus, the Schrodinger equation for the image-potential
state is equivalent to the radial equation for an s state of
the hydrogen atom with t;na5e(2) @ Z¥hygrogen(2/4). The
binding energy of the n=1 image potential state is 16
times smaller than the Rydberg constant of the hydrogen
atom because of an extra factor § in the Coulomb energy
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term. The effective image charge Z is close to unity for
metal surfaces, but generally it depends on the dielectric
constant € of the solid:

Zg=(e—1)/(e+1). (2)

It becomes significantly smaller than unity for typical
semiconductors (Z%;=0.7 for Si) and can reach very
small values* for insulators like He (ZZx~8X10~%).
Consequently, one expects the largest binding energy of
0.85 eV (=-c Ry) for metal surfaces. The maximum of
the squared n=1 wave function lies four Bohr radii out-
side the image plane (z=z, in Fig. 1). The reference
plane for the image charge is a certain distance x, out-
side® the “jellium edge” which is half an interplanar spac-
ing outside the last atomic plane, Typically these values
add up to a distance of about 4 A outside the last lattice
plane for the n=1 wave function. At this distance the
perturbation of the image potential state due to the outer-
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FIG. 1. Model potential diagram for image-potential surface
states on Cu(100).
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most atomic layer might be small enough to preserve the
simple picture of a Rydberg series with only small adjust-
ments in the binding energy. This would make the ap-
pearance of image-potential states at metal surfaces a
ubiquitous phenomenon which does not depend on the
particular material chosen. One of the goals of this work
is to test the viability of this thesis.

Image-potential states have been predicted for a fairly
long time*®—# but could not be observed directly by con-
ventional surface probes such as photoemission and elec-
tron scattering because the electrons are bound and cannot
leave the surface.” Inverse photoemission (or bremsstrah-
lung spectroscopy in the ultraviolet) is the ideal technique
for probing bound states by observing radiative transitions
from continuum states into bound states (for reviews see
Ref. 10). Several observations of image potential states
were made using this technique.!'~3! We were able to
resolve a single member of the Rydberg series'* using the
best energy resolution [AE =0.3 eV (Ref. 32)] achieved in
inverse photoemission so far. Recently, image-potential
states were seen as intermediate states in two-photon
photoemission.’*3* They also play a role in scanning tun-
neling microscopy.3>36

In this paper we report inverse photoemission data for a
wide variety of materials and surfaces, i.e., low-index
crystallographic planes of Cu, Ag, Au, Sb, and 17-TiS,.
Thereby, various trends in the binding energy of the
image-potential states are studied. The material is varied
while keeping the position of the bulk band gap relative to
the vacuum level roughly the same by choosing the same
crystallographic orientation (Sec. III). We also vary the
position of the band gap by changing the crystallographic
orientation (see Fig. 2 and Sec. IV). This case is particu-
larly interesting because for Au(111) the image-potential
state does not fall into a bulk band gap.’’ Therefore, the
electron is not Bragg-reflected by the crystal and can es-
cape from the image-potential state into the bulk. By
changing the crystallographic orientation we also change
the corrugation of the surface and are able to estimate the
influence of the crystal potential on the binding energy of
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the image-potential states (Sec. V). A possible correlation
between the effective mass of the image-potential states
and their binding energies is considered (Sec. VI) and the
predictions of various theoretical models are tested (Sec.
VID.

II. INVERSE PHOTOEMISSION EXPERIMENT

Figures 3—7 show angle-resolved inverse photoemission
spectra for a variety of surfaces. The spectral distribution
of the emitted photons is given for a fixed energy of the
incident electron E;. The cutoff at high photon energies
(left-hand side of the spectra) corresponds to final states
at the Fermi level Er. The light was collected at about
45° from the sample normal with equal detection efficien-
cy for both polarization directions. The electrons were in-
cident normal to the sample surface, i.e., the momentum
parallel to the surface k|| =0.

The metal samples were prepared in a separate prepara-
tion chamber by multiple cycles of ion bombardment and
mild annealing. Sb(100) and 17-TiS, were prepared by
cleaving the sample in vacuo. The pressure in the
preparation chamber was better than 2 10~!° torr. The
samples were then transferred under vacuum into the
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FIG. 2. Positions of bulk band gaps and image-potential sur-
face states for the measured Cu, Au, and Ag-surfaces at k), =0.
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FIG. 3. Inverse photoemission spectra for Au(111), Ag(111),
and Cu(111) for normal electron incidence.
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FIG. 4. Inverse photoemission spectrum for Sb(100). This
surface exhibits the n =1 image-potential state at 3.93 eV and a
crystal-induced surface state at the Fermi level.

measurement chamber with a base pressure of better than
5% 10~ torr during data collection.

The binding energy of the image-potential states is re-
ferred to the vacuum level E,,. whereas the inverse
photoemission measurement gives energies with respect to
the Fermi level. Thus, an exact knowledge of the work
function ® of the actual sample surface is essential for an
exact determination of the image-potential-state binding
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FIG. 5. Inverse photoemission spectrum for 17-TiS,. The
spectrum was taken for electron incidence normal to the basal
plane. Note that the intensity of the image potential state is
scaled down relative to the strong d band emission at about 1.5
eV. The absolute intensity of the n =1 image state is compa-
rable to the intensity obtained from noble metals which have no
unoccupied d states.
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FIG. 6. Inverse photoemission spectra for Au(111) and
Au(100) for normal electron incidence.

Cu(110)
E = 14.25 eV

Cu(100)
E = 14.25 eV

BREMSSTRAHLUNG INTENSITY

Cu(111)

E = 14.25eV
1 1 1 1

-2 o 2 4 6 8
ENERGY (eV relative to E)

FIG. 7. Inverse photoemission spectra for Cu(111), Cu(100),
and Cu(110) for normal electron incidence.



energy. Therefore, we measured the work function in situ
using a piezoelectrically driven Kelvin probe®® for the
Ag(111), Cu(111), Cu(110), Sb(100), and TiS, surfaces.
The work function of the probe was calibrated against
cleaved Si(111) surfaces which have a very reproducible
work function of 4.85 eV almost independent of doping
and cleavage quality.¥*

III. MATERIALS

In going from Ag(111) to Cu(111) to Au(111) we keep
the surface structure the same but increase in the position
of the vacuum level E,,. from 4.69 to 4.88 to 5.26 eV
(Ref. 41) above Ep (dashed line in Fig. 3). The image-
potential state at about 0.7 eV below the vacuum level fol-
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lows this jump in the vacuum level thereby keeping its
binding energy nearly constant. The largest deviation
from this value is found for Au(111) where the binding
energy is 0.1—0.2 eV lower. In order to see whether or
not this universality carries further, we have tested dis-
similar materials, namely, the semimetal antimony and a
layered compound, the transition-metal dichalcogenide
TiS,. As shown in Figs. 4 and 5 there exist image-
potential states again and with a binding energy of 0.76
eV on Sb (Ref. 23) and 0.60 eV on TiS, (Ref. 24) similar
to that for noble metals. A surface state previously ob-
served on graphite*? is another possible candidate for an
image-potential state on a semimetal. A complete tabula-
tion of existing data measured by several groups for vari-

TABLE 1. Summary of available data on binding energies Ep and effective masses m* for image-potential surface states. The
work functions ® are taken from the references given with the reported binding energies.

Sample P (eV) Ref. Ep (V) m*/m, Ref.
Au(100) 5.22 43 0.63 14
Au(110) observed, no value given 35
Au(111) 5.26 41 0.4210.16 this work
Ag(100) 4.6 46 0.5+0.2 1.21+0.2 26,28
Ag(100) 0.5 1.61+0.3 16
Ag(100* 442 34 0.53+0.03 (n=1) 1.15+0.15 34

0.16+0.03 (n =2) 34
Ag(110) observed, no value given 35
Ag(l11) 4.74 46 0.9 1.0 25
Ag(111)* 4.69 this work 0.77+0.10 this work
Ag(111) 4.74 46 0.6+0.2 1.4+0.3 26,28
Ag(111) 4.74 46 0.65 1.3£0.3 45
Ag(111)* 4.56 34 0.77£0.03 (n=1) 1.35+0.15 33,34

0.2310.03 (n=2) 33,34
Cu(100) observed, no value given 11
Cu(100) 4.59 47 0.6+0.2 1.210.2 12
Cu(100) 45 48 0.8 1.240.2 13
Cu(100) 4.59 48 0.64 14
Cu(100) 0.62 0.98 31
Cu(100)* 4.60 34 0.57+0.03 (n=1) 0.910.1 34

0.18+0.03 (n=2) 34
Cu(110* 4.87 this work 0.4810.15 this work
Cu(110) observed, no value given 21
Cu(l11)* 4.88 this work 0.7010.15 this work
Cu(11l) 4.88 33,34 0.83+0.03 33,34
Cu(111) 4.94 49 0.9410.15 1 19
Cu(111) 4.98 47 0.8+0.2 1.210.2 26,27
Ni(100) 52 50 0.41+0.2 1.210.2 22
Ni(100) 52 observed, no value given 11
Ni(110) 5.04 52 0.6+0.2 1.7£0.3 20°
Ni(111) 52 51 0.6+0.2 1.6+0.2 22
Ni(111)® 5.25 33,34 0.80+0.03 33,34
Pd(111) observed, no value given 15
Pd(111) 5.55 53 0.85 29
Pt(111) 5.93 54 0.63 26
Fe(110) 5.1 55 0.4 30
Sb(100)* 4.69 23 0.76+0.10 23
1T-TiS,* 5.92 this work 0.60+0.10 this work

a*Work-function measurements for these samples were taken in situ.

>The reported value was obtained by extrapolation to k) =0.
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ous materials is undertaken in Table I. We attempted to
go on to an even wider class of materials such as semicon-
ductors (Si,Ge,GaAs) which have dielectric constants low
enough to expect a significant (~30%) reduction in bind-
ing energy due to the reduced image charge. In our initial
studies we have found no obvious candidates for image-
potential states on semiconductors. The large and very
structured density of bulk states near the vacuum level
may prevent us from seeing them.

IV. HYBRIDIZATION WITH BULK STATES

The reconstruction of the Au(100)5x 20 surface allows
us to compare with the Au(111)1x 1 surface which has
virtually the same surface potential but a different posi-
tion of the bulk band gap (Figs. 2 and 6). The recon-
structed Au(100)5 X 20 surface has a close-packed Au(111)
plane at the surface which is somewhat rippled to come
into near registry with the substrate (see Ref. 56 and refer-
ences therein). For the Au(100)5x20 surface the image-
potential state lies within a bulk band gap at & =0; for
Au(111)1 X1 it overlaps bulk bands. It is apparent from
Fig. 6 that the image-potential state still exists for
Au(111)1x 1 but is weakened by about a factor of 2 com-
pared with the other surface. This could be due to the
formation of a surface resonance via hybridization with
the underlying bulk states. From the amount of attenua-
tion one should be able to deduce the strength of the cou-
pling between image states and bulk states. Another mea-
sure of the coupling is the width of the image state. Us-
ing the derivative of the observed cutoff function at the
Fermi level as our resolution function, we have modeled
the line shape of the image-potential state. Most of the
observed width of the image state comes from the instru-
mental resolution, but an upper limit of 0.10 eV can be
obtained for the intrinsic width. This is consistent with
two-photon photoemission data’*3* which give an upper
limit of 80 meV for the n=1 state in Ag(111). The life-
time broadening of the bulk states near the vacuum level
is about 0.5 eV (Ref. 57) in noble metals. This broadening
is mainly due to electron-hole pair creation in the bulk.
Image-potential states overlap with bulk states much
weaker than bulk states with each other since they are lo-
cated significantly outside the surface (see Fig. 1). Both
from the persistence of the image-potential states as sur-
face resonance and from their narrow widths one can con-
clude that the coupling to the electronic states of the sub-
strate crystal is rather weak in agreement with recent cal-
culations.”’

V. SURFACE CORRUGATION

The influence of the surface corrugation can be sought
by comparing surfaces with various crystallographic
orientations for the same material. The Cu(111), (100),
and (110) surfaces (Fig. 7) exhibit increasing amount of
surface corrugation. The binding energy of the n=1
image-potential state does not change dramatically. Actu-
ally, the observed trend in binding energy from 0.7 eV for
Cu(111) to 0.64 eV for Cu(100) to 0.48 eV for Cu(110)
(Ref. 58) is almost within the uncertainty given by the
work-function determination. Surface corrugation is ex-
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pected to give the opposite trend,” i.., an increase in
binding energy with increasing corrugation. The observed
trend is qualitatively consistent with the predictions of a
phase-shift analysis.'*%"%! In this model (see below) the
difference in binding energies for different surface orien-
tations is not caused by the surface corrugation but by the
different location of the bulk band gap at k| =0 relative
to the image-potential state. In order to separate the ef-
fects of surface corrugation and of location relative to the
bulk band edges we have attempted to compare the meta-
stable Au(100)1x 1 surface with the Au(100)5x20 sur-
face. The former is prepared by sputtering with oxygen,
the latter by normal sputter annealing. Both surfaces
have the same bulk band gap, but the 1 X 1 surface should
have a larger corrugation than the 5X20 surface. It is
difficult to obtain 1X 1 surfaces with a reproducible work
function, but within our accuracy we find no evidence for
a change in binding energy due to surface corrugation.

V1. EFFECTIVE MASS

We have followed the dispersion of image-potential
states with k|| and find an effective mass larger than or
equal to 1 but with large error bars. Other authors have
reported effective mass values between 1.0 and 1.7 which
are compiled in Table I. We note that the average devia-
tion of the effective mass from unity is about 30% which
is comparable with the deviation of the binding energy
from the hydrogenic value. There have been various ex-
planations for effective masses larger than unity>® '~
but the most straightforward arguments came from the
phase-shift analysis.®! In this model the dispersion of the
bulk band edges influence the dispersion of the gap states.
Image states near the top edge of the gap have m*/m, > 1
and states near the bottom have m*/m, < 1. Most image
states that have been studied are located in the top half of
the gap and therefore have m*/m, > 1. Occupied surface
states in the bottom half of the gap exhibit m*/m, < 1.

VII. THEORETICAL MODELS

The observed binding energies Ep of image-potential
states (Table I) match theoretical predictions by
Echenique and Pendry”® surprisingly well. They obtained
Ep=0.58 eV for the n=1 state from an image potential
that had been cut off near the surface (see Fig. 1). The
calculated width of 0.32 eV (full width at half maximum)
for the n =1 state is larger than our upper limit of 0.1 eV.
This is due to the fact that the calculations were per-
formed for high kinetic energies parallel to the surface
where these states form resonances. A recent calculation
for kinetic energy zero give a width of less than 0.1 eV.>’
These calculations suggest that we observe the n=1
image-potential state with only a small perturbation of the
hydrogenic image potential which reduces the binding en-
ergy from 0.85 eV to the 0.5—0.8 eV observed. The sign
of the energy shift® relative to the hydrogenic energy lev-
els is plausible since the image potential is not infinitely
deep for a real crystal but saturates at a value near the
inner potential. Various workers®—% 1865 obtained qualita-
tively similar results by integrating the z-dependent
Schrodinger equation with model potentials. A first-
principles calculation® for Cu(100) comes to similar con-
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clusions, giving the use of simple empirical potentials
more credibility.

Instead of explicitly solving the Schrodinger equation
one can use a scattering theory to derive binding energies
of image-potential states.>”%1%:26:60.61 1 this picture the
electron is reflected back and forth between the confining
Coulomb potential barrier and the solid where it under-
goes Bragg reflection. In order to obtain a stationary state
the round-trip phase shift has to be a multiple of 2.
With a simple ansatz for the phase shifts at both
boundaries, Hulbert et al.'® and Smith® ¢! have given an
elegant description of the trends that one expects for the
binding energies and effective masses for a variety of sur-
face states on different surfaces including image-potential
states. [Essentially, the image potential states shift up-
wards relative to their hydrogenic position the farther
they are below the upper edge of the bulk band gap. As
pointed out in Sec. V, we find our data to be consistent
with these predictions although the experimental accuracy
is not good enough to confirm this theory in a quantita-
tive way. More precise two-photon photoemission experi-
ments are under way>* to this end.

Most theories of image potential states consider the z
dependence of the potential only (z is perpendicular to the
surface). Garcia and co-workers® present quite a dif-
ferent interpretation and stress the influence of the x,y
dependence of the potential, i.e., the surface corrugation.
They conclude that the interaction of the n=1 image-
potential state with the periodic surface potential is so
large that the state seen in the spectra actually corre-
sponds to n=2. It is somewhat difficult to believe that
the surface corrugation amounts to several eV for a state
located about 8 A outside the surface as required by this
model. This model leaves several questions unanswered.
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If the periodic surface potential pulls the n=2 image
state down almost to the position of the n=1 state, one
would expect crystallographic effects, particularly, for the
open crystal surfaces. The reduction in binding energy
from Cu(111) to Cu(110), if real, would be opposite to the
trend expected from the increase in corrugation. Recent
experimental®*3* and theoretical’! work shows that the ef-
fect of corrugation is negligible and at least an order of
magnitude smaller than predicted by Garcia et al.*°

VIII. SUMMARY

In summary we find that the image potential induces
electrons to be bound at the metal or semimetal surfaces
with binding energies of 0.4—0.8 eV relative to the vacu-
um which are close to the energy of - Ry=0.85 eV ex-
pected for a simple Coulombic potential. This phe-
nomenon appears to be ubiquitous for metallic surfaces
and does not depend strongly on details of the surface,
such as crystallographic orientation, corrugation, recon-
struction, and material. This shows that the simple
Coulombic image potential dominates the energy balance
and opens prospects for using this phenomenon to study
an ideal two-dimension electron gas in vacuo.
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