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The formation of electronic image states at free-electron-like metal surfaces is described with a
jellium model where the lattice-induced corrugation is included via a pseudopotential description.
Comparison with inverse-photoemission experiments on Al(111) gives good agreement between
the calculated and the measured resonant state energy. Statements are made about the possible
resolution of such resonances at other metal surfaces.

The analysis of the formation of electronic surface
states on materials is an important part in the study of the
physical and chemical properties of materials. Surface
states can experimentally be observed by direct- and
inverse-photoemission spectroscopy, and theoretically they
can be identified in electronic-structure calculations.'™*
The nearly-free-electron metals have a particularly simple
electronic structure since the effects of the ion cores on the
conduction electrons are well described by weak pseudo-
potentials. An example of such a metal is aluminium
where observed surface states on Al(100) have been ac-
counted for in surface electronic-structure calculations us-
ing pseudopotentials.>® In this case, the surface-state for-
mation can be understood in terms of a high substrate
reflectivity for the electrons provided by a band gap in the
metal.

In the presence of a free-electron-like overlayer, as in
Na/Al(111), surface resonances have been observed by
inverse photoemission in an energy region with no band
gap.” In this case the required reflectivity for the reso-
nance formation is provided by the sharp interface poten-
tial.>® More surprising is the fact that a surface state has
been observed close to the vacuum level, far from any
metal band gap, on the surface of clean Al(111).7 This
state was interpreted as an image state— a resonant state
that is associated with the asymptotic imagelike behavior
of the surface-barrier potential and lies close to the vacu-
um level in energy. In the analysis, no mechanism was
identified that could provide the necessary reflectivity for
such a state to form in an energy region with no band gap.

In this Rapid Communication we present a model for
image-state formation at free-electron-like metals and ap-
ply it explicitly to Al(111). We follow a multiple-
reflection approach for surface-state formation where the
substrate and barrier reflectivities are calculated within a
jellium model and the lattice corrugation of the substrate
is described with a pseudopotential. We find that the
lattice-induced corrugation of aluminium’s potential pro-
vides enough reflectivity for an image-potential-induced
surface state to form on AlI(111). The calculated energy
position of the surface state, 0.47 eV below the vacuum
level, is in good agreement with the observed energy of
0.54 eV below the vacuum level.” We also find favorable
conditions for this kind of resonant state to be resolved on
other nearly-free-electron metals such as Ba and Pb.

The induced density of states on the surface of Al1(111)
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is calculated in the following. Hartree atomic units are
implicitly understood if not stated otherwise. In the
multiple-reflection approach for surface-state formation'°
(cf. Fig. 1), electronic states are identified from the be-
havior of the total wave ¥.,. The total wave is formed by
multiple reflection of the incident electron wave ¥;,. back
and forth between a crystal potential reference plane and
a surface-barrier reference plane. Diffracted waves are
neglected since their influence on the specular beam from
the crystal is only a second-order effect. Within this ap-
proximation, ¥, is given by
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FIG. 1. Schematic picture of the multiple-scattering ap-

proach for surface-state formation. Electron waves are multiply
reflected at the crystal potential reference plane (C) and at the
surface-barrier potential reference plane (B). These reference
planes are infinitesimally separated with a constant potential so
that the electron waves propagate as plane waves between the
planes. In our calculations, planes (C) and (B) are situated at
the jellium edge, i.e., at half an interlayer’s distance outside (to-
wards the vacuum side of) the first lattice plane. An extra phase
is picked up due to the definition of the first lattice plane as the
scattering plane in Eq. (3).
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where (cf. Fig. 1) r ~ is the reflectance at the minus side
of the reference plane C, t ~ and ¢* are the transmit-
tances at the minus and plus sides of plane C, respectively.
The quantity r¢ is the reflectance at the plus side of the
crystal potential reference plane and rp is the surface-
barrier reflectance. The surface bound and resonant
states occur at energies where ¥, has a pole or where
1 —rgrc has a minimum.

With the purpose of estimating the substrate reflectivity
J
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rc, we calculate the scattering amplitude for a plane wave
impinging on a semi-infinite crystal of AI(111). The sub-
strate potential is modeled with a local, screened pseudo-
potential representation of the ions.'' The pseudopoten-
tial parameters were originally fitted to the measured pho-
non dispersion curves of aluminium. Using the wave-
vector representation of the (retarded) Green’s function
for the Helmholtz equation, given by

D
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where k, and k; denote the momentum components per-
pendicular and parallel to the surface, respectively, we ar-
rive at the following result—in the Born approximation
—for the amplitude rc(k,k') of the elastically scattered
wave:

v(k'—k)
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(3)

Here k and k' are the momenta of the incident and scat-
tered wave, respectively. We also have that a and b are
surface base vectors, d =d3Z is the distance between crystal
planes parallel to the surface, and v(k'—k) is the Fourier
transform of the pseudopotential in the unit cell. The sur-
face periodicity gives the restriction that kj=k;+g,
where g is a surface reciprocal-lattice vector. We nor-
malize ¥inc to unity and express ¥y, rc, and rp as e'°‘°‘,
|rc]e™®, and | rg|e®, respectively. Using the fact that
|rg| =1 for a surface barrier, we arrive at an expression
for the total wave Wi =e' "

as
D 1Tttt e, | 1 |"C|e—m]
1= |rcl? 1—|rcle®

where ® is equal to ®c+®z. Note the unitary condition
that | "¢ *| isequalto 1 — | r¢ |2

The induced density of states is related to the variation
of the total phase shift ®,, with respect to energy.'? The
energy derivative of the term [t ¢ */(1 — |rc|%] in Eq.
(4) is omitted because its variation is small compared to
the strong variation of the barrier phase shift ®5 induced
by the image part of the potential. The energy derivative
of the total phase shift is then given by
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The induced density of states, related to 0®,./de which at
the energy of interest gives by far the largest contribution,
peaks at the resonant condition ®c+®g =n2r, as can be
seen in Eq. (5). The barrier phase shift &z has been cal-
culated by numerical integration of the one-electron
Schrddinger equation for a jellium model potential for Al
In this jellium model, the electron density parameter for
aluminium r; is chosen to be r;=2.07 and the local-
density approximation (LDA) is made for exchange and

) 2

[correlation effects. Since LDA results in an exponential
behavior for the long-range part of the potential, we
correct for the right imagelike behavior.'> The phase shift
due to the crystal potential ®¢ is extracted from the spec-
ular scattering amplitude of electrons incident normal to
the surface [rc(k,k') in Eq. (3) with k'= —k,].

The energy derivative of the total phase shift versus en-
ergy for Al(111) is shown in Fig. 2 for three different
crystal reflectivities. For |r¢| =0, corresponding to no
lattice effects on the potential, there is a smooth variation
of d®,,/de with respect to energy, as noted by Lindgren
and Walldén.'* But already for |rc| =0.1 we begin to
see a resonance which becomes more pronounced with
higher |rc|. The value |rc|=0.1 is what we obtain
from Eq. (3) for Al(111) at an energy within 1 ¢V below
the vacuum level. The barrier phase shift diverges at the
level and, asymptotically, the width of the resonance (full
width at half maximum) is, according to Eq. (5), given by
2|rc| 7" 8®/8e| " for small |rc|. A small reflectivity
is thus compensated by the large energy variation of
9D,1/d¢ close to the vacuum level. In particular for the
resonance energy, the calculated width of 0.3 eV is
sufficiently small for the resonance to be resolved. The
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FIG. 2. Energy derivative of the total phase shift of the in-
coming electron wave at the surface of Al1(111). This derivative
is related to the surface-induced electron density of states. It is
plotted vs energy for three different crystal reflectivities | rel
where the curve with |rc| =0.1 corresponds to the calculated
value for Al(111). The resonance position is calculated to be at
0.47 eV below the vacuum level Ey. The energy scale is set to
zero at the Fermi level and runs up to the vacuum level, indicat-
ed by the vertical bar, at 3.87 eV above the Fermi energy.



41 IMAGE-POTENTIAL-INDUCED RESONANCES AT FREE- . ..

scattering amplitudes for the diffracted waves are less
than |rc| =0.1 at the considered scattering conditions
which gives a justification to the neglect of diffracted
waves in Eq. (1).

Comparing with experiments, we find that the calculat-
ed resonance position, at 0.47 eV below the vacuum level,
is in good agreement with the observed surface-state ener-
gy, at 0.54 eV below the vacuum level, as measured by in-
verse photoemission.7 The induced density of states, or
the related quantity dd,,/9¢, cannot be immediately com-
pared to observed intensities since it is not directly propor-
tional to the intensity of emitted photons. In order to
make some comparison of the calculated intensity to the
experimentally observed one, we note that the absolute in-
tensity of the resonance above the background, i.e., 9@/
d¢ in Eq. (5), is about 2 eV ~!. This absolute strength is
even higher than the strength of the resonance found in
analogous calculations made for Na/Al(111) (Ref. 9)
where the energies of the observed surface resonances
were well reproduced.

When considering the presented model for image-state
formation at other free-electron-like metals, we note that
the crystal reflectivities of the most densely packed sur-
faces of Ba and Pb are at least as high as for Al1(111) at
an energy within an eV below their respective vacuum lev-
el.'> Bearing in mind that the barrier potential from
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which the electrons scatter is, in that energy region, more
or less the image potential for these metals, there should
be a good chance of observing similar resonant states on
Ba(110) and Pb(111) as the one observed on Al(111).
The conditions are the same; no band gap in an energy re-
gion close to the vacuum level but sufficient crystal
reflectivity for an image state to form.

We conclude that electronic image-state formation at
nearly-free-electron metals can be accounted for in a jelli-
um description where the long-range part of the potential
is corrected for the right imagelike behavior and the lat-
tice effects are included via a pseudopotential description.
Especially for Al(111), where a resonant state has been
observed in an energy region with no metal band gap, we
find that the lattice corrugation of the potential is able to
provide the required crystal reflectivity for the formation
of an image state in this region. The resolution of similar
resonant states is also plausible on other free-electron-like
metals, such as Ba and Pb.
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