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Unbound Surface and Bulk Electron Energy Bands for Al(111) Surface
M.N. Read
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We calculate bound and unbound surface and bulk energy bands for Al(111) at
300 K and k||  0 that incorporate inelastic electron-electron interaction and a
realistic surface barrier. Five unbound surface state resonances, not previously
predicted, are found and their origins analysed.
1.

Introduction
It has recently been suggested that ultraviolet angle-resolved two-photon photoemission
could map directly the unoccupied bands of crystals [1] and a simplified one-dimensional
energy band model for the Al(111) surface was used to illustrate the process. Here we
calculate the complete realistic bulk and surface energy bands for Al(111) at 300 K for
reduced wave vector k  (k||, k)  (0, k)  Γ and  8.5 to 50 eV above the Fermi energy, Ef.
We also discuss the origins of the recently predicted surface state resonances in this energy
range above the vacuum level, Evac [2]. The theoretical predictions here should assist in
planning and analysing two-photon and other photoemission and inverse photoemission
experiments.
2.

Method
We use a 2D layer Green function and transfer matrix method to calculate the bulk and
surface band structure as detailed in Ref. [2]. The Al crystal potential is taken from Ref. [3]
but we use lattice constant 4.0496 Å to correspond to 300 K. The spherical ion-core potential
at the surface is overlapped with a realistic surface barrier potential shown in Ref. [2] to
provide a non-spherical contribution to the surface potential. Ref. [3] uses a local exchangecorrelation (xc) functional. Excited states of Al have also been calculated using the
CRYSTAL98 software [4] with a non-local xc functional. The advantage of the latter
compared with experiment is yet to be evaluated.
3.

Results and Analysis
Fig. 1 shows a calculation of energy bands without correction for the electron manybody self-energy, Σ for the higher energy bands. Fig. 2 shows bands with that correction for
the imaginary part Im Σ that represents inelastic electron-electron interaction. For the present
surface and k  (0, k), we obtain the bulk band structure corresponding to Γ(Λ)L for Al.
In Fig. 1, the blue/black (dotted) lines correspond to bulk energy bands for propagating
bulk wave functions (Im k  0) and these agree with those of Ref. [5] where the symmetry
of the bands is also given. The band structure is complicated between ~ 10 to 35 eV because
of 3d and 4f bands. For a surface, bulk wave functions which are attenuating in space
(evanescent) near the surface region are also relevant and these have finite values of Im k.
Absolute, symmetry or partial band gaps for each value of k|| occur between critical points
(maxima and minima) of bands which have only finite values for Re k and have propagating
wave functions. These bands are blue/black in Fig. 1. The gaps are spanned by lines (for Re
k) and loops/half-loops (for Im k) that have finite values for Re k and Im k and have
attenuating wave functions. These are orange/grey in Fig. 1. In the figures lines and
loops/half-loops that correspond to attenuating wave functions which have very large values
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Fig. 1. Bulk and surface energy bands for Al(111) surface and k  (k||, k)  (0, k) without inelastic electron
interaction. Bulk states with propagating wave functions are blue/black. Lines and loops/half-loops mark
positions of band gaps, have attenuating wave functions and are orange/grey. Surface states or resonances are
red/grey horizontal lines.

of Im k in this energy range are not shown since their effect is negligible. Wave functions
with finite Im k that attenuate towards the interior of the crystal may form the bulk part of a
surface state or resonance if the wave function and derivative can match the form of the wave
function through the surface and barrier potential regions.
Calculations have shown this to be the case for the surface state shown in Figs 1 and 2
near  4.5 eV in the absolute band gap for k||  0 near this energy at L and for the first two of
the Rydberg series of image resonances near 4 eV. These are shown as red/grey horizontal
lines in the figures. The wave functions of these image resonances attenuate very rapidly in
the crystal while that of the surface state attenuates slowly. There is a small loop
(orange/grey) near  4.5 eV for Im k which is not easily resolvable on the scale of this
diagram. This state and these image resonances have been found experimentally and
confirmed in a number of calculations.
Our recent calculations [2] have found a number of unbound surface state resonances
that have not been theoretically predicted before. Five have been plotted in Fig. 1 as red/ grey
horizontal lines. The vacuum level, Evac is at 4.24 eV in these diagrams which is the value of
the work function above Ef. Fig. 1 is not realistic in the energy range of unbound bands
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because inelastic interactions are not included. Hence a number of other surface resonances
found in this case but found not to survive inelastic interaction are not plotted in Fig. 1. The
surface resonance near 11.2 eV in Fig. 1 is in a small symmetry gap between the L3´ and L3
points of the bulk band structure and closer to the higher L3 point. L3´ is p-like and L3 is d-like
and hence this surface resonance is most likely pd-like. This resonance is independent of the
surface barrier shape and it arises because of the absence of the next atomic row at the
surface. Hence it is a Tamm-type surface resonance. The surface resonance near 12.6 eV in
Fig. 1 is in a symmetry gap between the Γ25´ (d-like) and Γ15 (p-like) points and closer to the
lower Γ25´ point. It is most likely to be pd-like and is a Tamm-type surface resonance also.
Between 12.6 eV and 16 eV other resonances of this type are found but are damped out when
inelastic effects are included. In Fig. 1 at 20.3 eV and |Re k|  0.35 Å1 there is actually a
small Λ1 symmetry gap between bands that appear to cross that is not discernable in this
diagram. A strong surface resonance occurs at this energy which involves reflection from the
surface barrier. Hence this is a Shockley-type resonance and has spd-character. There are
other weaker resonances of this type between 16 and 28 eV but are damped out when the
inelastic interaction is included. Two image barrier resonances are found at 28.1 and 28.5 eV.
Fig. 2 shows bands with the correction Im Σ of the self-energy which represents
inelastic electron-electron interaction which begins at Ef. The energy variation of Im Σ
  |Uin| is shown in Ref. [2] and the maximum value of |Uin| is 4.1 eV and is reached near
20 eV and for higher energies. We note that the lines (orange/grey) of Fig. 1 form spanning
lines between bands in Fig. 2 and tend to close gaps with the bands becoming more planewave like. Above Ef all wave functions become evanescent when the self-energy correction is
included. Bulk bands that can act as final states for a source of electrons interior to the crystal
surface (photoemission) have Im k negative and are above Evac and shown green/grey. Bulk
bands that can act as final states for a source of electrons exterior to the crystal surface have
Im k positive and are above Evac and shown in black. This bulk band structure for the realistic
surface in the range ~ 5 to 35 eV where the complicated 3 d and 4f bands lie does not appear to
have been calculated previously.
Fig. 2 also shows the previously calculated surface resonances when inelastic effects are
included. We find that the two Tamm surface resonances at 11.2 and 12.6 eV in Fig. 1 are now
at 11.1 and 12.5 eV and are little affected by inelastic effects since it is weak in this energy
range. Also the image resonances at 28.1 and 28.5 eV in Fig. 1 are also little affected because
they are more detached from the inelastic interactions as their wave function does not extend
far into the crystal. However the Shockley-resonance at 20.3 eV in Fig. 1 now moves down to
18.5 eV due to inelastic interactions which have reached near maximum value at this energy.
No other surface resonances have been found in the present calculation for ~ 29 to 50 eV
when inelastic effects are included.
The real part of the self-energy Re Σ gives the energy variation of the crystal inner
potential, U0 for higher energy electrons and has not been included in Fig. 2. This correction
ΔU0, would lower the energy of bands above Evac as a function of energy which would vary
from ΔU0  0 at Evac, up to ΔU0  ~ 3 eV at 50 eV. The two lower energy surface resonances
will be little affected by this correction but the position of the barrier-dependent surface
resonances at 18.5 and ~ 28 eV may be lowered by ~ 1 to 2 eV.
There is some early experimental evidence for the surface resonances at 11.1 and 12.5
eV from surface soft-X-ray absorption spectroscopy that finds resonance features centred at
12.1 eV [6].
4.

Conclusion
We have predicted five unbound surface resonances on the Al(111) surface that have not
been calculated before. The present method is suited to analyse these above-vacuum level
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Fig. 2. Bulk and surface energy bands for Al(111) surface and k  (k||, k)  (0, k) with inelastic electron
interaction included. Bulk states below Ef with propagating wave functions are blue/black. Lines below Ef have
attenuating wave functions and are orange/pale-grey. Bulk states above Ef all have attenuating wave functions
and can act as intermediate states in photoemission. States above 4.24 eV ( Evac) that can act as final states in
photoemission are green/grey. Surface states or resonances are red/grey horizontal lines.

surface resonances where many other methods are not applicable. The existence of these
unbound surface resonances and bulk states can be verified by photoemission and inversephotoemission spectroscopies. The full surface and bulk band calculation given here should
aid the analysis of these experiments.
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