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We present results fromk-resolved inverse photoemission spectroscopysIPSd in the isochromat mode from
the Als100d surface. To identify the origin of the different peaks in the photon intensity we have performed a
first principles calculation of the bulk band structure in the LMTO formalism and apply it to predict bulk
derived features in the IPS spectra. We have been able to identify several of the experimental features as
derived from bulk optical transitions together with various surface resonances. A particular surface state

detected along theḠX̄ direction displays the opening of a gap at the zone boundary. Most of the dominant

surface features could be traced back to the occupied surface state atḠ, previously detected by photoemission.
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I. INTRODUCTION

Al is a very promising material from which nanometer
length scale structures could be built. From a fundamental
point of view, Al has a simple electronic structure that is well
described by the nearly free electron model and thus is an
excellent laboratory for understanding new phenomena that
emerge in nanoscale confinement.1,2 To facilitate further ap-
plications of this free electron metal in nanoscale systems, it
is important to acquire a precise knowledge of its electronic
structure, especially the electronic states in the vicinity of the
Fermi levels«Fd which are responsible for transport and ex-
citation phenomena. Recent experiments on thin layers of
simple metals,3–5 probing the coupling between collective
electronic excitations and photons, open the possibility that
these interesting modes play an important role in the photon
field associated with optical transitions in inverse photoemis-
sion spectroscopysIPSd. Al is especially interesting since the
maximum IPS emission intensity should occur at the multi-
pole plasmon frequencys13 eVd sRef. 6d and close enough to
the 9.5 eV photon energy detected in isochromat IPS.

There have been several reports of experimental measure-
ments of the occupied electronic states of Al,7–12 including
some studies describing the electronic structure above the
Fermi levels«Fd.6,13–18However, none of these studies have
dealt systematically with the unoccupied states of thes100d
surface. The work we present here is intended to fill this gap.
In this paper we present isochromat IPS measurements, of
the unoccupied electronic states of the Als100d surface along

the ḠX̄ and ḠM̄ directions of the surface Brillouin zone
sSBZd. We find that the spectra often exhibit a number of
weak features which can be associated with the bulk elec-
tronic structure. Occasionally strong spectral features are ob-
served in regions of energy and momentum space that corre-
spond to projected gaps in the Al band structure. These
features are identified as surface states and only appear in
rather limited ranges of energy andki.

For a better description of our experimental measure-
ments, we have also performed numerical calculations of the
bulk electronic structure, appropriately modified to directly

predict Al bulk optical transitions giving rise to events de-
tectable by isochromat IPS. In this way it is easier to identify
both the origin of the spectral feature and its relation to the
bulk electronic structure.

II. EXPERIMENT

The sample used in these measurements was a commer-
cially produced Als100d crystal disk with two unpolished
planes aligned parallel to thef100g direction with a precision
better than 0.5°. One of the crystal faces was mechanically
polished with Al2O3 particles down to 0.1mm. The crystal
was then inserted into the ultrahigh vacuumsUHVd experi-
mental chamber, with a base pressure of 1310−10 Torr. Here
it was subjected to cycles of Ar sputterings1 keVd and an-
nealing up to 400 °C, for a total time of approximately 20 h.
The crystalline order and cleanliness of the surface were
monitored both by using low energy electron diffraction and
the normal incidence IPS spectrum. The primary experimen-
tal technique housed in the UHV chamber is an isochromat
inverse photoemission spectrometer,19 which has been de-
scribed in detail elsewhere.20 The setup is based in a design
by Dose.21 In brief, the spectrometer consists of a bandpass
Geiger Müller as a photon detector,22 which is highly sensi-
tive to photons in a very narrow band arounds9.5±0.3d eV.
The electron beam is produced by an electron gun, with a
BaO cathode, based on a design by Zipf.23 By adjusting the
anglesud between the incident electron momentum and the
surface normal, it is possible to explore the dispersion of the
different states as a function of the momentum parallel to the
surfaces"kid. To probe the electronic structure along a par-
ticular direction of the SBZ, it is then necessary to collect a
series of spectra of the photon intensity vs incoming electron
energy, for different angles between the electron momentum
and the surface normal. The IPS signal has an onset at the
Fermi level of the material and this value is usually taken as
the origin for measuring the energy of the different spectral
features. The electronic parallel momentum and the energy
of a resonance are related by
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ki = sinuÎ2m

"2 s« + "v − fd,

with m being the electron mass,« the energy of the reso-
nance measured with respect to«F , "v is the energy of the
detected photons,f the work function of the samplef4.4 eV
for Al sRef. 24dg, andu has been defined above.

Figure 1 shows a schematic diagram of the Als100d sur-
face in reciprocal space. In the vacuum chamber, the crystal
was azimuthally aligned in such a way that the high symme-

try sḠX̄ or ḠM̄d directions of the SBZ were explored with
increasingu.

III. NUMERICAL CALCULATION

Even though IPS is one of the most direct techniques to
explore low energy single electron excitations in crystalline
samples, there are some difficulties in interpreting the origin
of the different spectral features. For example, distinguishing
between a feature associated with a bulk direct transition and
one caused by a legitimate surface statesi.e., with a wave
function limited to the surface region of the crystald is no
simple task. In part to help us resolve this dilemma, we have
performed standard LMTO calculations25 of the Al bulk elec-
tronic structure, with lattice constanta=4.05 Å. Details of
the application of this method to IPS have been presented
elsewhere.20 The resulting band structure along the different
crystallographic directions, together with the corresponding
density of states, are consistent with previous calculations.11

It is easy then to identify the projected energy gaps in the

electronic structure. In theḠM̄ direction, the main energy

gap is centered aroundḠ about 2.7 eV below«F.11 Although
the gap disperses upwards aski increases, it remains below
«F for all k values. Hence no energy gaps are present above
«F for this azimuth, implying the wave functions associated
with IPS features along this direction are expected to extend

into the bulk. In theḠX̄ direction, the main energy gap is

centered aroundX̄, about 2 eV above«F. So in this direction,

we expect to see some evidence of this gap, for large values
of ki. From the calculation, for both azimuths, we have ex-
tracted the allowed interband transitions between unoccupied
states. For a particularki, we can find the final state energies
for optical transitions, from a high lying unoccupied state
when the photon energies are within the sensitivity of the
detector s"v.9.5±0.3 eVd. In this way we can predict,
based on energy conservation, thee vs k dispersion of bulk
derived resonances. Figures 3 and 6 show the prediction of
these calculations as compared with experimental results.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. ḠM̄ direction

Figure 2 shows a set of IPS spectra normalized to a com-
mon intensity at the threshold energy. Each spectrum is taken

at a different angle of incidencesud, along theḠM̄ direction.
The first important feature which we have labeled as Im, has
been identified in a previous report15 as an image resonance.
It is not as prominent in this surface as it has been observed
in Al s111d,17,18 but nonetheless it has several features which
allow us to identify it as an image resonance: its energy is
slightly below the vacuum levels,200 to 500 meVd and
disperses upward in energy aski increases.

At larger parallel momentum, we have highlighted several
spectral features with a reasonable intensity above the back-

FIG. 1. Representation of the SBZ of the Als100d surface. The

main crystallographic directions are alongḠX̄ and ḠM̄.

FIG. 2. IPS spectra from Als100d along thef001g direction. The
solid line is a smoothed spline fit to the data points. The image
resonance and other transitions have been highlighted with vertical
lines.
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ground and which also show a dispersion that can be fol-
lowed over consecutive spectra.

The feature centered at 3.5 eVslabeled asAd is well de-
fined foru.32.5°. Away from this angle it turns into a broad
and less well defined peak. FeatureB, the most prominent
peak in this azimuth, decreases in energy by about 5 eV,
going fromu.25° up to 55°. At large angles there are two
other features, one of themsSd emerges from«F at about 40°,
disperses upwards in energy, having a strong intensity and a
narrow peak shape. The second one, labeled asC, is detect-
able at aboutu.50° over a very narrow angular range. It
decreases slightly its energy as the angle is increased up to
the detection limit of the spectrometer. Most of the features
disperse down in energy aski increases. The only exception
in this azimuth isS which moves from«F up to 3.5 eV for
u.60°. A plot of the« vs ki dispersion of these features is
shown in Fig. 3. The solid squares with error bars are the
experimental points. The dashed lines, indicate the calculated
final state energy and momentum of the optical transition
giving rise to 9.5±0.3 eV photonssi.e., within the “energy
window” of our spectrometerd.

By looking at the several direct transitions contributing to
featureA, it is then clear why it broadens very fast and de-
creases its intensity. In the same way featureB, which de-
creases in energy from almost 8 eV to well below 4 eV,
appears to follow a single bulk transition over a wide range
of k valuess0.7 Å−1–1.1 Å−1d. Only for large values ofki it
is evident that this feature is composed of several different
direct transitions. The coincidence between calculation and
experimental values, in this particular case, justifies identify-
ing B as a bulk derived resonance. As expected the image
state is not predicted by our bulk calculation, but neither are

featuresS andC. In Fig. 3 we have also included solid lines
which are theoretical predictions from a self consistent cal-
culation by Hummel and Bross,26 for Al s100d. It reveals two
surface resonances in the energy range between«F and the
vacuum level. There is a state which crosses«F at about
0.85 Å−1 and follows a parabolic dispersion with increasing
ki. This resonance, shown by the solid line in Fig. 3, overlaps
nicely with the experimental data points we have labeled as
S. ResonanceS is the continuation beyond the«F crossing of
the occupied surface state of Al with energy of<−2.7 eV at

Ḡ.10,11,26 Hummel and Bross26 predict this state continues
dispersing parabolically in energy aski increases.

In general, in this azimuth there is a reasonably good
agreement between predicted transitionssboth surface and
bulk derived resonancesd and the measured IPS features.
Clear exception to this statement is resonanceC. The origin
of this dispersing feature, at fairly large incidence angles,
could be understood better with the help of the surface pro-
jected band structure shown in Fig. 4.

Each vertical line in Fig. 4 consists of a sequence of
points representing energy states of the sameki but with
different k', as provided by our calculation. The higher the
density of points, the higher is then the density of states
projected for that particular energy. Thus, regions with
lighter shades represent areas which are almost absolute band
gaps. These lighter shaded areas can become “pseudo band
gaps,” and in a way similar as real energy band gaps, they
can host surface resonances likeC. To clarify this point we
have included in the same plot, with circular markers, the
experimental dispersion of surface resonanceC around the

SBZ M̄ point. They fit within the “pseudo gap” just as a
normal surface state would do in an absolute band gap. The
existence of this resonance is then induced by the breaking
of the 3D symmetry at the surface.

FIG. 3. Dispersion of the surface resonances as a functionki

along thef001g direction. The experimental data points are shown
by solid squares with an error bar. The theoretical prediction for
bulk derived transitions are indicated by the dashed lines. Results
from calculated dispersion of surface resonances are shown with a
solid line sRef. 26d.

FIG. 4. Projected bulk bands onto thes100d surface along the

f001g direction ink spacesḠM̄d. The number of points per unit area
in the ki vs E plane is proportional to the number of energy states
projected on to the surface. The points are generated from a calcu-
lation of the energy bands for a uniform distribution ofk points
inside the 3D-BZ. Lighter areas, could then be interpreted as being
almost an energy band gap. The solid circles correspond to reso-

nanceC. The “pseudo gap” atM̄ski <1.55 Å−1d along this azimuth,
contains this surface resonance.
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B. The ḠX̄ direction

In Fig. 5 we show a series of IPS spectra obtained from
the Als100d surface, but now along theḠX̄ azimuth. At nor-
mal incidence, the image resonance feature is also present in

the spectrum, but as the angle increases away fromḠ it rap-
idly loses intensity, becoming almost undetectable at 10° off
normal. The next interesting featuresDd appears atu.15°,
and«<4.0 eV. Although it is comparatively well defined, it
changes intensity and width as it disperses up to 7.0 eV.
Other salient spectral features along this direction areE and
S.

As in the previous azimuth, a large resonancesS1d ap-
pears close to«F for u.50°. The evolution of this peak over
a narrow angular range was rather complicated and forced us
to look in more detail into their dispersion. We run a series of
high resolution spectrasintensity was measured in incre-
ments of 0.1 eVd, which we show as an insert at the bottom
of Fig. 5. It is then easier to identify the evolution of two
peaks,S1 andS2 which clearly display the opening of a gap
at about 1.5 eV.

Figure 6 is an« vs ki plot of the features shown in Fig. 5.
We have also added the results of our calculation for bulk

allowed optical transitions, shown by the dashed lines. The
solid lines indicate the dispersion of the surface resonance as
predicted by the Hummel and Bross26 calculation along this

direction. The contour centered atX̄ at an energy close to 2
eV above«F, corresponds to a projected energy band gap as
obtained from our calculation.

It should be noted first that the apparent lack of symmetry

aboutX̄ exhibited by the experimental data points in Fig. 6 is
inherent to the experimental technique. There is no funda-
mental implication on the electronic states of Al. Rather, it is
simply due to a geometrical limitation of the spectrometer.

It is then easy to recognize, from Fig. 6, that featuresE1
andE2 are both the manifestation of a single direct transition

at both sides of the SBZX̄ point. The upwards dispersion of
resonanceD and the changes in both width and intensity
could be understood sinceD is indeed not a single transition,
but corresponds to a series of different direct transition as
shown by the calculated transitions in Fig. 6. Probably the
most significant result is the coincidence ofS1 andS2 with
the calculated surface state.26 Along this azimuth, the mea-
sured surface resonancesS1–S2d has a significant intensity in
both branches, above and below the bulk band gap. Never-
theless the dominant feature is the one showing an upwards
dispersion with increasingki. This empty surface resonance
is again the continuation of the occupied surface state with a

minimum energy of<2.7 eV below«F at Ḡ. From this mini-

FIG. 5. IPS spectra along thef011g direction for different angles
of incidence. The solid line is just a smooth spline fit to the mea-
sured data points. The insert at the bottom highlights the evolution
of featuresS1 andS2 over a narrower angular range.

FIG. 6. Experimental resonancessblack squared and bulk pre-
dicted transitionssdashed linesd along thef011g direction ink space.
The main surface features have been highlighted. The solid lines
correspond to calculated surface resonances. The split stateS is a
proper surface state only over the very small energy gap indicated
by the rhombohedral contour.
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mum, it follows a parabolic dispersion even beyond the clo-
sure of the gap11 and becomes an occupied resonance. It
continue its dispersion beyond«F, which is crossed atki

<0.8 Å−1. It becomes then an unoccupied surface state, as it
intersects the bulk band gap at the zone boundarysFig. 6d.
There are only very few systems in which the opening of a
gap in a surface band has been identified so clearly, in par-
ticular with inverse photoemission.

In Al, there is the coincidence of both the existence of a
gap at the zone boundary together with a well defined reso-
nance, which is split at the exact location of the bulk band
gap. These features are in almost perfect agreement with the
surface electronic structure calculation. Indeed the split sur-
face state is predicted to exist at the energy gap centered at 2

eV sFig. 6d and also in its extension along theX̄ȲM̄
direction.26 The fact that these surface features are rather
strong in Al could be related to electronic collective excita-
tions, which should induce a maximum IPS intensity around
the multipole plasmon frequencys12.5 eV/"d.5 Surface
roughness can induce a lowering of this energy for maximum
emission, moving it closer to the Al surface plasmon fre-
quencys10.6 eV/"d. This value is in fact very close to the
central energy of isochromat IPS, effect which could then

enhance the detection of these features close to the Fermi
edge.

V. SUMMARY

We have studied using IPS the empty electronic states of
Al s100d from «F up to 10 eV along the two main crystallo-

graphic axissḠM̄ and ḠX̄d. We discovered several reso-
nances derived from direct bulk electronic transitions, a new
type of surface resonance at a “pseudo energy gap” and a
surface state, linked to the occupied surface state of energy

of −2.7 eV atḠ, in a very narrow gap 2 eV above«F. The
new surface state is split into two resonances at the bulk

band gap atX̄. LMTO calculations of the electronic structure
has proven effective as a tool to recognize the origin of the
different spectral features.
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