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Inverse photoemission spectroscopy of Al(100)
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We present results frork-resolved inverse photoemission spectrosc@pyg) in the isochromat mode from
the AI(100 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 th&X 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 skatpraviously detected by photoemission.
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[. INTRODUCTION predict Al bulk optical transitions giving rise to events de-
tectable by isochromat IPS. In this way it is easier to identify

IenAItr:Ss?a;/eeZ[rﬁgl:rr“ess:ngomgtggallmjirlct) mF;/él)?TI]Cz ?l?nndoanr]neéﬁ{ li)oth the origin of the spectral feature and its relation to the
g i Rulk electronic structure.

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 confineméatTo facilitate further ap-
plications of this free electron metal in nanoscale systems, it The sample used in these measurements was a commer-
is important to acquire a precise knowledge of its electronigially produced A(100) crystal disk with two unpolished
structure, especially the electronic states in the vicinity of theyglanes aligned parallel to tf&00] direction with a precision
Fermi level(eg) which are responsible for transport and ex- petter than 0.5°. One of the crystal faces was mechanically
citation phenomena. Recent experiments on thin layers qfolished with ALO; particles down to 0.um. The crystal
simple metal$® probing the coupling between collective was then inserted into the ultrahigh vacu@oHV) experi-
electronic excitations and photons, open the possibility thainental chamber, with a base pressure &f1071° Torr. Here
these interesting modes play an important role in the photoit was subjected to cycles of Ar sputteriigy keV) and an-
field associated with optical transitions in inverse photoemisnealing up to 400 °C, for a total time of approximately 20 h.
sion spectroscopflPS). Al is especially interesting since the The crystalline order and cleanliness of the surface were
maximum IPS emission intensity should occur at the multi-monitored both by using low energy electron diffraction and
pole plasmon frequendil3 eV) (Ref. 6 and close enough to the normal incidence IPS spectrum. The primary experimen-
the 9.5 eV photon energy detected in isochromat IPS. tal technique housed in the UHV chamber is an isochromat
There have been several reports of experimental measurgwerse photoemission spectroméfemvhich has been de-
ments of the occupied electronic states of Af including  scribed in detail elsewhef@ The setup is based in a design
some studies describing the electronic structure above thgy Dose?! In brief, the spectrometer consists of a bandpass
Fermi level(eg).513-18However, none of these studies have Geiger Miiller as a photon detecfdrwhich is highly sensi-
dealt systematically with the unoccupied states of (0  tive to photons in a very narrow band arouf@5+0.3 eV.
surface. The work we present here is intended to fill this gapThe electron beam is produced by an electron gun, with a
In this paper we present isochromat IPS measurements, &aO cathode, based on a design by ZpBy adjusting the
the unoccupied electronic states of th¢18I0) surface along  angle(6) between the incident electron momentum and the
the I'X and I'M directions of the surface Brillouin zone surface normal, it is possible to explore the dispersion of the
(SB2). We find that the spectra often exhibit a number ofdifferent states as a function of the momentum parallel to the
weak features which can be associated with the bulk elecsurface(#k;). To probe the electronic structure along a par-
tronic structure. Occasionally strong spectral features are olsicular direction of the SBZ, it is then necessary to collect a
served in regions of energy and momentum space that corrseries of spectra of the photon intensity vs incoming electron
spond to projected gaps in the Al band structure. Thesenergy, for different angles between the electron momentum
features are identified as surface states and only appear @nd the surface normal. The IPS signal has an onset at the
rather limited ranges of energy akgd Fermi level of the material and this value is usually taken as
For a better description of our experimental measurethe origin for measuring the energy of the different spectral
ments, we have also performed numerical calculations of théeatures. The electronic parallel momentum and the energy
bulk electronic structure, appropriately modified to directly of a resonance are related by
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FIG. 1. Representation of the SBZ of_the(ZéG)isurface. The
main crystallographic directions are aloh andI'M. Im
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with m being the electron mass, the energy of the reso-
nance measured with respectdg, fw is the energy of the VA S A S R A R S
detected photons) the work function of the samplel.4 eV Energy [eV]
for Al (Ref. 29], and 6 has been defined above.
Figure 1 shows a schematic diagram of thé1A0) sur- FIG. 2. IPS spectra from AL00 along the[001] direction. The

face in reciprocal space. In the vacuum chamber, the crystablid line is a smoothed spline fit to the data points. The image
was azimuthally aligned in such a way that the high symmeresonance and other transitions have been highlighted with vertical

try (TX or I'M) directions of the SBZ were explored with 'ines.
increasingeé.
we expect to see some evidence of this gap, for large values
of k;. From the calculation, for both azimuths, we have ex-
I1l. NUMERICAL CALCULATION tracted the allowed interband transitions between unoccupied
) ) ) states. For a particuldg, we can find the final state energies
Even though IPS is one of the most direct techniques tqqr gptical transitions, from a high lying unoccupied state
explore low energy single electron excitations in crystallineynen the photon energies are within the sensitivity of the
samples, there are some difficulties in interpreting the originyetector (hw=9.5+0.3 eV}. In this way we can predict,
of the different spectral features. For example, distinguishing,;<aq on energy conservation, thes k dispersion of bulk
between a feature associated with a bulk direct transition angerived resonances. Figures 3 and 6 show the prediction of

one caused by a legitimate surface state., with a wave  hege calculations as compared with experimental results.
function limited to the surface region of the crysta no

simple task. In part to help us resolve this dilemma, we have

performed standard LMTO calculatidi®f the Al bulk elec- IV. EXPERIMENTAL RESULTS AND DISCUSSION
tronic structure, with lattice consta@at=4.05 A. Details of o
the application of this method to IPS have been presented A. I'M direction

elsewheré&? The resulting band structure along the different ,
crystallographic directions, together with the corresponding F9ure 2 shows a set of IPS spectra normalized to a com-
density of states, are consistent with previous calculafibns. Mo intensity at the threshold energy. Each spectrum is taken
It is easy then to identify the projected energy gaps in theat a different angle of incidend®), along thel'M direction.

electronic structure. In th&M direction. the main energy The first important feature which we have labeled as Im, has

. e been identified in a previous repbras an image resonance.
11 A
gap is centered arouridabout 2.7 eV belover.™ Although It is not as prominent in this surface as it has been observed

the gap disperses upwards lqdncreases, it remains below in Al(111),2718 put nonetheless it has several features which
e for all k values. Hence no energy gaps are present abov

. X . : . . low identify i nim resonance: i nergy i
eg for this azimuth, implying the wave functions assomatedgI ow us to identify it as a age resonance: Its energy s

with IPS features along this direction are expected to extenéligglé ebsellj)g\\:\/;?g ixagﬁgrrgylgﬁgégg etso 500 mey and

into the bulk. In thel'X direction, the main energy gap is At larger parallel momentum, we have highlighted several
centered arouni, about 2 eV abover. So in this direction, spectral features with a reasonable intensity above the back-
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almost an energy band gap. The solid circles correspond to reso-

FIG. 3. Dispersion of the surface resonances as a funégion nanceC. The “pseudo gap” av(k~1.55 A™) along this azimuth,
along the[001] direction. The experimental data points are showncontains this surface resonance.
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 f@aturesS andC. In Fig. 3 we have also included solid lines
solid line (Ref. 26. which are theoretical predictions from a self consistent cal-
culation by Hummel and Brog$,for Al(100). It reveals two
surface resonances in the energy range betvwgesnd the
vacuum level. There is a state which crossgsat about
0.85 A and follows a parabolic dispersion with increasing
k,. This resonance, shown by the solid line in Fig. 3, overlaps
\picely with the experimental data points we have labeled as

ground and which also show a dispersion that can be fol
lowed over consecutive spectra.

The feature centered at 3.5 dMbeled asd) is well de-
fined for = 32.5°. Away from this angle it turns into a broad
and less well defined peak. FeatuBethe most prominent

eak in this azimuth, decreases in energy by about 5 e . : . .
going from 0= 25° up to 55°. At large ang?gs t?\lere are two S Resonqnc& is the continuation beyond thg crossing of
other features, one of the(®) emerges fronz at about 40°, the occupied surface state of Al W'_th en_ergyz@*—Z.? e\_/ at
disperses upwards in energy, having a strong intensity and &'****® Hummel and Bros¥ predict this state continues
narrow peak shape. The second one, labele@,ds detect-  dispersing parabolically in energy &sincreases.
able at about?=50° over a very narrow angular range. It  In general, in this azimuth there is a reasonably good
decreases slightly its energy as the angle is increased up &greement between predicted transitighsth surface and
the detection limit of the spectrometer. Most of the featureulk derived resonancesand the measured IPS features.
disperse down in energy &sincreases. The only exception Cléar exception to this statement is resona@c@he origin
in this azimuth isS which moves fromeg up to 3.5 eV for of this dispersing feature, at_falrly large incidence angles,
6=60°. A plot of thee vs k; dispersion of these features is could be understood better with the help of the surface pro-
shown in Fig. 3. The solid squares with error bars are théected band structure shown in Fig. 4.
experimental points. The dashed lines, indicate the calculated Each vertical line in Fig. 4 consists of a sequence of
final state energy and momentum of the optical transitiorPOiNts representing energy states of the sameut with
giving rise to 9.5+0.3 eV photoné.e., within the “energy  differentk,, as provided by our calculation. The higher the
window” of our spectrometgr density of points, the higher is then the density of states

By looking at the several direct transitions contributing toProjected for that particular energy. Thus, regions with
featureA, it is then clear why it broadens very fast and de-lighter shades represent areas which are almost absolute band
creases its intensity. In the same way featBrewvhich de- ~ 9aps. These lighter shaded areas can become “pseudo band
creases in energy from almost 8 eV to well below 4 ev,9aps,” and in a way similar as real energy band gaps, they
appears to follow a single bulk transition over a wide rangecan host surface resonances I&eTo clarify this point we
of k values(0.7 A2-1.1 A™Y). Only for large values ok, it ~ have included in the same plot, with circular markers, the
is evident that this feature is composed of several differenfXPerimental dispersion of surface resonacaround the
direct transitions. The coincidence between calculation an&BZ M point. They fit within the “pseudo gap” just as a
experimental values, in this particular case, justifies identify-normal surface state would do in an absolute band gap. The
ing B as a bulk derived resonance. As expected the imagexistence of this resonance is then induced by the breaking
state is not predicted by our bulk calculation, but neither aref the 3D symmetry at the surface.
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FIG. 6. Experimental resonancéslack squargand bulk pre-
dicted transitiongdashed lingsalong thegl011] direction ink space.
The main surface features have been highlighted. The solid lines
correspond to calculated surface resonances. The split Stata
proper surface state only over the very small energy gap indicated
Energy [eV] by the rhombohedral contour.

FIG. 5. IPS spectra along tfi611] 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 evolutio
of featuresS1 andS2 over a narrower angular range.

allowed optical transitions, shown by the dashed lines. The
solid lines indicate the dispersion of the surface resonance as
rE)redicted by the Hummel and Br_6§$alculation along this

L direction. The contour centered 4tat an energy close to 2
B. The I'X direction eV aboveeg, corresponds to a projected energy band gap as

In Fig. 5 we show a series of IPS spectra obtained fronPbtained from our calculation.
the AI(100) surface, but now along thBX azimuth. At nor- It should be noted first that the apparent lack of symmetry

mal incidence, the image resonance feature is also present @outX exhibited by the experimental data points in Fig. 6 is

the spectrum, but as the angle increases away Fdtrap- inherent to the experimental technique. There is no funda-
idly loses inténsity, becoming almost undetectable at 10° offnental implication on the_ eleqtrc_mlc_: states of Al. Rather, itis
normal. The next interesting featut®) appears ap=15°, simply due to a geometrical limitation of the spectrometer.

o : . . It is then easy to recognize, from Fig. 6, that featUufés
ande =~4.0 eV. Although it is comparatively well defined, it : ; ! ; -
changes intensity and width as it disperses up to 7.0 e ndE2 are both the manifestation of a single direct transition

Other salient spectral features along this directionfaend @t both sides of the SBX point. The upwards dispersion of
S resonanceD and the changes in both width and intensity

As in the previous azimuth, a large resonari&g) ap- could be understood siné2is indeed not a single transition,
pears close teg for =50°. The evolution of this peak over but corresponds to a series of different direct transition as
a narrow angular range was rather complicated and forced @10Wn by the calculated transitions in Fig. 6. Probably the
to look in more detail into their dispersion. We run a series of0st significant result is the coincidence $if andS2 with
high resolution spectrdintensity was measured in incre- the calculated surface stafeAlong this azimuth, the mea-

ments of 0.1 ey, which we show as an insert at the bottom sured surface resonan®l-S2) has a significant intensity in
of Fig. 5. It is then easier to identify the evolution of two Poth branches, above and below the bulk band gap. Never-

peaks,S1 andS2 which clearly display the opening of a gap theless the dominant feature is the one showing an upwards
at about 1.5 eV. dispersion with increasing,. This empty surface resonance

Figure 6 is ans vs k, plot of the features shown in Fig. 5. 1S again the continuation of the occupied surface state with a
We have also added the results of our calculation for bulkminimum energy of=2.7 eV belower atI". From this mini-
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mum, it follows a parabolic dispersion even beyond the clo-enhance the detection of these features close to the Fermi
sure of the gajd and becomes an occupied resonance. ledge.
continue its dispersion beyonek, which is crossed ak
~0.8 AL, It becomes then an unoccupied surface state, as it V. SUMMARY
|1|_1rt]ersects thel bulk b?nd gap at the z%pehbcr)]untﬂﬁrg._ 9. f We have studied using IPS the empty electronic states of
ere are only very few systems'm whic the opening o aAI(lOO) from e¢ up to 10 eV along the two main crystallo-
gap in a surface band has been identified so clearly, in par- hi . (m d F—X) We di d |
ticular with inverse photoemission. graphic. axis and 1 ). Vi€ discovered several reso-
) S . nances derived from direct bulk electronic transitions, a new
In Al, there is the coincidence of both the existence of a, B »
ap at the zone boundary together with a well defined reso-ype of surface resonance at a "pseudo energy gap” and a
9ap S ; y tog ) dsurface state, linked to the occupied surface state of energy
nance, which is split at the exact location of the bulk ban 57 eV atl i 2 eV ab h
gap. These features are in almost perfect agreement with tﬁ)é e ? at t Itn a ver)llltn.artrov;/ gap < ev a OV&,; th N bulk
surface electronic structure calculation. Indeed the split sy €W surtace state 1S spiit Into two resonances at the bu

face state is predicted to exist at the energy gap centered atﬁémd gap a)(.flf_M'I_'O Ca|CU|ati‘)|”5 of the e_Iectrr?nic s_tr_ucthJreh
eV (Fig. 6 and also in its extension along theym  1as proven effective as a tool to recognize the origin of the

direction?® The fact that these surface features are ratheg"cferent spectral features.

strong in Al could be related to electronic collective excita-
tions, which should induce a maximum IPS intensity around
the multipole plasmon frequency12.5 eV/fi).> Surface This research was partially funded by FONDECYT
roughness can induce a lowering of this energy for maximunGrants Nos. 1990812 and 1030198, Fundacion Andes Grant
emission, moving it closer to the Al surface plasmon fre-No. C-10810/2 and ICM grant Chile. We thank Dr. M. Ca-
quency(10.6 eVf). This value is in fact very close to the brera, from Departamento CMAT, UTFSM, for his help in
central energy of isochromat IPS, effect which could thenpreparing the Al crystal.
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