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Photoemission from Al(100) and (111): Experiment and ab initio theory
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Photoelectron spectra from (100) and (111) surfaces of aluminum in the photon energy range 44—100 eV are
measured and calculated within an ab initio one-step theory. Dispersion of spectral structures is interpreted in
terms of unoccupied electronic structure of a semi-infinite crystal. The energy dependence of complex self-
energy is derived from the experiment. The lifetimes of the (100) and (111) surface states and the photon
energy dependence of the intensity of photoemission from the surface states are determined. A broad spectral
structure is experimentally observed at the (111) surface, which disappears at the room temperature. It is

tentatively interpreted as a surface resonance.
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I. INTRODUCTION

Owing to its simplicity aluminum is of fundamental im-
portance for solid-state theory and thus has been a popular
object of experimental and ab initio studies. Its electronic
structure is one of the most accessible computationally, and a
quantitative agreement between band-structure calculations
and experiment was achieved in late 70’s."? Since then alu-
minum has served as a textbook example of a nearly-free-
electron metal. The one-particle band structure is known to
satisfactorily ~ describe the Fermi surface,! optical
spectrum,”3 and plasmon excitations* in aluminum.

Electronic structure of low index surfaces of aluminum
has been theoretically addressed many times both within a
semi-infinite crystal®'3 and within a supercell slab
approach.'*'7 A number of angle-resolved photoemission
(ARPES) measurements have been reported,'’2* however, a
consistent theory that would describe the observed energy
distribution curves (EDC) including the emission from sur-
face states has not yet been presented. In spite of the simple
and well understood band structure of the occupied states,
photoemission from aluminum is very challenging for ab
initio calculations. First, for the free-electron-like initial
states, the one-dimensional (lgu projected) density-of-states
function is rather structureless—in contrast to d states, where
this function changes rapidly with energy. For aluminum, it
is the final states that form the structure of the EDCs. Thus,
a detailed knowledge of unoccupied band structure is re-
quired to calculate the spectra. Second, the transition prob-
abilities are rather sensitive to inelastic effects (imaginary
part of the self-energy), which cannot be reliably calculated
by the state-of-the-art methods and have to be inferred from
the experiment. Furthermore, the valence band of aluminum
is 11 eV wide, so the complex self-energy may considerably
change within one spectrum.

The one-step theory of photoemission* within a multiple-
scattering approach was first applied to Al(100) at photon
energies below 30 eV in Ref. 8. Below the plasma frequency
w,=15 €V the emission intensity was found to be strongly
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affected by the screening of the electric field at the surface.
For photon energies well above w,, the only previous calcu-
lation of the EDCs was performed in Ref. 9 within a quasi-
one-dimensional model for the crystal potential. It showed
general agreement with experimental spectral profiles and
correctly gave the resonant photon energy of the surface-
state emission. However, it has also revealed limitations of
the nearly-free-electron model; the surface-state emission in-
tensity was overestimated by an order of magnitude below
the resonance and underestimated at the resonance. The rea-
son for this is, apparently, the averaging of the crystal poten-
tial over the (100) lattice planes, which neglects the scatter-
ing of the outgoing electron along the surface. It has recently
been shown'? that the multiple scattering (band-structure ef-
fects) plays a crucial role in formation of the final states
responsible for the enhancement of the surface-state emis-
sion.

In this work we present a combined experimental and
theoretical study of the normal emission from Al(100) and
(111) surfaces with the aim to provide an interpretation of the
observed bulk and surface-state photoemission in terms of
complex band structure of a semi-infinite crystal.”> By ad-
justing the energy dependent self-energy shift and the
inelastic-scattering rate (optical potential) we obtain a con-
vincing agreement of the one-step photoemission calculation
with the experiment. Still, the uncertainties in the theoretical
description of the spectral shape cannot be completely elimi-
nated; we shall show that difficulties arise when the final
state comprises several Bloch waves, in which case a de-
tailed knowledge of the self-energy operator is required to
correctly describe the photoelectron spectrum.

The paper is organized as follows: after the description of
the experimental setup in Sec. II and computational method-
ology in Sec. III, we discuss the photoelectron spectra from
the (100) and (111) surfaces in Secs. IV and V, respectively.
Some aspects of inelastic scattering are discussed in Sec. VI.

II. EXPERIMENT

The A1(100) and Al(111) crystals (Surface Preparation
Laboratory Zaandam, the Netherlands) with dimensions of
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10X 10X 1 mm?® were cut, polished on one side, and ori-
ented with respect to the surface normal to within 0.50°. The
cleaning procedure was the same for both crystals; several
ion-bombardment-annealing cycles (1000 eV Ar+ ions,
15 pA, 30 min sputtering; 450 °C flash for 10 s) produced
atomically clean surface checked by x-ray photoemission
and low energy electron diffraction (LEED).

The ARPES measurements were performed at the Elettra
synchrotron-radiation source in Trieste at the Material Sci-
ence Beamline. The ultra high vacuum (UHV) experimental
chamber with a base pressure in the 107'° mbar range is
equipped with a 150 mm mean radius electron energy ana-
lyzer Phoibos 150 (SPECS production) with a multichannel
detection. The electron energy analyzer worked in the con-
stant pass energy mode (4 eV). The energy resolution for the
monochromator and the electron energy analyzer was 150
meV. The angular resolution was ~2°. The valence-band
spectra were collected in normal emission and the radiation
was directed at 45° with respect to the surface normal for
both crystals.

The EDCs of Al(100) crystal were collected at a tempera-
ture about 170 K for the synchrotron-radiation energies from
50 to 100 eV. The temperature of the sample was measured
by a thermocouple, type K, directly attached to the rear side
of the crystal. For Al(111) the photon energy varied from 44
to 75 eV. The spectra for this surface were recorded both at
room temperature and at about 165 K.

The background of the EDCs was subtracted by the Shir-
ley procedure. The interfering Auger excitations as well as
the signal from the second-order frequency were removed.
(Core level excitation cross section taken from Ref. 26.)

The LEED intensity measurement of the specular beam of
the Al(111) crystal was performed in the ADES 400 photo-
electron spectrometer (VG product) equipped with rear view
LEED (SPECS product). For this experiment the same
Al(111) sample as for photoemission measurement was used.
To visualize the specular beam from the Al(111) crystal sur-
face the sample was slightly deflected (~5°) from the nor-
mal direction. The diffraction patterns were measured in 2
eV step in the energy range from 25 to 60 eV, recorded by a
charge-coupled device (CCD) video camera and stored into a
computer. The energy dependence of the specular beam in-
tensity was obtained from stored LEED patterns using AIDA
program (SPECS product). Linear background was sub-
tracted from the specular beam intensities and corrected for
the primary electron-beam current.

III. COMPUTATIONAL METHODOLOGY

The ab initio calculations of ARPES are performed within
the one-step photoemission theory?* in a semi-infinite crystal
geometry using the band-structure approach?’ both to final
and to initial states. The crystal potential both at the surface
and in the bulk is determined self-consistently within the
local-density approximation (LDA) by the augmented Fou-
rier components method.”® The complex band structure?
(CBS) is calculated with the inverse k-p method® in the
extended linear augmented plane-wave formalism.'!

The emission intensity at a photon energy w is determined
by the transition probability between an initial state |¥') of
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energy Ej,; and the so-called photoemission final state |®).
The latter is the time reversed LEED state of energy Ejp,
=F;,i+hw. (The LEED wave function is a scattering solution
for a plane-wave incident from vacuum.) The inelastic scat-
tering is described by an imaginary part —iV; (optical poten-
tial) added to the potential in the crystal half-space, so that
|®) is an eigenfunction of a non-Hermitean Hamiltonian
with a real eigenvalue Ey,. The term —iV; governs the spatial
decay of the function |®) into bulk, which is responsible for
the surface sensitivity of photoemission in the one-step
model. In the crystal half-space, where the potential is peri-
odic, the function |®) is given by its partial waves (CBS)
expansion: |®)=3|k;), each partial wave |x;) being a Bloch
wave that satisfies the Schrodinger equation with a complex
surface-normal projection k; of the wave vector. In the pres-
ence of optical potential, all «; have a nonzero imaginary
part; the waves that have complex wave vectors also with
V;=0 are referred to as genuinely evanescent waves. The
initial state is a standing wave; in the depth of the crystal, in
the simplest case of aluminum it is a sum of the Bloch wave
|k,) incident from the interior of the crystal on the surface
and a reflected wave |k_). Close to the surface region the
decaying part of the CBS contributes to |¥), but in the par-
ticular case of normal emission from Al its contribution has
turned out to be negligible.

In order to establish a connection between the observed
spectra and the band structure of aluminum we shall analyze
the partial contributions (®|p|k,) and (®|p|k_) to the dipole
matrix element (®|p|W). The transition amplitudes (®|p|k- ),
in turn, split into contributions from different branches of the
unoccupied CBS, which often makes a band mapping analy-
sis too complicated to be performed without a one-step
calculation.’!

The final-state energy dependence of V; was determined
by fitting the calculated width of spectral structures to the
experiment and approximated by a parabolic curve in the
energy interval 30-100 eV, see Fig. 3 in Sec. IV.

For the initial states the potential is assumed real. The
finite hole lifetime is included by a Lorentzian broadening of
the spectral function, with the full width at half-maximum
(FWHM) growing linearly from 0.3 eV at the Fermi level to
2.5 eV at the bottom of the valence band. The finite-energy
resolution was taken into account by the convolution of the
theoretical spectrum with a Gaussian of FWHM=0.15 eV.
For the surface-state peak it was important to use a photon
energy dependent energy resolution, see Sec. IV B. The in-
verse lifetime of the surface state determined by fitting a
Voigt profile to the experimental lineshape is 0.28 eV for the
(100) and 1 eV for the (111) surface state.

IV. PHOTOEMISSION FROM Al(100)

First angular resolved ultraviolet photoemission experi-
ments on the AI(100) surface were performed 30 years
ago.!%20 Five years later a detailed synchrotron-radiation
study of both valence band and surface-state emission from
Al1(100) in the range 50-100 eV was reported.?! In particular,
the surface-state emission intensity showed strong enhance-
ment at about Aw=73 eV with a 20 eV wide maximum in
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FIG. 1. (Color online) (a) Comparison of theoretical (lines) and measured (dots) EDCs for Al(100). (b) Photoelectron spectra without
self-energy correction (lines) for w=86 and 96 eV compared to measured spectra (dots) for =90 and 100 eV, respectively. (¢) Occupied
band structure of Al along the XI'X line. Corrected dispersion of the second band is shown by a dashed line starting at E;;=—1.4 eV.
Straight dashed lines show the location of the initial state at E;;=—7.3 eV and the direct transition to the branches « and v of the final-states
CBS. (d) Energy dependence of the real part of the Bloch vector for most important partial waves in the Bloch wave decomposition of the
LEED state. The current carried by individual waves is shown by the vertical extent of the shaded area. (e) Peak dispersion diagram:
dependence of the energy location E;,; of the EDC peaks (first valence band) on the final-state energy Eg, by the ab initio calculation (dots)
and from the experiment (circles). Well defined maxima are shown by full circles and the two shoulders by open circles. (f) Energy
dependence of the optical potential V; (dashed line) and the self-energy shift AE (full line) used to obtain the spectra in graph (a).

the constant initial-state (CIS) spectrum. The peak positions
in the energy distribution curves and the photon energy de-
pendence of the emission intensities were found consistent
with a nearly-free-electron picture.

Surprisingly, in spite of the increasing mean-free path at
high energies, the surface-state peak has been recently ob-
served to be the strongest feature also at high energies (125—
760 eV).2* Furthermore, contrary to the expectation, the in-
tensity of the surface-state peak relative to the bulk emission
is increased with increasing both photon energy and tempera-
ture. To explain the temperature dependence the authors of
Ref. 23 assumed different role of atomic vibrations in the
bulk and at the surface and related the photon energy depen-
dence to the increasing role of the Debye-Waller factor with
increasing energy.

In view of this observation, it is important to establish
whether the optical potential description of inelastic scatter-
ing yields the correct relative intensities between the surface
state and the bulk emission.

A. Energy distribution curves

Measured and calculated photoelectron spectra for photon
energies 50-100 eV are presented in Fig. 1(a). They show a

nondispersive peak at —2.65 eV due to the surface state at
the point X in the Brillouin zone and a strongly dispersive
maximum below the surface-state peak (first valence band).
At first glance the dispersion of the maximum is consistent
with a nearly-free-electron (NFE) structure of final states, but
the strongly non-Lorentzian shapes of the experimental
maxima suggest that the spectra cannot be understood in
terms of lifetime-broadened direct transitions.

We shall now analyze the spectra in terms of transitions
between Bloch constituents of initial and final states. The ab
initio band structure (without a self-energy correction) is
shown in Figs. 1(c) and 1(d). The dependence of the energy
location E;;; of the spectral maxima on the final-state energy
E;+w is referred to as the peak dispersion diagram. The
comparison of the calculated diagram to the experiment, Fig.
1(e), clearly demonstrates a self-energy shift of the spectral
structures to higher final-state energies; for example the
spectrum measured at w=100 eV coincides with the ab ini-
tio spectrum for w=96 eV, see Fig. 1(b). To correct this
drawback of the LDA we introduce a transformation of final-
state energies Eg,— Eg,+AE(Eg,). The function AE(Eg,)
that yields the best agreement between theoretical and ex-
perimental spectral shapes over the available photon energy
range is shown in Fig. 1(f) together with the energy depen-
dence of optical potential.
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The width of the gap at the point X is known to be under-
estimated in the LDA calculations.'? In order to reproduce
the minimum in the EDCs at —1.6 eV we renormalized the
dispersion of the second valence band as shown in Fig. 1(c);
a linear transformation that leaves the Fermi vector un-
changed and brings the point X, (bottom of the band) to
—1.4 eV gives the best agreement with experiment. Earlier
experimental data placed the bottom of the band at
-1.15 ev.”!

The resulting spectra are compared with the experiment in
Fig. 1(a). The theory reproduces well the dispersion of the
maxima and almost everywhere the lineshape. The most pro-
nounced discrepancy appears at @=85 and 90 eV; the theo-
retically predicted maximum does not appear at 85 eV, and at
90 eV it comes out as a shoulder at —6.5 eV [vertical arrows
in Figs. 1(b) and 1(e)] instead of —7.3 eV in the theory.
Figure 1(d) explains the origin of the difficulty. It shows the
CBS branches that effect the photoelectron escape into
vacuum; the vertical extent of the shaded area is proportional
to the partial current carried by the individual partial wave
|k;) in the CBS decomposition of the LEED state.*? The w
=100 eV spectrum is due to transitions to the branch v,
whereas around =90 eV branches a and B equally
strongly contribute to the current. Because the transition am-
plitudes to different branches interfere the spectral shape be-
comes very sensitive to the relative positions of the bands. In
this case the theory suffers particularly strongly from the
uncertainty in self-energy corrections because the assump-
tion of a spatially constant self-energy may fail; owing to the
spatial structure of the self-energy operator, different
branches should, in principle, be ascribed different values of
AF and V;. Evidence of the deficiency of a spatially constant
self-energy approximation has been recently presented for a
layered crystal TiTe,.*?

The initial states around —6.5 eV manifest themselves
also between w=72 and 76 eV, see Fig. 2(a); the broad
maxima with a downward dispersion [box in Fig. 1(e)] are
due to transitions into the branch « around the point X
(E;p,=65 €V in the LDA calculation). The agreement with
experiment in this region is satisfactory, especially in view of
the Auger emission due to the hole in the 2p core level,
which contaminates the experimental spectra.

Figure 2(c) shows the CBS decomposition of the emission
intensity for the initial state at —6.15 eV (the shaded area
now shows the CBS resolved transition intensities). The
comparison with Fig. 1(d) illustrates the selective role of the
dipole matrix element. A question often raised is the role of
direct and indirect transitions in formation of photoelectron
spectra. In the Bloch waves approach the answer is immedi-
ately given by the CBS decomposition of the transition in-
tensity from the initial state constituents |k_) and |k,) taken
separately, see Figs. 2(d) and 2(e). The maxima in the «
branch at 56 and 75 eV are seen to come from the direct
transitions from |k,) and |k_), respectively, whereas 8 and y
do not show sharp maxima at k, or k_. Around 65 eV the
transitions to « are indirect, and the contributions of the two
Bloch waves are comparable, which leads to the interference
between the transition amplitudes from |k_) and |k,),>' see
Fig. 2(f). The spectra are especially sensitive to details of
unoccupied band structure when the interference is destruc-
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FIG. 2. (Color online) (a) Comparison of the measured and cal-
culated EDCs over the binding-energy region of the first valence
band for photon energies 72-76 eV. (b) Energy band structure
E(k ) of the first valence band in the (100) direction. k, and k_ are
the Bloch vectors of the propagating constituents of the initial state
at Ey;=—6.15 eV. (c) Final-state CBS decomposition of the emis-
sion intensity from this initial state. Final-state CBS decompositions
of the emission intensity from the |k_) and |k,) constituents of the
initial state are shown in graphs (d) and (e), respectively. (f) Initial-
Bloch-waves resolved intensity distribution: |[(®|p|k,)|> (dashed
line), |(D|p|k_)> (solid line), and the full CIS spectrum (dotted

line).

tive, as in the interval E;,=72—85 eV. The transitions from
the states between —6 and —7 eV to this complicated region
correspond to the experimental photon energy range of w
=81-95 eV, which is a possible explanation of the discrep-
ancies in the 85 and 90 eV spectra in Fig. 1(a).

B. Surface-state emission

The intensity of the surface-state emission cannot be de-
termined by simply measuring the maximum intensity for
two reasons. First, as a result of the lifetime broadening, the
surface-state peak strongly overlaps with the bulk band emis-
sion, so the latter must be subtracted. Second, the width of
the surface-state peak grows with photon energy due to the
decreasing energy resolution and to the growing effect of the
finite angular resolution. The surface-state peak is much
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FIG. 3. (Color online) (a) CBS decomposition of the surface-
state emission intensity. (b) Dependence of the surface-state emis-
sion intensity (solid line) and the bulk valence-band integral inten-
sity (dashed line) on the final-state energy I(Eg,). (c) Comparison of
the self-energy corrected I(Eg,) curve (solid line) with the measure-
ment of the present work (circles) and of Ref. 21 (dotted line). (d)
Comparison of the self-energy corrected theoretical EDC for w
=74 ¢V (solid line) with the experiment (dots). Shaded area shows
the contribution from the surface state.

more affected by the extrinsic broadening than the bulk band
emission.

We use the following procedure to avoid these factors: we
fit the experimental spectrum with a sum of two curves; the
theoretical EDC [with the surface-state contribution sub-
tracted, see Fig. 3(d)] and a Voigt curve. The latter is a con-
volution of a Lorentzian (constant FWHM of 0.28 eV repre-
senting the lifetime broadening) with a Gaussian of a photon
energy dependent FWHM. The latter was determined to
grow from 0.15 eV at iw=50 eV to 0.45 eV at 100 eV. The
least-squares fitting then yields a coefficient of the Voigt pro-
file, which is the surface-state intensity.

Calculated absolute intensities of the surface state and
bulk emission are shown in Fig. 3(b) as solid and dashed
curve, respectively. They both are seen to vary strongly with
photon energy, especially the surface-state intensity, which
grows by more than an order of magnitude over the region
from w=60 to 70 eV. The experimental surface-state inten-
sity obtained with the procedure described above is shown
by circles in Fig. 3(c). It agrees well with the results of Ref.
21 [dotted line in Fig. 3(c)]. However, our measured curve is
about 3 eV wider at half-maximum, and it decreases faster at
high energies, which is in better agreement with the calcula-
tions, solid line in Fig. 3(c). Still, our theory predicts a much
steeper intensity decrease at the high energy side than in the
experiment.

Note that the surface-state emission is determined by the
same three CBS branches; the steep growth at Ej;,=65 eV is
due to direct transitions to the branch «, and at higher ener-
gies it is indirect transitions to genuinely evanescent states.
This complicated structure leads to a pronouncedly non-
Lorentzian CIS curve. The CBS decomposition of the matrix
element in Fig. 3(a) refers to the structure of the LEED state
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in the depth of the crystal and does not include the contribu-
tion from the close vicinity of the surface. The latter is of the
same order as the contribution from the bulk, but the overall
shape of the CIS profile is seen to be determined by the
complex band structure.

V. PHOTOEMISSION FROM Al(111)

The surface state at the center of the (111) Brillouin zone
was first observed by Kevan et al.'® within a narrow interval
of photon energies (emission window) around 53 eV. An at-
tempt to explain the width of this interval in terms of direct
transitions within an NFE model has, however, lead to a
strongly overestimated photoelectron inverse lifetime, I’
=4.5 eV.!® We shall show that for Al(111) inelastic scatter-
ing is much weaker, and that the width of the window is
determined by elastic scattering.

A. Energy distribution curves

Our calculated and experimental normal-emission EDCs
are compared in Fig. 4. They are in general agreement with
those of Ref. 18. For the sake of consistency, in the calcula-
tion we have used the same energy dependence of the self-
energy shift AE and optical potential V; as for Al(100), see
Fig. 1(f). The theoretical spectra are in excellent agreement
with the measurements performed at room temperature, Fig.
4(a), whereas, surprisingly enough, at the temperature of 165
K the agreement is less favorable; the low-temperature spec-
tra show a nondispersive structure around -7.5 eV [indi-
cated by arrows in Fig. 4(b)] which has no counterpart in the
calculated EDCs and disappears at room temperature (except
for Aw=60 eV). Its origin is unclear. The experimental pro-
cedure makes the possibility of contamination highly un-
likely. One may suppose that we encounter here a surface
resonance, which is not reproduced in the calculation (possi-
bly because of the deficiency of the LDA) and which is de-
stroyed at higher temperatures by the atomic vibrations at the
surface.

The dispersion of the occupied states in the (111) direc-
tion is practically free-electron-like, see right panel of Fig. 5;
the parabolic band is split by a narrow 0.25 eV wide gap at
the point L at 4.5 eV below the Fermi level. Some of the
observed features fit into the picture of direct transitions;
with photon energy increase from 44 to approximately 56 eV
the peak at —7.5 eV disperses upward across the gap to
E,—Eg=-2 eV. This peak is due to transitions to the CBS
branch B, see notation in Fig. 5(c). However, at final-state
energies around 60 eV the genuinely evanescent fragment of
the branch y comes into play [here E (Re k) makes a zig-
zag, see right panel of Fig. 5], and indirect transitions to both
[ and 7y become important. Above Ef;,=65 eV the branch &
dominates.

At the photon energies 44—49 eV a peak in the second
valence band (above the gap) is observed, which disperses
downward with increasing photon energy. This feature is due
to indirect transitions to the branch S, and it is, thus, very
sensitive to the treatment of inelastic scattering in the calcu-
lation. This is, apparently, the reason why the spectral shape
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FIG. 4. (Color online) Normal-emission EDCs for Al(111). (a) Theoretical spectra (lines) and room-temperature measurements (dots) for
photon energies 44—65 eV. The shaded area in the Aw=53 eV graph shows the contribution from the bulk bands. (b) Comparison of EDCs
measured at low (full lines) and room temperature (dashed lines) for photon energies 44—60 eV.

is not perfectly reproduced at iw=44-47 eV. surface-state emission intensity does not contain any adjust-
able parameters, its energy dependence is shown in Fig. 5(a).
The calculated maximum of the surface-state cross section
occurs at the final-state energy Ey,=45 eV, see Fig. 5. This

The inverse lifetime of the surface state was determined should be corrected for the self-energy shift of 2.5-3.0 eV,
to be 1 eV by fitting to the experimental lineshapes. The see Fig. 1(f). The FWHM of the Igg(w) curve is about 7 eV,

B. Surface-state emission
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FIG. 5. (Color online) Left panel: (a) Calculated photon energy dependence of the normal emission from the Al(111) surface state,
Egn=Egs—fiw. No self-energy correction is introduced. The function V,(E) is the same as for Al(100), see Fig. 1(f). (b) Partial wave
decomposition of the transition probability from the surface state. Vertical extent of the shaded area is proportional to the squared modulus
of the momentum matrix element between the surface state and the Bloch wave. (c) Partial wave decomposition of the transmitted current
in the LEED calculation, see caption of Fig. 1(d). (d) Experimental (dots) and theoretical (line) intensity of the specularly reflected LEED
beam. [ is the ratio of the current carried by the normally reflected beam to the incident current. The same LEED states are used to calculate
the CIS in graph (a). Experimental spectrum is scaled. Right panel: real band structure in the (111) direction superimposed on the conducting
CBS, the same as in graph (c).
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which is considerably larger than the value of 4.5 eV ob-
tained in Ref. 18. The disagreement is explained by the fact
that even at the maximum the surface-state intensity is much
smaller than the integral bulk band intensity, and the latter
strongly contributes to the EDC peak, see the Aw=53 eV
graph in Fig. 4(a).

The smaller relative intensity of the surface-state emission
compared to the (100) case, see Fig. 3(d), stems from a
weaker localization of the (111) state, which in turn is a
consequence of a smaller gap in which it is located. The
decay length is (Im k)~'=77 A for the (111) state and 28 A
for the (100) one. Because the depth sampled by photoemis-
sion is much smaller (see Sec. VI) the integral probability of
finding the surface state in this region is smaller for the more
extended surface state, which leads to a smaller excitation
probability.

The surface-state emission increases when the real part of
the final-state Bloch vector approaches point L, see Fig. 5. In
the absence of the absorbing potential, V;=0, the conducting
branch terminates at the Brillouin-zone boundary, and a 4.85
eV wide gap opens in the spectrum of propagating waves
(the two ticks at the left border of the right panel of Fig. 5).
Within the gap the real part of the Bloch vector stays at L,
and the imaginary part forms a “loop” bridging the gap.?®
This gap causes the electron reflection maximum in Fig. 5(d)
as well as the enhancement of the surface-state emission in
Fig. 5(a). Our LEED measurement of the specularly reflected
beam intensity confirms the theoretical prediction that the
enhancement of the normal emission from the Al(111) sur-
face state is accompanied by a decrease in the electron trans-
mission at the final-state energy, see Fig. 5(d). The unoccu-
pied conducting CBS in the presence of absorbing potential
is shown in Fig. 5(c). Below 45 eV a single CBS branch
strongly dominates, as one would expect of a free-electron-
like metal, whereas at higher energies two and sometimes
three Bloch waves participate in transmitting the incident
current into the bulk of the crystal. The energy dependent
redistribution of the current among several waves causes an
asymmetric shape of the I,(E) curve, which is confirmed by
the experiment.

VI. MEAN FREE PATH

Energy dependence of the photoelectron mean-free path
(MFP) and surface sensitivity of photoemission and LEED
experiments is traditionally interpreted with the universal
U-shaped curve.** Limitations of this simple approach have
recently become clear. In Ref. 23 the effect of atomic vibra-
tions on the surface sensitivity at high energies was ob-
served. On a smaller energy scale the elastic contribution to
the mean-free path was revealed for graphite.3> The state-of-
the-art theoretical determination of A requires a scattering
calculation in the presence of the absorbing potential V. It is
technically impossible to calculate the function V;(E) from
first principles, so in Ref. 35 it was derived from the shape of
the experimental electron transmission spectrum. In the
present work the function has been derived from the photo-
emission experiment by fitting the (100) theoretical EDCs to
the measured ones. The same function, dashed curve in Fig.
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FIG. 6. (Color online) Energy dependence of the penetration
depth of most important partial waves in the CBS decomposition of
the normal-incidence LEED states for (100) and (111) surfaces of
Al. The vertical thickness gives the partial current. The CBS
branches are labeled according to Fig. 1(d) and Fig. 5(c) for (100)
and (111), respectively.

1(f), highly satisfactory describes EDCs over a wide energy
region both for (100) and (111) surfaces. With this function
we calculate the energy dependence of the decay factor Im &
for the partial waves responsible for the photocurrent. Their
decay length (2 Im k)~! as a function of energy is shown in
Fig. 6.

The MFP A\ is associated with the most slowly decaying
wave, largest (Im k)~!. For example, the center of the (111)
emission window corresponds to a minimum of the branch 8
at 45 eV. The electron MFP at this energy is caused by the
reflection from the crystal lattice, and it does not strongly
depend on the photoelectron lifetime; for V;=2 eV it is \
=2.7 é&, and with V;=0.5 eV it is only slightly larger, A
=3.1 A.

As a result of the elastic scattering the calculated function
strongly deviates from the U curve, in particular, neither for
(100) nor for (111) we observe a steady growth of N above
50 eV. Such behavior is not specific to aluminum; we have
observed strong band-structure effects on MFP in layered
crystals, TiTe, (Ref. 33) and graphite.3® The presence of sev-
eral branches complicates the picture, so one must be careful
in applying these results to interpreting ARPES. For ex-
ample, the branch « in the (111) case is seen to carry the
largest current above 50 eV, but its contribution to photo-
emission (in the photon energy range studied) is negligible
because the momentum matrix elements for both the surface
state and the bulk band emission are very small.

VII. CONCLUSIONS

In the present study the major technical difficulties in the
description of the electron scattering by the surfaces of alu-
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minum have been eliminated. This has made it possible to
apply the one-step theory of photoemission with minimal
computational uncertainty and to achieve a very convincing
agreement with the high-resolution normal-emission mea-
surements for the (100) and (111) surfaces. The close agree-
ment between the calculated and experimental EDCs has en-
abled us to determine from the experiment the parameters
that cannot be calculated from first principles at the present
level of computational capabilities; we have determined the
energy dependent value of the absorbing potential and the
self-energy shift of the quasiparticle final states.

The accurate account of band-structure effects has been
instrumental in reproducing the experimentally observed
lineshapes and extracting the lifetimes of the surface states.
The calculated photon energy dependent ratio between
surface-state and bulk band emissions is in good agreement
with the experiment for both surfaces. In the energy region
studied we do not observe any peculiarities of the surface
sensitivity of photoemission; the experimental spectra are
well reproduced within the traditional one-step theory, as-
suming the growth of the optical potential with energy. The
absolute values of V; are of the expected order of
magnitude 313

Elastic scattering of outgoing electrons plays a crucial
role in the resonant enhancement of the surface-state emis-
sion. In particular, for Al1(111) it is purely band-gap emission,
which is confirmed by the measurement of electron reflection
from the surface.

The role of indirect transitions has been found very im-
portant in photoemission from Al(100) and (111), especially
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when the quantum interference between the Bloch constitu-
ents of the initial state becomes strong. Certain difficulties in
reproducing the EDC profile at particular energies have been
ascribed to the approximation of a spatially uniform optical
potential, whose drawbacks may become especially impor-
tant when the final state is composed of several Bloch waves.
The above factors, if not allowed for, may lead to incorrect
conclusions in a simple (“geometric”) band mapping proce-
dure.

A broad nondispersive structure is experimentally ob-
served in the (111) EDCs, which disappears at the room tem-
perature. It is interpreted as a surface resonance.

Large deviations of the electron mean-free path from the
simple U-shaped curve have been found and interpreted in
terms of the complex band structure in the presence of the
absorbing potential.
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