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Interaction effects can change materials properties in intriguing
ways, and they have in general a huge impact on electronic spec-
tra. In particular, satellites in photoemission spectra are pure many-
body effects, and their study is of increasing interest in both exper-
iment and theory. However, the intrinsic spectral function is only
a part of a measured spectrum, and it is notoriosly difficult to ex-
tract this information, even for simple metals. Our joint experimen-
tal and theoretical study of the prototypical simple metal aluminum
demonstrates how intrinsic satellite spectra can be extracted from
measured data using angular resolution in photoemission. A novel
kind of non-dispersing satellite is detected, which is due to electron-
electron interactions and the thermal motion of the atoms. Additional
non-dispersing intensity comes from the inelastic scattering of the
outgoing photoelectron. The intrinsic spectral function, instead, has
satellites that disperse both in energy and in shape. Theory and the
information extracted from experiment describe these features with
very good agreement.

ARPES | Plasmon satellites | First principles calculations

hotoemission spectroscopy is one of the most direct ex-

perimental tools to access band structures and excitation
spectra of materials (1). Although the Coulomb interaction
between electrons leads to a renormalization of energies and
to lifetime broadening, the resulting quasiparticle (QP) band
structure can usually still be detected, and, moreover, repro-
duced and interpreted using first-principles theoretical ap-
proaches (2, 3). However, the QPs constitute only part of the
measured spectra. They are usually accompanied by an inco-
herent background and a series of additional structures called
satellites, over a binding-energy range of several tens of eV.
The satellite part of the spectra is in general much less studied
than the QPs, although it is intriguing: whereas QPs can be
understood qualitatively in a non-interacting picture, satellites
are pure many-body effects (2). They cannot, by definition,
be interpreted from a single-particle point of view. Therefore,
they carry information complementary to the insight gained
from the band structure.

To access this information, however, is difficult, and to
quantify correlation effects from experiment alone, most often
impossible. This holds true even for the simplest cases, such as
plasmon satellites in simple metals, because intrinsic spectral
functions are buried under strong additional contributions in
the experiment. Theory and first principles calculations can
give additional insight and indeed, the existence of satellite
series is understood in terms of one or more bosonic excitations
when an electron is removed from the sample (4-6). When the
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bosons are due to electronic excitations, this is translated into
first principles calculations in the so-called GW+cumulant
(GW+C) approach, where the screened Coulomb interaction
W reflects the excitations (7); phonons can be treated in a
similar way (8-10). The approach is increasingly popular,
with an extension from the original core level spectroscopy
applications (1, 4-6, 11) to valence bands (12-23), where
completely new questions linked to the dispersion of bands
and satellites appear. Like for the core levels, the existence
and energies of the satellites are explained by GW+C also in
the valence band, but the satellite intensity is not: in general,
calculated satellites are much weaker than measured ones.
This is a major drawback: while the energy carries precious
information about the nature of the boson, the intensity is a
measure of the correlation strength.

In this work, we show that angle-resolved photoemission
spectroscopy (ARPES) can be used to overcome this difficulty.
In the simplest view on dispersion, one would expect excita-
tions at each point in the Brillouin zone to be approximately
independent (14); in that case experiment and GW+C calcu-
lations should find plasmon or phonon replicas that disperse
in energy following the QP bands. These replicas were indeed
observed both in theory and angle-resolved experiment (16—
19), but no quantitative comparison could be made. The main
reason is the fact that first-principles calculations determine
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Fig. 1. (a) and (c) Calculated spectral functions and (b) experimental ARPES image
in the 'L direction. The results of ab initio GW+C calculations are (a) without and (c)
with the Debye-Waller contribution and extrinsic and interference effects.

the intrinsic spectral function stemming from the valence band
in a perfectly ordered crystal, while this is only a small part
of the experimental spectrum. In the following, we propose
a way to extract this information from the measured data,
and we explain effects that were not noticed previously, both
in the intrinsic dispersing spectral function and in the total
measured spectra.

Results

Overview. The experimental ARPES image obtained at 624 eV
photon energy is shown in Fig. 1(b). One can clearly see the
parabolic valence band of aluminum and its replica at a shift
of about 15 eV. This shift is consistent with the bulk plasmon
energy of aluminum (24). The GW+C intrinsic theoretical
spectra, shown in Fig. 1(a), are in qualitative agreement with
experiment concerning the valence bands and the presence
of a dispersing satellite, similar to previous observations for
silicon (16-18). Moreover, the existence of higher-order satel-
lite replicas is confirmed, as expected from GW-C. Still, the
comparison of theoretical and experimental panels shows large
differences, of the order of the spectra themselves. An attempt
to explain the valence spectra of aluminum was also made in
(12, 13), by comparing results of GW+C calculations and elec-
tron momentum spectroscopy, but this did not give access to
angle-resolved spectra, and significant discrepancies remained.
In the present work, we include corrections due to inelastic
scattering and temperature, leading to the final theoretical
results in Fig. 1(c), in very good agreement with experimental
spectra in Fig. 1(b).

The ideal intrinsic spectral function. Let us start with the cru-
cial question: Is it possible to infer information about the
intrinsic spectral function from the experiment? The most
important contributions beyond the ideal intrinsic spectral
function should be due to inelastic scattering of the outgoing
photoelectron, temperature effects, and disorder. In all those
cases, the photoelectron should lose its angular resolution.
This would mean that even if the ideal intrinsic spectral func-
tion is only a small part of the spectra, it should dominate
the variation of the spectra throughout the Brillouin zone.
To test this hypothesis, we take the difference between
spectra measured at different angles and we consider the most
different spectral functions, which are observed at I' and L, af-
ter subtracting a Shirley background. The resulting difference
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Fig. 2. Differences between spectra at the I" and L points, at 293, 624 and 1100 eV
photon energies: experimental results (black dots) are compared with calculations of
intrinsic spectral functions (green lines).
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Fig. 3. (a) Im=%% (w + /) at T" (black) and L (red), (b) The corresponding intrinsic

c

spectral function A, (w) atI" and L. The QPs at I" and L are aligned.

spectra are shown in Fig. 2 for photon energies of 293, 624
and 1100 eV. The negative feature close to the Fermi energy
is due to the QP peak at L, and the following positive one is
the QP at I'. A clear satellite difference structure is found
between —15 eV and —30 eV. All experimental features are
perfectly well represented by the calculated difference of intrin-
sic spectral functions. This shows that the GW+C approach
captures the many-body effects leading to the ideal intrinsic
valence band satellites in a quantitative, very precise, way.
Most importantly, it unambiguously supports our idea to use
angle resolution in order to extract intrinsic information from
the experiment.

On top of the dispersion in energy, the satellites also show
a strong shape dispersion. In Fig. 3(b) the calculated spectral
functions at I' and L are compared by aligning the QP. In
particular, whereas the QP is much sharper at L. than at I’
due to lifetime broadening, the first intrinsic satellite is strong
and sharp at I', and much more washed out at L; note that
the satellite contribution at I looks more important at first
sight, because the lifetime broadening of the QP contributes
weight in the same energy region.

The fact that the satellite shape does not follow the QP
shape may seem surprising. It is a feature that is intimately
linked to the dispersion of the valence band: the imaginary part
of the self-energy, which determines the satellites, is dominated

Zhou et al.
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Fig. 4. The spectra at 624 eV photon energy at I" and L. The Fermi energy is set
to zero. Light green area is the ideal (i.e., zero-temperature) intrinsic angle-resolved
spectral function Aj™" (w), yellow area is the angle-integrated D*"™* (w) weighted by
the Debye-Waller coefficient. Their sum is the black dashed curve and corresponds
to the total intrinsic spectral function. The light brown area is a Shirley background
derived from the integral of extrinsic and interference spectral intensities. The total
theoretical spectrum (red line) is the sum of the total intrinsic spectral function, the
background, and extrinsic and interference effects as predicted by a calculation based
on the parameter-free model (26). It compares very well to the ARPES data (black
dots).

by the excitation of the QP plus one or more bosons, but even
for moderate coupling strength it also contains other possible
excitations. Therefore, the satellites are not simple replica
of the valence bands. In a simple metal like Al, electrons
are coupled with the valence plasmon, which has a parabolic
dispersion as a function of its wavevector q. In the coupling
with a single core level, which is very localized and has no
dispersion, the shape of the satellites is entirely governed by the
plasmon dispersion: it produces an asymmetric lineshape for
each satellite, in general with a tail to higher binding energies
(1, 6). In the valence band region of aluminum electrons are
delocalized, and they couple therefore mostly with plasmons
with momentum q close to 0. Indeed, while the calculated
plasmon dispersion in Al ranges from 15 eV at q — 0 to about
25 eV at q = 1.0 Bohr ™! (see, e.g., figure 8 in Ref. (25)), the
peaks of the imaginary part of the exchange-correlation self-
energy Im¥ 4 (w + &¢) shown in Fig. 3(a) are centred around
15 eV. Still, there is broadening, because other close lying
QP excitations mix in. This asymmetric broadening therefore
depends on the energies of the QP excitations available in
the neighborhood of the measured k point. Since the band
is flat and upwards dispersing at I" whereas it is steep and
quite symmetric at L, this neighbourhood is different for the
two k points, so the satellites are different. More generally,
also close lying bands will contribute to this effect, and the
characteristic shape of the valence band satellites, and its
dispersion, is governed by the density of valence states. The
equations for a more formal discussion can be found in the
Methods section.

Zhou et al.

Non-dispersing satellites: a temperature effect. The excellent
agreement of the difference spectra in Fig. 2 leaves no doubt
that the intrinsic contribution of the ideal crystal to the spec-
tral function is actually quite small. Even better than in the
overview Fig. 1, this can be appreciated in Fig. 4, which
compares experimental and calculated spectra at 624 eV pho-
ton energy, at the I' and L points. The light green areas
are theoretical intrinsic spectral functions, and black dots are
measured spectra. While some of the experimental structures
can be identified in the calculated spectra, in particular the
QPs at I and L, and part of the satellite structures, others are
completely absent in the calculation: for example, the shoulder
that is measured on the first satellite around -20 eV. This qual-
itative disagreement suggests that more interesting features
remain to be discovered. In a real experiment on a real sample,
spectra may consist of numerous potential contributions. Here
we choose to concentrate on the following question: Given the
quasiparticles, what satellite spectra are predicted by theory,
how well does this prediction match experiment, and what does
this tell us about the physics? As we will see, even a simple
metal like aluminum constitutes a rich playground.

In order to understand satellites, one has to start with the
QP. In the QP region, the big difference between the measured
spectra and the intrinsic spectral function is the important
spectral weight close to the Fermi level that appears in the
experimental spectrum taken at I', where aluminum should
have no valence band intensity. The presence of such additional
intensity in the QP band-structure region has been discussed as
a consequence of Debye-Waller (DW) effects on photoemission
matrix elements® (28-30): Even at temperatures as low as
50 K, in aluminum the disordered thermal vibrations of the
atoms destroy the k-selectivity of the ARPES, giving rise to
a non-dispersive component in the spectrum, which amounts
to integrating the different contributions from the k-resolved
spectra over the BZ (31). For increasing photon energy and
temperature, the k-integrated spectrum tends to become the
dominant component, thus being one of the limiting factors for
the angle resolution in hard x-ray photoemission spectroscopy
experiments (32-34).

Since aluminum is a metal, the loss of k-resolution explains
the fact that even in our experimental spectrum at I', which is
at the bottom of the band, much intensity is found at the Fermi
level. Other possible explanations such as surface photoelectric
effects (35, 36) and the k. intrinsic broadening of the final
state (37) were discarded here since they are not sufficient to
reproduce this additional intensity. We can also exclude many-
body effects neglected in GW+C, in particular electronic recoil,
see e.g. Sec. 4.3 in (38). The neglect of recoil is more justified
close to I'; where the band is flat, than at L, where it is very
steep. Instead we observe similar agreement with experiment
at the two points. Moreover, the recoil approximation refers to
the intrinsic spectral function, so there would be no explanation
for the photon energy dependence. We therefore suppose that
DW is the dominant mechanism.

In the simplest approximation, the k-resolved and k-
integrated components are weighted by the Debye-Waller fac-
tors W and 1 — W, respectively. We determine W by fitting
the spectra in the QP region, using the angle-resolved and
Brillouin zone-integrated QPs of the calculated spectra (light

*Note that this is different from the electron-phonon interaction (27), which can affect the QP energy
and produce satellites in the k-resolved spectral function (9, 10), with binding energy smaller than
the present experimental resolution.
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green and yellow areas respectively). The QP spectra at " and
L are very well reproduced by a single coefficient, WW = 0.46.
This observation supports the assumption that temperature
is the main responsible for the non-dispersing QP spectral
weight. Moreover, according to (29) the Debye-Waller factor
is approximately given by: W = exp[—%Alf(UQ(T))}, where
Ak is the momentum transfer at the photon energy of the mea-
surement and (U?(T)) is the three-dimensional mean-squared
vibrational displacement, which can be estimated using the
Debye temperature of the material and the temperature T
of the sample. For bulk aluminum at 77 K, the model esti-
mates W = 0.53 which is consistent with our finding and gives
additional support to our hypothesis. Finally, the fit of the
QP is refined by adding two extra peaks with the shape of
the QP at I', at 10.8 and 8 eV binding energy, respectively.
Their weights are very small, and given for completeness in
the Supplementary Information (SI).

While the importance of DW on the band-structure region
is established (28-30), its effect on satellites, to the best of our
knowledge, has not heretofore been investigated. The question
is therefore whether, and in which way, the DW physics is
also responsible for strong modifications of the satellites. It is
reasonable to surmise that plasmon satellites are created in
the same way in ordered and thermally disordered systems.
This would suggest that the angle-integrated QP component
due to the DW effect leads to angle-integrated satellites, in
the same way as for the angle-resolved QPs and their satellites.
If this hypothesis were true, one should be able to describe
QPs and satellites with a similar DW approach. We therefore
adopt the following procedure: We call A" the calculated
k-resolved intrinsic spectral function, including its satellites,
and D™ (w) the corresponding k-integrated spectrum.

The total intrinsic spectral function is then obtained as the
weighted sum WA (w) + (1 — W)D™ (w). The result is the
black dot-dashed curve in Fig. 4. One can now recognize all
the main features of the experimental spectra, including the
tendency to form a shoulder on the low—binding-energy side of
the satellites. Clearly, the non-dispersing DW satellites give a
very important contribution to the spectra, and they explain,
at least qualitatively, the observed spectral shape.

Scattering contributions to the non-dispersing satellites. It
should not be expected that the intrinsic spectral function
compares quantitatively with experiment, since it does not
include effects due to inelastic scattering of the outgoing pho-
toelectron, called extrinsic and interference effects (39). The
magnitude and consequences of these effects have been subject
to vivid discussion; see, e.g. (1, 40-43). Usually they are
neglected in first-principles calculations. Recently the model
approach of Refs. (6, 26, 44) was combined with first-principles
calculations of spectral functions to discuss angle-integrated
spectra of silicon (14), and comparison with experiment was
significantly improved with respect to a purely intrinsic cal-
culation. In this approach, the enhancement of satellites due
to inelastic scattering is derived from the semi-infinite homo-
geneous electron gas. However, it applies to angle-integrated
spectra. Here, we extend this parameter-free approach to the
case of ARPES.

The new difficulty is that both the angle-resolved and angle-
integrated intrinsic A" (w) and D™ (w) require extrinsic and
interference corrections, due to the scattering of the respective
photoelectrons. However, one should expect that the inelastic
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scattering of the outgoing electrons from the angle-resolved
electrons also leads to a loss of k-resolution (44). This explains
why difference spectra directly yield the intrinsic spectral
functions. It means that it would not be correct to enhance
the angle-resolved satellites in the same way as the angle-
integrated contributions. Instead, we determine the satellite
enhancement following the approach in (14), deduce from this
the scattering contributions for each k-point and integrate
them over the Brillouin zone. Details are given in the Methods
section and the SI.

Finally, there is a background of secondary processes that is
proportional to the part of the spectrum due to inelastic scat-
tering. To take this into account we add a Shirley background
(light brown areas) created solely by the extrinsic/interference
contributions, reflecting the fact that most of the scattering
is already accounted for explicitly. The red curves in Fig. 4
and Fig 1(c) are our final result. The agreement with ARPES
data is very good. Note that besides a single factor scaling
the intensity of the secondary electron background, these re-
sults have been obtained without any free parameter in the
description of the satellites.

Photon energy dependence. The photon energy dependence
further supports our interpretation. We have taken spectra
at 1100 eV and followed in detail the same procedure as for
624 eV. At higher photon energy the DW factor W should
decrease, because the momentum transfer enters the negative
exponent, as explained above. This is indeed the case: Fig.
5 shows results for a photon energy of 1100 eV. Our fit on
the QP predicts a decrease of the Debye-Waller factor to a
value of W = 0.395. This is consistent with the DW model
(29), which would yield a decrease to W = 0.33 at T=77 K,
whereas it rules out an important role of intrinsic disorder.
It gives further strong evidence for our conjecture, where the
intrinsic part of the dispersionless satellites consists of shape-
modified replica of QPs with a loss of k-resolution due to
the DW effect, reflecting therefore directly the peaks in the
density of valence states. Also the photon-energy dependent
extrinsic and interference contributions are well described by
our calculations, as can be seen from the very good agreement
between experiment and the final theoretical results in Fig. 5.

Discussion

Altogether, our joint experimental and theoretical study yields
an understanding of the photoemission spectra of aluminum
well beyond the simple picture of bands and their plasmon
replicas, suggesting how to overcome some major problems of
the interpretation of photoemission data, and opening several
interesting and general perspectives. First, there is a long
standing gap between theory and experiment, with theory
mostly focusing on the description of correlation effects in the
intrinsic spectral function of the ideal crystal, which is only
a fraction of the experimental result. We have shown how
information concerning the ideal intrinsic spectral function
(i.e. without thermal atomic vibrations, and without extrinsic
scattering of the photoelectron, and interference effects) can
be extracted from ARPES measurements, and we have found
that there is excellent agreement between these experimental
results and the calculated intrinsic spectral functions. Interest-
ingly, the intrinsic satellites have a shape that is determined
by the valence density of states, rather than by the plasmon
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Fig. 5. The spectra at 1100 eV photon energy for the I" and L points. The theoretical
spectra (red lines) are obtained as in Fig. 4.

dispersion, which instead determines the shape of core level
satellites. We have also shown that atomic thermal motion
causes the appearance of dispersionless satellites, due to a
loss of momentum conservation for both the QPs and their
satellites. These dispersionless satellites can be pronounced
in the valence spectra, corresponding to replicas of peaks in
the density of states, and they should not be confused with
signals due to impurities. They are reinforced by inelastic
scattering of the outgoing photoelectrons, which lose momen-
tum resolution and energy by exciting electron-hole pairs and
plasmons. Once cross sections and surface effects are fitted
on the quasiparticles, our calculations of the final spectra
are parameter-free, besides a scaling factor for the remain-
ing secondary electron background. For photon energies of
624 eV and 1100 eV, where measurements start to be bulk
sensitive, they lead to very good agreement with experiment.
This agreement and the observed trends fully confirm our
conjectures. Since none of our calculations explicitly includes
the real surface, the agreement should be much worse at lower
photon energies, where the measurements are clearly surface
sensitive. Interestingly, this does not hold for the dispersing
part of the intrinsic spectral function that is still very well
described, as can be seen in Fig. 2. This indicates that it
is a bulk property that can be extracted from ARPES even
at low photon energy. Instead, the thermal motion of atoms
at the surface is larger than in the bulk, which leads to an
enhancement of the DW effect (29). More generally, scattering
appears to be much increased, well beyond the predictions
based on the semi-infinite homogeneous electron gas (6, 26, 44).
An illustration for 293 eV can be found in the SI.

Our results open several broad perspectives: in particular,
aluminum exhibits a relatively strong DW effect, but it is not
a singular case: many other metals or semiconductors, such as
silicon, are equally good candidates for materials where this
new kind of dispersionless satellites should be observable. In-
deed, one may note, e.g., several sharp dispersionless features
visible in the valence band QP region of the photoemission

Zhou et al.

spectra of silicon (see Fig. 1(a) of (17)), at energies correspond-
ing to peaks in the density of states of silicon. This suggests
that a closer analysis of the data in the satellite region, for
silicon and for other materials with a similarly strong DW
effect, should indeed reveal their replica. The fact that valence
band satellites disperse not only in energy, but also in shape,
also merits further attention. This information is difficult to
extract from classical overview spectra such as the one given
in Fig. 1, whereas our work suggests how to simulate and
analyze single spectra.

Most importantly, since we have shown that the intrinsic
spectral properties may be isolated in the experiment by tak-
ing difference spectra, the analysis of the contributions linked
to dispersing QPs allows one to isolate ideal intrinsic, temper-
ature, and extrinsic/interference effects. This highlights the
important role that ARPES measurements may play in order
to unambiguously distinguish intrinsic correlation effects from
other factors that dominate the experiments. The importance
of a tight interplay of theory and experiment in order to obtain
deeper understanding is particularly noteworthy to stress, and
the procedure suggested here may be useful for many further
investigations on other materials.

Materials and Methods

We have performed state-of-the-art ARPES measurements and
first-principles GW+C calculations of aluminum (45), yielding the
band structure and the first three dispersing satellites along the
I'L direction of the Brillouin zone. Data supporting this article are
available from the authors upon reasonable request.

Experiment. ARPES experiments were performed at about 50 K
using a Scienta EW4000 hemispherical electron analyzer at the
PEARL beamline of the Swiss Light Source (46). The Al(101)
surface was prepared with several sputtering and annealing cycles
until the observation of an oxygen contamination below 1% of a
monolayer and a sharp low-energy electron diffraction pattern. The
single-crystal sample contained about 0.02% atom concentration
of Ta impurities. Because of their extremely high cross section, Ta
4f photoelectrons show up as a sharp doublet line in the spectrum
at the characteristic binding energies of 21.7 and 23.57 eV. Two
Gaussian peaks at these energies have thus been removed in the
angle-resolved spectra. Raw data are shown in the SI.

Photon-energy dependent ARPES experiments were used to
measure the Fermi surface periodicity in the surface-normal (k)
direction and to identify the photon energies corresponding to the
I" points of 4 consecutive Brillouin zones. ARPES experiments on
a 60 eV binding energy range were then performed at hv = 293
eV, 624 eV and 1100 eV photon energies. These correspond to
small deviations along the k.-direction, which at I" were evaluated
respectively as: -0.1, 0.15 and 0.29 of 'K (and similarly for the
other points along I'L). The energy and angular resolutions at 293
eV photon energy were 0.12 eV and 1/20 of I'L, respectively; 0.18
eV and 1/14 of I'L at 624 €V; and 0.45 eV and 1/10 of I'LL at 1100
eV. The spectra at hv =293 eV are highly surface sensitive and are
given in the SI for completeness. For quantitative comparison with
theory, the experimental spectra have been corrected for the change
of intensities throughout the Brillouin zone due to photoelectron
diffraction (47, 48) by normalizing intensities of non-dispersing
features. More details can be found in the SI.

Theory of the intrinsic spectral function. Most first-principles pho-
toemission calculations determine the spectral function of the pho-
tohole (i.e., of the material with a missing electron), which is
termed the intrinsic spectral function. Our calculation of this ideal
intrinsic spectral functions relies on the first-principles GW+C ap-
proach described in (20, 21). We first determine matrix elements
of the exchange-correlation self-energy $¢£ (w) in the GW approx-
imation (49) of many-body perturbation theory, using eigenvalue
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self-consistency. Matrix elements of the one-body Green’s function
for occupied states ¢ are then calculated using the time-ordered
cumulant expression (20, 21)

Ge(r) = i0(—r)e Tt

1 Ep—egp 0 e*in -1 [1}
Co(r) = ;fioo dw‘ImEu(w-l—Eg)‘T,
where the QP energy ¢y < Ep, with Er the Fermi energy, is a result
of the GW calculation. The imaginary part of the GW self-energy
matrix elements reads

IS (w+e) = Y IVEPow+ee—ej+ws). [
3,870

Here, w;s are energies of neutral charge excitations such as plasmons
and interband transitions, and \V;J| are matrix elements of the

fluctuation potentials (6), determining the strength of the coupling
of these excitations to the QP. In an electron-boson coupling picture
ws are boson energies and \V;J| the electron-boson coupling strength.
The most important contributions are given by the states j that
are close to £. Hence, one can understand the satellite shape
dispersion from Eq. (2): in the case of I, which is at the bottom
of a parabolic valence band, no state can contribute to the sum
with energy e; < g¢. As a result, as shown in Fig. 3(a), the
shape of ImX% (w + €¢) is asymmetric, with a tail towards smaller
binding energies. In the case of L, instead, states contributing
to the sum can have energies that are either larger or smaller
than €y, which makes the shape of ImEffc (w + £¢) more symmetric.
Since the dispersion at L is much steeper than at the bottom of
the band, there is also more broadening. This is then directly
reflected in the shape of the satellites in the spectral functions
shown in Fig. 3(b). The imaginary part of the Fourier transform of
Gy in the frequency domain yields the intrinsic spectral function
Ag(w) = 771Im Gy(w)|. The spectral functions are evaluated along
T'L. Since the experimental paths correspond to small k. deviations
from the I'L path, we shift calculated energies by 0.2 eV (0.9 V) in
the simulation of the 624 eV (1100 eV) photon energy spectra. These
shifts are no fit parameters, but obtained from our first-principles
calculation of the band dispersion along k.

The calculated spectra are multiplied by a constant factor to
match the arbitrary experimental units. For the relative weight
of different bands, we start from calculated intensities based on
a projection on atomic cross sections (50), but for valence bands
of delocalized-electron materials like aluminum, this is not precise
enough. We therefore fit the ratio of the cross sections of the two
valence bands to the experimental QP ratios. This changes the
intensity of the QP at L by about 50 %. Note again that only QP
intensities are adjusted, whereas no parameter is used concerning
the satellites, which are the topic of the present work. We include
Gaussian broadenings to account for the experimental angle and
energy resolutions and multiply all the spectra by a Fermi function
with a temperature of 50 K. For computational details see the SI.

Inelastic scattering. To include extrinsic and interference effects,
following (14) Im X4 (w + €) is multiplied by a frequency (w)- and
photon energy (v)-dependent enhancement factor R, (w) derived
from the semi-infinite electron gas in (6, 26, 44). For R, = 1 the
extrinsic and interference terms cancel and the spectra are given by
the intrinsic spectral function.
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