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I. EXPERIMENTAL DETAILS

The Al single crystal was prepared with several sput-
tering and annealing cycles to obtain a clean surface
(C contamination less than 1%). The sample contained
about 0.02% atom concentration of tantalum impurities
from the sample holder. Because of their extremely high
cross section, Ta 4f photoelectrons show up as a sharp
doublet line in the spectrum at the characteristic bind-
ing energies of 21.12 and 20.25 eV. Two Gaussian peaks
at these energies have been thus removed in the angle-
resolved spectra.

In order to deduce the periodicity of the electronic
structure in the ΓLWK plane, ARPES experiments were
performed in the range of photon energies between 60
and 350 eV. They were used to build the Fermi surface
presented in Fig. 1. An inner potential V0 = 17 eV, with
a work function Φ = 4.5 eV, was determined in order to
match the position of the Fermi surface with the Brillouin
zone contours. Four consecutive Γ points were identified1

corresponding to the following photon energies: 61 eV,
281 eV, 649 eV, 1163 eV. The photon energies used to
obtain the ARPES spectra over a binding energy of 60
eV, namely 293 eV, 624 eV and 1100 eV (see main text),
correspond to small shifts along the surface-normal direc-
tion kz, which at Γ were evaluated respectively as: -0.1,
0.15 and 0.29 of ΓK (and similarly for the other points
along ΓL).
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FIG. 1. Fermi surface measured by scanning the photon en-
ergy. The first and the second Γ points are indicated.

II. CALCULATED INTRINSIC SPECTRAL
FUNCTIONS

For an extensive introduction to the theoretical frame-
work we refer e.g. to Ref. 2. Here we provide the compu-
tational details for the calculation of the intrinsic spectral
functions.

II.1. Computational details

Calculations within density-functional theory in the
local-density approximation (LDA) and the GW approx-
imation of many-body perturbation theory have been
carried out using the ABINIT package3. Cumulant ex-
pansion calculations were done with the Cumupy code
4 and 5. The experimental crystal structure from Ref.6

was adopted. In order to take into account the polariza-
tion from 2s and 2p semicore states5, a norm-conserving
Troullier-Martins pseudopotential7 was built that treats
2s and 2p semicore states explicitly as valence electrons.
The plane-wave cutoff was 260 Hartree and the Brillouin
zone (BZ) was sampled using a 16 × 16 × 16 Γ-centered
k-point grid. A smearing of 0.005 Hartree was used in
order to speed up the k-point convergence.

The self-energy within the partially energy-self-
consistent GW approximation (updating the Green’s
function G, but keeping the screened Coulomb poten-
tial W fixed) was obtained starting from the LDA. W
was calculated in the adiabatic local-density approxima-
tion (ALDA) with 80 bands, 2000 and 200 plane waves
for the wavefunctions and dielectric matrix, respectively,
on a mesh consisting of 120 frequencies up to 45 eV
along the real axis and 10 frequencies along the imag-
inary axis. The intraband transitions in the dielectric
function for q = 0 were taken into account using8,9

εintra(ω) = 1 − ω2
p/[ω(ω + iη)], where the parameters

ωp = 15.03 eV and η = 0.58 eV were fitted5 on the cal-
culated retarded loss function for small q 6= 0. In the
calculation of the self-energy, 80 bands, and 2000 plane-
waves for both wavefunctions and the exchange term were
used. 10 bands were updated in the energy self-consistent
cycle. The GW QP band structure is in agreement with
previous results from Refs.8,10,11.
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With the GW self-energy matrixelements Σ``xc(ω), the
time-ordered cumulant expansion5,12 of the one-particle
Green’s function G` for each occupied state ` (µ is the
Fermi energy) was obtained from:

G`(τ) = iθ(−τ)e−iε`τeC`(τ)

C`(τ) =
1

π

w µ−ε`

−∞
dω
∣∣ImΣ``xc(ω + ε`)

∣∣e−iωτ − 1

ω2
,

(1)

where the QP energy ε` < µ was obtained in the GW
calculation. The imaginary part of the Fourier transform
of G` in the frequency domain yields the intrinsic spectral
function A`(ω) = π−1|ImG`(ω)|.

We have taken into account the experimental devia-
tion from the ideal ΓL line (see Sec. I) by calculating
the corresponding energy shifts obtained from the band
dispersion along kz. For the three photon energies we
have used the following values: 0 eV for 293 eV photon
energy, 0.26 eV for 624 eV, and 0.9 eV for 1100 eV.

III. FULL PHOTOEMISSION SPECTRA

In the following we explain how to simulate the mea-
sured photoemission spectra starting from the calculation
of the intrinsic spectral function (see Sec. II.1). For more
details we refer e.g. to Ref. 13.

III.1. Cross sections and normalisation

The photoemission experimental spectra are in arbi-
trary units with respect to theoretical spectra. In other
words, one always has to set an overall factor, which does
not influence any discussion of differences of spectra. Ide-
ally there would be no other parameter. However, in
practice both state-of-the art theory and experiment in-
troduce an uncertainty. On the experimental side, the
measured intensity shows a k-dependent (but energy in-
dependent) variation which can be due, for example, to
photoelectron diffraction effects14 or to the detector effi-
ciency change as a function of the slit angle. On the the-
ory side, photoemission cross sections have to be taken
into account. For angle-integrated spectra they can be
usually estimated combining tabulated values of atomic
photoionization cross sections (see e.g.15) and calculated
projected densities of states. This procedure is less re-
liable for valence bands of delocalized-electron materials
like aluminum, especially when different bands are com-
pared through one or more Brillouin zones, like in the
present case, where two bands are occupied along the ΓL
direction.

Both problems can be overcome by using solely the
QP part of the spectra, as follows. First we chose a k-
point between Γ and L where two bands are occupied.
By requiring the intensity ratio of the two bands to be
the same as in experiment (see Fig. 2), starting from the
tabulated cross sections15, we determined a correction
factor of 0.4 for the theoretical cross section of the second

FIG. 2. Angle-resolved spectra calculated (top) and mea-
sured (bottom) for three different k values. The theoretical
and measured lineshapes (data points) are reproduced with
Gaussian functions (continuous lines). The cross section of
the lower binding energy band for the calculated spectra is
extracted from the area of the Gaussian curves reproducing
the experimental results to be 0.59 % of the higher binding
energy band.

band. As we have verified, this factor does not change for
other k-points along ΓL, which supports our hypothesis.

III.2. Extrinsic and interference effects

The photoelectron on the way out from the sample to
the detector can induce other bosonic excitations (such
as plasmons). This process is called extrinsic effect to
distinguish it from the intrinsic excitation by the photo-
hole. A further contribution, of opposite sign, is due to
the quantum interference between extrinsic and intrin-
sic processes. Both extrinsic and interference effects are
photon-energy dependent and they are not contained in
the intrinsic spectral function. A way to approximately
include them in the calculation of photoemission spec-
tra was recently followed in Refs. 12, 16, and 17 by
combining first-principles cumulant calculations with a
model developed by Hedin and coworkers18,19. The re-
sulting angle-integrated photoemission spectra of silicon
and sodium were largely improved with respect to purely
intrinsic calculations12,16. These model calculations pro-
vide the function Rν(ω), displayed in Fig. 3, representing
the sum of extrinsic and interference effects for differ-
ent photon energies hν. The spectra including extrin-
sic and interference effects are obtained by multiplying
ImΣ``xc(ω+ ε`) in Eq. (1) by Rν(ω). We have found that
the calculated function Rν(ω) had to be rescaled by a
factor C depending on the photon energy (see Tab. III
and Fig. 3), to be precise: C(Rν(ω) − Rν(0)) + Rν(0).
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The spectra including extrinsic and interference effects
have been used to obtain the integrated density of states
that corresponds to the non-dispersing contribution to
the final spectra (see Sec. III.3). We refer to Sec. IV.1
for further analysis.
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FIG. 3. The extrinsic and interference function C(Rν(ω) −
Rν(0)) +Rν(0) used for the three photon energies.

III.3. Debye-Waller effect

The disordered thermal vibrations of the atoms de-
stroy the k-selectivity of the ARPES (Debye-Waller ef-
fect), giving rise to a non-dispersive component in the
spectrum, D(ω), which amounts to integrating the differ-
ent contributions from the k-resolved spectra A`(ω) over
the BZ. The sum of k-resolved A`(ω) and k-integrated
components D(ω) is weighted by the Debye-Waller fac-
tors, which can be estimated20 knowing the Debye tem-
perature of the material, the photon energy of the mea-
surement and the temperature of the sample. We call
α` and β`, respectively, the weights of k-resolved and
k-integrated components. For Al, following Ref. 20, the
estimations of the Debye-Waller factors at T=77 K would
be α` = 0.75 at 293 eV, α` = 0.53 at 624 eV, α` = 0.33 at
1100 eV and β` = 1−α` in all cases. The weights used in
the simulations of the spectra are gathered in Tabs. I-II.
The α`/β` ratios agree well with the estimations, except
for the lowest photon energy, where the surface becomes
relevant, which is not taken into account by the simple
model20. A`(ω) and D(ω) are also accompanied by the
corresponding Shirley backgrounds21 of secondary elec-
trons, B`(ω) and BD(ω), where the coefficient c` is fixed
by the condition that the calculated spectrum matches
the tail of the measured spectrum at about -60 eV (where
A`(ω) and D(ω) are vanishing).

For each state ` the final calculated spectrum S`(ω)
thus reads:

S`(ω) = f(ω){α`[A`(ω) + c`B`(ω)]

+ β`[D(ω) + c`BD(ω)]} , (2)

where the Fermi function

f(ω) =

[
1 + e

ω−µ√
(kT )2+K2

]−1
(3)

is evaluated at T = 50 K and contains an additional pa-
rameter K that accounts for the broadening introduced
by the energy resolution of the experimental setup. The
angle-resolved A`(ω) and the angle-integrated D(ω) have
both been broadened with a Gaussian function. The
widths used for the various photon energies are reported
in Tab. III.

TABLE I. Coefficient of Shirley background c` and Debye-
Waller factors α` and β` at 624 eV

state c` α` β`

k = 0 0.01 0.67 1.0

k = 0.188 0.011 0.67 1.0

k = 0.375 0.012 0.67 1.0

k = 0.5 0.014 0.67 1.0

TABLE II. Coefficient of Shirley background c` and Debye-
Waller factors α` and β` at 293 eV and 1100 eV

state c` α` β`

k = 0, 293eV 0.027 0.357 1.0

k = 0.5, 293 eV 0.035 0.33 1.0

k = 0, 1100 eV 0.008 0.52 1.0

k = 0.5, 1100 eV 0.019 0.35 1.0

TABLE III. Broadening parameters and rescaling factor C for
extrinsic/interference effects

photon energy (eV) Gaussian (eV) K (eV) C
293 0.4 0.1 1.2

624 0.5 0.2 1.0

1100 0.8 0.3 0.8

IV. FURTHER ANALYSIS OF THE SPECTRA

In the following, we give more details about how to
obtain reliable information from the comparison of theory
and experiment.

IV.1. Intrinsic versus interference/extrinsic
contributions

The model we have used to estimate extrinsic and in-
terference contributions to the spectra is quite rough.
Nevertheless, our results show that, once the DW contri-
bution is taken into account, the model can explain the
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FIG. 4. Black dots: experimental spectra at the Γ point.
Blue line: intrinsic spectral function (with dispersing and non-
dispersing components). The calculated and experimental in-
tensities are scaled to match the intensity of the QP peak.
Orange area: extrinsic plus interference contribution. Red
line: total calculated spectrum (including the background).

difference between calculated intrinsic spectral functions
and the experiments to a large extent. In order to give
a better idea of the extrinsic and interference contribu-
tions, Fig. 4 shows the comparison between experiment
and theoretical results, which are decomposed into the
intrinsic spectral function on one side (blue line), and
the extrinsic and interference contributions on the other
side (yellow shaded area). Note that the total theoretical
result also contains the Shirley background.

Due to the inelastic scattering of the outgoing elec-
tron, the number of electrons that arrive at the detector
with higher kinetic energy, and that are therefore inter-
preted in the spectrum as electrons with lower binding
energy, decreases. Instead, these electrons transfer en-
ergy to other excitations (here in particular plasmons),
and therefore arrive at the detector with less kinetic en-
ergy. In this way they contribute to the spectral weight
counted at higher binding energy. Indeed, the orange
shaded area in Fig. 4 is negative in the QP region
and positive in the satellite region. Without this con-
tribution, the agreement between theory and experiment
would be quite poor. Note that the model itself is pa-
rameter free. We introduce one single multiplicative pa-
rameter C which, as shown in table III, is always close
to unity, which means that the model alone already de-
scribes the extrinsic and interference effects almost quan-
titatively. The figure also shows that the photon energy
dependence is quite mild over the range considered here.

IV.2. Shape of the satellites

We can understand the shape of the satellites and their
change as a function of k by analysing the matrixelements

of the lesser GW self-energy entering the cumulant ex-
pansion Eq. (1):

ImΣ``xc(ω + ε`) =
∑
j,s 6=0

|V s`j |2δ(ω + ε` − εj + ωs) . (4)

Here εj are single-particle GW energies, ωs the boson en-
ergies (corresponding to neutral charge excitations such
as plasmons and interband transitions) and |V s`j | are the
fluctuation potentials, determining the strength of the
electron-boson couplings.

In the simplest case of one electronic level and one bo-
son, the self-energy (4) has just a delta peak at ωs and the
corresponding cumulant expansion yields a Poisson series
of sharp satellite lines with a constant separation equal
to the boson energy. This ideal situation is generally
more complicated in a real solid where the electronic and
bosonic excitations are dispersing. 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 has no
dispersion), the plasmon dispersion produces an asym-
metric lineshape in the spectral function with a tail to
higher binding energies22. The most interesting situation
is for the valence band, for which both the single-particle
energies εj and the plasmon ωs have a non-zero disper-
sion. Fig. 5(a) shows the calculated ImΣ``xc(ω + ε`) for
the valence band of aluminum at Γ and L. The shape is
very different in the two cases: notably the self-energy
is much broader at L than at Γ. As a consequence, be-
sides the different lifetime broadening of the QP peaks,
given by the different values of ImΣ``xc(ω = ε`), also the
satellites in the intrinsic spectral function A`(ω) have a
different shapes at Γ and L: Fig. 5(b) shows that the
first satellite at Γ is a replica of the QP, whereas the first
satellite at L is much broader, and much less peaked,
than its QP. This finding can be explained as follows.
Delocalised electronic states as in aluminum are mostly
coupled with plasmons with q close to 0. Indeed, the
peaks of ImΣ``xc(ω + ε`) in Fig. 5(a) are centred around
15 eV, while the calculated ALDA plasmon dispersion
in Al ranges from 15 eV at q → 0 to about 25 eV at
q = 1.0 Bohr−1 (see figure 8 in Ref.23). Moreover, in the
sum (4) the most important contributions are selected
by the electron-boson couplings V s`j : they are given by
the states j that are close to `. In the case of Γ, which
is at the bottom of a parabolic valence band, no state
can contribute to the sum with energy εj < ε`. As a
result, the shape of ImΣ``xc(ω + ε`) is asymmetric, with
a tail towards smaller binding energies. In the case of
L, instead, states contributing to the sum can have both
larger or smaller energies than ε` and since the disper-
sion is much steeper than at the bottom of the band, the
shape of ImΣ``xc(ω + ε`) becomes at the same time more
symmetric and broader. This is then directly reflected in
the shape of the satellites in the spectral function.
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FIG. 5. (a) ImΣ``xc(ω + ε`) at Γ (black) and L (red), (b) The
corresponding intrinsic spectral function A`(ω) at Γ and L.
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