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Success of Density Functional Theory

dispersions of Si were calculated as well by Savrasov
(1996) as a test of the LMTO implementation of DFPT.
Dispersions for InP appear in a paper devoted to the
(110) surface phonons of InP (Fritsch, Pavone, and
Schröder, 1995); dispersions for both GaP and InP were
published in a study of phonons in GaInP2 alloys (Ozo-
liņš and Zunger, 1998). For all these materials, phonon
spectra and effective charges are in very good agree-
ment with experiments, where available. For AlAs—for
which experimental data are very scarce—these calcula-
tions provide the only reliable prediction of the entire
phonon dispersion curve. For Si, the calculated phonon
displacement patterns compare favorably to those ex-
tracted from inelastic neutron-scattering experiments
(Kulda et al., 1994).

In all these materials the interatomic force constants
turn out to be quite long ranged along the (110) direc-
tion. This feature had already been observed in early
calculations (Herman, 1959; Kane, 1985; Fleszar and
Resta, 1986) and is related to the peculiar topology of
diamond and zinc-blende lattices, with bond chains
propagating along the (110) directions.

The force constants of GaAs and of AlAs are espe-
cially interesting in view of their use in complex GaAlAs
systems such as superlattices, disordered superlattices,
and alloys. While the phonon dispersions in GaAs are
experimentally well characterized, bulk samples of AlAs
of good quality are not available, and little experimental
information on its vibrational modes has been collected.
For several years it has been assumed that the force
constants of GaAs and those of AlAs are very similar
and that one can obtain the dynamical properties of
AlAs using the force constants of GaAs and the masses
of AlAs (the mass approximation; Meskini and Kunc,
1978). The DFPT calculations provided convincing evi-
dence that the mass approximation holds to a very good
extent between GaAs and AlAs (Giannozzi et al., 1991).
This transferability of force constants makes it possible
to calculate rather easily and accurately the vibrational
spectra of complex GaAlAs systems (Baroni, Giannozzi,
and Molinari, 1990; Molinari et al., 1992; Baroni, de Gi-
roncoli, and Giannozzi, 1990; Rossi et al., 1993). Some-
what surprisingly, the mass approximation does not
seem to be valid when the interatomic force constants
for a well-known and widely used model, the bond-
charge model (BCM), are employed. A six-parameter
bond-charge model for GaAs that gives dispersions
comparing favorably with experiments and ab initio cal-
culations, yields, when used in the mass approximation,
AlAs dispersions quite different from first-principles re-
sults. This clearly shows that information on the vibra-
tional frequencies alone is not sufficient to fully deter-
mine the force constants, even when complete phonon
dispersions are experimentally available. In order to ob-
tain more realistic dispersions for AlAs in the mass ap-
proximation, one has to fit the bond-charge model for
GaAs to both frequencies and at least a few selected
eigenvectors (Colombo and Giannozzi, 1995).

b. II-VI semiconductors

The II-VI zinc-blende semiconductors ZnSe, ZnTe,
CdSe, and CdTe present some additional difficulties in a
plane-wave-pseudopotential (PP-PW) framework with
respect to their III-V or group-IV counterparts. The cat-
ion d states are close in energy to the s valence states so
that the d electrons should be included among the va-
lence electrons. Phonon calculations performed several
years ago, when the inclusion of localized d states in the
pseudopotential was difficult, showed that the effects of
cation d electrons could also be accounted for by includ-
ing the d states in the core and by using the nonlinear
core-correction approximation. The results showed an
accuracy comparable to that previously achieved for el-
emental and III-V semiconductors (Dal Corso, Baroni
et al., 1993). Similar calculations have been more re-
cently performed for hexagonal (wurtzite structure) CdS
(Debernardi et al., 1997; Zhang et al., 1996) and CdSe
(Widulle, Kramp et al., 1999) and compared with the re-
sults of inelastic neutron scattering experiments.

FIG. 1. Calculated phonon dispersions and densities of states
for binary semiconductors GaAs, AlAs, GaSb, and AlSb: !,
experimental data. From Giannozzi et al., 1991.
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Giannozzi, P., S. de Gironcoli, P. Pavone, and S. Baroni,  
Phys. Rev. B 43, 7231 (1991)

from X ray experiment

however considerably smaller than the discrepancies between
theory and experiment. Performing calculations beyond the
pseudopotential approximation and density functional theory
represents a demanding effort largely unjustified, given the
satisfactory accuracy of the present methodology.
The experimental charge density topology of the adenine ring

is of great interest, since the protonation of the pyrimidine N3
atom implies several resonating canonical forms (Figure 5). It
was shown on the basis of bond lengths in a sample of 13
structures containing a protonated adenine38 that canonical forms
2 and 4 contribute more significantly to the resonance scheme.
In the case of an interaction of a trichlorozinc group with the
N4 atom of the N3-protonated base, it was observed that form
2 is favored.39 Examination of the C-N interatomic distances
allows us to gather them into two categories (Table 5b): C7-
N2, C8-N5, and C10-N4 bonds have similar lengths of about

1.32 Å, whereas the remaining C-N bonds are all larger than
1.35 Å. This suggests that the bonds of the first category have
a more pronounced double bond character and that canonical
form 2 of the N3-protonated adenine base is the most compatible
with this observation (Figure 5). The C9-C8 (1.412 Å) and
C9-C6 (1.392 Å) bonds have lengths close to that of the C-C
bond of benzene (1.397 Å). The comparison of the bond lengths
as well as the electron densities and ellipticity values at the
CPs (Table 5b) suggests that C6-C9 has a slightly stronger
double bond character than C9-C8, indicating a partial prefer-
ence for structures 1 and 2 over structures 3 and 4 in Figure 5.
Therefore, the resonant form 2 is likely to be dominant with
the occurrence of other forms. The topological properties fully
confirm this hypothesis, since the electron densities at the C7-
N2, C8-N5, and C10-N4 bonds’ CPs are higher than 2.4 e/Å3,
whereas all other C-N bonds of the adenine base have values

Figure 4. Static deformation electron density in the adenine plane: (a) experimental; (b) theoretical; (c) difference of theory - experiment. Contour
as in Figure 3.
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Scientific Reports |        (2024) 14:20219  |  https://doi.org/10.1038/s41598-024-69194-w

www.nature.com/scientificreports/

with the greatest errors associated with magnetic elements, speci!cally Cr, Fe, Ni, and Mo. (All calculations were 
exclusively spin unpolarized to isolate common XC errors from spin-dependent errors. "e results suggest that 
magnetoelastic couplings may be signi!cant in several compounds.) In fact, a signi!cant reduction in MARE 
can be achieved for PBEsol (MARE = 0.64) and vdW-DF-C09 (MARE = 0.78), if the magnetic ion-containing 
compounds are excluded (see Table S4).

In addition to lattice parameters, the bulk moduli were computed using the Birch-Murnaghan equation of 
state as given in Eq. S1. As indicated by Fig. 2b, the predicted bulk moduli MAREs are larger than the lattice 

Figure 1.  Histogram of DFT-predicted percent errors relative to the experimental lattice parameters using 
di$erent XC functionals. a, b and c lattice parameters are considered separately for each structure.

Figure 2.  Distribution of DFT-computed percent errors of (a) lattice parameters and (b) bulk moduli for 
di$erent XCs. a, b and c lattice parameters are considered separately for each structure.

Yuk, Simuck F., et al.  Scientific Reports 14. 20219 (2024) 

see also: P. Haas et al. Phys. Rev, B. 79, 085104 (2009)

Optimised Lattice Constants
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• Scopus: “DFT” AND “Calculation” Jan. 2026

Nature 640, 591 (2025)Nature News 514, 550 (2014)

Impact of Density Functional Theory
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Excited states of Materials: Direct Photoemission

MAKING ANGLE-RESOLVED PHOTOEMISSION . . . PHYSICAL REVIEW B 84, 115401 (2011)
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FIG. 1. (Color online) (a) Schematic drawing of our suspended-
graphene sample configuration. (b) Optical micrograph of sample
containing suspended monolayer graphene (MLG) and few-layer
graphene (FLG). (c) LEEM image at 1.3 eV of typical sample area
of interest. (Background) Artist’s rendering of corrugated graphene
crystal (height fluctuations not to scale).

approximately 5 µm in diameter and therefore cannot be
resolved with conventional photoemission instruments, which
employ spatial averaging techniques that collect data over
surface areas of several square millimeters. The potential to
combine both photoemission and electron-scattering measure-
ments is essential for our experiment since it allows us to
measure band structure and surface morphology on the same
samples. We note, additionally, that a similar instrument was
recently used in a study, which examined the morphology and
electronic structure of epitaxial graphene grown on Pt.11

After preparation the samples were placed into a UHV
chamber with a base pressure of 2 × 10−10 mbar, and the
surface cleaned via low-energy electron irradiation to elim-
inate adventitious hydrocarbon molecules adsorbed during
prior atmospheric exposure.21 All graphene samples were
characterized with LEEM before investigation with ARPES
and LEED. For each sample, LEEM was used to locate sample
areas of interest and to determine film thickness with atomic
resolution by measuring intensity modulations in the LEEM
I-V spectra.21,28,29

ARPES data at multiple photon energies were obtained
on the suspended areas of the graphene film. Only regions
of uniform thickness were considered. In order to elucidate
the role of surface corrugation and substrate influence, com-
parative experiments were also carried out on corresponding
regions where the film was supported by the SiO2 substrate.
This surface has been recently carefully calibrated by prior
STM and electron-scattering measurements.19,20,22 In addition,
ARPES measurements were made on Kish-graphite flakes
that were present on the same substrates. As graphite is
a well understood and commonly studied system, these
measurements provided a useful point of comparison for our
graphene measurements. Photoemission from graphite is, in
some respects, similar to that from graphene because of the
stacked-layer nature of the former. However, the physics near
the Dirac point is significantly different owing to the fact

that the multilayer stacking in graphite breaks the symmetry
between A and B sublattices, which results in two dispersing
branches, such that low-energy excitations do not have the
simple linear dispersion relation that is found for graphene.

III. RESULTS

Photoemission spectra were measured from two samples
with differing degrees of surface corrugation and substrate
interaction, that is, on suspended and substrate-supported
graphene; note that all ARPES data presented in the paper
are raw (i.e. unprocessed) unless explicitly stated otherwise.
Previous LEED measurements have shown that the horizontal
correlation length increases from 24 to 30 nm in measurements
taken on supported and suspended samples, respectively.21 In
addition, ARPES data were collected at room temperature
over the entire surface Brillouin zone (SBZ) from 0.5 eV to
−8 eV (energy referenced to EF ), for monolayer graphene
and graphite, using a range of photon energies. Figure 2
shows ARPES spectra taken from a sample supported by
and in contact with the SiO2 surface and a sample that
was suspended over the 5-µm wells shown in Fig. 1. For
comparison, the ARPES spectrum from Kish graphite is shown
as well. These data have been included to provide an example
of the photoemission linewidth obtained by the SPELEEM
instrument on a well-known and related crystal system.

The data show dispersion along three symmetry lines
in the SBZ. As expected from the reduced corrugation, as
well as the absence of any substrate interaction, the ARPES
data for suspended graphene show a dramatic improvement
in quality as compared to the data for supported graphene.
Additionally, there is a very broad, parabolically dispersing
peak centered at the ! point at a binding energy of ∼8 eV in
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FIG. 2. (Color online) ARPES data along symmetry directions
in Brillouin zone for graphene and graphite. (a) SiO2 supported
graphene (h̄ω = 90 eV). (b) Suspended graphene (h̄ω = 84 eV).
(c) Kish graphite (h̄ω = 90 eV). (d) Suspended graphene (h̄ω = 50
eV). Inset shows 2D graphene Brillouin zone.
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Excited states of Materials: Inverse Photoemission
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Direct photoemission

The ejection (removal) of an electron is a many-body process

Total energy difference between the N-particle 
ground state and the (N-1) particle state that remains 

after the emission

Inverse photoemission

electron affinity ionization potential

Excited states of Materials: The Band Gap
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Adapted from M. van Schilfgaarde et al. PRL 96 (2006)

Huge discrepancy not due to the LDA

Si:  0.47 eV (LDA) vs 1.1 eV (expt) 

GaAs: 0.30 eV (LDA) vs 1.4 eV (expt)

Excited states of Materials: The Band Gap Problem
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Band Gap:
Can we calculate the QP gap directly using total energies from DFT-LDA?

C. E. Patrick and F. Giustino, PRL 109, 116801 (2012)]

Kohn-Sham gap

Excited states of Materials: The Band Gap Problem

electron affinity ionization potential

EGap = ϵN
N+1 − ϵN

N +
N+1

∑
i

ΔϵL +
N−1

∑
i

ΔϵH − EHar[ΔρL] − EHar[ΔρH] + ∫ VN
Har(r)(ΔρH(r) − ΔρL(r))dr

+Exc[ρN+1] + Exc[ρN−1] − 2Exc[ρN] − ∫ VN+1
XC (r)ρN+1(r)dr − ∫ VN−1

XC (r)ρN−1(r)dr + 2∫ VN
XC(r)ρN(r)dr
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Band Gap:
Can we calculate the QP gap directly using total energies from DFT-LDA?

C. E. Patrick and F. Giustino, PRL 109, 116801 (2012)]

reasonable results 	
for molecules

Kohn-Sham gap
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The Green Function

Theoretical description for describing the ejection 
or injection of electrons requires 

a framework that links the N-particle with the 
particle system(N ± 1)



ICTP MARVEL College: Materials simulations in the age of AI, Trieste  June 3rd, 2026

The Green Function

Theoretical description for describing the ejection 
or injection of electrons requires 

a framework that links the N-particle with the 
particle system(N ± 1)

G(r1t1, r2t2) = −
i
ℏ

< ΨN
0 | ̂T[ψ̂(r1t1)ψ̂†(r2t2)] |ΨN

0 > Green Function has poles at the true 
many-particle excitation energies

In principle provides access to: 
excitation lifetime 

total energy 
expectation value of one-particle operator 
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How to obtain G?

Perturbation theory starts from what is known to evaluate what is not 
known ...hoping that the difference is small

The Green Function

We start from a known  that correspond of the Hamiltonian  (e.g. non interacting electrons) 
and consider the Hamiltonian , where the interaction is in 

G0(ω) H0
H = H0 + H1 H1
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Quasiparticle Equation
Let’s suppose we know the Self Energy

and consider G0 the Green function of a single particle Hamiltonian

Introducing the Lehmann representation for G:

The Quasiparticle Equation

QP Equation KS Equation

 contains the many body effects as Σ Vxc

 is not Hermitian, non-local and frequency dependentΣ  is local and not frequency dependentVxc

 is the potential self by and added (removed)  
electron to (from) the system
Σ  is part of the potential of a fictitious systemVxc

 are not orthonormalfs
 are in general complexϵs
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QP equation describes the excitations of the Many-Body system

We have to know how is made the operator Σ

As a perturbation we do not consider the interaction V, but the screened Coulomb W that has reduced strength

Fully interacting electrons

Weakly interacting 
quasiparticle

The Quasiparticle Equation
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L. Hedin, Phys Rev. 139, A 769 (1965)

Hedin’s equation:

Set of integro-differential equations, whose self-consistent solution solves  
the many-electron problem
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The vertex  has been neglectedΓ This is an approximation!!
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Iteration of Hedin’s Equations and GW
They cannot be solved numerically as they contain functional derivatives, 

but they can be iterated to derive useful approximations

Remark:
The vertex  has been neglectedΓ This is an approximation!!

The set of equation can be solved self-consistently but in most 
of the applications  the so called  approximationG = G0 G0W0

This is an approximation!!



ICTP MARVEL College: Materials simulations in the age of AI, Trieste  June 3rd, 2026

Goal:

GW approximation in practice: GoWo
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Polarization and Screening Polarisation 
made by non 
interacting 
electrons and 
holes

Goal:

Green function of the non-interacting system

GW approximation in practice: GoWo
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Green function of the non-interacting system

GW approximation in practice: GoWo

Screened Potential:

This is an approximation!!

RPA
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Evaluation of the Self-Energy
GW approximation in practice:
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Evaluation of the Self-Energy
GW approximation in practice:
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GW approximation in practice

Real Space and Real Time:  H.N. Rojas, R. W. Godby and R. J. Needs PRL 74, 1827 (1995)

Use of Wannier Function:  P. Umari, G. Stenuit and S. Baroni  PRB 79, 201104(R) (2009)

Different implementations 

Golze et al. The GW Compendium

TABLE 1 | Selection of G0W0 codes and large program packages with G0W0
implementations and corresponding basis sets.

Code Basis set References

BerkeleyGW Plane waves Deslippe et al., 2012

Yambo Plane waves Marini et al., 2009

WEST Plane waves Govoni and Galli, 2015

SaX Plane waves Martin-Samos and Bussi, 2009

SternheimerGW Plane waves Giustino et al., 2010a; Schlipf

et al., 2019

ABINIT Plane waves (PAW) Gonze et al., 2009

VASP Plane waves (PAW) Shishkin and Kresse, 2006a; Liu

et al., 2016

GPAW Plane waves (PAW) Hüser et al., 2013b

Fiesta Gaussian Blase et al., 2011

Turbomole Gaussian van Setten et al., 2013

CP2K Gaussian Wilhelm et al., 2016, 2018

MOLGW Gaussian Bruneval et al., 2016

FHI-aims NAO Ren et al., 2012a; Golze et al.,

2018

exciting FLAPW Gulans et al., 2014

SPEX FLAPW Friedrich et al., 2010

FHI-gap FLAPW Jiang et al., 2013

Tombo Augmented Ono et al., 2015

Questaal LMTO Methfessel et al., 2000;

Questaal, 2018

where uµ(r) are radial functions that are not restricted to any
particular shape. The radial part of NAOs is tabulated on dense
grids and is fully flexible. Gaussian radial functions can be
considered as special types of this general NAO form.

Slater type functions, which posses an exponential decay at
long range and a cusp at the position of the nuclei, have been also
used in GW calculations (Stan et al., 2009). However, this basis
set type is less common.

Local basis functions, in particular NAOs that derive from
atomic orbitals, are well suited to describe rapid oscillations of
wave functions near the nucleus. They are therefore the obvious
choice for QP calculations of core and semi-core states.

4.4.3. Augmented Basis Sets
Augmented plane waves (APW) are another basis set type that
includes the rapidly varying oscillations near the nuclei. APW
methods use the so-called muffin tin approximation, which
is a physically motivated approximation to the shape of the
potential in solid state systems (Slater, 1937; Martin, 2004). The
shape of the potential resembles a muffin tin: it is peaked at
the nuclei and predominantly spherical close to it, while it is
flat in between. Therefore, real space is partitioned into non-
overlapping (muffin-tin) spheres ωMT,a centered around each
nuclei a and interstitial regions ωI between these spheres. The
valence wave functions are then expanded in localized NAO-like
functions (Equation (54)) inside the spheres and plane waves in
the interstitial regions.

By construction, the APW basis sets produce wave functions
with a discontinuity in the first derivative at the muffin-tin
boundaries. The linear APW (LAPW) was proposed to guarantee
that the solution in the muffin-tin matches continuously and
differentiably onto the plane wave part in the interstitial region
(Andersen, 1975). With this extension, the explicit form of the
LAPW basis functions is

εG(r)

=

{
ω→1 eiG·r r ∈ ωI∑

lm(A
a
lmu

a
l (r)+ Balmu̇

a
l (r))Ylm(θ ,φ) r ∈ ωMT,a

where ual (r) and its derivative u̇al (r) are radial functions centered
at the atom a. The coefficients Alm and Blm are determined such
that continuity in value and derivative of the basis functions at
the muffin-tin boundaries is ensured.

LAPW basis sets can be extended by additional local orbitals,
LAPW+lo, that are completely localized in the muffin-tin spheres
and go to zero at the boundaries. Inclusion of such local
orbitals significantly improves the variational freedom, e.g., the
description of d and f electrons (Singh, 1991). It has furthermore
been shown that these local orbitals are particularly important for
the unoccupied state convergence in GW calculations (Friedrich
et al., 2011; Jiang and Blaha, 2016; Jiang, 2018).

A general form of the LAPWmethod are full-potential LAPW
(FLAPW) methods that make no approximations on the shape
of the potential (Wimmer et al., 1981) and which are nowadays
standard in LAPW codes. Recently a number of FLAPW GW
codes have emerged (Friedrich et al., 2006, 2010, 2012; Jiang et al.,
2013; Gulans et al., 2014).

Linear muffin-tin orbital (LMTO) schemes are very similar to
LAPW basis sets, except that the basis functions in the interstitial
region are not plane waves (Andersen, 1975), but for example
smooth Hankel functions (Methfessel et al., 2000).

In these augmented basis sets it is straightforward to
include core and semicore states in the Green’s function G0
(Equation (24)) and the polarizability χ0 (Equation (28)) and
therefore in the self-energy. This, in principle, improves the
description of QP excitations of valence states and band gaps,
even though it has been found that the difference to carefully
adjusted plane wave-based projector augmented-wave (PAW)
calculations (see section 4.4.5) is typically less than 100 meV
(Nabok et al., 2016). However, the same study reported larger
differences for deep-lying and very localized d and f states
(Nabok et al., 2016). Core excitations are in principle also
accessible with FLAPW basis sets. However, these have not been
thoroughly investigated yet.

For local and semi-local DFT functionals, the (F)LAPW
basis sets have become the ultimate accuracy reference, closely
followed by NAOs (Lejaeghere et al., 2014, 2016). For G0W0,
first steps in systematically benchmarking solids were made
only recently (van Setten et al., 2017). For molecules, G0W0
benchmark calculations emerged during the last years and we will
discuss them in section 9.3. The jury is therefore still out on which
basis set is most accurate for solids.
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where uµ(r) are radial functions that are not restricted to any
particular shape. The radial part of NAOs is tabulated on dense
grids and is fully flexible. Gaussian radial functions can be
considered as special types of this general NAO form.

Slater type functions, which posses an exponential decay at
long range and a cusp at the position of the nuclei, have been also
used in GW calculations (Stan et al., 2009). However, this basis
set type is less common.

Local basis functions, in particular NAOs that derive from
atomic orbitals, are well suited to describe rapid oscillations of
wave functions near the nucleus. They are therefore the obvious
choice for QP calculations of core and semi-core states.

4.4.3. Augmented Basis Sets
Augmented plane waves (APW) are another basis set type that
includes the rapidly varying oscillations near the nuclei. APW
methods use the so-called muffin tin approximation, which
is a physically motivated approximation to the shape of the
potential in solid state systems (Slater, 1937; Martin, 2004). The
shape of the potential resembles a muffin tin: it is peaked at
the nuclei and predominantly spherical close to it, while it is
flat in between. Therefore, real space is partitioned into non-
overlapping (muffin-tin) spheres ωMT,a centered around each
nuclei a and interstitial regions ωI between these spheres. The
valence wave functions are then expanded in localized NAO-like
functions (Equation (54)) inside the spheres and plane waves in
the interstitial regions.

By construction, the APW basis sets produce wave functions
with a discontinuity in the first derivative at the muffin-tin
boundaries. The linear APW (LAPW) was proposed to guarantee
that the solution in the muffin-tin matches continuously and
differentiably onto the plane wave part in the interstitial region
(Andersen, 1975). With this extension, the explicit form of the
LAPW basis functions is
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where ual (r) and its derivative u̇al (r) are radial functions centered
at the atom a. The coefficients Alm and Blm are determined such
that continuity in value and derivative of the basis functions at
the muffin-tin boundaries is ensured.

LAPW basis sets can be extended by additional local orbitals,
LAPW+lo, that are completely localized in the muffin-tin spheres
and go to zero at the boundaries. Inclusion of such local
orbitals significantly improves the variational freedom, e.g., the
description of d and f electrons (Singh, 1991). It has furthermore
been shown that these local orbitals are particularly important for
the unoccupied state convergence in GW calculations (Friedrich
et al., 2011; Jiang and Blaha, 2016; Jiang, 2018).

A general form of the LAPWmethod are full-potential LAPW
(FLAPW) methods that make no approximations on the shape
of the potential (Wimmer et al., 1981) and which are nowadays
standard in LAPW codes. Recently a number of FLAPW GW
codes have emerged (Friedrich et al., 2006, 2010, 2012; Jiang et al.,
2013; Gulans et al., 2014).

Linear muffin-tin orbital (LMTO) schemes are very similar to
LAPW basis sets, except that the basis functions in the interstitial
region are not plane waves (Andersen, 1975), but for example
smooth Hankel functions (Methfessel et al., 2000).

In these augmented basis sets it is straightforward to
include core and semicore states in the Green’s function G0
(Equation (24)) and the polarizability χ0 (Equation (28)) and
therefore in the self-energy. This, in principle, improves the
description of QP excitations of valence states and band gaps,
even though it has been found that the difference to carefully
adjusted plane wave-based projector augmented-wave (PAW)
calculations (see section 4.4.5) is typically less than 100 meV
(Nabok et al., 2016). However, the same study reported larger
differences for deep-lying and very localized d and f states
(Nabok et al., 2016). Core excitations are in principle also
accessible with FLAPW basis sets. However, these have not been
thoroughly investigated yet.

For local and semi-local DFT functionals, the (F)LAPW
basis sets have become the ultimate accuracy reference, closely
followed by NAOs (Lejaeghere et al., 2014, 2016). For G0W0,
first steps in systematically benchmarking solids were made
only recently (van Setten et al., 2017). For molecules, G0W0
benchmark calculations emerged during the last years and we will
discuss them in section 9.3. The jury is therefore still out on which
basis set is most accurate for solids.
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where uµ(r) are radial functions that are not restricted to any
particular shape. The radial part of NAOs is tabulated on dense
grids and is fully flexible. Gaussian radial functions can be
considered as special types of this general NAO form.

Slater type functions, which posses an exponential decay at
long range and a cusp at the position of the nuclei, have been also
used in GW calculations (Stan et al., 2009). However, this basis
set type is less common.

Local basis functions, in particular NAOs that derive from
atomic orbitals, are well suited to describe rapid oscillations of
wave functions near the nucleus. They are therefore the obvious
choice for QP calculations of core and semi-core states.

4.4.3. Augmented Basis Sets
Augmented plane waves (APW) are another basis set type that
includes the rapidly varying oscillations near the nuclei. APW
methods use the so-called muffin tin approximation, which
is a physically motivated approximation to the shape of the
potential in solid state systems (Slater, 1937; Martin, 2004). The
shape of the potential resembles a muffin tin: it is peaked at
the nuclei and predominantly spherical close to it, while it is
flat in between. Therefore, real space is partitioned into non-
overlapping (muffin-tin) spheres ωMT,a centered around each
nuclei a and interstitial regions ωI between these spheres. The
valence wave functions are then expanded in localized NAO-like
functions (Equation (54)) inside the spheres and plane waves in
the interstitial regions.

By construction, the APW basis sets produce wave functions
with a discontinuity in the first derivative at the muffin-tin
boundaries. The linear APW (LAPW) was proposed to guarantee
that the solution in the muffin-tin matches continuously and
differentiably onto the plane wave part in the interstitial region
(Andersen, 1975). With this extension, the explicit form of the
LAPW basis functions is
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where ual (r) and its derivative u̇al (r) are radial functions centered
at the atom a. The coefficients Alm and Blm are determined such
that continuity in value and derivative of the basis functions at
the muffin-tin boundaries is ensured.

LAPW basis sets can be extended by additional local orbitals,
LAPW+lo, that are completely localized in the muffin-tin spheres
and go to zero at the boundaries. Inclusion of such local
orbitals significantly improves the variational freedom, e.g., the
description of d and f electrons (Singh, 1991). It has furthermore
been shown that these local orbitals are particularly important for
the unoccupied state convergence in GW calculations (Friedrich
et al., 2011; Jiang and Blaha, 2016; Jiang, 2018).

A general form of the LAPWmethod are full-potential LAPW
(FLAPW) methods that make no approximations on the shape
of the potential (Wimmer et al., 1981) and which are nowadays
standard in LAPW codes. Recently a number of FLAPW GW
codes have emerged (Friedrich et al., 2006, 2010, 2012; Jiang et al.,
2013; Gulans et al., 2014).

Linear muffin-tin orbital (LMTO) schemes are very similar to
LAPW basis sets, except that the basis functions in the interstitial
region are not plane waves (Andersen, 1975), but for example
smooth Hankel functions (Methfessel et al., 2000).

In these augmented basis sets it is straightforward to
include core and semicore states in the Green’s function G0
(Equation (24)) and the polarizability χ0 (Equation (28)) and
therefore in the self-energy. This, in principle, improves the
description of QP excitations of valence states and band gaps,
even though it has been found that the difference to carefully
adjusted plane wave-based projector augmented-wave (PAW)
calculations (see section 4.4.5) is typically less than 100 meV
(Nabok et al., 2016). However, the same study reported larger
differences for deep-lying and very localized d and f states
(Nabok et al., 2016). Core excitations are in principle also
accessible with FLAPW basis sets. However, these have not been
thoroughly investigated yet.

For local and semi-local DFT functionals, the (F)LAPW
basis sets have become the ultimate accuracy reference, closely
followed by NAOs (Lejaeghere et al., 2014, 2016). For G0W0,
first steps in systematically benchmarking solids were made
only recently (van Setten et al., 2017). For molecules, G0W0
benchmark calculations emerged during the last years and we will
discuss them in section 9.3. The jury is therefore still out on which
basis set is most accurate for solids.
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GW approximation in practice

What makes GW calculations even at G0W0 level rather “laborious”:

Careful is needed:
Integration over the Brillouin zone

Integration in energy domain

GW approximation in practice:

Plane wave representation:

Sum over unoccupied states
Plane wave cutoff for exchange and dielectric matrix
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GW approximation in practice: Plasmon-Pole approximation

Electron Energy Loss spectrum

All components exhibit a peak, otherwise the amplitude is small
Model Dielectric function: Plasmon-Pole approximation

Different recipes to evaluate poles and residues

GW approximation in practice:

The energy integral is now analytic
This is an approximation!!
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Si C

Ne ZnO

P. Larson, M. Dvorak, and Z. Wu Phys Rev. B 88, 125205 (2013)

Real part along real axis

ZnO case M. Stankovki et al. Phys Rev. B 84, 241201 (2011)

full integration is needed: alternative methods

Ex: interfaces,  d electrons in copper: A. Marini, G. 
Onida, R. Del Sole PRL 88, 01643 (2002)

PAUL LARSON, MARC DVORAK, AND ZHIGANG WU PHYSICAL REVIEW B 88, 125205 (2013)

TABLE I. Calculated G0W0 band gaps (in eV) using the four
plasmon-pole models of GN, HL, vdLH, and EF, compared to
numerical integration and experimental data, which exclude the
electron-phonon interaction. The last column reports the invariant
part of the localization length (σ inv

el ) of valence electrons.

GN HL vdLH EF Numerical Expt. σ inv
el (Å)

Si 1.20 1.25 1.23 1.26 1.21 1.24 1.465
C 6.10 6.25 6.25 6.29 6.15 6.11 0.838
Ge 0.68 0.72 0.70 0.71 0.69 0.85 1.533
Ne 19.65 20.99 20.51 19.99 19.41 21.50 0.879
AlN 5.55 5.73 5.71 5.74 5.59 6.29 0.891
GaN 3.51 3.61 3.62 3.66 3.54 3.44 1.064
GaAs 1.13 1.15 1.14 1.16 1.13 1.59 1.527
MgO 7.13 7.61 7.46 7.39 7.13 7.85 0.838
ZnO 2.27 2.80 2.30 2.37 2.17 3.53 0.920

requiring self-consistent GW computations19,20 and/or more
accurate DFT wave functions to construct G and W .37,47–50

Here we focus on the effects of the PPM on band structures,
and our calculations suggest that for Si, Ge, and GaAs all
four PPMs give very close Eg values (within 0.1 eV) to those
from numerical integration. For AlN, GaN, and C, variations
in Eg are in the range 0.1–0.2 eV, while for MgO, ZnO, and
Ne the differences in Eg are larger than 0.5 eV using various
PPMs. For all these materials the GN PPM always agrees very
well with the numerical integration, whereas the other three
PPMs tend to overestimate Eg, which is especially significant
in MgO, ZnO, and Ne.

We also studied the effects of the PPM on the many-
body corrections to individual QP energies, as summarized
in Table II for the conduction-band minimum (CBM) and
valence-band maximum (VBM). Although the variations in
"Eg (EG0W0

g − EDFT
g ) of Si and C are negligible using these

four PPMs, the many-body corrections to CBM ("Ec) and
VBM ("Ev) vary noticeably. We find that (1) the GN results
are very different from the HL, vdLH, and EF results, which
are relatively similar; (2) for solid Ne, "Ec is not sensitive to
the choice of PPM, while "Ev depends strongly on the PPM;

TABLE II. Calculated G0W0 corrections (in eV) to DFT CBM
("Ec), VBM ("Ev), and band gaps ("Eg) using the four plasmon-
pole models of GN, HL, vdLH, and EF, compared to numerical
integration.

GN HL vdLH EF Numerical

Si "Ec 0.50 0.22 0.21 0.26 0.51
"Ev −0.15 −0.48 −0.47 −0.45 −0.11
"Eg 0.65 0.70 0.68 0.71 0.62

C "Ev 1.16 0.77 0.75 0.82 1.09
"Ec −0.19 −0.73 −0.75 −0.72 −0.30
"Eg 1.35 1.50 1.50 1.54 1.39

Ne "Ec 2.80 2.67 2.69 2.74 2.84
"Ev −5.48 −6.95 −6.45 −5.88 −5.20
"Eg 8.28 9.62 9.14 8.62 8.04

ZnO "Ec 0.79 0.13 0.22 0.51 0.78
"Ev −0.61 −1.80 −1.21 −0.99 −0.52
"Eg 1.40 1.93 1.43 1.50 1.30

(3) both "Ec and "Ev for ZnO change considerably when
varying the PPM; and (4) for all these materials the GN results
of "Ec and "Ev agree excellently with those from numerical
integration, which is consistent with the previous work.51

Since the PPM approximates the dynamic screening, which
is strongly correlated to the level of electron delocalization,52,53

we quantify this by computing the localization length (σel)
of valence electrons. Here σel =

√
S/N , and the spread

functional S of an N -band crystal in real space is defined as

S =
N∑

n=1

[
〈r2〉n − 〈r〉2

n

]
. (2)

S can be decomposed into one gauge-invariant term S inv and
a variant term S̃, and the minimized S̃ can be obtained by
employing the WANNIER90 code52,54 to search over a range of
unitary transformations to the wave functions.

The last column of Table I shows the calculated invariant
part of the localization lengths σ inv

el , which clearly suggests that
for the highly delocalized electronic systems, such as Si, Ge,
and GaAs, these four PPMs behave very similarly to numerical
integration on band gaps, whereas for the strongly localized
systems such as MgO, ZnO, and Ne, the G0W0 band gaps
differ significantly with different PPMs used, as visualized in
Fig. 1. We note that although C has a σ inv

el comparable to those
of ZnO and Ne, its lattice constant is much smaller than those
of ZnO, Ne, and Si; therefore, its valence electrons are much
less localized than ZnO and Ne, as graphically demonstrated
in Fig. 2: ZnO and Ne have strongly localized valence electron
distributions, whereas the valence electrons in Si and C are
much more extended.
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FIG. 1. (Color online) Performance of four PPMs on band gap
(Eg) with respect to localization length (σ ) of valence electrons. Here
the vertical axes are the difference in computed Eg using PPMs and
numerical integration; (a) the horizontal axis is the invariant part of
the localization length, and (b) it is scaled by lattice constant alatt.
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PPA become questionable when             
differs from single-pole

✏�1
GG0
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GW approximation in practice: the Plasmon Pole Approximation
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GW approximation in practice: QP solution

Goal:

This is an approximation!! very frequently used but 
not always valid

(8a) Dyson Solver:  yambo -g n/s 

DysSolver= "n"  First order expansion around KS eigenvalue             

dScStep=  0.10000   eV    # [GW] Energy step to evaluate Z 

DysSolver= "s"  Secant iterative method          

https://en.wikipedia.org/wiki/Secant_method

(8a) Dyson Solver:  yambo -g n/s 

DysSolver= "n"  First order expansion around KS eigenvalue             

dScStep=  0.10000   eV    # [GW] Energy step to evaluate Z 

DysSolver= "s"  Secant iterative method          

https://en.wikipedia.org/wiki/Secant_method

first order expansion around KS eigenvalue ϵnk

This is an approximation!!
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The GW flow in one slide:

DFT:  {ϵnk}, {ψnk}
DFT-KS ( ) 
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{ϵKS
i , ϕKS

i }
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The GW flow in one slide:

DFT:  {ϵnk}, {ψnk}
DFT-KS ( ) 

 

Vxc

{ϵKS
i , ϕKS

i }

G0,nk =
fnk

ω − ϵnk − iη
+

1 − fnk

ω − ϵnk + iη

χ0
GG′￼(q, ω) = 2∑

vc
∫BZ

dk
(2π)3

ρcvk(q, G)ρ*cvk(q, G′￼)[ 1
ω + ϵvk−q − ϵck + iη

−
1

ω + ϵck − ϵvk+q − iη ]

χ0 G0
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The GW flow in one slide:

DFT:  {ϵnk}, {ψnk}
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G0,nk =
fnk
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+
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ω − ϵnk + iη

χ0
GG′￼(q, ω) = 2∑

vc
∫BZ

dk
(2π)3

ρcvk(q, G)ρ*cvk(q, G′￼)[ 1
ω + ϵvk−q − ϵck + iη

−
1

ω + ϵck − ϵvk+q − iη ]

χ0 G0

χGG′￼(q, ω) = ∑
G′￼′￼

[δGG′￼+ V(q + G)χ0
GG′￼

(q, ω)]−1 χ0
GG′￼

(q, ω)

ϵ−1
GG′￼

(q, ω) = δGG′￼
+ V(q + G)χGG′￼

(q, ω)

WGG′￼
(q, ω) = ϵ−1

GG′￼
(q, ω)V(q + G)

ϵ = 1 − vχ0 (RPA)
ϵ−1

W0(ω)
Plasmon-Pole
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The GW flow in one slide:

DFT:  {ϵnk}, {ψnk}
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[δGG′￼+ V(q + G)χ0
GG′￼

(q, ω)]−1 χ0
GG′￼
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GG′￼

(q, ω) = δGG′￼
+ V(q + G)χGG′￼
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WGG′￼
(q, ω) = ϵ−1

GG′￼
(q, ω)V(q + G)

ϵ = 1 − vχ0 (RPA)
ϵ−1

W0(ω)
Plasmon-Pole

Σx
nk = −

occ

∑
m

∫BZ

dq
(2π)3 ∑

G

V(q + G) |ρnmk(q, G) |2

Σc
nk(ω) = ∑

m
∫BZ

dq
(2π)3 ∑

GG′￼

ρnmk(q + G)RGG′￼(q)ρ*nmk(q + G′￼)
ω − ϵmk−q + [ΩGG′￼(q) + iη]sgn(μ − ϵmk−q)

 ΣG0W0(ω)
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The GW flow in one slide:

DFT:  {ϵnk}, {ψnk}
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M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)  

Some GW results: semiconductor band gaps

GW band gaps: huge 
improvement wrt the LDA
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M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)  

Some GW results: semiconductor band gaps

GW band gaps: huge 
improvement wrt the LDA

Very good agreement with 
the experiment!!
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M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)  

Some GW results: semiconductor band gaps

GW band gaps: huge 
improvement wrt the LDA

Very good agreement with 
the experiment!!

But for a wrong reason!!!!
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GW potential

Vloc(r)ψQP(r) = ∫ dr′￼Σ(r, r′￼, EQP)ψQP(r′￼)
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Energies by GWEnergies by GW
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What about absorption spectra?
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Something important is missing!!!

WR
ON
G!

What about absorption spectra?
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GW: an exascale-Class Problem 

GW represents the intersection of worst-case scaling, memory intensity, and communication, making it an  
ideal stress test for exascale computing.

Why GW Is Computationally Extreme 

• Unfavourable scaling 

◦ Typical cost in system size.  

• Dense linear algebra + global FFTs 

◦ Heavy all-to-all communication 

• Memory pressure 

◦ Tens to hundreds of TB for realistic systems 

• Limited algorithmic shortcuts 

◦ Accuracy depends on explicitly resolving BZ integration
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GW: an exascale-Class Problem 

GW represents the intersection of worst-case scaling, memory intensity, and communication, making it an  
ideal stress test for exascale computing.

Why GW Is Computationally Extreme 

• Unfavourable scaling 

◦ Typical cost in system size.  

• Dense linear algebra + global FFTs 

◦ Heavy all-to-all communication 

• Memory pressure 

◦ Tens to hundreds of TB for realistic systems 

• Limited algorithmic shortcuts 

◦ Accuracy depends on explicitly resolving BZ integration

Advancing Quantum Many-Body GW Calculations on Exascale Supercomputing Platforms (BerkeleyGW) 
ACM Gordon Bell Prize Finalist (2025)  B.Zhang et al.  arXiv:2509.23018 (2025) 

• GW calculation of a 17000 atom system  

• many-body GW calculations achieving O(1) exaFLOP/s with strong scaling to full machines. (Frontiers, Aurora) 

• Strong scaling to ~10⁵ GPUs (Frontier) 

• Makes predictive excited-state simulations feasible at material sizes previously unreachable by GW.

Ab-initio Quantum Transport with the GW Approximation, 42,240 Atoms, and Sustained Exascale Performance 
ACM Honorable Mention  (2025)  N. Vetsch  et al. https://doi.org/10.1145/3712285.377178  (2025)

https://arxiv.org/abs/2509.23018
https://doi.org/10.1145/3712285.377178
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Ab initio many-body perturbation theory (MBPT)
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Many Body technique for spectroscopy:
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Many Body technique for spectroscopy:
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Layered materials 
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graphene

Optical absorption: Excitons

Bonacci et al PRM (2022) 

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Many Body technique for spectroscopy:
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Optical absorption: Excitons
Phonon-assisted luminescence

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Bonacci et al PRM (2022) 

Zanfrognini, Paleari, Molinari, Varsano …PRL 
(2023)

Many Body technique for spectroscopy:
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Optical absorption: Excitons
Phonon-assisted luminescence

High-harmonic generation

PRB 89, 081102(R) (2014)

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Bonacci et al PRM (2022) 

Zanfrognini, Paleari, Molinari, Varsano …PRL 
(2023) See P2.36: Fulvio Paleari

Many Body technique for spectroscopy:
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Layered materials 
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EELS free-standing	
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Optical absorption: Excitons
Phonon-assisted luminescence

High-harmonic generation

PRB 89, 081102(R) (2014)
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PRM 5, 083803 (2021) Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Bonacci et al PRM (2022) 

Zanfrognini, Paleari, Molinari, Varsano …PRL 
(2023) See P2.36: Fulvio Paleari

Many Body technique for spectroscopy:
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A Molina-Sánchez, D Sangalli, L Wirtz, A Marini

Nano Letters 17, 4549 (2017)

Torun, Miranda, Molina-Sánchez, Wirtz

Phys. Rev. B 97, 245427 (2018)

D. Varsano, M. Palummo, E. Molinari, M. Rontani

Nature Nanotech 15, 367 (2020)M. Palummo, E. Berrio, D. Varsano, G. Giorgi,

ACS Energy Lett. 5,  457 (2020)

Example of applications

2D materials and heterostructures
Nanostructures

hybrid organic inorganic

halide Perovskites

D. Varsano, D. Sangalli, et al.,

Nature Comm. 8, 1461 (2017)

A Molina-Sánchez et al. Nano Lett. (2017) 

Which systems you can deal with:

L. Chiodo et al. Phys. Rev. B (2010)

A Molina-Sánchez, D Sangalli, L Wirtz, A Marini

Nano Letters 17, 4549 (2017)

Torun, Miranda, Molina-Sánchez, Wirtz

Phys. Rev. B 97, 245427 (2018)

D. Varsano, M. Palummo, E. Molinari, M. Rontani

Nature Nanotech 15, 367 (2020)M. Palummo, E. Berrio, D. Varsano, G. Giorgi,

ACS Energy Lett. 5,  457 (2020)

Example of applications

2D materials and heterostructures
Nanostructures

hybrid organic inorganic

halide Perovskites

D. Varsano, D. Sangalli, et al.,

Nature Comm. 8, 1461 (2017)

M. Palummo et al. ACS Energy Letter (2020) M. Atambo et al. Phys. Rev. Mat (2019)

A Molina-Sánchez, D Sangalli, L Wirtz, A Marini

Nano Letters 17, 4549 (2017)

Torun, Miranda, Molina-Sánchez, Wirtz

Phys. Rev. B 97, 245427 (2018)

D. Varsano, M. Palummo, E. Molinari, M. Rontani

Nature Nanotech 15, 367 (2020)M. Palummo, E. Berrio, D. Varsano, G. Giorgi,

ACS Energy Lett. 5,  457 (2020)

Example of applications

2D materials and heterostructures
Nanostructures

hybrid organic inorganic

halide Perovskites

D. Varsano, D. Sangalli, et al.,

Nature Comm. 8, 1461 (2017)

C. Attaccalite et a, Phys. Rev. B 95, 125403  (2017)

D. Varsano, D. Sangalli et al. Nature Comm. 8, 1461 
(2017)

MOFs

A. Rajan et al J. Phys. Chem. Lett. (2021)
M. Palummo et al J. Chem. Phys. (2009)

D. Varsano et al. J. Phys. Condens. Matter  (2017)
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Take Home Messages:

Even at G0W0 level, several convergence parameter and approximations have to be carefully 
checked: (integration BZ, number of unoccupied states, convergence of the screening ….)Yambo overview

[−�2

2
+v s (r ) ]ψnk (r )=ϵnkψnk (r )

DFT simulation as input.

Interfaced with QE (MaX) and abinit

ab initio many-body perturbation theory (ai-MBPT) 

courtesy M. Van Setten
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Take Home Messages:

Even at G0W0 level, several convergence parameter and approximations have to be carefully 
checked: (integration BZ, number of unoccupied states, convergence of the screening ….)Yambo overview

[−�2

2
+v s (r ) ]ψnk (r )=ϵnkψnk (r )

DFT simulation as input.

Interfaced with QE (MaX) and abinit

ab initio many-body perturbation theory (ai-MBPT) 

DFT:

pseudopotential

k-point mesh / energy cutoff

smearing

Functional choice

courtesy M. Van Setten

GW:

• N4 scaling 	
• Converge more parameters: number of empty bands and 
dielectric cutoff . 	
• Test k-point sampling and frequency treatment	
• Mind starting point dependence.
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High Throughput MBPT:
Yambo overview

[−�2

2
+v s (r ) ]ψnk (r )=ϵnkψnk (r )

DFT simulation as input.

Interfaced with QE (MaX) and abinit

ab initio many-body perturbation theory (ai-MBPT) 

Yambo overview

G
( r ) , KS (r , r ' ,ω )=∑

nk

ψnk
⇥ (r )ψnk (r ' )

ω−ϵnk
KS+i η

DFT Green function to 

de(ne MBPT quantities

BSE

Microscopic

screening

χG ,G ' (q ,ω )

ab initio many-body perturbation theory (ai-MBPT) 

[−�2

2
+v s (r ) ]ψnk (r )=ϵnkψnk (r )

DFT simulation as input.

Interfaced with QE (MaX) and abinit

Starting point: A DFT calculation: 

• N4 scaling 	

• Converge more parameters 	

• No “safe” convergence parameters for all calculations.	

• No “safe” computational settings (#cpu’s, memory, time)	

courtesy M. Van Setten

PUBLICPUBLIC

HIGH-THROUGHPUT GW

▪ additional difficulties
▪ Pseudo potentials
▪ 4 step calculation
▪ N4 (at best N3) scaling
▪ More convergence parameters
▪ No ‘safe’ parameter set (converged results for all)
▪ No ‘safe’ computational settings (# cpu’s, memory, time, ...)
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▪ Pseudo potentials
▪ 4 step calculation
▪ N4 (at best N3) scaling
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▪ No ‘safe’ parameter set (converged results for all)
▪ No ‘safe’ computational settings (# cpu’s, memory, time, ...)
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Algorithms for automatic convergence of 
many-body perturbation theory methods 

efficient sampling in multi-dimensional 
parameter space 

combines yambo workflows with the AiiDA 
automation engine 

npj Comput Materials 9, 74 (2023)  

Miki Bonacci 
(CNR-Nano, Modena)

High Throughput MBPT:
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GW100 Dataset

High Throughput MBPT and validation:

M. Bonacci, D. A. Leon et al JCTC (2026)
T. Rangel, M. Del Ben. D. Varsano et al. Comp. Phys Comm. (2020)

Miki Bonacci 
(CNR-Nano, Modena)

Yambo, Abinit and BerkeleyGW calculations 
on Si, TiO2, ZnO, Au the converged QP 

energies calculated with the different codes 
agree within 0.1 eV. Coulomb divergences, 
dynamical treatment of the screening, PPs, 
as a major source of discrepancy among 

different implementations. 
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Conclusive remarks: GW many virtues!!!Take Home Messages:
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 accurate results (QP energies, but also total energies, lifetimes)
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 accurate results (QP energies, but also total energies, lifetimes)

GW:  Starting point for absorption spectroscopy - excitonic effects: 
Bethe-Salpeter (see next  lectures)
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Conclusive remarks: GW many virtues!!!

GW:  parameter-free method which provides in most of the case	
 accurate results (QP energies, but also total energies, lifetimes)

GW:  Starting point for absorption spectroscopy - excitonic effects: 
Bethe-Salpeter (see next  lectures)

G0W0 today is feasible for medium size systems: algorithms suitable for 
HPC computation (also hybrids architectures, GPU cards).

Take Home Messages:
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Even if you converged everything in a pedantic way:

Do not forget:

Take Home Messages:
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GW:  it is an approximation for the self energy: Vertex effects missing

Even if you converged everything in a pedantic way:

Do not forget:

Take Home Messages:



ICTP MARVEL College: Materials simulations in the age of AI, Trieste  June 3rd, 2026

GW:  it is an approximation for the self energy: Vertex effects missing

Even if you converged everything in a pedantic way:

Do not forget:

GW:  Many approximations enters in a practical calculations:

Take Home Messages:
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GW:  it is an approximation for the self energy: Vertex effects missing

Even if you converged everything in a pedantic way:

Do not forget:

GW:  Many approximations enters in a practical calculations:

in it’s widespread G0W0 flavour it is not self-consistent: strong dependence on the 
DFT starting point (specially true for molecules. Start from hybrid DFT?)

 Even in partial self consistent flavour usually QP wave function assumed to be the 
same as the initial KS wave function

 Screening treated at RPA level 

Frequency dependence of the screening usually approximated with a PP model

Take Home Messages:
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GW:  it is an approximation for the self energy: Vertex effects missing

Even if you converged everything in a pedantic way:

Do not forget:

GW:  Many approximations enters in a practical calculations:

in it’s widespread G0W0 flavour it is not self-consistent: strong dependence on the 
DFT starting point (specially true for molecules. Start from hybrid DFT?)

 Even in partial self consistent flavour usually QP wave function assumed to be the 
same as the initial KS wave function

 Screening treated at RPA level 

Frequency dependence of the screening usually approximated with a PP model

GW successful in the interpretation of spectroscopical properties of 
many systems but calculations need careful checks and relies on 

different approximations that can fail. 

Take Home Messages:
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Useful Links:

https://wiki.yambo-code.eu

Instruction for the tutorials

https://yambo-code.eu/forum

https://yambo-code.github.io/yambo-wiki/
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Suggested reading:

Seminal papers:
L. Hedin Phys. Rev. A  139, A796 (1965)	
L. Hedin, S. Lundqvist . in Solid State Physics, 23, 1–181 (1970)
Reviews:

Aryasetiawan F., Gunnarsson O. The GW method. Rep. Prog. Phys. 61:237 (1998)
Aulbur W. G., Jö nsson L., Wilkins J. W. in Solid State Physics, Vol. 54, 1–218 (2000)

D. Golze, M.  Dvorak, and P. Rinke Front Chem. 2019; 7: 377. (2019)
Reining, L, WIREs Comput Mol Sci, 8: e1344. (2018)

Yambo code implementation:

D. Sangalli et al. J. Phys.: Condens. Matter 31 325902 (2019) 
A. Marini, C. Hogan, M. Gruning and D. Varsano Comp. Phys. Comm. 180, 1293 (2009)

R. Martin, L. Reining, D. Ceperley  
Cambridge University Press
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