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The GW approximation represents the state-of-the-art ab-initio method for computing excited-state
properties. Its execution requires control over a larger number of parameters, and therefore, its

application in high-throughput studies is hindered by the complex and time-consuming convergence
process across a multidimensional parameter space. To address these challenges, we develop a fully-
automated open-source workflow for GoW, calculations within the AiiDA framework and the projector
augmented wave (PAW) method. The workflow is based on an efficient estimation of the errors in the
quasi-particle (QP) energies due to basis-set truncation and ultra-soft PAW potentials norm violation,

which allows a reduction in the dimensionality of the parameter space and avoids the need for
multidimensional convergence searches. Protocol validation is conducted through a systematic
comparison against established experimental and state-of-the-art GW data. To demonstrate the
effectiveness of the approach, we construct a database of QP energies for a dataset of over 320 bulk

structures.

The rapid development of high-throughput (HT) approaches during the last
decade has represented a significant advancement in the field of materials
science'™. The fast advancement in computational power in combination
with the reliability and efficiency of ab-initio codes and workflow engines™
has enabled researchers to conduct HT screening across increasingly larger
chemical spaces. In turn, HT protocols have enabled the creation of large
electronic-structure databases that have significantly contributed to the
discovery and design of novel materials, providing a basis for future research
efforts'*™"*. Furthermore, materials databases are an essential key for data-
driven machine learning approaches'>'’, enabling efficient data analysis'"'*
and accelerating electronic structure simulations. Despite significant
advancements several challenges persist, in particular regarding limited
verification standards and validation procedures, which are subject of
ongoing efforts™"™".

The vast majority of current HT schemes and materials databases
employ density functional theory (DFT), due to its efficiency and reliability
in predicting structural™”'***, thermodynamic™*” and ground-state
electronic properties . The extension of these HT approaches to the
investigation of excited-state properties remains limited due to well-

documented shortcomings of DFT", such as the band-gap problem and the
inability to accurately describe excitonic effects™”. A reliable description of
these properties is crucial for predicting material’s optical and transport
behaviors—and in turn to design and discover novel materials for electronic,
optoelectronic and photovoltaic applications™™. In this respect, several
studies have utilized ab-initio schemes based on extensions to conventional
DFT, for example by including on-site repulsion’”” (DFT + U) or adding a
portion of exact exchange™ (hybrid functionals). These improved schemes
have been employed to generate material databases or conduct HT
screening of potential candidates for photocatalysis and photovoltaic
applications™**~*.

In recent times, there has been a surge in efforts dedicated to advancing
workflows and databases beyond local and semi-local functionals using the
GW approximation**, The GW method™**, which relies on a direct
approximated calculation of the electron self-energy, is widely recognized as
the state-of-the-art ab-initio method for calculating excited-state
properties™’. Within the GW approach, the energy levels can be identi-
fied as quasi-particle (QP) excitation energies and provide an improved
account of bandgaps and dispersion relations’****". Unfortunately, the
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execution of GW calculations poses technical and numerical challenges that
can impact the accuracy of the results. The self-energy term displays a slow
convergence with respect to the basis-set®*, which can result in under-
converged QP gaps and severely increase the computational requirements.
Moreover, standard implementations exhibit an interdependence among
multiple numerical parameters, such as the plane-wave energy cutoff,
number of k-points and basis-set dimension.”>** Although empirical
guidelines can aid in accelerating convergence™®, typical convergence
procedures still require the exploration of a multidimensional parameter
space, thereby increasing both the complexity of the process and the number
of preliminary calculations needed. In the worst case, not taking into
account these dependencies properly may cause false convergence
behaviors®™*, which can compromise the accuracy of the QP energies.

In this paper, we develop an efficient high-throughput approach for
computing accurate QP energies based on the GyW scheme that specifically
addresses these challenging aspects. The proposed procedure offers two key
advantages: first, it reduces the computational cost of multidimensional
convergence procedures by significantly limiting the number of preliminary
calculations needed. Second, it aims to achieve high-accuracy QP energies
by building upon the finite-basis-set correction concept™, which identifies
specific analytical constraints to correctly account for parameter inter-
dependence. The workflow implementation relies on the Vienna Ab Initio
Simulation Package (VASP)™” within the projector augmented wave
method (PAW)’, integrated in the AiiDA framework®””" through a sui-
table extension of the AiiDA-VASP plugin. The open-source AiiDA plat-
form enables the automation of multi-step procedures, including error
handling, with minimal user intervention. Additionally, it has the capability
to store the calculations’ provenance to ensure reproducibility>*">”>. We
note that the designed procedure is not specific to VASP and can be adapted
to other ab initio codes. For instance, the protocol we propose is based on the
analytical form of the diagonal elements of the self-energy within the GW
approximation and its plane-wave expansion; This formulation is standard
and could therefore be straightforwardly extended to any plane-wave
expansion GoW,, implementation. This modular strategy could provide a
solid foundation for a GW verification effort, similar in spirit to the
community-driven workflow for DFT data verification described in ref. 20.
The capability and efficiency of our HT protocol are demonstrated by the
construction of an accurate GoW, database containing QP gaps of more
than 320 materials, easily extendable to contain additional materials. Our
database serves as a benchmark for validating the accuracy of the procedure,
and the adopted standardized protocol ensures internal consistency among
the parameters and PAW potentials selection. This standardization not only
improves reproducibility but also makes the database suitable as a platform
for machine-learning purposes and establishes the dataset as a high-quality
reference for the QP energies of the included compounds.

The paper is organized as follows. We start by summarizing the basic
theoretical aspects of the GW method and basis-set extrapolation. In the
results section, we first report the technical aspects of the implemented
workflow and then we discuss the construction of the database and assess
the accuracy and the efficiency of the workflow procedure. Technical details
of the VASP setup are collected at the end.

The GW approximation employs many-body perturbation theory to
compute the excitation spectrum by evaluating the self-energy X = iGW,
where G is the single-particle Green’s function and W the screened Cou-
lomb interaction, through the iterative solution of Hedin’s equations™.
There exist different GW schemes depending on the way W and G are
updated. The most common variant is the so-called single-shot GW
(GoWy), where X is evaluated in a single iteration starting from initial
orbitals and energies (typically DFT) and the corresponding eigenvalue
equation is solved. Though this approach avoids the explicit computation of
the Green’s function and entirely neglects self-consistency in G, meaning
that only the energies are updated while the orbitals remain unchanged, it
typically yields band gaps in good agreement with experiment'”*’*".
However, it has been shown that part of the success of GoW,, stems from a
fortuitous cancellation of errors***. Improved agreement with

experimental results has been achieved by introducing self-consistency in
both the energies and orbitals, as done in the quasi-particle self-consistent
GW approach®*. Furthermore, more accurate predictions can be obtained
by including vertex corrections, which account for the attractive
electron-hole interaction responsible for excitonic effects™* . A self-
consistent approach and the inclusion of vertex corrections are particularly
important for materials such as antiferromagnetic transition metal
oxides™".

The quasi-particle energies presented in this paper are calculated using
perturbative single-shot GoWy>**"* starting from Kohn-Sham single
particle energies ELfT and orbitals y2f "

Ee = EX" + Zu(yn 1Z(EXT) = Vilwil") @

where Z, is the renormalization factor and V,. the DFT exchange-
correlation potential; 7 and k are the band and k-point indices. The orbitals
y are expanded on a plane-wave basis-set, associated to a cutoff parameter
G2 The diagonal elements of the self-energy X, are calculated as the sum
of the exact Fock exchange X7, and the correlation term X,
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where W (G, G', ') is the screened Coulomb interaction, p the overlap
density p,m(k, q, G) = (1//nk|ei(“+G)'|1//mk,q), fthe occupation function, Q the
cell volume and # a positive infinitesimal. N*" defines the number of
unoccupied bands included in the sum-over-bands in = and W expression;
GY,, represents the energy cutoff on the response function and screened
Coulomb potential elements.

Several works™*”'~ proved analytically that basis-set incompleteness
error on the QP energies follow a linear dependence on the inverse
number of plane-waves. Building on the derivations by Shepherd et al.”
and Gulans et al.”” for the correlation energy within the random phase
approximation in the large G limit, Klime$ et al.** investigated the
asymptotic convergence of the self-energy. They derived the contribu-
tions from large-momentum plane-waves used to represent the response
function and provided an estimate of the error introduced in practical
calculations due to a finite basis-set:

AE,, ﬁ > pu(@p(—g) x NL > pa@p(-8)  (3)

cut g g

where p,,(g) is the density of the m band in reciprocal space and p(g) is the
total density; g is defined as g = G — G’ with G and G’ basis vectors of the
reciprocal unit cell. The expression is derived under the approximation that
high-energy unoccupied states can be represented by plane-waves, and
assuming a complete set of unoccupied orbitals compatible with a given
cutoff G2y (i.e., all orbitals spanned by the finite plane-wave basis-set are
included).

The inclusion of the full finite basis-set for the given Gl (hereafter
named full basis-set constraint) is crucial in order to avoid false convergence
behaviors. In fact, the 1/N,, asymptotic limit can be formally justified only if
the number of unoccupied bands N** and both the cutoffs G2y and G, are
increased simultaneously and with a similar rate™. This result clarifies why
extrapolating with fixed parameters can result in false convergences. Cru-
cially, this requirement is ensured by the full basis-set constraint and,
moreover, the constraint also implies that N, is controlled by the orbital
basis cutoff G2y,

A second important factor that can affect the precision of the QP
energies is the norm violation of the PAW pseudo-waves, as pointed out in

refs. 32,51,64. The PAW framework has been widely adopted in several
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Fig. 1 | ZnO QP gap as a function of the number of bands N,,,. The gaps are
displayed for NC (ENC) and US-PAWs (EUS) computed on the reduced
np=3x3x3k- pomt mesh. For comparison, the curve associated to EYS determined
on dense Ny = 6 x 6 x 6 k-meshes is also shown. The corresponding cutoff energies,
as defined by the full basis-set constraint, are shown on the upper axis. We note that
the final extrapolation protocol employs three GoW, data points (with bands in the
range 1000-1400), and the complete range is displayed for reference.

96,97

popular GW implementations™”’, thanks to its transferability properties
and computational efficiency™. In particular, the completeness of the PAW
partial-waves is another key assumption underlying Eq. (3). PAW potentials
are generally constructed to have pseudo partial waves that have a different
norm than the all-electron partial waves. All standard PAW potentials
released with VASP have this property. In the following, we will refer to
them as “ultra-soft” PAW potentials, to distinguish them from the norm-
conserving PAW potentials also used in the present work. These potentials
have been constructed to have pseudo-partial waves that have the same
norm as the all-electron partial waves. As shown in ref. 64 this yields
technically more accurate GW energies. While the assumption is likely
satisfied for low-lying unoccupied states, (non norm-conserving) ultra-soft
PAW potentials (US-PAWs) can violate this constraint for the high-energy
states included in the  band summation®. This violation implies that their
contributions to the p(g) density in Eq. (3) are not properly described: the
consequence is that, while the 1/N,,,, asymptotic behavior still holds, the QP
energies converge to an incorrect asymptotic limit. A possible solution to
this issue is to employ norm-conserving PAW potentials (NC-PAWSs), as
enforcing norm conservation on the PAW partial-waves strongly mitigates
the problem. However, this approach comes with a prominent drawback:
NC-PAWSs require significantly higher plane-wave cutoffs compared to US-
PAWS (up to 40—50%). Figure 1 demonstrates this behavior for the well-
studied semiconductor ZnO. The figure displays the dependence of the QP
gap versus 1/N,,, for NC and US PAWs. While the band-gaps computed on
a reduced k-point mesh 7, =3 x 3 x3 with NC and US-PAWs display
similar values for ~1500 bands, beyond that threshold they converge
towards significantly different limits. Increasing the k-meshes to
Ni =6 %6 x 6 improves the US prediction.

Results

Our GW workflow achieves extrapolated QP energies through the inclusion
of two correction terms. These terms account for (i) the error committed by
truncating the band summations in the self-energy and (ii) for the error
related to the norm violation of the US-PAW. The implementation details
and their advantages are discussed in the next two subsections.

Basis-set Incompleteness correction

The protocol described in this section aims to estlmate the basis incom-
pleteness error associated with the QP energies EQP(N o, Ny) determined
for a given number of bands N, (1) and on a k-point mesh Nj. To estimate the

error, several (up to a maximum of 4 in our implementation) GyW,, cal-
culations are executed, and the QP energies are extrapolated with respect to
the basis-set size by fitting Eq. (2). The extrapolation is performed under two
conditions: first, the computational parameters are increased simulta-
neously at the same rate between GoW|, runs, as discussed in the previous
section. The response function cutoff G, is determined as
Gl = 2GE7M while the number of bands N [ow is constrained by
assuming a full basis for a given cutoff Gy Therefore, only G&, is an
independent parameter, while N, and G},,, are defined by the orbital cutoff:
this crucially reduces the drmensronahty of the parameter space that the
workflow must explore while ensuring an accurate extrapolation. We
empbhasize that this represents a first important advantage with respect to
conventional convergence procedures, which must sample multi-
dimensional parameter spaces”": By minimizing the number of inde-
pendent parameters, this approach allows for an efficient extrapolation
strategy which avoids extensive parameter sweeps.

Secondly, the convergence behavior has been proven to be
insensitive”*"** to the k-point density used: the extrapolation to the
asymptotic limit is therefore Ferformed on areduced k-point grid ;. and the
errors due to truncation at N bands are estimated. Finally, the QP energies
on the denser k-mesh EQP(NPW,N ) can be corrected for the basis-set
completeness error (labeled ABS)****

Egp-oo(Npy, Nj) EQP(N;J}AMNI{)
+ [Bapoo (N35 1) = Ep (N, ) | @

ABS

where E_ (N0, Ny ) corresponds to the QP energies for infinite bands N7,
and high den51ty k-point mesh Ni. N Pw ) and ny, indicate respectively the
sparse k-mesh and finite number of bands; ABS represents the estimate of
the basis-set incompleteness error.

Lastly, we note that the approach offers an additional computational
advantage: the GoW,, calculation on the dense Ny k-mesh can be executed
with a reduced basis-set for the N, parameter, which, depending on the
system, can correspond to a significantly lower number of bands than that
obtained through conventional convergence schemes. In such cases, the ABS
correction will result in correspondingly larger values to account for the
discrepancy. In this context, it is worth noting that empirical strategies have
been proposed to accelerate convergence. For example, the screening
parameter can be converged using a coarse or even I-only k-point grid,
while the k-point grid convergence can be reliably assessed using a reduced
basis-set size and a lower response function cutoff***’. We note lastly that
these strategies can be readily integrated into our protocol, as the k-point
grids used for extrapolation and corrections are user-configurable
parameters.

Norm-Violation correction

It has been noted”* that the basis-set extrapolation with US-PAW
potentials often converges to wrong limit, due to the incompleteness of the
partial-waves. Norm-conserving PAWSs provide the most accurate extra-
polations achievable within the PAW framework, albeit at the expense of
increased computational resource cost. Therefore, employing exclusively
NC-PAWs throughout the entire procedure could effectively resolve the
issue. However, computing the QP energies on the dense Ni k-mesh with the
significantly harder cutoffs imposed by NC-PAW potentials can represent
an additional notable computational bottleneck.

The Norm-Violation (NV) correction aims to restore the accuracy
while hmltmg the additional computational cost by computing
EQP(N ow» Ny) with the US-PAWSs and introducing an additional corrective
term to restore the convergence of the basis-set correction to the precise NC
value. This term represents the error of the basis-set extrapolated QP energy

with US-PAWs EQP o (NS o n,) with respect to the reference NC ones
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Fig. 2 | Flowchart of the AiiDA VaspGWork-
Chain workflow. The structural data represent the
only required input. For improved clarity, the
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This additional correction is then incorporated into the extrapolated QP
energies on the converged k-mesh to compensate for the error:

BN o (N3 ) ~ B (N3, Ny ) + ANV )

General structure of the GoW, workflow

The automation of the procedure described has been achieved through the
development of a VaspGWorkChain workflow based on the AiiDA
framework®" and on the AiiDA-VASP plugin®. The plugin provides the
interface with the VASP software®*. The plugin supports DFT and post-
DFT ab-initio calculations (DFT+U, hybrid functionals and GoW,), spin-
orbit and structural relaxation calculations, as well as optical routines
(within the independent particle approximation). Furthermore, it includes
error-handling routines for the most common errors. A general overview of
the workflow flowchart and layout is illustrated in Fig. 2; additional details
regarding its main components will be described below.

The workflow requires only the material’s structure as mandatory
input from the user; the PAWs and the k-point mesh are automatically
selected. The preparation of the ab-initio DFT and GW inputs, submission
to high-performance computing clusters, results parsing and storage
are handled internally by the software. The workflow proceeding is
structured for clarity into two different branches. In the so-called dense
branch (see Fig. 2) first the k-point convergence is run and then a single
calculation on the dense k-point mesh Ny is performed. Concurrently, in
the correction branch both the basis-set incompleteness errors and the
norm-violation errors (if needed) are estimated.

The main outputs of the workflow are the QP energies ESlf on the
dense k-mesh Nj, including corrections to account for the basis-set
incompleteness and, if required, norm violation errors. Additionally, the
workflow can perform an automatic Wannierization of the QP band

tionally returned by the VaspGWorkChain. All outputs, together with
their detailed provenance, are automatically stored in the AiiDA database.

The main workflow does not launch directly any ab-initio calculation,
but prepares the inputs and calls the different sub-workflows, each dedicated
to a specific purpose:

* K-point Convergence: KptsConviWorkChain. It automatizes the
convergence of the k-point mesh with respect to the direct and indirect
QP gaps and returns the dense k-point mesh Nj.

* ABS, ANV corrections: BasisExtrWorkChain. It automatizes the
computation of EQ) _ oo(Npy, ) and of the corresponding BS correc-
tions ABS. The workchain provides a higher level interface to the upper
level logic, requiring as main inputs only the structure and the PAW
choice. A schematic flowchart of the workflow is outlined in Fig. 3.

The main VaspGWorkChain may call a second Basi-
sExtrWorkChain instance and pass the NC-PAWs as inputs in
order to compute EQP oo(Npy, 1) and the corresponding NV
corrections. By default, this correction is skipped unless the structure
contains elements whose US-PAWSs exhibit non-negligible norm
violations (the threshold is defined at 20% for the d partial-waves).
The choice is performed automatically at runtime.
« QP el%envalues on the converged (dense) k-point mesh
nk(NP ,N;): SingleGWorkChain. This sub-workflow is an
abstraction layer representing a complete GoW, run. The workflow
defines the logic needed to compute the QP energies for a specific
structure, k-point mesh, and a specific number of bands and cutoff.
It executes internally two different ab-initio simulations, the actual
GoWy calculation and the starting point DFT simulation, and
returns the corresponding QP eigenvalues. A single Single-
GWorkChain is launched to determine the QP energies
( ows Nk) on the dense k-mesh with US-PAW potentials.
The NPW, GPry parameters are selected as the less computationally
expensive pair employed within the BasisExtrWorkChain.

* Wannier-interpolation: WannierWorkChain. As a last step, this
workchain can be called to interpolate the obtained QP energies
through a Wannierization procedure to generate a QP band-structure
along high-symmetry k-point directions.
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Fig. 3 | Workflow scheme of the Basis Extrapolation workchain and its sub-
workflows. The higher-level BasisExtrWorkChain launches three instances of
SingleGWorkChain to compute the QP energies on the low k-point density (1)
for the parameters NLIM),, },ﬁi and N1(>3»3 The asymptotic limit is extrapolated and the
correction ABS, which is the main output of the BasisExtrWorkChain is
determined and returned. Finally, the QP-energies on the dense k-point grid Ny are
corrected on dense k-point grid (Nj).

We note that the BasisExtrWorkChain and KptsConv-
WorkChain both internally call SingleGWorkChain to perform the
GoW, runs. Furthermore, the lower level workflow is represented by
VaspWorkchain, a core part of the AiiDA-VASP plugin which handles
the actual ab-initio simulations on the remote high-performance clusters. It
serves as a wrapper of a single generic VASP simulation and manages
directly the construction of the VASP-specific files (INCAR, POSCAR, etc),
the submission and the output parsing.

The modular structure is designed in such a way that Basi-
sExtrWorkChain remains largely independent of the underlying ab-
initio code and provides the general logic for computing the ABS and ANV
corrections, while the SingleGWorkChain encapsulates VASP-specific
logic and integrates directly with AiiDA-VASP workflows.

Besides the structural data, which represents the only mandatory
inputs, the workchain accepts several other optional input parameters,
which allow the user to override the default behavior of the workchain.

e Deactivate_NVcorrection: Disable the NV correction.

s Extrapolation_r2_Threshold: Specify the minimum threshold on the 7
determination coefficients for the extrapolation fit; if the calculated 7
falls below this threshold, the workflow will run an additional
GOWO(N;;&, n;) calculation.

o Selected_Mode: Enforce a specific protocol for determining the
corrections.

o Selected_Kpoint_mesh: If this input is provided, the k-points
convergence procedure is bypassed, and the provided k-mesh is
utilized as the dense Nj. mesh.

* Kpts_convergence_threshold: threshold value used to determine
k-point convergence; the default value is set to 50 meV.

* Deactivate_Wannierization: Skip the last Wannier interpolation step,
activated by default.

* Kpts_Wannierization_spacing: upper limit on the k-point spacing of a
uniform grid employed for the Wannierization procedure; following
Vitale et al., the default is set to py = 0.2 A",

In the following sections, the main sub-workflows and their algorithms
will be discussed in detail, starting from the workflow computing the Basis-
Set Incompleteness error.

Basis extrapolation workchain

The algorithm encoded in the workchain is based on Eq. (4), and aims to
extrapolate Eqp_ (N, ) and the correction ABS = Ep_ (N,
EQP(N;,IW7 n,). We descnbe below its architecture:

o Three GoW, calculations are performed in parallel with different
plan(el)wave(z)cutoff?s)and band nzumbers, denoted respectively as
G Gt Gl and N, NG) and N

* The cutoff of the first GyW,, data point is determined as the maximum
energy cutoff (ENMAX tag) §1ven in the pseudo-potentials, labeled

GPAW 4, G“) GPAW U is determined by the full basis-set

o )

constraint.

¢ The parameters of the subsequent two GoW), data points are chosen in
order to Erogressrvely mcrease the number of bands in steps of
0. 20><Np ie., N —1.2xNY pw and NPW 1. 4><N . The corre-

sponding Gf,‘:;( ) Gf,f;e) are deﬁned by the full basis- set constraint.

o The workflow performs a first extrapolation to compute
EZ_ (N3 o nk) (or ES5_ (N2 ow M), depending on the PAWs
used). If the R* determination coefficients of the linear fits exceed a
predefined threshold (with a default value of 0.85, adjustable by the user
through the input parameter Extrapolation_r2_Threshold), the extra-
polations are deemed accurate and the extrapolated Eqp... values are
returned. In cases where the condition is not satisfied, an additional
fourth GoW,, calculation is performed with N},ﬁj =1.6x N;,R and the
fits are updated using the new data points.

This protocol represents a computationally efficient alternative to the

one introduced by ref. 64, where the GoW, calculations were performed
em3}))loying a considerably larger number of bands, up to
NG ~20xN 4" . This choice is adopted as the default scheme. However,
the application of this protocol to larger cells or supercells can be compu-
tationally demanding, as large cells are typically associated with a denser
bandstructure which can potentially greatly increase the number of bands
that need to be considered for the same G,,.. Therefore, we have introduced
an alternative memory-conserving variant, which is suited for rapid
screenings or for materials with large cells.
. )n the(gremo?/ conserving scheme, three separate calculations with
Ghi Gy Gy defined by 0.75x GPAW, 1.00x GPAW, 1.25 x G4V
are used for the extrapolation. The memory variant is active (default choice)
for volumes larger than 150 A°.

K-point convergence workchain

The KptsConvWorkChain finds the minimally dense k-point mesh
which achieves convergence of the QP direct and indirect gaps within a
given convergence tolerance. The search is restricted to uniform k-point
meshes which include the high-symmetry k-points of the irreducible Bril-
louin Zone. To maintain computational efficiency, the workflow leverages
the decoupling between the convergences of basis-set dimension and the
k-point mesh density: the GoW), calculations used to determine the con-
verged k-point mesh are performed with a fixed and reduced basis-set
dimension defined by G2y~ kpsCon _ .70 % Gﬁf,w, the corresponding N,,,,
is determined by the full basis-set constraint. The initial k-point mesh is
selected based on a reciprocal-space resolution of 0.4 A~ along each lattice
direction.

When the Wannierization procedure is enabled, an additional con-
straint must be taken into account: as outlined by Vitale et al.”’, the auto-
mated Wannierization procedure requires a single input parameter, namely
the k-point spacing of the uniform grid employed for the Wannierization
procedure. Their work demonstrated how this parameter significantly
impacts the accuracy of the resulting Wannier-interpolated band structure,
and noted how a spacing of p, . = 0.2 A" is sufficient for achieving
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Fig. 4| Automatic Wannier interpolation of the GyW, band-structure. The GoW,,
band structure of cubic SrTiOj; is automatically wannierized through the SCDM
scheme and plotted alongside the GoW|, eigenvalues.

interpolations with errors less than 20 meV. This consideration is incor-
porated as an additional constraint on the convergence procedure. The
minimum k-point spacing for the Wannier interpolation is taken by the
workchain as an optional argument; the k-point meshes considered during
the search are restricted to grids with a spacing equal to or higher
than Pxk— min-

Wannierization workchain

The interpolation of the GW band structure through an automatic Wan-
nierization is performed by the WannierWorkChain sub-workflow. The
starting projections are automatically determined using the selected col-
umns of the density matrix (SCDM)'**'"".

This sub-workchain executes a VASP simulation (via the Vasp-
Workchain) with Wannier90'” and its VASP interface” starting from the
wavefunctions on the dense k-point mesh Nj determined in the previous
steps. An example of Wannierization obtained from this workflow is dis-
played in Fig. 4.

Validation against ab-initio references

This section is dedicated to the validation of the protocol implemented in the
computational workflow: the main goal is to verify that the application of the
NV and BS corrections can reliably reproduce the target quasi-particle
energies Eg& 0N, Ny). For this purpose, a reference dataset comprising
the basis-set extrapolated Eq_(Ns, Ny) for 19 typical™******* group III-
VI semiconductors and insulators were determined through a careful
extrapolation performed directly on the dense Nj grid (thus without the
need of ABS and ANV). The results of the automated workflow for the same
dataset are benchmarked against these reference ESIQ > and the differences
(with and without the inclusion of the corrections) are compiled in Table 1
for valence band minimum (VBM) and conduction band maximum (CBM)
at the I' k-point. The complete QP energies for the considered set are
compiled in Tables S3 and S4 in the SM. The inclusion of both corrections
inside the workflow achieves a remarkable agreement with the reference QP
energies, exhibiting a mean absolute error (MAE) of ~15 meV for the VBM
and less than 10 meV for the CBM,; this represents a sizeable error reduction
compared to the data without the corrections, associated to MAEs
of ~ 200 meV; the basis-set corrections alone account for the 45—50% of the
error reductions for the considered dataset. However, the QP energies on
US-PAW potentials ng,(N%) + ABS still display a residual under-
estimation, in particular for group V and VI compounds (with ZnTe, MgO,
InAs, GaAs and AlAs at ~—150 meV average) and markedly high for the
ZnSe and CdSe VBMs. The inclusion of the NV correction successfully
improves over the remaining errors, reducing the deviation from the
reference Eggﬁoc to an average of under 20 meV. The proposed protocol is

therefore able to reproduce the highly precise reference results with a
reduced computational cost and without need of direct user interventions.

The GoW, database

The workflow has been used to generate a database of QP gaps and energies
comprising 325 distinct bulk structures. This database stands out, to the best
of our knowledge, as one of the largest GoW,, datasets for bulk compounds
available. It encompasses ~220 binary and ~100 ternary compounds, cov-
ering a gap range from 0.7 eV to 14 eV and containing ~ 40 diverse space
groups (see Fig. 5a) for a distribution of the most represented spacegroup in
the database). The full list of materials, including the predicted GoW gaps,
the ABS and ANV corrections, is given in Table S5 in the SM. This expanded
dataset enables a comprehensive evaluation of the accuracy of the predicted
results, specifically assessing the performance of NV and BS corrections
against experimental references (which were identified for 163 systems) and
comparing them with prior GoW), literature data.

In order to ensure consistency with previous works"*, we adopt a I'-
centered 6 X 6 x 6 grid as the dense k-point mesh N for the database. This
grid choice has been established as converged up to around ~50 meV for
insulators’**!'” including binary transition metal oxides®**'*",
halides'*"'*, ternary TMOs and perovskites"'"”. For materials displaying
slowk-point convergence, like the TM oxide ZnO, the selected grid results in
errors on the order of 100 meV**®.

Two additional subsets have been integrated into the database to serve
as additional test cases for further assessing the workflow’s efficacy. The first
comprises 36 TM oxide perovskites, a class of materials which has often been
used as proving grounds to propose or compare different computational
schemes”””>*!"¥~1 Furthermore, the presence of stronger degrees of elec-
tronic correlation establishes these systems as challenging benchmarks for
electronic structure schemes, as exemplified by the substantial discrepancies
and variability observed among theoretical predictions (covering for
example a range from 3.36 €V”’ t0 4.05 eV* for SrTiO; and from 3.18 e V"’ to
3.7 eV'* for BaTiO3). The systems in the second subset were selected from
compounds known in the literature to present significant challenges to GW
methods, in terms of severe dependence on the number of orbitals or
because they yielded inconsistent and contrasting results in previous GoW,,
studies. The former category includes ZnO and TM halides, which are noted
as extreme cases due to the exceptionally high number of states required
(estimated at more than 4000 for ZnO®****” and ~8000 and ~4000 for CuCl
and AgCl respectively"'). Similar computational demands are additionally
recognized for the perovskites SrTiO; and BaTiOs. The latter category
encompasses TM oxides such as MnO and NiO, along with several other
compounds that demonstrated significant errors in a previous GoW, HT
study’’ (SnO,, SnSe,, RuS,, V,05 and CaO). The comparisons for this
dataset are summarized in Fig. 6. For all magnetically ordered materials
included in the database, spin-polarized calculations were performed using
the known ground-state magnetic ordering.

Before discussing the workflow’s accuracy, we briefly examine the
robustness of the extrapolation. The protocol relies on the assumption
that the QP energies used to evaluate the corrections follow the 1 over N,,,,
limit; to assess the validity of this hypothesis, the workflow automatically
computes the r* determination coefficients. The final #* distributions
(considering all materials in the database) for the Valence Band Maximum
(VBM) and Conduction Band Minimum (CBM) are characterized by an
average of respectively ~97% and ~ 96%, with a standard deviation of
~10% and ~12% (see Fig. 5b) for the histograms of the distributions). To
further validate this approach, we tested a stricter threshold of * = 0.95
(defined via the input parameter Extrapolation_r2_Threshold) which
prompts the workflow to perform an additional GoW, calculations for
materials with initial coefficient of determination 0.85 <= r* < = 0.95.This
additional calculation is then utilized in the extrapolation for the BS
correction (see Fig. S4 in the SI). This adaptive approach successfully
improved the extrapolation accuracy, demonstrating the reliability of the
protocol.
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Table 1 | Energy differences from the reference basis-set extrapolated QP energies Eggf « and impact of the corrections

Eai ~ —Eap(Np) Eqe - — [Eqp(Np,)+ ABS] EQp - o — [Egp(Np,) +ABS+ANV]
Systems NL‘J, VBM (meV) CBM (meV) VBM (meV) CBM (meV) VBM (meV) CBM (meV)
AlAs 910 -164 -173 —-119 —115 1 -2
AP 820 77 —88 —18 -19 —-14 -7
AISb 1110 —123 —128 —64 -57 1 -2
CdO 580 —-179 —28 —-113 —22 —6 2
Cds 860 —-95 -97 20 —47 -3 1
CdSe 1300 —-325 —189 —258 —176 —43 -21
CdTe 1150 —231 —135 —105 —66 5 8
GaAs 910 —204 —221 —163 —171 2 5
GaP 760 —-103 —134 —36 —58 35 3
GaN 960 -212 —199 —26 —80 50 -20
InP 860 -138 -118 -37 —102 —4 -2
InSb 1150 —166 —100 —78 —47 1 6
MgO 430 —361 —274 —169 —-165 —26 -16
SiC 600 —-96 —86 —-12 -32 -9 -1
ZnS 760 —269 -97 —-125 —36 4 —1
ZnSe 1100 —328 —180 —268 —174 5 7
ZnTe 1060 —-302 —93 —191 —-23 21 9
MAE 198 138 106 82 14 7
o 91 61 82 58 16 6

The tableillustrates how the ABS and ANV corrections effectively approximate the reference quasi-particle energies for a group of 19 typical semiconductors and insulators. The third and fourth columns list

the deviations from the reference for Eg,s;(l\lgw'r N, ) at the VBM and CBM I k—point, as determined in the dense branch of the workflow in Fig. 2. The inclusion of ABS lowers the differences by ~ 40% on

average, while the combined corrections reduce them by more than 90%. The bold values highlight the aggregate measures —MAE and standard deviation—that summarize performance over the entire

dataset.

Validation against experimental references

A graphical summary of the errors with respect to the experimental refer-
ences over the entire dataset is presented in Fig. 5: Fig. 5¢) represents a violin
plot of the percentage errors for the entire database and for the TM and
perovskite, subsets, Fig. 5e) shows a scatter plot of the extrapolated GoW,
gaps against the experimental ones, while the distributions of the mean
absolute percentage errors over the materials containing the given element is
shown in Fig. 5d), along with the average BS and NV corrections. The
workflow is able to achieve a mean absolute percentage error (MAPE) of
~6.7% (see Table 2), corresponding to state-of-the-art accuracy. This value is
reached, including all 163 systems with experimental references, repre-
senting a robust and comprehensive evaluation of the workflow perfor-
mance. Only a minority fraction, comprising 22 materials, shows errors
exceeding 10%: the outliers include chalcogenides (BeS, SnSe,, WSe, and
T1Se), as well as cuprates (Cu,O and CuCl) and heavy 4-d and 5-d com-
pounds (Bi,Te;, BIOCI, PbF, and HfO,). The larger discrepancies identified
above for the heavy 4-d and 5-d compounds'**™'** can be explained by the
omission of the spin-orbit coupling (SOC), which is known to result in
significant errors, up to 0.3-0.4 eV**'*'**. Additionally, electron-phonon
coupling can also affect predicted band gaps. Several studies demonstrated
how zero-point renormalization (ZPR) can lead to reduction of the gap by
~0.15-0.20 eV for several systems present in the dataset, including BaSnO3,
SnO, or ZnO'"'*'* In addition, as noted in the Methods section, devia-
tions from experimental values may also arise from the lack of self-
consistency in the energy and screened interaction W, as well as from the
omission of vertex corrections. These factors that are particularly important
for excitonic materials and transition metal oxides**".

We must also note that the heterogeneity of temperatures, quality of
the samples (e.g., degree of crystallinity, defects, etc.) and experimental
techniques employed in the reference measurements introduce non-
controllable uncertainties in the comparison with our data.

For systems without transition metals, the workflow achieves an
MAPE around 5.5%. Conversely, transition metal compounds are recog-
nized as some of the more critical and demanding cases for GoW,@DFT, as
evidenced by higher deviations from the experimental data (with a MAPE of
8.6%). The description of the localized partially filled d states presents several
difficulties, beginning from using DFT as a starting point™'****". In parti-
cular, the requirements on the number of states for the self-energy and the
norm violations associated with TM PAWSs are typically exacerbated,
potentially evolving into critical issues for such materials™*”**. For example,
the 3-d US-PAWs exhibit the largest norm violations among the entire
dataset, ranging from ~25% for the d partial-waves of Tiand V up to ~57%
for Cu. These two factors explain the higher on average NV and BS cor-
rections for TM systems observed in Fig. 5d), which reach the maximum for
the strongly localized 3-d states or 2-p states'” (as in the case of fluorine). In
fact, the higher ABS and ANV correct the larger basis-set truncation errors
on the energies Egls, involving localized states In line with these considera-
tions, compounds containing Cu are associated with the highest values of
ANV and ABS among the database, with the halides displaying ABS ~
0.20 eV and ANV ~ 0.50 eV, respectively).

The inclusion of ANV and ABS is notably accurate for all transition
metal compounds in the second subset: as shown in Fig. 6, the protocol
consistently reproduces or slightly improves over the most accurate
GoW@DFT results reported in the literature for nearly all these materials.
Furthermore, the workflow proves effective also for the perovskite subset,
achieving a MAPE of ~5.6% associated with a similar MAE of 0.20 eV.

Importantly, the workflow design enables an efficient computational
setup. The protocol requires only a fixed number of 3-4 GoW,, calculations
for basis-set extrapolation (or 6-8 when norm-violation correction is
applied), making this approach highly competitive compared to high-
throughput protocols that rely on explicit exploration of the (N,,,, Go)
parameter space; for instance, a recent benchmark™ on a dataset of 60 bulk
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Fig. 5 | GyW, database statistics. a Distribution of compounds across the twenty
most populated space-groups in the database. b Histogram showing the distribution
of * determination coefficients for the extrapolations performed for the basis-set
correction ABS using the default 7* threshold value, for the valence band maximum
and conduction band minimum. ¢ Violin plots of the percentage errors with respect
to experiments for the entire GoW,, database and for the two subsets comprising all
TM compounds and perovskite systems. The MAPEs and their corresponding
standard deviations for each dataset are displayed within the boxes. d For each

element the MAPE across all compounds containing that element (relative to
experimental bandgaps) is displayed. The average Basis-Set (BS) and Norm-
Violation (NV) corrections for each element are also included (shown only for values
exceeding 0.03 eV for clarity). e Comparison between experimental and extrapolated
GoW, bandgaps; the TM points are highlighted in a different color. The shaded area
and the dashed lines identify regions where errors are below 10% and 20%,
respectively.

materials has shown that such parameter-space exploration algorithms
typically require a mean of between 7 and 14 GW computations per material
(depending on the specifics of the algorithm used).

Secondly, the GoW, calculation on the dense k-point mesh
E ‘Q@ (Ni,lva, N ) —typically the most computationally expensive step (see SM
Fig. SI)—can be performed with substantially reduced computational
requirements by employing US-PAW potentials, which impose significantly
lower cutoffs and N,,,, (see SM Fig. S2). In turn the ANV corrections restore
the accuracy of norm-conserving PAWSs’ results. This approach proves
particularly valuable for TM compounds, which often require NC potentials
with very high cutoffs and N,,,,. The protocol achieves substantial compu-
tational savings for nearly all TM systems in Fig. 6, reducing band require-
ments to at most half those referenced in the literature without compromising
accuracy, requiring at most 1000 bands and cutoffs G2, up to ~450 eV to
compute EG (N, () N,). In particular, the TM oxide ZnO and the copper
halides (which as mentioned poses remarkably high N, convergence
requirements and also exhibited the largest errors in previous HT GoW,
study’ )—necessitate approximately N\, ~ 1200 bands.

The previously cited perovskites SrTiO; and BaTiO; exhibit similar
convergence criticalities, with different studies based on conventional
convergence procedures reporting convergence requirements between 2000
and 5000 bands**"** our workflow in turn achieves state-of-the-art accuracy
with ~1000 bands (and ~440 eV of G*", cutoff), due to ABS and ANV around

cut

~0.20 eV. Lastly, we note that the protocol requires a larger number of bands
for layered oxide V,05 (~2300), due to the larger volume of the unit cell.
Nonetheless, our setup employed a cutoff ~ 440 eV to determine QP
energies on the dense Ny mesh for V,0s, a comparably lower value with
respect to the ~1100-1400 eV demanded by recent GW and QSGW
studies'”™. A runtime comparison between US and NC potentials for
these selected systems is provided in Figure S1 of the Supporting
Information.

Discussion

In this work, we have presented the development and validation of a high-
throughput automatized approach for computing GoW, quasi-particle
energies using the AliDA-VASP framework. The approach is based on the
estimation and correction of errors related to the basis-set truncation and
PAW norm violation. To showcase its effectiveness and for benchmark
purposes, a comprehensive database encompassing 325 materials was
constructed using the proposed workflow. From a theoretical point of view,
the correction scheme respects the full basis-set constraint, which formally
ensures the correct asymptotic limit. An extensive validation, performed
involving more than 160 different systems, shows that the automated
procedure is able to achieve state-of-the-art accuracy while requiring
minimal user intervention. The workflow’s computational efficiency
represents a second important advantage of the protocol. The scheme does
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Fig. 6 | Benchmark Set Overview: relative errors, band requirements, and cor-
rections. a Comparison of absolute relative errors with respect to experimental
bandgaps for the benchmark set. This subset includes compounds exhibiting sub-
stantial dependencies on the number of bands or large errors in previous HT
studies””>"**. The GyW, gaps determined via the BS and NV corrections are

depicted in red, alongside results from other HT studies (black)’"**'*, and
GOWO@PBE Values from references’24 ,59,63,65,66,77,79,80,104,112,112-114,117,121,130,’ I’»Z 133,139-166
(blue). b Number of bands N;,lw) included in the calculation on the dense k-mesh.
¢ Values of the Basis-Set and Norm-Violation corrections.

Table 2 | Statistical analysis of errors on QP gaps relative to
experimental bandgaps

N° of Error (eV) Perc. Error (%)
structures
Set MAE SD MAPE SD
GoWy Database 163 0.24 0.27 6.72 9.61
TM subset 98 0.26 0.34 8.60 10.82
Perovskite 36 0.21 0.12 5.56 3.70
subset

The mean absolute errors (MAE), mean absolute percentage errors (MAPE) and relative standard
deviations (SD) on the QP Gaps for the GoW, Database computed with the workflow are tabulated.
The statistics of transition metals (TM) compounds, and more specifically of TM oxide perovskites
are also highlighted separately.

not need to sample multidimensional parameter spaces, strongly limiting
the total number of calculations required. Further developments of the
workflow, aimed at improving accuracy for critical cases, could involve
integrating ZPR as well as the additional contributions due to vertex cor-
rections and SOC. The presented results illustrate how the proposed
workflow, which requires only the structural data, can represent a powerful
resource for the material science community for high-throughput excited-
state studies with high accuracy. Finally, the complete database collected in
the supplementary data offers a valuable reference for future studies, facil-
itating comparison and benchmarking across ab-initio codes.

Methods

General computational setup for ab-initio calculations

All calculations are performed using Vienna Ab-initio Simulation Package
(VASP)*®, version 6.2.0. The GW versions of the US-PAW pseudo-

potentials**'”, with relativistic effects taken into account only at scalar level

and semicore electrons included (where available), are selected for all ele-
ments. The completelist of the US-PAWs and NC-PAWsis listed in SM (see
Tables SM1 and SM2). The table also lists the maximum norm violation
among the pseudo-waves for each PAW potential. Unless explicitly stated,
the ultra-soft PAW (non norm-conserving) version of the pseudo-
potentials is chosen.

Computational details for GoW, calculations

All results discussed in the text are obtained using the quartic-scaling GoW,,
scheme, using DFT (PBE) as a starting point. The Spin-Orbit effects are not
taken into account. The full frequency dependent self-energy is evaluated
through the Hilbert transform technique’ including 200 frequency points.
Furthermore, all GoW,, results presented include the settings PREC =
Accurate, which forces VASP to employ a denser than standard FFT grid.
The NMAXFOCKAE flag, which controls the cutoff used for the recon-
struction for the overlap densities in the PAW scheme, is set equal to
NMAXFOCKAE =2. The Wannierization is performed with the Wannier90
code'”m version 3.1, which is called inside the VASP calculations in
library mode.

Data availability

The dataset composing the GOWO database will be made publicly available
and accessible; the NC-PAW potentials will be released in the next version of
the VASP software.

Code availability

The source code is available open-source on GitHub (https://github.com/
orgs/QuantumMaterialsModelling/ or https:/github.com/lorenzovarro/
GW-VASP-workflow) and will be part of the next release of the AiiDA-
VASP plugin.
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