Computer Physics Communications 184 (2013) 348-366

Computer Physics Communications

Contents lists available at SciVerse ScienceDirect COMPUTER PHYSICS

COMMUNICATIONS

journal homepage: www.elsevier.com/locate/cpc

FHI-gap: A GW code based on the all-electron augmented plane wave method

Hong Jiang*"*1, Ricardo I. Gémez-Abal®!, Xin-Zheng Li?, Christian Meisenbichler¢,
Claudia Ambrosch-Drax]%?, Matthias Scheffler?

2 Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195, Berlin, Germany
b Beijing National Laboratory for Molecular Sciences, College of Chemistry, Peking University, 100871 Beijing, China
€ Chair of Atomistic Modelling and Design of Materials, University of Leoben, Franz-Josef-StrafSe 18, A-8700, Austria

ARTICLE INFO

Article history:

Received 14 May 2012

Received in revised form

31 August 2012

Accepted 10 September 2012
Available online 14 September 2012

Keywords:

Many-body perturbation theory
GW approach

LAPW method

Quasi-particles

ABSTRACT

The GW method has become the state-of-the-art approach for the first-principles description of
the electronic quasi-particle band structure in crystalline solids. Most of the existing codes rely on
pseudopotentials in which only valence electrons are treated explicitly. The pseudopotential method
can be problematic for systems with localized d- or f-electrons, even for ground-state density-functional
theory (DFT) calculations. The situation can become more severe in GW calculations, because pseudo-
wavefunctions are used in the computation of the self-energy and the core-valence interaction is
approximated at the DFT level. In this work, we present the package FHI-gap, an all-electron GW
implementation based on the full-potential linearized augmented planewave plus local orbital (LAPW)
method. The FHI-gap code can handle core, semicore, and valence states on the same footing,
which allows for a correct treatment of core-valence interaction. Moreover, it does not rely on any
pseudopotential or frozen-core approximation. It is, therefore, able to handle a wide range of materials,

irrespective of their composition. Test calculations demonstrate the convergence behavior of the results
with respect to various cut-off parameters. These include the size of the basis set that is used to expand
the products of Kohn-Sham wavefunctions, the number of k points for the Brillouin zone integration, the
number of frequency points for the integration over the imaginary axis, and the number of unoccupied
states. At present, FHI-gap is linked to the WIEN2k code, and an implementation into the excitingcode
is in progress.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The central quantity defining the electronic properties of solids is the electronic band structure, typically measured by direct and inverse
photo-emission spectroscopy (PES/IPS) [1]. In the past decades, the most commonly used approach to theoretically describe the electronic
structure (in particular electron density and total energy) has been the Kohn-Sham (KS) density-functional theory (DFT) in the local-
density approximation (LDA) or generalized gradient approximation (GGA) [2,3]. However, comparing KS eigenvalues with experimental
electronic band structures lacks rigorous justification, and, hence, may exhibit noticeable discrepancies. In particular, the band gaps of sp
semiconductors obtained from LDA/GGA KS single-particles energies are systematically underestimated, with errors being of the order
of 30%-100% [4]. A proper theoretical framework for the description of electronic band structures of extended systems is provided by
many-body perturbation theory based on the interacting Green function G(r, r’; ) [5], whose poles in the complex frequency plane
determine the single-particle excitation energies of the system. All the information about the interaction among electrons is contained
in the self-energy, which relates the interacting Green function to the non-interacting one via Dyson’s equation. The simplest realistic
approximation to the self-energy, treating the exchange interaction exactly and containing dynamical correlation effects, is the GW
approximation, originally proposed by Hedin [6,7]. Under the assumption that the KS eigenvalues and eigenfunctions constitute a good
zeroth-order approximation to the corresponding quasi-particle energies, the self-energy is calculated as a first-order correction to the
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KS eigenvalues. In this approach, termed GoW,, both the Green function, G, and the dynamically screened Coulomb potential, W, are
calculated using KS eigenvalues and eigenfunctions. We note that the exact KS results may well be a good starting point as shown by the
Slater-Janak transition state theorem [8]. However, approximate exchange-correlation functionals suffer from various shortcomings, as,
e.g. electron self-interactions. The latter is also corrected by the GoWy approach. If self-interaction or other errors are large, the starting
point xc functional may not be good enough and must be replaced by a better one.

Since the seminal work by Hybertsen and Louie [9], and by Godby et al. [10], the GoW, method with LDA as a starting point has
established itself as a state-of-the-art tool for calculating the electronic band structure of materials, noticeably improving agreement
with experiment over LDA/GGA (see, e.g., Refs. [4,11] and references therein). Often, however, a better starting point is necessary to
achieve further improvement [12]. A majority of these calculations have been carried out within the pseudopotential approximation,
in which the core-valence interaction is kept at the LDA level and pseudo-wavefunctions are used. The appearance of full-potential all-
electron calculations starting in 2002 [13-15] showed a noticeable underestimation of band gaps, in clear contradiction with previous
results. Discrepancies were traced back to the approximations implicit in the pseudopotential method [15,16]. These findings highlight
the importance of an all-electron treatment not only as benchmark but also as a basis for the development of new electronic-structure
methods.

In this paper, we present the implementation of the FHI-gap (GW with Augmented Planewaves) package, an all-electron GW code
based on the full-potential linearized augmented planewave (LAPW) method, or its more recent version, the APW plus local-orbital
(APW+lo) method. Since both, LAPW and APW+lo, are schemes to linearize the original APW method, we use the terminology LAPW
synonymously. Our code has been developed as an add-on to the Wien2k code [17] (see Appendix E), but an according implementation
into the exciting code [18] is currently in progress. The main features of the methodology used in our package are the following. (i) The
products of Kohn-Sham wavefunctions are expanded into a dual basis, consisting of planewaves in the interstitial region and spherical
harmonics inside the atom-centered non-overlapping spheres. (ii) The numerical Brillouin zone (BZ) integrations are carried out by a
generalized tetrahedron method [19]. (iii) The I" point (@ = 0), at which both bare and screened Coulomb interaction are singular, is
included in the BZ integrations, and the divergences are accurately treated within k - p perturbation theory. (iv) frequency integrations
are carried out on the imaginary axis. (v) In addition, the code is parallelized using the message-passing interface library.

An advantage of our code is the capability to explore d- and f-electron systems [20,21], materials traditionally categorized as strongly
correlated. For such materials, a full-potential all-electron treatment is highly desirable. DFT with LDA or GGA exchange-correlation
functionals fails dramatically for many such systems, and so may GoWj carried out on top of LDA or GGA. Here, much (possibly all) of
the problem may stem from the LDA/GGA starting point. As a first step towards establishing GoW, for d and f-electron systems, we
have implemented GoWj based on LDA+U. This simple and effective approach has been applied to a series of prototype d and f-electron
systems [20-22] and shown to overcome the major shortcomings of LDA/GGA.

In the following, we will give a short overview of the GW approach and the GoW, approximation. This serves as a basis to describe
the details of our implementation. We will sketch the basics of the LAPW method and the mixed basis to expand the GW-related non-
local quantities. The final expressions, as implemented in the code, will be derived thereafter. Convergence tests with respect to several
parameters are presented for Si to illustrate how different levels of accuracy can be achieved.

2. Theoretical background

2.1. The GW approach

The single-particle excitation energies of a many-electron system are given by the poles of the interacting single-particle Green function
G(r, r'; w). These can be obtained by solving the quasi-particle equation

1
[—zvz + Vet (T) + vH<r)] Wy (T) + / Z(r, v ER) W (r)dr' = E® Wiy (r), (N

where Vey (r) and Vy(r) are the external (nuclear) and Hartree potential, respectively, X (r, r'; w) is the self-energy, and Wy (r) is the
quasi-particle wavefunction. k is the Bloch wavevector in the first BZ that accounts for the translational symmetry. Note that atomic units
are used throughout the paper.

The self-energy contains all electron-electron interactions beyond the Hartree term, and is in general non-hermitian so that the
corresponding eigenvalues, Ely, are complex. Their real parts e, = 9 (E, ) represent the single-particle excitation energies of the system,
while their imaginary parts are related to the excitation’s lifetime. In the GW approximation [6], only the first-order in the expansion of
the self-energy in terms of the dynamically screened Coulomb potential is included:

i -/
2 r;w) = I / Gr,r'; 0+ WE, 1 o) e de (2)

where 7 is an infinitesimal positive number. The dynamically screened potential W (r, r’; ) is given by

W(r, 1'; w) = u(r, r’)+// v(r, 11) P(r1, 125 0) W(r2, 15 ) dry dry, (3)
where v(r,r’) = 1/|r — r’| denotes the bare Coulomb potential, and P(r, r’; ) represents the polarizability in the random-phase
approximation (RPA),

P(r,¥; ®) = _ﬁ / G, v o+ o) G, r; o) e de. (4)
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2.2. The GoW, approximation

The solution of the above system of Eqs. (1)—(4) requires, in principle, a self-consistent procedure. Assuming, however, that the
respective Kohn-Sham quantities are good zeroth-order approximations to the quasi-particle counterparts, Hybertsen and Louie [9]

proposed a scheme where the quasi-particle energy w = e;‘f(’ is obtained as a first-order correction to the Kohn-Sham eigenvalue €,

€k = Enk + <1/fnk @ [ R[Z (e, em)] = V@S (r—r) | Y (l‘/)> (3)

where V*¢ is the DFT exchange-correlation potential, and v (r) are the Kohn-Sham eigenfunctions. The self-energy X (r, r’; ) is given
like in Eq. (2) but replacing G by the non-interacting single-particle Green function G, obtained from the Kohn-Sham states

wnk (l‘) W,Tk(l")

w — €k

Gor, 1) = ) (6)

nk

with € = €. + insgn(er — €,x). The dynamically screened Coulomb potential Wy (r, '; ) is given by
Wo(r,r'; w) = /e“(r, ri; o) v(ry, ) dry 7)
where g(r, '; w) is the dielectric function calculated as

er,r;w) =8(r, 1) — / v(r, 1) Po(ry, ¥ @) dry. (8)

Py(r, r'; w) is the RPA polarizability computed according to Eq. (4), but with G replaced by Gg. Carrying out the integration over o’ we
obtain:

1 1
P()(l‘, l‘/; a)) =2 Z fnk(1 _fmk’)wnk(r)w;k/ (l‘)llf:k(l")wmk/ (l‘/) { }

nk,mk’ W — €mk + €k + 10 W+ €q — €nk — 1IN

=YD Fan(k, & ©) Y ®) Vg g OV () Yimic—q (1) 9)
n,m k,q

where f,x denotes the occupation number of the state nk, and the factor of 2 accounts for the spin degeneracy. Here, we have introduced
q = k — K’ and the factor

1 1
Fim(K, q; ) = 2fuc(1 _fmkq){ } (10)

w_emk7q+€nk+i7] W + €mk—q — €nk —in

depending on frequency and occupation.
It is common and convenient to decompose the self-energy into exchange and correlation terms by defining

Ws(r, 1'; w) = Wo(r, 5 w) — u(r, ). (11)

The exchange part, which is just given by the Hartree-Fock exchange potential, reads

i y
¥, r) = — / Go(r, r'; )v(r, r)e do’
2
= =) Fu¥m @, DY ). (12)
nk
The GW correlation self-energy is obtained from a frequency integral as
i
X, v w) = 7 f Go(r, r'; 0 + W (¥, 1; o) do'. (13)
T

2.3. The GoW, equations in matrix form

Let us start with a few words on the notation: all wavefunctions as well as the basis functions are defined such that they are normalized
within the unit cell with volume £2. When a function f¥(r), characterized by the wavevector k, is involved in integrals over the whole crystal
space, V = N.£2, with N, being the number of unit cells, we will use its Bloch form

1 )
i — —= ) e T+ R, (14)
T

where R are Bravais lattice vectors.
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To convert the GoW;, equations into matrix form, we need a basis set, x; 9(r), that can describe products of two Kohn-Sham
wavefunctions accurately. In such representation,

Vne(®) Yrge_q® = > M, (k. @) x'(©), (15)
i
M,im(l<, q) are expansion coefficients given by

M (K, Q) = / (X @) Ymk—q(®]" Y (@)dr. (16)
2

We will denote this basis the product basis to distinguish it from the basis that is used to expand single-particle orbitals. All two-particle
functions, O, including the polarizability, Py(r, r’; @), the bare Coulomb interaction, v(r, r’), the dielectric function, £(r, r’; w), and the
screened Coulomb interaction, W (r, r’; ), will be expanded into this product basis according to

o(r, 1) = Z Z 05(@ X @ [x'@)]". (17)

The diagonal elements of the bare (Hartree-Fock) exchange self-energy in the product basis read:

T /dl'/l'/[llfnk(l‘)]* T, 1) Y(r)
Vv 14

=S [ [ (o) Ve @) 065 Yt [ 6]
Vv 14

mk’

1 BZ ‘ .
—— 33 0@ D kg [Mi (k. @] M), (k. @), (18)
¢ oq ij m

where vj;(q) is the bare Coulomb potential in the product basis representation. The matrix elements of the polarizability (Eq. (9)), P;(q, w),
can be written as

Pij(q, ®) fv/v [x'®] P(r,v; 0) X (') dr dr’

1 & ) . .
— >3 Fun(k, q; 0) M}, (k. @) [M],,, (k. @)]". (19)
¢ k nm

Due to the singularity of the bare Coulomb interaction in reciprocal space as q goes to zero, the dielectric function at ¢ — 0 requires
a special treatment. Mathematically, it is more convenient to use the symmetrized form of the dielectric function [23], which, in matrix
form, can be obtained from P;(q, @) by

(@ @) = 85 — 3 12 (@Pin (@, )2, (@. (20)
Im
The correlation term of the screened Coulomb interaction (Eq. (7)) can then be calculated through
W@ @) = 3 0 @ [0 @ @) — 8in] 03, (21)
Im
The diagonal matrix elements of the correlation self-energy can be written as
(@) = / dl‘/ Y [Yu(0)]" Z(r, s ) Y1)

_ / dr / ar / e WO Ve (6 WS 15 0) i) [ )]
mk’

1 BZ . 00 X l, : /
g [ *""‘f @) @)
N T 21 J_oo

W+ @ — €nk—q

where the auxiliary quantity X, (K, q; ) is defined as
Xam (K, @; @) = Y [M}, (&, @] Wi (q, 0)M),,, (k. ). (23)
i
1
As we can see from Eqs. (21) and (23), M;,, often appears together with v . We therefore introduce

~ . 1
Mk, @) = ) o2 (@M5, (K, ). (24)
p



352 H. Jiang et al. / Computer Physics Communications 184 (2013) 348-366

Using this contracted quantity gives

BZ

1 - . - *
(0 @) = 85— = > D Fun(k, @ ) W, @) [, (K, ) (25)
¢ k nm
and
Xom(K, @5 ) = 3 [W, 0 @ | [ @, @) — 8] W (K @). (26)

i

The exchange part of the self-energy now reads

1 & _ .
She= = D (Mt )] i,k q). 27)
Cq ij m
In this way, an explicit construction of the polarizability and screened Coulomb interaction matrix can be avoided.
The GoW, quasi-particle energies are then given by

€mp = €nk + Zu [RIG (end) + Ty — Vi (28)

where V) are the diagonal matrix elements of the exchange-correlation potential that is employed in the single-particle KS Hamiltonian,
and Z, is the so-called QP renormalization factor arising from the energy dependence of the correlation self-energy,

-1
Zo = [1 - (ingk (a))) ] . (29)
ow -

3. Basics of LAPW

The basic idea behind the LAPW method is that, close to nuclei, potential and wavefunctions are similar to those in the free atoms, and
slowly varying in between the atoms. Hence, Slater [24] proposed to partition the unit cell into non-overlapping muffin-tin (MT) spheres,
centered around each atom (indexed by «, positioned at r,, ), and the interstitial region (I). Correspondingly, the LAPW basis consists of
two types of functions inside the two types of volumes [25]:

Z |:Aozlm(k + G)uozl(rav El) + Balm (k + G)ual(rav El)i| Ylm (i:a) r* < Rﬁt/[p
pe@m =1 m
1 jitkroyr

V2

withr® = r —r, and Rf;; being the radius of a-th MT sphere. u;(r*, €) are the solutions of the radial Schrédinger equation in the spherical
potential of the respective MT sphere, taken at a fixed reference energy E; and i, (r%, E)) is its energy derivative. The augmentation
coefficients, Ayim(K + G) and B, (K + G), are determined from the continuity of the basis functions and their first derivatives at the
sphere boundary.

The LAPW functions can be supplemented by the so-called local orbitals (LO), defined as [26]:

(30)

rel,

2(r) = [Aa?muamr“, B+ B, B) + Ci 1 Efﬂ ) 1 < Rip 61
Im -
0 rel.

Here uy,(r, E,(Z) ) is a radial wavefunction evaluated at a different linearization energy, El(z), enabling the proper treatment of a semicore

state. The coefficients AL9, , B0, and CL are determined by the requirement that ¢ (r) is normalized and is zero in value and slope at
the MT sphere boundary.

Egs. (30) and (31) contain the basis functions for the APW+lo method [27] as special cases. In this scheme, B, (k + G) = 0, reducing
an LAPW to an APW basis function, and for the relevant valence states these functions are supplemented by a local orbital with Cégﬂ =0,
taken at the same trial energy E; as the corresponding APW.

One can write down the basis set of all APW-related methods in its most general form as

> Acin(K + Gt (r*)Yim (F*) - 1% < Riyy.
K ¢lm
¢G(r) = gLo (32)
G ei(k+G)-r rel.

Ve

00 is equal to one for a normal APW or LAPW function, but zero for a local orbital. The summation in the first term over Im is reduced
to a single term when ¢ corresponds to a LO function. The index ¢ has been introduced to denote different possible radial functions,
including energy derivatives as appearing in Eq. (30). This notation also comprises higher-order basis functions as implemented in the
exciting code [28,18].
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Ui(r®, Ep), ®k+Grr = ) _l

viilq)
€k, Yyk(r) I i
M, (k.q)
Y
1',‘,"['[(].((!)

y I Y
7X¢ e X
v nk ‘;‘rzk({‘)) S‘nk
3
qp
6li]\

Fig. 1. Flowchart of the FHI-gap code. The gray boxes indicate quantities obtained from the ground-state calculation.

4. Implementation

In this section, we present the implementation of the FHI-gap package. The basic structure of the code is illustrated by the flowchart
in Fig. 1. Each block represents an important quantity, and the lines connecting different blocks illustrate the inter-dependence of these
quantities. The blocks marked by the gray background display results obtained from the ground-state package. In particular, KS eigenvalues
and eigenfunctions (together with the basis functions), corresponding to a converged DFT potential, are the starting point for the GoW,
run.

We will present below details about the implementation of all the quantities, which are relevant for the GoWj calculations. Before
that, however, we want to briefly address partial self-consistency, which has been discussed in the literature by many authors [4,29,30],
and often leads to further improvements. In such schemes, the diagonal correlation self-energy, Eq. (22), is recalculated by quasi-particle
energies with fixed Wy, hence it is called GW, or the energy-only GW, [29,30]. The GWj quasi-particle energies can be easily obtained with
little computational overhead, since the auxiliary matrix X,, (K, q; @) as defined in Eq. (23), which is one of the most time-consuming
quantities, is fixed here and therefore needs to be calculated only once. This feature is also implemented in our code.

4.1. The product basis functions

The LAPW basis is a mixed one, where the basis functions have different character in the MT region and the interstitial. To represent
products of two Kohn-Sham wavefunctions accurately, a basis with similar features should be used. In this section, we present the
procedure to construct an optimal product basis within the LAPW framework.

The product of two spherical harmonics can be expanded in spherical harmonics using Clebsch-Gordan coefficients, and the product
of two planewaves is naturally a planewave. Hence a mixed basis set making use of the space partitioning into muffin-tin spheres and
interstitial region is straightforward. Analogous to the suggestion of Kotani and van Schilfgaarde [13], we use an optimized set of functions
consisting of planewaves in the interstitial region and a spherical harmonics expansion within the MT spheres. The latter are similar to
the product basis originally proposed by Aryasetiawan and Gunnarsson [31].

Inside the MT sphere of atom «, we define our basis functions as

Vanim (%) = vang () Yo () . (33)

An optimal set of radial functions v,y (r%) is constructed from the products of the radial wavefunctions (see Eq. (30)) by the following
procedure.

e Following Ref. [32], we take only u,;(r*)’s with [ < IM8 'and i1,/(r)’s are not taken into account. A careful analysis regarding the impact
of this approximation on the self-energy of various materials is under way.

e For each L in vy (%), we take all the products of two radial functions uy;(r*)u.y (r*) which fulfill the triangular condition || — I'| <
L<I+V.

e We calculate the overlap matrix between these product functions:

Rir
@u/;lll/1 :/ Ut (T YUy (1" Y g, (r“)ua,/l r*)(r*)*dr®. (34)
0
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e The matrix Oy, ¢ ) is diagonalized, yielding the corresponding set of eigenvalues, A%B, and eigenvectors, {cy n}.

MB
min’

e Eigenvectors corresponding to eigenvalues smaller than a certain tolerance, A
AMS is typically chosen to be 10~ [33].
e The remaining eigenvectors, after normalization, form the radial basis set:

Van (r) = Y cu () uy (r). (35)

w

are assumed to be linearly dependent and discarded;

So defined, the functions {y,n.y} constitute an orthonormal basis. Taking into account the crystalline translational symmetry, we obtain
the optimal product basis functions belonging to wavevector q for the MT region

yo?NLM (1) = "V g (1) Yo (). (36)

In the interstitial region, the product basis is constructed from planewaves. These interstitial planewaves (IPW’s) are not orthogonal,
and the overlap of two IPW’s is given by

1 I 1
O = = | 6()COTdr=—1¢ ¢ 37
6 =5 /Q (1) o lec (37)
where 6, (r) is one in the interstitial, and vanishes otherwise. {¢ is calculated as
Q- Vi G=0
o
e = : o o o 38
G s Z _ sin(GR%;) — GR%; cos(GR%;) G20 (38)
= (GRyyy)?

with Vj; being the volume of MT sphere «. To obtain a set of orthogonal wavefunctions, we diagonalize the overlap matrix by solving the
eigenvalue equation

> OceSei = A Sai. (39)
G/

The orthonormal basis set in the interstitial region is then defined by

1 .
Pl = —= ) S 70 (r) (40)
0= Tm e
with
~ Sci
Sei = G’I . (41)
Ai
The planewave expansion is truncated at a certain G%fx, which is the parameter determining the quality of the mixed basis in the interstitial
region.
To summarize, our orthonormal mixed basis set is given by
{qu(r)} = {V:NLI\/I(I'), qu(l')} , (42)
whose quality is mainly determined by the cut-off parameters M8 and GMS,.

This mixed basis is optimal to represent the products of Kohn-Sham wavefunctions. On the other hand, planewaves are simpler to use.
In particular, the bare Coulomb interaction v(r, r’) is diagonal in the planewave representation. To construct the matrix elements in the
mixed basis representation, it is often necessary to take advantage of the simplicity of the planewave representation. For that purpose, we
use the overlap integrals,

) 1 .
Wiq) = — I(r)]* @O gy, (43)
c@== [x'®]
between these two basis sets frequently. For Xiq(r) € the MT region, i.e., Xiq(r) — yo‘leLM (r), this expression becomes
i An iGry Lyt (x|
We(@) = ﬁe Y (@ + G)Janc(IG + ql) (44)
with
Rir ,
Jan(IG +q)) 5/ Jr (IG +q| 1) ven (r)r=dr. (45)
0

For x'(r) € I, i.e, x/'(r) — P{(r), we obtain

; 1 , 1 -
Wi(q) = 7 [Pir)] e @tOrdr, = ol > de-aSy (46)
2 G
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4.2. Evaluation of M., (K, q)

The expansion coefficients for the product of two Kohn-Sham eigenvectors, M;m (k, q), as defined in Eq. (16), are used in both the
construction of the polarizability matrix (Eq. (19)) and the evaluation of the self-energy matrix elements (Eqs. (18) and (22)) and therefore
play a central role in the implementation of our GoW)y approach. In this section, we present detailed expressions for the evaluation of
M;,. (K, q).

Using the expansion of the Kohn-Sham wavefunctions in terms of LAPW basis functions, ¢>‘G‘ (r) (Eq. (32)),

Wnk(r) = Z an,(;(t)lc((l‘) (47)
G
Y (r) can be written as

Z Ank,aclm uot[l(ra) Ylm(fa) r* < RaMT’

Zlm

Vulr) = 1 Z LO i(k+G) (48)
— 0c° Cog g T rel
NIk
with
Antcacim = Y, Cutc Aacim(K + G). (49)
G

The calculation of the matrix elements obviously differs for the two situations that Xiq corresponds to a function in the muffin-tin sphere
or to an interstitial planewave. For a basis function in the muffin-tin region, X,.q — y;'NLM (r), one obtains with Egs. (36) and (48):

i —ig- ! *
Mrllm(k’ q) = e T Z Z [g’Lll\;ln;llzmz] Z Ank,aﬁhm ‘A’;qu,a{zlzmz <NL|§111’ ;212)04- (50)
limy Iymy t1%2
Here 9me1;1sz are the corresponding Gaunt coefficients, defined as

me1;lzm2 = f df [Y’m(f)]* Yim, (i:)lemz (1), (51)
where the notation
R ,
LIei oo = [ v () e, () s 1) (52)
0
has been introduced. When xiq (r) belongs to the interstitial region, Xiq — Piq (r), as given by Eq. (40), the corresponding expression reads:

: 1 . -
M, @) = — Y Cuce [Cric-ae]™ Y do-a—6, 58, (53)
£22 ‘gg G

4.3. The bare Coulomb potential

For the matrix elements of the bare Coulomb potential in the mixed basis,

vi(q) = //[Xiq(r)]*v(r, )% (') drdr’
vV JV

N / / (@] vl ¥ —R) e Ry () dr'dr, (54)
R JR R

we need to distinguish between three different cases according to the different domains of the mixed basis functions. For a detailed
derivation of the formulas, see Ref. [33]. Note that the bare Coulomb interaction in reciprocal space is singular at the I" point (q — 0) and
hence requires special treatment, which is described in Appendix A.

4.3.1. Case 1: x(r) and x'(r) with r € MT spheres

When r for both functions is inside MT spheres, we have to insert x;(r) =y, (r) and x'(r) = v\, (¥) into Eq. (54). Making use
of the Laplace expansion for the Coulomb potential in terms of spherical harmonics and the addition theorem for lattice harmonics [34],
we obtain

Vjj (q) = (_ 1)MS?13[;]_/M/ (q)RaNLRa’N’L’ + ]D)wa 11 Snam S’ - (55)

T
2L+ 1
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The radial integrals, R, y; and ]D)m, are
Rar
Rone = / Vent (r) r2dr (56)
0

al fiar Fiar 2.2 re
Dy = dry dra {75 Vant (H)rLj Uan'1(T2), (57)
0 0 >

where r. = min(ry, 1) and r. = max(ry, r2). The lattice structure constants Sff;, m (@) are given by

S?Z’;lm(q) = g”m';lm Eﬁzl,m/+m(_q)' (58)
Thereby we have introduced the abbreviation

- 3 I+V+m+mHd+V —m—m)!
S = (—1)’(4:1)2\/ (59)

QI+ D@+ D231+ 1) + 110+ m)d — m)l + m)I( — m')!

and the lattice sums

ezqR ’
@ =) = ——Yim(Row) (60)
R aa’

with R,,r = R+ r, — ry. The calculation of Ef‘l‘j‘/ (q) is carried out following Refs. [35,36].

4.3.2. Case 2: x(r) and x;(r) withr € I
Introducing the Fourier expansion of the Coulomb interaction

r—_y Z ol@+0)rs | +”G|2 e—i@torn (61)
r—n q

and the planewave representation for the basis functions, i.e., x'(r) = P{(r) and x/(r) = P(r), Eq. (54) becomes

vi(qQ) = / [ [Pl |P“(rz) dr,dr,
:f / [P-“<r1>]*— glaron T q-i@ion pi(r,) gr,dr,
vt V C lq + G| !
1 . 4 1 , .
= — | [PA(r))]" @+Or gr ) — <—/ e~1@+t0r2 pi () dr )
;(@fg['“” UATETAW A y (r2) drz
; 4 i *
= Wi(qQ) ———— | W ) 62
2@ e [ %] (62)

4.3.3. Case 3: x(r) withr € I and ' (r) with r € MT sphere

In this case, we need to consider y; Ir) = Pq(r) and Xq(r) = yaNLM(r) Starting again from the Fourier expansion of the Coulomb
potential, we obtain

4
oy = & Z

- G|2 Y (€F ) T (16 + al) (63)

where S; is defined in Eq. (41), and J,n; is given in Eq. (45).
4.4. The dielectric function

The dielectric matrix can be constructed straightforwardly from 1\71,"1m (k, q) according to Eq. (25) except for ¢ — 0 due to the singularity
of the bare Coulomb interaction. To treat this special case properly, we start from the representation of the symmetrized dielectric function
in Fourier space,

4r
eee(q, @) =3¢ — —————Pee(q, ®). (64)
lg+Gllq+ G|
It can be seen that possible divergences are located in the head, gqo, and the wings, eo¢r and egg. Using k - p perturbation theory, the limit
for @ — 0 can be calculated analytically [37]. Denoting

do = lim X (65)
a-0 |q|
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as the direction along which the limit of @ — 0 is taken, the final expressions are

4 nn / -q 2
600(0, @) = H(@) = 1 — — X8 —a )M+2an/(k 0; o) | Pk (66)
N2 ntn’ €'k — €nk
for the head and
nn’k qO
£06(0, ) = mz |G| ZZFM (k, 0; ) 7 [ My (k, 0 (67)

’;én

for the wings. p,i are the matrix elements of the momentum operator in the basis of KS eigenvectors, ppk = (Vuk|P|¥ik)-

In the mixed basis representation, the bare Coulomb interaction is not diagonal. As a result, the head and wings are no longer restricted
to a particular region of the dielectric matrix, hence all components, corresponding to head, wing, and body (denoted by H, W, and B
respectively) appear in general matrix form

€ij(0, ) =g (o, a))—{-e (0, a))+8 0, w). (68)

Using the separation for vU? (@

; 0wy
v,»f(q—>0)=7+v,f (69)
with
,5 = /47 W}, (0) Wi (0), (70)

as outlined in the Appendix for v;;(q) (Eq. (A.4)), one obtains for the three terms:

£11(0, ) = H(w) Wy(0) Wi (0)

g;%o,w):(—\/ ) > Fun(O, w){ e 2y [, 06, 0 %M’l‘"’(k o a7

K n'sn €nk — €n'k

£5(0, ) = 8 — WyO) WS (0) = ) >~ Fuw (K, 0; w) M}, (K, 0) [M’ (k, 0>]*
k nn

} ~ . . . i _
where we have introduced matrix elements M, , that contract v2 with M’ ,(k, 0) in the same way as in Eq. (24), ie, M, (K, q) =

20 570 (QMEn (K, q).

A significant improvement of the efficiency can be achieved by using the eigenvectors of the bare Coulomb matrix, v, as a secondary
basis to represent the dielectric function and the subsequent evaluation of the screened Coulomb interaction, W, as described by Friedrich
et al. [38]. Denoting the u-th eigenvector of v at q as {Ui(;ll. } we define the new basis, henceforth called the “v-diagonal basis”, as

XD = Z XU, (72)

For q # 0, the new basis is just a unitary transformation of the original mixed basis, and therefore the two basis sets are mathematically
equivalent. For q = 0, a special approach is needed for the treatment of the singularity. As shown in Appendix A, the bare Coulomb matrix
at q = 0 can be decomposed into a singular term and a regular term, both being a full matrix in the mixed basis representation. In this
case, the natural choice is to use the eigenvectors of the regular part, {D,-j}, as the new basis. The singular part can be obtained by a unitary
transform

Z UprvsUp. (73)

On the other hand, considering that the singularity in the planewave representation occurs only at G = 0, vi, = 4 gg Sco, We replace
v,,,, by its exact limit, vy, = 478 ,,08,0. In this new basis, the dielectric function is represented as

|
= (G %)

where H(w) is defined in Eq. (66), and

wy (@) = ( Vo ) 12251"/1((0 ) P - Go M“ (k, 0)

k n'#n (75)

BZ ~ - %
Buw(@) = 80 = N7 33 Fu(0, )M, (K, 0) [M,:n, (k. 0)]
k nn
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with w, v # 0. The corresponding inverse dielectric matrix now reads (the frequency is dropped to simplify the notation)
-1

—1

&g = |:H - ZwLBWw :|
Hv

-1 —1 -1

uo = — <Z B;w wV) €00
v

fud =Bl e (eo0) oy

There are several significant advantages in using the v-diagonal basis. First of all, the matrix multiplication involving the bare Coulomb
matrix, which is diagonal in the new basis, is simplified. Second, the size of the basis can be reduced by keeping only the eigenvectors of v
with a corresponding eigenvalue larger than a certain criterion. Most important, the treatment of the I" point singularity in the v-diagonal
basis is significantly simpler. Since the contribution related to the singularity at q = 0 is now confined only to &g (the head), £,,0 and &,
(the wings), the dielectric anisotropy, i.e., the fact that the dielectric function at the limit of ¢ — 0 depends on the direction, o, along
which the limit is taken, is treated in a more rigorous way using the technique developed by Freysoldt et al. [39].

4.5. The self-energy

In this section, we discuss the evaluation of the diagonal elements of the self-energy (Eqs. (18) and (22)). There are mainly two technical
issues that require careful treatment: the Brillouin zone integration, in particular, the treatment of singular term, and the frequency
dependence.

We start with the Brillouin zone integration. The diagonal elements of the exchange and correlation self-energies can be generally
evaluated as

i =No ‘Zr,f,{%q). (77)
In the v-diagonal basis, we have

T == 23 e [ @] w0 a)

78
(q w) Z / W Xom (k7 q, w/) ( )
nl( ’ w4+ — gmk—q
with
Xn(k, @, @) = [, 06, @] (652! = 810) Wy I 0. (79)
Ay
In the q — 0 limit, the singular terms in 7, rfk/c(q) can be separated as follows
X/cs2 Tx/cs]
Tq—> 0) = K4 Tnk e (80)
q q
The singularity can then be integrated using the standard analytical technique as described in Appendix B in more detail. By using
Wit a =0 = [ ar[xZ00] vl
”2/ A (1) [V (O] = 27285, (81)

we obtain the explicit expressions for 7

/12 within the v-diagonal basis

4
szZ -
nk 0 fnk

TXS] =0 (82)

nk

i 00 S1/2 ’
L
T J s W+ @ — €nk—q

with

4
X (@) = l [800 0, w) - ]

X5h(w) = 1/ Z[SOM (0, w)M" (K, 0) —i—sﬂo (o, w)[ i (K, 0)]*].

u#ﬂ
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The correlation self-energy involves a convolution integral over frequency (Eq. (22)). Due to the poles of both the Green function and
W¢, infinitesimally close to the real axis, this integral is difficult to converge numerically, i.e., it requires a large number of frequencies.

In our implementation, we compute the polarizability, the screened Coulomb potential, and the self-energy on the imaginary frequency
axis, w = iu. Making use of the inversion symmetry of W¢ on the imaginary frequency axis, WUC- (q,iu) = WUC- (q, —iu), we obtain

Shiv) = ZZ / X, ') — 2 Eeca = 1) 5 (84)

u? + (€mk—q — it1)

When €p_q is small, the integrand in Eq. (84) is peaked around v’ = u, and therefore a direct numerical integration becomes unstable.
This problem can be circumvented by adding and subtracting the term [40]

* du’ . (€Emk—q — iU1) 1 .
/ Kl ) A = e ) Kot g 0) (85)
0 u’ €mk—q — iU

such that we arrive at

(i) = ZZ{ / X (I, @ ) — Xo(k, @ )] — (Ecca = i) ; + %sgn(emm) Xom (K, 4 iu)}. (86)

U2 + (€mi—q — it1)

The integrand is now a smooth function for any €;x_q and therefore a standard Gaussian quadrature may be used. In practice, we apply a
double Gauss-Legendre quadrature [10,41], in which the semi-infinite integral is divided into two intervals, [0, wg] and [wq, 00), and the
integration in each interval is carried out by standard Gauss-Legendre quadrature. As shown in the next section (see also Ref. [41]), the
integration over frequency can be converged with a rather small number of points when choosing appropriate wq.

After the matrix elements of the correlation self-energy along the imaginary axis are calculated according to Eq. (86), they are fitted by
a function with N, poles [42]

Mo,
26 () =y B 87
(i) ; by (87)
where ap. ik and by, i are fitting parameters. Eq. (87) is then analytically continued onto the real frequency axis. We call this approach the
multi-pole fitting scheme.

Another way to obtain the correlation self-energies on the real frequency is by the Pade-approximant method [43,44] (see Appendix C),
which is also implemented in our code. In general, the two approaches (with N, = 2 in the multi-pole fitting scheme) give very
similar results for sp-semiconductors and insulators. On the other hand, the Pade approach may in some cases lead to unphysical QP
renormalization factors (Eq. (29)) for states far away from the Fermi energy.

4.6. GoW, with input from LDA + U

In this section, we provide some technical details about the implementation of GoW; based on the LDA + U [45] single-particle
Hamiltonian. Here LDA + U is used as a synonym to refer to the Hubbard U corrected LDA or GGA in general. In the LDA 4+ U method, the
total energy is not only an explicit functional of Kohn-Sham orbitals but also of the local on-site density matrix n‘;‘n%, for the orbital [ of
atom « (usually the d orbital of transition metal atoms and the f orbital of lanthanides or actinides):

EIDATY — EAL ()] 4+ AEU[n%! ], (88)
The corresponding KS single-particle equation becomes:
1 2 LDA (Snmm’
=5 V2 Ve + Vi (1) + V) | Yrme0) + Y v — = encnc(r) (89)
m, m f 1)b'nk( )

with qulm , = 8AEY /Bn"ng’m,. Note that the spin index has been dropped for brevity. Using Eq. (48), the local density matrix corresponding
to the I-th orbital of atom « can be written as [46]

= ankZAnk a{'lmlg- ;/ nkag’lm]

nk

= ank Z (Wil a1 Yinr ) [10"]{;, (Ut Yim| Yo (90)
nk ¢,
with
IQ, = /0 drr? Ug (1) Ui (7). (91)

The KS equation in the LDA + U framework then reads

[_;VZ + Vexe(r) + Vi (r) + V;?A(r) + 5‘7Ui| Yk (1) = €k (r) (92)
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where

=2 Vi 2 WtV | o (et Yin- (93)

44
Formally, the only difference between LDA-based and LDA + U-based GoWj is the contribution from Eq. (93),

VS = (Wl VY [9re)

Z Vi Z Ve et Yim ) [10"];;, (Ut Yim| Yok

m,m’ 8.8
= Z Umm’ Z fAnk oz{lm ;{ ['Ank a{’lm’] : (94)
5.8

Therefore, the GoW, quasi-particle energy based on LDA + U reads:

63112 =€+ N [(Wnk| 2(6 ) - V)I{?A - (SVU |wnk>] . (95)

5. Convergence tests

The advantage of the LAPW method is that it does not rely on any shape approximation for the potential and density, and therefore for
ground state calculations it is numerically “exact” as long as the convergence parameters are well controlled. Concerning the evaluation of
the self-energy, the numerical accuracy within the LAPW framework is certainly more problematic. It depends on:

1. the quality of the mixed basis set,

. the size of the LAPW basis set, as determined by the parameter RGax,

. the number of unoccupied states included in the calculation of the correlation term, as determined by the energy cutoff €.y
. the number of k- and q-points used for the Brillouin-zone integration, and

. the number of frequencies, N,,, in the calculation of the self-energy.

|20 "N OIS

The convergence with respect to these parameters is essential for the reliability of the obtained results. In addition, the precision of the
Kohn-Sham results used as input also requires attention, since they could indirectly affect the GoW, output. In particular, the accuracy of
the LAPW basis to represent the Kohn-Sham orbitals is crucial. It is mainly controlled by a quantity, usually termed ‘RKp,x’ OF ‘RGrax’, which
is the product of the (smallest) MT radius, min Ry, and the largest G vector of the interstitial planewaves, Gnax. It not only determines
the quality of the ground-state, but also that of the unoccupied orbitals. On the other hand, the capability of the LAPW basis to represent
Kohn-Sham wavefunctions within the MT spheres is limited by its linearization error. The latter is negligible for occupied states, but can
become severe for unoccupied states when the orbitals have more nodes inside the MT sphere. How strongly GoW, results are affected by
the linearization error of the LAPW basis is still unclear. In this work, we use the “standard” LAPW basis.

In the following, we discuss the convergence of GoW; results with respect to the various parameters mentioned above using Si as the
example. The main quantity to monitor this convergence is the band gap between I" and X, which is 1.13 eV with an estimated error of
<0.02 eV when using the following parameters: Q = GMB /Ga = 1.0, M = 3, RGiayx = 8.0, €max = 204 €V, wy = 13.6 eV, N,, = 16,
and N; = 6°. Unless otherwise stated, the results discussed in this section are obtained using these parameters, except the parameter
under consideration which is varied.

5.1. Quality of the mixed basis set

The quality of the mixed basis, qu, is controlled by two parameters as described in Section 4.1: in the interstitial region, it is determined
by the cut-off for the interstitial planewaves, GmaX It can be characterized by the quantity Q = Gmax /Gmax, Where Gy is the corresponding
cut-off of the LAPW basis functions. Within the muffin-tin spheres, the decisive parameter is M5, the maximal angular-momentum
quantum number of the radial functions used to construct the mixed-basis. Fig. 2 shows the convergence of the Si I" — X band gap with

respect to IMB and Q, respectively. For the former (left panel), Q is fixed to 1.0 and for the latter (right panel) IM& = 3 is used.

max max

In Si, MB = 2 is enough to ensure an accuracy of ~0.02 eV. With respect to Q, one would expect that Q ~ 2.0 is needed to obtain
converged GoW, results, since the product of two Kohn-Sham wavefunctions contains the contributions of interstitial planewaves with
G values up to 2Gp,a«. In reality, however, a much smaller Q can be used. In fact, already Q = 0.8 gives reasonably converged band gaps
with an accuracy of ~0.01 eV. Note, however, that such findings should not be generalized, and convergence tests need to be performed

for every material.

5.2. LAPW basis set size

As mentioned above, we will not address the possible error due to the linearization of the basis functions inside the MT spheres. Beyond
thisissue, RGyhax plays a two-fold role: it determines the size of the LAPW basis and, therefore, also that of the mixed basis. It also determines
the maximum number of unoccupied states that can be taken into account in the summation of Egs. (19) and (22) (see below). To check the
influence of the former, Fig. 3 shows the convergence of the I" — X gap with respect to RGy.x with a fixed energy cutoff for the unoccupied
states emax = 82 eV. We can see that the value converges quite quickly with respect to RGpax. Using RGax = 7.0 ensures an accuracy of
~ 0.01eV.
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Fig. 2. Convergence behavior of the I" — X band gap of Si with respect to I8 (left), the parameter determining the quality of the mixed basis inside the muffin-tin spheres,
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and Q (right), the parameter determining the quality of the mixed basis in the interstitial region.
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Fig. 3. Left: Convergence of the I" — X band gap for Si with respect to RGp,x. The values are computed with a fixed en.x = 82 eV (an energy cutoff corresponding to
RGmax = 5.0) for different RG,x and thus are not fully converged with respect to €. Right: Convergence with respect to €n,. Filled circles represent data obtained with
a fixed RGpax of 10.0, while open symbols represent results obtained with varying RGp,,x and using all available unoccupied states, i.e., setting €.y = 651\3/)(.

5.3. Number of unoccupied states

We now study the convergence of the GoW, band gap with respect to the number of unoccupied states involved in the GoWj calculation.
The number of available unoccupied states, €, is determined by the planewave cutoff of the LAPW basis functions. To check the
convergence with respect to the number of unoccupied states, we choose a large RG,x = 10.0 which allows to access a large number of
empty states. As shown in the left panel of Fig. 3, the GoW, I — X band gap of Si increases as a function of €,,x, and becomes saturated
when €, >~ 200 eV. For comparison, we also show the results for the case in which RG,.y is varied, and all available unoccupied states
are used (emax = €W ). The two sets of data differ significantly in the regime of small cutoffs, but they naturally converge to the same

A max
value as e, increases.

5.4. Frequency integration

As described in Section 4.5, the semi-infinite integral is performed along the imaginary frequency axis (Eq. (86)) by a double
Gauss-Legendre quadrature scheme, in which the integration region [0, co) is split into two intervals separated by wq. The numerical
accuracy is mainly determined by the total number of discrete imaginary frequency points, N, but the parameter wg can also have
significant influence on the accuracy.

Fig. 4 shows the convergence of the I" — X band gaps of Si with respect to N,, obtained with different wg using the 2-pole fitting
scheme for the analytic continuation. We consider three choices of wg, namely 1.36, 13.6, and 27.2 eV, which covers a broad energy range
and allows for evaluating the sensitivity of the results. The convergence of the band gap with respect to N,, is poor when wg = 1.36 eV.
Choosing wy = 13.6 or 27.2 eV, the results obtained with N,, = 16 is already quite close to the fully converged value. In addition, we note
that the band gaps converged with respect to N,, for different wq are nearly identical except that the one with wg = 1.36 eV differs by
about 0.01 eV from the others.

5.5. Number of k-points

Finally, we test the convergence of the I" — X gap with respect to the number of k points, Ny, used for BZ integrations. Considering that
GoW) calculations scale quadratically with Ny, it is highly desirable to use an as small as possible k-point grid. Generally, the number of
k-points needed for a converged LDA calculation may be different from that required for a GoW, calculation. Since LDA requires much less
computational effort than GoW, it is a common practice to run the GoW, calculation using a smaller number of k-points which is based on
awell-converged LDA calculation, performed on a fine k-mesh. This LDA calculation not only provides Kohn-Sham single-particle energies
and wave-functions, but also the exchange-correlation potential, V*¢. We find that, in some materials, the GoW, gap converges faster with
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Fig. 4. Left: Convergence behavior of the I" — X gap of Si with respect to the number of frequency points, N,,. Right: Convergence with respect to n, = N,:B using different
schemes (see the text in Section 5.5).

respect to Ny when V*¢ is recalculated with the same k-mesh as used for GoW, calculations. This may be likely due to error cancellation
between V*¢ and X*¢, but it is not clear whether this is a general feature of GoWj calculations.

In the right panel of Fig. 4, we systematically investigate how the I" — X gap behaves as a function of N, by comparing the following
three schemes.

e Scheme 1: LDA calculations are performed on a fine 10 x 10 x 10 k-mesh, and V*¢ obtained with this fine k-mesh is directly used in
the GoWj calculation.

e Scheme 2: LDA calculations are carried out on a fine 10 x 10 x 10 k-mesh, but V*¢ is recalculated with the same k-mesh as used for
the GoW, calculation.

e Scheme 3: The same k-mesh is used for LDA and GoW, calculations.

Comparing Schemes 1-3, we see that using the same k-grid for X*¢ and V*¢ tends to speed up the convergence with respect to Ni. The

I' — X gap calculated with a6 x 6 x 6 mesh differs from that obtained with an 8 x 8 x 8 mesh by less than 0.01 eV in Schemes 2 and 3.
The difference is slightly larger in Scheme 1 (~0.02 eV).

6. Concluding remarks

In this work we have presented the implementation of an all-electron GoWj code, FHI-gap, which is based on the LAPW method.
FHI-gap also allows for calculations in combination with the LDA + U approach. This way, it has been used for exploring d and f electron
systems such as transition metal and lanthanide oxides [20,21].

One issue we did not address in this paper are the linearization errors of the LAPW basis and their relevance for GoWj calculations. In
the standard LAPW basis, the linearization energies are chosen in the respective valence band regime, and local orbitals are introduced
to describe semicore states or to improve the flexibility of the basis in case of large band widths. This procedure has proven to be very
accurate for ground-state calculations. In contrast, GW calculations require the knowledge of all states including highly-lying unoccupied
states, for which the standard LAPW basis is not very accurate. This issue was first recognized by Friedrich et al. in 2006 [47], who, however,
found that for systems like Si the linearization error for GoWj calculations accounts for only a small change of the band gap (~0.03 eV)
and is therefore negligible. The situation may, however, be more severe for other materials, as recently found for ZnO [48], where the
addition of 292 and 186 LO’s at high energies for Zn and O, respectively, increased the GoW, band gap by nearly 0.5 eV. Such calculations
cannot be carried out with FHI-gap at present, as only one LO per I quantum number can be used in the WIEN2k package. In any case, a

systematic approach to reliably describe unoccupied states up to very high energies in a controllable way is still lacking, and at the same
time the summation over these bands is computationally extremely expensive. In this context, recently proposed numerical techniques
that eliminate unoccupied states in GW calculations appear attractive [49,50]. Such approaches, however, so far rely on the use of the
pseudopotential planewave method. Similar techniques for the all-electron full-potential LAPW framework need to be developed.

Finally, we would like to give an outlook on envisaged extensions of the code. Important developments in the field include (i) more
efficient algorithms and techniques [51,49] that give hope that the GoW, method will be feasible for real materials; (ii) the so-called quasi-
particle self-consistent GW schemes (QSGW) [52-55] that can get rid of the starting-point dependence; (iii) the proposal of combining the
GW method with dynamical mean-field theory (DMFT) to treat strong correlations [56,57]. Some of these new features, including different
variants of the QSGW approach, are currently implemented as well as the incorporation of spin-orbit coupling, and the application of the
constrained random-phase approximation [58].

The FHI-gap code will be made available to the WIEN2k users free of charge and can be downloaded from the WIEN2k website [59].
Further information can be obtained from the webpage of the code [60].
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Appendix A. The singularity of the bare Coulomb interaction at the I" point

The bare Coulomb interaction v(r, ') = 1/|r—r’| is singular in the reciprocal space at the I" point (q — 0). This singularity is integrable
but requires special treatment. The divergence of the Coulomb matrix v; (q) as q — 0 can be easily seen by taking a planewave expansion:

%4
vee (@) = m%ah (A1)
Evidently, vgp — 00 as q — 0, since the limit corresponds to the potential generated by a constant, finite charge density, infinitely
extended in space. The advantage of the planewave expansion is that one can clearly separate the divergent terms by writing

US

vee (@ — 0) = % + Dee (A2)
with

Uéc/ =4 8(;(;/ (S(;()

- b4 (A3)

Veg' = FBGG’(l — dco)-
The same separation can be used when expanding the bare Coulomb potential in the mixed basis,

S
v

mm»m=?+w. (A4)
The singular term can be obtained from Eq. (A.3) transforming to the mixed basis:

vl = 41 We(0) Wy (0). (A5)

The calculation of the regular term v is trivial in cases when at least one of the basis functions stems from the interstitial region (Eq. (62)
or Eq. (63)). We just need to remove the G = 0 component in the corresponding summation. In the case that both x; and yx; live in the MT
region, i.e, xi = Yonim and xj = ywnmr, the lattice sum appearing in Eq. (55) diverges for q = 0 (see e.g. Eq. (60)). Since the singularity
only applies to the case L = L’ = 0, we can carry out a planewave expansion for these terms, removing the contribution from G = 0. That
leadsforL =1L =0to

. 4 .
= Y W) W)
vjj 2 (d |G|2[ G ]

" (A6)

Appendix B. Brillouin zone integration for the self-energy

Calculating the matrix elements of the self-energy (Eqs. (18) and (22)) requires an integration in q over the Brillouin zone. To simplify
the notation, we consider a general function

BZ
s-y Y@= [ dr@ (B.1)
Ne 5 (2m)3 Jiz
where the integrand 7°(q) in the q — 0 limit can be decomposed as
s2 TS] 5
T(q— 0) = = +—+7(@ (B.2)

with 7°(q) being the regularized form of 7' (q).
The singularity at the I" point appearing in Eq. (B.2) is integrable, but a direct numerical integration will converge very slowly.
Following [61], we introduce two auxiliary functions that show similar singularities:

o—Bla+Gl
Fi(q) =
‘ — 19+ G|
2 (B.3)
e_/B‘q"’G‘
F = _—
(@ XG: 9+ GP?
One can see that
1 -~
Fi(q — 0) = — + Fi(q)
q (B.4)

1 .
R(q—0) = P + F(q)
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where F; (q) and F (q) are regularized forms of F;(q) and F,(q), respectively, obtained by neglecting G = 0 in the summation on the
right-hand side. After some algebra, the integration of 7°(q) over q can be written as

— 1 _ s1 52 -1 ¥
E—E;T(q)—cslT +CoT? +N; qur(q) (B5)
with
2 3
Cqg=——-—N'Y F
= Gapp ; 1(Q)

I A EL A =
CSZ‘(sz\/; Ne ;FZ(‘”'

B is a parameter chosen such that the width of the Gaussian is comparable to the Brillouin zone diameter Rg;. In this work, we adopt the
parameter 8 = (.(2/6712)1/3 which is obtained by requiring BRg; = 1 with *£R}, = (27)%/2. The expressions of 7" and T2 for the
exchange and correlation self-energies can be easily obtained from Egs. (18), (21), (22) and (A.4).

Since 7°(q) in Eq. (B.5) is a well-behaved function of q in the whole BZ, the integration over q can be carried out by standard techniques
like the special-k-points method [62] or the tetrahedron method [63,64]. The latter is used in our code [19].

(B.6)

Appendix C. The Pade approximant method for analytic continuation

A function f (z), whose values at N discrete points {z,|n = 1...N} are given f (z,) = f,, can be fitted to an N-point Pade approximant

An(2)
Bn(2)
The Pade approximant has the feature that it is the “best” approximation of a function by a rational function of given order in the sense
that Py (z) agrees with f(z) at z = 0 up to the N-th order derivative

f(0) =Py (0)
f'(0) = Py(0)

Py(z) = (C.1)

(C.2)

fM© =py(0).

An(z) and By (z) are complex polynomials of order N/2 and N/2 — 1, respectively, for even N. For odd N, both are of order (N — 1)/2.
In this work we always use even N. Therefore the number of poles that are represented by the N-point Pade approximant is equal to N /2.
Based on Thiele’s reciprocal difference method [43,44], Ax(z) and By (z) can be calculated recursively according to

An(2) =Anm1(2) + (2 — 24-1) A Ap2(2) (C3)
Bn(2) = Bp-1(2) + (z — z4—1) an By—2(2)
with Ag = 0, A; = a4, and By = B; = 1. The coefficients a, are also calculated recursively by

an = gn(zn) (C5)
81(zn) = fn (C6)
gp(z) _ gpfl(zpfl) _gp71(z) >2 (€7)

(z — Zp—l)gp—l (2)

Appendix D. Parallelization

GoW) calculations are both CPU-time and memory intensive, and therefore parallelization is particularly important. The parallelization
of FHI-gap is based on the message-passing interface (MPI), with the aim to reduce CPU time as well as memory requirements for each
process. The latter becomes extremely relevant for large systems.

As obvious from Eqgs. (18) and (22), the calculation of the self-energy includes the summation of independent contributions from
different q vectors, hence suggesting the simplest way of parallelization. This can be realized with hardly any overhead. This procedure
is perfectly suitable for small systems where hundreds of q points are considered. For larger systems, however, with typically more than
ten atoms in the unit cell, usually a small number of q points is needed to obtain converged results. In this case, the q parallelization alone
is not enough to take full advantage of the evermore powerful high-performance computing facilities. We therefore have introduced new
parallelization mechanisms to allow for the use of a large number of processors.

To be more specific, the total number of processes is divided into groups. They are called columns in the code, and their number is
denoted as n,. Processes in different groups perform calculations for different q points. Processes within a “column” are further divided
into “rows”, the number of which is denoted as n. Parallelization over the rows is achieved as follows: the construction of M;m k, q)
is parallelized over unoccupied bands (indexed m) as the number of unoccupied bands is usually quite large; for the calculations of
Pj(q, w), &;(q, ), and WU? (q, w), the parallelization is performed over frequency points. In terms of CPU time and memory consumption,
the parallelization over columns scales almost linearly, but the memory usage is not reduced. On the other hand, the parallelization
over rows can reduce the memory allocation down to 1/ny, but the gain in CPU time is less efficient, because a certain amount of
communication is needed, and some quantities have to be recalculated in the different processes.
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Appendix E. Interface with WIEN2k

The FHI-gap code is currently interfaced to WIEN2k by several C-shell scripts, which can be used for preparing the input files needed
for GW calculations (preprocessing) and analyzing the GW results afterwards (post-processing). Here we give a brief description of their
usage. More detailed documents on the compilation and use of FHI-gap can be found in the package together with the source code.

Preprocessing. After a self-consistent field (SCF) calculation using WIEN2k [17], all data files required for the subsequent GoW,
calculation are prepared by the C-shell script gap_init. It creates Kohn-Sham wave-functions and energies on a new k-mesh (usually
smaller than the one used in the SCF calculation), providing energies up to €. It also generates the master input file for the GW
calculation, case.ingw, which is a free-formatted text file that assigns default values to all important parameters [65]. Note that these
usually work for most cases, but careful convergence tests, as demonstrated in Section 5, should be conducted to obtain reliable results.

A sample case.ingw reads as follows:

Task = "gw"
Restart = F
nspin = 1

nvel = 8.0
ComplexVector = F

SymVector = F
barcevtol = 0.0

Option for task

Option for whether restarting from a previous calculation

1 for spin-unpolarized and 2 for spin-polarized calculations

number of valence electrons

T for systems with complex Kohn-Sham vectors

whether to use Kohn--Sham eigenvectors in the irreducible Brillouin zone

tolerance to reduce the bare Coulomb matrix eigenvectors for the correlation self-energies
for sp systems, barcevtol=0.6 is usually quite safe.

emingw = -2.0 emingw and emaxgw (in Ry) to control the range of bands
emaxgw = 2.0 for which GW correction are calculated. Only states
between E_Fermi+emingw and E_Fermi+emaxgw are calculated
%SelfEnergy options for correlation self-energy
2 | o | 1 npol | iopes | iopac
% npol: Number of poles
iopes: 0/1/2/3 - without or with iteration
iopsac:0/1 - Pade’s approximation / multipole fitting
%FreqGrid Frequency grid parameters

3|1 16| 0.42 10.0 | 0
%

%MixBasis

1.0 1 3| 1.E-4

%

iopfreq | nomeg | omegmax | omegmin | nomeg_blk

iopfreq= 1 (equally spaced), 2 (Gauss--Laguerre), 3 (double Gauss--Legendre)
Mixed basis parameters

Q, 1_max"MB, lamda_max~MB

HEHHAHFHAHFHRAEHEFEEREHHEE R

Post-processing: The main results of a GoWj calculation by running the FHI-gap code are a set of quasi-particle energies on an equally
spaced k-mesh. To calculate densities of states or plot the band structure diagram along high symmetry directions in the BZ, one usually
needs QP energies on a fine k-mesh. Calculating QP energies at an arbitrary Kk is possible, but computationally expensive. Currently, the
FHI-gap code uses the Fourier interpolation approach [66] to obtain QP energies on k-points that are not included in the original k-mesh.
For that purpose, the C-shell script gap_analy can be used.

More detailed information on the compilation and use of the code can be obtained from the webpage of the FHI-gap code [60].
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