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1 INTRODUCTION

1 Introduction

Computational materials science aims at the determination of solid-state properties by means
of simulations. It complements experimental research and provides estimations for quantities
that are not accessible by experiment. Undesired impurities in the sample or the challenges in
controlling external parameters can hinder a precise determination. By contrast, parameters
such as the atomic structure or the position of an impurity can be chosen exactly within a
computational simulation. The controllability of the investigated system and the parameter
therein represents the major advantage of computational materials science over experiment.
The success of computational materials science is based on advances in computer technology
and the usage of ab-initio methods. Accurate material simulations require computing power
that scales badly with the size of the system under consideration. Over the past decades,
advances in computer technology enabled the simulation of larger and larger systems. Today,
computational material science can deal with systems of realistic complexity. Within con-
densed matter physics, ab-initio methods provide a solution to computationally intractable
problems, e.g. the crystal structure prediction. The state-of-the-art methods for investigat-
ing real materials are the density-functional theory and the many-body perturbation theory.
Density-functional theory can predict electronic ground state properties with great accuracy.
Properties of excited electronic states are described precisely by the equations of many-body
perturbation theory. Approximations to these equations, such as the GW approach, predict
properties related to excited electronic states remarkably well.

Solid state physics deals with many-electron systems in periodic potentials. The Bloch
theorem states that the electronic wavefunction has the form of a propagating plane wave
multiplied by a periodic function. This function exhibits the same periodicity as the potential
of the system. Periodic boundary conditions are settled for a bulk of solid. These facts of
solid-state theory make the usage of a plane-wave basis very convenient to represent the
electronic wavefunction of the solid. In addition, the discrete representation of the involved
functions in reciprocal space supports computational approaches. Generally, the periodicity
of the investigated system needs to be taken into account when choosing the basis set. For
example, a system periodic only in one dimension requires a basis set consisting of one-
dimensional plane waves. The usage of a three-dimensional basis would not yield discrete
functions in reciprocal space. This would produce problems in a computational approach.
In principle, a different computational code has to be developed for every dimensionality
which a studied system can have. But this is not practicable, since it would be associated
with vast additional effort.

Thus, in codes using a plane-wave basis set, always the three-dimensional most general
case is implemented. In order to apply such a code to systems periodic in less than three
dimensions, a so-called super-cell [1] is set up. It contains the structure of interest and a
vacuum region in the finite direction. Through the implemented three-dimensional boundary
conditions, the super-cell is replicated in every direction. Hence, the studied system of lower
dimensionality is replicated in the finite direction as well and its images are separated through
a slab of vacuum. But spurious interactions between these artificial images can lead to dif-
ferent results than the actual low-dimensional system would yield. To prevent these artificial
interactions, the system has to be “isolated” in the finite direction from its own images. This
is realized by increasing the distance between the replica until the interaction among them
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is neglectable. That way, also systems with lower dimensionality can be examined with an
implemented three-dimensional basis. Within this super-cell approach, nonphysical results
can be prevented when the used vacuum region in the super-cell is sufficiently large.

Unfortunately, the enlargement of the super-cell comes with an increase of computational
costs. This is why the system size that can be studied within reasonable time is limited. For
ground-state calculations within density-functional theory (DFT), the additional computa-
tional effort of calculations with large super-cells is nowadays affordable. Regarding calcula-
tions based on many-body perturbation theory, this is not the case. To annihilate spurious
interaction between periodic replica, the required separations are considerably larger than
in DFT-based calculations. The evaluation of non-local operators makes GW calculations
using the super-cell technique with large vacuum regions often computationally intractable.

The Coulomb truncation technique offers a possibility to use smaller super-cells and to still
prevent spurious interaction effects. The long-ranged Coulomb potential is set to zero along
the finite direction at a particular distance from the charge so that the Coulomb potentials of
charges from different super-cells do not overlap. Artificial images are then isolated from each
other without having to enlarge the super-cell. Several approaches using this technique have
been developed so far. It has been successfully applied i.a. to two-dimensional hexagonal
GaN sheets [2], a linear Hy chain|3|, and the Mg atom [4].

Within this work, the Coulomb truncation technique is presented in detail, and expres-
sions of the Coulomb-cutoff potential in reciprocal space are developed, following Reference
[2]. The singularities of the Coulomb-cutoff potential at the point ' are treated analytically
by replacing the value of the potential at the singular point with the averaged value of the
potential in the vicinity of the singularity. The truncation method and the averaged values
have been implemented in the full-potential all-electron density-functional-theory package
exciting [5]. To investigate the impact of the Coulomb-cutoff technique on GW calcu-
lations, the electronic structure of the molecule acetylene (zero-dimensional) and of the
polyacetylene chain (one-dimensional) is calculated. The convergence behavior of quasi-
particle energies as a function of the vacuum size is examined. Thereby, the reduction of
computational costs in GW calculations provided by the Coulomb-cutoff technique is shown.

This work is organized as follows. A short introduction to density-functional theory
and the GW approximation is presented in Section 2. Section 3 discusses the treatment
of systems with lower dimensionality and represents the main subject investigated within
this thesis. In Section 4, it is outlined how exciting solves the eigenvalue problem by
introducing a suitable basis, and further implementation details are given. Application of
the truncation technique and the obtained results are described in Section 5.
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2 Theoretical background

The following chapter gives a short overview of some theoretical aspects used in numerical
codes, which calculate properties of solids. Atomic units are used throughout this work.

2.1 Density Functional Theory

Density functional theory is nowadays the state-of-the-art method for studying ground-state
properties of materials, such as structural properties. It is so successful i.a. due to its com-
paratively low computational costs. This allows a treatment of systems with more particles
at a sufficient accuracy level than other ab-initio methods do. For instance, the coupled
cluster method [6], widely used in quantum chemistry, allows a very accurate determination
of physical properties but is limited to systems with only a few atoms. In principle, every
property of a material is given by the many-body Hamiltonian and the Schrodinger equation.
Its solutions lead to many-body wavefunctions where the expectation value of every observ-
able can be obtained. The Born-Oppenheimer-approximation motivates to separate the ionic
motion from the electronic one. One assumes, that the lighter electrons react immediately to
a change of the nuclear configuration. Hence, they can be treated as moving in an external
potential and the Hamiltonian of an interacting electronic system with N particles can be
expressed as a sum of the kinetic energy operator T, the external potential due to the nuclei
Vemt, and the electron-electron interaction Vee

[:[elec = = 3 sz +‘/ext + = ZZ |I‘ . ’ (1)
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Given that already the storage of a many-body wavefunction causes problems |7, p.3], it
is not only analytically, but also numerically impossible to solve the electronic many-body
Schrodinger equation.

Density functional theory turns away from a description of the state by means of the
many-body wavefunction W(ry, ro, ... ,ry) with 3N coordinates. Instead it uses a descrip-
tion of the system’s state by the electronic density, requiring only 3 coordinates. Of course,
the description of an interacting-electron system requires the distinction between different
spin densities n4(r) and ny(r), but only the description of a general spin-unpolarized density
will be given within this framework. In the following, a short description of the important
Hohenberg-Kohn-theorem will be given, which provides the theoretical basis for DFT. Fur-
thermore it is depicted how an auxiliary system of non-interacting electrons can be used to
calculate the ground-state density of the actual interacting-electron system.

2.1.1 Hohenberg-Kohn Theorem

The electronic Hamiltonian differs for different systems with the same particle num-
ber only by the difference in the external potential. If Ugg denotes the ground state of a
particular external potential, then the ground-state density can be calculated as

n(r) = (Yas|a(r)|[Vas) (2)

3
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where n = ZZN d(r —r;) is the density operator. From the Schrodinger equation one obtains
the ground-state wavefunction and the ground-state density. Hence, it is clear that the
ground-state density is a functional of the external potential n| Vi (r) ]. Hohenberg and
Kohn showed in their groundbreaking work [8], that the reverse is also true. The external
potential is a unique functional of the density Ve [n(r)] as well, apart from a trivial constant.
This means, that every possible n(r), which satisfies the particle-conservation constraint

/ n(r)dr = N (3)

gives at most one Vi (r). Furthermore, the ground-state wavefunction and hence every ob-
servable represent a unique functional of the density. The energy functional of an interacting-
electron system can be written in the formal form

Eln] = Tn] + Ve[n] + Vee[n] (4)

where T'[n] and V.[n] are the functionals of the kinetic energy and the electron-electron
interaction, respectively. The functional of the external potential Viy[n] can be expressed as

Vext[n] = /Vgxt(r)n(r)dr. (5)

A second important theoretical basis for DFT is the extension of the variational principle,
which indicates that the energy has a minimum at the correct ground state Wgg. Hohenberg
and Kohn showed that the ground-state energy, which is a functional of the density, achieves
its minimum for the correct ground-state density

Eas[n(r) | > Egs[ ngs(r) ] (6)

provided that condition is satisfied by the accounted densities. More formally, (3)) can
be taken into account through the introduction of a Lagrange multiplier x4 such that the
variational principle can be expressed in a different way [9, p.12] as

)
st v+ [Vt - [ nwar <o 7)
2.1.2 Kohn-Sham auxiliary system

In order to introduce an auxiliary system of independent electrons, as proposed by Kohn and
Sham in [10], the energy functional is reformulated to detach the parts of the functional,
which are known explicitly.

E[n] = Ty[n] + Exn] + / Vext (£)n(r)dr 4+ Exe[n] (8)

Besides the functional for the external potential, also the functional for the Hartree energy

is known
Egln] = %// %drdr'. (9)
4
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To[n] represents the kinetic-energy functional for a system of independent electrons, whose
ground-state wavefunction is given by a Slater determinant. The last term in denotes the
exchange-correlation energy, which is defined as the difference between the kinetic energy of
an interacting-electron system and the independent-particle system as well as the difference
between the exact electron-electron interaction energy and the Hartree approximation.

Eye[n] = Tn] = To[n] + Vee[n] — Enln] (10)

Hence, it follows that Ey.[n] contains all contributions of exchange (reduction in the total

energy due to antisymmetry of the electronic wavefunction) and correlation (difference in

energy between the real interacting-electron system and the Hartree-Fock value).
Application of the variational principle on (8]) yields the equation,

5T,
5n0([:)] + Vet (1) + vi(r) + Vie(r) = (11)
Vics (r,[n])

respecting the condition by introducing a Lagrange parameter . The potentials are
the functional derivatives of the particular energy contributions with respect to the electron
density. Equation is valid for a general system of interacting electrons under an external
potential. Exactly the same equation also describes a system of non-interacting electrons
moving in an external potential Vks(r, [n]). Therefore, an independent-electron system can
be assumed, whose density can be obtained by solving the one-particle Schrédinger equation

(=57 + Vst ) ) w£9(0) = 50t (12)

and setting

n(r) = > v (13)

for the density, with f; denoting the occupation number of the i¢th state. Equation is
the famous Kohn-Sham (KS) equation, which can only be solved self-consistently due to the
interconnection between the Kohn-Sham potential Vikg(r, [n]) and the electron density. The
self-consistent field cycle implemented in exciting is presented in Appendix B.

Following the Hohenberg-Kohn theorem, the density , obtained from the KS-equation
for a non-interacting-electron gas, is the same for the original interacting-electron system
moving in the external potential V., (r). Thus it is, in principle, possible to determine the
exact ground-state density of an inhomogeneous electron gas with the aid of the auxiliary
system. Since every observable represents a functional of the ground-state density, every
expectation value can then be calculated. Unfortunately, this is not entirely true, because
the exact energy functional of the density is not known. In particular, it is the exchange-
correlation energy whose exact shape is unknown, and this is where the KS-approach depends
on approximations. One such approximation is presented in the subsequent section. Despite
this shortcoming, the KS-approach is very successful in a large variety of ground-state cal-
culations.

It is important to note that the KS-orbitals /X%(r) in general have no physical meaning.
Only the highest occupied orbital can be interpreted as the ionization energy, provided the
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exact exchange-correlation functional is used. Also, KS-orbitals do not represent an actual
electronic orbital but are only an auxiliary system. This approach cannot be directly used
when excited systems shall be described or band-gab values predicted.

2.1.3 Local Density Approximation

The Local Density Approximation (LDA) for the exchange-correlation energy has been al-
ready introduced in the original work of Kohn and Sham [10]. It assumes that the exchange-
correlation energy per particle of the inhomogeneous electron gas is the same as in the

homogeneous electron gas, that is elPA = llPG  which is a function of the electron density

Ey[n] = /n(r)exc(n(r))dr. (14)

Kohn and Sham showed that this is exact for the two limiting cases of slowly varying densities
and high densities. The system of a homogeneous electron gas has been the subject of many
studies, so that the exact exchange-energy density is known

X

MG (1)) = —% (37%n(r)) """ (15)

There is no exact analytic expression known for the correlation-energy density of the
homogeneous electron gas. Nevertheless, a numerical solution has been elaborated by Ceperly
and Alder [11], using Monte-Carlo techniques.

In spite of its relative simplicity, this approximation is very successful in calculating
ground-state energies, molecular equilibrium distances, lattice parameters etc. and is widely
used nowadays. One of the reasons why LDA performs so well compared with other, more
complicated, exchange-correlation functionals, is that it obeys the sum rule for the exchange-
correlation hole |[12]. The exchange-correlation hole signifies the depletion of electronic charge
around a particular electron due to the Pauli exclusion principle, and the Coulomb repulsion.
The summation rule reflects the fact that, if an electron is definitely at a certain point,
it is missing from the rest of the system [9, p.17]. Problems of the LDA arise i.a. from
spurious self-interaction and from the fact that it does not take into account corrections
to the exchange-correlation energy at a particular point due to close-by inhomogeneities of
the electron density. Besides LDA, many other approximations for the exchange-correlation
energy with different levels of sophistication exist. They are not discussed within this work
since only LDA is considered in following DFT calculations.

2.2 Many-body perturbation theory: GW approximation

Exchange and correlation effects make it impossible to describe the wavefunction of a many-
body system exactly by an auxiliary system of independent particles (mean-field approach).
In order to predict not only ground-state properties, which are already accurately enough
described by the DFT, a better description of exchange and correlation effects is necessary.
The following short overview is based on Ref.[13].

Within the many-body perturbation theory (MBPT), the central variable is not the
density n(r) anymore, but the time-ordered single particle Green’s function G(rt, r't’ ) This

'Hereafter simply referred to as Green’s function
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function describes the propagation of a particle in an N-particle system with ground state
Ul created at the point (r/,t'), relative to the point (r,t). Hence, the Green’s function can
be defined using the particle annihilation w(rt) and creation operator wT(rt) as

Grt,x't') = =i (WY [F ) b)) W) (16)

The time-ordering operator 7 rearranges its arguments in order of descending time arguments
from left to right where for each pair permutation a factor (—1) is added. It allows to describe
with Eq.(16) either a propagating electron (¢ > t') or a propagating hole (¢ < ¢'). One should
be aware of the difference between an additional hole in the system and the exchange-
correlation hole, described in the previous chapter. MBPT aims to predict 7.a. the outcome
of a direct (inverse) photo emission experiment, so to calculate the excitation energies eN 1=

EY — EN7! (Nt = ENTY — EJ). Tt can be seen with the frequency dependent Lehmann
representation

I‘ I' w Zw )w * Z¢ )w § *(r,) (17)

w—eN+1+m w—eN-1 —in

that the Green’s function has poles at the many-particle excitation energies eﬁv 1 The
Lehmann representation can be obtained by exploiting the closure relation and the Fourier
transformation. 7 signifies an infinitesimally small, positive, real number and the ="
describe the projections

Pl E) = (TR E)W)  and T (E) = (Wl (x) [N (18)

The Green’s function obeys the Dyson equation [14], which can be reformulated using the
Lehmann representation of the Green’s function. One obtains the non-linear quasiparticle
equation

[—%V2 + Vit +/ |:<_r/1).,|dr11 U () + /E(r r'; w(eNENYNE () dr' = NFLYNE(r)

(19)
with the non-local, frequency-dependent and non-Hermitian self-energy operator ¥(r, r'; w),
containing all exchange and correlation effects that go beyond the Hartree potential V.
The electron together with its interactions (induced by the other particles) can be called a
quasiparticle. The exchange-correlation hole around the electron partially screens the charge
of the electron such that the quasiparticles interact via a dynamically-screened interaction

W(r,r';w)
Wir,r'w) = /e_l(r, r’;w)o(r” r')dr” (20)

where €(r,r’;w) signifies the dielectric function and v(r,r’) = 1/|r — r’| the bare Coulomb
potential.

The Hedin equations [15] provide a set of integral equations which link together different
quantities such as the Green’s function G(r, r’; w), the self-energy >(r, r’; w), the dynamically-
screened interaction W (r,r’;w), and the polarization function P(r,r’;w). These equations

7
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cannot be solved exactly, therefore a solution relies on approximations. A possible sim-
plification provides the GW approximation. Within the GW approximation (GWA) the
self-energy is assumed to be

YW (r, 1 w) = 2L/ Go(r,r';w + YW (r,1';w') exp™™ duw’ (21)
™ —0o0

where (G is the Green’s function of a system defined by the single-particle Hartree equation

1 A /
{—§V2 + Vext + / |:L(_r1)./| dI‘/:| ng(r) = E?QO?(I'). <22)

For the Green’s function Gy, the 1) ™' and ¢ " in denote the unoccupied and occupied
states of a Hartree system, respectively. The GWA uses the random-phase approximation
which gives for the dielectric and polarization function

e(r,v;w) = o(r—1') —/v(r,r”)P(r”,r’;w)dr” (23)
P(r,v';t —t') = —iGo(r,r’, 7)Go(r',r,—7) (24)

where 7 =t — t’ is the Fourier transformation partner-variable of w.

In order to obtain the excitation energies e;N +1 the quasiparticle equation 1) has to
be solved. This is done by exploiting the similarity with the Kohn-Sham equation .
Despite the missing physical justification, the Kohn-Sham energies €X5 often estimate the
band structure quite reasonably, which justifies a perturbative approach of first order

6 R {0 56 = Valei™®) (25)

since the correction to the exchange-correlation potential by the self-energy seems to be small.
This perturbative approach is usually referred to as GoWj in literature [7]. Equation is
non-linear in energy because of the energy dependence of the non-local self-energy. This can
be further approximated by the linear expansion of the self-energy

o (r,r';
S(r, v’ e ) & N(r, v 6fF) + (N E - 69) —(1(;’ r'w)
w

(26)

which leads to

e e + Zi (00 [B(6) = Vieli™) (27)
where Z; denotes the quasiparticle renormalization factor

Z; = (1 —~ <sof-‘s so?s>>_ : (28)

Thus, proceeding from a DFT calculation with KS-energies ¢ and KS-eigenstates ¢,
good approximations to the excitation energies like can be obtained with the equations

20, @1, @3) and 24).

0X(r,r’;w)
Ow

—_KS
w=e€;
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3 Simulation of systems with different dimensionality

The periodic structure of crystals leads to the Bloch theorem ((62) (see Appendix A). For such
a 3D (periodic)-system, plane waves offer a very convenient tool for representing the periodic
functions. The Fourier transform is discrete, and several numerically efficient algorithms
exist to perform the Fourier transformation e.g. FFT. However, not only the properties of
3D-systems but also the properties of systems with lower dimensionality, e.g. molecules, are
of interest. To simulate a nD(periodic)-system, where n = {0, 1,2}, one would require to use
different basis functions for each case, in order to take into account the particular periodic
dimensionality. In practice, the most general solution of 3D-periodic boundary conditions
and the corresponding 3D Fourier transformation is used. Nevertheless, one wants to cover
with one code as many applications as possible, regarding the range of properties and the
variety of materials which can be studied. In order to enable also the study of systems with
lower dimensionality than the implemented one, the super-cell technique [1] is applied. Tt
allows to compute properties of lower-dimensional systems without changing completely all
implemented procedures (e.g. from 3D Fourier transformation to 2D) and basis sets for every
dimensionality, since this would be associated with vast additional effort. A super-cell is build
up from the unit cell of the lower-dimensional system to which an additional vacuum region
is added in the finite direction(s). Owing to the implemented periodic boundary conditions,
the super-cell is replicated in every direction and artificial images of the lower-dimensional
structure arise. In order to calculate, for example, the properties of a 2D-system (layer),
the 3D-periodic boundary conditions lead to an infinite reproduction of the slab in the
actually finite direction as well, see Figure[ll The simulated system then mimics a system of
capacitors rather than an isolated layer. Due to the long-ranged Coulomb interaction between
the particles, neighboring images can interact with each other. This leads to spurious effects
in the finite directions for systems with lower dimensionality.

An easy solution so far was to choose the vacuum region large enough so that the potential
generated by the particles, which decays with ﬁ, is already sufficiently week at the border
of the super-cell. The periodic images can thus be handled as not feeling each other. So it
is clear that with increasing box size one can obtain more accurate results. On the other
hand, the calculation time required to reach convergence increases rapidly with larger box
sizes. This is because more basis functions for the expansion of the KS-wavefunctions are
used (number of G-vectors included) and thus the Hamiltonian to diagonalize is bigger.
To compute the converged energy of the highest occupied molecular orbital (HOMO) of an
isolated acetylene molecule, one has to use a box size of around 16 bohr (see Fig.. This
leads to a computational overhead (compared to the simulation of a periodic structure) due
to exponential scaling. Figure [2| shows the exponential increase of calculation time needed
to reach convergence of the ground-state energy of acetylene as a function of the box size.

For ground-state calculations, the required computational costs, unlike some decades ago,
are nowadays affordable. This is not the case for calculations of excited properties e.g. GW
calculations. The GW method is based on the explicit treatment of non-local operators in
space and time. Such quantities, e.g. the dielectric function or the self-energy , are
long-ranged and force to use larger super-cells than a DF'T calculation. Moreover, they are
computationally also much more involved than DF'T. Hence, larger box sizes are required to
prevent spurious interactions among replica. Furthermore, an enlargement of the box size
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Figure 1: A code such as exciting reproduces the object also in the finite direction(s)
by using 3D-periodic boundary conditions and the super-cell approach. Hence, it simulates
not directly the actual lower-dimensional system at hand. The figure exemplifies this for
a 2D-system where the artificial interaction (red) between the replica leads to an observed
system with properties similar to a capacitor rather than to that of the desired isolated layer
(orange). For clarity, the second periodic direction has been omitted.
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Figure 2: Required calculation time to reach convergence of the ground-state energy of
acetylene as a function of the box size (convergence criterion: change in energy between two
iterations smaller than 107%). All calculations for the different box sizes were performed with
the same parameter setting. The exponential dependency of computation time on box size
becomes apparent.

10



3 SIMULATION OF SYSTEMS WITH DIFFERENT DIMENSIONALITY

—50F T T T T T T n
55 -
S 60} -
9,
O -65} -
3
I _7.0- b
75 -
—8.0F L L L L L L 7]

10 12 14 16 18 20
a (= b =c) [bohr]

Figure 3: Highest occupied molecular orbital (HOMO) of acetylene as a function of the
box size, calculated with the DF'T approach, using LDA. As can be seen, a converged energy
value can be obtained with a box size of around 16 bohr.

has a much larger impact on the computational costs in this case than in a ground-state
calculation. This motivates different approaches to the artificial-image problem in order to
save computational power.

3.1 Coulomb potential cutoff technique

A solution to the problem of artificial-image interaction is provided by the Coulomb-cutoft
technique [2][4][3]. To avoid using large super-cells, the potential interaction is modified such
that the potential equals the bare Coulomb potential inside some defined region D and zero

outside [4].
L .
wl)= {1 HTED (29
0ifr¢ D

By truncating the potential, artificial interactions between replica can be prevented. This
is desired only in the finite direction of the studied system, whereas the interaction between
periodic cells has to be kept for periodic directions.

Since calculations of properties of solids require sums over the Brillouin zone (k-point
sampling) and/or reciprocal-lattice vectors, an expression for the Coulomb-cutoff poten-
tial in the reciprocal space is needed. Therefore the Fourier transform

velQ) = / 0e(r) exp 9T r (30)

has to be determined. Given that the truncation has to be performed only in the finite
direction, Eq. needs to be calculated for every n-periodic case separately (n = 0,1,2,3)
because every case requires a different region D.

11
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In case of a zero-dimensional system (molecule, atom) the potential has to be truncated in
every direction so region D is assumed to be spherical with radius R.. The straight-forward
calculation gives

oP(q) = fl—” {1 - cos(qR.)} (31)

where ¢ denotes the absolute value of q.

Systems, periodic in one dimension, require a two-dimensional region D. Without loss
of generality the periodic direction is set along the z-axis of a Cartesian coordinate system.
Performing the Fourier transformation in z-direction one obtains

P(a) = [ [ dody ©(,) 2Ka(lap) coslau + ) (32)

where p = /22 + y? and Kq(z) indicates the modified Bessel function of the second kind.
©(z,y) denotes a function which equals one inside a small region around the z-axis and zero
elsewhere. The shape of ©(x,y) will be specified later on.

For systems which extend infinitely in two dimensions, the truncation should be carried
out only in one dimension. The finite direction is set to be along the z-axis and D extends
in z-direction from —z. to z.. The Fourier transformation gives

@) = o f e (Lsingez) - st ) | (3)

q? Qay
where ¢., = \/q3 + q;-

For crystals, infinitely extended in every direction, the Coulomb potential does not have
to be truncated. The Fourier transform of the Coulomb potential is given by the usual

4
o (@) = =5

e (34)

3.2 Treatment of the q — 0 singularity

Expressions — exhibit divergences 7.a. at the I'-point. Since electronic properties
are calculated by summations over the BZ (see Appendix A: Bloch Theorem and k-point
sampling), this is a problem, given that the sums then become infinite. A simple exclusion
of divergent points from the calculated sum over the BZ does not satisfy the demanded
accuracy. This is due to the large contribution of the singularity’s vicinity to the summation.
Furthermore, a large drawback of avoiding using the I'-point is a very slow convergence with
respect to the k-point sampling of the BZ.

Since the GW implementation in exciting is based on I'-point-centered grids, an explicit
treatment of the q — 0 singularities is required. One possibility to do so is the idea of
replacing the value at one k-point with the average value in a small volume around this point.
Therewith it is also possible to take into account the large contribution of the singularity.
It is hereafter referred to this procedure as the method of averaging. In order to treat the
singularity at the I'-point with the method of averaging, it is necessary, that I' is an isolated
singularity. This is not the case in Eqgs.(32) and (33). By imposing special requirements on
the cutoff region D [2], the singularities can be confined to the I'-point only.

The different periodic cases are treated separately below by defining the cutoff region D,
if necessary, and then treating the remaining singularity at I'.

12



3 SIMULATION OF SYSTEMS WITH DIFFERENT DIMENSIONALITY

3.2.1 0D system

For the 0D case, there is no singularity. The value of v?(q) is finite for every value of q as
can be seen with the following transformation, using the series expansion of the cosine.

PP (q) = {1 —cos(qR.)} = —2mR? "R (35)
Thus, the value of the 0D-cutoff potential at the I'-point is
vP(q=0) = —27R2. (36)

3.2.2 1D system

The Fourier transform of the 1D-cutoff potential is in this form divergent in the whole
¢:q,-plane due to the singularity of the modified Bessel function of the second kind at the
origin

Ko(x = 0) = —0.5772 + In(2) — In(x). (37)
In order to reach a finite number of singularities, ©(z, y) in Eq.(32) is defined so that v!P(q)
is set # 0 in exactly one Wigner-Seitz cell, which is centered on the wire in the zy-plane, as
proposed in Ref.[2]

z&D<q>::L/};S2-I<oqup>-coagzx-%qyy>dxdy. (33)

Thus, the divergence is confined to the single term q = 0. This is due to the fact that
the Brillouin zone is sampled with only one k-point in the finite directions. Hence, every
projection of a vector in the reciprocal space q on the g,g,-plane equals a reciprocal-lattice
vector G. The general relation [16] between a reciprocal-lattice vector G and a real-space-
lattice vector L

G-L=2mm (39)

where m indicates an arbitrary integer, makes the zy-integral over the Wigner-Seitz cell
disappear. This will be exemplarily shown for a rectangular Wigner-Seitz cell with side
lengths L,, L, and L,. First, the divergent term in (38) is isolated using

—Qmu%n// cos(qe + ayy) dedy, (40)
WS

then the integration is performed and is exploited

La/2  Ly/2
// cos(qzx + quy) dedy = / cos(qzx + quy) dydx
ws

—Lx/2 Ly/2

= sin(qux/Z) sin(qyL,/2)
qzqy

4 . .

= sin(7m) sin(7m)
x4y

= 0.
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3 SIMULATION OF SYSTEMS WITH DIFFERENT DIMENSIONALITY

In order to treat the remaining divergence at q = 0 with the method of averaging, the
divergent term of for ¢, = ¢, = 0 and ¢, — 0 is being extracted:

oP(q—0) = // dedy 2 - (—0.5772 + 1n(2) — In(|s]p))
WS
= 2 e -9,

TV
=:11D divergent for q,=0

+ 2 Qyy - (—0.5772 4 In(2 // In(z? + 3 dmdy (41)
WS

constant for q.=0

Quy = [ fWig—Sei dxdy represents the volume of the unit cell in the xy- plane. For the divergent

term in , the average value over a small volume V1P (in reciprocal space) around I is
calculated. Because of the periodicity in only one direction, the Brillouin zone with volume
Qpz can be assumed as one-dimensional. Thus, V'P represents a line in ¢.-direction with

length BP = QN—iZ = VP where Ny is the number of g-points in a Brillouin zone. The

divergent term can then be expressed as
1
1D _
'~ = v /Vm dg. (=2 - In(|qz]) - Qay)

2.0, /5”3/2
= - sz In q-
o2 [, da o)

= 2.0, {m (293]\2&) - 1} . (42)

Returning to the example of a rectangular Wigner-Seitz cell, the integral in the constant
term of gives

La/2 Ly/2
// In(2? + 9 dedy = / dm/ dy In(z* + )
ws L./2 Ly/2

_ ((Ly (=3 =In(4) + In(L + Ly)) + L, arctan (ﬁ_))

L
+ Lz arccot (L—Z> )

The value of the 1D-cutoff potential at the I'-point for an arbitrary Wigner-Seitz cell is

v:P(q=0)=I""+2-Q, - (—0.5772 + In(2)) — // In(z* + y?)dwdy. (43)
WS

3.2.3 2D system

By setting the cutoff length to z. = L./2 [2], the divergences in get mostly eliminated
due to despite of the one at the I'-point. The cutoff potential for the 2D case is then

12(0) = o5 11— exp(—g20) cos(0:5)} (44)

14



3 SIMULATION OF SYSTEMS WITH DIFFERENT DIMENSIONALITY

The divergence at the origin is treated in the same way as in the 1D case with the method
of averaging. Here the volume V2P = %\%Z is two-dimensional, constituting a circle centered
at I' with radius

Q

2D BZ

8 — = 4
ﬂNk ( 5)

Using this, the average value for v?P(q = 0) can be calculated. Setting ¢, = 0 and exploiting
the series expansion of the e-function to the quadratic term, which is justified because of the
small values of 3%P, one obtains

1 52D 47T
.=0
= [ [ - el
0 0 Ty
gr2 [P 2243,
= VZD A {Zcqu - 9 } dq:vy
87T ZC/B2D 2
= — BQDZC _ u
vV 4
N,
= 8%3/2209—k — 222, (46)
BZ

3.2.4 3D system

For completeness, the singularity of the 3D-cutoff potential at the I'-point is also treated
with the method of averaging. For this case, due to the three-dimensional Brillouin zone,
V3D represents a small sphere around I' with radius

30 1/3
3D BZ
= , 4
b < 4m Ny ) (47)

Thus, the averaged value for v3P(q) is

1 B> 9N,
3D __ 5/3 k
= v | dq = 173D /dQ/ —d\(ﬂ (4m)* (QBZ> : (48)

Table [1] summarizes the results for the four different cases of dimensionality.
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3 SIMULATION OF SYSTEMS WITH DIFFERENT DIMENSIONALITY

Table 1: Summary of the modified expressions (to eliminate divergences) for the Coulomb-
cutoff potential, calculated for every possible dimensionality, as well as the value at the
[-point, determined with the method of averaging (if necessary).

Periodicity v.(q) ve(q = 0)
0D & 11— cos(qRe)} —27 R?
1D Jlws 2 - Kolla:1p) - cos(quw + qyy) dady | I'P +2 - Qyy - (—0.5772 + In(2))

- ffws In(2? + y?)dzdy

2D v2P(a) = 5 {1 — exp(—ayzc) cos(g:2) } 8 7r3/22691\;kz — 222
2/3
an 5/3 (9N
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4 THE EXCITING CODE AND IMPLEMENTATION DETAILS

4 The exciting code and implementation details

The truncation technique presented in the previous section as well as the treatment of
the singularity q — 0, have been implemented into the full-potential all-electron pack-
age exciting [5], specifically into the GW approximation within MBPT. The exciting
code is able to calculate ground-state properties of a large variety of materials as well as
excited-state properties e.g. quasiparticle band structures or optical absorption spectra. In
the following short description it is sketched how exciting solves the KS-equation for the
electronic states by using the linearized augmented plane-wave basis (LAPW), and how
GWA is implemented.

4.1 The (L)APW+lo basis

In order to solve the KS-equations numerically, it is necessary to introduce a basis, which
is used to expand the electronic wavefunctions. For clarity, the KS-index of the wavefunction
will be omitted from now on.

Yac(r) = Y Clgdai(r) (49)

With a chosen basis ¢g 1k (r), the KS-equation can be obtained in matrix-form. Equation
turns then into a generalized eigenvalue problem for whose solution efficient standard diag-
onalization techniques are applied [17]. At first sight, a plane-wave basis set seems to be a
good choice, suggested by the periodic character of the wavefunction. However, it is reason-
able that the electronic wavefunctions behave differently for core and valence states. The
wavefunction of core states is strongly localized around the nuclei, whereas the wavefunc-
tions of the valence states are delocalized and oscillating. Thus, a very large number of
plane waves is necessary to represent the variety of electronic states accurately. The compu-
tational complexity scales with O3(N), where N, is the number of basis functions. Hence,
the computational costs for sufficiently accurate calculations increase severely.

Observing the behavior of an electronic state, one can in principle distinguish two regions:
Near by a nucleus, the electronic wavefunction resembles an atomic orbital due to the strong
potential of the nucleus, whereas in the region in between, the electronic wavefunction has
a delocalized character and can be well described by plane waves. Thus, it makes sense
to use different functions in the two regions as already proposed by Slater [18]. Within
spheres of radii Ryr around each nucleus « at position R,, called muffin-tin (MT') regions,
the electronic wavefunction is expanded in terms of spherical harmonics Y;,,(r,) and radial
functions w,(r), where r, = r — R,. In the interstitial region I, plane waves are used as
basis functions. This separation of the space is depicted in Figld] This basis is called the
augmented plane-wave basis APW with basis functions

Zloio Zﬁ:_z Alcr;n—gkulaoﬂa)ylm(ra)
dak(r) = (50)

% expli(G + k)r]
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4 THE EXCITING CODE AND IMPLEMENTATION DETAILS

Figure 4: Due to the different behavior of electronic wavefunctions in the vicinity of a
nucleus and the interstitial region distant to the nuclei, the space is separated into two
different regions where different basis function are used: the muffin-tin spheres MT (grey)
around each nucleus (green) and the interstitial region (yellow).

where  denotes the volume of the unit cell and AZ** has to be chosen so that the basis
functions are continuous at the sphere boundary. In the vicinity of a nucleus, also the KS-
potential Vig(r) is heavily influenced by the nucleus so that the radial functions wu,(r) are
constructed such to satisfy the radial Schrédinger equation with an averaged, spherically
symmetric representation of the KS-potential Vyr(r)

1d* I(l+1)

2 dr? 272

+ Vur(r) — eﬁs (ruie(r)) = 0. (51)

Thus, the radial functions depend on the KS-eigenvalue €5°. When the basis is known, the
coefficients C%; and the KS-energies can be obtained by solving the eigenvalue problem

H&C* = kskCk (52)

where C¥ and €X denote the coefficient and energy vector, respectively and the Hamiltonian
and overlap matrix are computed as

1
Hie = (dakl— §V2 + Visloa i) (53)
Séar = (Paikldein) (54)

To make the matrices finite and the eigenvalue problem numerically computable, the
plane-wave basis is made finite by defining a largest value G,,q.,. Since the accuracy of a
calculation not only depends on G, but also on the MT-radius Rj;7, the accuracy of
the basis can be expressed through the dimensionless parameter Ry;7Gnae- It is clear that
the accuracy of the calculation gets better with increasing Rj;rGiq.. But regarding the
high increase of computational costs with growing Ry;7Gaz, @ compromise has to be found
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4 THE EXCITING CODE AND IMPLEMENTATION DETAILS

between the convergence speed and the accuracy of the calculation (as it is often the case in
computational simulations).

The fact that the radial function is energy-dependent leads to big problems in solving the
eigenvalue problem, since the basis functions and also the matrices H% and S¥ are energy
dependent. Hence, Eq. is not linear, and the efficient straight-forward algorithm for
solving eigenvalue problems can not be applied so easily. In order to benefit yet from the
fast algorithms of numerical linear algebra, a linearization of in energy is necessary. A
simple way to do so is to fix one energy ¢, in and to use u;, (7; €4) in the basis functions.
It’s clear that this can yield an accurate approximation for neither the wavefunction nor the
actual eigenenergies €. By expanding formally the radial function into a Taylor series

Oy (15 €)
Oe

1 o 0%y (15 €)

Wi (75 €) &2 U (15 €10) + (€10 —€) +§(€la—€) 52 +O(e1a—€)* (55)

€E=€]qn €E=€]n

one can see that the linearization error can be decreased by including corrections to the
radial function, consisting of its derivatives. A first order correction in the spirit of a Taylor
expansion leads to the linearized APW basis (LAPW), where the basis functions within the
MT-parts are

Oy (13 €
A Hu(ra) + B el

dcik(r) = Z

Im

Yzm(ra)- (56>

€E=€]n

The coefficients Al%zk and Bl(,,;n;k have to ensure continuity of the basis functions and their
spacial derivatives at the MT-sphere boundary.

To improve upon LAPW and decrease the linearization error, one can take into account
more corrections regarding or/and define local orbitals (lo) as additional basis functions
(LAPW+lo). These local orbitals are strictly zero everywhere except in one particular MT-
sphere. With the introduction of 1o’s, the task of linearizing the secular equation is shifted
from the MT-part of the APW basis functions ¢gk(r) into the lo’s. Hence the ¢g k(r) are
calculated with a frozen energy parameter for the radial functions w,(7; €4), and the local

orbital within one particular MT-sphere surrounding nucleus R, can be written as

O (Ta; €
60(8) = Gu, G, B, |utialraia) + 0“1 ) 6m
€E=€la
The coefficients a, and b, must ensure the boundary condition ¢,(|r|] = R,,) = 0 and

the normalization constraint [, [¢,(r)|*dr = 1. Within the APW+lo basis, the electronic
wavefunction is expanded in the following manner

Ya(r) = Y Cigda(r) + ) Chou(r) (58)

What kind of lo’s and how many of them are used to represent the wavefunction can be
adjusted, depending on the required precision and the particular system.
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4 THE EXCITING CODE AND IMPLEMENTATION DETAILS

4.2 The GyWW, approximation in exciting

A GyWy calculation is based on a previous DFT calculation and uses the obtained KS-
eigenfunctions 9, (r) and eigenenergies €;. In order to obtain the quasiparticle excitation
energies , the non-interacting Green’s function is composed of the KS-eigenfunctions

occ uno

2/)zk z/}zk r(/}’Lk wlk
G 59
and hence the polarizability (24 can be expressed in the frequency domain as

(r,150) = D7 D Py K3 0) ) (01 ) e (1) (60)

4 kK

where F;; depicts the occupation- and frequency-dependent integration weights

Byl Ko = fud1 = fs) - ( L ) o

W — €jk-K + €k + (24 w + €ik—k — €k — 7]

To transform the GoW, equations ([20) . . . . ) and ( into matrix form, an

auxiliary product basis is employed in order to expand products of KS-wavefunctions with
sufficient precision.

The Coulomb potential truncation technique is used for the treatment of lower-dimensional
systems. In this work, the expressions of the Coulomb-cutoff potentials in reciprocal space
from Table [1| have been implemented in the equations for the dynamically-screened inter-
action W (r,r’;w) (20). For the case q — 0, where the Coulomb-cutoff potential exhibits a
singularity, the averaged values calculated in Section 3.2 have been implemented. Details
regarding the implementation of the GoWj in exciting can be found in Refs.[5] and [19]. As
a final remark, the problem of the starting-point dependence within GoW} should be men-
tioned. Since GoW, uses KS-energies and KS-eigenfunctions, the results of GoW, depend
on the used approximation for the exchange-correlation energy functional within the DFT
calculation.
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5 RESULTS

(a) acetylene (b) polyacetylene
Figure 5: Geometries of acetylene (left) and a polyacetylene chain (right). The systems
are constituted of hydrogen (blue) and carbon (red) atoms.

5 Results

As a test case, the implemented technique has been applied to study the electronic struc-
ture of an isolated acetylene molecule (0D system) and a polyacetylene chain (1D system).
Figure [5 shows the structure of acetylene (left) and polyacetylene (right). To expand the
wavefunction, an APW-lo basis has been used. All ground-state calculations were performed
using LDA with an expression for the correlation-energy density from Ref.[20].

5.1 Acetylene molecule

The acetylene molecule consists of two carbon and two hydrogen atoms, where the carbon
atoms create a triple bond by hybridization of an s- and an p-orbital, as shown in Figure [5
The molecular structure was obtained by a relaxation procedure, where the coordinates of
the single atoms are subsequently changed in order to minimize the force between the atoms
below a particularly small value. The relaxation process yielded bond distances of 2.031 a.u.
between C-H and 2.281 a.u. between C-C, which is suffiently accurate in comparison with the
experimental values of 2.003 a.u. and 2.273 a.u., respectively [21]. Due to the sp-hybridization
of acetylene, the linearity of the molecule has already been presupposed for the relaxation
process. In a 0D system, it is not meaningful to talk about a band structure, since the
wavefunctions and eigenenergies do not exhibit a k-point dependence. The energy bands
are simply horizontal and thus one rather talks about energy levels, similarly as for the
hydrogen atom. Therefore, it is sufficient to sample the BZ with only one k-point. The
cutoff parameter for the (L)APW basis has been chosen to be Ry1rG e = 3.5, and a local
orbital (lo) for 1=0 only has been used as an additional basis function. A convergence test
of the Egg with respect to the value of Ry;7Guae can be found in Appendix C (Fig..
Figure @ shows the energy of the highest occupied molecular orbital (HOMO) of acetylene
for different side lengths of the cubic super-cell. The calculation using GoWy@QLDA (which
means LDA was the starting point of the Gy, calculation) with the implemented trunca-
tion and explicit treatment of the singularities with the method of averaging is compared
to the untruncated case, where the singularities were treated by introducing an auxiliary
function [22]. Using a Coulomb cutoff, a better convergence with respect to the box size
can be observed. Already a boxsize of 12a.u. yielded a converged result for Eyoyo where
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Figure 6: Comparison of the convergence with respect to the unit cell size between the
GoWy calculation using the 0D cutoff and without cutoff. It can be seen that the truncation
of the Coulomb potential indeed speeds up the convergence. The experimentally determined
ionization energy (red) is plotted as a reference [23].

in the case of no truncation, convergence was not reached below a boxsize of 18a.u.. The
truncation of the Coulomb potential speeds up the convergence but does not significantly
affect the resulting value. Compared to the experimentally measured ionization energy
I = 11.4eV [23], the calculated value of Eyopo differs by almost 10%. Calculations us-
ing a different exchange-correlation functional [24] for the ground-state calculations, which
goes beyond LDA and take into account not only the local electronic density but also its
spatial derivatives (generalized gradient approximation GGA), show a better agreement, i.e.
Enomo =~ 10.9—11.3eV [25], to the experimental value, but still overestimate it. One reason
for this can be searched in the nonphysical self-interaction, from which not only the LDA
but also the GGA suffers. The GoW is apparently not able to correct all inaccuracies made
by the LDA since the GoW, employs only a perturbative correction to the KS-energies.

5.2 Polyacetylene chain

As a conducting polymer, polyacetylene has already been object of interest for many different
studies. One unit cell of a polyacetylene chain contains two carbon and two hydrogen atoms.
A picture of the used polyacetylene structure is shown in Figure [5, which is chemically re-
ferred to as trans-polyacetylene. The periodic direction of the chain has been arbitrarily
defined as lying along the z-axis. In order to determine the unit-cell length ¢ in the periodic
direction, a unit-cell optimization has been undertaken which yielded ¢ = 4.70 a.u.. Opti-
mization details are described in Appendix C in Figure All calculations were performed
on a1l x1x8k-point grid. The APW cutoff parameter was set to RyrGae = 3.5, and the
local orbital for [ = 0 has been additionally used. The bond lengths were determined by a
structural optimization which gave a C-H bond length of 2.085a.u. and a C-C bond length
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Figure 7: The band gap for polyacetylene at the I'-point in dependence of the box size
in the finite direction. Using the Coulomb cutoff for the 1D system, the Go\W, calculation
converges very fast in contrast to the calculation using no cutoff, which does not converge
at all in the studied range of box sizes.

of 2.649 a.u.. The angle between two C-C bonds was obtained as Sc_¢ ~ 125°.

The calculation of the band gap of polyacetylene at the I'-point (k-point sampling of
1 x 1 x 16) with respect to the box size in the finite direction, converges much faster when a
Coulomb cutoff is used. This can be seen in Figure|7| where the band-gap values for different
box sizes are shown for a calculation without cutoff and with a 1D-cutoff. The effect of the
truncation is vast. Without a truncation, the band-gap energy (and hence all quasiparticle
energies) did not converge within the range of 10 — 20a.u. whereas the 1D-cutoff made
converge the calculation even for a box size of 10a.u.. This result demonstrates the large
improvement that can be made regarding the computational effort when using the Coulomb
truncation technique, since it allows to use much smaller box sizes.

Furthermore, the truncation of the Coulomb potential does not only increase the con-
vergence speed of a GoW, calculation with respect to the box size but also with respect
to the number of k-points, Ny, used to sample the BZ in the infinite direction, as can be
seen in Figure[8l Contrarily to the dependence on the box size in real space, the calculations
without truncation do not converge at all in the reciprocal space within the investigate range
of Ni. It is interesting to mention that the convergence behavior of quasiparticle energies,
calculated within the MBPT and using the cutoff potential, exhibits a very different behav-
ior with respect to the k-point sampling for the different dimensionalities. Contrarily to the
1D case, the convergence with respect to Ny worsens, when applying the Coulomb trunca-
tion in the 2D case, as can be seen in Ref.[26]. A possible explanation has to be searched in
the behavior of the dielectric function in 2D, which exhibits a strong q dependence in the
vicinity of the I'-point. Thus, a lot of k-points are needed to sample the BZ properly and
perform integrals accurately. Why the convergence behavior in the one-dimensional case is
so essentially different could be a topic of further interesting studies.

For comparison, the band gap computed by the Hartree-Fock approximation (HF) is also
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Figure 8: The band gap for polyacetylene at the I'-point in dependence of the number of
k-points, N, used to sample the BZ in the infinite direction. Comparing the calculation
without cutoff (no) in contrast to the truncated case (1D), the GoW, approach did not
converge at all. The results of the calculations using the Hartree-Fock method (HF) changed
only insignificantly under the application of the Coulomb potential truncation.

depicted in Figl8l The fact that the HF calculation is nearly not affected by the truncation
shows that the dependence of the box size in GoWy must come from the correlation part
(at least for this system) since HF includes exact-exchange but no correlation effects into
its equations. Also the correction of the GoW, to the always overestimated ban-gap value
calculated within the HF approach can be extracted.

The indirect band gap of polyacetylene, calculated with the truncation of the Coulomb
potential at a box size of 20a.u., yielded =~ 0.7eV. Contrariwise, a phototransport experi-
ment yielded 1.48 eV [27], and a computational approach using also Green’s function theory
obtained the direct band gap to be 1.86eV [28]. One of the reasons for this underestimation
in comparison with both reference values might be connected to the used bond lengths. An-
other one is the effect of the underlying exchange-correlation potential. Within this work,
no distinction has been made between the single bond C-C and double bond C=C carbon
atoms, regarding the bondlength. Experimental studies show that a bond alternation exists
in real polyacetylene [29]. In addition, simulations using the tight-binding model show that
bond alternation leads to a larger band gap [30]. But the main reason for the deviation of
the calculated value from the two references is certainly due to errors of the DFT calculation
based on LDA, which are transferred to the GoW, results (starting-point dependence). Since
LDA is known to underestimate band gaps, it is clear that also the GyW} calculation results
will be too low. The value of 1.86 eV was calculated using self-consistent G W, which lifts the
starting point dependence to a certain degree and therefore produces more reliable results.
The effect of the Coulomb potential on the convergence behavior is not expected to change
qualitatively when including certain degrees of self-consistency into the GW approximation.
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In addition, it should be mentioned that also the precise experimental determination of the
band gap of polyacetylene causes large difficulties. The experimental results vary actually
within a range of 1.4 — 1.8V [28], which has been assigned to i.a. a variation in the degree
of the crystallinity of the samples.
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6 Conclusions

Simulation codes exploiting 3D-periodic boundary conditions suffer from artificial-image in-
teraction when applied to systems which are periodic in less then three dimensions. Within
this work, a truncation of the Coulomb potential has been considered in order to compute
and reduce the computational costs of numerical calculations with lower dimensionality. To
this extent, the long-ranged Coulomb potential is cut off at a particular distance in the finite,
non-periodic direction within the super-cell. As a result, lower box sizes can be used within
the super-cell approach without affecting the accuracy of the computed results.

The Coulomb-cutoff potential has been summarized for all possible dimensionalities fol-
lowing Ref.[2]. As my own contribution, the singularity at the I'-point of the Fourier trans-
form of the Coulomb-cutoff potential has been treated by the method of averaging (see
Table . This analytic treatment of the singularity reduces the number of k-points Ny
necessary to sample the BZ accurately.

The obtained results for the acetylene molecule (Figure @ and the polyacetylene chain
and , computed with the code exciting, are very promising. They show an improvement
of the convergence speed with respect to the super-cell size in real space. The truncation of
the Coulomb potential allows for using smaller vacuum regions within a super-cell. In the
case of polyacetylene, even half of the box size sufficed to gain convergent results, compared
to the untruncated case. The second very interesting result is about the convergence with
respect to the number of k-points, Ny. In reciprocal space, the Coulomb truncation is
even necessary to produce converged results within Nys that are convenient, regarding the
computational costs.

The observed deviations from experimentally and theoretically obtained reference val-
ues were explained by the inherited error from the LDA calculation, which provided the
starting point for the following GoW} calculation. Including self-consistency into the GW
approximation [7] can cure the starting-point dependence and produces more accurate re-
sults. Nevertheless, it was not the aim of this work to reproduce exact results, but to examine
the impact of the Coulomb cutoff on GW calculations. Concluding, an application of the
Coulomb-cutoff potential reduces the computational costs due to the improvement of the
convergence speed in real and reciprocal space. Thus, the truncation technique makes it
possible to treat larger and more complicated low-dimensional systems.
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Appendix

A Bloch Theorem and k-point sampling

Due to the periodicity of the potential, the Hamiltonian is invariant under any lattice trans-
lation for the system of a crystal solid. It can be shown [16] that every state of the periodic
Hamiltonian takes the form of a Bloch wave

Yine(r) = €™ up(r) (62)

where u;(r) denotes a function with the same periodicity as the crystal potential. Hence,
the eigenstates of a crystal Hamiltonian are labeled with the wave number k and the number
of the energy band i. In order to take the Bloch theorem ((62)) within the KS-approach into
account, the KS orbitals have to assume the shape of a Bloch wave as well. The total electron
density can then be obtained by integrating over the full Brillouin zone (BZ) [31]

() = 5 3 [ DU Pk (63

where g signifies the volume of the BZ and f(k, ) is a continuous function of k, denoting
the occupation number of the ith energy band. In fact, the number of possible k-vectors in
each unit cell of the crystal is not infinite anymore, when imposing the Born-von Karman
boundary condition. Nevertheless, can still be regarded as valid due to the large number
of discrete k-vectors which lay very densely in the BZ.

In principle, the KS-orbitals have to be computed for every possible k-point. Given
that two states with near k-vectors will differ only insignificantly, one can approximate the
different states of neighboring k-points with one wavefunction. This allows to change the
integral in into a finite sum over a chosen set of weighted k-points

1
— [ dk — Wi 64
s > o
where wy denotes the integration weight of a sampled k-point. How many and which k-points
are used to sample the BZ strongly depends on the system under consideration. Metals, for
instance, require a larger set of k-points as semiconductors or insulators do for an accurate
description.
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B Self-consistent field cycle

The KS-equation can only be solved self-consistently since the KS-potential depends itself
on the solutions of Equation (12)). A self-consistent solution means that after solving (12),
starting from an initial guess for the ground-state density or the KS-potential, the newly
obtained density/KS-potential is used in the next iteration of solving Equation . Such
a procedure is called pictorially a self-consistent field cycle (SCF). After every iteration the
new density/KS-potential is compared with the old one and the SCF is stopped, when the
difference is sufficiently small. Figure [9] shows the different steps of the SCF for a ground-
state calculation in exciting.

The calculation of the ground-state density begins with an initial guess of the KS-
potential obtained by either a superposition of atomic densities or taken from a previous
DFT calculation. In order to determine the basis functions, the radial functions have to be
computed by solving where €55 has been replaced by a fixed energy parameter €. For
deep core states, it is sufficient to calculate the wavefunction by simply solving with

T—00

the boundary condition u{>*(r,) —— 0. Within the SCF this is done before determining
the basis functions. Equation turns into an initial-value problem, when considering the
asymptotic behavior of u;,(r,) approaching to the nucleus. This can easily be changed into
the task of solving linear algebraic equations, by introducing a grid and transforming
to two coupled first-order differential equations. When the basis functions are known, the
matrices H* and S* can be calculated. The generalized eigenvalue problem is then
solved with standard diagonlization techniques, where the diagonalization is typically the
most time-consuming part within the SCF. From the diagonalization, the eigenvalues €;.

and the eigenstates 1);c are obtained with which the density can be calculated
n(r) =Y we Y faltu(r) . (65)
Kk i

Then the KS-potential is updated and if no convergence has yet been reached, the next
iteration is performed using the new KS-potential. In order to speed up the convergence,
exciting mixes the initial and final KS-potential of an iteration to create the new KS-
potential for the next iteration. The KS-potential, which (nearly) does not change under an
iteration of the SCF, yields the electronic ground-state density of the system.
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Figure 9: The single steps of the selt-consistent field cycle within the solution of the KS-
equation. When the difference in the density between two iteration steps is sufficiently small,
the SCF is stopped.
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C Optimization details
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Figure 10: Dependence of the total ground-state energy of acetylene on the basis cutoff
parameter RyrG .. It’s clear, that the accuracy improves with growing Ry Ginae but also
the computational effort increases heavily. Therefore a compromise has to be found between
computational costs and accuracy of the calculation.
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Figure 11: Ground-state energy of a poly-acetylene chain for different box sizes in order
to determine the actual lattice parameter c. ¢ = 4.70 yields the lowest ground-state energy
and is thus used in the further calculations. All calculations were performed with a1l x 1 x 8
BZ sampling.
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