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Chapter 1

Introduction

With the development of computing facilities, computational materials science has
clearly emerged as an important field of condensed matter physics. In particular,
ab-initio methods are nowadays indispensable for a thorough understanding of
properties and phenomena of materials at the atomic scale. Among these, Kohn-
Sham density functional theory (DFT)[1, 2| in the local density approximation
(LDA)[3] or generalized gradient approximation (GGA)[4, 5] has been the main
tool used by theoreticians for modelling the structural and electronic properties
of materials. The basic idea of DFT is to replace the interacting many-electron
problem with an effective single-particle problems. Therefore the computational
costs were relatively low as compared to the traditional methods which were based
on the complicated many electrons wave functions, such as Hartree-Fock(HF)[6, 7]
theory and its descendants. DFT allows to calculate ground state properties of
large systems: remarkable results have been achieved for ground state properties
of a huge number of systems ranging from atoms and molecules to solids and

surfaces.

A perfect crystal means that every atom of the same type locates in the correct
position. However, most crystalline materials are not perfect: the regular pattern
of atomic arrangement is interrupted by crystal defects. In fact, using the term
"defect” is sort of a misnomer since these features are commonly intentionally used
to manipulate the electronic properties of a material. One of the most important

1



Introduction 2

defect type is the native point defect. A common application of these point defects
is doping of semiconductor crystals, which controls many aspects of semiconductor
behavior. For instance, group IV(e.g. Si, Ge, Sn) atoms taking places of III(e.g.
Ga) atoms or VI(e.g. S, Se,and Te) atoms substituting V atoms(e.g. As) in III-V
semiconductors will introduce extra valence electrons to the semiconductors, and
the excess electrons increase the electron carrier concentration, which is important
for the electrical properties of extrinsic semiconductors. On the experiment side, in
order to obtain direct information about the local environment around the defects,
an approach which has been exploited in the last decade is to cut the material along
a cleavage plane, so that the defects originally inside the crystal are exposed on a
surface, and these defects exposed on a surface or near the surface can be studied

with the scanning tunneling microscopy(STM).

The first part of this work deals with Si doped GaAs. For the surface study
of GaAs, the most interesting plane for GaAs is the (110) surface, which allows
us to obtain usually large atomically flat sufaces without atomic reconstruction.
Although Si doped GaAs systems have been intensively investigated theoretically
and experimentally during the past several decades, a proper description of the
properties of defect in GaAs systems such as the stabilities of charged defects and
the detailed structure around a defect is still an area of active research. Within

theory, these properties of defects can be analyzed from the structural optimization

based on the DFT.

On the other hand, it turns out that the interaction between particles plays
a very implortant role in physical properties. This indicates that the success of
DFT is also accompanied by a number of serious problems. For instance, DFT
underestimates the band gaps of semiconductors and insulators by some tens of
percent due to the simplified treatment of electron-electron interaction. Apart
from the too small gaps, the band dispersions are often reasonable, and hence, a
simple rigid shift can be used to correct the band gaps of semiconductors and insu-
lators. In any case, the DFT errors in s-p metals are probably less significant than
the band gap errors in semiconductors and insulators. Therefore, the experimen-

tal band-structures are often compared with the results of calculations performed



Introduction 3

within DFT. A much more serious problem of DFT arises when it is applied to
calculate the electronic structures of some noble metals. An example is given in
Ref.[8], where large discrepancies between measured Cu band structure and DFT
results have been found. In this case, a simple rigid shift will lead to a ridiculous
result since the band structure of Cu depends on considered band and k point.
Moreover, DFT is mathematically represented by an hermitian hamiltonian, so

that the corresponding single particle states have infinite lifetime.

In order to overcome the above difficulties encountered by DFT, a number of
attempts have been made for improving the DFT. An exact theory for a system
of interacting electrons is based on solving its many body Schrodinger equation.
Unfortunately, the many body Schrodinger equation can not be solved exactly
for most cases due to the nature of the electrons. The better description for
the interacting electrons is to consider them as quasi-particles. The general no-
tion was first introduced by L.D. Landau[9]. Landau’s basic idea was that in a
complicated system of strongly interacting particles, it may be still possible to
describe the properties of the system in terms of the weakly interacting particles.
A many body perturbation theory(MBPT)[10] treatment can deal with a weakly
interacting system of particles, beginning with the non-interacting particles as the
unperturbed state. The MBPT leads to the successful GW approximation(GWA),
developed systematically by Hedin in 1965[11]. Within the MBPT, band energies
can be obtained as the poles of the one-particle Green’s function G, which involve
the electron self-energy X (GWA). The self-energy can be formally expanded in
terms of the dynamically screened Coulomb interaction W, the lowest term being
iGW. Due to the high complexity and large computational requirements of many-
body calculations, for a long time the applications of the GWA were restricted
to the electron gas. With the rapid progress in computer power, applications to
realistic materials eventually became possible about two dacades ago. Numerous
applications to semiconductors and insulators reveal that in most cases the GWA
can yield good band structures. The success of the GWA in sp materials has
prompted further applications to some complex metals with localized d electrons.

For instance, full quasi-particle calculations within GW approximation for Ni[12]
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has yielded a good description of band structure, except for the 6 eV satellite.
Another successful calculations for Cu and Ag have been reported in Ref.[13] and
Ref.[14], which are based on the plane wave basis sets. In order to describe prop-
erly the metals with localized d orbitals, one must also consider the contribution
of d electrons to the valence band structure. This indicates that d electrons can
not be frozen into the core part, but must be explicitly included into the valence.
Apart from the d electrons, the semi-core electrons such as 3s and 3p for Cu and 4s,
4p for Ag should be included into the valence[13, 14], since there is a large spatial
overlap with the d electrons for these noble metals. All these will result in a large
number of valence electrons in the calculation, which means large computational
requirements for these metals, especially for calculations using plane wave basis
sets. In this thesis, I will present a full quasi-particle bandstructure calculations
of Cu and Ag using more efficient localized Gaussian basis sets instead of plane
wave basis sets. In addition, it is possible to carry out a surface calculation for the
noble metals within the GW approximation by using a localized Gaussian orbital

basis.

Another interesting study for metals is the quasi-particle excitations, which play
an important role in a rich variety of physical and chemical phenomena[15] such as
energy transfer in photochemical reactions, desorption and oxidation of molecules
at surfaces, spin transport within bulk metals, across interfaces, and at surfaces.
One of the crucial poperties of quasi-particle excitation is their lifetimes which
determine the duration of these excitations. On the experiment side, linewidths
of bulk excited electron states in metals have also been measured, with the use
of photoelectron spectroscopy[16]. A more advanced tool for the study of both
electron and hole lifetimes in the time domain became available by the advent
of the time-resolved two-photon photoemission(TR-2PPE)[17, 18]. Within theo-
retical framework, the early investigations of quasi-particle lifetimes are based on
the free-electron gas(FEG) model of Fermi-liquids[19]. Several other free-electron
calculations of electron-electron scattering rates have also been carried out, for
electron(hole) energies that deviate from the Fermi level, within the random-

phase approximation (RPA)[20, 21] and with inclusion of exchange and correlation
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effects[22, 23]. Nevertheless, detailed TR-TPPE experiments have reported large
deviations of measured hot-electron lifetimes from those predicted within the FEG
model. First-principles calculations of lifetimes in a variety of metals have been
carried out only very recently [24, 25, 26, 27|, by using the GW approximation
of many-body theory. Here, I present a first-principles calculation of lifetimes for
noble metals within the GW approximation based on the quasi-particle energies.
The work based on the MBPT deals with bulk Cu, bulk Ag and Cu(100) using

the GW approximation based on the localized Gaussian orbital basis sets.

In Chapter 2, the concept and progress of DF'T are introduced. In chapter 3, an
accurate, first-principles study of the electronic structure of Si doped GaAs within
DFT is presented. The plane wave basis used to expand the Bloch wavefunction
requires the use of pseudopotentials. We systematically studied the DX center in
bulk GaAs and in GaAs(110), as well as the relative stability of Sig, defect with
different charge states in different layers of GaAs(110). We report that the DX
center is a metastable state in bulk GaAs and completely unstable in the top few
layers of GaAs(110). Moreover, we found that the Sig, defect on the GaAs(110)
surface is more stable compared to Sig, defects in the deep layers (below the
surface), while the Sif,, defect on the GaAs(110) surface is more unstable, as
compared to Sify, defects in deep layers. The most interesting finding is that the
extra charge of Sig;, defect is mainly concentrated on the Si atom when the defect
is exposed on the GaAs(110) surface. In addition, we studied the STM images
of clean GaAs(110) and charged Si:GaAs(110) by employing the Tersoff-Hamann
approximation[28]. The calculated STM images are in good agreement with the
experimental results. We show that at the positive bias voltage the positively
charged Si atom presents a bright feature while the negatively charged Si atom

shows a dark feature.

In Chapter 4, we introduce the MBPT. In chapter 5, We present the calculations
of quasiparticle bandstructures and lifetimes for noble metals Cu and Ag within
the GW approximation. For Cu, both the calculated positions of the d bands and
the width of the d bands is within 0.1 eV compared to the experimental results.

For Ag, partial core correction should be included in the pseudopotential to get
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reliable positions of the d bands. The calculated lifetime agree with the experiment
in the energy region away from the Fermi level, but deviates from the experimental
results near the Fermi level where short range interactions which GWA fails to
describe play an important role. For a better description of the lifetime near
the Fermi level, higher terms beyond the GW approximation in the many body
perturbation theory need to be considered. In addition, the image potential state
lifetimes in Cu(100) have been calculated using GW approximation based on the
localized Gaussian orbital basis sets, and the calculated n=1, 2 image potential

state lifetimes are in good agreement with experimental results.



Chapter 2

Density functional theory

2.1 Introduction

Quantum mechanics (QM) is the correct mathematical description of the behavior
of electrons. In theory, QM can predict any property of an individual atom or
molecule exactly. In practice, the QM equations have only been solved exactly
for few electron systems. A number of methods ranging from semi-empirical to
ab-initio(QM) approaches have been developed for approximating the solution for
many electron systems. The former schemes usually need some parameters which
are taken from or adjusted to experiments. Although semi-empirical calculations
are much faster than their ab initio counterparts, if some parameters for semi-
empirical simulations are not available, or some phenomena of a system are not
yet known, one must rely only on ab initio calculations. The term ab initio is Latin
for ”from the beginning.” This name is given to computations that are derived
directly from theoretical principles with no inclusion of experimental data. The
simplest type of ab initio electronic structure calculation is the Hartree-Fock (HF')
scheme, which is based on a wave function in a form of one Slater determinant.
Though the results of such calculations using HF scheme are reliable, the major
disadvantage is that they are computationally intensive. An alternative scheme is

DFT, which is based on the electron density rather than on the wave functions, and
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commonly used to calculate the electronic structure of complex systems containing
many atoms such as large molecules or solids. In the following sections I will mainly
introduce DFT, which is based on the ab initio method. DFT has been developed
more recently than other ab initio methods such as Hartree Fock theory and its

descendants.

2.2 Schrodinger equation

An exact theory for a system of ions and interacting electrons is inherently quan-
tum mechanical, which is based on solving a many-body Schrodinger equation of
the form

H,9:.({Ry;r;}) = B0 ({Ry;13}) (2.1)

where H is the hamiltonian of the system. and consists of the following terms

o= S T SRt X
a oM, Rt < |R1—I'| i =y
=1 i=1 ZJ(J#Z)
1 Z[ZJ@
- _L1dye” 2.9
+ 3 2 R, —R| (2:2)
1J(J#£I)

In the above equations: Uy ({Ry;r;}) is the many body wavefunction that de-
scribes the state of the system; E is the energy of the system; & is Planck’s constant
divided by 27; M7y is the mass of ion I; m, is the mass of the electron; Z; is the

valence charge of this ion.

In the Eqgs. (2.2): the first and second terms are the kinetic energies of ions
and electrons, respectively; Typically, the ions can be considered as moving slowly
in space and the electrons responding instantaneously to any ionic motion due
to the huge difference of mass between ions and electrons(three to five orders
of magnitude), so the quantum-mechanical term for the kinetic energy of the
ions can be omitted, and we take their kinetic energy into account as a classical

contribution. This corresponds to the Born-Oppenheimer approximation. The
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third term is the external potential experienced by electrons due to the presence
of the ions; The fourth term is the Coulomb potential between electrons; The last
term is the potential between ions(Madelung energy of the ions), which as far as
the electron degrees of freedom are concerned is simply a constant. Finally, the
hamiltonian of the system can be reduced to the following terms

A~ Z[€ ]_ €
H:_sze Z|R1—r\ DI (2:3)

=1

Even with this simplification, however, solving for W ({r;}) is an extremely dif-
ficult task, because of the nature of the electrons. If two electrons of the same spin
interchange positions Wy ({r;}) must change sign; this is known as the ”exchange”
property, and is a manifestation of the Pauli exclusion principle. Moreover, each
electron is affected by the motion of every other electron in the system; this is
known as the ”correlation” property. Accurate results can be obtained for the
energy levels and wave functions of two-electron atom by performing variational
calculations. But this method becomes increasingly tedious when the number of
the electrons increases in the atomic system. It is possible to produce a simpler,
approximate picture, in which we describe the system as a collection of classi-
cal ions and essentially single quantum mechanical particles that reproduce the

behavior of the electrons: this is the single-particle picture.

2.3 Thomas-Fermi model

In order to deal with many-electron systems, the Thomas-Fermi model was de-
veloped by Thomas and Fermi [29, 30] in 1927 after the introduction of the
Schrodinger equation. This is the original DFT of quantum systems. In this
model, a statistical model was employed to approximate the distribution of elec-
trons in an atom. The basic idea in this approach is that electrons are distributed

uniformly in phase space, and have no interacting with each other. Finally, the
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kinectic energy was expressed as a functional of the electron density

5

Trrlp| = Cp/p3(r)dr (2.4)

where Cp = 1%(37r2)§, Cr- ,0% is the kinetic energy density of the non-interacting

homogeneous electron gas.

Combining this kinetic energy term with the classical expressions for the nucleus-
electron and electron-electron interactions, which can both also be represented in

terms of the electron density, the total energy of system can be expressed as

Erelp] = 1%(37#)% / pi(r)dr— 2 / V(r)p(r)dr—i—% / / PP ey (25)

vy — 1y

where Z is nuclear charge. Although the TF model represents a drastic approx-
imation of the N-electron problem, it is very useful for the description of the
general trends in the properties of atom. However, using the approximation
for realistic systems more complex than an isolated atom yield poor quantita-
tive predictions[31]. Nevertheless, introducing the one particle electron density to
many-body systems was an important step for the calculations of many-electron
systems, and the more sophisticated and accurate Hohenberg-Kohn theorems[32]

were developed based on this idea.

2.4 Hohenberg-Kohn theorems

The name of DFT was called formally after the publication of two original papers
of Hohenberg, Kohn and Sham[1, 32|, referred to as the Hohenberg-Kohn-Sham
theorem. Similar to Hartree-Fock theory[6, 7], DFT introduces three approx-
imations: Born-Oppenheimer approximation, non-relativitic approximation and
single-particle approximation. The largest error for the Hartree-Fock method is
the single-particle approximation, and this can be reduced by the DFT. This the-

ory has a tremendous impact on realistic calculations of the properties of molecules
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and solids, and its applications to different problems continue to expand. A mea-
sure of its importance and success is that its main developer, W. Kohn (a theo-
retical physicist) shared the 1998 Nobel prize for Chemistry with J.A. Pople (a

computational chemist). We will review here the essential ideas behind DFT.

Let us consider a system of N interacting electrons in a non-degenerate ground

state associated with an external potential V(r).

Lemma 1. The ground state density, p(r), uniquely determines the potential

V(r), within an additive constant.

In order to prove this, assume that two different external potentials, V'(r) and
V'(r), give rise to the same charge density p(r). I will show that this postulate is

wrong.

The Hamitonian of a system is given by

A A

H=T+V+W (2.6)

where the 7' is the kinetic energy operator , W represents the electron-electron

interaction operator and V denotes the external potential operator.

For a system with the kinetic energy T and the electron-electron interaction W,
we assume that V(r) and V'(r) do not differ merely by a constant. Let E and
U be the total energy and wavefunction and E’ and ¥’ be the total energy and

wavefunction for the system with Hamitonion H and H’, respectively.

A A

H=T+V+W (2.7)

and

H=T+V' +W (2.8)
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Using the variational principle,
E< (V|HVY) = (V|H +H— H|V)
= (V|H'|W) + (V'|[V - V'|W)

:_E+/meaywmmm (2.9)

Similarly we can prove

E' <E— /p(r)[V(r) — V'(r)]dr (2.10)

adding above two equations, we obtain

(E+E)<(E+E)+ /p(r) [V(r) — V'(r)]dr — /p(r) [V(r) — V'(r)]dr (2.11)

The sum of last two terms on the right hand-side is zero. Finally, we obtain the

following relation

(E4+E)<(E+E) (2.12)

This is a contradiction, therefore we conclude that the assumption about the
densities being the same is not correct. This proves that the ground state density
uniquely determines the external potential V (r), within an additive constant. So
we conclude that the total energy of the system is a functional of the density, and
is given by

EM@H—@WﬁW>—FM@ﬂ+/WWﬂMﬂW (2.13)
where F|[p(r)] represents (|7 + W|¥).

The energy functional can be expressed as
Elp] = Flp] + V[p] = T[p] + Vp] + W|p] (2.14)

Therefore, the first theorem can be summarized by saying that the energy is a

functional of the density. The second theorem establishes a variational principle:
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Lemma 2. The ground state energy can be obtained variationally: the density

that minimises the total energy is the exact ground state density.

The proof of the second theorem is also simple. According to theorem 1, a system
with ground state density po(r) determines uniquely its own external potential

V(r) and ground state wave function ¥,

Elpale)] = (Wl W) = i) + [ Vo) (219

Now consider any other density p'(r), which necessarily corresponds to a different

wave function wave function ¥’'. This would lead to
E[p/(r)] = (V|H|¥') = F[p(r)] +/V(r)p’(r)dr > (Wo| H|Wo) = Elpo(r)] (2.16)

Thus the energy given by the eaquation 2.15 in terms of the Hohenberg-Kohn
functional evaluated for the correct ground state density po(r) is indeed lower

than the value of this expression for any other density p'(r).

It follows that if the functional F'[p(r)] was known, then by minimizing the total
energy of the system, with respect to variations in the density function py(r), one
would find the exact ground state density and energy. Note that the functional
only determines the ground state properties; it does not provide any guidance

concerning excited states.

2.5 Kohn-Sham equations

The Hohenberg-Kohn theorem offers no practical guide to the explicit construction
of the F[p(r)] universal functional. For this purpose one still has to face the full
intricacies of the many-body problem. Although there are some energy functionals
for Coulomb systems derived with the theory of the homogeneous electron gas or
in other more elaborated approaches, the situation cannot be considered satisfac-

tory. Only with the approach introduced by Kohn and Sham|[1] has been able
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to calculate (not only) ground state properties of many-particle Coulomb systems

with great accuracy.

In the following discussion we will define the density p(r) and the one-particle
and two-particle denstiy matrices, denoted by ~(r,r’), I'(r,r’|r, '), respectively,

as expressed through the many-body wavefunction:

p(I‘) = N/\I;*(I‘,I‘Q, e ,I‘N)‘P<I‘7 ro,--- 7rN)dr2 T drN (217>
(e, 1) = N/\I/*(r, ry, -, rn)WU(r g, -+ ,TN)dry - - dry (2.18)
N(N -1

F(I‘,r/|r,r’) = >/\I]*(r7r/7r37... ,I'N)‘I/<I',I'/,I'3,"' ,I'N>dr3"‘dr]\[

(2.19)

2

From the form of Eqgs.(2.14) the energy functional contains three terms: the
kinetic energy T'[p], the external potential V[p] and the electron-electron inter-
action Wp]. The kinetic and electron-electron functionals are unknown. Using
the expressions for the one-particle and two-particle denstiy matrices, the explicit

expression for E[p| can be written as

Elo0)] = (W) =~ [ V(01 o

2
- //ﬁlj(r,rﬂr,r’)drdr’+/V(r)7(r,r)dr (2.20)

r—r
Kohn and Sham[1] proposed a good approximation for reducing these expressions
to a set of single-particle equations. They introduced a fictitious system of N
noninteracting electrons to be described by the single-particle orbitals ¢; that

appear in the Slater determinant. In this system the one-particle and two-particle

denstity are known exactly from the orbitals:

plx) = > [0 (221)

(e, r') = Z ¢; (r)di(r') (2.22)
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1

(v, x|, x) = Sp(r)p(r’) =[x, r')|’] (2.23)

With the help of above equations, the energy functionals of Eqgs. (2.20) can take

the following form

Blote)] = T50pt] + . [ [ S v+ [ Vit + EXlpin) - (220

In this expression, the first term represents the kinetic energy in the Slater de-
terminant(i.e. this is not the true kinetic energy but is that of a system of non-
interacting electrons, and hence the superscipt S). Since the fictitious particles are
non-interacting, the kinetic energy can be known exactly, and take the following

form

T5(p(r)] = > (il — ;_mv72«|¢i> (2.25)

i
The second term Vy[p(r)] in Eqgs. (2.24) is the bare Coulomb interaction( this
term is seperated out from the electron-electron interaction term V,.[p(r)] in Egs.
(2.20)); The last term in Eqs. (2.24) denotes the exchange-correlation term, which
is simply the sum of the error made in using a non-interacting kinetic energy
and the error made in treating the electron-electron interaction classically, and is

expressed as

E*C[p(r)] = (Tlp(r)] = T¥[p(r)]) + (Veelp(r)] = Virlp(x)]) (2.26)

With the restriction condition [ p(r)dr = N, applying the variational principle

§(E — ¢ [ p(r)dr) _0(E— & [ p(r)dr) ép _

0 (2.27)

to Eqs. (2.24) , we arrive at the following single-particle equation through a
variational argument

h2
[——V2+V(r)+ 62/

2m

p(_r,in/ dr' + Vxc(p)loi = € (2.28)

r

where ¢; is the Lagrange multiplier, and a local multiplicative potential is intro-

duced, which is the functional derivative of the exchange correlation energy with
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respect to the density:
OE*Cp(r)]

op(r)

The single particle Egs. (2.28) is the well known Kohn-Sham equation with the

Vxclp] = (2.29)

resulting density p(r) and total energy E given by Egs. (2.21) and Eqgs. (2.24). The
single particle orbitals ¢; that are their solutions are called Kohn-Sham orbitals.
Kohn-Sham equation describes the behavior of non-interacting ”electrons” in an

effective local potential, which can be expressed as

| f (_ri dr' + Vie(p) (2.30)

Vet p(r)] = V(r) + 62/

The effective potential is a function of the density, and hence depends on all the
single-particle states. KS results from the Hohenberg-Kohn theorems that the
ground state denstity uniquely determines the potential at the minimum(except
for a trivial constant), so that there is a unique KS potential V. (r)|min = Vis(r)
associated with any given interacting electron system. We will need to solve these
equations by iteration until we reach self-consistency, but this is not a significant
problem. For the iteration, an initial charge density is needed. To obtain the
charge density, an initial "guess” to the Kohn-Sham orbitals is needed. This
initial guess can be obtained from a set of basis functions whereby the coefficients
of expansion of the basis functions can be optimized. A more pressing issue is
the exact form of EX%[p(r)]. In the following section I will discuss the exchange-

correlation functionals.

2.6 Local density approximation

In principle, the solution of the Kohn and Sham Egs. (2.28) with the exact
exchange-correlation potential would give a set of fictious single particle eigenstates
whose density of states equals that of the fully interacting system. Unfortunately,
the exact exchange-correlation potential is not yet known. In practice, it is neces-
sary to make approximations for this term. The generation of approximations for

Exc[p(r)] has lead to a large and still rapidly expanding field of research. There
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are now many different flavours of approximation for the exchange-correlation po-
tential. One of the most widely used is the Local Density Approximation(LDA).
Many approaches can yield local approximations to the XC energy. Overwhelming,
however, successful local approximations are those that have been derived from
the homogeneous electron gas (HEG) model. The principle of this approximation
is to calculate the exchange and correlation energies per particle exc[p(r)], of the

homogeneuos electron gas as a function of the density:

Exclpw)] = [ exclpplris (2:31)

where p(r) is the electronic density. This approximation is based on the assumption
that the system locally appears as an homogeneous electron gas. The exchange-
correlation energies per particle exc[p(r)] can be seperated into exchange and

correlation contributions:

exclp(v)] = exlp(r)] + eclo(r)] (2.32)

While ex[p(r)] is an analytic function of p(r)[33]

plr))s (2.33)

The functional form for the correlation energy density ec|p(r)] is unknown
and has been simulated for the homogeneous electron gas in numerical quantum
Monte Carlo calculations which yield essentially exact results (Ceperley and Alder,
1980)[3]. Various approaches, using different analytic forms for ec[p(r)], have gen-
erated several LDA’s for the correlation functional, including: Vosko-Wilk-Nusair
(VWN)[34], Perdew-Zunger (PZ81)[35], Cole-Perdew (CP)[36] and Perdew-Wang
(PW92)[37]. All of these yield similar results in practice and are collectively re-

ferred to as LDA functionals.

The LDA has proven to be a remarkably fruitful approximation. Properties
such as structure, vibrational frequencies, elastic moduli and phase stability (of

similar structures) are described reliably for many systems. For this reason, the
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LDA has been employed to describe the structure of GaAs(110) systems in the

next chapter.

The common feature in this approach is that Exc[p(r)] depends on p(r) in
a local fashion, that is, p(r) needs to be evaluated at one point in space at a
time. For this reason they are referred to as the Local Density Approximation to
Density Functional Theory. This is actually a severe restriction, because even at
the exchange level, the functional should be non-local, that is, it should depend
on r and r’ simultaneously. It is a much more difficult task to develop non-local
exchange-correlation functionals. More recently, a concentrated effort has been
directed toward producing expressions for Exc[p(r)] that depend not only on the
density p(r), but also on its gradients[4, 5]. These expansions tend to work better
for some cases, but still represent a local approximation to the exchange-correlation
functional. More advanced method for the evaluation of the exchange-correlation
part is based on the many body perturbation theory[10], which will be introduced
in the third chapter.

2.7 Pseudopotential

Electrons in matter can be broadly categorised into two types: core electrons,
which are strongly localized in the closed inner atomic shells, and valence electrons,
which also extend outside the core. If core electrons are included completely in the
calculation, a large number of basis functions(especially if a plane wave basis set
is used) would be required due to the oscillations in the core regions which main-
tain orthogonality between valence and core electrons. As a result, all electron
calculations demand a huge computational expense that is simply not practical.
On the other hand, by realising that the electronic structure of the core-electrons
remains largely unchanged in different chemical environments, and is also of mini-
mal interest generally, the problems relating to the core-electrons can be overcome
by use of the pseudopotential approximation. In this approach the ionic potential

PS(r). The

Vion(r) in the core region is replaced by a weaker pseudopotential v; >
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(r)

ion

FIGURE 2.1: Schematic illustration of the pseudopoential concept. The solid

lines show the all-electron wavefunction, ¥4#(r) and ionic potential,v/AE (),

while the dashed lines show the corresponding pseudo-wavefunction, W< (r),

given by the pseudopotential,vgg (r). All quantities are shown as a function

of distance, r, from the atomic nucleus. The cutoff radius r. marks the point
beyond which the all-electron and pseudo-quantities become identical.

corresponding set of pseudo-wavefunctions W% (r) and the all-electron wave func-
tions WAP(r) are identical outside a choosen cutoff radius 7. and so exhibit the
same scattering properties, but W¥9(r) does not possess the nodal structure that
cause the oscillations inside r.. A schematic illustration of the pseudopotential
concept is shown in Fig. 2.1. The choice of the r. is very important. In general,
the larger r. will result in a softer pseudopotential(less cpu time in practical cal-
culation), but also the less transferable. There is no well-defined answer for how
to choose a r.. In practice, r. should be larger than the outermost node(if any) of
the wavefunction for any given angular momentum. Usually there is one angular
momentum that is harder than the others (in transition metals, the d state, in
second-row elements N, O, F, the p state), and one should concentrate on this one
and push outwards its r. as much as possible. In addition, one should try to have

not too different r. for different angular momenta.

The majority of pseudopotentials used in DFT calculations are generated from

all-electron atomic calculations by self-consistently solving the following radial
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Schrodinger equation,

D 2 ) Vae ) = ) (234)

where Vi (r) and Vxe(r) are the Hartree and exchange-correlation potentials, and
AP(r) is the all-electron atomic wavefunction with angular momentum compo-
nent /. Conventionally, the pseudopotential is then constructed by satisfying four
general criteria: (i) the valence pseudo-wavefunction ¥ (r) must be the same as
AP (r) outside a given cutoff radius r., (ii) the charge enclosed within 7. must be

equal for the two wavefunctions,

/ " 2 PSP = / " 2B () = 1 (2.35)
0 0

This is commonly referred to as norm-conservation. (iii) ¥{°(r) must not contain
any nodes and be continuous at r., as well as its first and second derivatives.
Finally, (iv)the valence eigenvalues from all-electron and pseudopotential must be

equal.

The pseudopotential is not uniquely constructed, indeed the above conditions
permit a considerable amount of freedom when generating pseudo-wavefunctions,
consequently many different ways have been developed for constructing pseudopo-
tentials. Once a particular pseudo-wavefunction is created, the ionic pseudopo-

tential is then obtained by inverting the radial Kohn-Sham Egs. (2.34), giving,

I(1+1) 1 d®9P3(r)
2r2 + 2055(r)  dr?

Viboi(r) = e = Vi (r) — Vxa(r) —

ion,l

(2.36)

where VI9(r) and VES(r) are calculated from pseudo-wavefunctions. A conse-
quence of this procedure is that a seperate pseudopotential must be generated for
each angular momentum component [. The pseudopotential operator V9(r) can

be written in a semi-local form[38, 39] as

ion loc

VS (r) = VIS (r) + > oviP5(r) Py (2.37)
l
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where V,25(r) is a local potential and B projects out the [th angular momentum
component of the semi-local part §V;%(r)

ViP5 (r) = Vigy (1) = Vige (1) (2.38)

on oc

Kleinman and Bylander[KB][40] observed that greater efficiency could be attained
if the non-locality was not restricted to the angular momentum part, but if the
radial component was also converted into a separable non-local form. Therefore in
the Kleinman-Bylander approach, the semi-local form is converted into the fully

non-local form §V;£5(r), given by,

ps ) = ISVPS IR )OS (r)
V) = D VS ) (2:59)

where the ¢Y(r) are the atomic pseudo-wavefunctions calculated with §V,7%(r).
The Kleinman-Bylander form drastically reduces the computational resources in
a pseudopotential calculation: for a plane-wave expansion of dimensionality Npy,
the semi-local form requires storage of « (N2, + Npw ), 2 projections for each
angular momentum state, whereas the corresponding KB pseudopotential evalu-

ates just Npy projections and simple multiplications.

2.8 Optimization method

In the beginning of the calculations atomic coordinates are either from experiments
or classical simulations. Unfortunately, these atomic coordinates are usually not at
equilibrium within DFT. Therefore, it is necessary to optimize the atomic coordi-
nates. There are many optimization methods for first-principles calculations. Al-
most all optimization codes use what is called a quadratic approximation, namely

they expand the dependence of energy in a form

1
Er=FE+gls+ §STBS (2.40)
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where E* is the predicted energy for a step s from the current point; B is the Hes-
sian matrix. F and g are the energy and gradient(negative of the force) calculated
at the current point. According to the Hellmann-Feynman theorem [42, 43], the

force can be expressed as

d

f—
dR

(U[H] ) = (0] O | (241)

where R denotes the atomic positions, and H is the hamiltonian of the system.

For the evaluation of the Hessian matrix, different algorithm use different ap-
proaches to this matrix. The most primitive is steepest descent, which takes B
as the unitary matrix so the algorithm will take a step along the direction of the
force. Better algorithms such as conjugate gradient methods use some information
about the previous step. By far and away the most common method is to exploit
the Hessian, either by directly computing it (very CPU expensive for codes) or to
create an estimate of it that improves as the calculation proceeds. The most suc-
cessful approach is the Broyden-Fletcher-Goldberg-Shamo (BFGS)[41] update. In
mathematics, the BFGS method is a method to solve an unconstrained nonlinear
optimization problem. The BFGS method is derived from the Newton’s method
in optimization, a class of hill-climbing optimization techniques that seeks the sta-
tionary point of a function, where the gradient is zero. Newton’s method assumes
that the function can be locally approximated as a quadratic form in the region
around the optimum, and use the first and second derivatives to find the stationary
point. In Quasi-Newton methods the Hessian matrix of second derivatives of the
function to be minimized does not need to be computed at any stage. The Hessian
is updated by analyzing successive gradient vectors instead. Quasi-Newton meth-
ods are a generalization of the secant method to find the root of the first derivative
for multidimensional problems. In multi-dimensions the secant equation is under-
determined, and quasi-Newton methods differ in how they constrain the solution.
The BFGS method is one of the most successful members of this class, and I will

give a very brief introduction to this optimization method.
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If we take a step sg, the gradient will change from g, at the previous point to

g1 at the new point, and we can write

8k — 8rt1 = Yi = Bisk (2.42)

In principle, there are many ways to exploit this information. The method used

in BFGS is to update the Hessian for the next step via:

B,.1 = By + AB; (2.43)
T B B

ABy = —IkYk | DRSS Dk (2.44)
S; Yk s, Bisk,

The procedure is then to solve for

Sk+1 = —BIZLgk; (2.45)

move by siy1, recalculate the gradient,update the Hessian By and iterate. Often
the first estimate for the Hessian is the unitary matrix, although it does not have
to be and the better the initial guess is, the faster the algorithm will converge.
Often the estimate of the Hessian will change rather a lot during the calculation,
and at some locations can be rather bad. The power of the BFGS method is that
experience over the last decade has indicated that in most cases it will correct

itself rather quickly, and is therefore rather robust.

2.9 Expansions of Kohn-Sham orbitals

All ab initio electronic structure calculations employ expansions in basis sets of
atomic orbitals. The two most common choices of basis function are plane waves

and Gaussian type.
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2.9.1 Plane wave basis set

As yet there has been no mention of how to handle the infinite number of interact-
ing electrons moving in the static field of an infinite number of ions. Essentially,
there are two difficulties to overcome: a wavefunction has to be calculated for each
of the infinite number of electrons which will extend over the entire space of the

solid and the basis set in which the wavefunction will be expressed will be infinite.

The ions in a perfect crystal are arranged in a regular periodic way (at 0K).
Therefore the external potential felt by the electrons will also be periodic - the pe-
riod being the same as the length of the unit cell L(That is, the external potential
on an electron at r can be expressed as V(r) = V(r+ L)). This is the requirement
needed for the use of Bloch’s theorem. By the use of this theorem, it is possible
to express the wavefunction of the infinite crystal in terms of wavefunctions at
reciprocal space vectors of a Bravais lattice. The Bloch theorem states that wave-
function of an electron W (r), within a periodic potential, can be written as the

product of a lattice periodic part u;(r) and a wavelike part exp(ik - r),
Ui (r) = exp(ik - r)u(r) (2.46)

where the subscript ¢ indicates the band index and k is in the first Brillouin

zone(BZ) and periodic; u(r) can be expanded in a Fourier series :

un(r) = Y _ ¢;cexp(iG - 1) (2.47)

where ¢; ¢ is the coefficient in the expansion. The above results show that the
electron wavefunctions can be expanded in terms of a linear combination of plane

Ua(r) = 3 cinrcexplik+ G) 1) = Y cga)a=k+G)  (248)
G q

By the use of Bloch’s theorem, the problem of the infinite number of electrons

has now been mapped onto the problem of expressing the wavefunction in terms
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of an infinite number of reciprocal space vectors within the first Brillouin zone of
the periodic cell, k. This problem is dealt with by sampling the Brillouin zone at
special sets of k-points discussed in Section 2.10. The electronic wavefunctions at
each k-point are now expressed in terms of a discrete plane wave basis set, which
offers a complete basis set that is independent of the type of crystal and treats
all areas of space equally. This is in contrast to some other basis sets which use
localised functions such as Gaussians which are dependent on the positions of the

ions.

Using a plane-wave basis set to expand the electronic wavefunctions in periodic
systems leads to a particularly simple formulation of the Kohn-Sham equations in
DFT. Accounting for the fact that the potential has the same lattice periodicity
as u(r)

eff Z‘/eff exp ZG I') (249)

One arrives at the following expression for its matrix elements in the plane-wave

basis:
(A [Vegs(r) Zveff )(d'lexp(iG - 1)|q) = Zveff dq-aqc  (2.50)

Substituting these Bloch states into the Kohn-Sham equations, multiplying by (q/|

from the left and integrating over r gives a set of matrix equations for any given k
[ e @li=59 + Vi) |5 i) = s} (2.51)

Finally, we obtain a reciprocal-space representation of the Kohn-Sham equations,
Z[%“{ + G|25G,G’ + Veff(G - G/)]Ci,kJrG’ = EiCi k+G (2.52)

Gl

For an exact calculation, the dimension of the plane-wave basis set should be
infinite. Fortunately the plane-waves at the lower end of the kinetic energy range
are most important, so a practical solution of KS equation can be obtained by

truncating the basis set to a finite number of plane-waves. This is defined by the
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kinetic cutoff energy Eqt,

1
5k + G|* < Ecyy (2.53)

Certain integrals and operations are much easier to carry out with plane wave
basis functions, than with their localized counterparts. In practice, plane wave
basis sets are often used in combination with pseudopotential, so that the plane
waves are only used to describe the valence charge density. This is because core
electrons tend to be concentrated very close to the atomic nuclei, resulting in large
wavefunction and density gradients near the nuclei which are not easily described
by a plane wave basis set unless a very high energy cutoff, (and therefore small
plane wavelength), is used. Furthermore, all functions in the basis are mutually
orthogonal, and plane wave basis sets do not exhibit basis set superposition error.
Another important advantage of a plane wave basis is that it is guaranteed to
converge to the target wave function if £ ;4 — oo while there is no such guarantee

for Gaussian type basis sets.

2.9.2 Gaussian orbital basis set

There are also some disadvantages with plane wave expansions. The principal
of these is that an extremely large number of functions need to be used for the
systems, expecially for some metals with localized d orbitals. This means that the
time and memory requirements of such a code will be considerable. One way of

avoiding this is to use a basis set of localised orbitals, such as Gaussian orbitals:

Yik(r) = Z Cii(r) (2.54)

1 )
¢i(r) = ﬁ %: exp(ik- (R+ 7)) fi(r —R —1;) (2.55)

where

fi(r) = 2™y 2"8Y, (0, ¢)exp(—fr?) (2.56)

Yim (0, p) are spherical harmonics. The atomic position in the unit cell is 7; and

R is a Bravais lattice vector. nq, no and ng are integers, and specifies the orbital
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character(n; +ny +ns = 1). If ny, ny and ng are all zero the function corresponds
to a s orbital of spherical symmetry. Orbitals of p-symmetry correspond to one of
these integers being unity and the others zero, whereas five d-like and one s-like

orbital can be generated if ny 4+ ny + n3 = 2.

This expansion has the advantage that it is very efficient, efficiently applicable
to all elements of the periodic table, and it is flexible (if we have one difficult
atom, additional orbitals can be placed on just that atom so the overall speed
of the calculation is not significantly affected). For example when modelling an
element of a transition element as an impurity in silicon, higher angular momentum
functions need to be placed on that atom. However, the rest of the system can be

treated with the standard basis set.

Disadvantages include the fact that the functions can become over-complete
(numerical noise can enter a calculation if two functions with similar exponents
are placed on the same atom), that they are difficult to program (especially if
high angular momentum functions are needed), that it is difficult to test or to
demonstrate absolute convergence (many things can be changed: the number of

functions, the exponents, the function centres).

2.10 k point samplings

The first Brillouin zone can be mapped out by a continuous set of points, through-
out that region of reciprocal space (k-space). The occupied states at each k-point
contribute to the electronic potential of the bulk solid. Since the set {k} is dense,
there are an infinite number of k-points in the Brillouin zone at which the wave-
functions must be calculated. Therefore if a continuum of basis sets were required,

the basis set for any calculation would still be infinite.

For this reason electronic states are only calculated at a set of k-points deter-
mined by the shape of the Brillouin zone compared to that of its irreducible part.

The reason that this can be done is that the electronic wavefunctions at k-points
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that are very close to each other will almost be identical. It is therefore possible to
represent the electronic wavefunctions over a region of reciprocal space at a single
k-point. This approximation allows the electronic potential to be calculated at a

finite number of k-points and hence determine the total energy of the solid.

Methods have been devised for obtaining very accurate approximations to the
electronic potential from a filled electronic band by calculating the electronic wave-
functions at special sets of k-points. The two most common methods are those of
Chadi and Cohen[44] and Monkhorst and Pack[45]. I will mainly introduce the
method of Chadi and Cohen, which has been employed for all calculations in this

thesis.

We consider a smoothly varying periodic function, and expand it in a Fourier

series:

9(k) = fo+ D _ gne T (2.57)

where the R,, are lattice vectors. Let us assume another function f(k) which has

the complete symmetry T of the lattice:
1
flk) = -3 9(Tik) (2.58)

where T; range over all the operations of the lattice point group 7', and ny is the

number of elements in 7. From g(k) we can express f(k) in the following form

£ = fot 303 g tn
m=1 1

= fot+ Y fnAm(k) (2.59)
where
fu =22, (2.60)
and

Ap(k) = Y eBm (2.61)
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In the above equation, the lattice vectors are ordered, and satisfy 0 < C,,, < C),41.

A, (k) satisfies the following relations:

% . An(k)dk =0, m=1,2,... (2.62)
2%) - Ap(K) A, (K)dK = N6 (2.63)
Am(k + G) = A, (k) (2.64)
Am(TK) = A (K) (2.65)
Am(K)Ay(K) = a;(mn)A;(k) (2.66)

J
In the above equations €2 is the volume of the primitive cell, NV, is the number of
lattice vectors, and G is any lattice reciprocal lattice vector. The average value

over the Brillouin zone of the f is given by

- Q
f= 2—7T3/f(k)dk (2.67)

Inserting Eqs. (2.59) into above equation, we can obtain f = f;. The perfect
special k-points, ko, would have A,,(ko) = 0 for m = 1,2,--- 00, so that f =
fo = f(ko). This point is called the ” mean value point”. In fact, such a point does
not exist. The expansion coefficients f,, values markedly decrease for larger m so
that the equation A,,(kg) = 0 should be satisfied for a finite value of m. As the
A, (k) only depend on the lattice vectors, they can be determined for each crystal
structure, independent of the actual function f(k) that one wants to evaluate.
Baldereschi [46] has obtained for the cubic crystals the point kg, which satisfies
Ap(kg) = 0 for a finite value of m, and yielded good electron charge density and

energy in a number of diamond and zinc-blende crystals.

In order to satisfy the relation A,,(ko) = 0 for large values of m, one can choose
a sequence of sets of points {k} and associated weights {W} which satisfy the
conditions

> Widu(ki) =0,m=1,2,--- N (2.68)
=1
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where N is a finite value.

i Wi =1 (2.69)
=1

Using Eqgs. (2.59), one can obtain

Z sz(kz> = fO Z Wz‘ + Z Z VVzAm(kz)fm + Z Z WzAm(kz)fm (2'7())

m=1 i=1 m=N+1 i

Using Eqgs. (2.69) and Eqs. (2.68), the above equation takes the following form

n o n
fo=Y Wif(ki) = > > WiAn(k) fm (2.71)
i=1 m=N+1 i
Since the expansion coefficients f,, decrease rapidely for larger m, if N is large
enough, we can neglect the second term of the above equation, and obtain the

following relation

fo= Z Wi f (k;) (2.72)

Therefore, the average value over the Brillouin zone of the f can be represented

by a special set of k-points.

The fact is used by Chadi and Cohen to generate a special set of k-points
at which the reciprocal space should be sampled. The k-point set is generated
as follows: picking two starting k-points k; and ks satisfying certain uniqueness
conditions in the reciprocal space of the cell with point group operations T' = {T;}

then a new set of points can be generated by
{ki} =k +{T; }ko (2.73)

The new set of points generated in this way can then be used in a similar process to
generate larger sets. Through the symmetry operations, 7;, the new set of k-points
can be "folded back” into the irreducible part. A normalised weighting factor can
then be associated with each point with their ratios indicating the number of times

that each point in the irreducible zone has been generated.



Chapter 3

DFT study of Si doped (GaAs

with different charge states

3.1 Introduction

Substitutional dopants in III-V semiconductors, such as Si atoms in GaAs, are
of great interest for the applications in transistors, Schottky diods, and doping
superlattices which have been widely employed to control the electrical properties
of semiconductors. Understanding the electronic properties of defects and the
ability to control them is crucial for the performance of future microelectronic

devices.

The DX center in bulk n-type(Al,Ga)As has been a topic of considerable inter-
est for several decades[47, 48]. An enormous amount of work, either employing
experimental methods[47, 48, 49, 50] or theoretical approaches[51, 52, 53, 54],
have been done to understand the fundamental nature of the DX center in GaAs.
The electrical and optical properties of the DX center are very well characterized
experimentally, but very few experiments give the direct observation for the geo-
metrical structure and charge state of DX center. Up to now, the model for the
atomic structure of the DX center is primarily based on theoretical studies. The

commonly accepted opinion is the model proposed by Chadi and Chang[51], who

31
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pointed out that the DX center is related to Si impurities in GaAs and forms
by elecrons trapping on the shallow donor, displacing the substitutional Si away
from one of its nearest-neighbor As atoms, along bond axis, breaking one bond
and changing the bond configuration of Si from sp® to sp?. This configuration is
metastable in bulk GaAs and stable in Al,Ga;_,As alloys with x > 0.22 or under
a hydrostatic pressure greater than ~ 20 kbar. The electron trapping involving a
large lattice distortion for the DX formation lead to the negatively charged defect,

which results in the lack of electron-paramagnetic-resonance(EPR)[55, 56, 57].

Although the stability of defects in bulk GaAs and in GaAs quantum dots[58, 59|
have been extensively studied in the past, very few studies have been carried out
to understand the stability of defects at or near the GaAs(110) surface and how
the charge state of a defect affects the stability of the defect in the surface system.
The DX center can exist in Al,Ga;_,As alloys with x > 0.22, in bulk GaAs under
a hydrostatic pressure greater than ~ 20 kbar or in GaAs quantum dots when
the dot size is reduced to less than 14.5 nm in diameter[59], but nobody knows
whether the DX center might also exist in the vicinity of the GaAs(110) surface

so far.

On the experimental side, for the investigation of surface system, STM repre-
sents a unique tool and has been widely used to study the geometric and electronic
structure of semiconductor surfaces[60]. It can directly show the local environment
around the defects on the surface, such as deep level defects and defect complexes,
whose structure is generally difficult to discern by other techniques. Bulk Sig,
defects in GaAs(110) were investigated by many extended STM[62, 63, 64], and
are not surface specific[61]. The defect in the deep layers of GaAs(110)(below
the surface) remains some bulk physical features such as energy level, electronic
structure, etc and the bulk defect can be loosely described as a point defect[62],
but the reduced dimensionality and the interaction between the defect and the
surface are expected to produce deviations from the bulk-like behavior. Capaz[64]
studied the bulk and surface Arsenic antisite defects in GaAs(110) and found that
defects display remarkbly distinct properties depending on whether they are four-

fold(below the surface) or threefold coordinated(at the surface). In this work, we
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show that the stability of the charged defect depends on whether the Sig, defect
is fourfold or threefold coordinated. Many bulk defects can be clearly analyzed
by STM information. However, there are some properties, which are difficult to
be directly observed by STM, such as the stability of a defect, the atomic struc-
ture of a defect in the deep layers(below the surface) and so on. Even today the
interpretation of details around impurity atoms, defects, and adsorbates remains
largely imposible without theoretical background. Ab initio total energy method
is an essential tool to study these properties and interpret STM images. Within
the theoretical method, the defect on the GaAs(110) surface has been studied by
Wang et al.[65] and Duan et al. [66], but the bulk Sig, defects in the deep layers

have not been studied yet.

In the present work we are especially interested in the DX center in GaAs(110)
and the relative stabilities of the Sig, defects with different charge states in differ-
ent layers of GaAs(110). In Sec. 3.2 we summarize the method and the com-
putational details. In Sec. 3.3 we discuss the stability of the DX center in
GaAs(110), and the relative stabilities of the Sig, with different charge states
in GaAs(110), as well as the calculated STM images of neutral GaAs(110) and
charged Si:GaAs(110). A summary of the main results of this chapter is given in
Sec. 3.4.

3.2 Computational Method

The calculations are based on the ground state DFT within the local density
approximation(LDA)[1], as implemented in the QUANTUM-ESPRESSO code[67].
We use norm conserving pseudopotentials to describe the electron-ion interactions.
The valence wave functions are expanded in a plane wave basis set with the cutoff
energy of 14 Ry. For the calculation of bulk GaAs, the Brilouin-zone integrations
are performed using uniform k point grid of 6 x6x6 for self-consistent calculations

and 8x8x8 mesh for nonself-consistent calculations of densities of states. For
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a. (top view) b. (side view)
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FiGURE 3.1: Top view of the supercells used to construct the clean and Si
doped GaAs(110) surfaces. Open circles represent As atoms, solid circles denote
Ga atoms.

the calculations of Si:GaAs(110), we use 5x5x1 mesh for self-consistent calcula-
tions and 6x6x1 mesh for nonself-consistent calculations of STM images. The
calculation for bulk GaAs was performed using a 4x4x4 unit supercell. Here all
GaAs(110) geometries contain seven layers of atoms and five vacuum layers(about
12 A for the vacuum region), and the supercells have 2x3 periodicity, as shown
by the rectangle in Fig. 3.1. Since the upper and the lower surfaces of the slab
are equivalent, our seven-layer slab allows to investigate the properties of substitu-
tional Si in four positions(i.e. in the first, second, third, and fourth layer). We use
a theoretical lattice constant for the calculations of bulk GaAs and Si:GaAs(110).
The calculated lattice constant is 5.57 A, in good agreement with experimen-
tal value of 5.65 A. The structures are optimized using a technique of Broyden-
Fletcher-Goldfarb-Shanno[41], which is a quasi-Newton method based on the con-
struction of an approximated Hessian matrix at each system relaxation step. All
the internal atoms are relaxed by minimizing the total energy and the quantum
mechanical force until the changes in energy between two consecutive SCF steps
are less than 0.1 meV and the force acting on each atom is less than 0.019 eV/A.
In order to determine the structure of DX center in bulk GaAs and in GaAs(110),
we start to displace Si atom along (111) direction(i.e. along Si-As bond axis),

break one Si-As bond, and obtain a first guessed DX center structure, then the
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guessed structure is optimized by minimizing the total energy and the quantum

mechanical force. Here all properties are referred to the optimized structures.

For the STM simulation, we employ Tersoff-Hamann approximation[28], which
is based on quantum tunneling. When a conducting tip is brought very near to a
metallic or semicoducting surface, a bias between the two can allow electrons to
tunnel through the vacuum between them. According to Tersoff-Hamann approxi-
mation, the variation of the tunneling current with bias voltage Vi.s is proportional
to the local density of states(LDOS) of the sample at the tip position. Thus the
energy integrated LDOS of occupied(Viias < 0) or unoccupied(Vias > 0) states in
the energy range(Ey, Ef + Viias) contribute to the tunneling current, and can be
directly compared with the contour map of constant current STM images. The

tunneling current is given by the following equation

Er+Voias
I(V) x / p(ro, €)de

Ey

where p(r9, €) is the local charge density of all states encompassed by bias voltage,

E; is the Fermi level, and Vi, is the bias voltage.

3.3 Results and discussion

3.3.1 DX center in bulk GaAs and in GaAs(110)
According to Chadi[51, 52], DX center is formed from the following reaction
Sig, + e — DX~

where Sig,, is a normal fourfold-coordinated substitutional Si atom on the Ga site
shown in Fig. 3.2a, DX~ denotes the negatively charged broken bond configura-

tions shown in Fig. 3.2(b-e), and e~ is a free electron in the conduction band.
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Since it is difficult to accurately determine the energy levels of electrons and
holes in a relatively small supercell, we only compare the total energies of defects
with the same charge states. For the calculation of DX formation energy, here we

employ the definition of Wei and Zhang[68]:
AE(DX) = E(DX™) — E(Sig,)

Where E(DX ™) is the total energy of negatively charged DX~ center and E(Sig,)

is the total energy of fourfold-coordinated defect Sig, at the same charge state.

When DX center is formed, Si atom displaces away from one of its nearest-
neighbor As atoms along the Si-As bond axis into a threefold-coordinated inter-
stitial position, and hence, the bond configuration of Si atom changes from sp? to
sp?. There are four possible configurations for the DX center in the bulk region of

GaAs(110) and in bulk GaAs as can be seen from Fig. 3.2(a-e).

In bulk GaAs, the formation of the DX center involves a displacement of the
Si atom by 1.09 A along the Si-As bond axis, in good agreement with a previous
calculation[52]. Configurations with the Si atom displacing along AB, AC, AD
and AE directions, which are along the As—Si directions as can be seen from Fig.
3.2a, have the same formation energy due to the point-group symmetry of bulk
GaAs, and the DX formation energy is calculated to be 0.22 eV. The positive DX

formation energy indicates that the DX center is not stable in bulk GaAs.

For a surface system, on the other hand, the proximity of the surface has an
important influence on the formation of the DX center. The DX formation energy
and the broken Si-As bond length depend on the displacing direction of Si atom
and Si position in GaAs(110). The formation energy ranges from 0.12 to 1.36 eV,
and the Si-As distance from 3.27 to 4.08 A, respectively, as can be seen from Table
3.1. Comparing to that in the bulk GaAs, the DX formation energy resulted from
displacing Si atom in the first layer along AC direction is 0.12 eV, which is smaller
than that of bulk GaAs. The smaller DX formation energy maybe originated
from the two broken Si-As bonds(both bond lenghs are 3.95 A), which are parallel

to the surface. But, it is still a metastable state due to the positive value of
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FIGURE 3.2: (a) Schematic view of the normal substitutional site(for

GaAs(110) geometry, the motion of Si atom along AD or AE direction means

that the displacing of Si atom is parallel to the surface). (b)-(e) Four pos-

sible DX center configurations with different broken Si-As bonds. Dash lines
represent the broken Si-As bonds.

TABLE 3.1:  Si-As bond length and formation energy of DX center in bulk
GaAs:Si and GaAs(110):Si

Si positions displacing d1 (A) d2 (A) d3 (A) d4 (A) energy(eV)

Bulk AB 3.46 2.39 2.39 2.39 0.22
The first AB only substitutional position 0.00
layer AC 2.38 - 3.95 3.95 0.12

of AD equivalent to AB 0.00
GaAs(110) AE equivalent to AB 0.00
The Second AB 3.95 2.46 2.48 2.48 0.81
layer AC 2.39 4.08 2.38 2.38 1.36

of AD only substitutional position 0.00
GaAs(110) AE equivalent to AD 0.00
The third AB only substitutional position 0.00
layer AC 2.39 3.41 2.39 2.39 0.93

of AD 2.39 2.39 3.49 2.39 1.15
GaAs(110) AE 2.39 2.41 2.39 3.49 1.15
The fourth AB 3.93 2.39 2.39 2.39 1.12
layer AC 2.39 3.53 2.39 2.39 1.12

of AD 2.39 2.39 3.27 2.39 0.95

GaAs(110) AE 239 239 239 327 0.95
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FIGURE 3.3: Configuration-coordinate diagrams for DX center in GaAs(110).

(a) The DX center forms by displacing Si atom along AB/AC direction in the

fourth layer of GaAs(110); (b) The DX center forms by displacing Si atom along
AD/AE direction in the fourth layer of GaAs(110).

DX formation energy. However, the DX formation energies in the bulk region
of GaAs(110) are significantly higher than those of bulk GaAs and resulted from
displacing Si atom along AC direction in the first layer. The higher positive DX
formation energies in the bulk region of GaAs(110) indicate that the DX centers
are rather unstable near the GaAs(110) surface. This can be seen clearly from a
simple configuration-coordinate diagram shown in Fig. 3.3. The lowest parabola
in Fig. 3.3 represents the substitutional configuration for the Si atom in the fourth
layer of GaAs(110), and the higher parabola in Fig. 3.3 denotes the interstitial
configuration for the Si atom displacing along AB/AC(Fig. 3.3(a)) or AD/AE(Fig.
3.3(b)) in the fourth layer of GaAs(110). Displacing Si atom in the third or fourth
layer along AD and AE directions, which are parallel to the surface, result in the
same DX formation energies. Displacing Si atom in the fourth layer along AB
and AC directions also lead to the same DX formation energies. However, if the
Si atom locates in the first layer and is displaced along AB, AD or AE direction,
it will move back to the substitutional position. Similarly, if the Si atom locates
in the second layer and is displaced along the AD or AE direction or locates in
the third layer and is displaced along AB direction, it will also move back to the
substitutional position, whick is different from the behavior of a Si atom in the
fourth layer. The DX formation energy resulting from displacing Si atom in the

second layer along AB direction(toward the surface) is 0.81 eV, which is smaller
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FIGURE 3.4: Schematic views of energy levels of DX in bulk GaAs and in
GaAs(110).

than that of displacing Si atom in the same layer along AC direction(toward the
bulk) by 0.55 eV, while the length of the unbroken Si-As bonds in the former case
is larger than the latter by about 0.1 A. Longer Si-As bond lengths means that
a larger amount of negative charge is transferred to the Si atom which leads to

larger Coulomb repulsion between Si atom and As atom.

When the DX center is formed in bulk GaAs, a localized electronic level, which
is mainly formed by Siss and Sisp orbitals from the broken Si-As bond, occurs in
the band gap(the so-called DX state), and locates about 0.1 eV above the top of
the occupied bands, as can be seen from Fig. 3.4. However, in the bulk region of
GaAs(110), the DX state locates above the top of the occupied bands by about
0.23-0.4 eV depending on the Si position in GaAs(110) and the displacing direction
of Si atom. Also the GaAs(110) surface has a smaller band gap than the GaAs
bulk crystal. Both effects, i.e. the upward shift of the donor state and the decrease
of the band gap in GaAs(110), increase the formation energy of the DX center and

lower its stability as compared to its properties in bulk GaAs.
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TABLE 3.2: Relative total energies(F,, — F4, n=1,2,3.4, E,, represents the total
energy for Si atom in the different layers, and F4 represents the total energy for
Si atom in the fourth layer) of Si:GaAs(110) with different charge states

Si positions negative(eV) neutral(eV) positive(eV)

E, - E, -0.50 0.00 0.30
Ey, — E, 0.09 0.09 0.05
Es — E, 0.05 0.01 -0.01
E,—E,; 0.00 0.00 0.00

3.3.2 Substitutional Si atom in GaAs(110) with different

charge states

According to the last section, the DX center is unstable near GaAs(110) surface(i.e.
no DX center near the GaAs(110) surface), so Si atom should be substitutional
on the Ga site near the GaAs(110 surface)(i.e. Sig, defect is fourfold near the
CaAs(110) surface, and all Si-As bond lengths are about 2.40 A). In this section,
we will discuss the stability of subsitutional Si on Ga site with different charge
states near the GaAs(110) surface. We will show that the charge state affects the
stability of the system. For comparison, we set the total energy of a substitutional
Si atom in the fourth layer as zero energy, all the total energies for substitutional
Si atoms in the other layers are given relative to this layer. The calculated relative

total energies of Si:GaAs(110) with different charge states are given in Table 3.2.

In this work Makov-Payne corrections[69] have been used for the computation
of the charged systems. The total energies of charged system are calculated based
on the neutral cell by the QUANTUM-ESPRESSO code. We add one electron to
a system for the simulation of negatively charged system, and remove one electron
from a system to simulate the positively charged system. It should be noted that
in some cases the extra charge in the charged Si:GaAs(110) is not localized on the
defect. For instance, once the defect locates in the deep layers, the extra charge is
delocalized. For convenience, here Sig, or Sif;, means that the entire Si:GaAs(110)
system is charged. For neutral system, when Si atoms replace Ga atoms in the

second or third layer, the total energies are slightly higher than that of Si%, defect
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in the fourth layer with energy differences less than 0.1 eV. Although the bond
configuration of the threefold-coordinated Si atom on the GaAs(110) surface is
different from those of the fourfold-coordinated Si atoms in the deep layers, the
total energy for Siyy, defect on the surface is same to that of the Si%y, defect in the
fourth layer. It indicates that the bond configuration of the Si atom for neutral
GaAs(110):Si has minor influence on the total energy. As a result the difference
of the total energies between the substitutional Si atom in the first layer(at the

surface) and in the deep layers(below the surface) may be expressed as

E(Si%a)surface - E(Si%a)deep layer ~ OO

For negatively charged Si:GaAs(110), the total energy for Sig, defects in the second
layer and in the third layer are also slightly higher than that of Si, defect in the
fourth layer, and this behavior is similar to that of neutral system. However, once
the Sig, defect is exposed on the surface, the total energy decreases by 0.4~0.5
eV with respective to those of Sig,, defects in the deep layers. This indicates that
Si atom prefers to replace Ga atom at the GaAs(110) surface when the system is
negatively charged. The donor state, which lies in the band gap, is localized and
primarily concentrated on the three-coordinated Si donor at the surface, as can be
seen from Fig. 3.5. For positively charged system, the total energy for Sif,, defect
in the second layer is larger than that of the Sif,, defect in the fourth layer only
by 0.05 eV. However, once Sif;, defect is exposed on the surface, the total energy
increases by 0.3 eV as compared to the Sif;, defect in the the fourth layer, which is
in contrast to the energy gain of the negatively charged Si:GaAs(110). It indicates
that it is not stable for Si atom to substitute a Ga atom on the positively charged
surface. As a result the difference of total energies between the substitutional Si

atom in the first layer and in the deep layers are given by
E(Siéa)surface - E(Siaa)deep layer ~ —0.5eV

E<Siga)surface - E(‘Siga)deep layer ~ 0.3eV

As discussed above, the total energy of the charged Si:GaAs(110) will be signif-
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FIGURE 3.5: Contour plot of charge density p(Sig,) for Si atom in the surface
layer, associated with the donor state at the I' point.
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FIGURE 3.6: calculated AS-Si bond lengths for substitutional Si atom in the
first layer(at the surface) with negative(a), neutral(b) and positive state(c)

icantly changed once Si atom is exposed on the surface. Here we will show that
the extra charge of the charged Si:GaAs(110) is concentrated on the defect when
Si atom replaces Ga atom on the surface which results in a quite different total
energy with respect to the deep layers. In order to study the charge state of a
defect exposed on the surface, the Si-As bond lengths are calculated, as can be
seen from Fig. 3.6(a-c). For the neutral Si:GaAs(110), the calculated bond lengths
are 2.36, 2.37 and 2.37 A, respectively. For the negatively charged Si:GaAs(110),
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FIGURE 3.7: Relative height of substitutional Si atom in the first layer(at the
surface)

the Si-As bond lengths are 2.46, 2,46 and 2.42 A, respectively, larger than those
of neutral Si:GaAs(110). Since the As atom in GaAs is negatively charged, the
larger Si-As bond lengths for the negatively charged Si:GaAs(110) indicates that
the extra negative charge is mainly concentrated on the Si atom, resulting in the
negatively charged Si atom. The Coulomb repulsion between Si~ and As™ atom
leads to the longer Si-As bond. The Si atom protrudes out of the surface in
the negatively charged system as shown in Fig. 3.7. However, for the positively
charged Si:GaAs(110), the Si-As bond lengths are 2.31, 2.36 and 2.36 A, respec-
tively, smaller than those of neutral Si:GaAs(110). This indicates that the extra
positive charge is mainly concentrated on the Si atom, and the Coulomb attrac-
tion between Sit and As™ leads to the smaller Si-As bond length. The Si atom
moves toward the bulk by 0.7 A compared to that in the negative charged system

as shown in Fig. 3.7.

3.3.3 STM simulation

In this section, we present the calculated STM images of the clean GaAs(110) and
the charged Si:GaAs(110). It should be noted that some experiments give different
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results since the doping concentration, significantly different tip and the measure-
ment conditions have an important influence on the measured STM images|[70].
Fig. 3.8 represents the calculated STM image of the clean neutral GaAs(110)
at bias voltage of 2.0 V. Here the positive bias voltage indicates electrons tunnel
from the probe into the conduction bands. The bright feature of the STM image
corresponds to the large protrusion of the atoms and the dark feature corresponds
to the small protrusion of atoms. The calculated STM image of clean GaAs(110)
in Fig. 3.8 agrees with the experiments [70, 71] and previous theoretical results
(65, 66]. The bright feature corresponds to the empty dangling-bond states of Ga
atoms on the GaAs(110) surface.

The calculated STM images for positively charged donor at bias voltage of 1
V and 2 V are shown in Fig. 3.9 and Fig. 3.10, respectively. The STM image
in Fig. 3.10 is similar to that of the clean GaAs(110), but the Si atom presents
a larger protrusion compared to the Ga atom which is more apparent when the
bias voltate is 1 V shown in Fig. 3.9. The large protrusion of the Sif,, defect at
the positive bias voltage is similar to the experimental STM image obtained by
Teichmann[72], who pointed out that the extra positive charge of the donor causes
the bands to drop and results in an enhanced tunnel current in the Si atom site.
This overcompensates the reduction of the current from the lower height of Sif;, (cf.
Fig. 3.7) and corresponding larger distance to the tip. Fig. 3.11 gives the STM
image for the negatively charged system at the bias voltage of 2 V. Different from
the positively charged case, the Si, defect on the surface presents a dark feature.
As discussed in previous section, the extra negative charge is mainly concentrated
on the Si atom for the negatively charged system, and the extra negative charge
occupies the dangling bond of the Si atom. The completely occupied dangling
bond leads to the small protrusion of the negative Si atom at the positive bias

voltage.
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FIGURE 3.8: Calculated STM of clean GaAs(110) at a bias voltage of 2 V for
neutral system

FIGURE 3.9: Calculated STM of Si doped GaAs(110) at a bias voltage of 1 V
for positively charged Si(charge state: Siga)
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FIGURE 3.10: Calculated STM of Si doped GaAs(110) at a bias voltage of 2
V for positively charged Si(charge state: SiJGra)

FIGURE 3.11: Calculated STM of Si doped GaAs(110) at a bias voltage of 2
V for negatively charged Si(charge state: Sig, )
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3.4 Conclusions

In this work, firstly, we studied the DX center in bulk GaAs and in GaAs(110).
In bulk GaAs, DX center is found to be a metastable state, in good agreement
with previous calculation of Chadi[51]. However, for surface system, the DX cen-
ter is found to be highly unstable, and the DX formation energy, which depends
on Si position and displacing direction of Si atom in GaAs(110), varies from 0.8
eV to 1.3 eV. Secondly, we found that the extra charge is mainly concentrated
on the defect for charged Si:GaAs(110) where Si atoms replace Ga atoms on the
GaAs(110) surface. On the surface Sig, defect is stable, while Sif,, defect is unsta-
ble. In addition, we also reported the calculated STM images for clean GaAs(110)
and the Si:GaAs(110) with different charge states which agree with experimental
results. We found that the STM image switches from a bright feature to a dark
feature when the charge state of Sig, defect on the surface changes from positive

to negative at the positive bias voltage.



Chapter 4

Many body perturbation theory

4.1 Introduction

So far we have examined how one can justify the reduction of the many-body
equation to a single particle problem. This can be done by introducing certain
approximations. In this Chapter we show that excited-state properties can be
accessed more directly with a purpose built method, the so-called many-body
perturbation theory(MBPT)[10]. The one-particle band-structure paradigm itself
has been deeply revised by the introduction of the concept of quasi-particles, which
provides a proper interpretation of the results of photoemission experiments. Fig.
4.1 gives a schematic illustration. In direct photoelectron spectroscopy a photon
with energy Aw impinges on the sample and ejects an electron, whose kinetic energy
Elin is subsequently measured. The binding energy ¢; of this electron is given by
the difference ¢; = Ey;,, — hw. In reality, they are correlated through the Coulomb
interaction, and the ejection of an electron is always a many-body process. In this
general sense ¢; equals the difference ¢, = EY — EN~! between the total energy
E} of the N particle ground state U)' and the energy EZN ~! of the N — 1 particle
state \I/ZN ~! that remains after the emission. Inverse photoelectron spectroscopy is
the complementary process: electrons are injected into the sample, and the energy

of the emitted photon is measured. The number of electrons in the system thus

48
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FIGURE 4.1: Schematic illustation of direct and inverse photoelectron spec-
troscopy. The measured energy difference Ey;, — hw correseponds to ¢; =
Eév —EiN ~1in direct and €; = ElN +1 —Eév in inverse photoelectron spectroscopy.

increases from N to N + 1, and we can identify ¢; = E};, — hw with the difference

¢ = ENTY — EY of the many electron systems.

The independent electron picture breaks down due to the strong Coulomb inter-
action originated from the fictious single electron concepts. In fact, we can at least
retain a nearly-independent particle picture if we consider quasi-particles instead
of electrons (or holes). In the case of electron injection into a sample the repulsive
Coulomb interaction creates a Coulomb hole around the additional electron (see
Fig. 4.2). Analogously, if an electron leaves the system, its Coulomb hole also dis-
appears. Relative to the ground-state N electron system, the addition (removal)
of an electron in indirect (direct) photoelectron spectroscopy hence creates (an-
nihilates) an ensemble consisting of the bare electron and its oppositely charged
Coulomb hole. This ensemble behaves in many ways like a single-particle and is
thus called ”quasi-particle”. Since the Coulomb hole reduces the total charge of
the quasi-particle, the effective interaction between quasi-particles is screened and

considerably weaker than the bare Coulomb interaction between electrons.

A better theoretical description of processes involving the ejection or injection of
electrons is the many body perturbation theory(MBPT) that links the N particle
with the N 4+ 1 particle systems. In MBPT framework the key variable is the

time ordered Green’s function G(ry, t1, s, t2), also called propagator. The Green’s
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electron interaction

quasiparticle interaction

FIGURE 4.2: The coulomb hole around an electron together with the bare

electron forms the quasi-particle, as can be seen from the figure in the right.

Quasi-particles interact via a weak screened interaction W instead of the strong
coulomb interaction v(see the figure in the left).

function contains the excitation energies and excitation lifetimes. Besides, we
can directly obtain the ground-state electron density, the expectation values of
one-particle operators and the ground-state total energy from it. The Green’s
function is hence capable of giving access to the same observables as the ground-
state electron density. In contrast to the DFT expression E(p), the functional
E(G) is even known exactly[73]. While the Green’s function contains much more
information than the electron density, it is also a more complicated function and

thus rarely applied to ground-state properties.

4.2 The Green’s function

In this section we introduce the time-ordered Green’s function and examine its
properties. The Green’s function describes the probability amplitude for the prop-
agation of an electron(hole) from position ry at time ¢; to the position ry at time
to. For the propagation of an additional electron from (rs,?2) to (rq,¢;) in a many
electron system, the time-ordered one-particle Green’s function at zero tempera-
ture is defined as:

.

G(1,2) = —

(N, O[O(1) T (2)|N, 0)6(H — t2) (4.1)

where (V| is the exact ground state of the interacting system. The 1& and 1&* oper-

ators are annihilation and creation field operators within Heisenberg picture(they
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contain the whole time dependence), respectively. Index 1 is shorthand for posi-
tion, time and spin variables(ry, t1,01). 6(t; — t3) is the Heaviside step function

defined by

1, t1 > 1o
O, t1 < to
Similarly, we have the green’s function
i . .

h

for the propagation of an additonal hole from (rq,¢;) to (ra,s). For convenience,

we combine the two expressions in one time-ordered Green’s function

7
A
_ —L(N, 0l (1) (2)|N,0), t >t "

LN, O[T (2)U(1)[N,0), 1 <ty

G(1,2) = G°(1,2) = G"(2,1) = —(N,0|T[ ()¢ (2)]| N, 0)

where T stands for the Wick time-ordering operator, which has the effect of or-
dering the operator with largest time on the left. The physically intuitive inter-
pretation of the time-ordered Green’s function can be emphasized from Eqs.(4.4).
When ¢, is larger than ¢, the Green’s function describes the probability to find an
electron in r; with spin o7 at time 1, when an electron was added in ry with spin
09 at time t5 to the system in its ground-state. Instead, when t¢; is smaller than
to, the Green’s function describes the probability to find a hole in ry with spin o9

at time t9, when an electron was previously removed in r; with spin o, at time ¢;.

The one-particle Green’s function G contains a great deal of useful information.
According to G, we can calculate also the ground-state expectation value of any
one-particle operator and the ground-state energy of the system. For example,
the expectation value of electron denstiy p(r,t) can be expressed in terms of the

Green’s function as

p(r,t) = (N, 0] (r,t)p(r,t)|N,0) = —ihG(r,t,r,t + 1) (4.5)
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Here n is an infinitesimal positive number. It serves only to enforce the correct
order of the field operators. Its unit should always be clear from the context;

presently it is an infinitesimally small time.

Similarly, the Galitskii-Migdal formula[74] gives the ground-state total energy

as a function of the one-particle Green’s function only:

h . ... 0
B = _% Z So1.00 /dr1 lim lim [i— 4+ ho(r1)]G(1,2) (4.6)

T2ty st 8t1
701,02

where hg = —V2 2 + v, is the one particle Hamitonian. The one-particle exci-
tation spectrum carried by the Green’s function will be made obvious in the next

section.

4.3 Lehmann representation

For convenience, I will employ atomic units(i.e. # = 1) in the next part. The so-
called Lehmann representation of the Green’s function permits one to get insight
into its physical meaning. It shows that the Green’s function is closely related
to the single-particle excitation energies of the system. If we insert the closure
relation ) |N £ 1,9)(N £ 1,i| = 1 between the two field operators in Eqs. (4.4),
where {|N 4 1,4)} is the complete set of state vectors of the N + 1 particle system,
then the Green’s function depends only on the difference 7 = t; — t5 in the case of

time-independent Hamitonian:

iG(ry,ra,7) = 6(7) Z(N, 0] (1)|N +1,i) (N + 1,i[* (2)|N, 0)

7

— 0(=7) Y (N, 0T (2)IN = 1,i){N = 1,i[¢}(1)|N,0) (4.7)
In the above equation, if 7 > 0, only states with N + 1 survive; if 7 < 0, only
states with NV — 1 survive. The index ¢ sums over all states of a given particle

number.
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For positive time (7 > 0),the excitation energy of a system previously in its
ground-state that, due to an additional electron, is now in the excited state i of
N + 1, is given by
Nt = Eni1i— Eng (4.8)

)

Similarly, for negative time 7 < 0, a hole energy in its excited state is given by

EN_l = EN,O - EN—l,i (49)

)

The time dependence of the matrix elements can be handled by introducing the

Schrodinger picture:

~

(v, ty) = eMhg(ry e~ (4.10)

where A corresponds to the excitation energy. &H(rl, t1) is field operator in the
Heisenberg picture. thg(ry) is the field operator in the Schrodinger picture. There-

fore, the Green’s function takes the following form

iG(r,ra,7) = (7)Y (N, 0[ds|N + 1,i) (N + 1,i[dF (2)| N, 0)e 7
N~—1

= 0(=7) Y (N0 (2)IN = 1i)(N — Li[s(1)| N, 0)e " (4.11)

i
The minimum energy of the lowest conduction state is given by

€ = EN_’.LO — EN,O (412)

Alternatively, the minimum energy of the highest valence state, which is required

to remove an electron is given by
€& = FEno— En_10 (4.13)

If the system is semiconductor or insulator, the band gap E, is defined as the

energy difference between the conduction and valence states

Eg = € — €y = ENJFLO + ENfl,O - ZEN,O (414)
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If the system is metallic system, the energy €. = ¢, is the chemical potential y. For
semiconductor or insulator system, the chemical potential x lies somewhere inside
the gap. Therefore, if €; > p, the energy is defined as Eny1,;, — En, if if ¢, < p,
the energy is given by Enx — En_1,. Consequently, we can define the so-called

Lehmann amplitudes f;(r),

() = <N,O|@Z)3'(rA)|N+ 1,4), € >p (4.15)
<N - LZWS(I“”N: 0>7 € < p

The Green’s function is then expressed as

iG(ry,12,7) = Y _[0(7)0(& — 1) — O(—7)0(1 — €)] fi(x1) f (x2)e ™7 (4.16)

i
Now the sum ), is over electron and hole states. Fourier transformation of Egs.
(4.16) to the frequency axis using the Fourier transform of the Heaviside step
function

1 00 efiwr

O(+7) = F—
&) =Fo | oEm

duw (4.17)

for n — 0T, one obtains the Lehmann representation of one particle Green’s func-

tion
Ji(r1) f7 (xr2)
w — € + insign(e; — )

G(I‘l, ro, UJ) = Z

%

(4.18)

N=+1

4 .

The Green’s function has poles at the true many particle excitation energies €
The poles lie slightly above the real axis for frequencies below p and slightly below

the real axis for frequencies above p, as shown in Fig. 4.3.

It must be emphasised that the concept of a quasi-particle is an interpretation
of the experimentally observed many body spectrum in terms of one-particle-like
excitations. The quasi-particle concept is used for various types of excitations, for
instance electron-hole pairs (excitons) or vibrations (phonons). In the context of
one-electron excitations, these quasiparticles can be viewed as a hole or an electron
surrounded by its polarisation cloud. Quasi-particles have a finite lifetime due

to dephasing, i.e., decay into other quasi-particles, because the true many-body



55

Many body perturbation theory

Complex plane

band gap

>

Im(E)
-
-

X

Re (E)

FIGURE 4.3: In the complex plane, the Green’s function has poles(crosses) only
along the real axis. The poles are located above the real axis for frenquencies
lower than the chemical potential p, and below for frequencies greater than p

eigenstates may contribute to more than one quasi-particle. In other words, a

quasi-particle is not an eigenstate of the system but a superposition of eigenstates.

4.4 Spectral function

We apply the following relation

L _ pé —imo(x) (4.19)

lim -
n—0t T +1n

to the Eqgs.(4.18), where p% is the principal value of %, one can obtain the imagi-

nary part of G:

ImG(ry,re, w) = wsign(pu — €;) Z fi(r1) fi(r2)d(w — €) (4.20)

The spectral function is defined as

A(ry,ro,w) lsign(cu — )ImG(ry, 19, w) = Z filr)) fi(r2)0(w —¢;)  (4.21)
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The spectral function A is a positive function of w. From this expression one
can immediately realize that the spectral function is hence the quantity directly
related to the one-particle excitations, described by the Lehmann amplitudes f;
and the electron addition and removal energies ¢;. Moreover, the spectral function

allows us to rewrite the Eqs. (4.18) as an integral over frequencies

!/ !/
o W —w —1n w—w 4+

o / ) !
Glr,x,w) = / Al rw) oy / Al rw) L (4.22)
7

Since

)

Zfi(rl)fi*<r2> = D (NN = L) (N = Life(ry)|N)

+ D NRE)IN + L) (N + 1,7 (r5)[N)

= (N[[o(r1), 7 (r2)]4|NV)
= 0(r; —ry) (4.23)

The spectral function satisfies the normalization condition:

/_ " Ay, 10, w)dw = 8(ry — 1) (4.24)

o0

and from its diagonal one can extract important information such as the electronic
density:

p(r) = /M A(r,r,w)dw (4.25)

—c0
Since the connection between Green’s function and spectral function has been
demonstrated, now I will show how to calculate the spectra of photoemission ex-
periments. In a photoemission experiment, the detector measures electrons that
are extracted from a solid due to an incident photon, and the experimental ob-

servable in PES is the photocurrent. It is given by

I~ /drl/dr2¢;6(r1)5H(r1)A(r1,rz,E)(SH(rg)(bpe(rg) (4.26)
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where r comprises a spatial and a spin coordinate. ¢, is a is a time-reversed
damped LEED state describing the photoelectron that reaches the detector. d H (r)
is the perturbing field that excites the electron. Inserting Eqgs.(4.25) into Eqs.(4.26)

we obtain Fermis golden rule expression
I~y [pel0H|f)PO(E — ) (4.27)

The magnitude of the transition matrix elements can vary considerably between
different states and even become zero, in particular when the symmetry of the
system defines selection rules. The photocurrent therefore reflects only a somewhat

distorted picture of the electron density of states (DOS)

NYE) = Z 5(E —¢) = / dPrA(r,r, E) (4.28)

4.5 Hedin’s equations and the GW approxima-

tion

With the equation of motion for the Heisenberg creation and annihilation field
operators 1) and @/A)Jr(see Appendix(A.1)), the one-particle Green’s function depends

on the two particle Green’s function, and is given by

[i% — ho(1)]G(1,2) = 8(1,2) — i/d?w(l, 3)Gs(1,3,2,3%) (4.29)

where hg = —%2—1—1/&“ is the one-particle term of the Hamitonian. The two-particle
Green’s function Gs describes the creation and annihilation of pairs of particles.
Further deriving the equation of motion for G5, one would obtain higher orders
of Green’s function Gg, G3 ---. The physical meaning of this is that the electron
hole pair created by the propagation of the first electron would induce a cascade
of other electron-hole pairs. Therefore, the system of equations will become more
and more complex with the increase of higher order Green’s function. In fact, if

one only needs to know the one particle Green’s function, a good approximation,
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which allows one to express the two particle Green’s function in terms of one-
particle ones, can be introduced. Similarly, if somebody want to calculate the
absorption spectra(involving two-particle Green’s function), one needs to find an
approximation to replace the three-paritcle Green’s function with the two-particle
ones. This is the fundamental idea of many body perturbation theory, which
provides a scheme to systematically find approximations for the higher-number of

particle Green’s functions in terms of the lower ones.

In this thesis, I am interested in the one particle Green’s function. Within the
idea of many body perturbation theory(MBPT), it allows one to get rid of the
two particle Green’s function in the Eqs.(4.29), while retaining only the terms
dependent on one-particle Green’s functions. This is achieved by introducing the
Schwinger derivative technique[75]. The main physical idea of Schwinger is that
the same polarization of the system could be obtained by a small time-dependent
perturbing external potential U, (1,2), which, in the spirit of the linear-response
theory, will be made vanish at the end of the derivation. The following expansion
presents the variation of G with respect to perturbation U, (See Appendix(A.2)

for detailed information):

% = G(1,2)G(3,3%) — G2(1,3,2,3") (4.30)

Hence the two particle Green’s function is expressed as terms of one particle
Green’s function by introducing the variation of G with respect to perturbation

Uper- Inserting above equation in Eqs.(4.29), we can obtain:

0 : : 0G(1,2)
— — ho(1 d3v(1,3)G(3,37)]G(1,2) — d3v(1,3)——= =0(1,2
i = D) +1 [ d3n(1.9)6(3.37]G.2) i [ dsu(1.3) T =012
(4.31)
In the above equations G(3,3%) is the electronic denstiy p(3), so the Hartree
potential Vi(1) is described by the term —i [ d3v(1,3)G(3,3%). The self energy

is defined by the last term of Eqgs.(4.31)

i / d3v(1,3)% _ / d35(1,3)G(3, 2) (4.32)
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The self energy describes all the effects of exchange and correlation in the system(
i.e. all the interacting effects are includes in the self energy ). With the intro-
duction of the Hartree potential V and the self energy 3, Egs.(4.31) can be then

rewritten as:

[z% ~ ho(1) — Var(D]G(1, 2) :5(1,2)+/d32(1,3)6’(3, 2) (4.33)

The above equation is the so-called Dyson equation. The equation of motion of

the non-interacting Green’s function Gy is given by

[za% — ho(1) = Vir(1)]Go(1,2) = 6(1,2) (4.34)

The above equation shows that non-interacting Green’s function is formally the
functional inverse of the operator (w — hg — V(1)) in frequency space. So we can

rewrite the Dyson Eqs.(4.33) as
G(1,2) = Go(1,2) + /d34G0(1,3)E(1,3)G(4,2) (4.35)

In order to evaluate the self energy, by introducing [ d5G~*(4,5)G(5,2) = §(4,2),
the Eqs.(4.33) can be rewritten as

[za%—ho( )— VH(1)]G(1,2)—¢/d345v<1+,3)

0G(1,4)
6Uper<3)

G1(5,2) =6(1,2) (4.36)

Inserting the relation

JF(1,2) SF7L(4,5)
oo —/d45F(1,4)T<3) (4.37)

to the last term in the left-hand-side of Eqs.(4.36), yields the self energy operator

as

¥(1,2) = —i/d34v(1+,3)G(1,4)% (4.38)
Now let us insert the chain rule
SF|GH](1) OF[G(1) 0G[H](3)
SH(2) / a3 6G(3)  JH(2) (4:39)
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via V' in the definition of self energy of Eqs.(4.38):

3G (1,4)0V (5)
5U,r (3)8V (5)

%(1,2) = —z’/d345v(1+,3)G(4, 2) (4.40)

where V is the local classical potential, and defined as the sum of the external

perturbation and the Hartree potential:
V(1) = U(1) - i/d2v(1,2)G(2,2+) (4.41)

With the introdcution of the irreducible vertex I

I'(1,2,3) = —%(13’)2) (4.42)

and the definition of time ordered inverse dielectric function:
e1(1,2) = ——= (4.43)

In addition, one can introduce W, the dynamical screened Coulomb interaction,
and defined by
W(1,2) :/d3v(1,3)e—1(3,2) (4.44)

Finally, the self energy is expressed as
¥(1,2) :z’/d34G(1,4)W(3,1+)f(4,2,3) (4.45)

Now let us further evaluate I', using Dyson equation G~ = Gyt -V -3, T is

easily obtained:

.23) = 50.250.9) + Sy

= 6(1,2)5(1,3) + / d4552&§§§‘£2§)

6%(1,2)
6G(4,5)
X G(4,6)G(7,5)(6,7,3) (4.46)

= §(1,2)5(1,3) + /d4567
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It should be noted that the chain rule (4.39) and derivative of the iverse (4.37)
were used to obtain the above final expression of I'. Inserting Eqs.(4.41) to Egs.

(4.43), the €' can be then rewritten as

S(U —i [ d3u(1,3)G(3,3%)

(1Y = 5U(2;
= 5(1,2)+/d3v(1,3)P(3,2) (4.47)
where
n
P(1,2) = —i% (4.48)

is the reducible polarizability of the system. ”"reducible” means that the variation
of G(1,17) is related to the bare external potential U. Alternatively, one can also

define an irreducible polarizability

_ SG(1, 1)

P(1,2) = —i VD) (4.49)

The link between the two polarizabilities is made by using once more the chain

rule (4.39) and the relation (4.47):

P(1,2) = P(1,2) +/d3415(1,3)v(3,4)P(4,2) (4.50)

By using the relation (4.37), one can obtain

P(1,2) = —i/d34G(1,3)G(4,1)f(3,4, 2) (4.51)

Therefore, the problem of computing the interacting one-particle Green’s function
can be cast into five coupled equations in the framework of MBPT[10]. These

equations are known as Hedin’s equation, and expressed as:

¥(1,2) = i/d34G(1,4)W(3, 111'(4,2,3) (4.52)

G(1,2) = Go(1,2) + /d34G0(1,3)E(1,3)G(4,2) (4.53)
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P(1,2) = —z’/d34G(1,3)G(4,1)f(3,4, 2) (4.54)

W(1,2) = v(1,2) +/d3d4v(1,3)15(3,4)W(4, 2) (4.55)

[(1.2,3) = 8(1,2)5(1,3) + / d4567%

X G(4,6)G(7,5)0(6,7,3) (4.56)

These equations involve the independent particle and full Green’s function Gy
and G, the polarisation P, the bare and screened interaction v and W, the self-
energy >, and the so-called vertex function I'. For simplicity, we use the notation
1 = (r1,t1, 01) for every pair of one spatial and one temporal variable. 17 indicates
that the time argument has been increased by an infinitesimally small, positive

amount.

Hedin’s scheme provides directly a set of equations in terms of G and W and
in particular an expansion of X in terms of W. Expansions in terms of v are
known to fail: for instance, the second order term in v for the correlation energy
of an homogenous electron gas is infinite[76]. The idea of using an interaction,
namely W, weaker than v as coupling constant of the perturbative expansion
was already introduced by Hubbard[77]. The screened Coulomb interaction is
intuitively smaller than the bare one, as the interaction between two electrons
being part of a system is reduced by the dielectric constant of the medium or, in

other words, by the screening due to all the other electrons of the system.

This set of coupled equations cannot be solved directly due to the presence
of the functional derivative in the definition of the vertex function. However,
it is amenable to physically meaningful approximations. We will describe the
equations in more detail before coming to the most important approximation, the

GW approximation.

Eqgs.(4.53) and Egs.(4.55) have the same structure, known as Dyson equation. %
represents the complicated correlation effects of a many particle system. G and G

correspond to the propagation of electrons or holes in the system, whereas v and W
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can be interpreted as propagators for the quantum particles of the electric field.
Thus, the polarisation function plays the role of the self-energy for the electric
field particles, changing the bare Coulomb interaction into the screened Coulomb

interaction.

Correspondingly, Eqs.(4.52) and Eqs.(4.54) have the same structure. They con-
tain two propagators connected to one point of the interaction kernel and are
connected via the vertex function to the other point of the kernel. This vertex
function is a three-point kernel that describes all possible ways how a (dressed)
electron is scattered when a (screened) electric field particle is created or annihi-

lated.

When a charge is added to an electronic system, the first effect is the polar-
ization of the system. By neglecting the electron-hole interaction(short range
effect) in the electron-hole pairs that constitute the polarization and the exchange
correlation effects in the induced interaction between the extra charge and the
polarization charge of the system,(i.e. approximating the vertex function by its
first term: 1'(1,2,3) = §(1,2)8(2,3)) one finds the GW approximation introduced
by Hedin[11]

¥(1,2) = iG(1,2)W(11,2) (4.57)

The GW approximation corresponds to neglecting vertex effects, i.e. to taking for

the vertex the simplest expression:

I'(1,2,3) = 6(1,2)5(2,3) (4.58)

Similarly, If one neglects the vertex effects in the polarization P, the random-phase

approximation(RPA) for P is obtained:

P(1,2) = —iG(1,2)G(2,1) (4.59)

Even using the GW approximation to the self-energy, the Dyson equation is still
a self-consistent equation in G that one could solve iteratively. However, this

is rarely done. Instead of using the full Green’s function GG, the non-interacting
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Green’s function Gy is used as a first approximation in Eqgs.(4.57) and Eqgs.(4.59).

We use this approach, denoted as Gyl in all the actual calculations.

4.6 Quasi-particle equations

In reality, the quasi-particle quantities are not calulated from the Dyson Eqs.(4.33).
Let us reformulate the Dyson Eqgs.(4.33). The Fourier transform of the Dyson
Eqgs.(4.33) gives:

w — ho(1) — Vi (1)]G(1,2,w) — /d3z(1, 3,W)G(3,2,w) =8(1,2)  (4.60)

A pratical solution of this equation is obtained by using a the biorthonormal

representation|78],

G(ry,ra,w Z 2 S’_ 95 rj’ ) (4.61)

with ¢ (ry,w) and ¢%(rs,w) being solutions of

[ho(r1) + VE(r1)]oaA(r1,w0) + /erZ(rl,rg,w)Qﬁ,\(rg,w) = FE\(w)or(r1,w) (4.62)

and

[ho(r1) + Vi (r1)]d5 (r1, w) + /drzgl(ﬁarmw)ﬁgi(rmw) = Ej(w)oy(r1,w) (4.63)

where ¥'(ry, ro,w) = [X(re,r1,w)]*. In the Lehmann representation in the ther-
modynamic limit one has a series of infinite close-lying poles on the real axis that
merge to form a branch-cut. An alternative representation is given by a com-
plex pole(i.e. the quasi-particle energy). A schematic comparison between the
Lehmann representation and quasi-particle pole representation is given in Fig.4.4.
The quasi-particle concept is based on the assumption that the full energy de-

pendence of G(ry,re,w) can be described approximately with some well defined
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FIGURE 4.4: Schematic comparison for the Lehmann representation(left) and

the quasi-particle pole representation(right). A series of close lying poles on

the real axis in the Lehmann representation can be equivalently represented by

a single pole in the complex plane. The real part of the pole corresponds to

the the position of the peak, which represents the quasi-particle energies. The

imaginary part of pole in the complex plane gives the width of peak, which is
connected to the lifetime of excitation [79].

complex poles

QP\ Tx QP
G(ry,ro,w) = Z Oa(rs, € )‘bg(;?’ i) (4.64)

3\ W — €y

with the quasi-particle energies defined by
9F = B, (97) (4.65)
In this way, one finds the quasi-particle equation:

[ho(r1) + Vi (r1)]os(r1) + /erZ(rhr?a EZP) ¢y (r2) = Eyhs(ry) (4.66)

Strictly speaking, this equation has, in general, no real-valued solutions, because

the nonlocal, frequency dependent potential X is, in general, not hermitian.



Chapter 5

Quasi-particle bandstructures and

lifetimes in metallic systems

5.1 Introduction

In the last decade the electronic band structures and electron scattering in noble
metals have been studied using experimental techniques[8, 80, 81] and a variety
of theoretical methods [13, 14, 82, 83]. The GW approximation derived by Hedin
in 1965 [11] has become the state-of-the-art approach to study the quasi-particle
band-structures and lifetimes [13, 14, 82, 83] of a large number of systems going

beyond the well-known Density Functional Theory(DFT).

It is well known that the usual local density approximation (LDA) [3] under-
estimates the band gaps for the semiconductors, which can be improved by using
the so-called scissors operator(i.e. by rigidly shifting the conduction bands to
higher energy). However, for the noble metals the quasiparticle corrections are
both k-point and band dependent [13], so a scissors operator is useless. Another
important drawback of the traditional DFT is that the exchange-correlation part
is real, and hence infinit lifetime, whereas the lifetime of excited electrons and

holes in metals is known to be finite.

66
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A significant numerical problem when performing GW calculations for noble
metals is given by the issue of basis set expansion. The presence of strongly
localized d bands and the inclusion of semicore states for Cu and Ag make the
Ab-initio calculations based on a plane wave expansion basis much heavier than
those for semiconductors. For the case of Cu, plane waves with cutoff energy
of at least 160 Ry (about 2700 plane waves) are needed for convergence [13].
GW calculations need larger computational requirements than DFT| in particular
for the calculations of surfaces and bulk solids with occupied d orbitals [84]. It
turned out that a Gaussian-orbital basis set instead of using plane-wave Fourier
representations of the relevant two-point functions is efficient for the evaluation of
GW self-energy corrections [84]. Another common simplification, i.e. the Plasmon-
pole approximation(RPA) of the frequency dependence of €¢(w) should be avoided
for the GW calculation of Cu [13], which means that the dielectric matrix ;g (¢; w)
should be computed explicitly by performing the energy integral numerically. This

imposes further heavy CPU load for the GW calculation with plane waves.

Most previous lifetime calculations are based on the DFT band energies [24, 25,
26, 27, 82]. Furthermore, the so-called ’energy shell’ approximation with renor-
malization factor equal to unity was employed to obtain the imaginary part of
the quasi-particle energies. In fact, the renormalization factor for noble metals
varies between 0.57 and 0.77 [83]. The renormalization factor directly changes the
quasiparticle energies, and also changes the quasiparticle lifetimes. Because of the
large discrepancies between DFT band energies and experiments, the calculated
lifetimes based on the DFT energies are not consistent with experiment. In order
to compare the calculated lifetimes based on the DFT band energies with exper-
iments, the DFT band energies have to be shifted rigidly(which, as mentioned

above, is questionable in metals).

So far the quantitative understanding of excitation mechanisms and their re-
laxation channels is far from being complete. In many cases the GW approach
correctly reproduces the changes of experimental electron relaxation times with
the excitation energy [87]. However, large discrepancies between theoretical and

experimental results occur for d holes in Cu and Ag. The lifetimes of holes at
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the top of d bands as calculated in Ref. [82, 83] appear to be almost twice longer
than the experimentally derived lifetimes. Ref. [86] argued that due to the shifted
d bands in the DFT calculation the available phase space for Auger recombina-
tion is underestimated yielding calculated lifetimes which are too long. However,
Ref. [83, 87] conclude that the drawbacks of the LDA band structures do not lead
to qualitative changes of the quasiparticle lifetimes. The quasiparticle lifetime cal-
culations based on the exact band energies have been performed for Cu using plane
waves method [85]. However, because of large requirements of the computation,
only several lifetimes at high symmetry points were calculated. Ref. [83] calculate
the lifetimes based on the corrected local density approximation, but the d band
threshold energies (1.7 eV for Cu, 3.2 eV for Ag) reported in this thesis are still
close to the Fermi level, compared to the photoemission data about 2 eV for Cu
and about 3.8 eV for Ag. So it is necessary to calculate the lifetimes based on the

accurate quasiparticle band energies.

In this chapter we go beyond the ’energy shell’ approximation to calculate the
lifetimes of electrons and holes for Cu and Ag based on the accurate GW band-
structure energies, using the efficient localized Gaussian orbitals. Firstly, we dis-
cuss the quasiparticle bandstructures for Cu and Ag. Then we analyze the influ-
ence of the quasiparticle corrections to the lifetimes. Our calculation starts with a
DFT calculation of the ground-state properties performed using norm-conserving
pseudopotentials, then the calculated DFT band structure energies and wave func-
tions are used within the GW approximation framework for the calculation of the
self energy operator, whose real part yields the quasi-particle band energies and

imaginary part yields the lifetimes.

A particular field of research is given by the lifetimes of metal surface states ,
which can be drastically different from the lifetimes of bulk states. Unfortunately,
the calculation of the GW self-energy operator of a surface system(e.g. in a slab
configuration) would be very time-consuming [88] and has been carried out so
far only for the relatively simple Be(001) suface [89]. So far, The most previous
works calculate image state lifetimes for the more complex noble-metal surfaces by

employing a realistic one-dimensional model potential [90] instead of the full three
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dimensional pseudopotential. Within this simple model, the surface corrugation
is fully neglected(i.e. a single electron moving in an effective potential V(z) is
translationally invariant in the plane of the surface). Here, we report a full three-
dimensional calculation for the image states lifetimes of Cu(100) by using the
efficient localized Gaussian basis sets. With my knowledge, this is the first time
for the evaluation of the image states of noble metal surfaces by performing a full

three-dimensional caculation.

One particular aim of our work is to provide an approach to both band-structure
energies and their lifetimes within one calculation within the GW approximation
for the self energy. For computational purposes many calculations so far have
focused on either the band structure (which can often be obtained within the
plasmon-pole approximation of the GWA, leading to a real self energy and thus
infinite lifetime) or on the lifetime (which can be done efficiently by considering a
limited number of bands in the calculation). Here we show that both quantities
are in fact obtained when the complex nature of the dielectric screening and the

self energy are treated carefully.

This chapter is organized as follows. In Sec. 5.2, we discuss some details of
the GWA and summarize the basic equations needed for the following discussions.
In Sec. 5.3, we discuss the quasi-particle bandstructures for bulk Cu and Ag.
In Sec. 5.4, we present the quasi-particle lifetimes for Cu and Ag based on the
accurate quasiparticle energies. In Sec. 5.5, a full three-dimensional calculation
for the image potential state lifetimes of Cu(100) is reported. A short summary

concludes this chapter in Sec. 5.6.
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5.2 Computational details and theoretical meth-

ods

The starting point of the calculation of band structures and lifetimes is given by
a DFT calculation (referring to the electronic ground state), in which the Kohn-

Sham equation

{—h—QVQ + Vps(r) + Vi (r) + ch(r))} Uok(r) = B Vok(r) (5.1)

2m
is solved.

In here, Vpg and Vg are the ions and Hartree potential, respectively. Since
the d electrons have to be considered as valence electrons, the entire shell to
which they belong must be included as valence states throughout the calculations
[13, 91]. For Ag we employ a norm-conserving pseudopotential constructed along
Hamann’s scheme [38], based on the ionic configuration 4s%4p°4d'°. For Cu, on the
other hand, the transferability of such a pseudopotential seems not guaranteed.
Therefore we employ a multireference pseudopotential (MRPP) constructed along
Carlos’ scheme [92], based on the configuration 3s?3p®3d'%4s'. Gaussian orbitals
are used to construct the LDA basis sets. We use 50 Gaussian orbitals of s, p, d
and s* type for Cu atom and 60 Gaussian orbitals of s, p, d and s* type for Ag
atom. The decay constants are 0.18, 0.50, 1.24, 3.2 and 8.5 for Cu, and 0.16, 0.50,
1.40, 3.00, 6.5 and 14.0 for Ag, respectively.

Based on the DFT results, the final treatment of band structures and lifetimes
is done within many body perturbation theory (MBPT) [10]. Assuming that the
electronic spectrum is still given by well-defined quasi particles, excited holes and
electrons are described by an equation of motion

{_h_2v2 + Vps(r) + VH(I‘)} vel(r)

2m

+/2(1"71“/7E§kp)q)g:(r/)d3r/ = Ev?kp\ljglf(r> (5.2)
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Compared to the KS equation, the local, real and hermitian exchange-correlation
part is replaced by a non-local, complex and energy dependent self-energy oper-
ator. The self-energy operator results from electronic many-body effects beyond
the DFT. In particular, it contains exchange and correlation effects (relevant for
the band-structure energies) as well as Coulomb scattering effects (relevant for
the resulting lifetimes). Consequently, the self-energy operator leads to complex
quasi-particle energies, i.e. the real part denotes the band-structure energy while

the imaginary part yields the inverse of the lifetime.

We calculate the self-energy with the GW approximation of many-body per-
turbation theory by retaining the first term in the series expansion of self-energy
operator in terms of the screened Coulomb interaction W:

i

Y(r, v, E) = . /ei“’OJrG(r,r’, E —w)W(r,r', w)dw (5.3)
m

Equation (5.2) has to be solved self-consistently. It turns out that for many
systems the DFT wave functions agree remarkably well with the final GW wave

functions [93].

U (r) = U (r) (5.4)

Therefore, the self-energy operator can be constructed using the results of the
LDA calculation (wave functions, energy spectrum, and electronic density) and an
iterative treatment of equation (5.2) is not necessary. The quasi-particle energies
are then simply given by

E2F = EOFT 4 Re[S.(ESD)] — Vik, (5.5)

n

where ,,(ESS) = (k| (r, v/, E9)nk) and VEE = (nk|Vye(r)|nk).

Simultaneously the imaginary part of ¥(E) can be considered, which yields the
Coulomb-scattering lifetimes. The imaginary part of the self-energy corresponds

to the quasi-particle lifetimes, and the probability of the scattering decay is given



Quasi-particle bandstructures and lifetimes in metallic systems 72

by
T;kl = 2|Im[2nk(E7?kP)]| (5.6)

The numerical evaluation of the GW self-energy operator for the present case
of metals, aiming at its real part and its imaginary part on equal footing, is more
demanding than the common techniques for GW calculations which focus on the
band structure alone, and is also more demanding than the evaluation of lifetimes

alone.

One key quantity is given by the time-ordered polarizability of the system,
P = —iGG, which we calculate from DFT-LDA quantities. For a periodic system

it can be represented by basis functions ys(q, r), leading to a matrix representation

Pﬁﬁ/ q,w) = 2_ Z Z Z (k7 q)} ’ @(EF - Emk)@(En,k+q - EF)

1 1
X 5.7
|:Emk - En,k—f—q —w + 10t * Emk - En,k-i—q +w + 10F ( )
with spatial integrals Mg ( = [ (T)X5(, T)tn i1 q(r)d?r. The summation

is restricted to bands and k—points such that |m, k) is occupied and |n,k + q) is
empty. The direct evaluation of Eqs. (5.7) can be tricky due to the careful balance
between reciprocal-lattice points and frequencies, both of which have to be from
a finite grid. In particular, the correct maintainance of charge neutrality (i.e.
correct sum of the occupations of all states) is difficult to control. Furthermore, the
replacement of the infinitesimally small imaginary part (from ¢0") by broadening
is difficult to control. Last but not least, the direct evaluation of Egs. (5.7) for
all desired frequencies w (usually several hundred) constitutes a computational

bottleneck.

Instead, we first calculate the imaginary part of P [using 1/(a +i07) = 1/a —
ird(a)l, i.e.

mPupa) = —2rp 33Dy ) (M e @)

’fmk fn k+q|5< ( mk En,k+q)) : (5-8>

X
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In here, the occupation numbers f,,x and f, xiq result from the respective band-
structure energy. The most important advantage of focusing on Im(f’) first is that
a given combination of |m, k) and |n,k 4+ q) contributes to a very small number
of values for w, only, thus reducing the total numerical demand by an order of

magnitude or more.

In practice, an occupation number f is not taken from a sharp step at the
Fermi level, but includes spectral broadening by a Gaussian broadening parameter,
which corresponds to the finite k-point grid employed in all calculations. Simply
speaking, a state near the Fermi level can be expected to exhibit band-structure
dispersion in k (which is not explicitly considered due to the finite grid) and to
cross the Fermi level somewhere in the vicinity of the grid point. It is thus not
reasonable to attribute an occupation of just 0 (or 1) to a state slightly above (or
below) the Fermi level, but the occupation function should be smeared out for
states near the Fermi level. This procedure allows to mimic finer k-point sampling
than the one which is really employed, thus reducing the dependence of the final
results on the k-point grid. In addition, the J-function with respect to w must
be replaced by a finite-width spectral function, as well. The evaluation using a
finite k-point grid yields sharp, discrete lines in the spectrum, which would be
smeared out by continuous k-point integration. Again, the effect of using k-point
integration instead of simple grid sampling can be mimicked by spectral broadening
(smearing) of 6(w — (Emk — Enkiq))- Typical values of the spectral broadening
are 0.015 eV both for the occupation and the d-function.

After calculating the imaginary part of P by carrying out the double summation
of states |m, k) and |n, k+q), its real part is simply obtained by a Kramers-Kronig
transformation. All these operations are performed using a grid of 200 frequencies
from zero to 100 eV for Cu, and a grid of 150 frequencies from zero to 100eV for

Ag. Negative frequencies need not be considered explicitly since P(—w) = P(w).

Regardless of the above-mentioned issues concerning band-structure summation,
broadening etc., the polarizability must also be expanded in a real-space basis {3}

to represent its spatial properties. Here we employ a second (”auxiliary”) basis
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of Gaussian orbitals ("GW basis”). This GW basis set must contain functions of
higher angular momenta than the LDA basis set [84]. We use 65 Gaussian orbitals
of s, p, d, s*, f and g type for Cu atom and 80 Gaussian orbitals of s, p, d, s*,
f and g type for Ag atom. A suitable choice of decay constants for these basis
functions is given by 0.18, 0.65 and 2.65 for Cu, and 0.18, 0.65 and 3.00 for Ag,

respectively.

After transforming the polarizability into the dynamically screened Coulomb
interaction W, the self-energy operator is constructed. While its exchange part is
quite simple to obtain, the correlation contribution to ¥(FE) is more difficult. Its

expectation value for a given state is evaluated as

mn m'n * 0 —iw
(k= E)k) = 3" Mprika) (M7 0c@) o e
q?nﬂgﬁl

" W (—q,w) — vge (—q) o
E—w—FE,xiq+i0tsign(E, kiq — Er)

— 2 : L efiu.)O+
2T
q7n

F_
” mm n(k7 C‘la W) dw (59)
E—w—E,xiq+i0tsign(E, kiq — Er)

with F' containing the screening potential W —uv evaluated between states m, m/,
and n. Owing to its origin from P(w) (see above), F' has a form (again within

time-ordered Green-function theory) of [84]

1 1
me’n k; 5 = j ; - ; 5.10
(k,qw) ;aj (w—(wj—20+) w+(wj—10+)> (5.10)
(omitting the dependence of a; and w; on m, m’, n, k, and q) having real ampli-
tudes a; and poles at frequencies +(w; —i0") with w; being real and positive. The

self energy thus results as

(mK|Se(E)|m'k) = Zzaj

1 i i i
E+(Wj—’i0+)_En,k+q 1f ‘n’ k + q> 5 Occupled (511)

1
E—(w;—i07)—Ep ktq

if |n,k + q) is empty
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Consequently, the imaginary part of the self energy is given by

Im (mk|S,(E)|m'k) = Zzaj

q,n
T(E+w; — Epxiq) if n,k+q) is occupie(%

12)

m0(E —wj — Epxiq) if [n,k+ q) is empty

which is immediately identified as
Im (mk[S(E)m'k) = 35 ImFwa(k,a|E — Boggl)  (5.13)
qg n

with the sum over n restricted to such states |n,k + q) that are located between
E and the Fermi level. On the one hand, this expression reflects the physical
mechanism, i.e. the imaginary part of the self energy at energy E is related to
scattering events (contained in Im(W') and thus in Im(F')) involving final states
between E and Ep (i.e. both quasi-electrons and quasi-holes are inelastically
scattered towards the Fermi level). On the other hand, Eqs. (5.13) provides an
efficient way of calculating the self energy: we first evaluate its imaginary part
(for frequencies F on a real grid), from which the real part of ¥ is obtained via
Kramers-Kronig relation afterwards. Again, the evaluation of the sum in Egs.
(5.13), which includes or excludes states n according to their energy relative to
E and Ep, is realised by employing spectral broadening of E, xiq, i.e. if Ejkiq
is close to the Fermi level or close to F, it is included in the sum with fractional

weight between 0 and 1, mimicing the dispersion of E, in k 4 q.

5.3 Quasi-particle band-structures

In this section we discuss the band structures resulting from the quasi-particle

theory outlined above.
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TABLE 5.1: Calculated bandwidths and band structure energies (in eV) for Cu

at high symmetry points. We show our DF'T and GWA results in comparison.

The values of the fifth column are GWA data from Ref. [13] using plane waves.
The last column contains experimental data from Ref. [94].

State DFT GWA  GWA Exp.
This Work  Ref. [13] Ref. [94]

Positions T, 231 282 281 278
of d X; 156 -2.09  -2.04 -2.01
bands Ls(2)  -171 224 -2.24 -2.25
Positions of Iy -9.22  -8.68 -9.24 -8.60
s/p bands Ly -1.07  -0.59 -0.57 -0.85
Iyp—Toy 086 063  0.60 0.81

Width Xs— X35 299 250 249 2.79
of d Xs— X, 341 286 290 3.17
bands LY — L) 147 127 1.26 1.37
Ls—Ly 343 274 283 2.91

5.3.1 Bulk Cu

Fig. 5.1 displays the band structure of Cu, as obtained within DFT (dashed
curves) and within GWA (solid curves). In here, 50 Gaussian orbitals are used for
representing the wave functions and 65 Gaussians for the polarizability and related
quantities. Bandstructure energies for Cu at selected high symmetry points are
given in Table 5.1, as well. For comparison, the table also contains data from a
different quasiparticle calculation [13] (employing a plane waves basis) and from

experimental photoemission data [94].

Exchange-correlation contributions to the self-energy arising from 3s and 3p core
levels in copper are shown to be crucial [13], so we include the whole 3rd atomic

shell into the valence in the pseudopotential generation.

As can be seen from Fig. 5.1, the calculated d-band threshold within DFT
amounts to 1.5 eV to 1.7 eV, respectively, compared to quasiparticle data of 2.0 eV
to 2.5 eV [95]. All d states are shifted to lower energy by 0.5-0.6 eV, leading to an

excellent agreement with the experimental results for the positions of the d bands,
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FIGURE 5.1:  Calculated band structure for Cu along high-symmetry lines,
obtained within DFT (dashed lines) and within GWA (solid lines).

as can be seen from Table 5.1. For the positions of d bands, our calculated results
deviate from the experiments by less than 0.1 eV except for the Ly point. It also
can be seen from Table 5.1 that the calculated GWA band widths are significantly
closer to the photoemission data than the DFT results. This indicates that Cu
is very well described within the GWA. We also show our calculations and the
calculated data using plane waves reported in Ref. [13] in comparison. For the
widths of bands, our results employing Gaussian basis sets are close to the results
of Ref. [13]. A big difference between our result and the result of Ref. [13] occurs
at the I'; point. The value of Ref. [13] is smaller than experiment by 0.64 eV,
while our quasiparticle energy deviate from experiment only by 0.08 eV. All these
results indicate that the localized Gaussian basis sets are efficient both for DF'T and
GWA calculations, especially for the GWA calculation of materials with occupied
d orbitals or other semi-core states, which require a heavy CPU load with plane
waves. For the case of Cu, we only need 65 Gaussian orbitals for convergence. We
note in passing that for a given state the QP shift does not simply result from
the difference between X and V. alone, but also includes the re-calibration of the

Fermi level (which is shifted up by 0.27 eV due to ¥ — V).

We also find that the values of the quasiparticle corrections change with the
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TABLE 5.2: Calculated bandwidths and band structure energies (in eV) for Ag

at high symmetry points. We show our DF'T and GWA results in comparison.

The values of the fifth column are GWA data from Ref. [85] using plane waves.
The last column contains experimental data from Ref. [96].

Symmetry DFT GWA Ref. Exp.
State DFT GWA GWA Exp.
This Work  Ref. [14] Ref. [96]

Positions ' -3.73  -4.94 -4.81 -4.95
of d X; 268 -3.80  -3.72 -3.97
bands Ls(2)  -290 -405  -3.94 -4.15
Tp—Ty 108 097 094 1.11

Width Xs— X3 365 354  3.39 3.35
of d Xs—X, 377 361 351 3.40
bands Xs—X, 0256 035 029 0.38
Y-’ 192 189 185 1.99

Ly—L; 352 32 317 2.94

different bands and k points, and at the L point the shifts even change sign for
different valence bands, with QP corrections ranging from -0.53 eV to 0.52 eV. This
indicates that the so-called scissors operator ofen used in LDA for semiconductor
systems is not suitable for noble metals. These results are consistent with the
results of Ref [13]. In short, the GW self-energy corrections lead to excellent

agreement with the experimental data.

5.3.2 Bulk Ag

Our calculated DFT bandstructures and the full GWA bandstructures for Ag are
shown in Fig. 5.2. Some characteristic energy differences relating mostly to the
occupied bands are given in Table 5.2. This table also contains results from a

different QP calculation [14] and photoemission data [96] for comparison.

Since the atomic structure of Ag is similar to the Cu, we also include the 4s
and 4p states to the valence for Ag in the pseudopotential generation. Though the
semicore states are included, we find out that partial core correction(PCC) [97]

can not be neglected for Ag. The DFT band energies of Ag are changed by 0.2 eV
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FIGURE 5.2: Calculated band structure for Ag along high-symmetry lines,
obtained within DFT (dashed lines) and within GWA (solid lines).

with the inclusion of partial core correction. Our DFT band energy at X3 point is
—2.68 eV, and close to the result of —2.70eV from a full potential calculation (within
LMTO) [83]. Based on the DFT calculation, our calculated d band threshold at the
X5 point is about —3.80 eV within GWA, compared to photoemission data of 3.97
eV. Our quasiparticle results are in quite good agreement with the photoemission

data.

Like in the case of Cu, the Fermi level observes a value of X" — V. of about
1.0 eV, while the the top position of the d bands observes X" — V,,=-0.2 eV.
In total, this results in a downward of shift of about 1.2 eV of the top of the d
bands, and leads to excellent agreement with available photoemission data, as can
be seen from Table 5.2. It can be seen from Fig. 5.2 that the GW corrections do
not act as a rigid shift of the whole occupied bandstructure with respect to the
unoccupied part. This is similar to the situation in Cu. Note, however, that the
bottom of the sp band (at I'y) is shifted downwards by 0.5 eV for Ag, which is
different from the upwards shift in the case of Cu. For the bandwidths of d bands,

GWA results are closer to experiment than the DFT results are.

We also show calculated data using plane waves reported in Ref. [14] for com-

parison. In spite of the different methods of calculation, our calculated results
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are in good overall agreement with the results of Ref. [14] except for some minor
differences. For example, our quasiparticle energies of the d bands deviate from
photoemission data by about 0.1 eV, while the discrepancy is about 0.2 €V in
Ref. [14]. For the case of Ag, we get converged results using only 80 Gaussian

orbitals.

5.4 Quasi-particle lifetimes

Electron and hole dynamics in the bulk as well as at the various surfaces of a solid
play a key role in a great number of physical and chemical phenomena [98, 99]. A
new path for the study of both electron and hole dynamics in the time domain was
opened by the development of the time-resolved two-photon photoemission(TR-
TPPE) technique [17, 18]. Recently first principles calculations of the electron
lifetimes in bulk noble metals have also been published in Refs. [24, 25, 26, 82].
However, many problems related to the approximations employed still remain
unresolved. The common problem is that these calculations are based on the DFT
band energies. Another problem is that the renormalization factors are neglected
in many GW calculations such as Ref. [24, 25, 82]. In fact, the renormalization
factor Z is quite far from the 1.0 used in the ’energy shell’ approximation. We
got an average value of Z = 0.66 for Cu, and Z = 0.74 for Ag. This modifies the

energy of the excitation, and hence, the lifetime.

5.4.1 Bulk Cu

In Fig. 5.3 we compare our calculated lifetimes of electrons for Cu with the
lifetimes of Ref. [27] and experimental data [100]. The dashed lines in Fig. 5.3 are
the lifetimes of Ref. [27] obtained within the so-called Fermi liquid theory(FLT),
the solid line represents the lifetimes of Ref. [27] calculated with plane waves, and

the diamonds are the experimental data of Ref. [94].
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FI1GURE 5.3: Calculated lifetimes of hot electrons in Cu along high-symmetry

lines (circles) in comparison with experimental data (diamonds).[100] The solid

and dashed lines denote theoretical results Ref. [27], obtained within GWA and
within Fermi-liquid theory.

In spite of great differences in the methods of calculation, very good agreement is
observed above 1.4 eV between our data and the lifetimes based on the plane waves.
Compared to the lifetimes obtained with plane waves, our calculated lifetimes are
closer to the experimental results at about 1.1 eV. Both our calculated electron
lifetimes of hot electrons and the calculated lifetimes with plane waves are slightly
larger than the results obtained within FLT. This is due to the influence of the d
electrons which provide an additional screening mechanism that is absent in the
jellium model. Below 2 eV the experimental data show a sudden increase. The
origin of the disagreement between calculated results and experimental data was
discussed in Ref. [27], and they explain that the increase is due to the interaction
of the excited electron with its hole in the d bands. As can be seen from Fig. 5.1,
the threshold of d bands is located about 2 eV below the Fermi level. The electrons
at the top of the d bands can be excited by the photon energies widely used in
2PPE experiments. These excited electrons interact with the holes in d bands,
and hence, the electron lifetimes increase at 2 eV for Cu. Gurtubay et al [101]
compute the lifetimes for Cu with full inclusion of exchange and correlation(XC)

effects based on the DFT band energies calculation. This approximation treats
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on the same footing XC effects between pairs of electrons within the Fermi sea
(screening electrons) and between the excited hot electron and the Fermi sea.
This corresponds to including the higher order terms in the self-energy operator
beyond the GWA. Electron-hole interaction effects, however, are still not included.
Gurtubay et al conclude that the overall effect of short-range XC is small and GWT
linewidths are close to their XC-free GoW, counterparts. Our calculation, on the
other hand, is based on accurate band energies and include the semicore states. So
the only reason for the discrepancies between theoretical methods and experiments
should be the interactions of the excited electrons with holes in the d bands, which

are not included in the GW calculation.

First principle calculations based on the DFT predict an upper d-band edge
that is located about 1.5 eV below the Fermi level, i.e., about 0.5 eV higher than
observed by photoemission experiments [94]. This indicates that a rigid shift in
the energy axis will occur for the hole lifetime calculations based on the DFT
band energies. The direct influence on the calculated liftimes based on the DFT
band energies is that the calculated values of d-hole lifetimes cannot be directly
compared with experiment. Our calculation is based on the accurate band energies,
the hole energies in Cu are located about 2 eV below the Fermi level, and this is
consistent with the threshold of d bands measured by photoemission experiment,
as shown in Fig. 5.4. It can also be seen from Fig. 5.4 that d holes exhibit a
longer lifetimes than sp electrons with the same excitation energy, in agreement
with experiment. As can be seen from Fig. 5.1, the sp-like bands cross the d bands
below the Fermi level, and a small overlap occurs between the sp states and the
d states. This small overlap between sp bands and d bands is responsible for the

increase of the hole lifetimes at the top of the d bands [82].

In order to find out the influence of quasiparticle corrections on the hole life-
times, we compare our calculated d hole lifetimes with the lifetimes of Ref. [83]
and experiments [86], as shown in Table 5.3. Ref. [83] are the results of GWA,
based on the linear muffin-tin orbitals (LMTO) method. The last column are the

experimental data.
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Ficure 5.4:  Calculated lifetimes of d holes in Cu, alongt high symmetry
lines. For comparison, the electron lifetimes are also presented (solid circles);
open circles represent the hole lifetimes;

TABLE 5.3: Lifetimes of d holes in Cu (in fs).

Symmetry points This work Ref. [83] Exp. [86]

X5 64.4 47.1 3347
X5 53.9 47.5 6.5
Lifetime Ls(2) 23.9 23.5
of ' 22.2 12.6 5.0
d states | Y 6.2 3.2 3.7
Ls(1) 6.0 3.02
X3 1.7 0.6 2.8

Ref. [86] reported that the calculated lifetimes below 3 eV tend to approach
those predicted by a FEG model of the solid, while the experimental show a
distinct asymptotic behavior at the large binding energies. They attribute this
discrepancy to the failure of the DFT to reproduce the actual band structure of
Cu. As can be seen from Table 5.3, our calculated lifetime at I'y5 (about 3.58
eV below Fermi level) is larger than the experimental data. Both our calculated
lifetime and the lifetime of Ref. [83] at X3(about 4.78 eV below the Fermi level) are
smaller than the experimental data, especially, the calculated lifetime of Ref. [83]

deviate from experiment by 2.2 fs. The LDA eigenvalues have been corrected
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FiGure 5.5: Calculated lifetimes of hot electrons in Ag, at high symmetry
points. solid circles show our results; solid diamonds represent experiments
[100]; solid line and dashed line denote the results of Ref. [27].

before entering the matrix elements of self-energy operator in Ref. [83]. As can
be seen from Table 5.1 and Fig. 5.1, not only the positions of d bands are close
to the experimental data, but also the d band width X5 — X3 is 2.63 eV, which is
in good agreement with the experimental value of 2.79 eV. As can be seen from
Table 5.2, all theoretical lifetimes above I'y5 are larger than experimental data. So
the quasiparticle corrections to the DFT bandstructure energies are not essential
reasons for the disagreements between theoretical lifetimes and experiments, and
this is consistent with the conclusion of Ref. [87]. In order to accurately describe

lifetimes of holes for noble metals, effects beyond the GW approximation should

be included.

5.4.2 Bulk Ag

Our calculated electron lifetimes for Ag are given in Fig. 5.5 (solid circles). We
compare our results with the results of Ref. [27] based on the plane wave bases

sets, FLT results and experimental data [100].
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FI1GURE 5.6: Calculated lifetimes of d holes in Ag, at high symmetry points.
open circles represent the lifetime of holes; solid circles depict the lifetime of
electrons.

Our calculated lifetimes of electrons in Ag are in good agreement with the results
from literature. As can be seen from Fig. 5.5, our results are closer to the results
obtained within FLT than the theoretical lifetimes from plane waves. As can be
seen from Fig. 5.2, the d band threshold locates about 3.80 eV below the Fermi
level. This indicates that for all excited electrons below 3.80 eV the relaxation
of the hot electrons can not excite the elctrons in the d bands, and lead to FLT
behavior of Ag. Contrary to the case of Cu, the experimental data for Ag do not
show a sudden increase at small energies, due to the fact that the d band threshold
is about 3.80 eV below the Fermi level, as shown in Fig. 5.2, and no d electrons are
excited for the photon energies widely used in 2PPE experiments. This indicates
that the the electron lifetimes of Ag are mainly attributed to the electron-electron

interactions.

As can be seen from Fig. 5.6, the hole lifetimes of d states are located about 3.8
eV below the Fermi level, which is in agreement with the experimental threshold
of d bands. It can also be seen from Fig. 5.6 that the hole lifetimes are larger than
the electron lifetimes, which is in agreement with experiments [102], and this is

similar to the case of Cu. The band structure in Fig. 5.2 presents a small overlap
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TABLE 5.4: Lifetimes of d holes for Ag (in fs)

Symmetry points This work Exp. [102]

X, 68.82 22
X, 74.25 12
X, 2.19

X, 1.95 2.0

between d and sp states at the top of d bands(3.8 eV below the Fermi level) and
large overlaps between d bands at deeper energy below Fermi level. The small
overlap yields a dramatic increase of the hole lifetimes, especially, at the top of
d bands. As the d hole energy decreases, large overlap between d bands yields a

rapid decrease of hole lifetimes.

As can be seen from Table 5.4, our calculated lifetime is about 68 fs at the
upper edge of d bands(X5 point, as shown in Fig. 5.2), while the experimental
[102] value is 22 fs. Large discrepancy appears at Xy point. For the states at X,
good agreement is observed between our calculated lifetime and lifetime measured
by experiment. In spite of the large quasiparticle corrections of the d bands for
Ag(1.2 V), our calculated hole lifetimes for Ag still deviate from experiment, and

this is similar to the case of Cu.

It is well known that the GW approximation accounts well for long-range screen-
ing. Short range interactions such as electron-hole and hole-hole interations near
the Fermi level may be crucial for the hole lifetimes in the case of noble metals and
electron lifetimes in the case of Cu. With increasing distance to the Fermi level,
the long range interactions dominate the scattering mechanism and thus lead to

good agreement with the experiments.

5.5 Image potential state lifetimes in Cu(100)

At a metal surface one can find two types of electronic states which don’t exists

in a bulk metal. According to their charge density localization relative to the



Quasi-particle bandstructures and lifetimes in metallic systems 87

EAPIIAs
G
X

S

B3

i
e

o

%

7
A

S

/
A
o

G
o
7

Sl
orry
////

e

I
| >

Z

FIGURE 5.7: Sketch of the electric field lines for an electron at a distance z
in front of a conducting metal surface (solid lines). An positive image charge is
inside the solid at -z(field lines are represented by dashed lines).
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surface atomic layer, these states at a metal surface are intrinsic surface states
and image-potential states, respectively. Tamm [103] and Shockley [104] predicted
theoretically the so-called intrinsic surface states, which are localized mainly at the
surface atomic layer. Echenique and Pendry [105] predicted the image potential
states, which are localized mostly in the vacuum region if the bulk meterial has a

band gap near the vacuum level(as given, e.g., for the Cu(100) suface).

The understanding of image potential states is rather simple. An electron at
a distance z in front of a conducting metal surfaces moves in a Coulomb like
attractive image potential, which can be expressed as

V(z) =— (5.14)

8megz

The attractive image potential is produced by the electron interaction with a
positive(mirror image) charge at a distance z inside the metal, as can be seen from
Fig. 5.7. If the metal has a band gap near the vacuum level, then an electron
below the vacuum level usually transfered from the bulk by a laser may be trapped

by the attractive potential. The electronic states of the trapped electron form a
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hydrogen like Rydberg series with energies F,

085V

L= 0 1,2, 5.15
(n+ a)? " ( )

where a is a quantum defect depending on both the energy gap position and width

and also on the posititon of image state relative to the gap [105, 106].

5.5.1 Computational details and discussion of results

Here, the image potential state lifetimes for the Cu(100) surface have been evalu-
ated within the many-body-perturbation theory. Our Cu(100) geometry contains
4 atomic layer and 26 vacuum layers, and the supercell has 1x1 periodicity. We
evaluate the lifetimes from the imaginary part of the electron self energy, which
we compute within the GW approximation. Similar to bulk Cu, localized Gaus-
sian basis sets have been used for speeding up and reducing the computational
cost of both DFT and GW calculations. These basis functions have the form
of atomic orbitals, but are forced to be zero beyond a given confinement radius.
For the image potential states of Cu(100), the n = 1 probability density has a
maximum at 3.8 A outside the crystal edge(the outermost atomic layer of the
Cu(100)) [107]. In order to describe the image potential states in the vacuum
region, we add ten ’virtual’ atomic layers in the vacuum region above the surface,
up to 23 A in height. The layer distances between two ’virtual’ atomic layers are
the same as the layer distances of bulk region. Moreover, for the DFT and GWA
calculations, we use the decaying p-type orbitals for every ’virtual’ atom in the
vacuum region. In addition, the LDA and GWA Gaussian basis sets designed for
the bulk Cu calculation are used directly for the bulk region atom of Cu(100). In
order to calculate the dynamically screened Coulomb interaction(W = ¢~ 'v), one
should calculate firstly the polarization P (see Sec.5.2), which is convoluted with

the Coulomb interaction v yielding the dielectric function e = 1 — v P.

Finally, the image potential state energies and lifetimes of Cu(100) with quan-

tum number n = 1 and n = 2 have been calculated. Our calculated quasi-particle
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TABLE 5.5: Calculated image state lifetimes of n = 1,2 and experimental
results [108], as well as the theoretical results from literature using a model
potential, at the I' point.

quantum number This work(fs) Exp. [108|(fs) Ref. [107](fs)
n=1 31 40 £ 6 30
n=2 109 110 £ 10 132

corrections for image potential states are zero. This results in larger image poten-
tial state energies by 0.5 eV, as compared to experimental results, which are 4.04
eV and 4.45 eV for n = 1 and n = 2 states, respectively. The discrepancies between
calculated image potential state energies and experimental results should be origi-
nated from the neglecting of the off-diagonal matrix elements of the self-energy ..
Our calculated image potential state lifetimes of Cu(100) are presented in Table
5.5, together with experimental results and the theoretical results calculated from
a model potential, and the calculated image state lifetimes using the pseudopoten-
tial methods are in agreement with the experimental results and the theoretical
results by using a model one-dimensional potential. This also demonstrates that
the quasi-particle corrections have minor influences on the lifetimes(See the dis-
cussion in the last section) For the one dimensional model potential method, ten
parameters should be considered carefully to construct the one-dimensional poten-
tial. Most of the parameters are determined from the requirement of continuity
of the potential and its first derivative everywhere in space, but four parameters
of them are adjustable(i.e. the four independent parameters have to be fitted
to the experimental parameters or the parameters from first-principles calcula-
tions). So the one-dimensional potential method is a semi-empirical method. For
our method, taking advantage of the efficienct Gaussian basis sets to expand the
wave functions both for DFT and GWA, we can perform the image potential
state lifetimes calculation using the pseudopotential instead of the semi-empirical

one-dimensional potential.
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5.6 Summary

In conclusion, we have performed the first ab initio calculations of quasiparticle
bandstructures and lifetimes for noble metals Cu and Ag using efficient Gaussian
orbital basis set. With the use of localized Gaussian orbitals, only less than 80
Gaussian orbitals both for the LDA basis sets and the GWA basis sets are needed,
instead of thousands of plane waves. The traditional LDA calculations for Cu and
Ag usually place the d bands too close to the Fermi level, especially for the Ag.
The well-known discrepancies between experiments and DFT bandstructures are
almost completely corrected by GW calculations. It turns out that Hedin’s GW

approximation is successful for the description of band-structures of noble metals.

Based on the accurate bandstructures, the lifetimes of electrons and holes in Cu
and Ag have been calculated. Comparing with experimental data, the quasiparticle
corrections do not lead to qualitative improvements of the quasiparticle lifetimes.
It is well known that the GW approach well accounts for the long range screening,
while short range interactions which are more important for noble metals are not
well described. Therefore, it is probable that the improvement of the calculated
lifetimes within GW approximation for d materials can be achieved by inclusion of
higher terms of the many body perturbation, i.e., the short-range screening such
as electron-hole and hole-hole interactions should be included when we evaluate
the self-energy operator. In addition, our calculated image potential state lifetimes
of Cu(100) with the quantum number n = 1,2 using the pseudopotential method

are in good agreement with experimental results.



Appendix A

Derivation of some equations in

this thesis

A.1 The motion of Green’s function

The many particle Hamitonian can be written as

— Z ext rz)] + = ! Zv(riyrj) (A1>
2

ij

where V,,.(r is the external potential generated by the atomic nuclei, v(ry, ry) =
e? /(4meg|r; — 13|) is the coulomb interaction, and gy is the vacuum dielectric

constant.

With the field operator introduced in Sec. 4.2. the above equation can be

rewritten as

N A A 1 A A N N
7= [0 oho(e)dteadrn + 5 [ 6 ()0 (ra)otrn,r2)ira) e )dradry
(A.2)
where hyq is the one-particle term of Hamitonian ho(r) = —V?7,/2 + V(1)
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In the Heisenberg picture, the equations of motion for the field operators are

~

ia_tlw(l) — ho(1)i(1) + / 020(1,2)4+(2)(2) (1)

i) = —he(DFT0) =) [ a0 @0 (A9
The Green’s function is given by
G(1,2) = =i[f(ty — t2) (N[(1)PH (2)|N) = O(ts — t1)(N[PH(2)D(DIN)] - (A4)
The derivative 8% of the first term in the right-hand-side of above equation is
expressed as

a [0t — ) (N[D(1)P(2)| V)]
2,

5.0t — )N 2)IN) +0(t L 1) (N

S PPt (2) (A5)

Similarly, it is easy to obtain the derivative for the second term of Eqs.(A4)
using the following relation:

0

0
i 0 —t2) =

and summing up the derivatives of the two terms in Eqs.(A4), we can obtain
0 . NN
.- G(1,2) = 0(1,2) — i{N|Tlim— (1) (2)]|N) (A7)
3t1 atl
where T is the stands for the Wick time-ordering operator(see sec. 4.2). Using
the Eqs.(A2) for the field operators in the above equation, we can obtain

a%G(l 2) = 08(1,2) — iho(L)(N|T[H(1)d (2)]|N)

- i/d3v(1,3)(N!T[lﬁ*(3)1/3(3)1ﬁ(1)1ﬁ+(2)]|N> (A.8)
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We define the two particle Green’s function as:

Ga(1,2,3,4) = (=) (NIT[(1)d (24 ()T (3)]IN) (A.9)

Finally, the motion of Green’s function is expressed as

hzg} —-ho(lﬂ(?(l,Q)::5(1,2)——iu/“d3v(1,3M§2(1,3,2,3+) (A.10)

A.2 Schwinger’s functional derivative

If a system experiences a small time-dependent external perturbing potential

Uper(r1,T2,t) is given by
F[tot = ﬁ + ﬁl = f{ + /drldr2¢+<rl7t+)Uper(rla r27t)772(r2?t) (All)

where ¢ and ¢ are field operators(see Sec. 4.2). The perturbation U, will be

made vanish at the end of the derivation.

Then the one paricle Green’s function becomes

ANITISY ()0 (2)IN)

G(1,2) = —i TSI (A.12)

where S is the time evolution operator, and is given by the following relation

76, 109]:

o0

S = exp(—@u/: :a0)

[e.9]

__mﬂﬂ/mﬁ/MMmW&mﬂ%Mmmjw@iﬂ(AB)

U = 0 corresponds to the definition of one-particle Green’s function. The entire U

dependence of this generalized Green’s function lies in the time evolution operator
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S. Therefore:

56(1,2) = i NITBSYI* Q)]IN)

+G(1,2)

WITBSINY
(NIT[S][V (NIT[S

JIN
and the variation 65 can be evaluated as
T168] = —iT[$ /_ ot / drgdrsiht (v3, £1)5U,0n (b3, 10, (0, )] (AL15)
Inserting Eqs.(A15) to Eqgs.(A14), one can get the following relation:
5G(1,2) = — /_ T / drydrsGa(1, 14t 2, 15tH)] — G(1, 2)G(rat, rstt)  (A.16)

Finally, the final formula of the Schwinger’s functional derivative is expressed as

5G(1,2

W - G(l,Q)G(473) - G2(1,4§ 2,3) (A17>



Appendix B

Detailed information for the

pseudopotential generation of Cu

and Ag

B.1 Pseudopotential generation

One usually consider a configuration 3d*°4s! for Cu in the DFT calculations. This
configuration for Cu can yield good results for some quantities in the DFT calcu-
lations due to the large(~ 66eV) energy seperation between the 3d and 3s states.
However, the the 3d wave functions are compact and overlap significantly with
the 3s and 3p semi-core states. This effect is larger if one performs a GW calcula-
tion. For instance, the inclusion of semi-core 3s and 3p into the valence leads to a
very defferent values of (X% — V%) "and improves considerable the quasi-particle
energies [13]. Therefore, an obvious solution would be include those 3s and 3p
semi-core states as part of the valence in the pseudopotential generation scheme.
That would require a somewhat larger energy cutoff in the plane wave expansion
with repect to the 3d electrons and a larger number of electrons in the valence, cor-
responding to a manageable increase in the necessary computing resources. For the

most pseudopotential program, one can only have a single pseudowave-function of
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element  3s[Bohr] 3p[Bohr| 3d[Bohr| 4s[Bohr] 4p[Bohr] 4d[Bohr]
Cu(MRPP) 1.49 1.39 1.80 1.59 1.49
Ag(Ham) 0.50 0.55 0.62

a given orbital with quantum number [, in order to warrant its nodeless structure.
This indicates that if the 3s and 3p semi-core states are included in the valence for
the pseudopotential generation of Cu, one has to consider an ionized configuration
3523p%3d'Y instead of the complete configuration 3s23p53d'%4s'. but pseudopo-
tentials generated from ionized configurations tend to be less accurate. Here, I
employ a multi-reference pseudopotential method[92], which allows us to consider
a complete configuration 3s23p®3d'%4s'4p® for the pseudopotential generation of

Cu without further changes in bulk computational codes.

Similarly, the 4s and 4p semi-core states should also be included into the va-
lence for the pseudopotential generation of Ag. Unfortunately, multi-reference
pseudopotential scheme only yields good results for the 3d transition metals, so I
have to use the traditional method to generate the pseudopotential for Ag(i.e. I
consider an ionized configuration 4s5%4p64d'°). In addition, I notice that the in-
clusion of partial core correction(PCC) [97] in the pseudopotential of Ag has an

influence on the band energies in the DFT calculation of Ag.

The choice of matching radius r. is very important. So many trials and tests
with different cutoff radii have been done. In this thesis, the following cutoff radii
are used for the Cu and Ag in the pseudopotential generation: Ham and MRPP
represent the Hamann[38] and multi-reference schemes[92], respectively. All the
pseudopotentials are norm-conserving, and have been generated by using a public

available code APE(atomic pseudopotential generation)

B.2 Gaussian fitting

The pseudopotential generated by APE can be used directly for some plane wave

codes. This pseudopotential for plane wave basis sets should be fitted for Gaussian
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basis sets, since we employ a localized Gassian basis sets in the quasi-particle

bandstructures and lifetimes calculation.
Vi - ‘/loc<7ﬂ> + A‘Z (B1>

The core potential is thought of as originating from Gaussian-type effective core

charges:

Vioe(r :——{qurf )]} (B.2)

where Z, is the Valence charge, ¢; 4+ ¢o = 1, erf is the error function, given by

erf(z) = %/OI exp(—t)dt (B.3)

The remaining potential is expanded in Gaussian-type functions as

2

AV, = Z i Apn)e T (B.4)

where A; and A, ., are the linear coeffients, which correspond to the decay con-
stants a! for each angular momentum [ value. Here I set n =5, and n = 4 for Cu

and Ag, respectively.



Acknowledgements

First of all I would like to express my sincere gratitude to my supervisor, Prof. Dr.
Michael Rohlfing, for his constant and invaluable surport during my PhD study.
I have learned a lot from his intelligent guidance, valuable discussions in the last

three years.

My special thanks go to Dr. Yuchen Ma. His insight discussions and interpre-
tation of many physics and computational problems helped me move on and gave
me valuable hints. I am indebted to Dr. Marcin Kaczmarski, who gave me a lot

of helps for handling computer problems.

I would like to say my thanks to Dr. Heidrun Elfering, the former secretary of
the Promotion program, who helped me to handle various problems in the past

years.

[ am very thankful to my wife. In order to help me to finish my thesis, she
takes care of my child alone. I am grateful to my parents, sister and brother who

surported me throughout these three years and before.

Finally, I would like to thank all the persons who surported and helped me
during my Ph.D study.

This work has been supported financially in the framework of PhD program
”Synthesis and Characterization of Surfaces and Interfaces assembled from Clus-

ters and Molecules”. The financial support is also gratefully acknowledged.

98



Eidesstattliche Erklarung

Hiermit erklére ich, dass ich die vorliegende Arbeit selbststandig und ohne fremde
Hilfe verfasst, andere als die von mir angegebenen Quellen und Hilfsmittel nicht
benutzt und die den benutzten Werken wortlich oder inhaltlich entnommenen
Stellen als solche kenntlich gemacht und keine vorherigen Promotionsversuche un-

ternommen habe.
Osnabriick, 17.11.2009

Zhijun Yi

99



Bibliography

1]
2]

W. Kohn and L. J. Sham, Phys. Rev. 140, A 1133 (1965).

R. M. Dreizler and E. K. U. Gross, Density Functional Theory (Springer-
Verlag, Berlin, 1990); R. G. Parr and W. Yang, Density Functional Theory
of Atoms and Molecules (Oxford, New York, 1989).

D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980).

A. D. Becke, Phys. Rev. A 38, 3098 (1988).

J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
D. Hartree, Proc. Cambridge Philos. Soc. 24, 89 (1928).

V. Fock, Z. Phys. 61, 126 (1930).

V. N. Strocov et al., Phys. Rev. Lett. 81, 4943 (1998); Phys. Rev. B 63, 205108
(2001).

L. D. Landau, Soviet Phys. JETP. 3, 920 (1957); Soviet Phys. JETP. 5, 101
(1957).

L. Luttinger and J. Ward, Phys. Rev. 118, 1417 (1960).

L. Hedin, Phys. Rev. 139, A796 (1965).

F. Aryasetiawan, Phys. Rev. B 46, 13051 (1992).

A. Marini, G. Onida, and R. Del Sole, Phys. Rev. Lett. 88, 016403 (2002).
A. Marini, R. Del Sole, and G. Onida, Phys. Rev. B 66, 115101 (2002).

E. V. Chulkov, A. G. Borisov, et. al. Echenique, Chem. Rev. Washington, D.

C. 106, 4160 2006.

100



[16]

[17]
[18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

27
28
20
30
31
32

33]

[34]

J. B. Pendry, in Photoemission and the Electronic Properties of Surfaces, B.
Feuerbacher, B. Fitton, R.F. Willis(Eds.), Wiley, 1978.

J. Bokor, Science 246, 1130 (1989).

R. Haight, Surf. Sci. Rep. 21, 275 (1995).

P. M. Echenique et al., Chem. Phys. 251, 1 (2000), and references therein.
R. H. Ritchie, Phys. Rev. 114, 644 (1959).

J. J. Quinn, Phys. Rev. 126, 1453 (1962); J. C. Shelton, Surf. Sci. 44, 305
(1974).

R. H. Ritchie and J. C. Ashley, J. Phys. Chem. Solids 26, 1689 (1963); L.
Kleinman, Phys. Rev. B 3, 2982 (1976); D. R. Penn, Phys. Rev. B 13, 5248
(1976).

D. R. Penn, Phys. Rev. B 22, 2677 (1980).

I. Campillo, J.M. Pitarke, A. Rubio, E. Zarate, and P.M. Echenique, Phys.
Rev. Lett. 83, 2230 (1999).

I. Campillo, V.M. Silkin, J.M. Pitarke, E.V. Chulkov, A. Rubio, and P.M.
Echenique, Phys. Rev. B 61, 13 484 (2000).

W.-D. Schone, R. Keyling, M. Bandic, and W. Ekardt, Phys. Rev. B 60, 8616
(1999).

R. Keyling, W.-D. Schone, and W. Ekardt, Phys. Rev. B. 61, 1670(2000).
J. Tersoff and D. R. Hamann, Phys. Rev. B 31, 805 (1985).

L. S. Thomas, Proc. Cambridge Philos. Soc. 23, 542 (1927).

E. Fermi, Z. Phys. 48, 73 (1928).

E. Teller, Rev. Mod. Phys. 34, 627 (1962).

P. Hohenberg and W. Khon, Phys. Rev. 136, B864 (1964).

L. Fetter and J. D. Walecka Quantum theory of Many-Body Systems,
McGraw-Hill, New York, N.Y. 1981.

S. H. Vosko, L. Wilk and M. Nusair, Can. J. Phys. 58, 1200 (1980).



[35]
[36]
[37]
[38]
[39]
[40]

[41]

[42]

51
52
53
54

[55]

J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).

L. A. Cole and J. P. Perdew, Phys. Rev. A 25, 1265 (1982).

J. P. Perdew and Yue Wang, Phys. Rev. B 45, 13244 (1992).

D. R. Hamann, M. Schliiter, and C. Chiang. Phys. Rev. Lett. 43, 1494 (1979).
G. B. Bachelet, D. R. Hamann, and C. Chiang. Phys. Rev. B 26, 4199 (1982).
L. Kleinman and D. M. Bylander, Phys. Rev. Lett. 48, 1425 (1982).

A. Mordecai, Nonlinear Programming: Analysis and Methods (Dover, New
York, 2003).

H. Hellmann, Einfuhrung in die Quantenchemie (Franz Deuticke, Leipzig,
1937), p. 285

R. P. Feynman, Phys. Rev. 56, 346 (1939).

D. L. Chadi and M. L. Cohen, Phys. Rev. B 8, 5747 (1973).

H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
A. Baldereschi, Phys. Rev. B 7, 5212 (1973).

D.V. Lang and R. A. Logan, Phys. Rev. Lett. 39, 635 (1977).
R. J. Nelson, Appl. Phys. Lett. 31, 351 (1977).

P. M. Mooney, J. Appl. Phys. 67, R1 (1990).

D. K. Maude, J. C. Portal, L. Dmowski, T. Foster, L. Eaves, M. Nathan, M.
Heiblum, J. J. Harris and R. B. Beall, Phys. Rev. Lett. 59, 815 (1987).

D. J. Chadi and K. J. Chang, Phys. Rev. Lett. 61, 873 (1988).
D. J. Chadi and K. J. Chang, Phys. Rev. B 39, 10063 (1989).
S. B. Zhang and D. J. Chadi, Phys. Rev. B 42, 7174 (1990).
M. H. Du and S. B. Zhang, Phys. Rev. B 72, 075210 (2005).

P. M. Mooney, W. Wilkening, U. Kaufmann, and T. F. Kuech, Phys. Rev. B
39 5554 (1989).



[56]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]

[71]

H. J. Bardeleben, J. C. Bourgoin, P. Basmasji, and P. Gibart, Phys. Rev. B
40 5892 (1989).

K. Khachaturyan, E. R. Weber, M. G. Crawford, and G. E. Stillmann, J.
Electron. Mater 20 59 (1991).

L.W. Wang and J. Li, Phys. Rev. B 69, 153302 (2004).
J. Li and S. H. Wei, Phys. Rev. Lett. 94, 185501 (2005).

G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, Phys. Rev. Lett. 50, 120
(1983).

G. Cox, D. Szynka, U. Poppe, K. H. Graf, K. Urban, C. Kisielowski-
Kemmerich, J. Krger, and H. Alexander, Phys. Rev. Lett. 64 2402 (1990).

R. M. Feenstra, J. M. Woodall, and G. D. Pettit, Phys. Rev. Lett. 71,
1176(1993).

J. F. Zheng, X. Liu, N. Newman, E. R. Weber, D. F. Ogletree, and M.
Salmeron, Phys, Rev. Lett. 72, 1490(1994).

R. B. Capaz, K. Cho, and J. D. Joannopoulos, Phys. Rev. Lett. 75, 1811
(1995).

J. Wang, T. A. Arias, J. D. Joannopoulos, G. W. Turner, and O. L. Alerhand,
Phys. Rev. B 47, 10329 (1993).

X. Duan, M. Peressi, and S. Baroni, Phys. Rev. B 72 08534 (2005).

S. Baroni, A. Dal Corso, S. de Gironcoli, P. Giannozzi, C. Cavazzoni, G.
Ballabio, S. Scandolo, G. Chiarotti, P. Focher, A. Pasquarello, K. Laasonen,
A. Trave, R. Car, N. Marzari, and A. Kokalj, http://www.pwscf.org.

S. H. Wei and S. B. Zhang, Phys. Rev. B 66, 155211 (2002).
G. Makov and M. C. Payne, Phys. Rev. B 51, 4014 (1995).

Ph. Ebert, B. Engels, P. Richard, K. Schroeder, S. Blgel, C. Domke, M.
Heinrich, and K. Urban, Phys. Rev. Lett. 77, 2997 (1996)

R. M. Feenstra, and J. A. Stroscio, J. Tersoff, and A. P. Fein, Phys. Rev.
Lett. 58, 1192 (1987).



[72]

[73]

[74]
[75]

[76]

[77]

[78]

[79]

[80]
[81]

[82]

[83]

[84]

[85]

[36]

[87]

K. Tecichmann, M. Wenderoth, S. Loth and R. G. Ulbrich, Phys. Rev. Lett.
101, 076103 (2008).

A. L. Fetter and J. D. Walecka, Quantum Theory of Many-Particle Systems
(Dover,New York, 2003).

V. M. Galitskii and A. B. Migdal, Sov. Phys. JETP 7, 96 (1958).
J. Schwinger, Proc. Nat. Accad. Sci. 37, 452 (1951).

E. K. U. Gross, E. Runge, and O. Heinonen, Many-Particule Theory (Adam
Hilger, Bristol, Philadelphia and New-York, 1986).

J. Hubbard, Proc. Roy. Soc. A240, 539 (1957).

P. M. Morse and H. Feshbach, Methods of Theoretical Physics, McGraw-Hill,
New York (1953), pp 864-866

P. C. Martin, Measurements and correlation functions (Gordon and Breach,
New York, 1968).

R. Matzdorf et al., Appl. Phys. B 68, 393 (1999).
H. Petek, H. Nagano, S. Ogawa, Appl. Phys. B 68, 369 (1998).

I. Campillo, A. Rubio, J.M. Pitarke, A. Goldmann, and P.M. Echenique,
Phys. Rev. Lett. 85, 3241(2000).

V. P. Zhukov, F. Aryasetiawan, E.V. Chulkov, I.G. de Gurtubay,and P.M.
Echenique, Phys. Rev. B 64, 195122 (2001).

M. Rohlfing, P. Kriiger and Johannes Pollmann, Phys. Rev. B. 52, 1905
(1995).

A. Marini, R. Del Sole, A. Rubio, and G. Onida, Phys. Rev. B 66, 161104
(2002).

A. Gerlach, K. Berge, A. Goldmann, I. Campillo, A. Rubio, J.M. Pitarke,
and P.M. Echenique, Phys. Rev. B 64, 085423 (2001).

V. P. Zhukov, E. V. Chulkov, and P.M. Echenique, Phys. Rev. B 68, 045102
(2003).



[88] P.M. Echenique, R. Berndt, E.V. Chulkov, T. Fauster, A. Goldmann, U.
Hofer, Surf. Sci. Rep. 52 (2004) 219.

[89] V.M. Silkin, T. Balasubramanian, E.V. Chulkov, A. Rubio, P.M. Echenique,
Phys. Rev. B64 (2001) 085334.

[90] E. V. Chulkov, V. M. Silkin, and P. M. Echenique, Surf. Sci. 391, L1217
(1997).

[91] M. Rohlfing, P. Kriiger and Johannes Pollmann, Phys. Rev. Lett. 75, 3489
(1995).

[92] Carlos L. Reis, J. M. Pacheco and Jose Luis Martins, Phys. Rev. B 68, 155111
(2003).

(93] M. S. Hybertsen, S. G, Louie, Phys. Rev. B 34, 5390 (1986).
[94] S. Ogawa, H. Nagano, and H. Peter, Phys. Rev. B 55, 10869(1997).
[95] R. Courths and S. Hiifner, Phys. Rep. 112, 53 (1984).

[96] G. Fuster, J.M. Tyler, N. E. Brener, J. Callaway, and D. Bagayoko, Phys.
Rev. B 42, 7322(1990).

[97] S. G. Louie, S. Froyen, and M. L. Cohen, Phys. Rev. B 26, 1738(1982).
(98] H. Petek and S. Ogawa, Prog. Surf. Sci. 56, 239 (1998).

[99] Laser Spectroscopy and Photochemistry on Metal Surfaces, edited by H.L.
Dai and W. Ho(World Scientific, Singapore, (1995).

[100] M. Wolf and M. Aeschlimann, Phys. Bl. 54, 145(1998).

[101] I. G. Gurtubay, J. M. Pitarke and P. M. Echenique, Phys. Rev. B 69, 245106
(2004).

[102] A. Gerlach, K. Berge a, T. Michalke et al., Sur. Sci. 497, 311 (2002).

[103] I. E. Tamm. Uber eine mogliche Art der Elektronenbindung an Kristal-
loberflichen. Z. Phys., 76, 849 (1932).

[104] W. Shockley. Phys. Rev., 56, 317 (1939).

[105] P. M. Echenique and J. B. Pendry, J. Phys. C., 11, 2065 (1978).



[106] J. Rundgren, G. Malmstrom, J. Phys. C10 4671, (1977).

[107] E. V. Chulkov, I. I. Sarria, V. M. Silkin, J. M. Pitarke, P. M. Echenique,
Phys. Rev. Lett. 80, 4947 (1998).

[108] U. Hofer, I. L. Shumay, Ch. Reub, U. Thomann, W. Wallauer, and Th.
Fauster, Science 277, 1480 (1997).

[109] G. Strinati, Rivista del Nuovo Cimento 11, 1 (1988).



