UNIVERSITE DE STRASBOURG ‘
/ IPCMS

ECOLE DOCTORALE DE PHYSIQUE ET CHIMIE-PHYSIQUE

DOMAINE DE RECHERCHE: PHYSIQUE

THESE

Pour obtenir le grade de

DOCTEUR DE L'UNIVERSITE DE STRASBOURG

présenté par

Dimitra XENIOTI

Effect of electronic correlation on
molecules adsorbed on metallic surfaces

Date de soutenance le 25 Septembre 2015 devant le jury composé de :

Directeur de thése

M. Mébarek ALOUANI  Professeur, Université de Strasbourg

Rapporteurs

M. Xavier BLASE Directeur de Recherche, CNRS
M. Michael ROHLFING Professeur, Université de Miinster

Autres membres du jury

M. Ferdinand EVERS Professeur, Université de Regensburg
M. Eric BEAUREPAIRE Directeur de Recherche, CNRS
M. Stefan BLUGEL Professeur, Université de Aachen







Contents

Contents

List of Figures

List of Tables

Acknowledgments

General Introduction

1.

Born Oppenheimer Approximation . . . . . . . .. .. ... ... ......

Hartree-Fock Approximation . . . . . ... ... ... .. .. .. ......

Hohenberg - Kohn theorems . . . . . . . .. ... ... ... .....
Kohn-Sham equations . . . . . . . ... ... ... .. ........

Local Density Approximation . . . . . . . ... .. ... .......

Generalized Gradient Approximation . . . . . . . . . . ... ... ..

Dispersion Interactions . . . . . . . . .. ... ... ..

Time-Dependent Density Functional Theory . . . . . .. .. .. .. ... ..

Introduction
1.1. The Schrédinger equation
1.2.
1.3.
1.4. Density Functional Theory
1.4.1.
1.4.2.
1.4.3.
1.4.4.
145 DFT +U .. ...
1.4.6. Hybrid functionals
1.4.7.
1.5.
1.6.

Electronic Correlation using Green Functions . . . . .. .. ... ... ...

1.6.1.
1.6.2.
1.6.3.
1.6.4.
1.6.5.
1.6.6.
1.6.7.

The Bandgap Problem within DET . . . . .. ... ... .......

The Green function

Lehmann Representation . . . . ... ... ... ... ........

Hedin’s equations .
GW approximation
Perturbative GoW,
Self-Consistent GW

Xi

xiii



Contents

1.7. Basis Sets . . . . . . .
1.7.1. Projector Augmented Wave Method . . . . . . ... ... ... ...
1.7.2. Numeric Atom-Centered Orbitals . . . . . .. . ... ... ... ...

1.8. Solving the Electronic Problem . . . . . . ... .. .. ... ... ......

1.9. Implementation of GW within Projector Augmented Waves . . . . . . . ..
1.9.1. Dielectric matrix evaluation . . . . . . . . . ... ... ...
1.9.2. Self-energy evaluation . . .. ... ... ... ... ... .......

Kondo Effect In Binuclear Metal-Organic Complexes

2.1. Introduction . . . . . . . . . ..

2.2. Kondo’s Approach . . . . . . . . ...
2.2.1. Anderson Model . . . . ... . ...

2.3. Scanning Tunneling Microscopy and Spectroscopy . . . . . . . . ... ...
2.3.1. STMand STS . . . . . . .
2.3.2. Bardeen Model . . . . . .. ... ...
2.3.3. Tersoff-Hamman Model . . . . .. ... ... ... ... .......
2.3.4. Analyzing the Kondo Effect . . . . ... ... ... ... ... ....

2.4. Experimental Study of Metal-Organic Complexes . . . . . . . .. ... ...

2.5. Computational Study . . . . .. .. .. ... ...
2.5.1. Molecular Atomic Structure . . . . . . . . ...
2.5.2. Computational Details . . . . . . ... ... ... ...
2.5.3. Gas Phase Molecule . . . .. ... ... ... ... ... ...

2.6. Nig Complex on Cu(001) . . . . . . . . . .
2.6.1. Computational Details . . . . . . ... .. ... ...
2.6.2. Spectral Function and Kondo Temperature . . .. . ... ... ...

2.7. Fragments of Niy Complex on Cu(001) . . . . . ... ... ... ... ....
2.7.1. Computational Details . . . . . . ... .. ... ...
2.7.2. Calculated STM images . . . . . . . . . ... ... ..
2.7.3. Kondo Temperature Estimation . . . . . .. .. ... ... ......

2.8. Distorted Niy Complex on Cu(001) . . . . . .. .. ... ... ... ....
2.8.1. Computational Details . . . . . . ... ... ...
2.8.2. Calculated STM images . . . . . . . . . . ... .. ...,
2.8.3. Kondo Temperature Estimation . . . . . . .. .. .. .. ... ....

2.9. Conclusions . . . . . . .. L e

Study Of Linear Oligoacenes

3.1. Introduction . . . . . . . . . L

3.2. Gas Phase Oligoacenes . . . . . . . . .. .. . .
3.2.1. Computational Details . . . . . . ... ... ... ... ... .. ..
3.2.2. Density Functional Theory Calculations . . . . .. ... .. ... ..
3.2.3. Zone Folding . . . . . . ...
3.2.4. GoWy Calculations . . . . . . . . . . ... .
3.2.5. PBEO Functional Calculations . . . .. ... ... ... .......

ii



Contents

3.3. Oligoacenes On Au(111) . . . .. . ... ... ... ... .....
3.3.1. Computational Details . . . . . . ... .. ... ... ....
3.3.2.  Workfunction and charge dipole . . . . ... ... ... ..
3.3.3. Density of states . . . . .. ... ... ... ...

3.3.4. Calculated Scanning Tunneling Microscopy (STM) images

3.4. Oligoacenes on SiOg . . . . . . . . . . . . . e
3.4.1. Computational Details . . . . . . ... ... ... .......
3.4.2. Electronic Structure . . . . ... ... .. ... ...

3.5. Conclusions . . . . . . . . . ...

4. HOMO-LUMO Gaps of Molecules on Metallic Surfaces

4.1. Introduction . . . . . . . . . ...
4.2. Computational Details . . . . . . . ... ... ... . ...
4.3. Results. . . . . . . e e
4.4. Conclusions . . . . . . . . . e

General Conclusions
A. CH4 and Cy;H, adsorbed on metallic surfaces

Bibliography

105

..... 105
... 107
..... 109
. ... 109

113
117

123

iii



List of Figures

iv

0.1.

0.2.

1.1.
1.2.
1.3.
1.4.

2.1.

2.2.

Schematic representation of the changes to molecular levels due to inter-
action with a substrate taken from Ref. [I]. HOMO and LUMO are well
defined within the weak coupling regime (a). The band gap decreases and
the resonances become broader when the coupling with the substrate in-
creases (b). . . ..

Experimental and theoretical HOMO-LUMO gaps for a set of different or-
ganic molecules. Different methods were used for the evaluation of the
theoretical band gaps; LDA (light blue triangles up), B3LYP (white tri-
angle down), GoWy with LDA as a starting point (green squares), GoWy
with HF as a starting point and self-consistent GW (black diamonds). The
graph was taken from Ref. [2]. . . . . ... ..o 0oL

Feynman diagram representation of the Dyson equation, G = Gg + GoXG. .
Hedin’s pentagon . . . . . . . . . ...
Graphical representation of the interstitial and the augmentation regions.

Simplified representation of the different approximations and numerical
schemes applied in DFT to solve the electronic problem. The combination
of choices determine the physical problems available and the phenomena
that can be studied with the code and and the approximations employed.

Diagrammatic representation of spin-flip process in the Anderson model.
In order for an impurity spin to flip from a down state, as shown in (a), to
an up state, shown in (f), there is a virtual process that can occur in two
different ways. The first one with the help of an empty orbital, (b)—(d),
and the second with a doubly filled orbital, (c)—(e). The plot has been
taken from [3]. . . ...

Structure of the (Me(hfacac)s)a(bpym) complex. Each Me?* metal ion is
linked to two hexafluoroacetyleacetonate (hfacac) ligands by Me-O bonds.
By forming N-Me bonds the aromatic 2,2’-bipyrimidine (bpym) ligand co-
ordinates as bidentate chelate with two of the Me(hfacac)s components.

41

02



List of Figures

2.3.

2.4.

2.5.

2.6.

2.7.

2.8.
2.9.

2.10.

2.11.

2.12.

2.13.

Topography of (a) Mng-vy, (b) Nis-a, (¢) Nig-f3, (d) Zng-c, and (e) Zno-
~ obtained by low-temperature STM. In (f) the differential conductance
dI/dU near the Fermi-level is shown. The black dots are experimental data
which were fitted with Fano-functions, presented in red lines. The figure is
taken from [4]. . . ... 53

(a) STM topography of Nig—a and (b) STM topography of Nis— /3. (c¢) STS
data on different position of the Nig — .. (d) dI/dV map of Nip — 5. White
and black areas indicate large and low differential conduction, respectively. 54
Ortep plot of the molecular structure of the [(Ni(hfacac)s)2(bpym)|°
plex, obtained by single crystal X-ray diffraction. C atoms are represented
in black, O in red, N in blue, F in light green, Ni in dark green and H in
black circles. The figure was taken from [4]. . . . . ... ... .. ... ... 55

com-

On the left the “standing” Niz — a complex bound to Cu(001) surface. On
the right the Nip — 8 complex “lies” on the Cu(001) surface. . . . . .. . .. 57

The spectral function projected at the Ni atom which is closest to the
surface, for the “standing” Nip complex. The local DOS is shown in a
logarithmic scale, while a ferromagnetic coupling of S=1 located in Ni**
jonsisassumed. . . . ... oL Lo 59

Ni(hfacac)s moiety bound to Cu(001) via a Ni atom placed at the hollow site. 60

(a) Experimental STM image of Niz — « configuration (same as in Figure
2.4(a). The color coding is identical to Figure 2.9(c). (b): Simulated STM
image of Ni(hfacac)e, computed employing VASP package. (c¢) Simulated
STM image of Ni(hfacac)s, computed employing AITRANSS package. . . . 61

On the left: the optimal position of the Ni(hfacac)s fragment on Cu(001).
On the right: the estimated dependence of the binding energy of Ni(hfacac)o
to Cu(001) surface, on the angle that fixes the orientation of the fragment’s
mirror planes vs the [001] direction of the fcc (001) surface. . . . ... ... 61

Kohn-Sham wave functions corresponding to Ni d,2 and d, orbitals of the
free standing Ni(hfacac)o fragment. . . . . . . . ... .. ... L. 62

GGA-+U calculated spin dependent local density of states projected on Ni
atom of the Ni(hfacac)y on Cu(001). Red and blue lines highlight contri-
butions to the LDOS of Ni d,2 and d, orbitals. . . . . . ... ... ... .. 63

Graphical representations of the two “distorted” molecular configurations of
Niy complex adsorbed on Cu(001). The binding between the molecule and
the substrate takes place via the central bpym unit. (a) shows the almost
symmetric Cy,-type structure with two mirror planes of the complex rotated
by 45° relative to fcc [001] and [010] directions, (b) shows the corresponding
structure with broken local symmetry which is energetically more stable. . . 65




List of Figures

2.14. (a) Experimental STM image for the first configuration of Niy — 3. (b)The
corresponding siimulated STM image for the first configuration of Nis — 5,
computed employing VASP package. (c) Simulated STM image of the first
configuration of Nig — 3, computed employing AITRANSS package. (d),
(e), (f) calculated STM images of the “distorted” Niy — § compared to
experiment. . ... oL L Lo e e e

2.15. Wave functions of a, b, a’, b’ orbitals, which contribute to the LDOS pro-
jected on the Ni atom of the distorted Niy complex, as presented in Figure
2.16. a and b orbitals are localized on the “left-hand” side, while ¢’ and ¥’
are localized on the “right-hand” side of the molecular complex. . . . . . . .

2.16. Calculated DFT spin-dependent local density of states projected on one of
Ni atoms of the distorted Nis complexes adsorbed on Cu(001). The zoomed
in plot shows the majority up-spin spectral function below the Fermi level,
where contributions are highlighted arising from four orbitals («, b, /,
bv'). Each orbital is carrying one unpaired spin. The corresponding wave
functions are presented in Figure 2.15. . . . . . .. .. .. ... ...

3.1. Oligoacene molecule, consisting of a repeating benzene unit. As an example
the molecule of pentacene is shown (N=5 benzene rings). The hydrogen
atoms are blue and the carbonred. . . . . .. ... ..o

3.2. From left to right the HOMO-LUMO gap, A, of oligoacenes with respect
to the number of rings N, calculated within DFT and the orbital energies
as a function of 1/N. The occupied orbitals are presented in blue, while the
unoccupied are in red. Notice the repeating interchange of orbitals as the

number of rings increases. The Figure was done by Richard Korytar, Ref. [5].

3.3. DFT calculated band structure of polyacene (infinite molecular chain). The
valence and the conduction bands cross at kp = 0.9102 7 /a, close to the
Brillouin zone border, where a = 2.462 A is the unit cell length. . . . . . . .

3.4. Zone folding for oligoacene with 9 rings. According to the rule, allowed
wave numbers are given according to Eq. 3.2. Hence, the Brillouin zone
is divided with 9 lines. The energy band gap is given as the difference
between the energy of conduction band minus the corresponding energy of
the valence band, closest to the crossing point. The value of this difference
is shown as a green dot in the right graph. . . . . . . .. ... ... ... ..

3.5. The same as 3.4 but for 10 rings. At this point, the conduction and the
valence bands interchange and the energy band gap reaches its minimum
(green dot to the right). . . . . . ... ... oo

3.6. The same as 3.4 but for 11 rings. In this case the conduction and the valence
bands have already interchanged and the energy band gap starts to increase
(green dot to the right). . . . . . ... ... oo

70

73

vi



List of Figures

3.7. DFT calculated band gaps of oligoacenes in natural units compared to the
zone folding results. The gap energies are divided by the factor mhvp /(N +
1)/a The horizontal axis is rescaled by the reciprocal space distance of the
Dirac point to the zone border. Blue squares are calculated for a set of
geometry-optimized molecules from DFT, whereas the red circles are given
from the Bloch bands of the infinite chain by Brillouin zone folding. The
Figure is taken from Ref. [5]. . . . . . ... ... oo oo
3.8. GoWy band structure of polyacene infinite chain compared to that obtained
using PBE. Going from the I'-point through the corner of the first Brillouin
zone, a crossing of the valence and the conduction bands occurs, at k-point,
Ep=0.897/a. . . . . .
3.9. Charge density at k points located around the crossing point of the bands,
kp. The valence band that is increasing in energy, has an odd symmetry,
whereas the conduction, decreasing band, has an even symmetry along the
molecular axis. . . . . . ...
3.10. HOMO and LUMO energies (dimensionless according to equation 3.3) with
respect to the length of the oligoacene molecule. PBE results are shown
in red symbols, while red lines represent the estimates from the Brillouin
zone folding. PBEQ values are shown in green and GoWy QP energies in
magenta. In all cases, filled symbols show HOMO energies and empty ones
their LUMO counterparts. . . . . . . . . . . . . . . .. ... ...
3.11. Band structure of polyacene infinite chain adsorbed on Au(111). The orbital
of the molecule’s contribution to the symmetry of the bands is highlighted
with different colors. The band crossing occurs at kp=0.89 7/a as it can
be seen for the bands which have a molecular orbital weight above 20%. . .
3.12. Band structure of polyacene infinite chain on Au(111) compared with the
band structure of the molecular chain in the gas phase. The orbital weight
of the adsorbed molecule is set above 20%. . . . .. . ... ... ... ...
3.13. A (z,y) unit cell of oligoacene adsorbed on Au(111). As an example, we
present the zy plane of pentacene molecule adsorbed on Au(111). . . . . . .
3.14. From top to down, adsorption energy for naphthalene and pentacene, when
adsorbed on Au(111) for different heights, Z(c_4,). With red we present
the results for GGA calculations. Van der Waals weak interactions are
also taken into consideration and the corresponding adsorption energies are
presented in blue. We highlight the final position of geometry optimization
for both cases. . . . . . . .
3.15. Electrostatic potential, integrated along (z, y) directions of the unit cell and
for different molecular coverages. ® is the work function of Au(111) before
the adsorption of the molecule, and ® after adsorption. The vertical lines
at positions ~11 A, ~13 A and ~16 A represent the positions of the layers
of the substrate, while the line at ~19 A shows the position of the molecule.
The inset shows the behavior of the potential as a function of coverage far
from the molecule. . . . . .. . ... ... ...

82

vil



List of Figures

3.16. Change of the Au(111) work function as a function of naphthalene surface
coverage. The solid line is a polynomial fit to the data. . . . . . . . . . . ..

3.17. Graphical representation of a electron energy levels with respect to the
position, in the system of Au, vacuum and Au’, where Au’ denotes Au after
adsorption of a molecule. The new system demonstrates an adsorption-
induced reduction in the work function. . . . . . ... ... ...

3.18. Variation of the charge density for naphthalene adsorbed on Au(111), (a)
the first plane of the metal, (b) the plane of the molecule, (c) a plane at
height z ~ 2A above the molecule, (d) a plane at height z ~ 3A above the
molecule, (e) (z,z) plane, (f) (y,z) plane. . . . . . ... ... ... .....

3.19. Difference of charge density integrated along the z and y directions and
represented along z direction (see Eq.3.8). We present also the dependence
of this quantity for different surface coverages. The unit of n'(z) is -|e|, with
e being the charge of electron. . . . . . . . . . .. ... ... .. ... . ...

3.20. Difference of charge density for different coverages integrated along the z
direction using equation 3.9. The maximum error of this calculation is of
the order of 51073 €. . . . . . ..

3.21. Charge dipole moment for naphthalene adsorbed on Au(111) for different
surface coverages. The units of Ay given here are |e|-A. The electronic
charge transfer from the molecule to the substrate is implied. . . . . . . ..

3.22. Density of states (DOS) of oligoacene molecules. Top to bottom, projected
DOS on the C atoms of naphthalene, pentacene, hexacene and heptacene.
Blue represents the structures where the molecules stands 8 A away of
Au(111), while red corresponds to the adsorbed molecules. The gray shaded
areas represent the DOS of the first layer of the Au(111) substrate. The
Fermi level of the relaxed structures has been shifted to 0 (red solid line),
while the HOMO level of the structures with Zc_ 4,)=8 A is represented
with dashed blue lines. . . . . . . . ... ... . L L

3.23. The decay of the energy band gap for the CynioHon+4 molecules at 8 A
away from the surface (circles) and for their adsorbed counterparts (squares)
(see also Table 3.3). . . . . . . .

3.24. Density of states (DOS) of heptacene at 8 A (top), 4 A (middle) and com-
pletely adsorbed (bottom) on Au(111) surface. The DOS of the first mono-
layer of Au below the molecule is represented in grey. With solid red line
the Fermi level for the relaxed molecule is denoted. With dashed lines the
Fermi level for the molecule at 8 A (top), 4 A (middle) are shown with
respect to the Fermi level of the relaxed molecule. . . . ... ... .. ...

3.25. Calculated STM images for the relaxed CynioHoni4, for N = 2,5.6,7
molecules adsorbed on Au(111) surface. Top to bottom naphthalene, pen-

tacene, hexacene and heptacene. On the left column we present the HOMO
of each molecule and on the right the LUMO. . . . .. ... ... ... ...

92

viii



List of Figures

3.26. Schematic representation of pentacene molecule adsorbed on SiO9 a-quartz.
The carbon atoms are shown in red, the hydrogen in blue, oxygen in brown
and silicon in grey. The coordinates of the substrate have been taken from
[6] and are the result of molecular dynamics in the initial O-terminated
structure of SiOg a-quartz. . . . . . . . . ...

3.27. The unfolded band structure of polyacene relaxed on the reconstructed
“dense” a-SiO9 surface, is shown on the left. The color bar on the bottom
denotes the values of N (k;;€;), given in equation 3.15. On the right, the
total DOS of the structure is presented. . . . . . . . ... ... ... ...

3.28. Total density of states of pentacene relaxed on the reconstructed a-SiOq
surface. The HOMO-LUMO gap originated from the molecule states is
about 1.15eV. . . . . .

4.1. Schematic representation of energy levels indicating the shifts of HOMO and
LUMO of a gas phase molecule upon it’s adsorption on a metallic surface.
The figure has been taken from [7]. . . . . .. ... ... o000

4.2. Graphical representation of the molecules of methane, ethylene and ethane
adsorbed on a Cu(001) or Co(001) substrates. . . ... ... ........

4.3. DFT (up) and GoWy (down) calculated DOS for ethane adsorbed on Cu(001).
The colorbar indicates the projected DOS on the molecule in states/eV /cell.
The red arrows indicate the changes in HOMO and LUMO levels while the
molecule approaches the substrate, from distance d=8 A to the final ad-
sorbed configuration at d=3.1 A. The Fermi level of the adsorbed molecule
within DFT is shown in a black line. . . ... ... ... ... .......

4.4. Up downwards DFT and GogW; calculated DOS for ethane molecule ad-
sorbed on Co(001), same as in Figure 4.3. The arrows 1 and | indicate,
respectively, the up and down spins. . . . . . . . . ... ... ... ... ..

A.1. DFT and GoWj calculated DOS for methane adsorbed on Cu(001), re-
spectively, first and second subfigure. The colorbar indicates the projected
DOS on the molecule in states/eV /cell. The red arrows indicate the shifts
in HOMO and LUMO levels while the molecule approaches the substrate,
from distance d=8 A to the final adsorbed configuration at d=2.5 A. The
Fermi level of the adsorbed molecule calculated within PBE is also shown
(black line). . . . . ..

A.2. DFT and GoWj calculated DOS for methane adsorbed on Co(001), in anal-
ogy to Figure A.1. The arrows 1 and | indicate, respectively, the up and
down sSpins. . . ... Lo e

A.3. From top to bottom DFT and GoWj calculated PDOS for ethylene ad-
sorbed on Cu(001). The height of the resonances is shown in different
colors according to the colorbar on the right. The shifts of the HOMO and
LUMO energies are indicated with red arrows and the Fermi level of the
final structure with a black line (within DFT). . . ... ... ... .. ...

ix



List of Figures

A.4. Similar to Figure A.3 for ethylene adsorbed on Co(001). The up and down
spins are indicated, respectively, with Tand |.. . . . . . . . ... ... ...




List of Tables

2.1.

2.2.

2.3.

3.1.

3.2.

3.3.

3.4.

4.1.

4.2.

Selected bond lengths and bond angles of [(Ni(hfacac)s)2(bpym)]® obtained
from single crystal X-ray diffraction data, [4]. . .. .. ... ... .. ...
DFT calculated relative energies of the low-energy spin configurations in
the gas-phase of Nis complex. The estimations are obtained using PBE
exchange-correlation functional on TURBOMOLE [8] and FHI-aims [9]. . .
DFT calculated relative energies of the low-energy spin configurations re-
alized in Niy complexes. Considered molecules are: (i) gas-phase relaxed
Nis complex, with Ni?* ions found in distorted octahedral environment, (ii)
free but distorted Niy complex, where local Cy,, symmetry is kept, (iii) free
but distorted Niy complex, where symmetry constraint is released. The two
latter molecules were first relaxed on top of Cu(001). Last column refers to
magnetically excited zero-spin state at one of the Ni*t ions. . . . ... ..

Comparison of the band crossing wave number, kp, the Fermi velocity, vp
and the oscillation period, as computed within DFT and GoWy. . . . . ..
Number of electrons of oligoacene molecules, given by Bader analysis, for
the gas phase and when adsorbed on Au(111). . . ... ... ... .. ...
HOMO - LUMO gaps for the molecules in the gas phase, 8 A above the
substrate and that of the molecule adsorbed on Au(111) surface. . . . . ..
MBJ functional calculated HOMO - LUMO gaps of the free and adsorbed
molecules on Au(111). . . . . . ...

DFT-calculated distances of adsorbed molecules on Cu(001) or Co(001)
substrates. . . . . . .. L
DFT and GyWj calculated HOMO and LUMO energies for methane, ethy-
lene and ethane molecules in the gas phase. The experimental value of the

ionization potential (IE) is also given. All the energies are given in units of
eV . e

94

xi






Acknowledgments

I remember clearly that day in the beginning of February 2012 when I was leaving Greece
for the first time to visit the University of Strasbourg, carrying lots of wonder and dreams.
I remember people welcoming me with a warm smile and helping me to deal with every-
thing new. I remember letting fear go and starting to feel again at home surrounded by
friends from all over the world. During the past three years I experienced various feelings
ranging from sadness and frustration to joy and pure happiness. I guess it is all part of
life and I can say now I am grateful for every single moment I spent during this PhD.

First of all, I want to thank my supervisor Mébarek Alouani for believing in me and
giving me the opportunity to do this PhD. There are not enough words to acknowledge
his support, help and care throughout this time. In parallel, I would like to deeply thank
my co-supervisor Ferdinand Evers. Working with him taught me more than I could ever
imagine in a scientific but also in a personal level. He has the wonderful skill to show
affection and care for his students and their scientific development. I will keep our discus-
sions in mind because they made me, I think, a better scientist and a better person.

I would also like to thank the Franco-German University and Eric Beaurepaire for giv-
ing me the opportunity to perform half of my thesis in Strasbourg and half to the other
side of the border, in Karlsruhe, Germany. I also thank Veronique Wernher for her help
through all the administration procedures always with a warm smile. This thesis would
have no results without the I'T support of HPC meso centre of Strasbourg, GENSI-CINES
and Steinbuch Centre for Computing (SCC).

I cannot forget Alexej Bagrets and Richard Korytar, the post-docs in Evers group in
Karlsruhe, who trained me, helped me and taught me so much with patience and encour-
agement. A huge thank you goes also to Saber Gueddida, Anant Dixit, Beata Taudul,
Michal Studniarek, Etienne Urbain, Filip Schleicher, Ufuk Halisdemir, Christian Seiler,
Paul Schnébele, Ferdinand Kaplan, Christian Ginthner, Michael Walz and Jan Wilhelm
for our discussions, co-operation and the great time we had working together.

Last but not least I want to thank my dear friends for all the great time we had together
the laughs and joy we shared. Thank you Silvia Zanettini, Vina Faramarzi, Christian

xiii



Acknowledgments

Andreas, Manuel Gruber, Céline Etrillard, Ondrej Vlasin, Gael Reecht, Michael Chong,
Tindara Verduci, Kerstin Biicker, Nicolas Bachellier, Florian Godel, Dominik Metten,
Guillaume Froehlicher, Francois Federspiel, Olga Gladii and Vadym Iurchuk. Nothing
compares to the time around Place du Café. I also thank Anastasia Skilitsi and Damianos
Agathangelou for the unforgettable few months spent together. Thank you Coral Herranz
Lancho, Senthil Kavin, Andrea Magri, Veronica Gomez Piedrafita and of course Fabrizio
Franza. KIT Campus Nord was much more enjoyable with you inside. I thank from the
bottom of my heart Tasos Papaioannou, Eleni Graikou, Dora Manika for our friendship
no matter how far we are from each other.

I dedicate this work and title to my parents, Charalambos Xeniotis and Areti Doulaveri.
Nothing could be started or fulfilled without their unlimited love. They know how to
encourage me to chase my dreams, knowing that no matter what, their hug is open for me
back home. To that village of 180 inhabitants, in the mountains of central Greece...

xiv



General Introduction

The technology based on silicon microelectronics is reaching its performance limits, lead-
ing to the development of new electronical, technological and computational paradigms.
After the discovery of tunneling magnetoresistance (TMR) and giant magnetoresistance
(GMR), we are facing a great revolution of magnetic memory and storage capacities of
modern hard drives, in the two novel fields of spintronics [10]| and molecular electronics [11].
At the same time, new research is focusing on organic materials as possible candidates to
replace silicon technology, since they are cheap to produce, flexible and diverse in their
applications. The combination of spintronics and organic electronics is believed to lead to
a new generation of spin based devices, which would most likely open a new broad range
of applications and a new generation of products in organic spintronics [12|. For such
applications in the nanoscale, the behavior of these materials is defined by their electronic
structure.

The electronic structure of a system can be investigated experimentally with distinct
experimental setups, for instance, scanning tunneling microscopy and spectroscopy, direct
and inverse photoemission, optical adsorption, etc. In analogy, the theoretical description
and the prediction of an electronic system’s properties can be achieved with different the-
oretical frameworks. The understanding of characteristic properties of materials and the
interpretation of experimentally observable phenomena, from first-principles, has become
an extremely efficient tool for theoretical physicists. The study of materials with ab-initio
methods can be done using different approximations to the many body problem depending
on the properties that need to be addressed. One of them is the widely known density
functional theory (DFT), which in some cases succeeds to describe material properties in
good agreement with experiment. It also predicts the atomic geometries of the structures
with great accuracy. In other situations when DFT is not accurate enough, a many body
perturbation theory, like the GW approximation (where G is a Green function and W the
screened dynamical interaction) is more effective for the evaluation of the electronic cor-
relation effects, and the description of dynamical effects like the screening of the electrons.

The work presented in this manuscript focuses on organic molecules adsorbed on metal-
lic surfaces, and more specifically on the electronic structure changes due to the screening
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of the metallic environment. As one realizes immediately, there is a plethora of different
systems that can be studied in this context. The choice of the diverse systems, contained in
this thesis, was motivated by mainstream experimental and theoretical research on highly
promising subjects.

A challenge in the field of organic spintronics or in general organic electronics is the use
of only one molecule as the main protagonist defining the desirable properties in electronic
devices. In this context, a new field of molecular spintronics is emerging. In particular,
compounds of the single molecule magnet (SMM) class [1,13] have attracted a lot of at-
tention, since their magnetic relaxation time at low temperatures is of the order of years.
Many applications have being proposed using SMMs like memory elements [14, 15|, recti-
fiers and transistors [16-18]. In such devices, the external control of electron spins can be
achieved through temperature, pressure, light or electron charging, if the so-called “spin-
transition” complexes are used [19-21|. The behavior of the system in these complexes is
defined by a single spin. Intensive work has been done in such systems, with increasing
complexity ranging from 3d or 4f adatoms on metallic surfaces [22-27], through molecules
with extended 7 orbitals [28-31], to carbon nanotubes [32,33]. In addition, different
systems like a hybrid spinterface of an organic magnetic molecule and a ferromagnetic
substrate have brought interesting new aspects to this field [34]. Naturally, for such ap-
plications, the molecules should be deposited on a supportive substrate or in a junction.
Therefore, not only the properties of the gas-phase molecules, but also the properties of
the adsorbed molecules in different types of substrates should be investigated. The inter-
action of the electrons of the molecule with those of the substrate will change considerably
the properties of the molecular system. Thus, its deep understanding is imperative for
further progress in the field of molecular electronics.

When a molecule is in a typical break-junction or a scanning tunneling microscope
(STM) setup, the low-temperature transport at low bias is governed by the Kondo ef-
fect [35], which gives rise to a sharp Kondo resonance in the spectrum of the differential
conductance, hence opening a new way of coherent transport in molecular electronics.
Nowadays, it is possible to tune the system in a controlled way from the Kondo regime to
the uncorrelated one. For instance, this can be achieved by changing the molecular atomic
configuration without altering the chemical composition. Switching the Kondo effect on
and off provides means to exert spin control which is of utmost interest to spintronics. The
sensitivity of the Kondo resonance to spin polarization of the surface electrons offers the
possibility to “tune” the source and drain magnetization, something that would have great
implications to information storage and processing. The Kondo effect, nowadays, has been
revived in the context of molecular adsorbates and molecular junctions. Many cases have
been extensively studied, so far, especially when the adsorbed molecule carries one spin.
However, further investigation is required on this direction, especially when the candidate
molecule carries two spins. The physics in play is intriguing, because Kondo effect occurs
in the presence of two spins that can also be magnetically coupled to each other. Ab initio
methods can shed light on the problem, giving a good prediction of the atomic structures,




and providing an insight of the appearing Kondo effect mechanism. This subject will be
analyzed in chapter 2 of this thesis.

Except the Kondo effect, other physical phenomena also take place when a molecule
is adsorbed on a substrate, even in the absence of an active spin. The adsorption of a
molecule on a metallic substrate, for example, might lead to a modification in the electron
density of the substrate and the molecule, the electronic coupling of the molecular states
with the extended states of the metal, or the polarization of the metal due to adsorption.
Charge transfer between the molecule and the substrate may alter the properties of the
system. Indeed, an electron or a hole can be added into the molecular orbitals, due to the
Coulomb interaction with the substrate. These phenomena are interpreted as changes in
the electronic structures of both the molecule and the substrate, such as the rearrangement
of the molecular orbitals or widening of the resonances in their density of states. It can
also lead to the change in the energy needed to extract an electron from the system (its
ionization energy) or the energetic gain when an electron is added to the system (its elec-
tron affinity). Figure 0.1 shows some of these basic processes occurring in non-magnetic
molecular electronics [1]. In the weak coupling regime (when the molecule does not in-
teract strongly with the substrate), the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are well defined. HOMO-LUMO gap
decreases and the resonances become broader and closer to the Fermi level, as the coupling
is increased. For the adsorbed molecule the energy gap is further reduced. Note that in
the case that the molecule carries an unpaired spin a multipeaked structure appears at

the Fermi level for strong coupling (Kondo effect).
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Figure 0.1.: Schematic representation of the changes to molecular levels due to interac-
tion with a substrate taken from Ref. [1]. HOMO and LUMO are well defined
within the weak coupling regime (a). The band gap decreases and the reso-
nances become broader when the coupling with the substrate increases (b).

Such changes in the HOMO-LUMO gap is of fundamental interest in the research of
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molecular electronics and photovoltaics. In these cases, it is not the spin, but the energy
band gaps that can be manipulated in order to give desirable properties to specific devices.
Analogous to the molecular electronics, the existence of a supportive substrate is also a
prerequisite for photovoltaics and organic solar cells. Especially in the field of organic
photovoltaics (OPVs) a lot of studies have been conducted on polymers and oligomers
like alkanes and oligoacenes due to their mechanical flexibility and their ability to harvest
light [36-38|. In OPVs a bilayered donor-acceptor heterojunction exists and such molecules
are proposed as acceptors in the photoactive heterojunction. Oligoacenes, in particular,
consist of one repeated benzene ring and form candidates for several applications in or-
ganic electronics [39—41]. In spite of the intensive research in this direction, oligoacene
molecules have not been investigated adequately above pentacene, mainly because their
synthesis has not yet been achieved [42]|. Experimentally, the synthesis of larger gas-phase
oligoacenes is under investigation to increase their stability [43,44|. In addition, the on-
substrate synthesis provides hope to these achievements [45]. Furthermore, great progress
has been achieved in scanning probe microscopy in imaging organic molecules with high
resolution [46,47]. Oligoacenes exhibit pronounced properties, like the oscillation of their
HOMO-LUMO gaps with respect to their molecular length [5,48]. Investigation is required
to define the origin of such a property, its survival under the screening of a supporting
substrate, as long as its possible adjustment in alternative applications, like the tuning of
a semiconductor’s energy band gap. Ab-initio methodologies form a powerful tool to carry
out such a study that will be presented in detail in chapter 3 of the present manuscript.

Finally, focusing on the theoretical research on molecular electronics, a question that
arises is the adequacy of each theoretical framework to describe the properties of matter.
Although DFT methods succeed to describe certain properties, like total energies or atomic
structures, in good agreement with experiment, they fail to give good results for energy
band gaps and band structures [49]. Indeed, DFT has the tendency to underestimate the
experimental values of the band gaps for solids and surfaces [50,51]. In certain cases,
like Germanium, DFT gives a qualitatively wrong result, predicting the materials to be
metallic while they have a finite gap [52]. These limits of DFT can be overcome with the
many-body GW approximation [53,54]. GW has also been successful in the description of
transition metals [55,56], f-electron systems |57], surfaces 58| and interfaces |7]. In partic-
ular in the case of molecules, extensive research has been done to obtain good agreement
between theory and photoemission experiments [2,59-62|. Figure 0.2 shows the results of
such a study for several organic molecules in the gas-phase [2]. The HOMO-LUMO gaps
are obtained with different functionals within DF'T methods, and GW techniques using a
different starting-point calculation (DFT or Hartree-Fock). A more detailed description
of the methods mentioned here will be presented in chapter 1 of this manuscript.

Several studies have also been done for the description of electronic structure of ad-
sorbed molecules on metallic surfaces. These studies indicate that certain phenomena
arising from the interaction between the molecule and the substrate can be captured
within DFT to a certain extent. Such phenomena are the rearrangement of HOMO and
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Figure 0.2.: Experimental and theoretical HOMO-LUMO gaps for a set of different organic
molecules. Different methods were used for the evaluation of the theoretical
band gaps; LDA (light blue triangles up), B3LYP (white triangle down),
GoWy with LDA as a starting point (green squares), GoWy with HF as a
starting point and self-consistent GW (black diamonds). The graph was taken
from Ref. [2].
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LUMO, the broadening of their resonances in the density of states or the shift of the
orbital energies [63,64]. However, the polarization of the substrate cannot be described
within single-particle methodologies. During the adsorption of a molecule the electrons of
the substrate will screen the added electrons or holes in the interface, an effect which is
dynamical and can be described within the GW approximation [7]. It has been proved
that the quasiparticle gap of the adsorbed molecule is reduced with respect to its gas
phase counterpart |7,65-67]. Nonetheless, further examination is necessary, in particular,
in cases where the substrate is magnetic, for example ferromagnetic like cobalt. Such an
examination will be presented in chapter 4.

This manuscript is structured as follows. In the Chapter 1, an overview of the funda-
mental theory is given. In particular, a description of the main principles behind DFT
and GW methods are provided along with several supporting ideas necessary to some cal-
culations, such as the van der Waals dispersion forces and the Hubbard U term. Besides,
the possible basis sets that can be used in the DFT codes are illustrated, focusing on the
projector augmented wave method and the numeric atom-centered orbitals. Chapter 2 is
dedicated to the study of Kondo effect in binuclear metal-organic molecules adsorbed on
a Cu(001) surface. Firstly an introduction to the theory of the Kondo effect and the STM
principles is provided, followed by the observations of STM experiments. Lastly, the theo-
retical results are presented, for the free and the adsorbed molecular complexes. Chapter
3 presents a complete study of oligoacene molecules. It starts by drawing the properties
of the molecular chain in the gas-phase and continues by giving evidence for the survival
of these properties in adsorbed molecules. The end of the chapter suggests a possible
application for oligoacene molecules on a semiconductor substrate. Chapter 4 is dedicated
to the investigation of DFT and GW-evaluated properties of three different molecules
adsorbed on a paramagnetic and a ferromagnetic substrate. Namely, methane (CHy),
ethane (CaHg) and ethylene (CoHy) are adsorbed on a Cu(001) or a Co(001) surface. The
results obtained from each method are compared and discussed. The manuscript ends
by highlighting the main conclusions of this thesis and providing perspectives for further
investigation on the subjects discussed.




Introduction

The understanding and the description of matter has been an issue for thought and wonder
since the age of the ancient Greeks, when Dimokritos developed his theory of atom, the
piece of which the matter consists and can not be divided further. Throughout the cen-
turies, since then, scientists have built a completely different picture of matter, consisting
of atoms which contain a number Z of electrons, each of them carrying the elementary
charge -e and orbiting around a nucleus of charge Ze.

Quantum mechanics, the field describing the laws in the small scale started to be de-
veloped in 1913, by Bohr. Bohr described the electronic orbitals of the hydrogen atom
with great success and laid the foundations for the Schrodinger equation to come in 1926.
Schrédinger equation became the mathematical language of quantum mechanics. In prin-
ciple this, one and only, equation can describe entirely the physical properties of matter,
multi-electronic atoms, molecules and solids.

1.1. The Schrodinger equation

If we imagine a piece of matter as an ensemble of interacting atoms, we can describe the
system as a set of atomic nuclei and electrons interacting via electrostatic Coulomb forces.
The Hamiltonian describing this system should look like:
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where R; for I = 1,..., Nz is the set of Nz nuclear coordinates, r; for ¢ = 1,..., N, is

the set of N, electronic coordinates, Z; is the nuclear charge, M; the nuclear mass and e
the electronic charge. Therefore, the properties of the system can be derived by solving
the time-independent Schrédinger equation:
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HY,(R,r) = e, %, (R,r), (1.2)

where R = (Ri,Ra,...,Ry,) and r = (ry,r2,...,ry,) are the position vectors of the
Nz nuclei and N, electrons, respectively, €, are the energy eigenvalues and ¥, (R,r) the
corresponding eigenstates, or wave functions. Since the electron is a fermion, the wave
function must be antisymmetric with respect to the exchange of electronic coordinates
in r, whereas it can be symmetric or antisymmetric with respect to exchange of nuclear
variables in R, depending on the spin of the nucleus. If the nucleus has a half-integer spin
it is also a fermion (antisymmetric wave function due to Pauli exclusion principle), while
if it has spin integer, it is a boson (symmetric wave function).

In practice, the Schrédinger equation is impossible to be solved analytically due to its
complexity, except from the case of hydrogen or hydrogenoid atoms. In order to overcome
this complexity but still give a reliable description of matter, some approximations had
to be introduced. The first approximation, to lead a pool of other approximations, still
developing nowadays, was the adiabatic or Born-Oppenheimer approximation.

1.2. Born Oppenheimer Approximation

Born and Oppenheimer [68] proposed that the movement of the atomic nuclei can be ne-
glected in the evaluation of the electronic properties of matter. This assumption was very
reasonable since the electrons are much lighter than the nuclei and therefore move much
faster. Thus, one can focus only on the electrons, which interact with the positive atomic
nuclei and with each other via Coulomb forces. The former interaction can be treated,
even if it is not simple, whereas the latter interaction is far complicated to calculate and
more approximations are needed.

Hence, the complexity of the problem after the Born-Oppenheimer approximation re-
sides in the electron-electron interactions. There are two different kinds of such inter-
actions that should be treated. First, the exchange interaction which is the outcome of
Pauli exclusion principle for fermions. Then, there is the correlation interaction, where
each electron is affected by the motion of the rest of the electrons in the system.

An idea that can simplify the problem even more, is the one-electron picture in a mean
field approximation. This way, the system is described by a single electron interacting with
a collection of classical ions via an effective potential, where the exchange and correlation
interactions are taken into account in an average or effective way. The mean-field theory
is the basis for theories like Hartree-Fock and density functional theory, which have been
the main approaches to solve the electronic structure problem in condensed matter physics.




1.3. Hartree-Fock Approximation

1.3. Hartree-Fock Approximation

Within the Hartree-Fock (HF) approximation [69], [70] the wave function of the many-
body system is an antisymmetric product of single particle wave functions each of which
satisfies an one-particle Schrédinger equation. It is worth noting that the Hartree-Fock
approximation is based on the assumption of Hartree that the electron is moving in an
effective field, interacting with the rest of electrons only via Coulomb forces.

The HF method fully accounts for the electronic exchange interaction of the electrons
and provides its exact value. However, the correlation energy is neglected, a fact that leads
to the breakdown of the theory for metallic and bulk systems. It produces overestimated
band gaps and underestimated binding energies. A more detailed description of the HF
method is given in [71]. Since, the HF method completely neglects the correlation effects,
another methodology was necessary, which would provide an estimation for both exchange
and correlation contributions to the Hamiltonian of the electronic system. This need
triggered the development of the famous density functional theory.

1.4. Density Functional Theory

In parallel with the Hartree theory a different approach was developed by Thomas (1927)
and independently Fermi (1928), for the calculation of an electronic system’s energy in
terms of the electronic density. In their work, Thomas and Fermi gave a prescription
of the total electronic energy taking into account the kinetic, exchange and correlation
contributions from the homogeneous electron gas. The idea was, with this starting point,
to construct the same quantities for the inhomogeneous system, read as

Ealo) = [ pe)ealote)] dr, (1.3)

where €, [p(r)] is the energy density of contribution a. « can represent the kinetic, exchange
or correlation contribution, calculated locally at every point in space.

This was the first time that the total energy of an electronic system was proposed as
a functional of the electronic density of the system, and set up the basis for the later
development of the density functional theory (DFT) which has been the most extensively
used method in electronic structure calculations in condensed matter physics during the
past five decades.

1.4.1. Hohenberg - Kohn theorems

The hopes to describe the energy exclusively in terms of the electronic density, were
realized by the formulation and proof of Hohenberg-Kohn theorems in 1964, thirty years
after Thomas-Fermi approach.
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e Theorem I The external potential of an electronic system is univocally determined

by its electronic density up to a constant value.

Proof: The pr