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Motivation

O verdadeiro heroísmo consiste en

trocar os anceios en realidades, as

ideias en feitos.

Alfonso Daniel Rodríguez Castelao,

Sempre en Galiza

The interaction between molecules and matter has important technological and indus-

trial implications that make it a really interesting field [1–6]. Molecular adsorption is a

fundamental issue due to its practical applications, as for example in catalytic reactions

[7–9].

The aim of this Thesis is the study of molecular adsorption on different surfaces. The fact

that a molecule is adsorbed on a surface can modify its electronic structure. The molecule can

be chemically bond to the surface, the electronic charge be displaced, relocated or transferred

between the adsorbate and adsorbent and the hybridization with the surface electronic states

would rearrange the molecular density of states. Every single change would modify the

properties of the studied system. Furthermore, the interaction between neighbours and the

modifications in the electronic density on the substrate can affect to the self-assembly process

on the surface.

The adsorption process is ruled by various aspects like van der Waals (vdW) forces, ionic

or electrostatic interactions or geometrical factors to name but a few. The molecule adsorbed

on the substrate could be strongly modified during the process, changing its electronic

properties and creating a chemical bond with the surface (chemisorption). On the other hand,

it could have a weaker interaction with a minimum distortion of the molecule (physisorption).

From the theoretical point of view the description of the many-body system could be done

using the Schrödinger equation. Nevertheless, the main problem arises in the complexity of

the many-body system that, if there are more than a few particles involved, cannot be solved

exactly. For a system containing N electrons, any of them depending on 3 spatial coordinates

and the spin coordinate, and N being from a few tens up to ∼ 1023 electrons, the Schrödinger
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equation is impossible to solve. Therefore, it is necessary to find a practical approximation

that would make the solution of the system feasible.

An alternative route was developed in the 60’s based on the Hohenberg-Kohn theorems

[10] and the Kohn-Sham [11] equations. The basic assumption consisted on using the

electronic density distribution to describe the system instead of the many-electron wave

function. In this approach lays the foundations of the density functional theory (DFT). The

ground state density of the system is obtained and the physical properties of the system

derived from it. DFT calculations were used to study solid state systems since the 70’s.

However, it was not until the 90’s when the computational resources and the improvement in

the approximations converted the DFT calculations in a versatile tool in condensed-matter

physics. The increment in its accuracy permitted a correct description of the physical systems.

This fact converted DFT in a popular methodology and the combination of first-principles

calculations and experimental observation achieved excellent results.

Based on DFT and using the Vienna ab initio simulation package (VASP) developed by

Kresse et al. [12] we have studied the adsorption of different molecules on metal surfaces,

as well as the electronic and structural properties of several stepped surfaces. The research

described in this Thesis is divided in the following chapters.

In Chapter 1 we describe the theoretical foundations of our methodology. Starting from

Schrödinger equation, the Born-Oppenheimer approximation is introduced. The next section

contains the main principles of DFT and a description of the exchange-correlation functional

approximations used in our research. The last part is dedicated to the periodic crystal theory,

the pseudopotential approximation and the projected augmented wave methodology.

Our group studied the carbon monoxide (CO) adsorption on O(2x1)/Cu[110] in a previous

research, finding the formation of long rows of CO molecules distributed evenly on this

anisotropic substrate [13, 14]. Therefore, the starting point in Chapter 2 was the theoretical

study of nitrogen monoxide (NO) adsorption on Cu surfaces in order to explore the character

of the interaction between NO molecules and the possibility to form extended structures also

in the case of NO on O(2x1)/Cu[110] [15].

A large part of the Thesis was the result of a collaboration with different experimental

groups. Therefore, our research intended to help in the interpretation of the results obtained

by our collaborators. During these years we developed a fruitful collaboration with the group

of Prof. P. Jakob at Philipps-Universtät in Marburg (Germany) [16] and the group of Prof.

José Ignacio Pascual in nanoGUNE in Donostia-San Sebastián (Spain) [17] on several topics

related to the adsorption of phthalocyanine molecules on Ag[111]. Thus, in Chapter 3 an

exhaustive investigation is presented on the adsorption of metal phthalocyanines (MePc, with

Me=Cu, Ti-O, Mn and Mn-Cl) on Ag[111] [16, 17]. We find that the metal core of the MePc
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affects to the properties of the molecule and also modifies the interaction with the surface. We

investigate the molecular adsorption and the geometrical variations suffered by the molecule,

the electronic density of states and the charge transfer in the system. The induced electronic

density and dipole moments were also calculated. Using all the data we describe the main

aspects of the MePc adsorption and the interaction with the metal substrate. As a continuation

of this research, and with a view to comparing with our experimental observations [18],

we studied the adsorption of carbon dioxide (CO2) molecules on titanium phthalocyanine

(TiOPc). The results shown in Chapter 4 reveal the most plausible adsorption geometry. In

addition, the theoretical results support the possibility of a multiple CO2 molecular adsorption

on TiOPc, as well as its fingerprint in the vibrational spectra as indicated by experiments,

and disclose the bonding mechanism for the system.

The work described in Chapter 5 focuses on the characterization of the electronic and

structural properties of stepped surfaces of transition metals. In collaboration with the group

of Prof. Enrique Ortega from the NanoPhysics Lab in the Centro de Física de Materiales

(CFM) in Donostia-San Sebastián (Spain) and BihurCrystal company, which is dedicated to

the production of curved crystals, we performed a systematic study of the surface core-level

energy shift (CLS) in x-ray photoelectron spectroscopy (XPS) in [111] vicinal surfaces. The

experimental measurements show a variation in the binding energies for the Pt 4f and Rh

3d levels on curved crystals which is related with the terrace size [19]. Trying to elucidate

this behaviour we have run different calculations on stepped surfaces (Pt and Rh). Although

the calculations reproduce the observed behaviours, the results overestimate the CLS. The

calculations indicate that the main mechanism to explain the observed binding energy shift is

the increase of the average surface strain with the miscut angle. In order to distangle this

effect from others and to highlight the importance of strain, we explored the dependence of

the CLS separately on the in-plane and on the out-of-plane strain of the surface layer using

model systems. The results obtained with this so-called Terrace Compression Model (TCM)

are able to account for the experimental results.

Building on this information, Chapter 6 presents a theoretical and experimental study

of the CO adsorption and XPS on a Pt[111] curved crystal. It was a daunting challenge due

to the known difficulties of DFT to properly describe the most stable adsorption site of CO

on flat Pt[111]. However, we succeeded to describe and understand the relative stability

of adsorption at the step egdes and on the terraces of the vicinal surfaces, as well as its

dependence on the step orientation. We also simulated the high CO coverage regime and

our results allowed interpreting the experimental information. Finally, the CLS for the C 1s

was investigated after adsorption on the stepped surfaces. Interestingly, our interpretation of

the observed systematic variation of the C 1s binding energy as function of the miscut angle
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for CO molecules adsorbed on the terrace indicates that this can be associated with a larger

relief of the compression surface strain when CO molecules adsorb in smaller terraces.
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Chapter 1

Theory of Electronic Structure

Calculations

Physics is like sex. Sure, it may give

some practical results, but that’s not

why we do it.

Richard P. Feynman

1.1 Schrödinger equation

Matter is composed of atoms, which are formed by an ionic nucleus and electrons moving

around it. Quantum chemistry tries to explain and predict the behaviour of atoms and

molecules using the principles of the quantum mechanics. This is the basis of ab initio

calculations. Any non-relativistic atomic system can be described by the time-dependent

Schrödinger equation [20].

Ĥψ(ri, t) = ih̄
dψ(ri, t)

dt
(1.1)

However, in most of the cases related to atoms and molecules, we focus our attention

on time-independent interactions. In this case we can define a time-conserved quantity, the

energy E, such that the equation transforms into the time-independent Schrödinger equation.

Thus, for an atomic system formed by Ne electrons, and Nn nucleus, the equation is:

ĤΦ = EΦ (1.2)

where Ĥ is the non-relativistic hamiltonian operator of the system that can be written as:
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Ĥ =−
Ne

∑
i=1

1
2

∇2
i −

Nn

∑
A=1

1
2MA

∇2
A

+
1
2

Ne

∑
i=1

Ne

∑
j 6=i

1
∣

∣ri − rj
∣

∣

−
Ne

∑
i=1

Nn

∑
A=1

ZA

|ri −RA|
+

1
2

Nn

∑
A=1

Nn

∑
B6=A

ZAZB

|RA −RB|

=T̂e + T̂n +V̂ee +V̂en +V̂nn

(1.3)

We are assuming atomic units ( h̄ = me = e = 1/4πε0 = 1), which permits to simplify the

notation. Ne electrons with coordinate ri, r j for the i-th and j-th electron respectively. Nn

nucleus where the A-th (B-th) posses mass MA, atomic charge ZA and RA coordinate. In

Eq. 1.3 T̂e and T̂n are the electron kinetic energy and the nuclear kinetic energy operators

respectively, as well as, V̂ee, V̂en and V̂nn are the electron-electron, electron-nucleus and

nucleus-nucleus Coulombic potentials.

For a system with a large number of electrons Ne and nuclei Nn, the Schrödinger equation

can not be solved exactly. In order to tackle the problem, it is needed to simplify the system,

so we can obtain an approximate solution that is sufficiently accurate but, simultaneously,

numerically tractable.

1.2 Born-Oppenheimer approximation

The Born-Oppenheimer (BO) or adiabatic approximation [21] is a powerful tool to study

accurately the electronic structure of a system composed of sufficiently heavy atoms. The

BO approximation [21, 22] consists in assuming that the nucleus is infinitely heavier than the

electrons (a proton is ∼ 1800 heavier than an electron). Thus, it can be considered that the

electrons move around fixed nuclei. This permits to neglect the kinetic energy of the nuclei

in Eq. 1.3 and consider the repulsion between them constant. The electronic hamiltonian

describing the Ne electrons in a fixed field created by Nn nuclei is :

Ĥelec =−
Ne

∑
i=1

1
2

∇2
i +

1
2

Ne

∑
i=1

Ne

∑
j 6=i

1
∣

∣ri − rj
∣

∣

−
Ne

∑
i=1

Nn

∑
A=1

ZA

|ri −RA|
(1.4)

Solving the Schrödinger equation for the electronic hamiltonian,

ĤelecΦelec = εelecΦelec (1.5)
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we obtain the electronic wave function which describes the motion of the electrons for a

fixed atomic system.

Φn
elec = Φn

elec(ri,{RA}) (1.6)

The superscript n is a reminder of the multiple solutions to the Schrödinger equation.

This electronic wavefunction not only depends on the electronic coordinates explicitly, but

also parametrically on the nuclear coordinates, as does the electronic energy.

εn
elec = εn

elec({RA}) (1.7)

Then, for any fixed nuclear arrangement, Φn
elec is a different function of the electrons’

coordinates. The total energy must include the nuclear repulsion between the nuclei.

εn
tot = εn

elec(RA)+
1
2

Nn

∑
A=1

Nn

∑
B 6=A

ZAZB

|RA −RB|
(1.8)

Similarly, we can solve the Schrödinger equation for the nuclei. As the nuclei are much

slower than electrons, in this case we can substitute the functions that depend on the electron

coordinates by their expected value in the electronic state described by the solutions of Eq.

1.7. Then, the nuclear hamiltonian for the system in the average electronic field is :

Ĥ =−
Nn

∑
A=1

1
2MA

∇2
A +

1
2

Nn

∑
A=1

Nn

∑
B 6=A

ZAZB

|RA −RB|
〈

−
Ne

∑
i=1

1
2

∇2
i +

1
2

Ne

∑
i=1

Ne

∑
j 6=i

1
∣

∣ri − rj
∣

∣

−
Ne

∑
i=1

Nn

∑
A=1

ZA

|ri −RA|

〉

n

=−
Nn

∑
A=1

1
2MA

∇2
A +

1
2

Nn

∑
A=1

Nn

∑
B 6=A

ZAZB

|RA −RB|
+ εn

elec({RA})

=−
Nn

∑
A=1

1
2MA

∇2
A + εn

tot({RA})

(1.9)

Thereby, the nuclei move on an effective potential energy surface defined by the energy

of a given electronic state n, most frequently taken as the ground state. The solution to the

nuclear Schrödinger equation

ĤnuclΦnucl = εnuclΦnucl (1.10)

describes the vibration, rotation and translation of a system.
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Φn
nucl = Φn

nucl(RA) (1.11)

Thus, within the BO approximation we can describe the solutions of the full Schrödinger

equation as:

Φn(ri,RA) = Φn
elec(ri,RA)×Φn

nucl(RA) (1.12)

This permits to estimate the total energy of the complete system, including electronic,

vibrational, rotational and translational energies. The initial unsolvable Schrödinger equation

was changed into an electronic system moving on a potential created by the frozen nuclei.

Providing an affordable approximation to solve the system by decoupling the movements of

electrons and nuclei.

In this Thesis we did not only use the BO approximation, but we took an additional drastic

approximation that, however, it is known to provide good results for sufficiently heavy atoms.

We have considered all nuclei as classical particles with well-defined positions and velocities,

and treated them like that to perform relaxations to find the equilibrium configuration of

adsorbed molecules on metal surfaces and other related systems. This approximation is once

more justified by the large mass of the nuclei and it is a standard approximation in quantum

chemistry and solid state physics.

1.3 Density Functional Theory

The Density Functional Theory (DFT) is an alternative method to calculate the ground

state energy for many-electron systems. It differs from the conventional ab initio methods

due to its use of the electronic density as the central quantity that completely determines

the ground state of the system [23, 24]. This is contrast to quantum chemistry methods that

use the many-electron wavefunction as the central quantity. Thus, DFT constitutes a drastic

simplification from a computational point of view.

The solutions of the many-body Schrödinger equation depend on 3Ne degrees of freedom

for Ne electrons. However, in DFT any property depends on the ground state density n0(r).

This simplifies the Ne electrons problem into a one-particle equation describing the motion

of individual electrons on an effective external potential. Thus, the initial problem of 3Ne

degrees of freedom has changed to solve a system which depends only on three spatial

coordinates plus an additional degree of freedom to describe the electron spin [25–29].

The original idea came from Thomas-Fermi theory [30, 31]. These authors proposed a

simple functional to compute the ground state energy using solely the density n(r) as an input.
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In order to do so, it is necessary to have functionals to compute each energy component.

They proposed to use a simple approximation for the kinetic energy using the result for the

homogeneous electron gas to express the kinetic energy density in each point. Nevertheless,

they did not consider the exchange and correlation contribution to the energy among electrons

that was introduced later by Dirac [32–34]. The Thomas-Fermi-Dirac theory is a rough

approximation that provides general qualitative trends but fails in describing the atomic

systems or molecular interactions [35].

1.3.1 The Hohenberg-Kohn theorems

It was not until 1964 that density functional theory acquired a formal basis with the

publication of Hohenberg-Kohn (HK) theorems [10]. They probed that the exact solution

for the ground state of a many-body interacting system can be achieved using the electronic

density, rather than the many-electron wavefunction, as the only variable. This paved the way

for the initial steps of the DFT, providing a powerful tool to obtain the atomic or molecular

properties and describe the atomic interactions.

For a system of Ne electrons interacting in an external potential Vext(r), with fixed nuclei,

the hamiltonian can be written as :

Ĥ =−
Ne

∑
i=1

1
2

∇2
i +

1
2

Ne

∑
i=1

Ne

∑
j 6=i

1
∣

∣ri − rj
∣

∣

+
Ne

∑
i=1

Vext(ri)

=T̂ +V̂ee +
Ne

∑
i=1

Vext(ri)

(1.13)

where T̂ and V̂ee are the kinetic and Coulomb repulsion operators respectively.

The HK theorems can be summarized as:

Theorem I: For a system of interacting particles in an external potential Vext(r), the

potential Vext(r) is determined uniquely, except for a constant, by the ground state particle

density n0(r) [25].

Theorem II: For a given external potential Vext(r), the non-degenerate ground state

density can be found exactly from a variational principle which involves only the density.

The ground state energy can be written as a functional of the density as:

E0 ≤ Evext [n] = FHK[n]+
∫

Vext(r)n(r)dr (1.14)
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where the HK functional FHK[n] is an universal functional in the sense that it is the same

functional for any number of particles and any external potential Vext(r).

FHK[n] = T̂ [n]+V̂ee = T̂ [n]+ Ĵ[n]+nonclassical terms (1.15)

where T̂ [n] is the kinetic energy, and Ĵ[n] is the classical electron electron repulsion both

expressed as a function of the density. These theorems were extended by Levy and Lieb for

the degenerate ground state case [36, 37].

1.3.2 The Kohn-Sham equations

Kohn and Sham (KS) [11] proposed an approach to obtain the ground state density of the

system. Applying the HK formalism, they obtained a set of self-consistent equations which

permits to compute the ground state density. These set of equations are analogous to the

conventional Hartree-Fock equations.

Their assumption is based on the idea that the ground state density of the many-body

interacting system can be represented by an auxiliary system of non-interacting particles

[23, 25, 26], i. e.:

n(r) =
Ne

∑
i=1

|ψi(r)|2 (1.16)

where ψi(r) are one-electron wavefunctions usually called Kohn-Sham orbitals. These

independent particles move in an effective local potential Ve f f (r) that differs from the

original external potential.

We can rewrite the energy of the system as:

EKS[n] = T̂s[n]+
∫

Vext(r)n(r)dr+
1
2

∫ ∫

n(r)n(r′)
|r− r′| drdr′+Exc[n] (1.17)

Where T̂s[n] is the kinetic energy of a non-interacting electron system, Vext(r) is the

external potential. The next term is Ĵ[n], the classical Coulomb interaction energy of the

electron density (Hartree energy) interacting with itself and Exc[n] is the exchange-correlation

(XC) energy. It contains the difference between T̂ [n] and T̂s[n] and the non classical part of

V̂ee[n].

Minimising the energy functional in Eq. 1.17 with respect to the density n(r), the

Euler-Lagrange equation is:

δEKS[n] =
∫

δn(r){Ve f f (r)+
δ T̂s[n]

δn(r)
−µ}dr = 0 (1.18)
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µ is the Lagrange multiplier associated with the constrain that the orbitals must be

orthonormal 〈ψi|ψ j〉= δi, j which implies that n[r] stays normalized
∫

n(r)dr = N.

Eq. 1.18 leads to a Schrödinger-like equation, usually called Kohn-Sham equation:

Ĥe f f ψi(r) = [−1
2

∇2 +Ve f f (r)]ψi(r) = εiψi(r) (1.19)

Thus, we describe the system of particles moving in a effective external potential, this

potential Ve f f (r) is defined as :

Ve f f (r) =Vext(r)+
δ Ĵ[n]

δn(r)
+

δExc[n]

δn(r)
=Vext(r)+

∫

n(r′)
|r− r′|dr′+Vxc(r) (1.20)

where Vxc(r) is the local exchange-correlation potential, which depends on the electronic

density. From Eq. 1.19 a set of energies εi and orbitals ψi are obtained, we can calculate the

ground state electronic density using the lowest energy KS orbitals.

The total energy of the system is determined with:

E =
N

∑
i

εi −
1
2

∫ ∫

n(r)n(r′)
|r− r′| drdr′+Exc[n]−

∫

Vxc(r)n(r)dr

N

∑
i

εi =
N

∑
i

〈ψi|−
1
2

∇2 +Ve f f (r)|ψi〉
(1.21)

The KS equations simplify the many-body system to a set of equations for each electron

interacting with an external effective potential Ve f f (r). Since the effective potential depends

on the density the solution must be obtained self-consistently and we have a set of Ne coupled

equations. The procedure is schematically explained on Figure 1.1.
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Fig. 1.1 Schematic representation of the self-consistent loop for solution of Kohn-Sham
equations [25].

The KS theory, which in principle is exact, depends on the XC term that is only approxi-

mately known. Therefore, the precision of the result depends on the Vxc(r) approximation

that is employed in the calculation.
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1.3.3 Exchange-Correlation approximations

The discussion above shows that a suitable approximation to the Exc[n] functional is the

key ingredient for an accurate description of the ground state on an arbitrary system. The

Exc[n] functional and the Vxc(r) potential are unknown. It is necessary an approximation

in order to obtain the electronic density. We focus our attention on the Local Density

Approximation (LDA) and the Generalized Gradient Approximations (GGA) which are the

most relevant for our purposes.

1.3.3.a Local Density Approximation

The Local Density Approximation (LDA) was proposed by Kohn and Sham [11]. It is

the simplest approximation for the exchange-correlation energy. This approximation uses

the results of the exchange-correlation energy from the uniform electron gas. The exchange-

correlation effects are assumed to be local and depend only on the value of the electronic

density at each point. If n(r) is sufficiently slowly varying this should be a reasonable

approximation. The XC energy is defined as:

ELDA
xc [n] =

∫

n(r)εhom
xc (n(r))dr (1.22)

where the εhom
xc (n) is the XC energy per particle of a uniform electron gas density n. The

function εhom
xc (n) can be separated in two different parts, the exchange and the correlation

contributions.

εhom
xc (n) = εx(n)+ εc(n) (1.23)

The exchange part, that was derived by Dirac and Bloch [38, 39] originally, could be

expressed in atomic units as [40]:

εx(n) =−0.458
rs

(1.24)

where rs is the radius of a sphere containing one electron given by

rs =

(

3
4πn

)
1
3

(1.25)

On the other hand, it does not exist any simple prescription for the correlation contribution,

it can not be calculated in an analytic form. It was estimated by Wigner[41] for the first time.

Highly accurate quantum Monte-Carlo calculations for the correlation energies were done by
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Ceperley and Alder [42, 43]. Since then, different interpolation schemes have been proposed

to date in order to obtain an analytical expression of the correlation energy. This is the case

of the widely used functionals of Perdew et al. [44] and Vosko et al. [45].

The LDA approach works relatively well if the electronic density presents a slow variation.

For this reason, it describes better solids and condensed systems rather than isolated atoms

or small molecules. Although it does not give accurate energy results, however, the bond

lengths of molecules and solids are usually surprisingly well described, with an accuracy of

∼ 1 % [46].

1.3.3.b Local Spin Density Approximation

An extension of LDA is necessary to calculate spin-polarised electronic systems. In the

Local Spin Density Approximation (LSDA), the electronic density n(r) is considered as the

sum of spin up (α) and spin down (β ) densities[47]:

n(r) = nα(r)+nβ (r) (1.26)

Thus, the exchange-correlation energy is the integral over all space of the XC energy (per

particle) of a homogeneous electron gas with a spin-polarised density [25, 23].

ELSDA
xc [nα ,nβ ] =

∫

n(r)[εhom
x (nα(r),nβ (r))+ εhom

c (nα(r),nβ (r))]dr (1.27)

LSDA can be defined using nα(r) and nβ (r) spin densities or with the total density n(r)

and fractional spin polarisation, defined as:

ζ (r) =
nα(r)−nβ (r)

n(r)
(1.28)

where ζ (r) vary from 0 (spin compensated) to 1 (fully spin polarised).

In a closed-shell system, nα(r) coincide with nβ (r). So, in this system the LDA density

can be found easily by setting nα(r) = nβ (r) = 1
2n(r). In the case of a spin-polarised system,

where there is nonvanishing spin polarization, the correct method consist in solving the

coupled equations for α and β .

1.3.3.c Generalized Gradient Approximation

The next step consists in introducing the dependence on the density gradient in the

exchange correlation energy [11]. With the inclusion of the density gradient in the XC term,
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in addition to use the density value, it is possible to include the description of the density

change around each point. It was in the early eighties when the first successful extensions of

the local approximation were developed. Until that moment, the DFT was mostly employed

in solid-state physics and it had smaller impact in computational chemistry. The initial

versions of the gradient expansion presented some issues since they violated several sum

rules and other relevant conditions [48, 49]. The reason is that the gradient expansion for

the correlated hole is only a truncated expansion. These issues were solved including some

constraints, modifying the functional behaviour at large gradients in order to preserve the

desired properties. The functionals that respect these conditions are known as generalized

gradient approximations (GGA). Thus, the GGA XC energy is a semi-local functional that

takes into account the non-homogeneity of the electron density in an approximate way

[50, 47].

EGGA
xc [nα ,nβ ] =

∫

f (nα ,nβ ,∇nα ,∇nβ )dr (1.29)

It is necessary to obtain an analytic expresion for the f (nα ,nβ ,∇nα ,∇nβ ) function and

different approximations had been proposed [51–55]. Most of these functionals include

empirical parameters, which are calibrated against reference values rather than being derived

from first principles [47]. As in LDA, the Exc functional is usually separated in two terms

EGGA
xc = EGGA

x +EGGA
c and approximantions are sought independently.

We will focus our attention on the functionals that we used in our research. They are the

Perdew-Burke-Erzenhof (PBE) [55] and the Becke 86 (B86b) [51].

In the widely used functional PBE [55] the correlation term is defined as :

EGGA
c [nα ,nβ ] =

∫

n[εhom
c (rs,ζ )+H(rs,ζ , t)]dr (1.30)

where rs is the local Seitz radius define in Eq. 1.25, ζ (r) the relative spin polarization and

t = |∇n|
2φksn

is a dimensionless density gradient. Here, φ(ζ ) = [(1+ζ )2/3 +(1−ζ )2/3]/2 is

a spin factor and ks =
√

4KF/π is the Thomas-Fermi screening wave number. Thus, the

gradient contribution H(rs, ζ ,t) is:

H(rs,ζ , t) = γφ 3ln

{

1+
β

γ
t2
[

1+At2

1+At2 +A2t4

]}

(1.31)

where

A =
β

γ

[

exp

{−εhom
c

γφ 3

}

−1
]−1

(1.32)
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with β = 0.66725 and γ = 0.031091.

The exchange energy is calculated as :

EGGA
x [nα ,nβ ] =

∫

n(r)εhom
x (n)Fx(rs,ζ ,s)]dr (1.33)

where εhom
x (n) is the exchange energy defined in Eq. 1.24 and Fx(rs,ζ ,s) is the spin-

polarised enhancement factor.

Fx(rs,ζ ,s) = 1+κ − κ

1+µs2 +κ
(1.34)

with κ = 0.804 and µ = 0.21915. The factor s is a measure of inhomogeneity [50],

another dimensionless gradient defined as:

s =
|∇n|
2kFn

(1.35)

On the other hand, the functional B86b developed by Becke [51] fitted the exchange

energies of the atoms using a few parameters. So, the exchange term is defined as:

EGGA
x [n] = ELDA

x

−β

∫

(∇nα)2

(nα)4/3

[

1+ γ
(∇nα)2

(nα)8/3

]−4/5

dr

−β

∫

(∇nβ )2

(nβ )4/3

[

1+ γ
(∇nβ )2

(nβ )8/3

]−4/5

dr

(1.36)

where the parameters β = 0.00375 and γ = 0.007

GGA functionals represents an improvement in most of the cases with respect to the

previous method. Reasonable geometries and energies are obtained in general, however, they

still fail to describe van der Waals interactions.

1.3.4 van der Waals approximations

In the study of the interaction between molecules or molecules with surfaces, the inclusion

of van der Waals (vdW) forces is a fundamental ingredient. The vdW interactions act at long

range and they are mostly attractive. They play an important role in some phenomena such

as physisorption, adhesion or surface tension.
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In order to obtain a correct description of the interaction between atoms it is necessary to

take into account the fluctuating dipolar interaction between them. Strictly speaking they

cannot be represented as a sum of pair interactions, as they are affected by the presence

of other bodies nearby. Still, they have been frequently approximated by additive pair

contributions. This is partially justified by its very rapid decay with distance (∼ 1
r6 ). Although

vdW forces are extremely weak, they are important to obtain an accurate description of solid

systems [56, 57]. With a view to addressing this issue, corrections to simulate these forces

and describe the correct behaviour of the systems are added to the method. The most direct

way to deal with the vdW forces in DFT is introducing a dispersion correction in the usual

KS energy.

EDFT = EKS +ED (1.37)

In our research we used two different approximations. The first method is the non-local

van der Waals density functional (vdW-DF) approximation [58–61]. It was applied using

the optimized Becke 86 functional (OptB86b-vdW) where exchange-correlation energy is

corrected by adding the vdW-DF non-local correlation.

Exc = EGGA
x +ELDA

c +Enl
c (1.38)

EGGA
x is the exchange energy, ELDA

c is the local energy correlation obtained with the LDA

method and Enl
c is the non-local correlation energy. The exchange energy is defined generally

in Eq. 1.33. In this case, the enhancement factor is:

FOptB86b
x = 1+

µs2

(1+µs2)4/5
(1.39)

Where s is the reduced density gradient (Eq. 1.35) and µ = 0.1234.

The Enl
c is obtained from the electron densities interacting via a model response function

proposed by Vydrov et. al. [62]. In the limit of large distances, for two interacting molecules

A and B at a distance RAB this interaction behaves as:

Enl
c =−∑

A,B

CAB
6

R6
AB

(1.40)

where CAB
6 is the dispersion coefficient.

The second method applied was the van der Waals D3 (vdW-D3) method developed by

Grimme et. al. [63, 64]. This procedure leads to good results in large systems with a low-cost

computational effort. In this case, the dispersion correction is defined as a sum of two- and
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three-body energies.

ED = E(2)+E(3) (1.41)

E(2) is the two-body contribution to the dispersion energy and it adds the major contribu-

tion (∼ 90-95 %). It is expressed as:

E(2) =−∑
A,B

∑
n=6,8,10,...

sn
CAB

n

Rn
AB

fd,n(RAB) (1.42)

where CAB
n is the averaged nth-order dispersion coefficient for an atomic pair AB, RAB

is their internuclear distance and sn is scaling factor. The other term, fd,n, is the damping

function which determines the range of the dispersion correction.

fd,n(RAB) =
1

1+6(RAB/(sR,nRAB
0 ))−αn

(1.43)

sR,n is the n-th order-dependent scaling factor of the cutoff radii RAB
0 and αn are the

steepness parameters.

The third-body dispersion term EABC is derived from third-order perturbation theory for

three atoms A B C as :

EABC =
CABC

9 (3cosθacosθbcosθc +1)
(RABRBCRCA)3 (1.44)

where cosθa,cosθb and cosθc are the internal angles of the triangle formed by RAB, RBC

and RCA and CABC
9 is the triple-dipole constant, which can be reasonably approximated to

CABC
9 ∼

√

CAB
6 CBC

6 CCA
6 . Using this simplifications finally we can obtain the nonadditive

energy contribution for the third-body dispersion part.

E(3) = ∑
ABC

fd,(3)(rABC)E
ABC (1.45)

where the damping function was defined in Eq. 1.43 with α=16, sr=4/3 and rABC is the

geometrically averaged radii.

Calculations using ab initio DFT-vdW functionals like the OptB86b-vdW were compu-

tationally very demanding until recently. However, applying the numerical approximation

described in Ref. [59] the overhead paid to include the highly non-local vdW interactions is

marginal and it has become the standard algorithm.

Both methods, vdW-DF and vdW-D3, permit to take in account the contribution of the

van der Waals forces between the atoms in the systems. They showed accurate results [61, 63]

with a reasonable computational cost on large systems.
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1.3.5 Core-Level Energy Shift

X-ray photoelectron spectroscopy (XPS) is an experimental technique widely used in the

study of solid surfaces since its introduction in the 50’s [65]. It has been extensively applied

for surface characterization in heterogeneous catalysis [66, 67] or determining the electronic,

chemical and geometrical properties of adsorbed molecules on surfaces [68–73]. XPS is

usually applied in ultra high vacuum. High-energy photons excite inner electrons from the

core that are ejected towards vacuum. The kinetic energy of those electrons is measured,

from which their binding energies (BEs) can be deduced. The BE is the energy needed to

pull out the electron from the atom. For a given chemical species and a given electronic shell,

the BE depends on the chemical environment of the atom and the screening properties of

its surroundings. Therefore, e.g., between an atom in the topmost surface layer and other in

the bulk there is a variation of the BE. Such variation is known as the core-level energy shift

(CLS).

DFT permits to simulate the process and obtain the CLS. These calculations are a

valuable method with a view to interpreting the experimental observations. There are

different approximations in order to simulate the CLS [74–81].

In the initial state approximation (IS) the variation of the CLS is associated with the

variation of the electrostatic potential that atoms with different local environment are subject

to. The core electron is removed without changing the potential, i.e., maintaining the rest of

the electrons frozen Thus, the electronic screening of the core hole is neglected [78, 81, 82].

In the IS the CLS is obtained as the variation on the orbital eigenenergies for a particular

Khon-Sham core state.

CLSIS =−[εa
c (nc)− εb

c (nc)] (1.46)

where ε i
c(nc) is the eigenvalue for the core state c in the atom i = a, b.

In the transition state approximation (TS) the screening effects due to the core hole

created in the atom are considered. Slater-Janak transition state model [83, 84] introduces an

extension in the standard DFT redefining the charge density.

n(r) =
Ne

∑
i=1

ηi |ψi(r)|2 (1.47)

where ηi is an occupation number for the state i (0 < ηi < 1). It would permit to solve the

Kohn-Sham equation self-consistently for a non-integral occupation. The modification in

the occupation number produces a different total energy functional Ẽ. In general Ẽ 6= E,

however, if the ηi follows a Fermi-Dirac distribution Ẽ will be equal to E [74, 76, 77].
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The Janak’s theorem [84] states that:

∂ Ẽ

∂ηi
= εi (1.48)

independently of the detailed form of the exchange-correlation functional.

Thus, integrating the Eq. 1.48 it is possible to connect the ground state of a N electron

system with the N+1 electron system by inserting ηi electrons in the valence level i.

EN+1 −EN =
∫ 1

0
εi(ηi)dηi (1.49)

Assuming that the eigenvalue ε is a linear function of the occupation number ηi, the BE

can be obtained as:

BET S =
∫ 1

0
εi(ηi)dηi ∼ εi(1/2)∼ εi(0)+

1
2
[εi(1)− εi(0)] (1.50)

which contains the inital and final state contributions to the BE.

Thus, the CLS can be determined as:

CLST S =−[εa
c (nc −1/2)− εb

c (nc −1/2)] (1.51)

where ε i
c(nc−1/2) are the Kohn-Sham eigenvalues of a particular core state of the i atom

with half electron promoted to the valence band.

The final state approximation (FS) takes into consideration both contributions, the initial

state part before the excitation of the core electron and final state part due to the screening of

the core hole created in the atom after removing the core electron [76, 78, 79, 82, 85, 86].

The BE is obtained from the total energy variation in two different calculations. The first

one is a standard calculation where the system is in the ground state (E(nc,nv)). In the second

calculation a core electron is removed from a particular atom. The electron is added to the

lowest unoccupied valence state creating an excited system (E(nc −1, nv +1)) but keeping

the charge neutrality. In principle, this procedure should work better for metals, where the

screening guarantees a rapid convergence of the calculation with the supercell size. The BE

is calculated as:

BEFS = E(nc −1,nv +1)−E(nc,nv) (1.52)

where E(nc −1,nv +1) and E(nc, nv) are the total energies for the excited and ground state

calculations respectively.
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We are assuming that the core hole is always localized at the excited atom. The valence

electrons are allowed to relax after the core electron excitation, however, the core electrons

are kept frozen in the Vienna ab initio simulation package (VASP) implementation that we

have used in this Thesis [12, 87–89]. Thus, when the projected augmented wave potential is

generated, only the valence electrons contribute to the screening effect and the core electrons

are not taken into consideration.

Therefore, the CLS can be obtained as the difference in the BE.

CLSFS = ∆BE = [Ea(nc−1,nv+1)−Ea(nc,nv)]− [Eb(nc−1,nv+1)−Eb(nc,nv)] (1.53)

where a and b represent two atoms of the same species with different local environments.

1.4 Periodic crystal

The main characteristic in a solid crystal is the ordered position of the atoms in any

direction. This permits to describe a crystal as a periodic repetition of an atomic cell in space.

This periodicity is described by the Bravais lattice and a basis (single atoms, groups of atoms,

molecules, etc.). The Bravais lattice defines the geometry of the periodic structure.

R = n1a1 +n2a2 +n3a3 (1.54)

where ai i = 1, 3 are the primitive vectors in the Bravais lattice and define the Wigner-Seitz

cell of the crystal and ni are integral values. From the primitive vectors in real space one can

obtain the reciprocal lattice that satisfied bi · a j = 2 πδi j. The Bravais lattice in the reciprocal

space is :

G = m1b1 +m2b2 +m3b3 (1.55)

where mi are integers and the bi i=1,3 are the primitive vectors in the reciprocal space.

They define the first Brillouin zone (FBZ) which is equivalent to the Wigner-Seitz primitive

cell but in reciprocal space.

Bloch’s theorem established that the eigenstates of one electron moving in a periodic

potential can be described as the product of plane waves and a function with the periodicity

of the Bravais lattice.

ψnk(r) = unk(r)exp[ik · r] (1.56)

where unk(r) = unk (r + R) is the periodic part of the function. Applying the Born-Von

Karman boundary conditions to the ψnk(r) function implies that the wave vector k can
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always be chosen within the FBZ. The number of wave vectors in a primitive cell of the

reciprocal lattice is limited by the total number (N) of unit cells in the crystal [57].

Due to the crystal structure, we can expand the periodic function in the reciprocal space

as a Fourier series:

un,k =
1√

Ωcell
∑
m

Cn,m(k)exp[iGm · r] (1.57)

Ωcell is the crystal cell volume, Cn,m are the expansion coefficients of the wavefunctions

in the orthonormal plane waves basis for each n band at k-point k.

Thus, it is possible to define the Kohn-Sham eigenfunctions as:

|ψnk(r)〉=
1√
Ω

∑
m

Cn,m(k)exp[(i(k+Gm) · r]≡ ∑
q

Cn,q(k)|q〉 (1.58)

Where q = k+Gm and 1√
Ω

is a normalization constant. The Kohn-Sham eigenfuction is

represented by an infinite expansion in the orthonormal plane basis set |q〉. Of course, it is

not possible to manage the infinite summation in the reciprocal space in practice. In order to

avoid the problem, it is necessary a truncation in the summation fixing a energy cutoff which

satisfies:

1
2
|k+Gm|2 ≤ Ecut (1.59)

It is important to bear in mind that the Ecut value will define the precision of the calculation.

The minimum value of Ecut such that a reasonably accurate description is achieved depends

strongly on the type of system (e.g., chemical composition). It is always possible to increase

the accuracy of the computation by increasing the value of Ecut , unfortunately this comes at

the price of a larger computational cost.

Using the expansion defined in Eq. 1.58 it is possible to solve the Kohn-Sham equation

directly in reciprocal space. The equation now reads as:

∑
q
〈q′|Ĥe f f |q〉Cn,q = εn ∑

q
〈q′|q〉Cn,q = εnCn,q′ (1.60)

The kinetic energy operator in the matrix is :

〈q′|− 1
2

∇2|q〉= 1
2
|q|2δq,q′ (1.61)

Meanwhile, the Ve f f (r) potential in the reciprocal space is :
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Ve f f (r) = ∑
m

Ve f f (Gm)exp[(iGm · r] (1.62)

where

Ve f f (G) =
1

Ωcell

∫

Ωcell

Ve f f (r)exp[(−iGm · r]dr (1.63)

After that, the potential could be wrote in matrix notation as:

〈q′|Ve f f |q〉= ∑
m

Ve f f (Gm)δq−q′,Gm (1.64)

and only the terms which q and q’ differ by some reciprocal lattice vector Gm are

non-zero.

We have used that q= k+ Gm and q’= k+ Gm′ . This permits to write the Schrödinger

equation in a matrix notation for any k value as :

∑
m′

Hm,m′(k)Cn,m′(k) = εn(k)Cn,m(k) (1.65)

where

Hm,m′(k) =
1
2
|k+Gm|2δm,m′ +Ve f f (Gm −Gm′) (1.66)

Thus, a discrete set of solutions could be obtained for the different eigenfuctions and

eigenvalues n=1, 2, ... solving the matrix equation for a given k. It is important to note

that, given the large number of plane-waves usually necessary to describe the system, the

Hamiltonian matrix in Eq. 1.66 is very large. For this reason, in most implementations the

Hamiltonian matrix is never explicitly constructed and the solutions are found using efficient

iterative methods [12, 90, 87–89], rather than explicit diagonalisation. In the calculations

presented in this Thesis we have used the efficient implementation provided by the VASP

code [12, 87–89].

Knowing the Kohn-Sham orbitals the electronic density function can be obtained as :

n(r) =
1

Nk
∑
k,n

f (εn,k)nn,k(r) =
1

Nk
∑
k,n

f (εn,k)|ψn,k(r)|2 (1.67)

which is an average over the k points in the FBZ obtained for any n band and the function

f (εi,k) is the Fermi-Dirac distribution.

An usual election for the K-mesh is the Monkhorst-Pack sampling [91], which is com-

posed by a grid of suitably chosen equally spaced k-points. In our case we usually choose

k-point grids that are centered around Γ. The calculation can be simplified taking in con-
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sideration the symmetries in the crystal using the irreducible Brillouin zone (IBZ) which

contains all the symmetry group operations in the FBZ. It reduces the computational cost of

the calculations.

The use of plane-waves basis sets offers some advantages with respect to other methods.

The change from the real space to the reciprocal space is easy via fast Fourier transformation.

The convergence can be increased in order to obtain a more accurate solution just increasing

the Ecut values. Furthermore, the basis set is independent of the atomic position and the

Hellmann-Feynman forces acting on the atoms can be calculated directly using the expected

values of the derivatives of the Hamiltonian operator with respect to the ionic coordinates

[92] without the need of adding any Pulay correction terms [25].

1.5 The pseudopotential approximation

Many properties in solids are mostly determined by valence electrons. The core electrons

are strongly bonded to the nucleus and, for instance, chemically inert. Including core electrons

explicitly, the so-called all-electron calculations, increases considerably the computational

cost. The reason is two-fold: on the one hand, one needs to determine and explicitly handle

the Kohn-Sham orbitals that describe such internal electrons. On the other hand, the energy

cut-off of the plane-wave basis has to be increased to be able to describe the rapid oscillations

of the wave-functions nearby the nuclei.

The pseudopotential approximation consist on replacing the core electrons and the strong

ionic potential by a weaker pseudopotential acting on a set of pseudo wave functions to

describe the valence electrons, rather than using the true wave functions [90]. Thus, it

simplifies the electronic structure calculations and permits to reduce drastically the number

of plane waves required in the basis set.

1.5.1 Norm-conserving pseudopotentials

The first family of ab initio pseudopotentials that was proposed was that of the norm-

conserving pseudopotentials [93]. Norm-conserving pseudofunctions are normalized solu-

tions of a model potential which reproduce the valence properties of an all-electron calcu-

lation. Norm conservation condition produces simple, accurate and transferable pseudopo-

tentials [25]. In a norm-conserving pseudopotential the following characteristics are desired

[93]:

1. All-electron and pseudo valence eigenvalues agree for a chosen atomic configuration.
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2. All-electron and pseudo atomic wave functions agree beyond a chosen core radius

(Rc).

3. The charge integration for the real and pseudo charge densities agree for r>Rc (norm

conservation).

4. The logarithmic derivatives of the real and pseudo wave functions and the first energy

derivatives agree for r>Rc.

Points 1. and 2. guarantee that the atomic potential outside the core region (r>Rc) is

equal to the norm-conserving pseudopotential (except for a constant) and it is exclusively

determined by the wavefunction and its energy. Point 3. means that the electronic charge

inside Rc

∫ Rc

0
r2|ψPS(r)|2dr =

∫ Rc

0
r2|Φl(r)|2dr (1.68)

is identical for the pseudo wave fuction ψPS(r) and the all-electron radial orbital Φl(r) for

each valence state. Point 4. guarantees the scattering properties of the real ion cores are

reproduced with minimum errors.

In order to describe an ionic pseudopotential it is useful to separate the pseudopotential

operator in two different parts containing the local part (l-independent) of the potential and

the nonlocal terms.

V̂(r) =Vlocal(r)+VNL(r) (1.69)

where Vlocal(r) is the local part that contains the long-range Coulombic effects and

VNL(r) the nonlocal part. Thus, in general, the semilocal pseudopotential operator could be

written as :

V̂SL(r) =Vlocal(r)+∑
lm

|Ylm〉VNL(r)〈Ylm| (1.70)

where Ylm are the spherical harmonic functions.

Several norm-conserving pseudopotentials were developed [93–97] in order to accurately

describe the behaviour of valence electrons outside the core region, being computationally

efficient and applicable to any element.
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1.6 Projected Augmented Wave method

In spite of the requirement of producing a smoother electron-ion effective interaction,

norm-conserving pseudopotentials usually require relatively large plane-wave expansions.

This is a problem particularly when dealing with large system sizes. For this reason, other

alternatives have been envision. One of the most popular nowadays is the so-called projected

augmented wave (PAW) method, originally developed by Blöchl [98].

PAW method combines the pseudopotential method and the linear augmented plane wave

method with excellent results. It permits to obtain simultaneously computational efficiency

and accuracy in the electronic density calculations of materials in the DFT approach. In

the PAW method the all-electron valence wave functions are obtained based on a linear

transformation of the pseudo wave functions [92, 99, 100] and applying the frozen-core

approximation [101]. The augmented wave method strategy consists on separating the wave

function in two parts. A partial wave expansion within the augmentation region, which

corresponds with the core region, and plane wave functions in the interstitial areas.

Thus, the all electron wave function |ψ> could be written as a sum of pseudo wave

functions:

|ψ〉= |ψ̃〉+∑
i

(|φi〉− |φ̃i〉)〈p̃i|ψ̃〉 (1.71)

|ψ̃> is a smooth plane wave function. The index i refers to the atomic site R, the angular

momentum numbers L=l,m for the n band and k wave vector. The all electron partial waves

φi are calculated for a reference atom. The pseudo wave function φ̃i are equal to the all

electron outside the core radius and match continuously onto φ̃i inside the augmentation

region. The projector function p̃i obeys the relation <p̃i|φ̃ j> = δi, j.

In the PAW method the all electron charge density is obtained with the addition of three

contributions:

n(r) = ñ(r)+n1(r)− ñ1(r) (1.72)

where ñ(r) is the pseudo charge density calculated from the pseudo wave functions on a

plane wave grid. ñl and nl are the pseudo and all electron on-site charge densities obtained

on a radial support grid in an angular momentum representation.

This method ensures the orthogonality between the valence and core wave functions and

is able to describe the nodal behaviour of the valence orbitals. Thus, the PAW method joins

together the computational efficiency of the pseudopotential methods and the precision of the

augmented wave methods. The calculations presented in this Thesis, using the VASP code,

utilise the PAW method.



Chapter 2

NO adsorption on Cu[110] and

O(2x1)/Cu[110]

Fomos ficando sós

o Mar o barco e mais nós.

Manuel Antonio, De catro a catro

2.1 Introduction

Nitric oxide (NO) is a common gas present in industrial processes, product of engine

combustion (cars, power plants) and present in air pollution. Chemical interactions between

NO and metal surfaces have been extensively studied, experimentally and theoretically, in

the last twenty years. This diatomic molecule posses a free unpaired electron in the 2π∗

antibonding orbital that renders NO be very reactive. Thus, NO is a free radical that can

donate or receive an electron in the interaction with the surface.

In the early eighties it was already demonstrated that adsorption and dissociation of NO

on copper depends strongly on the temperature and coverage [102]. Brown et al. [103] using

Reflection Absorption Infra-Red Spectroscopy (RAIRS) showed the different behaviour of

the NO molecule as a function of temperature and exposure in Cu[110]. At low coverage the

monomer is the favoured specie, however, when coverage is increased the dimer (NO)2 is

more stable.

Gajdoš et al., using DFT calculations, studied the energetics, geometry and vibrational

properties of adsorbed NO and the dissociation process of NO on the [111] surfaces of

transition metals (Co, Ni, Ru, Rh, Pd, Ir, Pt) and noble metals (Cu, Ag, Au) [104, 105]. In

most cases, adsorption was predicted to be more favourable in the hollow site with triple
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coordination. However, the adsorption energy differences were sufficiently small to allow for

the simultaneous occupation of different adsorption sites on Ir, Co, Ru, Rh and Pt.

The adsorption and dissociation process of (NO)2 on Cu[110] was studied by García

and Arnolds [106] using RAIRS. They observed the photodissociation of (NO)2 due to the

break of the weak N-N bond, obtaining one NO in the gas phase and one NO that remains

adsorbed. Recent Scanning Tunnelling Microscopy (STM) experiments [107] on the same

substrate showed that the preferred adsorption site of NO is the short bridge between two

copper atoms. They found two possible configurations, an upright position perpendicular

to the surface at T<40 K and a tilted geometry when T ≥ 40 K. In the present work we

have investigated the interaction of NO molecules with the clean Cu[110] surface using DFT

calculations. We focus on the change of the structural, electronic and magnetic properties

occurring during adsorption, comparing our results with experimental observations available

for Cu[110] [102, 103, 107].

Here we also investigate the interaction of NO with the reconstructed O(2×1)/Cu[110]

surface [15]. It is well known that, when the Cu[110] surface is exposed to oxygen dosage, the

surface suffers a reconstruction and Cu-O rows appear along the 〈001〉 direction, rearranging

the surface to O(2×1)/Cu[110] [108–111]. Previous work by some of the present authors

analysed the interaction of carbon monoxide (CO) molecule over O(2×1)/Cu[110] by a

combination of low-temperature STM and DFT calculations. It was demonstrated that CO

adsorbs in a tilted configuration, forming extended rows over the surface [13, 14]. The CO

molecules strongly deform the configuration of the Cu-O rows in the surface by pulling

the bonding Cu atoms. In addition, the tilted adsorption configuration of the CO on this

surface favours an attractive dipole-dipole interaction between CO molecules. Thus, rows of

tilted molecules appear along the 〈11̄0〉 direction, whereas a long range surface mediated

repulsion keeps the CO rows well-separated along 〈001〉 direction. This lead us the question

of whether this intriguing behaviour found for CO could also appear for other small molecules

on O(2×1)/Cu[110]. NO, being a similar diatomic molecule that differs from CO in the

presence of an unpaired electron in the 2π∗ orbital, seems a reasonable first choice for such

an investigation.

As discussed below in the Results section, while NO molecules on Cu[110] tend to form

dimers along the 〈11̄0〉, such tendency is not observed on O(2×1)/Cu[110] along any direc-

tion. Furthermore, our calculations do not predict the formation of extended NO molecular

rows for any of the surfaces, in clear contrast to the case of CO for O(2×1)/Cu[110].
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2.2 Methodology

Our DFT calculations were performed using VASP [12] and the optB86b-vdW density

functional, based on a functional originally developed by Becke [51] and recently modified

by Klimeš et al. [60, 61] to account for van der Waals interactions. This functional is part

of the recent efforts to develop non-local density functionals capable of describing vdW

interactions with sufficient accuracy [58, 112]. The optB86b-vdW functional has been shown

to provide good results for a large variety of solids [61], as well as for the description of

water interactions and dissociation [60]. We used a plane-wave cutoff of 400 eV, as well as

the PAW method to describe the atomic cores. All calculations were spin-polarised.

Our calculated lattice parameter for bulk Cu is a0= 3.599 Å, in good agreement with the

experimental value 3.595 Å [61]. A 25×25×25 k-point sampling of the Brillouin-zone was

used in this bulk calculation. Using this calculated bulk lattice parameter we constructed a

slab containing 5 Cu layers, relaxing the two topmost surface layers in our studies of the

clean and decorated surface. Relaxations were pursued until forces acting on all the atoms

were smaller than 0.03 eV/Å. We kept a large vacuum distance (∼ 25 Å) to avoid interaction

between periodic replicas of the slab along the z-direction.

We first studied the clean Cu[110] surface, which was relaxed using a 15×15×1 k-

sampling Monkhorst-Pack in the 1×1 unit cell. To study the adsorption of the NO molecules

on this substrate we used both 4×2 and 2×4 lateral supercells utilising, respectively, 7×9×1

and 9×7×1 k-samplings.

The O(2x1)/Cu[110] surface is obtained by placing a Cu-O row, oriented along the 〈001〉
direction, on top of the Cu[110] surface and doubling the size of the cell along the 〈11̄0〉
direction. The study of the NO adsorption on this substrate was performed using a 4×2

supercell of the 1×2 cell of the O(2×1)/Cu[110] reconstruction. A 7×9×1 k-sampling was

used in these calculations.

The adsorption energy (Eads) is defined as:

Eads =
n×Emol +Esur f −Etotal

n
(2.1)

where Etotal is the total energy of the surface decorated with n molecules in the simulation

cell, Esur f is the corresponding energy of the clean surface and Emol is the total energy per

molecule in the gas phase.

Population analysis was performed using the Bader charge analysis [113] as implemented

in the program developed by G. Henkelman et al. [114–116]. STM simulations were

performed using the Tersoff-Hamann [117, 118] approximation, i.e., they correspond to maps
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of the local density of states integrated in an energy window [εF ,εF +V ] where V is the

applied bias and εF is the Fermi level.

2.3 Results

2.3.1 NO adsorption on Cu[110]

Figure 2.1 shows the possible adsorption sites of the NO molecule on Cu[110] that we

have explored here: (T) Cu top site, (H) 2-fold hollow site, (LB) long bridge between two

Cu rows and (SB) short bridge along the same Cu row. We have checked both the possibility

of the nitrogen atom or the oxygen atom targeting the surface. Positions with the nitrogen

atoms bonded to the surface are always more favourable.

Fig. 2.1 a) Possible adsorption sites for NO monomers on Cu[110] explored here. (T) stands
for top site, (H) for a 2-fold hollow site, (LB) for long bridge and (SB) for short bridge. b)
Front view of most stable NO adsorption, with the nitrogen atom (blue) pointing towards the
surface in a (SB) configuration.

As it is shown in Table 2.1, the most stable monomer adsorption occurs on the SB site

with an upright orientation of the molecule. The N atom is pointing towards the surface and

bonded to two of the Cu atoms in the rows running along the 〈11̄0〉 direction. This site is

∼300 meV more stable than the LB site, that follows in stability. The adsorption energy
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Table 2.1 Relative adsorption energies (∆ Eads) for NO monomers in the different adsorption
sites on Cu[110] shown in Figure 2.1. The N atoms are always pointing towards the surface.
The Cu-N bond length (l) is also given.

site ∆ Eads (eV) l (Å)
T -0.355 1.78
H -0.484 2.31
LB -0.304 2.02
SB 0.000 1.90

in the SB-upright configuration is 1.522 eV (see Table 2.2) and the N-Cu bond length is

1.90 Å. The surface does not present any significant distortion after adsorption, and the inter-

molecular (N-O) bond length increases up to 1.207Å, i.e., ∼3 % longer than the calculated

equilibrium bond length (1.171 Å) for the free-standing molecule. The magnetisation (1 µB)

of the gas-phase NO molecule is lost upon adsorption due to the strong interaction with the

Cu[110] surface. This calculated adsorption configuration is in good agreement with STM

data at temperatures below 40 K [107].

Shiotari et al. interpreted their STM images for temperatures above 40K in terms of

a tilted adsorption configuration [107]. However, in spite of our efforts, we could not

stabilise any such tilted configuration. We tried multiple calculations varying the initial tilt

angle (60◦, 45◦, 30◦), and even placing the molecule parallel to the surface along both the

〈001〉 and 〈11̄0〉 directions. All these calculations either converged directly to the upright

configuration, or to configurations significantly less stable than the SB-upright. Thus, at least

within our computational scheme, the observation by Shiotari et al. cannot be explained

by the population (as temperature increases) of energetically less-stable, tilted adsorption

configurations.

We performed an analysis of the Projected Density of States (PDOS) onto the molecule in

order to understand the molecule-surface interaction. It is instructive to compare the PDOS

of the gas-phase molecule (Figure 2.2) with that of the monomer adsorbed on Cu[110]

(Figure 2.3). The strong interaction of the 2π∗ molecular orbitals (MOs) with the surface

can be easily appreciated: upon adsorption the 2π∗ MOs develop a considerable width (see

peak 1 in Figure 2.3). As a consequence of this hybridisation the NO molecule loses its

magnetisation after adsorption. The appearance of peak 2 in the molecular PDOS provides

another signature of the strong interaction with the 3d orbitals of the Cu atoms in the surface.

As it is shown in one of the insets in Figure 2.3, peak 2 has a strong contribution from

the 2π∗ MO formed by the p orbitals of the molecule pointing along the 〈11̄0〉 direction

(py according to the notation used in the following). This is another clear signature of the

strong interaction with the anisotropic Cu[110] surface. We can also find indications of such
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interaction in the lower lying MOs. Similar to the case of CO adsorption on close-packed

transition and noble metal surfaces [119, 120], we observe that the 5σ MO shifts downwards

during the adsorption and changes its relative position with respect to the 1π MOs (the 5σ

becomes now the lowest MO). We can also observe the splitting of the 1π levels due to the

interaction with the surface.

The population analysis presented in Table 2.3 indicates that there is a charge transfer of

approximately half an electron from the surface to the NO monomer. This charge transfer is

accompanied by an internal rearrangement of the charge. The charge of the O atom decreases

by approximately half an electron and the net charge of the N atom increases by one electron.

A similar behaviour was observed by Valmoria et al. [121] for NO on CuO(110).

Once the most stable adsorption configuration of the single monomer was determined,

we considered the interaction between two and more adsorbed molecules. In Table 2.2 we

compare the adsorption energies of NO monomers, dimers and extended rows of molecules

on Cu[110]. A 4×2 supercell was used to study the dimer and rows oriented along the 〈001〉
direction, whereas a 2×4 supercell was used to calculate the dimer and rows along the 〈11̄0〉
direction. The monomer adsorption energy is the same using both supercells within 6 meV.

As one can see only the formation of dimers along the 〈11̄0〉 direction is stable as compared

to the monomer adsorption.

Table 2.2 Adsorption energy per NO molecule on Cu[110] in different configurations (single
monomer, dimers and extended rows of molecules). The angle of the molecular axis with
respect to the surface normal is also reported.

molecule/s Eads (eV) angle (◦)
monomer 1.522 0.0
dimer 〈001〉 1.510 15.2
dimer 〈11̄0〉 1.569 7.2
row 〈001〉 1.476 14.6
row 〈11̄0〉 1.307 0.0

We discuss first the dimer formed along 〈001〉 direction (see Figure 2.4 a). This dimer

is only 12 meV per molecule less stable than the monomer adsorption. The NO molecules

change from the upright to a slightly tilted configuration in which both molecules keep a

N-N distance of 3.23 Å and tilt towards each other with an ∼15.2◦ angle, as it is shown in

Figure 2.4 a. Other configurations have also been investigated by forcing both molecules

to remain in an upright position, to have a parallel tilt (i.e., both molecules tilted towards

the same direction) and to have a repulsive tilt, i.e. increasing the separation between both

O atoms. In all those cases Eads decreases by 30-60 meV per molecule. Therefore, and in
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Fig. 2.2 PDOS of a single NO molecule in a supercell of the same size as the 4×2 supercell
used in the NO/Cu[110] calculations. a) spin up and b) spin down. Energies are referred to
the Fermi energy.

spite of the electron accumulation on the O atoms, there seems to be an attractive interaction

mediated by the O atoms when the NO dimer is formed along the 〈001〉 direction.

The PDOS analysis in Figure 2.5 reveals the mechanism behind the inter-molecular

interaction responsible of the favourable tilting. The splitting of the 2π∗ peak, absent in

the case of the adsorbed monomer, reveals the covalent interaction among the MOs of the

neighbouring molecules, as well as the influence of the molecular tilt in the hybridisation of

the 2π∗ with the surface. In the insets of Figure 2.5 we can see the distinct character of the

charge distribution associated with peak 1 and 2, respectively, with dominant 2π∗
x and 2 π∗

y

(x-axis along the 〈001〉 and y-axis along the 〈11̄0〉 direction as it is shown in Figure 2.4 a).

The Bader population analysis presented in Table 2.3 shows a situation clearly different to

that of the adsorbed monomer. The O atoms almost keep the same charge as in the gas phase,

whereas each N atom takes half an electron from the copper substrate. Thus, although the

total charge of each individual NO molecule is very similar to that of the adsorbed monomer,
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Fig. 2.3 PDOS of the NO monomer adsorbed on Cu[110]. The Local Density of States
(LDOS) corresponding to peaks 1 and 2 are depicted in the insets, showing the interaction
between 2π∗ MOs and Cu d orbitals. Energies are referred to the Fermi energy.

the distribution of this charge is different: the oxygen atoms are more negatively charged

in the case of the dimer. This would be counter-intuitive, particularly in view of the tilted

geometry, if one would assume that the interaction between molecules is purely Coulombic.

Thus, the population analysis and the PDOS indicates that the covalent interaction between

molecules must be an important ingredient for the formation of NO dimers on Cu[110].

As it is shown in Table 2.2 the formation of NO dimers along the 〈11̄0〉 direction becomes

favourable. Those dimers are 47 meV per molecule more stable than the monomer adsorption

on clean Cu[110], and 59 meV per molecule than the dimer in the 〈001〉 direction. In this

case, the molecules keep a N-N distance of 2.76 Å and also tilt towards each other with an

angle ∼7.2◦ (see Figure 2.4 b), smaller than the tilt angle of the NO molecules in the 〈001〉
dimers. This is due to the smaller distance between molecules along the 〈11̄0〉 direction. The

PDOS in Figure 2.6 reflects the increased interaction among molecules for the 〈11̄0〉 dimer.

The splitting of the 2π∗ MOs around the Fermi level becomes larger, with the highest peak

(peak 1) developing a clear 2π∗
x antibonding character (see the inset in Figure 2.6 and the

simulated STM images for occupied and unoccupied states in Figure 2.7). Peak 2 at lower

energies has a clear bonding character (see Figure 2.7) with somewhat mixed 2π∗
y and 2π∗

x

symmetry. Interestingly, peak 2 is now clearly below the Fermi level, reinforcing the idea
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Table 2.3 Bader analysis of the valence-electron population. Charge in the NO molecule and
the N and O atoms when the molecule is adsorbed on Cu[110] in different configurations.

molecule/s NO (e) N (e) O (e)
gas phase 11.000 3.862 7.138
monomer 11.486 4.867 6.619
dimer 〈001〉 11.461 4.439 7.022
dimer 〈11̄0〉 11.444 4.392 7.052
row 〈001〉 11.460 4.433 7.027
row 〈11̄0〉 11.419 4.368 7.051

Fig. 2.4 a) Top and side view of an NO dimer along the 〈001〉 direction in a 4×2 supercell b)
Top and front view of an NO dimer along the 〈11̄0〉 direction in a 2×4 supercell. Here h is
the distance between the N atom and the Cu top most layer, and a stands for the distance
between O atoms in neighbouring NO molecules.

of the stabilisation of the 〈11̄0〉 dimers due to the covalent interaction among the 2π∗ MOs

in neighbouring molecules. The population analysis shows a situation similar to that of the

〈001〉 NO dimer. The population of the O atoms is similar to the gas phase molecule (and

∼0.4 electrons larger than for the single monomer), while there is a charge transfer of half an

electron to the N atoms coming from the metallic surface.
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Fig. 2.5 PDOS of the NO dimer along the 〈001〉 direction on Cu[110]. The splitting of the
2π∗ peak, absent in the case of the monomer, is a signature of the inter-molecular interaction.
The insets show the LDOS at the energies corresponding to peak 1 and 2, respectively.
Energies are referred to the Fermi energy.

Comparing NO dimers along both surface directions, dimer adsorption along the 〈11̄0〉
direction is energetically favoured over dimer formation along 〈001〉 direction. While for

the monomer adsorption our calculations predict an upright adsorption configuration, for

the dimers the overlap between molecular orbitals in neighbouring molecules induces the

attractive tilting of the molecules. The smaller distance between molecules along the 〈11̄0〉
direction increases the interaction between them at a lower tilting angle (i.e., with a smaller

distortion of the preferred NO adsorption configuration). This might be one of the factors

behind the larger stability of this dimer with respect to the 〈001〉 dimer. Given their stability

(∼40 meV) with respect to the single monomers, the formation of NO pairs along the 〈11̄0〉
direction should be experimentally detected at low temperature. Indeed, this is in good

agreement with the experimental STM observations by Shiotari et al. [107].
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Fig. 2.6 PDOS of the NO dimer along the 〈11̄0〉 direction on Cu[110]. The insets show the
LDOS at the energies corresponding to peak 1 and 2, respectively. Notice the increased
splitting of the 2π∗ peak as compared to the 〈001〉 dimer. Energies are referred to the Fermi
energy.

Fig. 2.7 Constant current simulated STM images [117, 118, 122] of the 〈11̄0〉 NO dimer on
Cu[110]. A +730 meV bias is used in image (1), while a -600 meV is used in image (2). They
correspond to peaks 1 and 2 in the PDOS showed in Figure 2.6 . The dominant bonding
character of the peak below EF (2) and the antibonding character of that above EF (1) are
evident, as well as the 2π∗

x character of peak 1. The network created by the thick black lines
indicates the position of the top most Cu atoms. We also indicate in 2 the positions of the
oxygen atoms of the molecules.
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We next investigate the possible formation of NO rows along both 〈001〉 and 〈11̄0〉
directions on the Cu[110] surface (see Figure 2.8) . The formation of such one-dimensional

molecular assemblies turns out to be always unfavourable with respect to monomer and dimer

adsorption. For rows along the 〈001〉 direction the adsorption energy per molecule is 46 meV

lower than for the NO monomer and 34 meV smaller than for the corresponding 〈001〉 NO

dimer. Interestingly, in the most stable structure for the 〈001〉 row, the NO molecules tilt

towards each other in pairs, forming an ∼ 14.6◦ angle with respect to the surface normal.

Rows along the 〈11̄0〉 direction are significantly more unstable, respectively, 260 meV and

312 meV with respect to the dimer and monomer adsorption. In this case the molecules

keep an upright position. We attribute the lower stability of the 〈11̄0〉 row to the increased

coordination of the surface Cu atoms in this case. Since NO molecules adsorb on SB sites,

all the bonding Cu atoms in the substrate are now shared by two NO molecules, decreasing

the stability of each N-Cu bond. These results indicate that, in spite of the stability of the

dimers, the formation of longer NO aggregates along the 〈11̄0〉 direction is very unlikely.

Fig. 2.8 Relaxed structures of NO rows on Cu[110] along the 〈001〉 and 〈11̄0〉 directions.

2.3.2 NO adsorption on O(2X1)/Cu[110]

DFT calculations have been also performed to investigate the adsorption of NO on the

O(2×1)/Cu[110] surface. We have considered different adsorption sites and orientations of

the NO molecule. Figure 2.9 shows the investigated sites: on top over a Cu row atom (TCu),

on top over an O row atom (TO), a bridge site between two Cu atoms of the Cu-O rows

(BCu), and a bridge site between two O atoms of the Cu-O rows (BO). The molecule was

approached perpendicularly to the surface with either the N or the O atom facing towards

the surface. We found that it is always more stable for the molecules to bind to the substrate

through the N atoms. As it is shown in Table 2.4, the most stable adsorption, by at least

50 meV, corresponds to the BCu site.

Thus, NO on O(2x1)/Cu[110] is predicted to form a bridge between Cu atoms in two

neighbouring Cu-O rows as illustrated in Figure 2.10 (a) and (b). The NO pulls the Cu atoms



2.3 Results 35

Table 2.4 Relative adsorption energies (∆Eads) for NO monomers on O(2×1)/Cu[110] on the
different adsorption sites showed in Figure 2.9. The N atoms are assumed to point towards
the surface in all cases. The bond distances (l) between the N atom and the closest atoms in
the surface are also given.

site ∆ Eads (eV) l (Å)
TCu -0.283 1.93
TO -0.630 2.07
BO -0.051 2.05
BCu 0.000 1.90

from the Cu-O rows to keep a Cu-N bond distance similar to that found on the clean Cu[110]

surface, i.e., ∼1.90 Å. The Cu atoms directly bonded to the monomer are spontaneously

shifted ∼0.87Å along the 〈11̄0〉 direction and ∼ 0.35 Å perpendicularly to the surface. A

similarly large substrate distortion is caused by the adsorption of CO on O(2×1)/Cu[110], as

it is shown in Ref. [13]. However, in that case the CO molecule chemisorbs on a top Cu site

of the Cu-O rows, pulling that Cu atom upwards about 1 Å.

Table 2.5 Adsorption energies, tilt angles, and spin polarisations per NO molecule adsorbed
in different configurations on the O(2×1)/Cu[110] surface. The tilt angle is referred to the
surface normal.

molecule/s Eads (eV) angle (◦) S (µB)
monomer 0.976 0.0 0.58
monomer tilt 0.964 34.7 0.64
dimer 〈001〉 0.800 12.3 0.67

Table 2.6 Bader analysis of the valence-electron population. Charge in the NO molecule
and the N and O atoms when the molecule is adsorbed on O(2×1)/Cu[110] in different
configurations.

molecule/s NO (e) N (e) O (e)
gas phase 11.000 3.862 7.138
monomer 11.476 4.901 6.575
monomer tilt 11.471 4.968 6.505
dimer 〈001〉 11.404 4.365 7.038

The adsorption energies are presented in Table 2.5. The vertical adsorption configuration

described above, has an adsorption energy of 976 meV. Notice the much smaller stability as

compared to the adsorption on clean Cu[110]. Based on the information available for the CO

molecule in this substrate [13], and given the bridge adsorption configuration that adopts, we
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Fig. 2.9 Investigated adsorption sites for a NO monomer on the O(2×1)/Cu[110] surface:
top sites above Cu atoms on the Cu-O rows (TCu), top sites on the corresponding O atoms
(TO), bridge site between Cu atoms (BCu), and bridge site between O atoms (BO).

have explored the possibility to stabilize a configuration where the molecule tilts towards the

〈001〉 direction. Figure 2.10(c) and (d) depict the geometry obtained starting from an initial

tilt angle of 45◦. The geometry optimization stopped, when forces became smaller than our

threshold value 0.03 eV/Å, at an angle of ∼35◦ with respect to the surface normal. However,

this tilted geometry is 12 meV less stable than the vertical adsorption. This indicates that the

energy landscape is extremely flat with respect to the tilt angle and, as a consequence, we

can expect strong fluctuations of the NO adsorption angle with temperature.

Figure 2.11 shows the PDOS on the NO molecule and the 3d orbitals of the Cu atoms in

the Cu-O rows for the vertically adsorbed molecule. In general, the peaks associated with the

2π∗ MO present a smaller width as compared to the adsorption on clean Cu[110] surface (see

Figure 2.3), indicating a somewhat smaller interaction with the substrate. This is particularly

clear for the main 2π∗ resonance at the Fermi level (peak 1), with a clear Cu-NO antibonding

interaction (see in the corresponding inset the nodal planes appearing between the Cu atoms

in the substrate and the N atom in the molecule). As a consequence of the partial occupation

and small width of this peak, both vertical and tilted adsorbed molecules present a ∼ 0.6

µB spin moment. Still, the relatively strong interaction with the substrate is reflected in the

peaks appearing at lower energies with a clear Cu-2π∗ bonding character (e.g., see the charge

distribution associated with peak 2 in the inset).
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Fig. 2.10 The most stable NO adsorption on O(2×1)/Cu[110] takes place in between two Cu
atoms of adjacent Cu-O rows. The upright NO monomer is depicted in panels a) (top view)
and b) (front view). A tilted configuration only 12 meV less stable is shown in panels c) (top
view) and d) (side view).

In spite of these differences in the strength of the interaction with the substrate, the

populations obtained from a Bader population analysis in Table 2.6 are very similar to those

found on clean Cu[110]. Again the NO monomer adsorbed on O(2×1)/Cu[110] takes half an

electron from the surface. The charge is rearranged inside the molecule, with the O atom

losing half an electron and the N atom gaining one electron with respect to the free-standing

molecule.

We now analyse the possible formation of NO dimers in this substrate. In particular, given

the low energy cost for tilting the molecule along the 〈001〉 direction and the indications

of covalent interaction among neighbouring molecules on clean Cu[110], we expected that

the formation of dimers along this direction could be favourable. However, we find that the

formation of NO dimers on O(2×1)/Cu[110] is not favourable along any direction. For dimers
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Fig. 2.11 PDOS on the molecule and the 3d orbitals of the Cu atoms in the Cu-O rows for a
NO monomer adsorbed on O(2×1)/Cu[110] surface. The insets depict the LDOS associated
with peaks 1 and 2. Energies are referred to the Fermi level.

along the 〈001〉 direction the adsorption energy decreases ∼ 175 meV per molecule compared

to the monomer. The molecules forming the dimer tilt towards each other with an angle

about 12◦ and keep a N-N distance of 5.49 Å. This is a signature of a short-range attractive

interaction between molecules that, however, is not able to overcome the overall effective

repulsion among adsorbed monomers. Interestingly, the dimer keeps a spin polarisation

almost identical to that of the adsorbed monomers (∼0.67 µB per molecule). The Bader

population analysis shows a rearrangement of charge very similar to that found for the NO

dimers on clean Cu[110]. While the total amount of charge (∼0.5 e per molecule) transferred

from the substrate to each molecule is the same as for the monomer, the population of the O

atoms increase by approximately half an electron with respect to the monomer. This can be

interpreted as an effect of the covalent interaction among the neighbouring molecules that

tends to stabilise the oxygen sites. The PDOS in Figure 2.12 shows the interaction between

molecular orbitals from the NO molecules and with the 3d orbitals of the bonding Cu atoms

in the Cu-O rows. The interaction between MOs of both molecules is reflected in the splitting

of the peaks nearby the Fermi energy. However, it is interesting to compare this plot with

that reported in Figure 2.6 for the NO dimer along the 〈11̄0〉 direction on the clean Cu[110]

surface. In the later case, due to the NO-ON interaction the 2π∗ MOs basically split into a
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fully occupied and a fully unoccupied main peaks, with an energy difference of more than

1 eV around the Fermi level. In the present case, however, the splitting is much smaller and a

large density of states is found at the Fermi level, consistent with the persistent magnetisation

in the dimer. All this indicates a much smaller covalent interaction between the molecules

that, as mentioned above, is not able to stabilise the NO dimer with respect to the monomer

adsorption.

Along the 〈11̄0〉 direction the need to share Cu atoms and the difficulty of the molecules

to tilt towards each other lead to a further reduction of the adsorption energy. The adsorption

energy diminishes by 250 meV with respect to the monomer while keeping a N-N distance

of 3.14 Å. Thus, contrary to the behaviour observed on clean Cu[110], we conclude that NO

dimer formation is not expected along any direction on O(2×1)/Cu[110]. Furthermore, in

contrast to the case of CO molecules [13], we also found that the formation of NO rows is

unfavourable along any direction. Thus, we cannot expect the formation of extended rows of

NO molecules on this substrate.

Fig. 2.12 PDOS on the molecules and the 3d orbitals of the Cu atoms in the Cu-O rows for a
NO dimer oriented along the 〈001〉 direction on O(2×1)/Cu[110] along. The insets depict
the LDOS associated with peaks 1 and 2. Energies are referred to the Fermi level
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2.4 Conclusions

In this chapter we have studied NO adsorption on Cu[110] and on O(2×1)/Cu[110]

surfaces. On the clean Cu[110] surface, monomer adsorption takes place vertically on short

bridge sites with the N atoms directly attached to the surface. The strong hybridisation of

the frontier molecular orbitals with the metal states can be read in the width of the peaks

in the PDOS on the molecule. Consequently, the NO monomer loses the spin polarisation

of the gas-phase molecule. Population analysis also indicates a substantial charge transfer

from the metal surface, ∼0.5 e per molecule. The formation of NO dimers is found to be

favourable (by ∼47 meV/molecule with respect to the adsorbed monomers) only along along

the 〈11̄0〉 direction, in good agreement with available experimental information [107]. The

overlap between the 2π∗ MOs of the NO molecules in the dimer gives rise to a splitting of

the dimer levels around the Fermi level, again clearly visible in the PDOS. This covalent

interaction is responsible for the stabilisation of the dimer geometry with tilted monomers.

The covalent intermolecular interaction also causes a rearrangement of charge inside the

molecules, increasing the population of the O atoms. In spite of the stability of 〈11̄0〉 dimers,

the formation of longer rows is not favourable along any surface direction.

The NO monomer on O(2×1)/Cu[110] attaches to two Cu atoms on two neighbouring

Cu-O rows, causing a strong distortion of the CuO rows. For the monomer, vertical adsorption

is found to be only marginally more stable than configurations tilted along 〈001〉 direction,

parallel to the Cu-O rows. The lower energy adsorption as compared to Cu[110], the smaller

width of the molecular peaks in the PDOS analysis, and the presence of a magnetic moment

∼0.6 µB, clearly indicate the smaller interaction of the NO molecules with the substrate in

this case. In spite of the easiness to tilt the NO molecules, which could favour both attractive

covalent and dipolar interactions among the NO molecules, dimers are substantially less

stable than NO monomers. Thus, in striking contrast to the case of CO on O(2×1)/Cu[110],

from the present simulations we can conclude that NO molecules would not form extended

molecular rows in this substrate.



Chapter 3

Adsorption of metal phthalocyanines on

Ag[111]

Ever tried. Ever failed. No matter. Try

Again. Fail again. Fail better.

Samuel Beckett

3.1 Introduction

Metal phthalocyanines (MePc) are well-known organic semiconducting molecules. MePc’s

are flat molecules with a four-leaf clover shape, formed from four benzene rings bonding

to a central frame that contains a metallic atom at the centre. An example can be found

in Figure 3.1, where we show the relaxed structure for an isolated titanyl phthalocyanine

(TiOPc) molecule. Phthalocyanines are extensively used due to their interesting properties

and possible applications as key component in organic field-effect transistors [123], light-

emitting diodes [124–126], gas sensors [127, 128] organic photovoltaic cells [129, 130] or

even spintronic devices [131–135].

Adsorption of MePc molecules on different substrates may lead to important changes in

their electronic structure. For instance, Yamane et al. studied the Zinc phthalocyanine (ZnPc)

and F16ZnPc on Cu[111] [136]. Using x-ray standing wave (XSW) and angle-resolved

photoemission spectroscopy (ARPES) they showed how geometric and electronic properties

are related. The ZnPc molecule presents a distortion of the planar gas-phase geometry upon

adsorption. This change produces a variation on the Zn-N bond distance, increasing its

ionic character. Ren et al. using the same molecules showed that molecular adsorption
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also modifies the electronic structure of the underlying substrate. By STM, DFT and time-

dependent DFT (TD-DFT), they found that the competition between molecule-substrate and

intermolecular van der Waals interactions plays a crucial role in establishing the molecular

patterns and strongly modifies the electronic structure of the graphene substrate [137].

The electronic and magnetic properties of MePc’s can be tuned depending on the way

they assemble on different substrates. For example, Heutz et al. [134] observed different

inter-molecular magnetic couplings (including the quenching of the coupling) in thin films of

copper phthalocyanine (CuPc) and manganese phthalocyanine (MnPc) molecules depending

on the detailed structure of the film. Molecules are adsorbed on thermally stable polyimide

substrates (Kapton) forming flexible films on the surface. MePc changes from a magnetically

ordered state to a non-magnetic one just by changing the crystal structure in the MePc films.

Nevertheless, the most extended approach with a view to controlling the MePc properties

is changing the metallic ion. There are plenty of studies exploring the effect of different metal

centres in the MePc properties [138, 139]. Sun et al. [140] studied MePc (Me = Mn, Fe, Cu)

adsorption on Fe[110] surface using first-principles calculations. Their results showed an

almost planar molecular geometry after adsorption. MePc preferred the top site adsorption in

all cases on this surface. The spin-polarized states of the central Mn and Fe atoms changed

because of the strong interaction with the iron surface. In a similar way but with a different

surface, Hu et al. [141] theoretically investigated MePc (Me = Mn, Fe, Ni, Cu) adsorption on

Au [111]. The preferred adsorption site was at hcp site for all molecules with the exception

of MnPc that preferred the top site. Charge transfers between metallic ions and the surface at

the molecule-surface interface accompanied the adsorption. In addition, they predicted that

Kondo effect could be observed for the MnPc and FePc molecules on this surface because of

the magnetic moments remaining after adsorption.

A purely experimental work was done by Grobosch et al. [142]. They studied the

influence of transition metals (TM) (d5-d10) in the electronic properties of MePc films

formed on KBr and Au substrates. Using electron energy-loss spectroscopy (EELS) and

x-ray (XPS) and ultra-violet (UPS) photoelectron spectroscopy they showed the increasing

impact of the 3d metal states on the electronic properties. They probed that the electronic

states close to the Fermi level are formed with the contribution of the 3d shell of the metal

in the FePc and MnPc cases. Bathon et al. [143] presented an attractive approach to the

issue. They studied self-assembled networks of MePc (Me = Mn, Co, Cu) in a chalcogenide

topological insulator Bi2Te3. STM observations permitted to explain the self-assembly

process. Whereas most MnPc molecules do not showed any tendency to self-assemble due

to the intermolecular repulsive interaction and the strong adsorption in the substrate, CoPc

and CuPc molecules form self-assembled molecular film. These authors claimed that this
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difference is produced by the presence of dz2 orbitals near the Fermi level. As the number of

electrons on the metal core increases, these orbitals are more populated and the interaction

with the surface is reduced leading to better conditions for the self-assembly.

The codeposition of CuPc as a donor and perfluoropentacene (PFP) as an acceptor was

explored on silver and copper surfaces [144]. STM and XSW results showed a variation in

the adsorption height of the PFP (increased by ∼ 0.3 Å) upon mixing, while CuPc remains the

same in both substrates. The interaction between molecules is dominated by hydrogen-bond

interactions. The authors could measure the effective PFP dipole variation leading to a

variation of the surface work function.

Many studies of the interaction between the MePc and surfaces combine experimental

and theoretical investigations. This allows comparing and contrasting the results to account

for the experimental observations. For example, the coadsorption of the 3,4,9,10-perylene

tetracarboxylic dianhydride (PTCDA) and CuPc on Ag[111] was investigated using scan-

ning tunneling spectroscopy (STS), XPS, ARPES, normal incidence X-ray standing wave

(NIXSW) and first-principles calculations [145]. Both molecules present a weak chemisorp-

tion on the silver substrate. In addition, the results showed that when both molecules are

simultaneously adsorbed, the Ag[111] surface transfers charge to the PTCDA molecule,

filling its lowest unoccupied molecular orbital (LUMO) while the CuPc LUMO remains

empty. Thus, PTCDA is a stronger acceptor and CuPc turns into a donor.

Mugarza et al. studied extensively MePc molecules adsorbed on Ag[100]. Using STM

and ab initio calculations they investigated the effect of dopants within CuPc and NiPc

deposited on the surface [146]. They probed the electronic properties of the molecules

co-adsorbed with Li atoms. They showed that each molecules could host up to six dopant

atoms, occupying three different doping sites. The amount of charge transfer to the molecule

was controlled by the number of dopants embeded in the molecule, while the molecular band

gap depends on distance between the MePc and the Li dopants. Moreover, in a previous work

these authors were able to control the spin degeneracy by artificially fabricating molecular

clusters of different size and shape [147]. In addition, in a complete study of MePc (Me=

Fe, Co, Ni, Cu) adsorption on Ag[110] using STS, STM and DFT they proved that the

amount of charge transfer from the substrate to the MePc is similar in all cases [148]. For

the FePc and CoPc molecules the hybridization of the metal core orbitals with the surface

reduces the magnetic moment. However, in the case of NiPc and CuPc phthalocyanines an

additional magnetic moment is induced on the aromatic Pc ligand, leaving the metal core

spin unperturbed. This behaviour is due to the small hybridization of the planar dx2−y2 orbital

with the metallic surface.
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Petraki et al. centred their attention in the charge transfer between metal phthalocyanines

and the substrate. The experimental observations were done with XPS, UPS, x-ray absorption

spectroscopy (XAS) and x-ray resonant photoemission spectroscopy (ResPES) techniques.

They studied the electronic structure and the interface properties of FePc adsorbed on Ag[111]

and Au[100]. The 3d states in the metal core are involved in the interface interaction through

the charge transfer with the Ag[111] surface. In contrast, on Au[100], the Fe molecular

orbitals do not show significant changes. Thus, FePc interaction with the surface depends

strongly on the metal substrate [149]. In the case of MnPc adsorbed on Au[100], the 3d

metal orbitals contribute to the highest occupied molecular orbital (HOMO) and there exists

a clear MnPc/Au interface interaction due to charge transfer between the substrate and the

manganese atom. In addition, they observed that the N-atoms exhibit a strong interaction

with the metal centre. A clear signature of this was observed in the hybridization between

unoccupied N p-states with the dzx and dzy electronic states of the Mn-central atom [150].

In the case of the adsorption of CoPc and MnPc on Ag[111] a significant charge transfer

was expected in analogy to previously explored cases. In fact, for the CoPc a significant

charge transfer from the substrate to the central metal Co atom was observed. This produced

a 3d electron redistribution inducing changes in the Co-related absorption spectra. The same

behaviour was observed in the MnPc spectra, but it was less pronounced because of a weaker

change of the electronic configuration on the metallic ion [151].

Thus, it is clear that phthalocyanines are interesting molecules, whose adsorption on

metal substrates has attracted a large amount of experimental and theoretical work in recent

years. To compare with our own results, they are specially relevant the works for MePc

molecules adsorbed on Ag[111]. For example, Huang et al. studied, theoretically (DFT) and

experimentally (UPS), the adsorption of CuPc and ZnPc on Ag[111] [152]. Their results

indicated that the charge transfer from the silver substrate to the molecule is a key ingredient

to understand the strong interaction with this substrate. This was reflected in the partial

filling of the LUMO orbital, as well as in the reduction of the adsorption height and the work

function. Continuing with CuPc on Ag(111), the experimental work by Kröger et al. [153]

is also very relevant. They measured the distance between the molecule and the substrate

using spot profile analysis low-energy electron diffraction (SPA-LEED), NIXSW and UPS

techniques, as well as DFT calculations. The weak intermolecular attractive force permitted

the molecules to move freely at low coverages, avoiding the formation of islands. As the

coverage increases, they form a commensurate superstructure that derives into a point-on-line

(POL) phase. They proved that there is a competition between the charge transfer with the

substrate and the intermolecular interaction with the nearest neighbours. As the coverage

increases, molecules tend to separate from the surface in order to compensate the increment
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in the Pauli repulsion due to the overlapping of their the electronic states and the cost of

being forced to stay in an unfavourable adsorption site. They also studied TiOPc adsorption

on Ag[111] using the same methodology plus STM and high resolution electron energy loss

spectroscopy (HREELS) techniques [154]. Their results showed a similar behaviour than for

CuPc, finding three different adsorption phases depending on the coverage on the surface as

in the previous case. Their NIXSW data, together with the work function variation, indicated

that the TiOPc adsorption happens with the Ti-O group pointing towards vacuum. Increasing

the coverage, they studied multilayer adsorption, where the second layer presents a Ti-O

down orientation. This neutralizes the dipole moment of the first layer stabilizing the bilayer

structure.

In the present chapter we present our own results for the low coverage adsorption of

TiOPc on Ag(111). Our work is motivated by a collaboration with the group of Prof. P.

Jakob at Philipps-Universtät in Marburg (Germany). The focus of this work was to clarify

the structure of the commensurate phase. Our results for the TiOPc adsorption on Ag[111]

revealed a flat-lying geometry when the molecule is adsorbed [16]. In accordance with

the previously discussed results, we observed three different adsorption phases, a 2D-gas

phase at low coverage, changing into a well ordered commensurate phase (c-phase) and

as the coverage increases a POL phase. The combination of STM, SPA-LEED, infrared

absorption spectroscopy (IRAS) and DFT calculations permitted to understand the molecular

arrangement in the commensurate phase. It was found that this phase is constituted by

molecules adsorbed on bridge positions with two different orientations over the substrate. As

described in more detailed below, our theoretical results indeed showed a small preference of

the TiOPc molecule for adsorption on bridge sites. Still, most of the properties, at least in the

low/medium coverage regime, were rather insensitive to the adsorption site. This includes the

electronic structure of the molecules, that we found to be similar for the different adsorption

sites. In particular, in spite of the calculated position of the LUMO close to the Fermi level

of the system, our calculations did not find a large charge transfer to the molecule. This is

in contrast to the experimental result that found, even if small, a partial population of the

LUMO. Furthermore, in the commensurate phase, the different STM contrast of molecules

showing the two different orientations seems consistent with a slightly different charging of

these two species. Finally, IRAS measurements of the Ti-O stretching band showed a stable

intensity increment with coverage, indicating that the molecular adsorption takes place with

the Ti-O group pointing towards vacuum.

In spite of the many experimental and theoretical studies developed until now, a perfect

understanding on the interaction between MePc and surfaces has not been achieved yet. In

addition to the extensively investigated TiOPc we also study MePc (Me = Cu, Mn) adsorption
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on the Ag[111] surface. Our purpose in choosing these particular MePc molecules is two

fold. On the one hand, it is driven by the collaboration with different experimental group.

CuPc and TiOPc has been studied in collaboration with the group of Prof. Peter Jakob in

Germany as mentioned above, while MnPc was explored together with the group of Prof.

José Ignacio Pascual in nanoGUNE in Donostia-San Sebastián (Spain) [17]. On the other

hand, these molecules are expected to present clear differences in the way they interact with

the silver substrate. We want to explore to what extent our theoretical tools can successfully

predict the different behaviours. Furthermore, experimental results from nanoGUNE’s group

indicates that the inter-molecular interactions are very different for MnPc and the chlorinated

manganese phthalocyanine (Cl-MnPc). This is an interesting opportunity to explore how

the bonding ligand can change the way the molecules adsorb and assemble on the substrate.

Thus, we also included Cl-MnPc to our pool of theoretically studied systems. We investigate

the adsorption energies, geometries, charge transfer and magnetic moments after adsorption

on the substrate. We analyse different adsorption sites and starting configurations. Thus, our

calculations predict the most plausible adsorption geometries. We investigate the changes in

the electronic structure of the molecule upon adsorption, in order to try to identify how they

correlate with the adsorption site, the charge transfer and different metal-surface interaction.

However, in most cases we found that the interaction between the MePc and the substrate

is weak and not strongly influenced by the adsorption site. Our results are consistent with

the experimental observation of charge transfer into the LUMO orbital in the MnPc and

Cl-MnPc molecules. Finally, we study the induced electron density and the dipole moment

of all the systems. All these analysis give us a global view of the MePc interaction on this

coinage metal substrate. Moreover, we are able to identify the main characteristics of the

MePc-surface interface. Thus, our calculations provide insight that will help to understand

how the metal centre controls the interaction between the molecule and the surface.

3.2 Methodology

Our theoretical approach to MePc was performed using VASP (version 5.3.5) [12] and the

PBE functional [55]. The D3 Grimme approximation [63] was included in the calculations

with a view to incorporating the long-range van der Waals interactions. We used a 400 eV

plane-wave cutoff as well as the PAW method [99] to describe the atomic cores.

The lattice constant obtained for Ag bulk is 4.073 Å, in good agreement with the ex-

perimental value 4.056 Å [60]. We employed a k-sampling of 25x25x25 Monkhorst-Pack

grid [91] in the bulk calculation to sample the Brillouin zone. After that, using this lattice

parameter, an Ag[111] slab was created. It contained 3 layers and only the topmost surface
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layer was relaxed. The relaxation of the system was performed until the forces acting on all

the atoms were smaller than 0.03 eV/Å. We kept a large vacuum distance (∼ 20 Å) to avoid

interaction between periodic replicas of the slab along the z-direction.

To study the interaction of the molecule with the surface in the low coverage regime we

used a (7x4
√

3 ) lateral supercell and a 3x3x1 k-point sampling. Thus, these calculation aim

to explore mostly the effects of the molecule-substrate interaction. In this system, MePc on

Ag [111], we explored different adsorption configurations that will be described extensively

below. Figures representing the MePc adsorption configurations, as well as the corresponding

induced electron density were created using the VESTA software [155]. The adsorption

energy (Eads) is obtained using Eq. 2.1 and the population analysis was performed with the

same methodology than in Chapter 2. Molecular heights reported along the chapter were

obtained using the topmost surface layer average height as a reference.

The induced electron density for the system was calculated as:

∆n = nsystem −nadsorbate −nadsorbent (3.1)

where nsystem is the total electron density obtained in our system. nadsorbate is the electron

density calculated for the MePc molecule on gas phase with the frozen atoms in the adsorption

geometry in the same supercell. nadsorbent is the electron density obtained for the substrate

with the frozen atoms in the adsorption geometry and in the same supercell.

The dipole moment for the molecule in the gas phase was calculated as:

~µ j =
N

∑
i

QiRi −
∫

nmolecule(~r)r jd~r (3.2)

the induced dipole moment is obtained as:

~µ jinduced
=

∫

∆n(~r)r jd~r (3.3)

where, ~µ j is the dipole moment in the j direction, N is the number of atoms in the system,

Qi is the atomic valence charge and Ri the atom position. ∆n(r) is the induced charge defined

above and r j the position vector in the j direction.
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3.3 Results

3.3.1 Adsorption energy and geometry

MePc are formed by a central frame whose carbon atoms bond to four benzene rings.

Additionally, MePc possesses metallic centre. This metal centre is usually a transition metal,

and can be used to control the electronic and optical properties of the molecule and the way

it interacts with the substrate.

3.3.1.a TiOPc/Ag[111]

We have deeply studied the interaction between the TiOPc and the Ag[111] surface.

TiOPc is a non planar π-conjugated molecule due to the oxygen atom bonding the central

metal ion. It produces a pyramidal structure (see Figure 3.1).

O
Ti

N int
N ext

C c

B1

B2B3

B4

Fig. 3.1 Relaxed structure of TiOPc in the gas phase, top and side view. N int are the nitrogen
atoms bonding the metallic core, N ext correspond to exterior nitrogen atoms in the central
ring. C c are carbon atoms in the central frame and B1, B2, B3, B4 the different benzene
rings.

Our simulations have contemplated two possible geometries with the Ti-O group pointing

towards vacuum (O-up) or the other way round, with the oxygen interacting with the surface

(O-down). We have investigated three possible adsorption sites where the metal core is at

fcc, top or bridge sites on the surface. In addition, the azimuthal angle on the surface plane

was also taken into account. We have considered two different geometries as a function of

the azimuthal angle: (i) with two of the inner-ring N atoms aligned along the 〈1̄10〉 high
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symmetry direction of Ag[111], in the following referred to as top+ and bridge+ and (ii)

a 45◦ rotated geometry of the TiOPc molecule with respect to the 〈1̄10〉 high symmetry

direction of the surface. These last configuration are designated as fcc×, top× and bridge×.

All relaxed adsorption geometries are plotted in Figure 3.2 for the Ti-O pointing towards

vacuum.

(a) (b) (c)

〈1̄1̄2〉

〈1̄10〉
(d)

(e)

Fig. 3.2 TiOPc adsorption sites on Ag[111]. The adsorption site is defined by the metal core
site on the surface and the azimuthal angle of the MePc on the substrate. The molecules
are oriented either so that two of the inner-ring N atoms are aligned along the 〈1̄10〉 high
symmetry direction of the Ag[111] (X) or rotating 45◦ the molecule with respect to the 〈1̄10〉
(+). Thus, the adsorption sites are: a) fcc×, b) top×, c) top+, d) bridge× and e) bridge+.

We have used a 7x4
√

3 supercell, in this way, the distance between periodic TiOPc

molecules is considered to be large enough to avoid significant interactions between periodic

images (see Figure 3.3). Table Table 3.1 shows the distances between adjacent molecules

along both 〈1̄10〉 and 〈1̄1̄2〉 surface directions. The distance is defined as the minimum

distance between the atoms belonging to neighbouring molecules. We can see that the

lowest distance corresponds to the + configurations, but it is still close to 7 Å. Thus, these

calculations represent a relatively dilute system, where we can expect a dominant role of the

molecule-surface interactions. We have also measured the molecular separation for the other

MePc’s, obtaining similar distances (see the tables in Appendix A).
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9.87 Å

9.66 Å

20.16 Å

19.95 Å

〈1̄1̄2〉

〈1̄10〉

Fig. 3.3 TiOPc adsorption on Ag[111] at top× site.

We have calculated the adsorption’s height of the MePc molecules over the surface. The

surface topmost layer was taken as reference, however, distances have been referred to the

molecular plane. The molecular plane is define as the average of the vertical positions of all

the atoms in the molecule with the exception of the metal centre and the hydrogen atoms.

Therefore, h1 is the distance between the metal core and the molecular plane (positive when

the metal core is above the molecular plane or negative if it is under the plane) and h2 is the

height from the surface topmost layer to the molecular plane (see Figure 3.4).

The TiOPc adsorption energies are presented in Table 3.2. When the titanyl group is

pointing towards vacuum, the preferred adsorption site on the Ag[111] is at bridge+ (Eads

= 3.741 eV) which is ∼ 54 meV more stable than bridge× and top×. The fcc× adsorption

energy is ∼ 78 meV less stable, while the top+ site is ∼ 200 meV less stable than the

bridge+. The adsorption heights are very similar ( h2 ∼ 3.29 Å) for all adsorption sites,

showing only small differences. The variation on the Ti-O bond length is extremely small,

less than 0.003 Å, pointing out the absence of a direct interaction between the substrate and

the metallic atom in the molecule. Nonetheless, after adsorption the distance between the

molecular plane and the metallic ion h1 is reduced from the original 0.70 Å to the final ∼
0.64 Å. The heights of different types of atoms at different adsorption sites are presented

in Table 3.3 and depicted in Figure 3.5. In general we only observe a minimal molecular
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Table 3.1 Distance between adjacent TiOPc molecules (C-C) along the high symmetry
direction of the Ag[111] (see Figure 3.3).

〈1̄10〉 (Å) 〈1̄1̄2〉 (Å)
TiOPc fcc× 9.88 9.66
TiOPc top× 9.87 9.66
TiOPc top+ 7.00 6.79
TiOPc bridge× 9.87 9.66
TiOPc bridge+ 7.00 6.79
TiOPc fcc× (O-down) 9.88 9.67
TiOPc top× (O-down) 9.91 9.69
TiOPc top+ (O-down) 7.06 6.82
TiOPc bridge× (O-down) 9.90 9.68
TiOPc bridge+ (O-down) 7.02 6.84

h1
h2

Fig. 3.4 TiOPc adsorption on Ag[111] at fcc× hollow site (side view). h1 is the distance
between the molecular plane and the Ti atom (0.643 ± 0.012 Å ) and h2 is the distance from
the surface topmost layer to the TiOPc molecular plane (3.294 ± 0.023 Å).

deformation after adsorption on Ag[111]. The molecular adsorption barely reduces the height

difference between the benzene-rings and the inner ring of the molecule in comparison to the

gas-phase geometry. Furthermore, the bending in the molecule with the benzene rings closer

to the Ag[111] surface, indicates that the main interaction with the substrate is mediated,

through van der Waals interactions, by the molecular framework and not by the metal ion.

We now will make connection with the experimental work performed by our collaborators

in Philipps Universität at Marburg. From their measurements and previous data in the

literature it is known that, as the coverage increases, an ordered c-phase appears on Ag[111].

However, the exact structure and the details of the molecular adsorption in this configuration

were not known previous to our work. Figure 3.6, taken from Fernández et al. [16], shows

an STM image and SPA-LEED data for this phase appearing at intermediate coverage above

0.6 ML. In this experimental data we can clearly identify two inequivalent molecules, with
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Table 3.2 Eads per molecule, Ti-O bond length, h1 distance between Ti atom and the TiOPc
molecular plane, and h2 distance between the Ag [111] surface and the TiOPc molecular
plane (see Fig 3.4).

Eads (eV) Ti-O (Å) h1 (Å) h2 (Å)
TiOPc gas phase 1.686 0.707
TiOPc fcc× 3.663 1.685 0.643 3.294
TiOPc top× 3.687 1.685 0.656 3.292
TiOPc top+ 3.538 1.684 0.643 3.299
TiOPc bridge× 3.688 1.684 0.653 3.292
TiOPc bridge+ 3.741 1.685 0.645 3.289

Table 3.3 Heights ± standard deviation in (Å) for the TiOPc in the gas phase and after
adsorption on Ag[111]. The TiOPc molecular plane is used as reference.

gas phase fcc× top× top+ bridge× bridge+
Ag[111] (h2) -3.294 ± 0.023 -3.292 ± 0.022 -3.299 ± 0.025 -3.292 ± 0.022 -3.289 ± 0.020
Ti (h1) 0.707 ± 0.009 0.643 ± 0.011 0.656 ± 0.009 0.643 ± 0.009 0.653 ± 0.009 0.645 ± 0.009
N int 0.078 ± 0.035 0.064 ± 0.042 0.073 ± 0.031 0.065 ± 0.029 0.075 ± 0.030 0.066 ± 0.029
N ext 0.015 ± 0.044 0.016 ± 0.052 0.017 ± 0.039 0.018 ± 0.036 0.016 ± 0.038 0.015 ± 0.036
C c 0.029 ± 0.036 0.031 ± 0.042 0.033 ± 0.032 0.031 ± 0.030 0.034 ± 0.031 0.032 ± 0.030
B1 -0.039 ± 0.024 -0.036 ± 0.028 -0.038 ± 0.024 -0.036 ± 0.025 -0.038 ± 0.025 -0.036 ± 0.025
B2 -0.009 ± 0.027 -0.004 ± 0.037 -0.011 ± 0.031 -0.011 ± 0.032 -0.012 ± 0.032 -0.010 ± 0.032
B3 -0.031 ± 0.036 -0.028 ± 0.046 -0.031 ± 0.040 -0.028 ± 0.043 -0.032 ± 0.040 -0.028 ± 0.037
B4 -0.042 ± 0.024 -0.042 ± 0.029 -0.043 ± 0.027 -0.039 ± 0.029 -0.044 ± 0.026 -0.039 ± 0.025
Oxygen 2.393 ± 0.009 2.328 ± 0.011 2.341 ± 0.009 2.327 ± 0.009 2.337 ± 0.009 2.330 ± 0.009
central ring 0.041 ± 0.026 0.037 ± 0.031 0.041 ± 0.024 0.038 ± 0.022 0.042 ± 0.023 0.038 ± 0.022
Benzene -0.030 ± 0.019 -0.028 ± 0.024 -0.031 ± 0.020 -0.028 ± 0.021 -0.031 ± 0.020 -0.028 ± 0.019
Molecular plane 0.000 ± 0.018 0.000 ± 0.022 0.000 ± 0.018 0.000 ± 0.018 0.000 ± 0.018 0.000 ± 0.017

different orientations, in the rectangular unit cell of the c-phase. A close inspection of the

STM images indicates that the molecular diagonals (lines joining to benzene rings and passing

through the center) of the two molecular species form azimuthal angles of approximately 4◦

and 27◦, respectively, with respect to the 〈1̄10〉 direction.

In order to find these adsorption sites various possible geometries compatible with the

experimental information (e.g., size of the unit cell and shape of the cell from EELS and

STM information) have been considered. In Figure 3.7, four different geometries have

been proposed. The TiOPc molecule is adsorbed in the corners of the unit cells at (a) hcp

hollow site, (b) fcc hollow site, (c) top site and (d) where the TiOPc is adsorbed at bridge

site. Constraining the adsorption site in the corners determines the site of the second TiOPc

molecule in the center of the box. To begin with, we can exclude the (a) and (b) adsorption

arrangements in the substrate due to the associated unfavorable off-site adsorption geometry

of the central molecule. For the (c) and (d) proposed configurations, in order to clarify which

geometry is preferred by the system, we have studied the dependence of the adsorption

energy with the azimuthal angle. Performing fully relaxed calculations for many different

azimuthal angles is an extraordinarily demanding task from a computational point of view



3.3 Results 53

Fig. 3.5 Molecular height profile for the TiOPc in the gas phase (black) and after adsorption
on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green)
adsorption sites. TiOPc molecular plane is used as reference.

given the size of our simulation cell (even that containing just one molecule). Therefore, it

was necessary to adopt some simplifications. In this case we used fixed geometries taken,

respectively, from the molecular gas-phase calculation and from the clean Ag[111] surface,

and performed single-point total energy calculations as a function of the azimuthal angle.

Results are plotted in Figure 3.8. In spite of this approximation, the computed adsorption

energies are in good agreement with those obtained in the fully relaxed calculations. This

is also consistent with our previous observation that geometrical changes are rather small

upon adsorption. This indicates that the used approximation permits to extract meaningful

conclusions about the most stable azimuthal angle. In the case of bridge adsorption, bridge+
is the most stable geometry while for the top site, orientation top× is preferred. Due to the

fourfold symmetry of the TiOPc parallel adsorption on the substrate, same geometries are

obtained after rotations of 90◦. In the case of on-top adsorption the sixfold symmetry of the

Ag[111] surface layer additionally leads to equivalent configurations for rotation angles with

respect to the 〈1̄10〉 azimuth of the substrate of Θ = 0º, ± 30º (top+), as well as for Θ = 15º,

± 45º (top×). Examples thereof with the blue lines denoting the directions of the benzene

’wings’ of TiOPc have been included in Figure 3.8.
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Fig. 3.7 Possible adsorption site combinations for the adsorption of two TiOPc within the
rectangular unit cell in the commensurate phase. We label these arrangements according to
the position of the molecule in the corner of the rectangular unit cell: (a) hcp site, (b) fcc site,
(c) on-top site and (d) bridge site.

plotted in Figures 3.10. Adsorption energies in Table 3.4 reveal that the fcc× adsorption

site is preferred (3.791 eV) in this case, nearby followed by bridge× and bridge+, which

are just 10 meV and 25 meV less stable respectively. TiOPc top sites are less favourable for

adsorption. According to the energy results, top+ is 98 meV less stable than fcc×, while for

top× the energy difference increases up to 200 meV. Comparing with O-up configuration,

fcc× is more stable (40 meV) as compared to the preferred bridge+ O-up adsorption site.

Here it is interesting to point out that our terminology is somewhat misleading in this O-

down case for the top and bridge configurations. These names make a clear reference to the

position of the oxygen atom over the silver surface in the starting configuration. However,

during relaxation, in those cases the oxygen moves from those high symmetry positions. This

is in contrast to the fcc position, which is kept during relaxation. The oxygen predilection for

the fcc hollow site adsorption on this substrate [156–158] is straightforwardly visible at top

sites adsorption in the Figure 3.10 . Although the molecule is well centered on a top site the

position of the oxygen atom is moved off-centered from a perfect on-top position. A similar

distortion, although somewhat less evident, also happens for the bridge configurations. The
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Fig. 3.8 TiOPc adsorption energy (eV) versus the azimuthal angle Θ when the molecule is
adsorbed on Ag[111] at bridge and top sites.

strong interaction between the oxygen atom and the surface is clearly reflected in the Ti-O

bond length. The titanium-oxygen bond-length increases by ∼ 3.5 % , so it changes from the

original 1.69 Å in the gas phase to ∼ 1.75 Å after adsorption.

Table 3.4 Eads per molecule, Ti-O bond length, h1 distance between Ti atom and the TiOPc
molecular plane. h2 distance between the Ag [111] surface and the TiOPc molecular plane
(see Fig 3.4).

Eads (eV) Ti-O (Å) h1 (Å) h2 (Å)
TiOPc gas phase 1.686 -0.707
TiOPc fcc× (O-down) 3.791 1.748 -0.357 3.442
TiOPc top× (O-down) 3.555 1.755 -0.409 3.479
TiOPc top+ (O-down) 3.693 1.753 -0.366 3.468
TiOPc bridge× (O-down) 3.781 1.763 -0.312 3.466
TiOPc bridge+ (O-down) 3.766 1.746 -0.314 3.469

In addition, the distance between the molecular plane and the metal core h1 is reduced ∼
0.35 Å with respect to the gas phase. This means a reduction of about 50% in the height of

the metal core over the molecular plane. Thus, the interaction between the oxygen and the

substrate weakens the bonding with the metallic centre, permitting the Ti atom to get closer
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Fig. 3.9 TiOPc structure model of the molecular rearrangement in the c-phase.

to the N int atoms in the central frame Moreover, the distance between the molecular plane

and the surface h2 increased to 3.44-3.48 Å. Therefore, h2 is ∼ 0.17 - 0.26 Å bigger than for

the O-up adsorption configurations, leading to a weaker interaction between the molecular

framework and the surface. All of that leads to a bigger distortion from the original geometry

which is showed in Figure 3.11.

TiOPc O-down adsorption sites are barely more stable than those with O-up config-

uration. Therefore, it would be plausible to observe a competition between both O-up

and O-down configurations. However, the experimental results [16, 153] reveals that the

O-down geometry is not observed in the first wetting layer on Ag[111] at low temperature.

This conclusion is mainly derived from the analysis of the vibrational spectrum using infrared

spectroscopy [16]. There it is seen that the energy of the Ti-O stretching mode is only

slightly modified upon adsorption and only weakly depends on coverage. This seems only

compatible with O-up adsorption all the way up to 1 ML coverage. The reason why O-down

configurations do not appear is not completely clear to us. It could be due to a larger energy

barrier to access the most stable adsorption configuration that involves the formation of

a Ag-O bond. However, we failed to find a theoretical evidence of such barrier. In our

calculations the final O-down adsorption structures were found even starting from initial

configurations with the TiOPc molecule at a considerable height over the substrate. In any

case, experimental evidence seems to rule out the O-down adsoprtion of TiOPc below the 1
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ML coverage. On the other hand, once a wetting layer of O-up molecules is formed, it has

been suggested that the second layer has a tendency to arrange with O-down molecules in

order to cancel the molecular dipoles.

Table 3.5 Heights ± standard deviation in (Å) for the TiOPc in the gas phase and after
inverted (O-down) adsorption on Ag[111]. The TiOPc molecular plane is used as reference.

gas phase fcc× top× top+ bridge× bridge+
Ag[111] (h2) -3.442 ± 0.038 -3.479 ± 0.092 -3.468 ± 0.075 -3.466 ± 0.060 -3.469 ± 0.060
Ti (h1) -0.707 ± 0.009 -0.357 ± 0.016 -0.409 ± 0.069 -0.366 ± 0.054 -0.312 ± 0.039 -0.314 ± 0.039
N int -0.078 ± 0.035 0.102 ± 0.035 0.115 ± 0.345 0.136 ± 0.250 0.171 ± 0.153 0.167 ± 0.163
N ext -0.015 ± 0.044 0.037 ± 0.039 0.071 ± 0.307 0.072 ± 0.234 0.090 ± 0.123 0.083 ± 0.128
C c -0.029 ± 0.036 0.061 ± 0.033 0.086 ± 0.288 0.095 ± 0.217 0.115 ± 0.122 0.111 ± 0.129
B1 0.039 ± 0.024 -0.045 ± 0.073 -0.226 ± 0.094 -0.124 ± 0.128 -0.122 ± 0.124 -0.147 ± 0.110
B2 0.009 ± 0.027 -0.028 ± 0.060 0.070 ± 0.240 -0.001 ± 0.181 -0.058 ± 0.172 -0.043 ± 0.183
B3 0.031 ± 0.036 -0.045 ± 0.077 -0.049 ± 0.167 0.031 ± 0.192 -0.059 ± 0.175 -0.075 ± 0.132
B4 0.042 ± 0.024 -0.082 ± 0.064 -0.068 ± 0.179 -0.209 ± 0.126 -0.137 ± 0.117 -0.096 ± 0.133
Oxygen -2.393 ± 0.009 -2.104 ± 0.016 -1.953 ± 0.069 -2.019 ± 0.054 -2.011 ± 0.039 -2.011 ± 0.039
central ring -0.041 ± 0.026 0.067 ± 0.027 0.091 ± 0.211 0.101 ± 0.158 0.125 ± 0.094 0.120 ± 0.098
Benzene 0.030 ± 0.019 -0.050 ± 0.043 -0.068 ± 0.126 -0.076 ± 0.107 -0.094 ± 0.095 -0.090 ± 0.091
Molecular plane 0.000 ± 0.018 0.000 ± 0.032 0.000 ± 0.138 0.000 ± 0.108 0.000 ± 0.079 0.000 ± 0.078
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〈1̄1̄2〉

〈1̄10〉

(a)

(b) (c)

(d) (e)

Fig. 3.10 O-down geometries for the TiOPc adsorption on Ag[111] at a) fcc×, b) top×, c)
top+ d) bridge× and e) bridge+ sites. Top and side view.
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Fig. 3.11 Molecular height profile for the TiOPc in the gas phase and after (O-down)
adsorption on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and
bridge+ (green) adsorption sites. TiOPc molecular plane is used as reference.
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3.3.1.b CuPc/Ag[111]

Continuing with the analysis of the metal phthalocyanines, we have studied the adsorption

of CuPc on Ag[111]. We studied the same adsorption sites than for the TiOPc, specified on

Figure 3.2. The addition of the copper atom to the phthalocyanine frame gives a magnetic

moment to the molecule. The adsorption energies are presented in Table 3.6 as well as

its magnetization. Although after adsorption the molecule keeps its spin polarization it is

slightly reduced due to the interaction with the surface.

Table 3.6 Eads per molecule, magnetization per molecule (S), h1 distance between Cu atom
and the CuPc molecular plane, and h2 distance between the Ag [111] surface and the CuPc
molecular plane (see Fig 3.4).

Eads (eV) S (µB) h1 (Å) h2 (Å)
CuPc gas phase 0.94 0.000
CuPc fcc× 3.863 0.83 -0.161 3.224
CuPc top× 3.836 0.85 -0.105 3.218
CuPc top+ 3.705 0.87 -0.120 3.304
CuPc bridge× 3.874 0.87 -0.076 3.287
CuPc bridge+ 3.946 0.84 -0.160 3.200

As far as adsorption energies are concerned, the bridge+ adsorption site is preferred.

Eads is 72 meV larger than form the bridge× adsorption site, which is close in energy to

the fcc×site. The top× adsorption site is preferred over the top+, however, it is still ∼ 109

meV less stable than the bridge+. The h1 height changed due to the interaction with the

substrate so the Cu metal core gets closer to the surface. Thus, from the original flat geometry,

the metal core moves under the molecular plane. The molecular distance to the surface h2

is 3.20 Å at the most stable adsorption site, increasing up to 3.30 Å for the less favoured

adsorption site (top+). This seems to indicate that as the CuPc gets closer to the substrate

the interaction increases. Nevertheless, the adsorption process does not affect strongly to

the molecular geometry. As it is shown in Figure 3.12, the distortion in the CuPc molecule

upon adsorption is small. A complete table with the atom heights is in Appendix A. Thus,

after adsorption CuPc slightly vary its geometry, keeping a mostly flat molecular geometry.

This fact together with its spin polarization is a clear signature that the metal core does not

possesses a strong interaction with the silver substrate.

3.3.1.c MnPc/Ag[111] and Cl-MnPc/Ag[111]

We have also carried out research into the phthalocyanine adsorption using a Mn atom as

metal centre on the same surface. Adsorption energies, heights and polarization moments
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Fig. 3.12 Molecular height profile for the CuPc in the gas phase (black) and after adsorption
on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green)
adsorption sites. CuPc molecular plane is used as reference.

are shown on Table 3.7. When the manganese is used as metal core the adsorption energy

is slightly reduced in comparison with the previous cases. MnPc posses a strong magnetic

moment (∼ 3.00 µB) in the gas phase. However, MnPc’s spin polarization disappears after

adsorption because of the interaction with the surface. MnPc adsorption energy reveals that

the bridge+ site is preferred (3.578 eV) when the molecule is on the surface. The fcc× and

bridge× sites showed a similar adsorption energy, which is ∼ 125 meV less stable than the

bridge+ adsorption site. Top sites are the less favourable sites. At top× site its adsorption

energy is reduced by 180 meV meanwhile the top+ presents the smallest adsorption energy

(3.199 eV) for this molecule.

The interaction between MnPc and the surface produces a strong variation in its geometry

as it is shown in Figure 3.13. The TM directly interacts with the substrate so that h1 changes

to ∼ -0.300 Å after the adsorption, moving closer to the topmost surface layer of silver. The

adsorption height of the molecular frame, h2, is smaller than for the TiOPc and the CuPc

molecules, being h2 at bridge+ site 3.08 Å and increasing up to 3.20 Å for the less stable

adsorption top+ site. Because of metal-substrate interaction, there is a competition between

the benzene rings that prefer a longer distance to the surface and the manganese atom which

wants to be closer to the substrate. This produces a deformation of the molecule, passing
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Table 3.7 Eads per molecule, magnetization per molecule (S), h1 distance between Mn atom
and the MnPc molecular plane, and h2 distance between the Ag [111] surface and the MnPc
molecular plane (see Fig 3.4).

Eads (eV) S (µB) h1 (Å) h2 (Å)
MnPc gas phase 3.00 0.000
MnPc fcc× 3.456 0.12 -0.304 3.130
MnPc top× 3.398 0.12 -0.306 3.132
MnPc top+ 3.199 0.10 -0.363 3.200
MnPc bridge× 3.439 0.12 -0.251 3.150
MnPc bridge+ 3.578 0.01 -0.344 3.084

from a flat geometry to a inverse pyramidal-like structure. Thus, despite that the TM atom

has a strong interaction with the surface and the molecule is globally closer to the substrate

the adsorption energy has decreased in comparison to TiOPc and CuPc.

Fig. 3.13 Molecular height profile for the MnPc in the gas phase (black) and after adsorption
on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green)
adsorption sites. MnPc molecular plane is used as reference.

The addition of a ligand (chlorine atom) to the manganese phthalocyanine was an inter-

esting idea in order to compare how it affects to the molecular adsorption. This was also

motivated by our collaboration with the group of Pr. J. I. Pascual at nanoGUNE [17], since

in their work they initially sublimated chlorinated MnPc molecules over the surface. Upon
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deposition on Ag[111] at room temperature most of the Cl-MnPc molecules lose their Cl

ligand spontaneously. However, a few molecules maintain it. Therefore, it was instrumental

to characterize the properties of both species on the Ag[111] surface to support the work

of our experimental colleagues. Similar to the case of oxygen in TiOPc, here the Cl ligand

binds to the Mn centre. This increases the spin polarization of the molecule up to 4.00 µB in

the gas phase. Nevertheless, similar to the MnPc adsorption, after the Cl-MnPc is adsorbed

on the substrate the molecule loses its magnetization. Adsorption energies, spin moments,

Cl-Mn bond lengths are presented in Table 3.8. The bridge+ is once again preferred over

the other adsorption sites. Cl-MnPc adsorption energy at bridge+ is 89 meV and 103 meV

more stable than bridge× and fcc× adsorption sites, respectively. The adsorption at top site

is less favoured, by 141 meV at top× and 350 meV top+ compared with the most stable

adsorption at bridge+ site.

Table 3.8 Eads per molecule, magnetization per molecule (S), Mn-Cl bond distance, h1
distance between Mn atom and the Cl-MnPc molecular plane, and h2 distance between the
Ag [111] surface and the Cl-MnPc molecular plane (see Fig 3.4).

Eads (eV) S (µB) Mn-Cl (Å) h1 (Å) h2 (Å)
Cl-MnPc gas phase 4.00 2.296 0.349
Cl-MnPc fcc× 3.274 0.11 2.231 -0.004 3.156
Cl-MnPc top× 3.236 0.08 2.223 0.101 3.166
Cl-MnPc top+ 3.027 0.07 2.219 0.088 3.176
Cl-MnPc bridge× 3.288 0.13 2.222 0.039 3.143
Cl-MnPc bridge+ 3.377 0.05 2.238 -0.072 3.122

In the gas phase the Cl atom pulls the metal core out from its original equilibrium position,

so h1 becomes 0.349 Å. After adsorption the Mn-Cl bond distance is shortened by ∼ 0.06 Å.

This implies that the interaction with the surface reinforces the Mn-Cl bond. In addition, h1

is reduced when the molecule is on the substrate. At same time, the distance between the

surface and the molecular plane h2 is slightly increased compared with the MnPc, and the

distortion in the geometry is smaller (see Figure 3.14). In summary, the addition of the Cl

ligand produces a less stable adsorption.

3.3.1.d Summary of energetics and geometrical results

We have discussed the energetics and geometrical results for MePc adsorption on Ag[111].

Adsorption energies, magnetic moments and heights for the most stable adsorption sites

(bridge+ in all cases) are shown in Table 3.9.

Regarding adsorption energies, CuPc is the most stable followed by the TiOPc molecule,

which is 205 meV per molecule less stable. The oxygen atom bonding the Ti atom prevents
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Fig. 3.14 Molecular height profile for the Cl-MnPc gas-phase (black) and after adsorption on
Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green)
adsorption sites. Cl-MnPc molecular plane is used as reference.

a strong Ti-surface interaction and increases the distance with the topmost layer. Despite

the fact that CuPc keeps part of its magnetic moment after adsorption and is more distant to

the surface (∼ 3.20 Å) than MnPc or Cl-MnPc, it is energetically more stable. This is due

to a smaller interaction between the metal ion and the surface. On the contrary, MnPc and

Cl-MnPc lost their spin polarization when they are adsorbed on the surface. As happened

with the TiOPc, the addition of the chlorine atom to the MnPc causes a less stable adsorption.

Cl atom bonding pulls the metal centre out of the molecular plane, reducing the hybridization

with the surface. Thus, ligands adsorbed on the TM reduce the interaction with the surface

and tend to reduce the adsorption energies.

Nevertheless, the main result from adsorption energy and the geometries obtained is the

adsorption site. As it was showed , in all cases studied the bridge+ site was preferred whereas

the top+ was the less stable. It is a significant result, which stands out the importance of the

stacking with respect to the surface atoms. Despite the different metal cores and ligands that

we used in this theoretical study, the principal factor for the adsorption site selection is the

relative molecular disposition above the surface and not the metallic centre. Of course, the

ionic centre controls many important phenomena, such as the magnetic moment, the distance
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to the substrate or the molecular distortion. However, the adsorption configuration selection

does not strongly depend on it but involves all the atoms in the molecule.

Table 3.9 Eads per molecule, magnetization per molecule (S), h1 distance between metallic
centre and the molecular plane, and h2 distance between the Ag [111] surface and the MePc
molecular plane (see Fig 3.4).

Adsorption site Eads (eV) S (µB) h1 (Å) h2 (Å)
TiOPc bridge+ 3.741 0.645 3.289
CuPc bridge+ 3.946 0.84 -0.160 3.200
MnPc bridge+ 3.578 0.01 -0.344 3.084
Cl-MnPc bridge+ 3.377 0.05 -0.072 3.122

3.3.2 Bader charges and density of states

In an attempt to explain the nature of the metal-substrate interaction, we present now the

Bader charges and the density of states within the molecule (DOS).

3.3.2.a TiOPc/Ag[111]

Valence Bader charges for TiOPc are presented in Table 3.10 for the free-standing

and the molecule adsorbed on Ag[111] both in the O-up and O-down configurations. It

shows the titanium and oxygen atoms, as well as the molecular total charge. In the O-up

configuration the molecule get slightly charged, taking ∼ 0.2 e from the surface. However,

the charge of the metal ion does not present a significant variation with respect to the gas

phase. When the molecule is adsorbed in an inverted configuration (O-down geometry)

the oxygen atom interacts directly with the surface. Correspondingly, the charge transfer

between the surface and the molecule increases. Thus, TiOPc takes ∼ 0.5 e from the surface,

however, neither the Ti nor the O atoms show significant variations of their charges.

Figure 3.15 shows the charge variation on the TiOPc molecule by subtracting the atomic

valence charge from the Bader atomic charge for all atoms in the molecule. While this plot

clearly characterizes the strong ionic character of some of the bonds within the molecule, we

do not find any significant or systematic variation in the atom’s charge after adsorption. The

same analysis was developed for all MePc molecules (see Appendix A).

The molecular PDOS (M-DOS) for the MePc systems adsorbed on the Ag[111] surface

were calculated in all the proposed adsorption sites. TiOPc M-DOS is plotted in Figure 3.16

for the O-up adsorption on the substrate. The molecule does not present significant variations

in the electronic distribution related to the adsorption site. Thus, the electronic structure for

the different adsorption sites is almost identical, which is completely consistent with the
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Table 3.10 Valence Bader charges for the titanium atom, oxygen atom and the TiOPc
molecule.

Ti (e) O (e) total charge (e)
TiOPc gas phase 1.482 7.118 194.000
TiOPc fcc× 1.490 7.196 194.208
TiOPc top× 1.483 7.104 194.201
TiOPc top+ 1.489 7.096 194.216
TiOPc bridge× 1.485 7.100 194.204
TiOPc bridge+ 1.494 7.093 194.218
TiOPc fcc× (O-down) 1.475 7.189 194.539
TiOPc top× (O-down) 1.495 7.185 194.461
TiOPc top+ (O-down) 1.488 7.184 194.419
TiOPc bridge× (O-down) 1.470 7.192 194.544
TiOPc bridge+ (O-down) 1.480 7.195 194.526

weak dependence of the adsorption energy on the molecular position above the substrate

observed in the previous section. Moreover, the M-DOS presents a partial occupation in the

LUMO at the Fermi level, although it is smaller (∼ 0.2 e) in comparison with other metal

phthalocyanines. This is consistent with experimental observations, nevertheless the LUMO

occupation seems to be somewhat larger in the photoemission results [159].

It is obvious that there are minimum differences between adsorption sites as shows the

M-DOS plotted for two different adsorption sites on Figure 3.17 (top× and bridge+). In

addition, we have analysed the atomic contributions to the density of states. In order to get

further understanding on the character of the different molecular states, we have plotted in the

inset of Figure 3.17 the PDOS onto the titanyl group and the molecular frame in the bridge+
adsorption site. The LUMO corresponds with the molecular frame contribution. The central

frame and the benzene rings participate in this molecular orbital. Thus, the small charge

transfer upon adsorption takes place from the substrate onto the TiOPc backbone, while the

population of the titanyl group remains unchanged as was shown in Table 3.10. The Ti

atom contributes to the LUMO+1 orbitals (with dxy character), however, with a negligible

hybridization with the substrate due to the small geometrical distortion of the molecule after

adsorption that keeps the Ti atoms far from the substrate. These facts support the notion that

the TiOPc chemisorption is due to the aromatic body of the molecule instead of the metal

core. This result was demonstrated experimentally by Koger et al. [154]. The charge transfer

is distributed among the atoms in the molecular frame and the titanyl group does not show

any clear signature of exchanging charge with the metal substrate.

A similar behaviour was found for the TiOPc adsorbed in the inverted geometry (O-

down). The M-DOS showed in Figure 3.18 does not present a clear difference between the
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Fig. 3.15 Charge variation (Bader charge - atom valence charge) for all atoms in the TiOPc
molecule in the gas phase (black) and after (O-up) adsorption on Ag[111] at fcc× (red), top×
(blue), top+ (magenta), bridge× (orange) and bridge+ (green) sites.

possible adsorption sites around the Fermi level. Despite the fact that the TiOPc adsorption

with the titanyl group pointing towards the surface produces a strong molecular deformation,

the molecular electronic structure does not present a clear variation on the adsorption site.

The increase of the charge transfer into the molecule from the surface indicated by the data

in Table 3.10 can be clearly seen in the larger partial occupation of the LUMO.

The molecular frame and Ti contributions are depicted on Figure 3.19. Contrary to the

O-up case, the interaction between the surface and the oxygen leads to a small increment

of the oxygen charge of ∼ 0.1 electrons. The interaction between the titanyl group and the

substrate lowers the energy position of the LUMO+1 with a large Ti content. This level now

becomes almost resonant with the LUMO state, with delocalized character in the molecular

frame, allowing the partial population of both molecular orbitals and explaining the larger

charge transfer in this case. Thus, when the TiOPc adsorption takes place with the inverted

configuration, the interaction between the surface and the TiOPc is due to the molecular

backbone and the titanyl group.

3.3.2.b CuPc/Ag[111]

In the CuPc case, there is also a rather small charge transfer between the metallic substrate

and the molecule. As it is shown in Table 3.11, the CuPc takes 0.195 e from the surface
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Fig. 3.16 M-DOS TiOPc comparison between adsorption sites. TiOPc (O-up) adsorption on
Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green)
sites. Energies are referred to the Fermi level.

in the most stable adsorption site (bridge+). Nevertheless, just a 20 % of this charge is

transferred to the metal core. The same behaviour is observed for the different adsorption

sites, however, the charge taken by the metal core vary between 12% - 30% depending on

the adsorption site selected. In spite of the fact that the molecule gets some charge from the

surface, just a small fraction of it goes to the metal centre and the molecule keeps most of its

initial magnetic moment after adsorption.

Table 3.11 Valence Bader charges for the cooper atom and the CuPc molecule.

Cu (e) total charge (e)
CuPc gas phase 9.905 195.000
CuPc fcc× 9.960 195.181
CuPc top× 9.961 195.174
CuPc top+ 9.927 195.177
CuPc bridge× 9.949 195.154
CuPc bridge+ 9.941 195.195

In Figure 3.20 we have plotted the M-DOS for the different adsorption sites close to the

Fermi level. Similar to the TiOPc case, the variation with the adsorption site is rather small.

The LUMO is partially charged due to the interaction with the surface. Figure 3.21 shows

the PDOS molecular contributions for the bridge+ adsorption site close to the Fermi level.
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Fig. 3.17 M-DOS projected onto the molecule calculated for TiOPc on Ag[111] at top× (red)
and bridge+ (blue) adsorption sites (O-up). The inset shows the M-DOS projected onto the
titanyl group (black) and the molecular backbone (red) at bridge+ site. Energies are referred
to the Fermi level.

When the copper is acting as metal core, the LUMO is formed by an hybridization of the

molecular frame with the dx2−y2 metal core orbital. The Cu atom gives to the molecule a

magnetic moment (∼ 1 µB) in the gas phase. Our results show that the CuPc loses part of the

magnetization after adsorption due to the charge transfer towards the molecule. Nevertheless,

the molecule is still magnetic when it is adsorbed on the surface The inset of Figure 3.21

contains the α spin and β spin contributions to the density of states for the metal centre.

Nonetheless, the charge transfer is not enough to fully charge the metal orbital. This explains

the fact that despite the interaction with the surface, the molecule keeps part of its original

magnetic moment. In agreement with Mugarza’s group conclusions [147], the hybridization

between the dx2−y2 metal orbital and the surface is not significant. This explains why the

CuPc molecule can retain its magnetization when adsorbed on Ag[111]. If the molecular

orbitals would be substantially broaden by the interacion with the surface, most likely the

spin polarization will be lost. Thus, we only find a small reduction due to the small charging.
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Fig. 3.18 M-DOS TiOPc comparison between adsorption sites. TiOPc (O-down) adsorption
on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green)
sites. Energies are referred to the Fermi level.

3.3.2.c MnPc/Ag[111] and Cl-MnPc/Ag[111]

For MePc formed by a manganese atom as metal centre the interaction with the surface is

mediated by the aromatic system and the metal core. The MnPc has also a magnetic moment

in the gas phase, although much larger than in the case of CuPc (∼ 3 µB). However, after

adsorption it loses its magnetization. This is a clear indication of the increased interaction

with the substrate. The charge transfer between the surface and the molecule increases in

comparison with the TiOPc and the CuPc cases. Table 3.12 contains the Bader charges

for the Mn atom and the molecule. MnPc takes ∼ 0.7 e from the surface in the bridge+
configuration. This amount is reduced until 0.608 e for the top adsorption site. The Mn atom

keeps ∼ 1/3 of this extra charge. The charge transferred to the metal core is reflected in

Figure 3.22 where it is perceptible the charge variation in the Mn atom after adsorption.

The remaining charge is divided among the atoms in the molecule and they do not show any

clear variation in their charge.

The M-DOS is plotted in Figure 3.23. Similar to the other molecules presented so

far, the M-DOS is very weakly dependent on the adsorption site. The HOMO and LUMO

orbitals have a subtle variation for the bridge+ adsorption site, however, we do not think
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Fig. 3.19 PDOS TiOPc projected onto the titanyl group (black) and the molecular backbone
(red) for the case of TiOPc adsorption in the bridge+ (O-down) configuration. Energies are
referred to the Fermi level.

Table 3.12 Valence Bader charges for the manganese atom and the MnPc molecule.

Mn (e) total charge (e)
MnPc gas phase 5.345 191.000
MnPc fcc× 5.546 191.672
MnPc top× 5.530 191.608
MnPc top+ 5.537 191.608
MnPc bridge× 5.530 191.646
MnPc bridge+ 5.547 191.713

it is really significant. The LUMO is not totally occupied. HOMO and LUMO are formed

by the contributions of the metal core as well as the molecular frame. Figure 3.24 shows

the PDOS of the frame and the metal centre near the Fermi level at bridge+ adsorption

site. The inset contains the same information when the molecules is in the gas phase. An

interesting observation is the spread of the dz2 metal orbital around the Fermi level. It proves

the powerful interaction between the metal core and the substrate that was previously inferred

by the molecular deformation after adsorption. As it was observed in other surfaces [150],

the orbital hybridization with the substrate is due to the interaction of the benzene rings and

the d orbitals of the metal. Thus, the charge transfer at the interface is conducted by this two

channels, the aromatic π-system and the dz2 metal orbital.
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Fig. 3.20 M-DOS CuPc comparison between adsorption sites. CuPc adsorption on Ag[111] at
fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green) sites. Energies
are referred to the Fermi level.

The addition of a chlorine atom has an important effect in the Mn metal core. When the

Cl bonds to the metal there is a reduction of the charge transfer to the metal centre. This

is expected, since Cl is a very electronegative species. Meanwhile the surface transfers a

similar amount of charge to the molecule ( ∼ 0.7 e) than in the MnPc case, which is explicitly

showed in Table 3.13. Curiously, while this charge transfer from the substrate leads to a tiny

increase of the Mn charge, that of Cl is slightly reduced up adsorption. The ligand produces

an increment in the adsorption distance and, therefore, in the distance of the metal centre to

the surface. This gives rise to a reduction in the interaction between molecule and substrate.

Table 3.13 Valence Bader charges for the manganese atom, chlorine atom and the Cl-MnPc
molecule.

Mn (e) Cl (e) total charge (e)
Cl-MnPc gas phase 5.237 7.620 198.000
Cl-MnPc fcc× 5.325 7.547 198.660
Cl-MnPc top× 5.301 7.556 198.614
Cl-MnPc top+ 5.278 7.551 198.654
Cl-MnPc bridge× 5.322 7.550 198.638
Cl-MnPc bridge+ 5.308 7.561 198.697
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Fig. 3.21 PDOS projected onto the cooper atom (black) and the molecular backbone (red) at
bridge+ site. The inset shows the PDOS onto the Cu atom, α spin (red) and β spin (blue)
contributions. Energies are referred to the Fermi level.

The M-DOS for the Cl-MnPc adsorbed on Ag[111] is plotted in Figure 3.25 around the

Fermi level. The increment in the adsorption distance is reflected in the M-DOS. Thus, if in

the previous case (MnPc) we observed some slight dependence of the computed M-DOS on

the adsorption site, it utterly disappears in this case. The electronic structure of the molecule

does not present any variation related to the adsorption site. As for the MnPc molecule,

the LUMO is almost fully charged. Cl-MnPc HOMO and LUMO are composed by the

contributions of the molecular backbone and the manganese group. As depicted in Figure

3.26, near to the Fermi level, the HOMO is mainly formed by the metal core orbitals but also

has contributions from the molecular frame. The inset contains the same information when

the molecule is in the gas phase. The large interaction with the substrate is still visible in

the huge width of the dz2 contribution. However, it appears now at a higher energy, clearly

above the Fermi level. We can find also some contribution from the dz2 orbital below -2.0

eV. These two contributions clearly correspond to a bonding/antibonding splitting caused by

the Cl-Mn interaction. The antibonding part, with larger Mn character lies now well above

the Fermi level and gains a large width due to the interaction with the substrate. Thus, in

the adsorbed Cl-MnPc molecule the Mn dz2 has a larger contribution to the LUMO+1. As a

result of this, the molecule loses the main d-channel charge transfer and the metal-substrate

charge exchange is now mainly controlled by the aromatic molecular frame. This explains



3.3 Results 75

Fig. 3.22 Charge variation (Bader charge - atom valence charge) for all atoms in the MnPc
molecule in the gas phase (black) and after adsorption on Ag[111] at fcc× (red), top× (blue),
top+ (magenta), bridge× (orange) and bridge+ (green) sites.

the reduction in the interaction between the substrate and the molecule as well as the large

molecular deformation.

3.3.2.d Summary of Bader charges and density of states

Thus, it was shown that the metal core controls the behaviour of the interaction between

the MePc and the Ag[111] surface. Despite the different adsorption sites tested, the electronic

structure of the molecule is very weakly affected by the selection of a particular adsorption

configuration. The similarity of the M-DOS regardless of the adsorption site is a clear

signature of the small chemical interaction between the molecule and the surface.

The transition metal determines the charge transfer and the molecular magnetization. Our

results prove that the choice of metal core widely changes the electronic structure of the

molecule close to the Fermi level. The TM controls the interaction with the substrate. In

particular, frontier molecular orbitals from different MePc show a very different degree of

hybridization with the substrate. The most common interaction path between the d-states

of the metal center and the substrate is mediated by the aromatic π-system. However, the

metal core can interact directly with the surface as happens in the case of the MnPc molecule.

The molecular geometry is crucial for this. As we have shown, the titanium atom in TiOPc

does not interact with the substrate and the adsorption is mediated by the organic part of the
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Fig. 3.23 M-DOS MnPc comparison between adsorption sites. MnPc adsorption on Ag[111]
at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green) sites.
The inset shows the PDOS projected onto the Mn atom, α spin (red) and β spin (blue)
contributions in the gas phase. Energies are referred to the Fermi level.

molecule. CuPc has a weak interaction with the substrate, as expected for a noble metal,

that is not large enough to annihilate the magnetization of CuPc on gas phase. Meanwhile

when the Mn atom is acting as metal center, there is a large interaction with the substrate

as clearly indicated by the large width (hybridization with the substrate) of the dz2 level

located close to the Fermi level. This creates a direct interaction and charge transfer route

between the Mn atom and the surface. Nevertheless, the addition of a ligand modifies the

molecular interaction. It produces an energy shift of the metal orbital, closing this direct

charge transfer channel. It is clear then, that the interface properties depend crucially on the

energetic positions of the metal orbitals and their occupations.
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Fig. 3.24 PDOS MnPc projected onto the manganese atom (black)), dz2 Mn orbital (blue
dash line) and the molecular backbone (red) for the case of the bridge+ site. The inset shows
the PDOS projected onto the manganese atom (black)) and the molecular backbone (red)
contributions in the gas phase. Energies are referred to the Fermi level.

Fig. 3.25 M-DOS Cl-MnPc comparison between adsorption sites. Cl-MnPc adsorption on
Ag[111] at fcc (red), top× (blue), top+ (magenta), bridge× (orange) and bridge+ (green)
sites. The inset shows the PDOS projected onto the Mn atom, α spin (red) and β spin (blue)
contributions in the gas phase. Energies are referred to the Fermi level.
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Fig. 3.26 PDOS Cl-MnPc projected onto the manganese group (black), dz2 Mn orbital (blue
dash line) and the molecular backbone (red) for the case of the bridge+ site. The inset shows
the PDOS projected onto the manganese group (black)) and the molecular backbone (red)
contributions in the gas phase. Energies are referred to the Fermi level.
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3.3.3 Induced electron density and dipole moment

We have calculated the induced electron density after adsorption for all the MePc

molecules. Our results show the presence of an electron accumulation in the surface both

below and around the molecule. The electron accumulation spills out from the region covered

by the molecule, forming a rim of negative charge surrounding the molecule. This is a

common observation when organic molecules are adsorbed on a metal substrate [160–163].

It is produced by the pushback of surface electrons into the substrate caused by the Pauli

repulsion between them and the electrons of the molecule. The molecular electron cloud is

usually harder to deform than that in the metallic substrate. Thus, when the molecule is close

to the surface the MePc electron cloud pushes back the substrate electrons into the metal.

Similar to the case of the PDOS, there is not significant difference in the induced charge

arrangement at different adsorption sites. In order to simplify the analysis, we have depicted

3D induced electron density figures at the bridge+ site for all the MePc molecules. In

addition, we have calculated the dipole moment for the molecules in the gas phase and

after adsorption. However, the induced dipole moment and the total dipole moment for the

adsorbed molecules can not be obtained along the directions parallel to the surface (x-axis

in our plots along the 〈1̄10〉 and y-axis along the 〈1̄1̄2〉 directions) because the density is

not strictly confined along those directions, but rather corresponds to a continuous periodic

distribution. Thus, we focus our attention on the out-of-plane dipole (along the 〈111〉
direction). We have analysed the induced electron density ∆n(z) averaged in the XY plane

and plotted it along the z direction as well as the total dipole moment in this direction.

3.3.3.a TiOPc/Ag[111]

The TiOPc molecule was adsorbed on the Ag[111] surface, the interaction with the

surface produces an electronic rearrangement on both, the molecule and the surface. This

variation is plotted on Figure 3.27. The TiOPc (O-up) adsorption creates an apparent

electron depletion on the π-system in the molecule. Despite the fact that there is no charge

transfer between the substrate and the Ti atom, there is a charge accumulation beneath the

metal core. These observations are consistent with the effects due to the Pauli pushback of

the surface electrons. This is also reflected in the distribution of the planar-averaged induced

density plotted in Figure 3.28 along the surface normal. All the studied adsorption sites and

configurations are plotted together, however, the variation of the curves is very small and they

are fairly independent on the adsorption site. The chart shows the electron accumulation on

the topmost layer in the substrate and the apparent depletion at the π-system in the molecule.
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Using the calculated electron densities, we have obtained the dipole moments for the

molecule on gas phase and after adsorption. The results are displayed in Table 3.14. TiOPc

has a large dipole moment produced by the tytanil group (-0.60 eÅ) along the normal

direction (here we assume the oxygen occupies a higher position along z, explaining the

negative sign of the dipole). The geometrical changes of the molecule upon adsorption only

produce a slight increment of the molecular dipole with respect to the gas phase. The total

Table 3.14 Dipole moment of TiOPc/Ag[111] along the surface normal direction 〈111〉. Label
"ads. geom." refers to free-standing molecules for which the relaxed adsorbed geometry is
used. For free-standing molecules, the reported dipole is computed along the normal to the
molecular plane. The induced dipole is the dipole associated with the rearrangement of the
electron density after adsorption.

configuration free (ads. geom.) (e Å) induced (e Å) total (e Å)
gas phase -0.594 -0.594
fcc× -0.623 0.939 0.276
top× -0.614 0.945 0.290
top+ -0.622 0.888 0.225
bridge× -0.616 0.958 0.300
bridge+ -0.625 0.910 0.245

and induced dipoles obtained after adsorption present slight differences as a function of the

adsorption site. The most noteworthy result is the inversion of the total dipole when the

TiOPc molecule is adsorbed on the Ag[111] surface. While the molecular dipole initially

was pointing downwards, once the effect of the adsorption is taken into account it points

upwards. The absolute value of the dipole is also much smaller for the adsorbed species.

We attribute this behaviour to the Pauli repulsion, which is responsible for creating a strong

dipole opposed to the molecular one in this case. Mind that the induced dipole due to the

pushback of the surface electrons is expected to be always positive and proportional to the

area covered by the molecular frame.

For TiOPc adsorbed in an inverted (O-down) geometry the molecule-substrate interface

changed completely. The dipole moments are described on Table 3.15. The surface presents

the typical electron accumulation around the molecular edge (see Figure 3.29). The main

ingredient to understand the induced charge in the O-down case is also the Pauli pushback

of surface electrons. However, it is important to take into account that besides the electrons

occupying the π molecular states, now we must take into account the interaction of the

surface electrons with the oxygen atom of the titanyl group, which strongly overlaps with

electron cloud from the surface. A combination of Pauli repulsion and pure electrostatic

repulsion pushes the electrons away from the neighborhood of the oxygen. This explains
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the small electron accumulation found around the Ti within the molecular plane, and around

the oxygen atom below the molecular plane. At the same time, the electron occupying the π

molecular orbitals in the molecular frame also push the surface electrons towards the surface

that accumulate forming a rim around the molecule. As a consequence of this combined

action, the dipole created by the pushback effect is slightly reduced in this case with respect

to the O-up case. However, in this case both the molecular dipole and the induced dipole

point in the same direction (both point towards vacuum) and, therefore, the magnitude of the

total dipole is now much larger than in the O-up case.

Table 3.15 Dipole moment of TiOPc/Ag[111] (O-down) along the surface normal direction
〈111〉. Labelling scheme like in Table 3.14.

configuration free (ads. geom.) (e Å) induced (e Å) total (e Å)
fcc× 0.591 0.804 1.356
top× 0.452 0.877 1.289
top+ 0.492 0.818 1.271
bridge× 0.477 0.857 1.294
bridge+ 0.512 0.798 1.268

3.3.3.b CuPc/Ag[111]

The molecular plane of CuPc adsorbs closer to the surface than for TiOPc. CuPc electron

induced density is plotted on Figure 3.31 for the bridge+ adsorption. There is an electron

accumulation beneath the metal core and it is also observed the electron depletion around

the π-system in the molecule, which is a clear signature of the Pauli repulsion. The CuPc

adsorption gives rise to a strong charge rearrangement at the interface.

The induced density plotted in Figure 3.32 is clearly consistent with the Pauli pushback

of surface electrons: large electron accumulation in the surface and electron depletion in

the region occupied by the molecular frame. Although the CuPc does not have a dipole

moment in the gas phase, a strong induced dipole moment appears after adsorption due

to the electronic repulsion between the electron clouds. Thus, the CuPc adquires a total

dipole moment in the normal direction after adsorption on the Ag[111] substrate. The values

are presented in Table 3.16. The results show a much larger variation of the total dipole

depending on the adsorption site as compared to the TiOPc molecule. We understand these

variations as directly related to the adsorption height of the molecule over the surface. For

top× adsorption site the distance between the metal core and the surface is ∼ 3.11 Å and

its total dipole along the normal is 1.47 eÅ, whereas at the top+ adsorption site the height

increases until ∼ 3.18 Å and the dipole is reduced to 1.28 eÅ.
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Table 3.16 Dipole moment of CuPc/Ag[111] along the surface normal direction 〈111〉.
Labelling scheme like in Table 3.14.

configuration free (ads. geom.) (e Å) induced (e Å) total (e Å)
gas phase -0.001 -0.001
fcc× -0.046 1.503 1.421
top× -0.019 1.530 1.475
top+ -0.043 1.362 1.279
bridge× -0.072 1.456 1.344
bridge+ -0.032 1.499 1.431

3.3.3.c MnPc/Ag[111] and Cl-MnPc/Ag[111]

The MnPc induced electron density is shown on Figure 3.33. In contrast to the case

of CuPc, for the MnPc we can find clear traces of electron accumulation around the Mn

atom and in some regions of the molecular frame. This is due to an additional ingredient

that has a stronger influence in the case of MnPc than in the previous cases: the charge

transfer of electrons from substrate to the molecule. For MnPc 0.7 electrons are transferred

and distributed within the molecular frame. As a result, after MnPc chemisorption the

MnPc-surface interface changes completely. This reduces the adsorption-induced pushback

effect of metal electrons and substantially reduces the induced dipole moment. The results

are shown on Table 3.17. Despite the fact that the metal core is closer to the substrate, there

is a reduction of the induced dipole moment with regard to CuPc. Thus, the electronic charge

transfer mitigates the Pauli pushback but it is not strong enough to compensate all the effect.

As for the other MePc explored, the dependence on the adsorption site is rather weak. The

net result is a reduction in the total dipole moment in the 〈111〉 direction in comparison with

the CuPc molecule, although the dipole is still pointing up as in the previous case.

Table 3.17 Dipole moment of MnPc/Ag[111] along the surface normal direction 〈111〉.
Labelling scheme like in Table 3.14.

configuration free (ads. geom.) (e Å) induced (e Å) total (e Å)
gas phase 0.000 0.000
fcc× -0.031 0.558 0.490
top× -0.002 0.627 0.587
top+ -0.013 0.521 0.467
bridge× -0.041 0.550 0.470
bridge+ -0.021 0.503 0.525

The Cl-MnPc presents a different behaviour than without the ligand. The chlorine atom

bonding the metal core in the phthalocyanine gives a strong dipole moment to the molecule.
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The induced electron density is shown in Figure 3.35. There is an electron accumulation

under the metal core, although we know that there is no charge transfer from the substrate to

the Mn atom. Like in the previous case, we also observe the electron accumulation on the

π orbitals from the organic framework. The planar average of the induced electron density

along 〈111〉 direction plotted on Figure 3.36 has a similar shape to that of MnPc at the

interface, however, there is a clear reduction on the amount of charge rearranged. In the chart

the Mn-Cl bond is clearly polarized due to the interaction with the surface.

Table 3.18 shows the dipole moments for Cl-MnPc. The chlorine atom bonded to the Mn

causes the increase of the distance between the metal core and the surface, so the molecule is

farther than the MnPc after adsorption. However, the charge transfer from the surface keeps

the same, this charge is relocated on the π orbitals in the molecular framework. Similar to

the case of MnPc, this cancels partially the effect of the Pauli repulsion leading to a reduction

of the induced dipole at the interface. Moreover, the induced dipole moment is not large

enough to compensate the molecular dipole moment. This situation results in a negative total

dipole moment after adsorption on the normal direction. Thus, the total dipole in the system

presents a comparable absolute value to that of MnPc, however, in the opposite direction.

Table 3.18 Dipole moment of Cl-MnPc/Ag[111] along the surface normal direction 〈111〉.
Labelling scheme like in Table 3.14.

configuration free (ads. geom.) (e Å) induced (e Å) total (e Å)
gas phase -0.789 -0.789
fcc× -0.636 0.150 -0.522
top× -0.658 0.166 -0.529
top+ -0.673 0.076 -0.629
bridge× -0.634 0.214 -0.457
bridge+ -0.566 0.131 -0.471

3.3.3.d Summary of induced electron density and dipole moment

The results obtained in this section showed that the MePc adsorption configuration has a

small effect in the induced electron density and the dipole moment. A common observation

was the electron accumulation in the topmost surface layer. This is caused by the Pauli

repulsion between the molecular electron cloud and the electrons in the surface. The Pauli

pushback causes a rearrangement of charges, creating a dipole moment along the normal to

the surface.

TiOPc has an intrinsic molecular dipole moment that, however, is counteracted by a

strong induced dipole upon adsorption The result is a dipole moment pointing towards
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vacuum. In the TiOPc O-down adsorption on Ag[111] there is an additional electrostatic

repulsion produced by the oxygen. It reduces the induced dipole, however, with both dipoles

pointing in the same direction the total dipole increases. CuPc adsorbs closer to the surface

that TiOPc. Therefore, the Pauli pushback effect increases and it was observed in the plots.

This causes an increment in the induced dipole moment, and as a result, a strong total dipole

moment in the normal direction to the Ag[111]. We also observed a subtle change in the total

dipole moment with the adsorption site that was attributed to the distance with the surface.

MnPc adsorption presents the smaller distance to the surface, nonetheless, the induced dipole

moment is drastically reduced. The charge transfer from the substrate reduces the dipole

produced by Pauli pusback effect. However, the charge transfer is not enough to completely

cancel the effect of Pauli repulsion, and the total dipole still points towards vacuum. The

addition of the chlorine atom bonding the metal core, as in the TiOPc case, gives a strong

dipole moment to the molecule pointing towards the surface. When the Cl-MnPc is adsorbed

the induced dipole is smaller than in the previous cases. The charge transfer cancels part of

the induced dipole. Thus, contrary to the previous cases, the charge transfer together with

the molecular dipole moment in the Cl-MnPc causes a total dipole moment that is pointing

towards the surface after adsorption.
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Fig. 3.27 Induced electron density for the TiOPc adsorbed at a bridge+ site with the molecule
aligned along the 〈1̄10〉 symmetry direction of the Ag[111] surface. (a) Top and (b) side
views of the isosurface (isovalue = ± 2 × 10−4 e/Bohr−3) of the induced electron charge.
Red and blue surfaces indicate respectively electron accumulation and depletion.
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Fig. 3.28 Induced electron density ∆n(z) averaged in the xy plane and plotted along z. TiOPc
adsorption on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and
bridge+ (green) sites.
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Fig. 3.30 Induced electron density ∆n(z) averaged in the xy plane and plotted along z. TiOPc
(O-down) adsorption on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange)
and bridge+ (green) sites.
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Fig. 3.32 Induced electron density ∆n(z) averaged in the xy plane and plotted along z. CuPc
adsorption on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and
bridge+ (green) sites.
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Fig. 3.34 Induced electron density ∆n(z) averaged in the xy plane and plotted along z. MnPc
adsorption on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange) and
bridge+ (green) sites.
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Fig. 3.36 Induced electron density ∆n(z) averaged in the xy plane and plotted along z. Cl-
MnPc adsorption on Ag[111] at fcc× (red), top× (blue), top+ (magenta), bridge× (orange)
and bridge+ (green) sites.
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3.4 General conclusions

We have thoroughly investigated the MePc (Me = Ti, Cu, Mn) adsorption on Ag[111]. In

order to find the preferred adsorption site of the MePc interaction on the surface we have

tested different possibilities. The adsorption configuration is defined by the metal core site

and the azimuthal angle of the MePc on the substrate. Thus, molecules were adsorbed at

top+ and bridge+ with two of the inner-ring N atoms are aligned along the 〈1̄10〉 high

symmetry direction of the Ag[111] surface or rotating 45◦ the molecule with respect to the

〈1̄10〉 directions in the fcc×, top× and bridge× sites.

The main observation was the predilection of the MePc for the bridge+ adsorption

site in all cases. Thus, we have demonstrated that the adsorption site is dominated by the

relative molecular disposition above the surface and not by the affinity of the metal core

for a particular adsorption site. Our theoretical results highlight that the adsorption site is

modulated by the stacking of the molecular frame with respect to the Ag[111] surface.

We have calculated the adsorption energies and molecular geometries. Regarding the

adsorption energies, CuPc is the most stable and strongly attached to the surface. TiOPc is

the second most stable adsorbate, with an adsorption energy 205 meV less stable. In this

case the presence of an oxygen atom bonded to Ti reduces the interaction of the metal core

with the surface, increasing the average height of the molecular plane over the topmost layer

of the silver surface.

CuPc keeps part of its magnetic moment after adsorption whereas MnPc and Cl-MnPc

completely lose their spin polarization when they are adsorbed on the surface. CuPc is more

distant to the surface (∼ 3.20 Å) than MnPc or Cl-MnPc, however, it is energetically more

stable. Counterintuitively, the weak interaction between the Cu metal ion with the surface

produces a small distortion of the molecular geometry leading to a more stable adsorption

on the substrate. This seems to point to the importance of long-range dispersion forces to

explain the computed adsorption energies. The interaction of the metal core with the surface

and the charge transfer between the substrate and the molecule are other ingredients that must

be taken into account. Additionally the energy cost associated with molecular deformation to

favor direct chemical interactions between the metal core and the surface must be considered.

The final result stems from a delicate interplay of all these ingredients and, thus, it is difficult

to guess without a detailed calculation.

For example, in the case of MnPc, the addition of a ligand to the metal core in Cl-MnPc

causes both a larger deformation of the molecule and pushes the Mn atom to a higher position,

reducing the surface-metal core interaction. Both effects lower the stability of the system

with respect to MnPc and, as a consequence Cl-MnPc has the smallest adsorption energy
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among all the MePc considered here. Thus, ligands attached to the metal core are expected

to weaken the interaction with the surface and give rise to lower adsorption energies.

We must mention the study developed for the TiOPc adsortion in the c-phase. In particular,

our calculations for the adsorption energy dependence on the azimuthal angle were essential

for the elucidation of the structural details of the self-assembled molecular layer formed at

intermediate coverages on Ag[111] [16].

The electronic structure of the adsorbed molecules, M-DOS, supported the previous

observations and clarified the MePc interaction with the substrate. A common observation

was the electron charge transfer from the substrate to the molecule observed in the partially

filled LUMO orbital. In addition, Bader charges together with the PDOS uncovered the

metal core participation in the interaction and charge transfer process with Ag[111]. In the

case of TiOPc, the LUMO that aligns with the Fermi level and gets partially populated does

not have a large Ti character, but rather resides in the molecular frame. For CuPc the metal

centre has only a minor contribution at Fermi level, explaining why the CuPc keeps the

magnetic moment after adsorption. For MnPc and Cl-MnPc the LUMO has a large Mn 3d

content and receives 0.7 electrons. This, together with the very large hybridization with the

surface, explains the complete disappearance of the spin polarization for these molecules.

The Cl ligand produces an energy shift of the dz2 orbital in the metal core, closing the σ -like

electron channel for charge exchange between the metal centre and the surface. A general

remark valid for all the studied MePc molecules is the very weak dependence of the M-DOS

on the adsorption site. This is a clear proof of the rather weak electronic interaction between

the MePc and the Ag[111] substrate.

Finally, we have obtained the induced electron density and calculated the dipole moments

for the different MePc’s. The total dipole of the system is related to the molecular distance to

the surface as well as to metal ion electronic charge. The Pauli pushback of the surface metal

electrons induced by the nearby molecule creates a rearrangement of charge and an induced

dipole that points towards vacuum along the surface normal. This induced dipole may tend

to cancel or to enhance the molecular dipole, depending on the molecular orientation. Thus,

TiOPc (O-up) presents a total dipole that points in the opposite direction than the molecular

one. The charge transfer reduces the Pauli repulsion and, as a consequence, the induced

dipole as is the case for MnPc. For Cl-MnPc, this reduction of the induced dipole is such that

it becomes smaller than the intrinsic molecular dipole. As a result, this is the only molecule

among those studied here whose total dipole after adsorption points towards the surface.

In summary, our results prove that the adsorption configuration does not depend on the

metal core and the interaction with the surface is weak. The main interaction with the surface

is due to the aromatic π-system in the molecule and mediated by dispersion forces. Although
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the metal core does not control the adsorption site, it defines the molecular magnetization.

Additionally, the metal ion affects to the charge transfer, the adsorption height, the molecular

distortion and has a strong influence on the rearrangement of charge at the molecule-substrate

interface.





Chapter 4

CO2 adsorption on TiOPc

If you don’t like the answer, change the

question.

Richard M. Martin

4.1 Introduction

In the previous chapter we have analyzed in detail the electronic, magnetic and structural

properties of different phthalocyanine molecules adsorbed on Ag[111] and in the gas phase.

Here we will consider the interaction of one of them, TiOPc, with carbon dioxide (CO2)

molecules in relation with experiments performed in the group of Prof. P. Jakob at Philipps-

Universtät in Marburg (Germany).

Among other interesting technological applications, phthalocyanine molecules have been

intensively used as active components for gas sensors [127, 128, 164, 165] and for their

catalytic properties. For example, MePc show interesting catalytic and electroreduction

properties. MePc (Me = Fe, Co) were theoretically studied using DFT as catalytic molecules

[166]. When an oxygen molecule (O2) is adsorbed on the metal core, up to four different

stable configurations are found. In the case case of FePc, the Fe metal core transfers

electronic charge to the O2 molecule, leading to a weaker O-O bond, making possible an

oxygen reduction reaction.

Magdesieva et al. [167] investigated the CO2 electroreduction using porphyrins and MePc

(Me = Co, Cu) molecules as catalyst adsorbed on activated carbon fiber nanoporous supports.

They showed that MePc based complex are effective catalysts for CO2 electroreduction. They

also demonstrate that these kind of compounds are highly effective, yielding efficiencies up
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to 70%. In their study they found that the specific metal core or macrocyclic ligands does not

have an strong influence on the CO2 electroreduction.

In this chapter we have studied CO2 adsorption on TiOPc. The molecule has a Ti core

bonded to an oxygen ligand. We have proposed different adsorption geometries for the CO2

molecule on the TiOPc identifying the most probable configuration. Afterwards, we have

increased the CO2 coverage on the TiOPc. Our results shows that the adsorption of multiple

CO2 molecules on the TiOPc is energetically feasible. In addition, we have calculated the

charge transfer between TiOPc and CO2 and the induced electron density upon adsorption

in order to explain the interaction between both molecules. We also computed the total

dipole moment of the system and its change after molecular adsorption. Finally, we have

obtained the vibrational density of states (VDOS) in an attempt to characterize how the CO2

adsorption affects the Ti-O bond and to compared with the infrared spectroscopy data from

Prof. Jakob’s group.

4.2 Methodology

Our results were obtained using VASP (version 5.3.5) [12] and the PBE functional

[55]. In order to take into account the vdW interactions we have included the D3 Grimme

approximation [63] in the input. We have used a 400 eV plane-wave cutoff as well as the

PAW method [99] to describe the atomic cores. The relaxation process is stopped when the

forces acting on all the atoms were smaller than 0.03 eV/Å.

A large supercell (20.160 Å x 19.953 Å) was used with a view to avoiding the interaction

between the TiOPc periodic images. In the same way, a large vacuum distance ∼ 20 Å was

used to prevent the interaction along the normal to the molecular plane. A 3x3x1 k-point

Monkhorst-Pack grid [91] and the Methfessel-Paxton occupation scheme [168] (σ = 0.2 eV)

was used in the simulations.

In this system, we consider different adsorption configurations that will be described

extensively below. CO2 adsorption on TiOPc figures and the induced electronic density

figures were created using VESTA [155]. The Eads is calculated with Eq. 2.1 and the

population analysis was performed like in Chapter 2. Heights reported in this chapter were

obtained using the TiOPc molecular plane as a reference.

The induced electronic density for the system was calculated using the Fermi occupation

scheme [169] and σ = 0.02 eV. The Methfessel-Paxton occupation scheme is used in most

of the reported calculations in this thesis due to its faster convergence for metallic systems.

However, this method can provide (unphysical) negative occupations nearby the Fermi level,

which could be an issue in the present case. The induced electron density was calculated
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using Eq. 3.1 and the dipole moments in the gas phase, the induced dipole moment and the

total dipole moment were calculated following the same procedure than in Chapter 3.

The VDOS is obtained using the finite difference method around the relaxed geome-

try. The forces obtained from single point calculations for distorted geometries are used to

computed the Hessian matrix (second derivative of the energy with respect to the atomic

positions). From this matrix we can obtain the so-called dynamical matrix, whose eigenen-

ergies and eigenvectors correspond to the vibrational frequencies and modes of the system.

Here, the Hessian matrix was determined using a finite difference approach with a step size

of 0.01 Å for the displacement of each atom in the system along each Cartesian coordinate.

4.3 Results

4.3.1 Adsorption energy and geometry

TiOPc is an organic macrocycle molecule with a titanium atom in the centre. As it

was shown in Chapter 3 in Figure 3.1, the molecule is composed by a organic frame (a

ring formed by four pyrroles connected by Nitrogen atoms, plus four benzene rings) and a

titanium metal core which is bonding an oxygen atom.

We have studied the CO2 molecular adsorption on TiOPc. We have tested different

adsorption geometries. The relaxed geometries are plotted on Figure 4.1. The studied

configurations are: a) the CO2 is adsorbed on top of the carbon atoms of the pyrroles, with

the CO2 axis parallel to the molecular plane, b) the carbon atom of the CO2 molecule is on

top of one of the external nitrogen atoms of the central ring, with the oxygen atoms pointing

towards the carbon atoms of the neighbouring pyrrole groups, c) the CO2 molecule interacts

with the external nitrogen in the central ring via one of its oxygen atoms and d) CO2 is

adsorbed on the Ti metal core.

The adsorption energies are shown on Table 4.1. The preferred adsorption site is on the

Ti metal core (Figure 4.1 d) that is 107 meV more stable than configuration 4.1 b and 136

meV than 4.1 a. The less stable adsorption site is 4.1 c, where the CO2 adsorption energy is

∼ 170 meV smaller than 4.1 d.

Although the adsorption on the Ti metal centre is the preferred site, it is necessary to

overcome a high energy barrier (∼ 500 meV) in order for the CO2 to adsorb on the metal core.

This energy barrier was obtained mapping the energy as a function of the vertical position of

a CO2 molecule situated directly on top of the TiO group. We have fixed the z coordinate in

the benzene rings and the carbon atom in the CO2 preventing the main vertical positions of

the molecules from moving during the relaxation and have run multiple calculations. Thus,
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the energetic results of this sampling give us a good estimation for the energy barrier. This

strong energy barrier rules out that 4.1 d would be a reachable adsorption configuration

under the relevant experimental conditions here (low temperature deposition of the CO2).

Based on the adsorption energy results, we have assumed that 4.1 b is the most probable

adsorption geometry.

Table 4.1 Eads for the different adsorption geometries showed in Figure 4.1.

configuration Eads (eV)
a 0.221
b 0.250
c 0.186
d 0.357

In order to address the experimental observations from our colleagues we have increased

the CO2 coverage. We have adsorbed multiple CO2 molecules simultaneously on the TiOPc

molecule. Starting from the 4.1 b adsorption configuration obtained previously we have

increased the number of CO2 molecules adsorbed on TiOPc. The possible adsorption

geometries are plotted on Figure 4.2. We have adsorbed two CO2 molecules on the TiOPc

testing two different options. In case a) the CO2 molecules were confronted (parallel

dimers) while in case b) the CO2 molecules were side by side (perpendicular dimers).

Continuing with the increment of the coverage, in case c) 3 CO2 (trimer) and in d) 4 CO2

(tetramer) molecules were adsorbed on the TiOPc molecule respectively.

Adsorption energies, Ti-O bond distance, C-O bond length and the CO2 bond angle are

shown on Table 4.2 for all coverages. As the number of CO2 molecules increases on TiOPc

there is a reduction of the adsorption energy per molecule. The adsorption energy is not

directly proportional to the number of adsorbed molecules. However, even at the highest

coverage (tetramer) the adsorption energy is much larger that the repulsion among the CO2

molecules, leading only to a reduction of 40 meV with respect to the adsorption energy of

a monomer. Therefore, despite small differences in the adsorption energies, configurations

with multiple CO2 adsorption on TiOPc should be expected as the CO2 coverage is increased.

The interaction with the multiple CO2 molecules tends to slightly increase the Ti-O

bond length, although the effect is quite small. The molecular distortion of the TiOPc with

the adsorbed CO2 coverage is shown in Figure 4.3. In this chart it is observed that the

CO2 adsorption tends to slightly enlarge the Ti-O bond distance and increase the bending

of the molecular plane. In addition, the increment of CO2 molecules in the system also

leads to larger distances between the CO2 molecule and the TiOPc centre. We attribute this

increment on the adsorption distance between the CO2 and the oxygen atom of the TiOPc
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to the electronic repulsion between neighboring CO2 molecules as the coverage increases.

Thus, at higher coverages CO2 molecules keep larger distance to the TiOPc substrate and

to each other. Despite the fact that CO2 is a linear molecule on gas phase, the bond angle

shows an interesting behaviour in these systems. During the adsorption on TiOPc, the CO2

molecules presents a small bending that it is reduced as the number of molecules adsorbed

on TiOPc increases.

Table 4.2 CO2 adsorption energy per molecule on the TiOPc molecule for different CO2
coverages. Ti-O bond length, CO2 bond length (C-O) and CO2 bond angle θ .

Eads (eV) Ti-O (Å) C-O (Å) θ (◦)
CO2 gas phase 1.177 179.9
TiOPc gas phase 1.686
monomer 0.250 1.688 1.177 177.6
parallel dimers 0.243 1.691 1.177 177.6
perpendicular dimers 0.240 1.690 1.177 178.1
trimer 0.230 1.692 1.177 178.4
tetramer 0.213 1.692 1.176 179.0

Table 4.3 Heights (Å) ± standard deviation of the TiOPc components (see Figure 3.1 on
Chapter 3) on gas phase and during the CO2 adsorption at the lowest (monomer) and
highest (tetramer) coverages. TiOPc molecular plane is used as a reference.

TiOPc gas phase monomer tetramer
Ti 0.707 ± 0.010 0.726 ± 0.011 0.754 ± 0.014
N int 0.078 ± 0.035 0.105 ± 0.021 0.127 ± 0.022
N ext 0.015 ± 0.044 0.039 ± 0.035 0.056 ± 0.035
C c 0.029 ± 0.036 0.052 ± 0.028 0.067 ± 0.028
B1 -0.039 ± 0.024 -0.067 ± 0.052 -0.079 ± 0.067
B2 -0.009 ± 0.027 -0.052 ± 0.049 -0.065 ± 0.063
B3 -0.031 ± 0.036 -0.070 ± 0.044 -0.078 ± 0.064
B4 -0.042 ± 0.024 -0.007 ± 0.032 -0.027 ± 0.044
Oxygen 2.393 ± 0.010 2.414 ± 0.011 2.446 ± 0.014
central ring 0.041 ± 0.026 0.065 ± 0.021 0.083 ± 0.023
Benzene -0.030 ± 0.019 -0.049 ± 0.028 -0.062 ± 0.037
Molecular plane 0.000 ± 0.018 0.000 ± 0.022 0.000 ± 0.028

Next, we compare in detail the CO2 adsorption on TiOPc at low and high coverage in

order to clarify the molecular interaction in the system.
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(a) (b)

(c) (d)

Fig. 4.2 Multiple CO2 adsorbed on TiOPc. Using the monomer adsorption configuration
4.1 b, the molecular coverage was increased. The following systems were studied: a)
parallel dimers where the two CO2 molecules are in opposite sites, b) perpendicular
dimers with the two CO2 molecules occupying contiguous sites, c) trimer, 3 CO2 molecules
are adsorbed and d) tetramer, 4 CO2 molecules adsorbed on TiOPc.
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Fig. 4.3 Molecular height profile for the TiOPc on gas phase (black) and after the CO2
molecular adsorption for low (monomer, red) and high (tetramer, blue) coverages. TiOPc
molecular plane is used as reference.
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4.3.2 CO2 monomer versus CO2 tretamer on TiOPc

CO2 and TiOPc are weakly interacting. The adsorption energy and the minimal distortion

of the TiOPc molecule support this idea. In order to identify and explain this interaction

we have calculated the Bader charges and PDOS for the TiOPc in the gas phase and after

the CO2 adsorption. We have compared the most different coverages, i.e, when one CO2

(monomer) and four CO2 (tetramer) molecules are adsorbed on TiOPc.

The valence Bader charges were calculated for the TiOPc in the gas phase and when the

CO2 is adsorbed on TiOPc at both coverages. The charge transfer between the adsorbate

molecules and adsorbent is negligible (< 0.02 e per CO2 molecule) as expected, due to the

large gap of CO2. In addition, we have studied the valence Bader charges of all the atoms

in the system. The charge variation (Bader charge - valence atomic charge) are plotted on

Figure 4.4 for the TiOPc central ring. The chart contains the charge variation for the TiOPc

on gas phase and after the CO2 adsorption at low (monomer) and high (tetramer) coverage.

The monomer adsorption did not produce a noteworthy change in the TiOPc atomic charges.

This beaviour did not vary with the coverage when the tretramer was adsorbed on TiOPc.

The atomic charges in the TiOPc atoms were practically identical to the gas-phase molecule.

Thus, the charge arrangement does not show any relevant variation at any coverage, proving

again the weak interaction between the molecules.

Fig. 4.4 Charge variation (Bader charge - atom valence charge) for Ti atom, central ring (N
int, N ext, C c) and oxygen atom in the TiOPc molecule. TiOPc on gas phase (black), and
during the CO2 adsorption at low (monomer, red) and high (tetramer, blue) coverages.
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Figure 4.5 contains the PDOS for the TiOPc molecule in the gas phase and after the

CO2 adsorption in the neighborhood of the Fermi level. There are not significant changes in

the PDOS produced by the CO2 adsorption. The main change comes from a slight downshift

of the LUMO+1 orbital with the increment of CO2 molecules adsorbed on TiOPc. However,

similar to the isolated case, the main contribution to the LUMO+1 level comes from the

dx2−y2 orbital of the Ti metal core. Thus, the minimal distortion on the electronic structure of

the TiOPc molecule together with the insignificant valence Bader charge variation proves

that the CO2 molecule is physisorbed on the TiOPc.

Fig. 4.5 PDOS comparison for the TiOPc molecule in the gas phase (black) and after the
CO2 adsorption at low (monomer, red) and high (tetramer, blue) coverages. Energies are
referred to the Fermi level given by VASP, which aligns with tail of the HOMO level in this
system.

In order to identify the CO2 interaction on the TiOPc after the physisorption we have

calculated the induced electron density. The charge rearrangement observed on Figure 4.6

provides a clear hint that helps to understand the dominant interactions in the system.

When the monomer is physisorbed on the TiOPc, a redistribution of the electron charge

is observed in both molecules. There is a polarization of the CO2 molecule, but also in the

oxygen atom from the TiOPc. The CO2 π molecular orbitals present an electron depletion

facing the oxygen atom from the TiOPc, whereas the oxygen atom of the titanyl group shows

an electron accumulation, proving the polarization of the titanyl group in the TiOPc molecule.

Furthermore, it is is also possible to find a smaller charge accumulation on the nitrogen

atoms immediately below the CO2 molecule. This charge rearrangements indicate that, in

addition to the van der Waals interaction between the CO2 molecule and the molecular frame,
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electrostatic interactions between the negatively charged nitrogen and oxygen atoms of the

TiOPc and the quadrupolar charge distribution of the CO2 molecule also play a crucial role

in the adsorption. Moreover, the fields generated by the very polar out-of-plane TiO and in

plane CN bonds create a polarization of the CO2 that reinforces the interaction.

The same behaviour was observed for the tetrameric adsorption. Although, as it was

already mentioned, the addition of CO2 molecules to the system produces an electronic

repulsion between the CO2 molecules. The electrostatic CO2-CO2 repulsion moves the

molecules away from the oxygen atom in the titanyl group, thus reducing slightly the attractive

TiO-CO2 interaction. Despite the CO2 molecules being farther than in the monomer case, a

similar polarization is observed (see Figure 4.7). In addition, the CO2 molecules are now

adsorbed directly over the N ext nitrogen atom from the TiOPc, so the electron accumulation

on those N atoms is substantially increased.

Fig. 4.6 Induced electron density after the CO2 monomer adsorption on TiOPc. Top and side
views of the isosurface (isovalue = ± 5 × 10−4 e/Bohr−3) of the induced electron charge.
Red and blue isosurfaces indicate electron accumulation and depletion respectively.

Following the same procedure than on Chapter 3 for the TiOPc dipole, we have analyzed

the changes in the dipole moment produced by the CO2 adsorption on TiOPc. In Figure 4.8

we plot the induced electron density along the z direction (∆n(z)) averaged in the XY plane.

In both cases, monomer and tetramer adsorption, the electronic charge rearrangement is

clearly visible in the titanyl group and on the CO2 molecules. The addition of CO2 molecules

to the system increases the polarization of the titanyl group. These observations are also

supported by the dipole moments obtained for these systems. Table 4.4 shows the dipole

moments for the TiOPc molecule along the normal to the molecular plane. TiOPc posses

a strong dipole moment along the z direction (-0.640 eÅ) on gas phase. The adsorption of

the CO2 monomer produces a charge rearrangement on the molecules. Thus, the electronic
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Fig. 4.7 Induced electron density during the CO2 tetramer adsorption on TiOPc. Top and
side views of the isosurface (isovalue = ± 5 × 10−4 e/Bohr−3) of the induced electron charge.
Red and blue isosurfaces indicate electron accumulation and depletion respectively.

interaction polarizes the Ti-O bond leading to an increment of the dipole moment along the z

direction (-0.683 eÅ). Increasing the number of CO2 molecules physisorbed on the TiOPc

strengthens the polarization in the Ti-O group resulting in the increment of the TiOPc dipole

moment perpendicular to the molecular plane (-0.748 eÅ) in the tetramer case.

Table 4.4 Dipole moment for the TiOPc on gas phase and after the CO2 adsorption along
the normal to the molecular plane. Label "ads. geom." refers to free-standing molecules for
which the relaxed adsorbed geometry is used. The induced dipole is the dipole associated
with the rearrangement of the electron density after adsorption.

configuration free (ads. geom.) (e Å) induced (e Å) ) total (e Å)
TiOPc gas phase -0.640 -0.640
Monomer -0.635 -0.044 -0.683
tetramer -0.674 -0.075 -0.748

IRAS measurements were performed by Dr. Laura Fernández in the laboratory of Prof. P.

Jakob in Philipps-Universtät in Marburg after the adsorption of CO2 molecules on an ultra-

thin layer of TiOPc grown on the Ag[111] surface [16, 18]. The results showed a systematic

modification in the characteristic vibrational signature of the Ti-O stretching mode (993.6

cm−1) at low temperature. As the CO2 dosage was increased new Ti-O stretching modes

(987.7, 982.7, 978.0, 971.4 and 967.6 cm−1) appeared on the vibrational spectrum.

Since electronic interaction takes place principally between the CO2 and the oxygen atom

in the TiOPc, we can expect that the Ti-O stretching mode will be affected after the adsorption

of the CO2 molecules. We have calculated the VDOS for the TiOPc on gas phase and after

the CO2 monomer and tetramer adsorption. Figure 4.9 contains the Ti-O stretching modes
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Fig. 4.8 Induced electron density ∆n(z) averaged in the XY plane and plotted along z. CO2
adsorption on TiOPc at low (monomer, red) and high (tetramer, blue) coverages.

in the different cases. The physisoprtion of a single CO2 molecule causes a reduction on the

Ti-O stretching mode (5.07 cm−1). This reduction is amplified with the addition of more CO2

molecules to the system. As shown in the Figure 4.9, after the tetramer adsorption, the

energy reduction on the Ti-O vibrational mode is ∼ 14.53 cm−1. Despite the weak interaction

between the CO2 molecules and the TiOPc, the molecular adsorption reduces significantly

the Ti-O vibrational energy. We attribute this changes to the electrostatic interaction with the

CO2 molecules, which are responsible of the elongation of the Ti-O group and the variation

on its dipole moment.

Thus, the reduction in the Ti-O stretching mode (987.7, 982.7, 978.0, 971.4 cm−1) is

related to the addition of CO2 molecules adsorbed on the TiOPc. After a long CO2 dosage (

> 90 s) only one frequency is detected (967.6 cm−1). It is attributed to the formation of CO2

clusters on the adsorption sites. According to this identification, the addition of each CO2

molecule will reduce the Ti-O stretching by ∼ 5 cm−1 , in very good agreement with our

calculations.
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Fig. 4.9 VDOS comparison. Ti-O stretching mode on gas phase (black) and after the CO2
adsorption at low (monomer, red) and high (tetramer, blue) coverages.

4.4 Conclusions

We have studied the CO2 molecular adsorption on TiOPc molecule. Based on our total

energy results the most probable adsorption site is with the CO2 monomer parallel to the

molecular plane where the CO2 molecule is adsorbed close to the external nitrogen atoms in

the molecular frame (Figure 4.1 b).

The CO2 coverage on the TiOPc was increased using the proposed configuration. Several

CO2 molecules were adsorbed creating different configurations as, dimers, trimers and

tetramers. Increasing the CO2 coverage produces a slight increase of the distance between

the CO2 molecules and the tintanyl group. This is a consequence of the electrostatic repulsion

between contiguous CO2 molecules, causing a weakening of the interaction with the TiO

group and, thus, a small reduction of the adsorption energy per CO2. Still, our calculations

prove that a single TiOPc molecule can host up to four CO2 molecules with only a small

energy penalty, i.e., multiple CO2 adsorption on TiOPc is perfectly possible.

In order to understand the interaction between molecules, we have studied and compared

the monomer and tetramer systems. In both cases the electronic structure of TiOPc is

minimally perturbed by the interaction with the CO2 molecules and just the Ti-O bond

distance is slightly affected. The charge transfer between the molecules was also negligible.
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The Bader charges and the PDOS showed that the CO2 molecules are physisorbed on the

TiOPc.

In addition, the induced electron density was calculated. It shows a clear electronic

polarization in the CO2 molecule and the oxygen atom in the TiOPc. The electronic re-

arrangement in the CO2 produces a small bending of the CO2 molecule after adsorption.

This bending is reduced when increasing the number of CO2 molecules on the system. This

shows that, besides van der Waals interaction with the molecular frame, the electrostatic

interaction between the polar TiO group and the quadropolar charge distribution of the CO2

molecules is crucial to understand the adsorption mechanism in this system. The polarization

of CO2 molecules contributes to increase the adsorption energy. These conclusions are

further supported by the increment in the dipole moment along the z direction due to the

polarization in the titanyl group as the CO2 coverage increases.

Finally, the coverage increment produces the appearance of new Ti-O stretching modes

detected in the experimental observations. The VPDOS calculations explain that the shift in

the Ti-O stretching mode is directly dependent on the CO2 coverage (∼ 5 cm−1 per adsorbed

CO2 molecule) and consequence of the CO2 electrostatic interaction with the TiOPc.





Chapter 5

Role of Strain on the Core-Level Energy

Shift in [111] vicinal surfaces

God made solids, but surfaces were the

work of the Devil.

Wolfgang Ernst Pauli

5.1 Introduction

The variation on the chemical environment causes physical effects on matter. The surface

atoms have lost part of their neighbours, the change of the environment originates a variation

in the electronic structure of surface atoms, which are different from the atoms in the

crystalline bulk. This change is reflected, for example, in the electron binding energies. Thus,

when an electron is emitted from an inner atomic shell, there is a variation in the binding

energy measured for an atom in the bulk and other in the surface. The binding energies

reflect the chemical environment of the atom from which the core electron is removed. The

observed variation in the binding energy is known as core-level energy shift (CLS).

In the early 80’s several measurements were done for the CLS of photoelectrons emitted

from Pt crystals. Baetzold et al. investigated the CLS for Pt 4f7/2 electrons in Pt[111]

surfaces [170]. Using Auger-electron spectroscopy (AES) and soft-x-ray photoelectron

spectroscopy (SXPS) they were able to measure the CLS for the surface Pt 4f7/2 photoelecton

with respect to bulk, fixing its value in approximately -400 ± 50 meV. Other experimental

observations showed slight variations in the binding energies. For example, Apai et al. [171]

measured the CLS for Pt 4f7/2 electrons on Pt[111] surface, fixing its value in -320 meV

while Duckers et al. [172] result was -370 ± 50 meV.
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Recent studies [79], based on XPS and DFT, have determined the CLS of the Pt 4f7/2

electrons to be ∼ -400 meV on the Pt[111] clean surface. This is also in very good agreement

with the observations by Bianchettin et al.: -420 meV as determined experimentally versus

-410 meV for theoretically estimated [173].

Similar investigations were done on Rhodium surfaces. Beutler et al. [174] measured

the CLS of the Rh 3d2/5 photoelectron on the Rh[111] surface. Using low-energy electron

diffraction (LEED) in order to characterise the system and high-resolution core-level spec-

troscopy (HRCLS) they obtained a CLS of ∼ -500 meV. A similar value was obtained by

Birgersson et al. in their theoretical research using DFT [175]. Baraldi et al. using HRCLS

technique and DFT obtained a value of -485 meV [176, 177]. The theoretical works show

values in the range of -420 and -500 meV for the Rh 3d5/2 CLS [78, 80, 175, 178] that

depend on the DFT approximation applied.

The variation in the binding energy is attributed to the reduced coordination of surface

atoms with respect to bulk atoms. This produces a narrowing of the surface d-band, which is

shifted in order to maintain the same chemical potential at the surface and in the bulk. As a

result surface components move to lower (higher) binding energy when the d-band is more

(less) than half filled [176, 179].

Many reactions can be triggered by surface defects like adatoms or steps. Stepped

surfaces are created by cutting a crystal along a plane that is slightly misoriented with respect

to a high symmetry direction (like the [111] plane). The step density and, thus, the terrace

width depends on the miscut angle. Stepped surfaces are chemically relevant due to their

catalytic properties [180–184]. An interesting observation was the variation observed in the

CLS energy for stepped surfaces. Experimental results [171] showed different values for the

CLS in Pt[331] and Pt[557] vicinal surfaces with respect to the flat Pt[111] surface. They

measured a similar CLS value than in Pt[111] surface (∼ 300 meV) but also a second energy

(∼ 600 meV). They attributed the first one as due to the terrace atoms in the step, while the

other energy shift was assigned to the atoms in the step edge. Furthermore, they realized that

the variation in the binding energies and, consequently, in the CLS was related to the step

density. They explained this result assuming that the reduction of the CLS with the step size

is due to a large effective coordination of the surface atoms for the shorter steps.

In vicinal Rh[111] surfaces the Rh 3d core-level binding energy was also measured

using HRCLS [185]. It was demonstrated that it is possible to distinguish the different

types of surface atoms in the step based on the Rh 3d5/2 photolectron energy shift. This

result supported the idea that the CLS depends on the coordination number of the atoms.

Along the same direction, Bianchettin et al. proved that the CLS is related to the number of

nearest-neighbours [173, 186]. Their observations showed a relationship between the CLS
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and the atom coordination. This tendency was found in vicinal Pt[111] and Rh[111] surfaces,

both experimentally using HRCLS and confirmed by ab initio calculations. It was found that

the core-level binding energies are sensitive to the local coordination number in different

transition metal surfaces.

The variation of the atomic coordination has a strong influence on structural properties.

Therefore, surfaces tend to have a different lattice constant as compared to that of bulk. This

tendency produces a stress on the surface. The stress appears owing to the atoms in the

surface usually trying to increase the surface density to increase their effective coordination.

Needs and Mansfield studied the surface stress tensor in various unreconstructed [111]

surfaces (Ir, Pt, and Au). Their calculations, which were based on the plane-wave pseudopo-

tential techniques, found that Pt presents the largest surface stress, closely followed by Ir,

while Au surface has the smallest [187]. Similarly, they calculated the surface stress tensor

for [111] and [110] Al surfaces. They obtained positive surface stresses for the topmost

surface layer in contradiction to the intuitively expected behaviour [188]. These results were

confirmed and improved a few years later by Needs and Godfrey [189]. They showed that

in the case of high electron densities, such as Al, the surface stress tensor is due, mainly, to

the kinetic energy term. Feibelman evaluated the strain derivative of the total energy using

first-principles linear combination of atomic orbitals (LCAO) [190], computing the bulk and

the surface contributions separately to the surface stress. His results are in agreement with

Needs and Godfrey [189] previous investigation.

In the early nineties Fiorentini et al. investigated the role of strain in surface reconstruction

[191]. Based on their ab initio calculations, they showed that the [001] surface reconstruction

occurred at the end of 5d transition metals (Ir, Pt, Au) while it did not happen for the

isovalent 4d metals (Rh, Pd, Ag), in agreement with the experimental observations. There

is a competition between the energy gain due to the increment of the atomic density at the

surface and the energy lost owing to the disruption or stretching of the bonds between the

mismatched top and second layers. According to these authors, the key parameter is the

tensile strain. The tensile strain is two times bigger for the last metals in the 5d group than in

the corresponding 4d metals. This produces an increment in the surface density large enough

to outweigh the mismatch energy loss, making the reconstruction favorable for the late 5d

transition metals.

The effect of strain was extensively studied on different stepped surfaces by Prévot et al..

They studied the [1,1,19] copper stepped surface. Based on molecular dynamic calculations,

using semi-empirical many-body potentials derived from tight-binding models, they found

that atomic displacements are maximal for the step edge and the corner atoms in the step.

Furthermore, they showed that the displacement field induced by steps is equivalent to that
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created by a line of dipoles on a flat surface [192]. This dipolar pattern confirms one of

the standard models used to account for steps at surfaces in continuum elasticity theory.

Their calculations showed a good agreement, for the computed elastic displacements and

interactions between steps, for Cu [001] and Pt[001] vicinal surfaces [193] in comparison with

the results based on the Marchenko and Parshin approximation [194] . They also compared

molecular dynamics calculations [195, 196] with atomic positions deduced from grazing

incidence x-ray diffraction (GIXD) in different stepped surfaces, being able to precisely

determine the strain field at the surface region, as well as the values of the equivalent elastic

dipoles at the steps.

In this chapter we analyze theoretical calculations of the CLS of Pt 4f and Rh 3d photo-

electrons in different flat and stepped surfaces. We have studied the variation of the binding

energies in vicinal surfaces around the [111] crystal direction. These simulations, together

with the inestimable collaboration from the NanoPhysics Lab group directed by Prof. J. E.

Ortega at the Centro de Física de Materiales in Donostia-San Sebastián (CSIC-UPV/EHU),

will be used to understand in depth the observed CLS in curved crystals. Measurements

performed on Pt[111] curved crystals, which were provided by BihurCrystal company, using

XPS, STM and LEED [19] and our theoretical results show a systematic variation of the

CLS with the step size that can be traced back to the different strain accumulated at different

vicinal surfaces.

It is known that the surface stress has a key role in determining both the physical and

chemical properties of surfaces [197–201]. The presence of steps further influences this

behaviour, since atoms at the steps suffer strong relaxations to try to increase their effective

coordination (which is smaller than that of the atoms in a flat surface). It is also interesting

to point out that the presence of steps also changes the mechanical boundary conditions of

the topmost atomic layer at the surface, i. e. that containing the terrace atoms. This is

likely to allow much larger relaxations of the terrace atoms than observed in a flat surface

or for very long step terraces. Thus, larger strains are likely to appear in stepped surfaces.

XPS measurements of the studied systems revealed that the CLS observed in the vicinal

surfaces in the curved Pt[111] crystal is reduced with respect to the flat [111] surface. The

hypothesis is that this smaller CLS is a signature of the larger strain of the vicinal surfaces,

that increases with the miscut angle. This was demonstrated by our calculations [19] that

obtained systematically higher binding energies for the Pt 4f electrons the larger the miscut

angle. The increment of the surface strain causes an increment of the effective coordination

of the terrace atoms in the stepped surface, reducing the CLS and the terrace atoms acquiring

a larger bulk-like character.
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We have calculated the CLS for different platinum stepped surfaces. Our results show

that the displacement in the binding energies for the Pt 4f photoelectron in Pt[111] vicinal

surfaces is due to the strain increment in the stepped surface and is consistent with the

experimental observation. Furthermore, we were able to create an artificial strain in the Pt

surfaces to model the behaviour of the CLS due to the step strain. Our Terrace Compression

Model (TCM) supports the observed tendency in the CLS on the stepped surface offering a

better approximation to the experimental results than the first-principles calculations in large

supercells.

Finally, we have studied the CLS for Rh[111] vicinal surfaces, obtaining an even clearer

relation between the CLS and the strain at the surface. Thus, our theoretical results give a

reasonable account of the experimentally observed reduction in the CLS energy in the curved

crystal surfaces.

5.2 Methodology

We have used first-principles calculations in order to simulate the different surfaces. The

calculations have been performed with VASP [12]. We have used the PBE functional [55]

and a plane-wave cutoff of 230.3 eV for the Pt surfaces and 229 eV for the Rh surfaces. The

PAW method [99] has been used to describe the atomic cores.

The calculated lattice constant was 3.972 Å for Pt and 3.824 Å for Rh, in good agreement

with the experimental values 3.924 Å [202] and 3.800 Å [203, 204], respectively. We

employed a k-sampling of 25x25x25 Monkhorst-Pack grid [91] in the bulk calculation to

sample the Brillouin zone. A first order Methfessel-Paxton occupation scheme [168] with a

σ = 0.2 eV smearing width. The structures were relaxed until atomic forces were smaller

than 0.03 eV/Å and the total energy tolerance was set to 10−4 eV. We have kept a large

distance along the z direction (∼ 30 Å) in order to avoid the interaction between the periodic

replicas of the slab.

In this chapter the CLS was obtained applying the FS approximation. The electron

binding energy of the core electron in atom i is obtained as the difference between two

separate calculations like it was explained in Chapter 1. Therefore, the BE and CLS are

obtained using Eq. 1.52 and Eq. 1.53 respectively. In the FS approximation the CLS is

calculated as the energy difference between an unexcited ground-state calculation and a

core-excited state calculation. In the excited simulation, one electron from a selected inner

shell is removed and added to the valence. Thus, a core hole is introduced in the 4f shell

in Pt or the 3d shell in Rh surfaces. The excited electron is removed from the core to the

valence shell in order to keep the charge neutrality, filling the first unoccupied level in our
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slab. This is not a problem since our systems are metallic and contain many atoms in the

simulation cell. The electronic structure of these excited systems is allowed to relax and the

core-hole is adequately screened by the valence electrons in the metallic system. Notice that

in our calculations the ground-state is the same (Ea(nc,nv) = Eb(nc,nv)), where "a" and "b"

now stand for a surface atom and the corresponding bulk reference. This procedure has been

shown to provide accurate results to compute CLS’s if sufficiently large cells and slabs are

considered [78, 79, 85]. Additionally we have checked that similar results for the variation

of the Pt 4f surface CLS with strain/miscut angle are found using the initial [78] and the

transition state [83, 84] approximations.

In order to study the CLS structural relaxations were performed for the Pt[111] surface.

We have used a slab containing five layers where the two upmost layers were relaxed. We have

studied various vicinal surfaces, which are stepped surfaces around the [111] high-symmetry

orientation. There are two possible kinds of vicinal surfaces on the Pt[111] substrate. The

difference in the step type is related to the miscut angle direction. For the A-type stepped

surfaces the terraces are (n + 2/3) atomic rows wide and have [100]-like steps, while the

B-type terraces have a width of (n + 1/3) atomic rows and [111]-like step (see Figure 5.1).

Thus, we have studied A-type Pt[557] and Pt[335], as well as the B-type Pt[332] and Pt[221]

stepped surfaces. As in the flat surface, the stepped surface contains five layers where the two

topmost layers were relaxed. In all cases the k-point sampling employed was consistent with

a 15x15x1 sampling for the surface Brillouin zone of Pt[111]. The A-type surfaces Pt[557]

and Pt [335] presented a terrace width (d) of 13.6 Å and 8.8 Å respectively. In the other case,

B-type steps, the terrace sizes were 12.8 Å for Pt[332] and 8.0 Å for Pt[221].

Test calculations doubling the number of k-points for both flat and vicinal surfaces did

not find significant changes. Tests using a surface containing six Pt layers were performed

in several cases, finding always almost identical geometries and very similar values for the

electronic binding energies. Furthermore, we have studied the influence of the supercell size

in the CLS. The variation of the CLS of the 4f level of Pt atoms in the Pt[111] was ≤ 20 meV

when using 2×
√

3, 2×3
√

3 and 4×2
√

3 supercells, as well as slabs containing 5 or 6 layers.

This indicates that the CLS’s in the present system shows a fast convergence with respect to

the system size.

The CLS is sensitive to atom coordination and the details of the local structure. In the case

of stepped surfaces, this introduces an extra-uncertainty since, in order to compare results

obtained for different substrates (obtained using different supercell sizes), we compare the

CLS of the Pt 4f level terrace and steps atoms with respect to a well defined reference, such

as central bulk atoms. Thus, in each calculation we define the bulk atoms as those belonging

to the central layer of the slab (we only compare results obtained with slabs of the same
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thickness). For stepped surfaces we have several inequivalent atoms in such central layer.

Therefore, we need to average over these different atoms, adding a ∼ 10 meV uncertainty to

the bulk reference for each miscut angle.

Based on the same premises, the Rh[111] surface was studied using a 2×
√

3 supercell

and a slab containing six layers, of which the two topmost were relaxed. All calculations were

performed with a 33x33x1 k-sampling of the Brillouin zone in Rh[111], and consistently for

all other surfaces. In the Rh[111] only A-step surfaces were investigated. We started from the

critical case of steps containing a single row of atoms in the terrace, Rh[113], and increasing

the number of terrace atoms until we reach the Rh[557] surface. The terrace widths are 3.9

Å for Rh[113] , 6.2 Å for Rh[112], 8.5 Å for Rh[335], 10.9 Å for Rh[223] and 13.2 Å for

Rh[557].

5.3 Pt[111] vicinal surfaces

Cutting with the appropriate angle an polishing the Pt[111] surface it is possible to obtain

a wide range of vicinal surfaces. The vicinal surfaces leads to, as it was explained before, two

different stepped surfaces, namely A-type and B-type. Curved crystals are excellent samples

to determine how the presence of steps and their density affect the mechanical and electronic

properties of surfaces, as well as their chemical reactivity. Therefore, curved crystals provide

the best way to systematically investigate how the CLS evolves with the terrace size. As

it is shown in Figure 5.1, curved crystals expose surfaces with increasing step density as

we move from the central position, allowing a continuous investigation as a function of the

miscut angle.

We have recently participated in a join experimental and theoretical investigation of the

variation of the CLS in platinum curved crystals [19]. Our first-principles calculations are in

agreement with the experimental observations. Figure 5.1 shows the schematic experimental

crystal sample employed in this research. Using STM and XPS techniques our collaborators

were able to measure accurately the terrace width and to study the dependency of the CLS

with the step size.

The experimental XPS results are summarized in Figure 5.2. The plot is composed

using individual XPS spectra and superimposing 15 different spectra systematically recorded

across the curved surface [19]. We could identify the Pt 4f5/2 and Pt 4f7/2 spin-orbit-split

lines contributions from the terrace (T) and bulk (B) atoms. The bulk binding energy showed

a constant value along the curved crystal. However, the binding energy associated to the

terrace atoms presents an energy shift increment in both Pt 4f5/2 and Pt 4f7/2 terrace peaks

as the step density increases. The BE of the photoelectons ejected from the surface atoms
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Fig. 5.2 Compilation of XPS spectra showing the evolution of the Pt 4f binding energy
across the curved crystal [19]. A characteristic step-density-dependent shift is observed
in the surface component (T). As explained in detail in text this reveal a 1/d-dependent
accumulation of compressive strain at the surface plane. Notice that the bulk component (B)
is completely independent on the miscut angle.

is sensitive to the atomic coordination (n) and a change of the binding energy is observed

depending on the atom position in the step (see Figure 5.3 for the labelling scheme). Atoms

in the flat Pt[111] topmost layer have a coordination n = 9, the same that the terrace atomic

rows (Ti) in stepped surfaces. The atoms in the step edge (S) have n = 7 and the corner atoms

(C) present n = 10 in step A-type ([557] and [335]) and n = 11 for B-type ([332] and [221])

stepped surfaces.

We have plotted in Figure 5.4 the CLS of the different atoms across the steps using the

bulk atom as a common reference for the different vicinal surfaces. The S atom presents the

maximal variation in the CLS referred to the bulk and it is quite independent on the miscut

angle. This independence of the CLS can be explained in terms of the reduced constraints.

The S atom is free to move and find its preferred distance to its neighbours and, as a result,

vary its effective coordination. However, although the S atom CLS is independent of the

terrace size it is not independent on the step type, which is discernible in the values obtained.
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Fig. 5.3 Stepped surface on Pt[557] indicating the atoms with different coordination number
(n). S = step atom (n = 7), Ti, i=1,4 terrace atoms (n = 9) numbered from the step edge to the
corner, C = corner atom (n=10) and B = bulk atom (n=12).

Table 5.1 CLS (meV) obtained for the different atoms in the Pt[111] vicinal surfaces. Atom
labels are specified in Figure 5.3.

surface S T1 T2 T3 T4 C
[335] -501 -262 -274 —— —— -260
[557] -516 -314 -306 -323 -358 -316
[111] —— -425 —— —— —— ——
[332] -439 -325 -253 -281 -364 -143
[221] -453 -248 -268 —— —— -67

The CLS is ∼ -500 meV for A-type and ∼ -450 meV for B-type. A similar behaviour is

observed for the C atoms, where the B-type steps present the smaller CLS (-143 meV in

Pt[332] and -67 meV in Pt[221]). This is not surprising due to the bigger coordination (n =

11) for the C atom in B-type steps, which increases its bulk-like character.

A distinct situation is observed for the terrace atoms. We have not found a clear depen-

dence on the step orientation. Nevertheless, the CLS show a dependence on the miscut angle

and the position of the atom within the step terrace. Thus, in Figure 5.4 is straightforwardly

visible the reduction in the CLS for the T atoms as the miscut angle is increased. In addition,

the theoretical results for the core-level energies of the T atoms are notably lower than in the

flat Pt[111] surface (-425 meV) in excellent agreement with the experiment. Our theoretical

results reproduce the experimental behaviour where the CLS decreases when the surfaces

present a larger miscut angle.

In the same figure, the inset shows the variation of the Pt 4f electron CLS versus the

inverse of the terrace size (1/d) in each stepped surface. In this plot we have averaged the

CLS of the Pt 4f level, relative to that of surface atoms in flat Pt[111], for the Ti atoms (black

symbols) and the Ti plus S atoms (red symbols). We have done so because in the case of
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experiments for the Pt stepped surfaces it is not possible to distinguish the Pt 4f CLS of

the different atoms in the surface. The experimental measurement do not permit to obtain

separate S and T contributions for the Pt 4f emission peaks [19]. The problem arises from the

T line width, which is 170 meV, preventing from obtain the T and S CLS separately unlike in

Rh or W surfaces [173, 185]. This very large width of the T contribution seems to correlate

with the substantial dependence of the CLS of T atoms as a function of its position in the

terrace (see Figure 5.4). Thus, we have plotted the average value of the Ti plus S atoms in

the figure. As it was found in the experiment, the Pt 4f CLS decreases as function of the

miscut angle.

Fig. 5.4 Pt 4f core-level energy of S, Ti and C atoms with respect to the bulk reference
calculated for different stepped surfaces. The inset shows the resulting CLS with respect
to the flat Pt[111] surface, after averaging over all the atoms in a given terrace (T, red),
or additionally considering step atoms (T+S, black), as a function of 1/d. The error bars
show the uncertainty coming from the bulk reference atom and the uncertainties on the
determination of the Pt[111] surface reference (mostly associated with the supercell size).
The CLS diminishes as the miscut angle increases, similarly to the measured XPS data
showed in Figure 5.2. Continuous lines in the inset are linear fits.

The variation of the CLS along the curved crystal is related to the terrace width. Based on

the XPS measurements it is possible to calculate how the terrace size is affecting to the CLS.

A Doniac-Sunjic fit is applied in the individual XPS spectral that permitted to determine the
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energy shift ∆ET (d) of the surface core-level [19]. The experimental values obtained are

plotted in Figure 5.5.

In order to obtain the relationship between the CLS and the strain in the surface it is

possible to use a simple model based on the effective coordination of the terrace atoms for

each surface. Bianchettin et al. found the linear relation between the coordination number

and the core-level energy [173, 186]. A detailed explanation is presented in Appendix B. In

this model the dependence of the CLS with the coordination number (parametrized from the

CLS of the surface atoms in Pt[111] with respect to bulk) is used to estimate the dependence

of the CLS with the average distance to neighboring atoms (density). In this way, one can try

to correlate the observed shifts in the surface CLS as a function of the miscut angle with the

level of compressive strain for different stepped surfaces. The fit result is plotted in Figure

5.5 as a black solid line. From the model there is an estimated average reduction of ∼ 2 % in

the nearest neighbour Pt-Pt distance for the surface layer of the highly stepped Pt[335] and

Pt[355] surfaces. Here we assume a linear variation of the CLS with the atomic coordination

between the bulk (n=12) and the surface (n=9) atoms. The fit shows a good agreement with

the experimental values near to the high symmetry direction [111] (large d values). However,

as the miscut angle increases the model seems to over estimate CLS reduction as compared to

the measured results. One possible explanation might be related to the relative importance of

the step atom, whose CLS does not depend on the miscut angle and whose contribution will

become more important the shorter the terrace. This might be the cause why the experimental

CLS cannot be properly associated to a given strain through the effective coordination model

using n=9 [19].

We have also plotted in Figure 5.5 the results of our first-principles simulations. In

spite of the agreement with the experimentally observed trend, our calculations present an

overestimation by more than a 50 % of the terrace size dependence. The reason for this

large divergence is not clear and could be related to the limitations of the approximations

utilized (e.g., use of semilocal density functionals or the lack of core relaxation in the current

implementation of the final state approximation within VASP).

From the above discussion, one can conclude that it is sensible to interpret this energy

shift as primarily due to the average compressive strain present in the terraces of the vicinal

surfaces. With a view to obtaining the different contributions to the strain, we have analyzed

our relaxed structures and differentiated between the out-of-plane strain (sout), which is

perpendicular to the terrace plane, and the in-plane strain (sin) that is contained in the plane

of the step terrace. The sout is obtained as the variation of the distance between the topmost

and the second layer using the Pt[111] surface as reference. To get sin, the step width d is

compared with the corresponding distance for the same number of atomic rows on the Pt[111]
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Fig. 5.5 Surface core-level energy variation across the curved crystal [19]. Red and blue
symbols are the experimental values whereas the open symbols are core-level shifts deter-
mined from first-principles calculations for some stepped surfaces. The black solid line
represents the lattice strain with respect to bulk Pt, as deduced from the core-level energy
and the associated effective coordination change ne f f (d) using a simple model described in
Appendix B.

surface. The total strain (st) is calculated using the average distance to all the first-neighbours

of all the atoms in the topmost layer. The results of sout , sin and st are shown in Table 5.2.

Table 5.2 sout , sin, st and terrace witdth (d) for the studied Pt vicinal surfaces. Pt[111] is used
as a reference to define zero strain (0 % ).

surface % sout % sin % st d (Å)

A-type
[335] 1.27 -3.97 -0.92 8.8
[557] 0.78 -2.76 -0.68 13.6
[111] 0 0 0 ∞

B-type
[332] 1.14 -3.81 -0.90 12.8
[221] 1.68 -4.97 -1.11 8.0

Thus, we have confirmed that there is a compressive strain acting on the surface of the

stepped surfaces. Our results showed that when the stepped surface is relaxed it suffers

a compression in the first layer. As the miscut angle increases there is a increment in the

compressive strain in the stepped surface which causes a contraction of the width of the

terraces.

The in-plane strain sin is partially compensated by sout . The stepped surfaces present a

larger distance between the first and the second layer in order to compensate the increment of

sin, however, the global result is a compressive strain in first layer of the material. In addition,
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we have calculated the local strain for all of the Ti atoms in the different stepped surfaces.

We show sout , sin and st strains for the atoms in the terrace as well as their CLS in Table 5.3.

Table 5.3 sout , sin and st for the Ti terrace atoms (see Figure 5.3) in the different vicinal
surfaces and their CLS (meV) . Pt[111] is used as a reference to define zero strain (0 %).

Surface site % sout % sin % st CLS (meV)

[335]
T1 1.43 -2.10 -0.92 -262
T2 1.11 -1.96 -0.93 -274

[557]

T1 1.64 -1.82 -0.67 -314
T2 0.66 -1.31 -0.65 -305
T3 0.15 -0.93 -0.57 -323
T4 0.64 -1.17 -0.57 -358

[332]

T1 2.15 -2.13 -0.70 -325
T2 0.76 -1.87 -0.99 -253
T3 0.67 -1.87 -1.02 -280
T4 0.96 -1.80 -0.88 -364

[221]
T1 1.96 -2.71 -1.15 -247
T2 1.38 -2.51 -1.21 -268

A clear correlation between the Pt 4f energy shift and the strain at every Ti site is observed.

The data also show an evident correlation between sout and sin changes. Despite the large

uncertainties in the results obtained for the CLS’s, our data show that CLS’s are mostly

influenced by the strain acting in the surface.

In summary given the numerical uncertainties in the CLS calculations and the small

size of the shifts we are addressing, we believe that our first-principles calculations give a

reasonable account of the experiments and confirm that the change of the strain of the surface

layer as a function of the miscut angle is the main source of the observed effect.

5.4 Terrace Compression Model

We have shown with our explicit calculations that the strain is playing a key role in the

variation of the binding energy observed in the experiment. With the aim to further understand

how the compressive strain affects the CLS in stepped surfaces we have developed the so-

called Terrace Compression Model. The aim of the TCM is to describe in a controlled way

the relationship between the surface strain and the variation in the Pt 4f binding energy.

Prevot et al. obtained the relaxation of the terrace atoms decomposing it into two

contributions. One comes from the relaxation of the terrace plane whereas the other part is

the specific relaxation due to the presence of the step [195, 196, 205]. In a similar way we

have decomposed the strain in two separated contributions.
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We have studied the CLS variation due to the out-of-plane strain using a flat Pt[111]

surface. The distance between the first and second layer in this surface, 2.308 Å, is used as a

reference to define sout = 0%. As it is schematically shown in Figure 5.6, we can applied an

artificial strain in the normal direction. Using the converged geometry where all atoms are

fixed, we have moved the topmost layer atoms. Thus, the variation in the distance between

the first and the second layer could be interpreted as applying a compressive or expansive

strain in the normal direction to the surface.

Fig. 5.6 sout in the TCM. The topmost layer is artificially displaced to change sout in a
controlled, continuous way and calculate the associated variation of the CLS.

We have calculated the CLS for the T atoms referred to the B atom in the Pt[111] surface

for different interplanar distances. This gives the Pt 4f level in the surface atoms in Pt[111]

as a function of the distance between the topmost layer and the second one. The results for

the CLS versus the out-of-plane strain percentage are plotted in Figure 5.7. It permits to

estimate the derivative with respect to the sout . The result shows ∂E4 f

∂ sout
∼ 13 meV, which is

the variation of the CLS with regard to the % sout .

On the other hand, the effect of the in-plane strain was investigated using the Pt[557]

stepped surface. Figure 5.8 contains the schematic diagram for the artificial strain applied

along the 〈1̄1̄2〉 direction. In order to apply a given value of sin to the surface, and to be able

to change this value continuously, we take the relaxed structure of the Pt[557] surface and

apply a constant compression/expansion along the 〈1̄1̄2〉 direction to the top layer of atoms

forming the terrace. Taking the C atom as a reference, we calculated the distance to the other

atoms in the first layer of the stepped surface. Afterwards, we applied a given strain and

calculated the distance variation between the corner atom and the topmost layer atoms due

to such strain. Finally, the Ti and S atoms were relocated in the new sites obtained with the

addition of the distance change to the original coordinates. Therefore, we have only applied

an artificial sin on the topmost layer and moved the atoms in the step direction. The variation



130 Chapter 5. Role of Strain on the Core-Level Energy Shift in [111] vicinal surfaces

-3 -2 -1 0 1 2 3
%Sout

0.40

0.42

0.44

0.46

0.48

Pt
 4

f 
C

L
S 

re
l. 

bu
lk

 (
eV

) 

0.439 + 0.013 X

Fig. 5.7 Pt 4f CLS versus percentage strain out-of-plane strain (%sout) at the Pt[111] surface.
CLS energies are referred to bulk. The red dashed line is a linear fit.

in the distance between the atoms in the first layer, results in a variation in the surfacce sin

without changing the size of the supercell.

We have calculated the position of the Pt 4f level of each Ti atoms in the terrace for

different values of the applied sin. The results are plotted in Figure 5.9. The variation of

the CLS as a function of the applied strain is very similar for all the Ti atoms in the stepped

surface, allowing to unambiguously define the derivative of the Pt 4f level energy with respect

to the in-plane uniaxial strain s<112>
in . Our results show that the variation observed is ∂E4 f

∂ s<112>
in

∼ 23 meV with respect to the percentage variation of sin.

We have obtained an estimation for the Pt 4f level variation as a function of the strain

applied on the surface. Based on the deduced relations, we can argue that the CLS would

depend on the change of the strain. We have approximated the variation of the Pt 4f level in

vicinal surfaces as:

∆E4 f = 13× sout +23× sin (meV ) (5.1)

where the variation in the binding energy (meV) comes from the addition of the contributions

of the percentage of strains, sout and sin.

Same argument could be applied to the variation of the average Pt-Pt distances for the

atoms in the topmost layer with respect to Pt[111]. The average Pt-Pt distance change (∆r)
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〈1̄1̄2〉

〈1̄10〉

Fig. 5.8 sin in the TCM. The Ti and S atoms are artificially displaced in order to change sin in
a continuous way, and calculate the associated variation of CLS.

in the first layer owing to the strain on the surface is obtained with the following relation:

∆r

r
=

2× sout +3× sin

9
(5.2)

The complete deduction of the formula is in Appendix B.

With a view to reducing our model to a single parameter, it is necessary to establish a

relationship between the two components of the strain. Analyzing the geometries of the

different vicinal surfaces a good approximation was obtained for the four stepped surfaces.

This relationship between the sout and sin for the different vicinal surfaces is:

sout ∼−0.45× sin (5.3)

Thus, we could reduce the variation of the E4 f level to a single parameter. Assuming

that this approximate relation between the sout and sin holds for terraces of all sizes, we can

express the E4 f shift as a function of the average percentage change of the Pt-Pt distance in

the terraces of Pt[111] vicinal surfaces as:

E4 f ∼ 17.15× sin ∼ 73.5× ∆r

r
(5.4)

The results are plotted in Figure 5.10. In the chart we can easily compare all the results

obtained in this chapter. As it was shown, the effective coordination model (black solid line)

was derived from the experimental data and gave a good approximation to the experimental

measurements. However, it corresponds to an empirical fit and, therefore, it could not be

used alone to justify the dominant role of strain. First-principles calculations (green solid

line) describe the correct behaviour of the CLS with the strain, but they present an important

overestimation with regard to the experimental values. Finally, the TCM (solid orange line)
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Fig. 5.9 Pt 4f CLS versus sin calculated applying an homogeneous strain to Pt[557] terrace.
CLS energies are referred to bulk.

produces a more accurate approximation to those deduced from the experiment using the

empirical effective coordination model. It gives significantly smaller CLS values than those

obtained from DFT calculations in the different stepped surfaces. Moreover, the TCM clearly

demonstrates that the CLS changes are mainly produced by the increasing compressive strain

that the stepped surfaces suffer as the miscut angle increases. This proves and provides

the relation between the changes in the binding energies and the size of the terraces in the

stepped surfaces.
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Fig. 5.10 Average nearest-neighbour distance change of T atoms as a function of the core-
level energy shift (CLS) as deduced from different theoretical models [19]. Comparison
between the results obtained from the effective coordination model (black line, it can be
considered a fit of the experimental data), the Terrace Compression Model (orange line )
and first-principles calculations (green points) in the different stepped surfaces. The green
line is a guide to the eye for the latter. The error bars associated to the DFT results reflect
the uncertainty associated with the bulk reference atom in the stepped surface plus the
uncertainties due to different cell sizes for Pt[111].
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5.5 Rh[111] vicinal surfaces

We have conducted the same research for the Rh[111] vicinal surfaces. In this case, we

have only investigated A-type stepped surfaces. Bearing in mind that the terrace size affects

to the CLS we have simulated five different stepped surfaces near the Rh[111] surface. Thus,

apart from the flat surface we have studied the extreme Rh[113] which contains only one

atom in the terrace, i. e., only the step atom. Increasing the number of atoms in the terrace

we have modelled the [112], [335], [223] and [557] vicinal surfaces.

The computed Rh 3d level shifts are presented in Table 5.4. Our calculation reveal that

the CLS for the Rh[111] surface is ∼ -503 meV, which is consistent with the -500 meV

obtained in previous DFT calculations [175] and experimental measurements [174, 175]

and in good agreement with the -485 meV obtained in a recent work of Baraldi et al.

[176, 177]. Our results show that the variation in the Rh 3d level between the S and Ti atoms

is always bigger than 300 meV. Experimental measurements are able to distinguish between

the different contributions to the spectra from B, T and S atoms [185]. The binding energy

shifts observed in our theoretical simulations are consistent with the experimental results.

Table 5.4 CLS (meV) values for the different atoms on the Rh[111] vicinal surfaces. Atom
labels’ are explained in Figure 5.3.

surface S T1 T2 T3 T4 C
[111] —— -503 —— —— —— ——
[557] -837 -452 -484 -529 -445 -362
[223] -828 -441 -475 -477 —— -347
[335] -822 -449 -424 —— —— -363
[112] -830 -389 —— —— —— -334
[113] -771 —— —— —— —— -291

The variation in the binding energies are plotted in Figure 5.11. This chart contains the

CLS with respect to the bulk reference. The S atoms show the larger change in the CLS

with respect to the Rh[111] surface atom, independently of the terrace size. Leaving aside

the Rh[113], where the steps are composed by just one S atom, we observed a stable value

of the CLS for the S atom (∼ -829 meV) in our vicinal surfaces. This independence is not

surprising taking into consideration that the S atom is free to move an arrange its bonding

distance to the terrace leading to a constant CLS value. A similar result was also observed

for Pt[111] vicinal surfaces.

Concerning the terrace atoms, the binding energies show a systematic variation along

the terrace. Furthermore, there is a steady increment of the Rh 3d binding energy with the

terrace size. Our results show that as the miscut angle increases there is a CLS reduction in

the T atoms of the stepped surfaces. In the case of the C atom, the Rh 3d level do not present
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large variations and, in average, the CLS is ∼ -340 meV. The energy variations are small in

this case and do not show a clear relation to the miscut angle or the terrace size.

Fig. 5.11 Rh 3d core-level energy of S, Ti and C atoms with respect to bulk calculated for
different stepped surfaces. Atom labels are explained in Figure 5.3.

We have calculated the average CLS for the Ti atoms in the different stepped surfaces. In

Figure 5.12 these results are presented as a function of the inverse of the terrace size. In

our calculations we have considered the error coming from the supercell size (∼ 3 meV)

as well as the error from the bulk reference uncertainty, which is maximum for the [113]

stepped surface (13 meV). These uncertainties in the CLS values are plotted in the chart.

The red solid line is the linear fit obtained with the CLS average values of the T atoms in

each case. The maximal difference between the adjustment and the value obtained is ∼ ± 20

meV. Knowing that the uncertainty is less than 16 meV in the worst case scenario, our results

reveal an accurate approximation to the linear fit. In this sense, we find a straightforward

relationship between the Rh 3d level shift and the terrace size.

Comparing with the experimental measurements obtained by our collaborators at the

Nanophysics Lab at CFM [206], our results predict accurately the CLS for large terrace sizes.

However, there is a deviation between the first-principles calculations and the experiment

when the miscut angle increases up to 13-15◦. We could not figure out the cause that produces

this diversion in the experiment. We are currently discussing with our colleagues the possible

reasons for the weird behaviour encountered in the experiment. Nevertheless, our results are



136 Chapter 5. Role of Strain on the Core-Level Energy Shift in [111] vicinal surfaces

in good agreement with the experimental measurements for small miscut angles. Proving

that there is a relationship between the CLS observed and the size of the terraces.

Fig. 5.12 CLS vs 1/d. CLS averaged over the terrace atoms with respect to the flat Rh[111]
surface (red circles) and experimental results (black diamonds) [206]. The error bars show
the uncertainty coming from the bulk reference atoms and the uncertainties owing to the
supercell sizes for the Rh[111] (∼ 3 meV). The continuous line is a linear fit.

We surmised that the CLS reduction when the miscut angle increases is related with the

increment in the strain in the topmost layer. Using the formulas explained in Section 5.3

and the relaxed structures we have calculated the different strains in the stepped surfaces.

The results are contained in Table 5.5. In addition, we show the CLS average value for the

T atoms in each surface. As expected, in the Rh[111] vicinal surfaces we observed that sin

increases with the miscut angle. As we reduce the size of the terrace and the sin increases,

concurrently, the sout increases partially redressing the balance between the sin and sout . It is

worth noting that for Rh surfaces sout is much smaller than in the case of Pt[111] vicinals.

In the light of the results it is clear that in the topmost layer as the strain increases with

the miscut angle there is a reduction in the CLS. This demonstrates that the strain in the

surface is a key player in the variation of the binding energy. Further analysis, similar to

that preformed for Pt[111] vicinal surfaces, should be necessary to understand the observed

variation in depth. At the same time, we should study the B-type stepped surfaces in order

to see if the variation is consistent in both substrates as one can expect. It would be also
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interesting to test our TCM in the Rh surface in order to corroborate that indeed the strain is

the main factor to explain the CLS changes.

Table 5.5 sout , sin, st and CLS for the Rh[111] vicinal surfaces. CLS (meV) are the averaged
values for the Ti atoms in each case.

surface % sout % sin % st CLS (meV)

[111] —– —– —– -503

[557] -0.02 -1.11 -0.33 -480

[223] 0.00 -1.40 -0.41 -464

[335] 0.08 -1.67 -0.56 -436

[112] 0.10 -2.69 -0.82 -389

[113] —– -4.10 -1.11 -291

5.6 Conclusions

Curved crystals are really interesting surfaces that permit systematic measurements for

different stepped surfaces at same time. Therefore, studying systematically the properties of

material surfaces using only a single sample. In this chapter we have investigated the CLS

on different curved crystals, namely Pt and Rh substrates. Our calculations have been run

in different vicinal surfaces around the high symmetry [111] direction . We have simulated

a few stepped surfaces and obtained the binding energy variation for distinct atoms in the

material.

In first case, we have carried out research into Pt[111] vicinal surfaces in depth. The

experimental observations for the Pt 4f level energy shift have shown that the CLS is related

to the terrace size. The CLS was observed in the two kinds of vicinal surfaces, A-type and

B-type, presenting a reduction as the miscut angle increases. An empirical model used to

interpret the experimental data for the variation of the binding energies showed a correlation

between the effective coordination and the CLS.

Our first-principles calculations showed the same tendency as the experimental results,

however, there is an overestimation of the CLS. Despite the overestimated values, the DFT

results qualitatively agree with the experiment and proves that the additional strain, which

appears in the first layer on the stepped surface, is the main factor affecting to the Pt 4f

binding energy changes.

Based on ab initio calculations we provide a detailed model, the so-called TCM, of the

relation between the surface strain and the CLS. The TCM gives a better approximation to

the experimental values in comparison with the supercell first-principles results. Thus, we
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have demonstrated that the strain in the surface plays the main role in the variation of the

CLS. Furthermore, the TCM proves that as the strain increases in the surface the Pt 4f energy

shift is reduced. This, together with the analysis of the relaxed structures for different vicinal

surfaces, provides a clear link between the energy displacement and the step size.

Finally, we have studied the variation in the CLS in Rh[111] vicinal surfaces. The CLS

present a stable value for the S atom. The energy difference between the electronic binding

energies of S and T atoms is consistent with the experimental observation where they are able

to distinguish between the two contributions to the spectra. We have found a clear correlation

between the terrace size and the Rh 3d level shift for small miscut angles. Moreover, we

have proved that the strain in the surface increases due to the reduction of the terrace size.

It produces a progressive upshift in the Rh 3d level. Thus, the increment in the miscut

angle leads to a reduction in the CLS. We expect that these results will help to interpret

the experimental data. The preliminary experimental results show a very good agreement

with the calculated results for small miscut angles, although strongly deviate at large miscut

angles. The reason for this deviation is still unknown to us.
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CO adsorption on Pt[111] vicinal

surfaces

Reserve your right to think, for even to

think wrongly is better than not to think

at all.

Hypatia of Alexandria

6.1 Introduction

The understanding of the structures, adsorption sites and molecular interactions is a

fundamental issue for the study of catalytic reactions. The CO molecule is commonly used to

test surfaces due to its simplicity and the well-known adsorption properties. CO adsorption

on Pt surfaces is relevant due to heterogeneous catalytic reactions of industrial processes

and environmental implications. Pt surfaces are renowned catalyst for CO adsorption and

oxidation and have been used to lower CO emissions from combustion processes [207–209].

CO adsorption on Pt surfaces was extensively studied theoretically [210–216] and experi-

mentally [217–223]. Experimental observations show that the CO molecule adsorbs at top

sites on Pt[111] at low coverage. When the coverage increases the CO molecules start to

occupy the bridge sites [217–220] on the substrate too. To mention just one work, Blackman

et al. studied CO adsorption on Pt[111] [220]. Using LEED, HREELS and IRAS they were

able to identify the CO adsorption on top sites at low coverage. In addition, they showed that

as the coverage was increased the CO molecules were also adsorbed at bridge sites.

Defects like adatoms, steps or kinked steps frequently present a large catalytic activity.

Stepped surfaces are regular arrangements of steps, in metal surfaces frequently monatomic
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steps. It is possible to access to many different stepped surfaces by cutting a low miller index

flat substrate producing a curved crystal. Thus, different surfaces near to a high symmetry

direction can be obtained. These stepped surfaces are known as vicinal surfaces and its

terrace size depends on the miscut angle. Stepped surfaces are really interesting due to their

catalytic properties [180–184, 224, 225] and a more appropriate model in relation with real

surfaces than monatomically flat surfaces.

Combining theoretical and experimental studies Brown et al. identified the CO adsorption

preference on Pt[211] [226, 227]. Applying RAIRS, temperature programmed desorption

(TPD) together with DFT calculations they showed that CO adsorbs first on the step edge and

then on the terraces. Thus, the step edge adsorption presents a higher binding energy than the

terrace. In both cases, the CO adsorption was found at top and bridge sites, however, the top

step site was confirmed as the most stable. Based on these results, Orita et al. studied CO

adsorption on different vicinal Pt[111] surfaces using first-principles calculations [228, 229].

In their results the CO molecule adsorbed at top step edge on Pt[211] and Pt[311] at low

coverage. The second most stable adsorption site was found at bridge step site. Like in the

experiment, CO adsorbed first at top and bridge sites on the step edge and, when the coverage

was increased, also on the terraces.

Luo et al. observed CO adsorption on Pt[335] [230]. Using EELS and TPD they found

that CO adsorption happens at top and bridge sites on the step edge before the terrace

adsorption occurs. Xu et al. studied CO adsorption on the Pt[335] and Pt[112] vicinal

surfaces [231]. Applying TPD and IRAS techniques they were able to distinguish four

different adsorption sites. Similar to the previous case they found that the CO adsorbs at top

and bridge sites. In addition, they showed that the CO molecule is more strongly bound at

the step edge than on terraces.

The presence of steps in the surface produces changes in the crystal properties. We studied

in Chapter 5 how the step geometry, and the associated strain, affects to the surface CLS

on vicinal Pt[111] surfaces. The BE is sensitive to the geometry and chemical environment

[176, 232]. Thus, the variation in the CLS could be used to precisely determine the properties

of CO adsorption on metal surfaces.

Different XPS experiments confirmed that CO adsorption on Pt[111] occurred at top and

bridge sites [223, 232, 233]. The variation in the electron BE for the C 1s on the Pt[111]

surface was measured, obtaining a CLS between both sites of 700 meV. Applying the same

technique, C 1s measurements on the Pt[331] stepped surface confirmed that the step edge is

the preferred CO adsorption site over the terrace at low coverage [171].

CO adsorption on Pt stepped surfaces was extensively investigated by Tränkenschuh et

al. [234, 235]. Their XPS measurements showed a dependence of the CO adsorption on
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the step direction. They used vicinal Pt[111] surfaces composed by five atomic rows wide

steps that are separated by monatomic steps. They found that, in the type-A steps of the

Pt[322] surface, the CO molecule was adsorbed on top and bridge sites on the step edge.

However, in type-B steps in Pt[355] only the top step site was detected. Additionally, their

observations revealed that the step edge site was preferred for the CO adsorption over the

terrace. Only when the step edge was almost saturated the CO adsorption on the terrace was

detected, corroborating previous experiments.

In this chapter we present a study of CO adsorption on Pt[111] using first-principles

calculations. In addition, we investigated different Pt[111] vicinal surfaces with a view to

unveiling the adsorption site on the different stepped substrates. CO adsorption was studied

for four different Pt stepped surfaces: [557], [335], [332] and [221]. Thus, we could simulate

CO molecular adsorption on the two kind of steps (type-A and type-B) and compared our

results with XPS measurements performed by our colleagues from the NanoPhysics Lab

directed by Prof. J. E. Ortega at the Centro de Física de Materiales in Donostia-San Sebastián

(CSIC-UPV/EHU) using Pt[111] curved crystals [19].

We also investigated the limit of high CO coverage. We have increased the number

of molecules adsorbed on the surfaces until 0.5 monolayers (ML). The theoretical results

revealed a reduction of the adsorption energies with the increased coverage. However, the

step edge adsorption site was still preferred over the terrace sites in all the cases. After CO

adsorption was characterized, we calculated the C 1s BE for the different systems. Our results

are in good agreement with previous theoretical [79, 85, 233] and experimental [234, 235]

observations. Unfortunately for the C 1s level of the adsorbed CO, as opposed to the CLS in

the Pt[111] vicinal surfaces, there is not a clear reference in order to calculate the variation

of the BE. Thus, it is not obvious how to compare theoretical results obtained for different

supercell sizes. This is a problem, since the experimental results seem to indicate a systematic

shift of C 1s level of the CO molecules adsorbed on the terraces as a function of the miscut

angle and we would like to analyze this possibility from a theoretical point of view. In

Chapter 5 we observed a similar effect for the 4f level of the Pt atoms in the terraces of

vicinal Pt[111] surfaces. It was possible to conclude that this shift was mostly related to the

different surface strain in different stepped surfaces. Therefore, here we will also investigate

the strain of the surface layer as the main ingredient characterizing the different surfaces, and

study the position of the C 1s level of a CO molecule as a function of the strain of the surface

below. Our approach to this problem will be based on the previous explained TCM (Section

5.4). This will permit to study theoretically the variation of the C 1s CLS with the miscut

angle on a Pt curved crystal.
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6.2 Methodology

The calculations were performed with VASP [12] using the PBE functional [55]. The

PAW method [99] was applied to describe the electron-ion interactions with a plane-wave

cutoff of 400 eV for the kinetic energy. A Monkhorst-Pack mesh [91] of 25x25x25 was

employed to sample the Brillouin zone in the bulk calculation. First-order Methfessel-Paxton

scheme [168] with smearing width of σ = 0.2 eV was used with the electronic convergence

set to 10−4 eV. The structures were optimized until the atomic forces acting in the system

were less than 0.03 eV/Å.

CO adsorption on Pt[111] was studied in a 2×
√

3 supercell using a 15x15x1 k-mesh for

the Brillouin zone. The Pt[111] slap contains five layers where the two upmost layers were

allowed to relax. A large distance ( 30 Å) was kept with a view to avoiding the interaction

between the periodic slab replicas.

Two kind of stepped surfaces were investigated after CO adsorption. The main difference

between the stepped surfaces comes from the type of step edge. In type-A surfaces the step is

[100]-like meanwhile the type-B surfaces has [111]-like step atoms. Like in the flat surface,

we used a five layer slab where two superficial layers were relaxed. The distance in the

vertical direction was large enough (∼ 30 Å) to ensure that there was no interaction between

the periodic slab in the normal direction. We took advantage of the previous calculated

stepped surfaces in Chapter 5. CO adsorption on the Pt[111] vicinal surfaces was studied

for the Pt[557], Pt[335] (type-A) and Pt[332], Pt[221] (type-B) surfaces. In all cases the

number of k-points was consistent with the sampling for the Brillouin zone in the Pt[111]

surface. The adsorption energy for a single molecule is obtained with Eq. 2.1. When the

coverage was increased until 0.5 ML, which is the saturation coverage measured for the

stepped surfaces [19], the adsorption energy of the i molecule Ei
ads was obtained as:

E i
ads = Eadsorbate +Esystem−i −Esystem (6.1)

where Eadsorbate is the energy for CO molecule in the gas-phase, Esystem−i is the total

energy of the saturated system without the CO molecule adsorbed in the i site and Esystem is

the total energy of the system with the CO adsorbed at 0.5 ML coverage.

The next step in our research was the study of the BE in the C 1s electron after the

adsorption on the Pt substrates. We calculated the BE using the FS approximation. Thus,

the C 1s electron is excited, removing it from the inner shell and relocated in the valence

band. The BE of C 1s level is obtained using Eq. 1.52. The CLS is obtained as the variation

in the electronic BE for two different measurements. It is usually measured against some

well-defined energy reference, as it is a bulk atom. Nevertheless, in the case of the CO
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adsorption it is not possible to define a reference value for our calculations. We have used the

top adsorption site on the step edge as a reference assuming that this site, and the attachment

of the CO molecule to it, would be very similar in all the vicinal surfaces. This expectation

seems to be confirmed by the experimental evidence (see Figure 6.7). This permits to

compare the variation of the CLS as a function of the adsorption site for each of the studied

surfaces and with our experimental results [19]. However, the fact that there was not a clear

reference for the C 1s CLS and the subtle variation observed with the miscut angle [19]

creates difficulties in our research. Moreover, due to the limited range of miscut angles

that can be explored with first-principles methods, the experimentally observed variation

is comparable to the uncertainties that we have in our CLS calculations. Thus, we have

considered the TCM approximation as a better way to deal with the issue. Applying the

TCM it is possible the analysis of the CLS as a continuous function of the strain, that we

associated with the size of the terrace following our finding from Chapter 5.

6.3 Results

First we studied CO adsorption on the flat Pt[111] surface. The CO molecule was

adsorbed on the Pt[111] surface in different sites. Figure 6.1 shows the adsorption sites that

we explored, which were at top (T), bridge (B), fcc hollow (F) and hcp hollow (H) sites with

the carbon atom pointing towards the Pt[111] substrate.

The energy results are shown on Table 6.1. They predict that the CO preferred adsorption

site is at hollow sites (F and H), followed by the B site and the less favoured was the T site.

However, the experimental observations show that at low coverage the adsorption takes place

at top site and when the coverage increases the CO molecules are detected at bridge site

[217–220] as well. Therefore, DFT calculations fail to describe the CO/Pt[111] system. They

predict CO adsorption on hollow sites as energetically favoured over low coordinated sites

on Pt[111] [236]. Local and semilocal density functionals do not correctly describe the most

stable CO adsorption site on Pt surfaces. Kresse et al. studied such error. According to these

authors the problem arises from the overestimation of the interaction of the CO LUMO with

the metal substrate, overestimating its occupation [237, 238]. Nevertheless, the incorrect

order of the adsorption site does not imply a complete failure in describing the chemical

interaction. This fact is supported by the CO bonding distance. After the CO adsorption the

predicted C-Pt bond distance totally agrees with the experimentally measured of 1.86 ± 0.02

Å at top site and 2.02 ± 0.04 Å at bridge site [223] as it is show in Table 6.1.

We are interested in the CO adsorption on vicinal Pt[111] surfaces. Therefore, we have

created different stepped surfaces and adsorbed the CO molecule on the step edge and on the
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Table 6.1 Eads and the C-Pt bond length (l) after the CO adsorption on the Pt[111] surface.

site Eads (eV) l (Å)
T 2.238 1.84
B 2.308 2.02
H 2.330 2.11
F 2.365 2.11

Table 6.2 CO adsorption energy on type-A stepped surfaces. A top view of the supercell used
in the calculations can be found in Fig. 6.2.

Surface site Eads (eV)

[557]

TT 1.970
TB 2.034
ST 2.399
SB 2.476

[335]

TT 1.813
TB 1.922
ST 2.269
SB 2.351

Also in this case the CO molecule is more strongly attached to the step edge than to the

terrace atoms. Although in the terrace the TB is favoured over the on-top geometry the

situation changed when the molecule was adsorbed on the step atoms. The ST adsorption was

preferred over the SB adsorption site. As it is shown in Figure 6.3 the energy stabilization

at the step is twice bigger in the top sites than for the bridge case. The obtained stabilization

energies are in agreement with the theoretical work of Busó-Rogero et al. [224]. Their results

showed an energy difference for the CO adsorption between step edge site and terrace site

around 0.3-0.4 eV on different vicinal Pt surfaces.

Table 6.3 CO adsorption energy on type-B stepped surfaces. A top view of the supercell used
in the calculations can be found in Fig. 6.3.

Surface site Eads (eV)

[332]

TT 1.935
TB 2.019
ST 2.319
SB 2.204

[221]

TT 1.794
TB 1.924
ST 2.247
SB 2.158
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SB ST

TB TT

Fig. 6.3 CO adsorption on Pt[332] stepped surface.

the experiments [223, 232, 233]. We have also studied the CLS for each adsorption site in

the vicinal Pt[111] surfaces. Due to the lack of a well-defined reference for different surfaces,

we have used the ST adsorption site as a reference for each surface. Assuming that the CO

adsorption at this site is only weakly dependent on the miscut angle, this permits to compare

the C 1s core-level as a function of the adsorption site. The results are plotted in Figure

6.5. The CLS obtained between the TT and ST is ∼ 450 meV and 475 meV for the type-A

and type-B stepped surfaces respectively. The C 1s CLS between the TT and SB adsorption

sites is about 1000 meV in both Pt[557] and Pt[335] substrates. Our results are consistent

with the previous theoretical studies [85, 79]. Furthermore, taking into consideration that the

experimental accuracy is ± 200 meV, our results are in good agreement with the experimental

observations of ∼ 280 meV and ∼ 900 meV obtained for the CLS of the SB and ST referred

to the TT adsorption site [19, 234, 235].

The use of curved crystals by our experimental colleagues allows, besides identifying

different adsorption sites, to monitor how their occupation changes as a function of the miscut

angle. Figure 6.6 shows the intensity (indicated by color) of the experimental XPS signal

as a function of the C 1s BE and the miscut angles (represented by the z-position along

the curved crystal sample) or the inverse of the terrace width. Superimposed with this 3-D

plot we can find individual spectra for selected miscut angles ([335],[111] and [553]). The

coverage is 0.25 ML. They straightforwardly prove that CO adsorption on Pt[111] vicinal

surfaces occurs at T site on Pt[111] and the ST on the stepped surfaces at low coverage.
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S

T1

T3

T2

T4

Fig. 6.4 CO adsorption on Pt[557] stepped surface at high coverage. The CO molecules were
adsorbed at step edge (S) and terrace atomic rows (Ti) on the topmost layer.

Moreover, a second peak was observed for Pt[335] that is associated with adsorption at SB

sites at low coverages, as can be inferred from our calculations for type-A stepped surfaces.
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Table 6.4 CO adsorption energy at different positions in the different atoms at 0.5 ML
coverage for the type-A stepped surface Pt[557] and Pt[335].

Surface site Eads (eV)
[557]

Top adsorption

ST 1.966
TT1 1.459
TT2 1.260
TT3 1.268
TT4 1.384

Bridge adsorption

SB 1.925
TB1 1.593
TB2 1.456
TB3 1.582
TB4 1.536

[335]

Top adsorption
ST 1.989
TT1 1.448
TT2 1.454

Bridge adsorption
SB 2.008
TB1 1.643
TB2 1.509
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6.4 Terrace Compression Model applied to CO adsorption

Figure 6.7 presents a summary of the experimental binding energy of the C 1s for all

adsorption sites as a function of the miscut angle in the high coverage limit (10 ML). It is

particularly surprising the behaviour of the TT component, that shows a clear systematic

variation with the terrace width. The direct comparison of this experimental variation with

our calculations faces a fundamental difficulty. In the case of the CO adsorption we lack a

common reference that allows comparing the results obtained for different supercell (such as

bulk atoms provided in Chapter 5). In addition, we are trying to disentangle a minimal energy

variation which is comparable with the error associated to the methodological procedure.

Therefore, the TCM was applied in order to study the CLS for the C 1s photoelectron as a

function of the terrace size. The CLS would be obtained as the contribution of the strain

out-of-plane (sout) and the strain in-plane (sin) both depending on the miscut angle as obtained

in Chapter 5.

Fig. 6.7 BE variation across the curved surface for all the C 1s adsorption sites as a function
of the miscut angle at high coverage (10 ML) [19].

The effect of sout was simulated in a 2x
√

3 Pt [111] supercell. The CO molecule was

adsorbed on a T site on the surface. We varied the distance between the topmost and the

second Pt layer, changing sout while keeping fixed the in-plane atomic coordinates (see

Figure 6.8). However, the CO adsorption height of the molecule over the terrace was always

allowed to relax, so the Pt-C distances are optimized for each out-of-plane strain.
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Fig. 6.8 CO adsorption on Pt[111]. The topmost layer is artificially displaced with a view to
changing sout and obtain the C 1s BE as a function of the layer distance.

Figure 6.9 exhibits the variation of the C 1s BE versus the distance between the first and

second layers in the slab. We have used the BE value obtained for the relaxed geometry as

reference. When the distance between layers was increased a linear increment of the BE is

observed. The loss of coordination in the topmost layer is also reflected in the increment of

the CO adsorption energy and a reduction in the adsorption Pt-C bond distance. From these

data it is possible to obtain the C 1s CLS produced by the application of a given amount of

sout . These results show that ∂E1s

∂ sout
∼ 1.1 eV where sout is the strain along the normal.

To investigate the effect of the sin on the BE, the Pt[557] vicinal surface was used. The

CO molecule was adsorbed in the middle of the terrace (T3 position) on a top site. We applied

a rigid compression/expansion of the terrace in order to explore the effect of different values

of the sin on the C 1s level position. Thus, we have artificially displaced the Pt atoms in the

first layer and avoided further optimizations on the positions allowing us to control the strain

percentage applied on the topmost layer. As in the previous case, the CO adsorption height

was relaxed but the adsorption site on the plane was kept fix. The schematic procedure is

shown in Figure 6.10. The variation of the C 1s BE are shown in Figure 6.11. We have

used the relaxed adsorption geometry as a reference for the variation of the BE with the sin

percentage. The data show a reduction of the C 1s BE with the increment of the sin in the
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Fig. 6.9 C 1s BE versus distance between the topmost and the second layer at Pt[111] surface.
C 1s BEs are referred to the relaxed adsorption structure.

surface. The result for the derivative with respect to the in-plane uniaxial strain is ∂E1s

∂ε<112>
∼

-0.83 eV.

We can now insert the data computed previously for the average strain in terrace of the

different vicinal surfaces. If we do so we arrive to the conclusion that the C 1s level for

the CO molecule adsorbed on T sites moves to lower energies (higher binding energies)

as we increase the miscut angle. This is in contradiction with the experimental result [19],

suggesting that either the calculation method or the central assumption that the strain of the

terrace is the main factor determining the shift of the C 1s BE are faulty. Nevertheless, we

should be a bit more careful in the previous analysis. We have assumed that the average

strain in the terraces is not affected by the adsorption of as much as ∼ 0.5 ML of CO.

This is against well-known experimental evidence [240] and theoretical results [241, 242],

which indicate that the tensile stress of Pt[111] is largely relieved by adsorption and, which

is somewhat more surprising, quite independently on the donor or acceptor character of

the adsorbed species. Under these conditions, we can expect that the compression of the

terrace will be smaller once it is covered with CO. This behaviour was indeed observed in

our calculations. Thus, the average in plane strain sin, which was estimated in Chapter 5

from the width of the relaxed terraces to be -2.8% and -4% respectively for Pt[557] and

Pt[335], is substantially reduced upon CO adsorption. The values of sin are -0.8% and
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〈1̄1̄2〉

〈1̄10〉

Fig. 6.10 TCM applied to the CO adsorption on Pt[557]. The Ti and S atoms in the topmost
layer were artificially displaced with a view to to changing the in-plane strain sin in the step
terrace. This permits to estimate the effect of sin on the C 1s level in each case.

-0.9% respectively for CO/Pt[557] and CO/Pt[335] at 0.5 ML coverage from the analysis of

the computed relaxed geometries. Indeed, the average compression of the ’in-plane’ Pt-Pt

bond lengths in the covered terraces is even smaller, -0.2% and -0.4%, but translates into

a somewhat larger reduction of the terrace size due to the buckling of the surface layer.

Furthermore, the out-of-plane expansion that was observed before in response to the lateral

compression, it is now larger with the response to the CO adsorption. The average height of

the surface layer over the second layer in clean Pt[557] and Pt[335] is, respectively, 1.2%

and 1.9% larger than in the case of the clean Pt[111]. This increment goes up to 1.6% and

2.2% for the CO covered surfaces when the main position of the surface plane is considered.

There is also a strong buckling (∼0.24 Å) of the surface layer, with the Pt atoms attached to

CO molecules at higher positions. Notice that the size of the buckling is considerably larger

than the changes in the average height of the surface layer, which complicates the analysis in

terms of our simple model. Finally, the average change in Pt-Pt nearest neighbour distances
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Fig. 6.11 C 1s BE versus sin calculated applying an homogeneous strain to the Pt[557] terrace.
BE energies are referred to C 1s on the relaxed structure.

for the Ti atoms with respect to Pt[111] becomes 0.28% and 0.33% for the CO/Pt[557] and

CO/Pt[335] respectively, i. e., it has changed its sign with respect to the clean case.

Thus, after the adsorption of CO at the saturation coverage we find that: i) the average

lateral compression of the terraces is much smaller and shows a weak dependence on the

miscut angle, ii) the average height of the Pt atoms in the surface increases and the terrace

becomes buckled and finally, in contrast to the case of the clean vicinal surfaces, iii) we find

a small increase of the average nearest-neighbour distance for the atoms in the terrace as a

function of the vicinal angle.

We can now revisit the issue of the C 1s level shift bearing in mind the opposite behaviour

of the average Pt-Pt distances as compared to the case of the clean vicinal surfaces. This

can help to reconcile the data of our simple TCM with the experimental observation for T

adsorption [19] on the Pt vicinal surfaces. Unfortunately a detailed comparison is involved,

since the structural changes are more complex for the CO covered than for the clean surface,

and will not be attempted here. However, from the analysis presented above, it is tempting to

interpret the shift of C 1s level that we observe experimentally as an indication that the relief

of the compressive stress induced by CO adsorption is larger for smaller terraces, i. e., for

larger miscut angles.
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6.5 Conclusions

We have studied CO adsorption on Pt[111] vicinal surfaces. It is well-known that DFT

fails in describing the most stable adsorption site for CO on Pt surfaces [236], which is

identified as a hollow site rather than top site. Despite the difference in the adsorption

hierarchy with regard to the experimental observation, DFT is able to correctly describe

the main features of the Pt-CO bonding and the C 1s core level shifts of the molecule on

the different adsorption sites that is one of the main focus of our work. In agreement with

experiment, the step edge sites are predicted to be more stable than those in the terrace for all

the considered vicinal surfaces [19]. Thus, the CO molecule adsorbs at ST and SB sites in

type-A steps, while only ST adsorption is observed for type-B Pt steps at low coverage.

When the coverage was increased at the saturation level (0.5 ML) observed experimentally

[19] we obtained a global reduction of the computed adsorption energies (Eads). Such

reduction can be attributed to the electronic repulsion between the CO molecules adsorbed

on the stepped surfaces. However, the step edge adsorption sites are still preferred over the

terrace sites in each of the different Pt surface considered here.

We have calculated the BE for the C 1s level when the CO molecule is adsorbed on the

Pt surfaces. On the Pt[111] the computed CLS between the T and B adsorption sites showed

a similar value to the experimental measurement. For the stepped surfaces we also get values

of the C 1s CLS between molecules adsorbed on the terraces and at the step edge in good

agreement with our experimental observations and previous experimental and theoretical

reports. In our case, thanks to the use of a curved crystal by our experimental colleagues

we could identify a characteristic dependence of the C 1s BE of the CO molecules on top

sites in the terraces as function of the miscut angle. The lack of a well-defined reference

for different surfaces for the C 1s level, as well as the small values of the BE changes as a

function of the miscut angle, refrained us from trying to compare directly this experimental

observation to our calculations on different vicinal surfaces. We rather preferred to use a

variant of the Terrace Compression Model presented in Chapter 5 in order to disentangle

the effect of the strain in the surface on the observed C 1s CLS. The scope of TCM model

is somewhat limited, since it mostly focuses on the strain of the surface layer as the main

ingredient characterizing the reactive and electronic properties of terraces of different widths.

Thus, the result of our analysis is rather speculative, although quite interesting if confirmed:

it seems to indicate that the observed systematic decrease of the C1s BE as a function of the

miscut angle might be an indication that the relief of compressive stress in the surface layer

induced by CO adsorption is larger for smaller terraces.





Summary and Outlook

To see a World in a Grain of Sand

And a Heaven in a Wild Flower,

Hold Infinity in the palm of your hand

And Eternity in an hour.

William Blake, Auguries of Innocence

The aim of this Thesis was the theoretical study of molecular adsorption on different

surfaces. This aim has been pursued using ab initio density functional theory calculations.

DFT foundations as well as the approximations used were explained in Chapter 1. Despite

the fact that the conclusions were presented in each chapter, an overview of the main

conclusions will be presented here to help the reader to get a global perspective of the

achievements of this Thesis work.

NO adsorption on Cu surfaces was investigated in Chapter 2. NO was adsorbed on

Cu[110] and O(2x1)/Cu[110] on different adsorption sites. Our results showed that NO

adsorption at bridge site with the N atom bonding the surface was preferred on Cu[110]. The

molecule loses its magnetization due to the interaction with the substrate. In addition, our

results predicted the dimer formation along the 〈11̄0〉 surface direction in a tilted geometry.

However, the row formation is not expected on this substrate. In O(2x1)/Cu[110] the NO

bonds two of the Cu atoms on the Cu-O rows, causing a large disruption on the geometry

of the Cu-O-Cu rows on the substrate. The vertical adsorption is marginally preferred over

a tilted geometry. The lower adsorption energy in comparison with the previous case and

the survival of the magnetization after adsorption indicates a lower interaction with the

substrate in comparison to clean Cu[110]. The dimers were found very unstable compared

with the monomer. Thus, the formation of dimers and also rows is not expected for NO on

O(2x1)/Cu[110]. This in contrast to the case of CO on O(2x1)/Cu[110], which has been

reported to form well-separated and straight single-molecule rows on this substrate. The

exploration of this possibility for NO was one the main motivations to study this system.
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Chapter 3 was devoted to an in-depth study of MePc adsorption on Ag[111]. MePc

molecules were adsorbed in different configurations on the surface, taking in consideration

the adsorption site and the azimuthal angle on the substrate. In all the cases, the most stable

adsorption site was on bridge+, revealing that the stacking of the molecular frame with

respect to the substrate is the key factor determining the adsorption configuration. Thus,

the adsorption is primarily mediated by the organic part of the molecule. However, the

metal ion has a strong influence in the properties of the molecule. For example, in spite of

having the largest adsorption energy among the cases studied here, CuPc keeps its magnetic

moment almost intact after adsorption due to the small interaction between the metal ion

and the surface. This interaction only causes a small deformation of the molecule. On the

other hand, MnPc loses its spin polarization due to the charge transfer from the surface and

the participation of the d metal orbitals in the LUMO. This produces large changes in the

molecular geometry after adsorption and reduces the adsorption energy in spite of being

closer to the topmost surface layer. The addition of a ligand (chlorine atom) to the manganese

atom in the MnPc moves the metal centre farther away from the substrate. This reduces the

surface-metal core interaction and produces the most unfavourable adsorption energy. TiOPc

shows the largest adsorption distance among the cases we studied and there is not a significant

interaction between Ti-O group and the surface. As a general remark, we find that for the

adsorption of MePc molecules on Ag[111] there is a competition between the interaction

of the metal core and the deformation of the organic frame. Too little interaction of the

metal centre gives rise to small adsorption energies. This can be controlled by the addition

of ligands, that tend to push the metal atom away from the surface, reducing the interaction.

However, a very strong substrate-metal core interaction can end up being detrimental for

the adsorption stability. This is the case of MnPc, where the strong Mn-Ag[111] interaction

creates a large deformation of the molecule that reduces its adsorption energy. For the

molecules that we studied CuPc seems to present the best compromise between these two

effects. A common observation for all MePc molecules was the electron accumulation on

the substrate due to the Pauli repulsion of the surface electrons away from the position of

the molecular frame. This so-called Pauli pushback phenomenon has a strong influence in

the total dipole of the molecule. For example, for TiOPc the total dipole of the adsorbed

molecule points in the opposite direction than the dipole determined by Ti-O group.

Following our research on MePc, in Chapter 4 a careful study was developed for the

CO2 adsorption on TiOPc. Several adsorption geometries were tested and we concluded that

the monomer is adsorbed parallel to the molecular plane over the central carbon atoms in

the inner ring. Furthermore, we investigated the possibility of multiple molecules adsorbed

on TiOPc. Our calculations show that the adsorption energy diminishes as the coverage
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increases. However, the small energy difference demonstrates that it is possible for multiple

molecules to adsorb simultaneously (dimers, trimers and tetramers). The induced electron

density shows the charge polarization on the molecules, revealing that the interaction is

due to electrostatic forces. Furthermore, a shift of the Ti-O stretching mode was observed

in the vibrational spectra with the increment of CO2 exposition at low temperature. We

were able to simulate the shift of the Ti-O stretching mode with our calculations. Moreover,

we demonstrated that this shift is caused by the adsorption of CO2 and proportional to the

number of molecules adsorbed on the TiOPc.

We did not just focus on molecular adsorption, we also devoted our efforts to other

fascinating properties of surfaces. A large part of the work behind this dissertation was

devoted to the study and characterization of [111] vicinal surfaces of several transition metals.

This is motivated by experimental results obtained at the NanoPhysics Lab at CFM using

curved crystals to explore XPS as a function of the miscut angle. In Chapter 5 we present a

joint theoretical and experimental study of the dependence of the surface core-level energy

shift on the miscut angle of Pt[111] vicinals. Our theoretical results allow establishing

unambiguously a relation between the experimentally observed CLS and the average surface

strain in the terraces of the different stepped surfaces. We calculated the CLS on different

stepped surfaces around the high symmetry 〈111〉 direction. The ab initio calculations

showed the same behaviour observed experimentally, a decrease of the surface CLS of the Pt

4f as the miscut angle is increased. We speculated that the change of the strain with the terrace

size is the main ingredient explaining the variation of the Pt 4f BE. In order to demonstrate

this we performed calculations of highly idealized situations that allow disentangling the

relation between the CLS and the strain at the surface from other effects. This is the so-

called TCM model. Using this model we could get a better approximation to the empirical

observations and confirm that the main factor behind the observed BE differences is the

surface strain. In the other metallic substrate studied in this chapter the same tendency

was found. Rh[111] vicinal surfaces showed that the CLS increment in the Rh 3d level is

correlated with the miscut angle. The first-principles calculations are in very good agreement

for small miscut angles.

The last part connects the study of the properties of the stepped surface with that of

molecular adsorption. Chapter 6 was devoted to CO adsorption on Pt[111] vicinal surfaces.

We simulated the adsorption of CO on different stepped surfaces, finding a good agreement

with experiment regarding the relative stability of adsorption in the terraces and at the steps.

CO is adsorbed at step top and step bridge sites on type-A ((n + 2/3) atomic rows wide and

have [100]-like steps) and just in the step top site in type-B ( (n + 1/3) atomic rows and

[111]-like step) stepped surfaces at low coverage. The increment of CO molecules adsorbed
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on the surface (0.5 ML) causes a reduction on the adsorption energy due to the electrostatic

repulsion between molecules. Nonetheless, the step site adsorption was still preferred over

the terrace sites. Next, we computed the CLS of the C 1s level for different adsorbed species

in an attempt to compare to the experimental evidence that indicates a systematic shift with

the miscut angle. Experiments were performed by our colleagues in the NanoPhysics Lab

at CFM. In absence of a clear reference for the C 1s photoelectron, we decided to use the

C 1s level of the molecules adsorbed on step top sites to compare the results from different

stepped surfaces. The hypothesis, consistent with experimental data, is that this should have

a negligible dependence on the terrace size. The results obtained for the BE at different

adsorption sites are in good agreement with experiment. Moreover, we applied our TCM to

estimate the variation of the C 1s level as a function of the miscut angle. When the considered

strain corresponds to that of the clean stepped surface, the predicted movement of the C 1s

BE for the molecules adsorbed in the terrace is opposite to the experimental observation.

However, it is important to take into account that CO adsorption produces a stress-release

that compensates the compressive strain in the surface. The net result, once this effect is

taken into account, is an increase of the effective Pt-Pt distances in the surface layer as the

miscut angle decreases (i. e., exactly the opposite trend observed for the bare vicinal Pt[111]

surface). Therefore, this translates to a movement of the C 1s peak to lower BE in agreement

with experiment. Interestingly, this seems to indicate that the experimental observation is an

indication that the relief of compressive strain induced by CO adsorption is larger for smaller

terraces.

Thus, in this Thesis we have performed an in-depth study of the adsorption of several

molecular species. We have also investigated the interaction between molecules as in the

case of NO adsorption on Cu surfaces or the CO adsorption on TiOPc. In addition, we

studied the correlation between structural (surface strain as a function of the miscut angle)

and electronic properties in stepped surfaces. We were able to answer several questions

raised by experimental results obtained in the laboratory. Therefore, the cooperation between

experimental groups and theoreticians demonstrated to be a valuable tool in the study and

explanation of the observed phenomena. In spite of finding some answers other issues are

still open. We would like to be able to respond those questions in our future work.
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Supplementary information Chapter 3

In this appendix are included some tables and figures which were skipped in the Chap-

ter 3 discussion. They were avoided in the main text because of they do not contribute with

crucial information.

Table A.1 Distance between adjacent CuPc molecules (C-C) along the symmetry crystal
directions.

〈1̄10〉 (Å) 〈1̄1̄2〉 (Å)
CuPc fcc 9.893 9.680
CuPc topX 9.876 9.678
CuPc top+ 7.036 6.820
CuPc bridgeX 9.894 9.686
CuPc bridge+ 7.030 6.821

Table A.2 Distance between adjacent MnPc molecules (C-C) along the symmetry crystal
directions.

〈1̄10〉 (Å) 〈1̄1̄2〉 (Å)
MnPc fcc 9.920 9.710
MnPc topX 9.906 9.713
MnPc top+ 7.076 6.869
MnPc bridgeX 9.913 10.896
MnPc bridge+ 7.063 6.859
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Table A.3 Distance between adjacent Cl-MnPc molecules (C-C) along the symmetry crystal
directions.

〈1̄10〉 (Å) 〈1̄1̄2〉 (Å)
Cl-MnPc fcc 9.913 9.698
Cl-MnPc topX 9.901 9.697
Cl-MnPc top+ 7.056 6.843
Cl-MnPc bridgeX 9.904 9.701
Cl-MnPc bridge+ 7.055 6.854

Me

N int

N ext

C c

B1

B2B3

B4

Fig. A.1 Name references for Table A.4, A.5 and A.6. N int are nitrogen atoms bonding
the metal atom (Me), N ext correspond to exterior nitrogen atoms in the central ring. C c are
carbon atoms in the central frame and B1, B2, B3, B4 the different benzene rings.
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Table A.4 Heights ± standard deviation in (Å) for the CuPc on gas phase and after the
adsorption on Ag[111]. The CuPc molecular plane is used as reference.

gas phase fccX topX top+ bridgeX bridge+
Ag[111] (h2) -3.224 ± 0.029 -3.218 ± 0.021 -3.304 ± 0.015 -3.287 ± 0.024 -3.200 ± 0.018
Cu (h1) 0.000 ± 0.000 -0.161 ± 0.014 -0.105 ± 0.004 -0.120 ± 0.002 -0.076 ± 0.010 -0.160 ± 0.003
N int 0.000 ± 0.000 -0.036 ± 0.056 -0.018 ± 0.005 -0.027 ± 0.005 0.030 ± 0.024 -0.040 ± 0.007
N ext 0.000 ± 0.000 -0.018 ± 0.070 -0.019 ± 0.013 -0.011 ± 0.005 0.019 ± 0.034 -0.021 ± 0.006
C c 0.000 ± 0.000 -0.014 ± 0.056 -0.011 ± 0.011 -0.008 ± 0.009 0.028 ± 0.027 -0.016 ± 0.006
B1 0.000 ± 0.000 0.003 ± 0.039 0.015 ± 0.019 0.002 ± 0.004 -0.024 ± 0.038 0.008 ± 0.006
B2 0.000 ± 0.000 0.046 ± 0.032 0.016 ± 0.020 0.005 ± 0.003 -0.002 ± 0.042 0.013 ± 0.006
B3 0.000 ± 0.000 0.018 ± 0.042 0.007 ± 0.018 0.020 ± 0.009 -0.019 ± 0.050 0.027 ± 0.017
B4 0.000 ± 0.000 0.001 ± 0.035 0.010 ± 0.019 0.018 ± 0.008 -0.032 ± 0.038 0.029 ± 0.016
central ring 0.000 ± 0.000 -0.023 ± 0.041 -0.016 ± 0.008 -0.015 ± 0.005 0.026 ± 0.021 -0.026 ± 0.005
Benzene 0.000 ± 0.000 0.017 ± 0.025 0.012 ± 0.012 0.011 ± 0.004 -0.019 ± 0.026 0.019 ± 0.008
Molecular plane 0.000 ± 0.000 0.000 ± 0.027 0.000 ± 0.009 0.000 ± 0.004 0.000 ± 0.021 0.000 ± 0.006

Table A.5 Heights ± standard deviation in (Å) for the MnPc on gas phase and after the
adsorption on Ag[111]. The MnPc molecular plane is used as reference.

gas phase fccX topX top+ bridgeX bridge+
Ag[111] (h2) -3.130 ± 0.036 -3.132 ± 0.036 -3.200 ± 0.038 -3.150 ± 0.023 -3.084 ± 0.032
Mn (h1) 0.000 ± 0.000 -0.304 ± 0.017 -0.306 ± 0.016 -0.363 ± 0.019 -0.251 ± 0.007 -0.344 ± 0.015
N int 0.000 ± 0.000 -0.132 ± 0.022 -0.134 ± 0.022 -0.168 ± 0.028 -0.079 ± 0.011 -0.145 ± 0.028
N ext 0.000 ± 0.000 -0.062 ± 0.040 -0.064 ± 0.040 -0.077 ± 0.030 -0.026 ± 0.030 -0.062 ± 0.022
C c 0.000 ± 0.000 -0.070 ± 0.033 -0.072 ± 0.033 -0.091 ± 0.037 -0.028 ± 0.020 -0.068 ± 0.022
B1 0.000 ± 0.000 0.068 ± 0.077 0.066 ± 0.076 0.064 ± 0.096 0.027 ± 0.024 0.062 ± 0.063
B2 0.000 ± 0.000 0.069 ± 0.077 0.068 ± 0.077 0.067 ± 0.093 0.044 ± 0.028 0.066 ± 0.065
B3 0.000 ± 0.000 0.063 ± 0.069 0.061 ± 0.068 0.095 ± 0.076 0.031 ± 0.025 0.067 ± 0.073
B4 0.000 ± 0.000 0.076 ± 0.064 0.074 ± 0.063 0.109 ± 0.073 0.030 ± 0.024 0.080 ± 0.066
central ring 0.000 ± 0.000 -0.088 ± 0.027 -0.090 ± 0.026 -0.112 ± 0.027 -0.044 ± 0.016 -0.092 ± 0.021
Benzene 0.000 ± 0.000 0.069 ± 0.045 0.067 ± 0.044 0.084 ± 0.052 0.033 ± 0.016 0.069 ± 0.041
Molecular plane 0.000 ± 0.000 0.002 ± 0.033 0.000 ± 0.032 0.000 ± 0.038 0.000 ± 0.013 0.000 ± 0.030

Table A.6 Heights ± standard deviation in (Å) for the Cl-MnPc on gas phase and after the
adsorption on Ag[111]. The Cl-MnPc molecular plane is used as reference.

gas phase fccX topX top+ bridgeX bridge+
Ag[111] (h2) -3.156 ± 0.028 -3.166 ± 0.017 -3.176 ± 0.021 -3.143 ± 0.024 -3.122 ± 0.035

Mn (h1) 0.349 ± 0.009 -0.004 ± 0.014 0.101 ± 0.003 0.088 ± 0.003 0.039 ± 0.007 -0.072 ± 0.019

N int 0.049 ± 0.031 -0.060 ± 0.045 0.003 ± 0.006 -0.006 ± 0.011 -0.027 ± 0.009 -0.115 ± 0.029

N ext 0.024 ± 0.042 -0.022 ± 0.068 -0.001 ± 0.011 -0.002 ± 0.009 -0.012 ± 0.036 -0.067 ± 0.022

C c 0.026 ± 0.034 -0.027 ± 0.052 0.005 ± 0.010 0.002 ± 0.013 -0.009 ± 0.023 -0.069 ± 0.027

B1 -0.033 ± 0.026 0.010 ± 0.051 -0.002 ± 0.009 -0.002 ± 0.009 0.009 ± 0.025 0.048 ± 0.084

B2 -0.003 ± 0.032 0.055 ± 0.034 0.007 ± 0.011 0.007 ± 0.011 0.016 ± 0.026 0.051 ± 0.086

B3 -0.025 ± 0.041 0.029 ± 0.043 -0.005 ± 0.009 0.003 ± 0.013 0.011 ± 0.026 0.068 ± 0.090

B4 -0.038 ± 0.026 0.014 ± 0.044 -0.007 ± 0.013 -0.002 ± 0.015 0.012 ± 0.026 0.083 ± 0.084

Cl 2.645 ± 0.009 2.226 ± 0.014 2.324 ± 0.003 2.307 ± 0.003 2.262 ± 0.007 2.166 ± 0.019

central ring 0.033 ± 0.025 -0.036 ± 0.038 0.002 ± 0.006 -0.002 ± 0.008 -0.016 ± 0.018 -0.083 ± 0.023

Benzene -0.025 ± 0.021 0.027 ± 0.029 -0.002 ± 0.007 0.002 ± 0.008 0.012 ± 0.016 0.063 ± 0.053

Molecular plane 0.000 ± 0.019 0.000 ± 0.027 0.000 ± 0.005 0.000 ± 0.006 0.000 ± 0.014 0.000 ± 0.038
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Bader charge variation for the MePc adsorption on the Ag[111] surface.

Fig. A.2 Charge variation (Bader charge - atom valence charge) for all atoms in the TiOPc
molecule on gas phase (black) and during the (O-down) adsorption on Ag[111] at fccX (red),
topX (blue), top+ (magenta), bridgeX (orange) and bridge+ (green) sites.
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Fig. A.3 Charge variation (Bader charge - atom valence charge) for all atoms in the CuPc
molecule on gas phase (black) and during the adsorption on Ag[111] at fccX (red), topX

(blue), top+ (magenta), bridgeX (orange) and bridge+ (green) sites.

Fig. A.4 Charge variation (Bader charge - atom valence charge) for all atoms in the Cl-MnPc
molecule on gas phase (black) and during the adsorption on Ag[111] at fccX (red), topX

(blue), top+ (magenta), bridgeX (orange) and bridge+ (green) sites.
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Stress is an ignorant state. It believes

that everything is an emergency.

Natalie Goldberg

Effective coordination model

Using the experimental values it is possible to devise a simple model to evaluate the

average distance to nearest neighbours of the surface atoms. This provides a relationship

between the CLS and the strain in the surface.

Bianchettin et al [173, 186] defined an effective coordination number (neff), by weighting

the actual length of each individual Pt atom bond R j as :

neff = ∑
j

eb(Rbulk−R j) (B.1)

where the sum runs for all j nearest neighbours, b is a decay constant calculated for

the charge density of an isolated Pt atom, which in the range of the interactomic distances

(Rbulk=2.77 Å) may be taken as b= 1.27 Å−1 [243].

The strain is defined as the variation of the interatomic distances using the bulk as

reference ∆R =
Rbulk−Rsur f ace

Rbulk
. This permits to describe the effective coordination at the

surfaces as a function of of the strain as:

neff = 9× e1.27×2.77×∆R(d) (B.2)

The experimental results for the 4f CLS photoelectron in the Pt[111] surface is ∆ET =

E9→12 = -400 meV. If it is assumed a linear variation of the CLS as a function of the atomic
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coordination between the surface (n = 9) and bulk (n = 12) atoms as :

∆ET (d) =−400
(neff −9)

3
(B.3)

Substituting in Eq. B.2, we can obtain the relationship between the strain and the

measured core level ∆ET (d).

∆R(d) =− 1
3.52

× ln
[

∆ET (d)

1.2
+1

]

(B.4)

With this equation it is possible to describe the experimental values ∆ET (d) as function

of the strain ∆R(d). This is the empirical relation used to deduce the strain data as a function

of the terrace width as plotted in Figure 5.5.

Relationship Pt-Pt distance and strain

The square of the distance between the atoms (r) in the surface is defined as :

r2 = r2
x + r2

y + r2
z (B.5)

where ri (i= x,y,z) are the projections on the arbitrary x,y,z directions.

Considering that the strain is produced along one direction, e. g., x, while the others

remained constant we have:

2r∆r = 2rx∆rx (B.6)

and can be easily obtained that
∆r

r
=
(rx

r

)2 ∆rx

rx
(B.7)

Thus, it is possible to define the variation of the interatomic distance as a function of the

strain in the direction out-of-plane (sout) or in-plane (sin) as :

∆r

r
=
(rout−o f−plane

r

)2
sout

∆r

r
=
(rin−plane

r

)2
sin

(B.8)

For the case in the normal direction, the distance between the layers is defined as :

rout−o f−plane =

√

2
3

r (B.9)
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Therefore, the variation with sout is :

∆r

r
=

2
3

sout (B.10)

In the case of the sin only four of the six bonding atoms are changing the distances with

the variation produce in the step direction 〈1̄1̄2〉 (see Figure B.1).

r

rin−plane

〈1̄1̄2〉

〈1̄10〉

Fig. B.1 rin−plane is the distance between atomic rows along the step direction 〈1̄1̄2〉 (dotted
line).

rin−plane =

√
3

2
r (B.11)

Then, substituing in Eq. B.8:
∆r

r
=

3
4

sin (B.12)

As the topmost atom is bonding 9 nearest-neighbours, 6 in the surface layer and 3 in the

underlayer, therefore:
∆r

r
=

1
9

(

3× 2
3

sout +4× 3
4

sin

)

(B.13)

Finally we obtain the relationship between the average variation of the nearest neighbours

distance in the surface layer and the surface strain as:

∆r

r
=

1
9
(2× sout +3× sin) (B.14)





Resumen en español

La interacción entre moléculas y materia tiene importantes implicaciones a nivel tec-

nológico e industrial lo que convierte a este área en un interesante campo de estudio [1–6].

La adsorción molecular es una cuestión fundamental debido a las implicaciones prácticas

que conlleva, por ejemplo, en reacciones catalíticas [7–9].

El objetivo de esta tesis es el estudio de la adsorción molecular en distintas superficies.

La adsorción de una molécula sobre una superficie puede modificar su estructura electrónica.

La molécula puede estar químicamente ligada a la superficie, la carga eléctrica puede ser

desplazada o transferida del adsorbato al adsorbente o viceversa y la hibridación con los

estados electrónicos de la superficie puede modificar la densidad de estados molecular. Cada

uno de estos cambios modificará las propiedades del sistema. Además, la interacción entre

moléculas vecinas y la modificación de la densidad de estados electrónicos en la superficie

puede afectar al proceso de autoensamblaje. El proceso de adsorción también puede estar

influido por otros factores, como fuerzas de larga distancia (van der Waals), interacciones

iónicas o electrostáticas y factores geométricos. La molécula adsorbida sobre la superficie

puede ser fuertemente modificada durante el proceso, produciendo grandes cambios en sus

propiedades electrónicas y creando un enlace químico fuerte con la superficie (quimisorción),

por el contrario, el proceso de adsorción puede tener una influencia mínima en la molécula y

no producir cambios de consideración sobre esta (fisisorción).

Desde el punto de vista teórico la descripción de un sistema de muchos cuerpos puede ser

realizada utilizando la ecuación de Schrödinger. Sin embargo, el principal problema reside

en la complejidad del sistema. Para un sistema que esté constituido por más de unas pocas

partículas esta ecuación se hace irresoluble en la práctica. Dado un sistema que contiene N

electrones, cada uno dependiente de 3 coordenadas espaciales y una coordenada de espín,

y siendo N desde unas pocas decenas hasta 1023 electrones, la ecuación de Schrödinger no

puede ser resuelta de forma exacta. Es por ello que será necesario realizar aproximaciones

para poder obtener las soluciones al sistema.

Una alternativa para este problema fue desarrollada en los años sesenta, esta se basa en

los teoremas de Hohenberg-Kohn [10] y la ecuaciones de Kohn-Sham [11]. La idea básica
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consiste en suponer que podemos describir el estado fundamental de un sistema atómico

utilizando unicamente la densidad electrónica del sistema en lugar de la función de onda

de muchos electrones. Este es el principio básico de la teoría del funcional de la densidad

(density functional theory (DFT) en inglés). La densidad electrónica del estado fundamental

del sistema se calcula, y sus propiedades física se derivan a partir de esta. Los cálculos DFT

han sido utilizados desde los años setenta, sin embargo, no fue hasta principios de los años

noventa cuando los recursos computacionales junto con la mejora en los métodos de cálculo

convirtieron al DFT en una herramienta versátil para el estudio de la materia condensada.

El incremento en la precisión permitió la correcta descripción de los sistemas físicos y ello

convirtió al DFT en una metodología popular a la hora de estudiar los sistemas físicos que,

conjuntamente con las observaciones experimentales, ha dado excelentes resultados.

Basandonos en cálculos DFT y usando el programa de cálculo Vienna ab initio simulation

package (VASP) desarrollado por Kresse et al. [12] hemos estudiado la adsorción molecular

en distintas superficies metálicas. También hemos analizado las propiedades electrónicas y

estructurales de distintas superficies escalonadas. Por ello hemos dividido la presentación de

nuestra investigación en varios capítulos.

En el capítulo 1 hemos descrito los fundamentos teóricos de la metodología utilizada en

esta tesis. A partir de la ecuación de Schrödinger la aproximación de Born-Oppenheimer es

introducida. En la siguiente sección se presenta la teoría básica de DFT. En ella se exponen

las principales características de esta teoría. En esta parte se ha incluido una breve reseña

de las aproximaciones que hemos utilizado para describir el funcional de intercambio y

correlación, las fuerzas de van der Waals y el corrimiento de la energía de enlace de los

electrones internos (core-level energy shift (CLS)). Finalmente se hace una descripción

de la estructura cristalina de la materia y las principales aproximaciones para describir las

soluciones de la ecuación de Schrödinger en dichos sistemas periodicos.

Nuestro grupo había investigado la adsorción del monóxido de carbono (CO) sobre

una superficie de O(2x1)/Cu[110] en un trabajo previo [13, 14]. En dicho estudio se había

observado la formación de filas perfectamente alineadas sobre dicha superficie y descrito

el proceso de autoensamblaje de las moléculas. Es por ello que en el capítulo 2 hemos

realizado un estudio teórico similar para la adsorción del monóxido de nitrógeno (NO)

sobre distintas superficies [15]. El NO se adsorbió sobre la superficie limpia Cu[110]

y sobre O(2x1)/Cu[110] en los posibles sitios de adsorción. Para la primera superficie

estudiada, Cu[110], el NO se adsorbe entre dos atómos de Cu con el N enlazando a la

superficie. La hibridación entre los orbitales moleculares y la superficie produce la perdida

de la magetización del NO. También se simuló la adsorción de múltiples moléculas sobre

la superficie creando dimeros y filas en ella. Nuestros resultados predicen la formación de
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dímeros a lo largo de la dirección 〈11̄0〉 sobre la superficie. Por otra parte, la formación de

filas en el substrato no resulta favorable en ningún caso. En la superficie O(2x1)/Cu[110] el

NO enlaza dos átomos de cobre entre dos filas de Cu-O, produciendo una fuerte deformación

en el substrato. Sin embargo, la menor energía de adsorción obtenida en comparación con el

Cu[110] y la persistencia del momento magnético de la molécula después de ser adsorbida

indican una menor interacción con esta superficie. La formación de dímeros es mucho

más inestable en comparación con el monómero. Es por ello que tanto la formación de

dímeros como la de filas no se espera en esta superficie. Este hecho contrasta con el caso

del CO adsorbido sobre O(2x1)/Cu[110], en donde la molécula forma filas perfectamente

separadas y bien definidas sobre la superficie. La posibilidad de que el NO presentase ese

mismo comportamiento en esta superficie fue la principal motivación para el estudio de dicho

sistema.

Una parte considerable de esta tesis es el resultado de la colaboración con distintos

grupos experimentales. De esta forma nuestras investigaciones han ayudado a la correcta

interpretación de los resultados obtenidos por nuestros colaboradores. A lo largo de estos

años hemos desarrollado fructíferas colaboraciones con el grupo del Profesor P. Jakob de la

Philipps-Universtät en Marburg (Alemania) [16] y el grupo del Profesor José Ignacio Pascual

en el nanoGUNE en Donostia-San Sebastián (España) [17] en distintos temas relacionados

con la adsorción de ftalocianinas en la superficie Ag[111]. La mayor parte de los resultados

se presentan en el capítulo 3 donde hemos desarrollado una profunda investigación sobre la

adsorción de ftalocianinas metálicas (MePc, con Me = Cu, Ti-O, Mn y Mn-Cl) sobre Ag[111]

[16, 17]. Las moléculas de MePc fueron adsorbidas en distinta configuraciones sobre la

superfice, teniendo en cuenta el sitio de adsorción y el ángulo azimutal sobre el substrato.

En todos los casos la adsorción más estable fue encontrada para la configuración "bridge+",

donde el centro metálico se sitúa entre dos átomos de la superficie y dos de los átomos de

nitrógeno del anillo central se alinean con la dirección superficial 〈1̄10〉. Así, queda patente

que el principal factor para la adsorción de la molécula sobre esta superficie es la disposición

de los átomos sobre el substrato y demostramos que la adsorción molecular está mediada por

la parte orgánica de la molécula. Sin embargo, el centro metálico tiene una fuerte influencia

en las propiedades moleculares. Por ejemplo, el CuPc a pesar de presentar la mayor energía

de adsorción de todos los casos estudiados, mantiene su momento magnético prácticamente

intacto después de la adsorción. Ello se debe a la mínima interacción entre el ion metálico

y la superficie, y la pequeña deformación de la geometría de esta. Por otro lado, el MnPc

pierde su magnetización debido a la transferencia de carga desde la superficie metálica y a

la participación de los orbitales d del metal en el orbital molecular no ocupado de más baja

energía (LUMO) de la molécula. Esto produce grandes cambios en la geometría molecular
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después de la adsorción y reduce su energía de adsorción a pesar de ser la molécula que más

cerca se adsorbe sobre la superficie. La adición de un ligando (un átomo de cloro) al centro

de manganeso en la MnPc desplaza al centro metálico más lejos del substrato, esto reduce la

interacción metal-substrato y reduce la energía de adsorción. El TiOPc presenta la mayor

distancia de adsorción de todas las moléculas investigadas y no presenta una interacción

importante entre el grupo Ti-O y la superficie. Resulta interesante reseñar aquí que nuestro

estudio del TiOPc, en partícular el de la dependencia de la energía de adsorción con la

orientación del plano molecular sobre la superficie, fue de gran ayuda para determinar la

estructura de la fase conmensurada de las capas autoensambladas que dicha molécula forma

sobre Ag[111] a recumbrimientos intermedios [16].

En general hemos observado que en la adsorción de MePc sobre Ag[111] hay una

competición entre la interacción del centro metálico con la superficie y la deformación en

el marco orgánico de la molécula. La baja interacción del centro metálico da lugar a bajas

energías de adsorción. Esto puede ser controlado por la adición de ligandos que tienden a

desplazar al ion metálico lejos de la superficie, reduciendo por tanto la interacción con la

superficie. Sin embargo, una fuerte interacción metal-substrato puede ser contraproducente

para la estabilidad energética del sistema. Este es el caso del MnPc en donde la fuerte

interacción Mn-Ag[111] provoca grandes deformaciones en la geometría molecular y reduce

la energía de adsorción de forma sustancial. De entre todas las moleculas estudiadas en este

capítulo, CuPc presenta el mejor equilibrio entre dichos efectos. Una observación común

para las MePc fue la acumulación de electrones en el substrato debido a la repulsión de Pauli.

Los electrones de la superficie son repelidos por la nube electrónica molecular y tratarán

de apartarse de la zona ocupada por la mólecula, bien sea acercandose lo más posible a

superficie en la zona cubierta por la molécula, o bien acumulandose alrededor del marco

molecular. Este fenómeno llamado "Pauli pushback" tiene una importante influencia en el

dipolo total del sistema. Por ejemplo, en el caso del TiOPc el dipolo total después de la

adsorción tiene la dirección contraria al definido por el grupo Ti-O de la molécula.

Continuando con nuestra investigación y con la vista puesta en la comparación de nuestros

resultados con las medidas experimentales [18], hemos estudiado la adsorción del CO2 sobre

TiOPc. Estos resultados se presentan en el capítulo 4. Distintas geometrías de adsorción

fueron investigadas y concluimos que el monómero se adsorbe paralelo al plano molecular

sobre los carbonos centrales en el anillo interior del TiOPc. La posibilidad de tener varias

moléculas adsorbidas sobre el TiOPc también fue estudiada. Nuestros cálculos muestran

una disminución en la energía de adsorción a medida que aumenta el recubrimiento. Sin

embargo, de las pequeñas variaciones en la energía se deduce que es posible la adsorción

de múltiples CO2 sobre el TiOPc. La densidad electrónica inducida indica una polarización
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en las moléculas, revelando la naturaleza electrostática de la interacción. Adicionalmente,

en el experimento se observó un corrimiento en el modo de "stretching" del Ti-O en el

espectro vibracional de la molécula a medida que se incrementaba la exposición al CO2 a

baja temperatura. Fuimos capaces de simular dicho corrimiento y demostramos que se debe

a la adsorción del CO2 y es proporcional al número de moléculas adsorbidas sobre el TiOPc.

No sólo nos hemos centrado en la adsorción molecular, también hemos dedicado nuestro

esfuerzo a otras fascinantes propiedades de las superficies. Una gran parte de esta disertación

se centra en el estudio y caracterización de las superficies escalonadas vecinas a la dirección

〈111〉 en distintos metales de transición (Pt y Rh). Nuestro estudio está motivado por los

resultados experimentales obtenidos por el grupo dirigido por el Profesor Enrique Ortega en el

NanoPhysics Lab en el centro de Física de Materiales (CFM) del CSIC-UPV/EHU (Donostia-

San Sebastián), que usando cristales curvados, investigan la variación de la señal XPS en

función del ángulo de corte. La empresa BihurCrystal fabrica dichos cristales curvados.

Los resultados experimentales muestran una variación sistemática de las energías de enlace

de los electrones internos (CLS) para los niveles del Pt 4f y Rh 3d en cristales curvados

que se relaciona con el tamaño de las terrazas. Intentando dilucidar este comportamiento

hemos realizado cálculos ab initio para diferentes superficies escalonadas de Pt y Rh. En el

capítulo 5 presentamos un trabajo conjunto entre teoría y experimento sobre la dependencia

del CLS con el ángulo de corte en las superficies vecinas de Pt[111] y Rh[111]. Nuestros

resultados teóricos permiten establecer inequivocamente la relación entre el CLS observado

experimentalmente y el porcentage de deformación promedio en las terrazas de las distintas

superficies escalonadas.

Así, de los resultados obtenidos se deduce que el CLS para las distintas superficies

escalonadas cerca de la dirección de alta simetría Pt[111] presenta la misma tendencia que

las observaciones experimentales, hay una reducción en el CLS superficial de la capa Pt 4f

a medida que aumenta el ángulo de corte. Nuestra hipótesis para entender estos resultados

está relacionada con el cambio de la tensión superficial con el tamaño de la terraza del

escalón y que este es el factor principal en la variación de las energías de enlace de la capa

Pt 4f. Con la intención de demostrarlo hemos realizado una serie de cálculos en situaciones

simplificadas que nos permitiesen corroborar la relación directa entre el CLS y la deformación

en la superficie sobre otros posibles efectos. A esta aproximación utilizando situaciones

simplificadas la hemos llamado "Terrace Compression Model" (TCM). Usando este modelo

podemos obtener unos resultados más aproximados a las observaciones empíricas y confirmar

que el factor principal detrás del corrimiento de las energías de enlace se debe al cambio

en la deformación de la superficie. Las otras superficies metálicas estudiadas, las vecinas a

Rh[111], mostraron claramente la relación en el incremento del CLS para los niveles Rh 3d
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con el tamaño de la terraza, en muy buen acuerdo con los resultados experimentales para

ángulos de corte pequeños.

La parte final de nuestra disertación conecta las propiedades de las superficies escalonadas

con la adsorción molecular. El capítulo 6 está centrado en al adsorción de CO sobre las

superficies vecinas a Pt[111]. Hemos simulado la adsorción del CO en distintas superficies

escalonadas hallando una buena relación con los resultados experimentales relativos a la

adsorción en terrazas y escalones. El CO tiende a adsorberse sobre un átomo del escalón

(top) o entre dos de estos (bridge) para los escalones tipo-A (formados por terrazas de

(n+2/3) filas de átomos y un escalón tipo [110]) y sólo adsorbido en posición top para los

escalones tipo-B (formados por terrazas de (n+1/3) filas de átomos y un escalón tipo [111])

a bajo recubrimiento. El incremento del número de móleculas de CO adsorbidas sobre la

superficie (0.5 ML) provoca la reducción de la energía de adsorción debido a la repulsión

electrostática entre las moléculas. A pesar de ello, la adsorción en los átomos del escalón

sigue siendo preferida en detrimento de los átomos de la terraza. También hemos calculado

la energía de enlace para los niveles C 1s en las distintas posiciones de adsorción en un

intento por comparar nuestros resultados teóricos con la evidencia experimental que indica

un corrimiento sistemático con el ángulo de corte del substrato. Los experimentos fueron

llevados a cabo por nuestros colegas del NanoPhysics Lab en el CFM. A falta de una clara

referencia para el nivel C 1s, en nuestras simulaciones decidimos usar el nivel C 1s para

la molécula adsorbida en el escalón en posición top para comparar los resultados de las

distintas superficies y de los distintos sitios de adsorción. La hipótesis, consistente con los

resultados del laboratorio, es que la dependencia con el tamaño de la terraza debería ser

mínima para el caso de la adsorción sobre el escalón. Los resultados obtenidos para las

energías de enlace de la capa C 1s en los distintos sitios de adsorción estan de acuerdo con

los observados experimentalmente. Además, también se ha aplicado el TCM para obtener

una estimación de la variación del nivel C 1s en función del ángulo de corte. Cuando

hemos considerado la deformación correspondiente a la superficie limpia, el movimiento

de la energía de enlace predicho para el nivel C 1s de la molécula adsorbida en la terraza

es contrario a la observación experimental. Sin embargo, debemos tener en cuenta que la

adsorción del CO sobre el escalón produce una disminución de la tensión superficial que

tiende a compensar la que da lugar a la deformación compresiva de la superficie limpia. El

resultado neto, una vez tenidos en cuenta estos efectos, es un incremento de la distancia

efectiva Pt-Pt en el plano de la superficie a medida que el ángulo de corte crece (i. e., la

tendencia contraria a la observada en la superficies limpias vecinas a la Pt[111]). Por lo

tanto, ello se traduce en un movimiento del nivel C 1s hacia energías de enlace más bajas, en

concordancia con la observación experimental.
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