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In tro duction

The study of the microscopicinteraction between organic moleculesand inorganic
substrates, metallic or semiconducting,is becomingof crucial importance for nan-
otedhnology and catalysis processes.Novel materials cortaining organic-inorganic
interfacesshav a conbination of molecularand solid state properties whosetunabil-

ity can be exploited to improve drastically the performanceof many convertional

applicationsin the condensedmatter eld. Thus, electronics,the traditional realm
of semiconductorphysics,is becomingan interdisciplinary scienceat the crosspoint

betweenphysics,quantum chemistry, biology, and materials science.

With respect to applications, a fundamertal stream of innovation is constituted
by the so-calledmolecular electronics [1]. In this framework, a single componert of
a device,or if possiblethe whole device,is substituted by a nanostructure, with the
samefunctions achieved by the traditional semiconductorcomponert or device. One
of the reasongo study metal-adsorbatesystemsis thereforetheir possiblecapability
to provide excient and reproducible metallic cortacts in hanodevices.

As mertioned before,another interesting issuein the study of organic-inorganic
interfacesis their role in catalytic processesgorrosionphenomenamaterial growth,
dueto their possibletechnologicalpotential. To date, best candidatessubstratesfor
such phenomenaare noble and transition metal surfacesor nanoparticles. Among
catalytic processesfor example,the CO oxidation on transition metal surfaces[2]
is one of the most investigatedreactions,both experimertally and theoretically.

All the envisagedtechnological applications and the increasingnumber of ex-
perimertal characterizationsof hybrid systems,have stimulated, in the last years,
a remarkable interest also from the condensedmatter theoretical physicists. In
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2 In tro duction

particular the rst-principles computational approadesare an invaluabletool, com-
plemertary to the experimertal investigation, which can provide a very detailed
description of the structural and electronic properties of suc systems. It is within

this context that the original part of the presen work occours. Stimulated by col-
laborations with experimertal groups,it dealswith ab-initio studiesof copper and
aluminum surfacescoveredwith atomic or molecularorganicadsorbates performed
with the nalit y to cortribute to the comprehensiorof the microscopicinteraction at
the interface of somespeci ¢ hybrid systems.With the ab-initio approades,a wide
range of properties can be investigated, from structural description (geometry ad-
sorption, binding energy), to electronic characteristics (electron charge density and
electronchargedensity di®erencedensity of states, electronicband structure disper-
sion), optical properties (absorption, re°ectance)and electronenergylossproperties.
Here, depending of the system,| speci cally studied one or more of the mertioned
characteristics. Morever, due to the existing experimertal collaborations, | spe-
cially referredto photoemissionspectroscoly, re°ectance anisotropy spectroscoypy,

and electron energylossspectroscop.

Despite the complex behaviour of these novel organic-inorganicertities, some of
the essetial stepsof the interface formation, at microscopiclevel, may be studied
with the ab initio approades mertioned before. When a molecule adsorbson a
solid surface,the two initial systemsundergogeometrical,structural and electronic
changes. Even if geometricaland electronic structure are tightly bound, the geo-
metrical structure modi cations, in terms of relaxation, buckling and reconstruction,
are easierto determine, whereaselectronic changes,sensitive to di®eremt molecular
adsorption con gurations, are more complex, involving di®eren kinds of chemical
bonds. In particular, the questionof how organic moleculesbond to metal surfaces
has recerlly becomea topic of researt. In fact, while organic moleculesadsorb
on semiconductingsurfacesmainly by covalent bonds, adsorption on metals can
involve hydrogen-like bonds or Van der Waals forces, besidesthe covalent bond.

Moreover, the surface-moleculenteraction is expectedto in°uence the intramolec-
ular bonds. the onessupposedto govern the transport properties of the devicein
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practical applications. Hence,the understandingof the surface-moleculeénteraction
vs the molecule-moleculenteraction is of paramourt importanceto interpret what
is due to di®eren intermolecular e®ectsin many cases,despite the complexity of
the adsorbed moleculeand/or of the substrate reconstruction, the role of individ-
ual interface atoms and subsystemsmay be ascertained,e.g. by the changesin the
electronic or optical properties of the parert componerts. The capability to recog-
nize the speci ¢ functionalities of the componerts within an organic/metal interface
opens the possibility to tailor the interface at will, by tuning both the chemical
and structural parametersof adsorbateand substrate. In fact, a great advantage of
molecular adsorption on metals is the large amourt of di®eret moleculesthat can
be produced,just varying somefunctional groups.

In this thesis| speci cally report resultson di®erem metal/adsorbate interfaces,

obtained by di®eren applications of ab initio methods.

2 |n Chapter 1 ashort descriptionof Density Functional Theory is given, followed
by somedetails on the computationals methods employed in this work, based
both on localized basis functions (Full Potertial Linear Mutn Tin Orbital

method) and on plane waves (Plane Waves Pseudoptentials).

2 In Chapter 2, the results obtained for two surfacesof copper, Cu(001) [3]
and Cu(110), without adsorbates,are descrilked, asexamplesof electronicand

optical properties theoretical studies, respectively.

2 With respectto electronicapplications, becausanost of the binding processes
of large organic moleculeson metalsinvolve a sulphur atom (contained in the
thiol functional group) with binding functional properties, the structural and
electronic properties of sulphur chemisorbed on copper (001) surface [4, 5]
have been studied, supplying a description of the hybridization at the inter-
face, through density of states and electronic surface states dispersion. The
results obtained for S/Cu(001), preserted in Chapter 3, are comparedto ex-
perimertal photoemission(both integrated and angular-resoled) data [6, 7]
for organic moleculeson Cu(001). In particular, some electronic properties
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of the smallest thiol molecule, CH3SH, on copper, can be explained by the
sulphur-copper interaction. In the last part of Chapter 3 a preliminary study
of optical properties of the system S/Cu(110) is also presented, providing a
good agreemen with available experimertal re°ectanceanisotropy spectra [8].

As quoted before, catalysis processesttract great interest due to the large
extert of their technological applications. In this framework CO chemisorbed
on copper surfacesis treated as a prototycal systemto study moleculeson
transition metal surfaces. While a lot of structural and electronic data are
available for CO on copper, here we concetrate on its optical properties.
From experimertal re°ectance anisotropy spectroscopy [9], it is known that
CO adsorptioninducesa characteristic behaviour on optical surfacetransitions
of Cu(110) and moreover the re°ectanceanisotropy intensity hasa nonlinear
trend vs CO coverage.In Chapter 4 the CO/Cu(110) optical properties have
beentheoretically investigated, and the results for re°ectance anisotropy, in
good agreemen with experimertal ndings, allow usto deducea simple model
to descrike the e®ectof the molecule, at growing coverage, on the copper
surfacestates[10].

Finally, in Chapter 5, the adsorption of a planar molecule, pyrrole, C4NHs,
on Al(001), has beeninvestigated. The original hint to the study of this sys-
tem camefrom experimertal electronenergylossmeasuremets for a large or-
ganicmolecule,a copper-phthalocyanine (Cu-Pc), depositedon aluminum [11].
Sincepyrrole [17] is one of the main constituerts of phthalocyanines,providing
them the delocalized % character, and due to the fact that to perform a rst-

principle electronic structure calculation of the Cu-Pc/Al interfaceis a very
dizcult task from a computational point of view, we decidedto start with the
study of the simpli ed systempyrrole/Al. At the momen, experimertal data
for this interface are still not available, so di®erert adsorption con gurations
on Al(001) surface have been considered,and, for the most stable one, the

electronicand lossproperties have beencalculated. The pyrrole-aluminum in-
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teraction hasbeenstudied through electronchargedensity and electroncharge
density di®erence.From our analysisit comesout that between pyrrole and
aluminum a weak bond is realized, with a behaviour di®erert both from the
hybridization obsened for sulphur on copper, and from the changesinduced
in CO molecularlevels and copper states by the molecule-surfacenteraction.
The calculated energylossspectrum for 1 monolayer of adsorbed pyrrole has
beenfound to reproduce someof the main characteristicsobsened for Cu-Pc.
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Chapter 1

Theoretical metho ds

1.1 The many body problem

Many theoretical and computational methods are nowadays usedin material science
for electronic structure calculations. They spanfrom very accurateab-initio quan-
tum chemistry techniques, which work with an explicitly correlated multi-electron
wavefunction (but can be applied to relatively small systems),to semi-empirical
schemes(which allow oneto simulate systemswith thousand or millions of atoms).
Clearly, despitetheir high computational cost, the ab-initio approadeso®erthe big
advantage to give a very detailed knowledgeof the physical quartities under study
and to be predictive with respect to the experimerts.

In this chapter, after a brief introduction to the generalmany-body problem,
an overview about the Density Functional Theory (DFT), the method adopted in
this work, will be preserted. Indeed, in the last decadeghis theory (whoseimpor-
tance has beenemphazisedby the Nobel prize in Chemistry in 1998attributed to
W. Kohn, one of the fathers of DFT), thanks to its high computational exciency
with respect to the other ab-initio approades,hasbeenlargely usedin many di®er-
ernt systemssud as solids, surfacesand nanostructures.

Every physical system cortaining more than 2 electrons(at positionsfr;g), in
the presenceof positive nuclei (at positionsf R;g), represeis a many-body problem,
descriked by the non-relativistic Hamiltonian:

7



8 Chapter 1. Theoretical methods
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where Ty .. IS the kinetic energy of ions (N) and electrons (e), respectively, Vyn
the ion-ion, Ve the electron-electron,and Vy. the ion-electron Coulonb interac-
tion term. Even decoupling the electronic from the ionic motion, by the Born-
Oppenheimer(B-O) appraximation, the solution of the multi-electron Schradinger

equation
He? ei(ri¥a;ro%; iirn¥%) = E2 o(ri%;r2%,; irn%) (1.2)
with
oo h2 X r_2+1>< e Xz
“Tlom T2 dnini' N R

i
is a very dixcult task. The Hartree-Fock mean- eld theory (1930, [13]) represets
the pioneering approad to solwe this problem. In this framework, assumingthe
multi-electron wavefunction as an antisymmetrized product of one-particle spin-
orbitals, and using the variational principle, eq. 1.2 is reformulated into a set of
single-particle equations,which must be solved self-consistetly:

|
i T2 2 Ve (1) + Vi (1) A(r)i
5 (1.3)

R o "
0 drO e A (A (r9A (N, = 2A(r):

j jri r9

where Ve is the external potertial (due to the ions), Vy = Rdro% is the Hartree
electrostatic repulsion among the electrons, n(r) is the charge density, while the
last term is the non-local, spin-dependen, exdange potertial. The Hartree-Fock
approximation givesreasonablygood total energy predictions in atoms and small
molecules,but fails to descrike solid state systems. In fact, the assumption that

the multi-electron wavefunction is written as a single Slater determinart, means
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that the correlation (or screening)e®ectsmoreimportant for extendedsystems,are
neglected. A natural ewlution of the HF method, to accourn for the correlation,
is to descrike the multi-electron wavefunction as a linear conbination of determi-
nants. This is actually done in the Con guration Interaction method (Cl, [14])
which is a widely usedquantum-chemistry approad. Howewer, sincethe number of
involved determinarts scalesexponertially with the systemsize,the computational
cost makesuntractable systemswith more than few electrons.

A totally di®eren approad consistsof using, as variational parameter, instead of
the wavefunction 2( rq;ry;:::;ry), depending typically on many degreesof freedom

in a solid system, the electronic charge density
n(r) = dry;dry® (g ra)@( rir;iiry)

which hasthe big advantage to be a function of only three variables.

Historically the ideato describe the many-body problemthrough its chargeden-
sity was rst introducedby the Thomas-Fermi theory (1927), which can be viewed
as the seedfor the subsequen Density Functional Theory dewelopmen. The next
section outlines the formal justi cation to expressground-state total energyas a
functional of the electronic charge density and summarizesthe main equations of
this theory which in principle includesexactly both exchangeand correlation e®ects.

1.1.1 Density functional theory

This theory, introducedby Hoherberg and Kohn (HK) in 1964[15], is basedon the
ideathat the ground-statetotal energyof a systemof N interacting electronsin an
external potential Vex (r) canbe written asa unique functional of the ground state
electronicdensity n(r)!. The HK theorem statesthat:

2 it exists a one-to-onerelation between any external potertial Ve and the
electronic charge density n. The charge density is completely determined by
the external potential Vey and the inversestatemert hasbeenshaovn to hold

with a reductio ad absudum;

YIn the following, atomic units areused,e = m = h = 1.
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2 the ground-stateenergy(and eadt other related obsenable) of a many electron
systemin a given external potential is a unique functional of the ground-state

electronicdensity n,
Z
E[n]=  drVeqx(r)n(r) + F[n] (1.4)

whereF[n] is a universalfunctional, independer from the speci ¢ systemand

from the external potertial, and expressedy

F[n] = teT + Veeja eIi (1.5)

2 given Ve, the exact ground-state charge density ngs minimizesthe total en-

ergy functional E[n]:

R
E[nes] = Flngs]+ drVex(r)ngs(r) = Glnes] + En[nes] + Ev, [Nes]

(1.6)
where,in the last passagethe known Hartree energyterm
ZZ
_1 3 3 on(r)n(r9
EH[n]—2 d’rd°r iri T

has been,formally, singledout.

The theorem demonstration, given by Hoherberg and Kohn [15 for an external
potential that was local, bounded, spin-independen, and giving a non degenerate
ground-state, was later extendedto more generalcases[16]. The way to use this
theoremin practice wasprovided, a yearlater, by Kohn and Sham[17]. In fact, intro-
ducing a new, auxiliary, ctitious systemof non-interacting (N | ) electrons,with the
sameground-statedensity of the real interacting system,they carried out the formal
decommsition: G[n] = Ty [n]+ Exc[n]. HereTy, [n]= i 3 | Rd3r AP(r)r 2 A(r)

is the non-interacting kinetic energy term; and E.[n] is the so-calledexdange
correlation energywhich is the remaing unknown part of the energyfunctional. In
this way the total (electronic) energyfunctional comesout:

E[n] = Tni[n]+ Ex[n] + Ex[n] + Ey,, [N]: Q.7
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R
and applying the variational principle, with the constrain  n(r)dr = N with N
number of electrons,the Kohn and Sham[17] formulation leadsto a self-consistet
solution of one-particle e®ectie equations(KS equations):

a2 V) A = 2A0) 1.9

R
wheren(r) = jAi(r)j? is the electroniccharge density of the independert particles

|
system; VES(r) = Vexe(r) + Va(r) + Vie(r), with Vie(r) = ;-'E(X;), is the functional

derivative of the exdhange-correlationenergywith respect to the electronic density.
Solving self-consistetly the KS equations,it is possibleto obtain the ground-state
electronictotal energyas:

Z Z

drodr% + Exc[n]i  drVie(r)n(r): (1.9)
|

Etwot = 2

NI =

lonic contribution to the total energy and relaxation of the atomic struc-
tures

Within the BO approximation the total energyof the systemis obtained by adding
to the electronic total energy functional (E; of the previous section), the ionic
cortribution:

Etor = Ewt + Eion(fR/0) (1.10)

whereEjo, isthe Coulomb energydueto the interactionsamongthe ionsat positions
R,. By varying the nuclearcon guration R, Eto1 de nesthe BO potertial energy
surfacefor the nuclei. Beingthe DFT basedon a variational principle, oncethe KS
eigenfuctionsand eigervaluesare known it is possibleto calculatenot only E1ot but,
by meansof the Hellmann-Feynmanntheorem[1§], alsothe genericforce exertedon
theion | as: )

A
(r;R) (1.11)

LI

__dETOT__@TOT_&a = O
T A

whereHj2( r;R)i = Eto7ja( r;R)i and F( r;R)j3( r;R)i = 1. In other words, it
is stated that, whenthe A;'s are the KS eigenstatesthe real physical force on the
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ion is given by the partial derivative of the KS energywith respectto the position of
the ion, becausethe cortributions dueto changesin the wavefunctionssumto zero.
Moreover, the forcecanbe obtained asthe expectation value of the operator j % in
the ground state of the system, providing the gradiert along which the force moves
the ion, without needingto calculatethe new fundamertal state correspndingto a
new set of R,. This theorem greatly simpli es the force calculation provided that
the electronicwavefunctionsare KS hamiltonian eigenstates.The error in the forces
is rst orderwith respectto errorsin wavefunctions,hencethe forcescalculation has
to be performedwhenthe electronicground state con guration hasbeenreaded. If
the basisset dependson the ionic positions, sut as for localized atomic orbitals or
gaussiangseebelow), besideghe errorsin wavefunctions,there are other derivatives
to be takeninto accourt. They give rise to the Pulay forces,and must be included
to avoid errorsin the forcesevaluation. In plane wave basisset, thesederivativesare
zero and this is one of the great advantagesof using plane wavescodesto perform
ionic relaxation, while in di®eren basisset, the Pulay forceshave to be calculated,
with an increasing computational cost. Once the forcesare calculated, the ionic
positions can be updated and a new electronic ground state obtained, relaxing the

systemof ionsto a local energyminimum.

Local density appro ximation

At this point, the problemis that the DFT, in principle exact, doesnot provide an
explicit analytical form of the exdange-correlationfunctional. The approximations
doneto calculate this cortribution are of crucial importance for the succesof the
DFT approad. The great majority of DFT calculations adopts the local density
appraximation: 7

ELAM = dr "hem(n(r)) n(r): (1.12)

where"°™(n(r)) is the exchange-correlationenergyper particle of the homogeneous
electrongaswith the samedensity of the real systemat r [19]. Di®eren parametriza-
tions have beenproposedso far [19], and a lot of ground-state properties are rea-

sonablywell reproducedby the LDA. The assumptionof local homogeneiy, strictly
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exact for a homogeneuselectron gas, should in principle be adopted for systems
with slowly varying density (like simple metals), but the experience has demon-
strated that it works quite well also for systemswhich do not satisfy this request.
This unexpected successan be explainedby the fact that the LDA approximation
satis es important sum-rulesof the exchange correlation hole or, in other words,
that in this approximation, someerrors cancellation occursin the evalutation of
the exdhangeand the correlation cortributions. Besidesthe local approximation, a
number of non-local forms have beensuggestedsud asthe generalizedgradiert ap-
proximations (GGASs) [20] wherethe E. is taken a function not only of the density

but alsoof its gradiert
z
ESCAIn= & n(r) f(n;r n): (1.13)

Althought GGA's do not provide a consisten generalizedimprovemern over LDA
for all systems,they improve the binding energy and the bond lenghs in many
materials, and for this reason,in this work, both LDA and GGA approximations
have beenused,depending on the systemunder study.

Kohn-Sham eigenvalues: applications and limits

It isimportant to emphasizehat the KS eigervalues?; arethe Lagrangemultipliers
neededto satisfy the constrairt in the variational approad and they do not have
any physical meaning. In other words, evenif it werepossibleto nd the exactDFT
excdhange-correlationpotential, there is no rigorous justi cation to interpret them
asthe quasi-@rticle energies’ that are experimertally accessiblefor istance,from
direct and inversephotoemission.In semiconductorsand insulatorsit hasbeenob-
senedthat KS eigervaluesse\erely underestimatethe experimertal band gapvalues
[22), leadingto the well known band-gapproblem while in metalsthey overestimate
the experimertal band-widths. Newertheless,the experimertal dispersionis, very
often, reasonablyquite well reproducedin both casesat leastat a qualitativ e level.

2except for the highest occupied eigenstatefor whose?; has beendemonstrated to correspond
to the ionization energy[21].
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As we will seein the next section,this is due to the fact that the KS equationsare
not so di®eren from the quasi-@rticle equationsderived within the Green Func-
tions theory, which correctly describesthe electronic excitations. In particular, the

GW method, which represets the state-of-the-art approad within rst-principles

to study excited states properties, will be introduced. This approad is computa-
tionally very demandingand can be usedonly for not too complex systems. Since
the main subject of this work is constituted by cleanor covered metallic surfaces,
(hence,on onesidemetals do not su®erof the band-gapproblem typical of semicon-
ductors, and on the other hand thesesystemshave large dimensionswhich preclude
a heavty GW calculation), the calculations of the electronic and optical properties
arerestricted essenially to the DFT framework. Only the caseof an isolatedorganic
molecule,reported in Chapter 5, hasbeenperformedincluding alsothe GW correc-
tions, sincein this casethe HOMO-LUMO gap is se\erely underestimatedwithin

the DFT.

1.1.2 The Green's function theory: the GW appro ximation

In the following it is brie°®y summarizedthe rigorousapproad which enableshe for-
mal correct calculation of the one-patrticle electronic excitations: in this framework,
the KS-DFT calculationis only the rst-step of a more complexcomputational pro-
cedure. A detailed information about the many-body perturbation theory can be
found in Refs. [23, 24, 25, 26].

As in Density Functional Theory, the basicidea of the Green'sfunctions theory is
the obsenation that, in general,it is not neededto know the detailed behaviour
of ead single particle in a system. When a bare patrticle, like an electron or hole,
erters an interacting system, it perturbs the surrounding particles and, in turn, it
is dressedby a polarization cloud of the sameparticles, becominga so-calledquasi-
particle. Using this concept, it is possibleto descrite the system through a set
of one-particle equations,asin KS-DFT. Here, howewer, the described objects are
quasi-frticles, and the interaction of the electron with the other electronsin the
systemis descrilked, not by the exdange-correlationpotential, but by a non local,
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time-dependert, non hermitian operator, called the self-enegy 8, which takesinto

accourt the many-body interactions of the particle with the system:
z

(57 2% Vou + WA () + §(1 020 )AP (Faro= 2 A (1) (1.14)

where QP denotesthe energiesand wavefunctions of the quasi-@rticles. A direct
comparisonof eqs. 1.8 - 1.14 allows us to obsene the reseniblance between the
two formulations. The analogiesbetweenthe two equations,and the fact that the
expectation valuesof V. and 8 di®erby no more than 10%for semiconductorbulk
systems[27], givesa posteriori justi cation for the good results obtained by DFT

method.

Sincethe operator § is not hermitian, the energiesZiQP(! ) arein generalcomplex,
and the imaginary part of § is related to the lifetime of the excited particle [28].

The most usedapproximation to calculatethe self-energyis nowadays the so-called
GW method, with the § obtained asa corvolution of the Green function G and the

screenedcoulonb potential W
Z

§(r;r81) = 2i_1/4 d G(rsrS + LYW (r;r%t O (1.15)

This expressionof 8§ is formally derived as the rst-step iterative solution of the
Hedin integral equations [27, 29, 30] which link the Green function G, the self-
enelgy §, the screenedcoulonb potertial W, the polarization P and the vertex j.

The GW espressiorof the self-energyextendsthe Hartree-Fock approximation (in
which the self-energycortains only the exchangecortribution givenby 8§, = iGv)
by replacingthe bare Coulomb potertial v with the dynamically screenedpotential

W. The inclusion of W introducesenergy-degnden correlation e®ectsabsen in
the one-particle KS-DFT picture, reducesthe HF band-gapsand yields a good
agreemenh with experimerts. In pratical calculations, being the KS equations of
the DFT a good starting appraximation, both G and W are calculated using the
DFT-LD A (or GGA) eigervaluesand eigenfunctions. Moreover the eq. 1.14is not
usually solved directly, thanks to the fact that the Kohn-Sham wavefunctions are
often very similar to the GW ones|[27]. Indeed, it has beenshovn that generally



16 Chapter 1. Theoretical methods

it is suxcient to calculate the quasiparticle correctionsin rst-order perturbation
theory [27, 30]. Furthermore the energydependenceof the self-energyis accourted
for by expanding§ at the rst order and the quasiparticle energiesare then given
by:
27 = 2P A+ 7, PAIPAIE(20R) | VPAAA (1.16)

whereZ; isgivenby Zj * = 1j hAIPAj(d§ =d?)juo» JAIPAI.
Oneof the main computational ditculties, in the self-energycalculations,is the eval-
uation of the full dielectric response2i 1(r;r%!) of the system, which is necessary
to obtain W asW(r;r%!) = dr2 Y(ry;r%!)v(r j ry). For this reason,approx-
imated schemeshave beendeweloped, which consist, either in completely avoiding
the ab-initio calculation of the dielectric function 2(r;r%! ) using instead appropri-
ate models, or in using the plasmon-mple appraximation, in order to descrike the
dynamical behaviour of 2i 1(! ), assumingthat it is a single-pole function in ! [26].
In this latter case,the pole position and strength are determined by tting ead
elemen 21 1(G; GY at two points ! alongthe imaginary energyaxis [31].

Althought a number of fundamertal questionsremain still unanswered, suc as
the interplay and relative importance of self-consistencyand vertex correction in-
clusion in the self-energy[32], the described GW appraximation turned out to be
highly successfuliin predicting single-particle spectra of many di®erem materials.
In particular a large amourt of work, during the last two decadeshas beendedi-
catedto calculatethe QP energiesof semiconductorsand insulators (both bulk and
surfaces)which su®erof the merntioned band-gap problem, within the KS-DFT lo-
cal or semi-lccal scheme. Usually it hasbeenfound that GW corrections,obtained
within the plasmon-pole approximation, produce theoretical gap valuesin quarti-
tative agreemenh with experimerts, with error lower than 0.1 eV (see g. 1.1). In
particular, for statesnearthe Fermi energy the GW correctionsare slightly k-point-
dependent and one can apply the so-calledscissoroperator, i.e. a rigid opening of
the gaps. In the caseof metals (expecially for noble or transition metals with local-
izedd or f states)the agreemeh with experimerts is not always as good asin the
caseof semiconductors[26], and it is still under debate,in the GW comnunity, if
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Fig. 1.1: From Ref. [33], calculated electronic gaps between surface states at X high symmetry
point, comparedto experimental results. Circles: DFT-LD A calculations; squares: GW calcula-
tions. The straight line represents the experimental gaps.

this is due to the real needto include self-consistencyand vertex correctionin the
self-energy or to a poor convergencein the GW calculations (generally performed
with localized basisset codes). Moreover for sud metallic systemsthe GW calcu-
lations are very demandingeven in the bulk phase: very often even the plasmon
pole approximation for the 2 is not valid and a full frequencyintegration must be
performed. Furthermore, the GW correctionsturn out to be both energy-degnden
and k-point-dependern. Hence, being the band shift not rigid, a scissor operator
cannot be applied.

We can mertion, as an exampleof the aforemenioned problemsin metals, the
caseof copper. GW hasbeenrecertly appliedin a band structure calculation of the
Cu bulk phase[34] within the plane-wave pseudomtertial approad. The calcula-
tion resulted very heavy, both for the reasonsmertioned before,and also because,
sinceit was essetial to take into accourt the exdhange between core and valence
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electrons,a large plane-wave cuto® of 160 Ry had to be used.

Evenif the inclusion of GW correctionsgave for bulk copper [34] aremarkable agree-
ment with direct and inversephotoemissionresults, however, due to the mentioned
practical dixculties, to the best of our knowledge,full GW calculationshasnot yet
beenperformedfor copper surfaces.Moreover it will be shavn in the following that,

though the relative position of levelsis not exactly reproduced by DFT, the main
featuresof the studied systems,in particular the interaction at the interfacebetween
metals and adsorbates,are quite well descriked, and easily related to experimertal

data, already at DFT level.

1.1.3 Optical prop erties calculation in the linear response
theory

Optical properties can be descriked in terms of the macroscopicdielectric tensor
which is de ned asthe ratio of the macroscopiccomponerts of the displacemen eld
and the total electric eld. Assuminga light wavevectorq ! 0 and considering
cubic materials, the tensor becomesa scalar dielectric function which is a complex
quartity:

Zu (1) = 2(M) + i22()): (1.17)

that can be related to the complexrefraction index N = n+ ik by 2= N2, nisthe
refraction index and k the extinction coexcient. All thesequartities are connected
to the absorption coexcient by

®= % = r!]—czz: (1.18)
Our aim hereis to perform a quantum medanical calculation of the optical prop-
erties, for this reasonwe have to start from the microscopic formulation. It is
important to underline that we will report here only the main equations actually
usedduring this work, while we refer the readerto the many existing referencedor
a complete description of the linear responsetheory (seefor istance [25, 35, 36]).
Formally it canbe shovn [37] that the macroscopicdielectric teanoris not given by

simply cell-averagingthe microscopicdielectric function tensor (r;r%1) (which is
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non local, anisotropic and non inhomogeneous).The di®erencecan be ascribed to

local- eld e®ets, which physically meanthat the dielectric responseof a material

to an external perturbation always producesmicroscopic®uctuations of the eletric

“eld, evenif the external eld is of long wavelengh. Neverthelessfor metals (which

are the main subject of the presen wotk) locality and homogeneiy can be restored,
neglectinglocal eld e®ets, and the cell-averaging of microscopicdielectric tensor
actually coincideswith the macroscopicone. Moreover, sincein metals excitonic ef-
fectscanbereasonablyconsideredsmall, it is a good appraximation to remainwithin

the independen particle approad [34]. In sud a way, the microscopicexpression
for the imaginary part of the dielectric function can be derived, by the Fermi golden
rule, using rst-order standard perturbation theory and consideringthe interaction

Hamiltonian of the single electronsin an elecromagnetic eld, expressedn terms of
the vector potertial A, sud as:

X X
Hnonlocal = i Vi CA=Cc= | pi CA (1-19)

i i
wherethe last passagecan be doneassumingthat potertial acting on the systemis
local. It comesout [36] that :

44 X X2 TV,
=y = (i Tia) nAscje pjAydj * Ei(K)i Ej(k)i h!) (1.20)

i;j k

%() =

with - crystal volume, e polarization vector, p momertum operator, and Ay and
A« conduction- and valence-bandwavefunctions of single particle (DFT-LD A) or
guasiparticle (GW). Thus the above equation connectsdirectly the electronicband
structure to the optical properties.

The real part of 2(! ) can be calculated through the Kramers-Kronig relations,
and the other related quartities, sud refractive index, re°ectivity and absorption
coexcient, can be alsoderived.

Actually, in metals optical absorption occurs through two di®eren processes.
The rst is constituted by interband transitions, the electron excitation from an

occupiedto an empty band. This term is accoured for by 2, descriked in eq. 1.20.
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The secondabsorption channel is given by intraband transitions, the electron ex-
citations at the Fermi level, which cortribute to the absorption spectrum at low
energy The intraband cortribution term can be explicitely calculated [34], using
an expressionsimilar to eq. 1.20, but specifying transitions within the samepar-
tially occupiedband, that can be called n,. In the limit of transitions with small
transferredmomertum g, the abinitio expressiorfor the Drude frequency! p is [34]

12 = n 8Y4 R d3k

*D jai? BZ (2¥°

£ a £ o

fr,(Ki @) i fny(K) K Tny(Ki Q)i fn(K) (1.21)

. £ a
jnkjee®ink i qii* 20, (k) i 2, (ki @) g:
Howewer a good convergenceof this term requiresa hugenumber of k-points, relying
on an accurate Fermi surface description. Therefore, the intraband term is very
often, and alsoin the presen work, descriked phenomenologicallyincluding in the
Drude expression,n the total dielectric function for metals 1.22,

2(1) =2, )+ 2 (1) +iz(t) + 29(1) =

1252 EY (1.22)
2(1)i 2G5+ (1) + i
1+ 172 .(1+. 6)

experimertal valuesfor ! p and ¢.

1.2 Computational metho ds

In the DFT framework, the computational task is to solve the Kohn-Sham (KS)
equations,
[ir 2+ Verr (NIAI(r) = 2A(r) (1.23)

with Verr = Vexe + Vy + Ve, to nd the eigervalues 2; and the one-particle eigen-
function A;(r). The computation hasto be performedin a self-consistenway, being
both V; and V,. dependen on the density n(r), and therefore,accordingto Section
1.1.1,0on the solution itself 3.

3Usually, the starting density is built up adding the atomic densities of all the unit cell com-
ponerts. To speedup the corvergence,and to avoid an oscillating, not corvergert behaviour, a
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To practically solve the KS equations1.23, a completeset of basisfunctions fj ®g
hasto be chosenand the trial wavefunction is then expandedin this basis,

X
jAI = Cej®i: (1.24)
®
As usual, this technique leadsto
ColMBAH e11j®1 | 2h@f@I] = 0 (1.25)
®
with Hers = ir 2+ Vg1 (r). This equation is valid for every basis function j&A,
hencethe secularequation holds
(Hj 20)c=0 (1.26)

where the two matrices H (hamiltonian), and O (overlap), have elemens H g =
h&fJH ot 1 j® and Oge = NBA®I, and ¢ is the f cpg vector. The solution ¢ is non trivial
if and only if det(H j 20) = 0, i.e. we obtain an equation for 2. The problem is
thereforereducedto diagonalizethe two matricesH and O. If the basissetis energy
independert (seebelow), the solution is simply found diagonalizingthe matrix, while
amore complexproceduremust be followed if the basisis energydependen. Indeed,
in this latter case,instead of the equation 1.26, a set of equationsis obtained, with
a secularmatrix M dependingin a complicated, non-linear way, on energy

M()c=0 (1.27)

The simplerform of eq. 1.26with respectto eq. 1.27is onegreat advantage of using
“xed basisset. Moreover, in plane wavescodes,the matrix diagonalization method

has beennow substituted by di®eren approades, sut as steepest desceh, conju-

gate gradiert or molecular dynamics methods, which allow for faster corvergence
and larger systemscalculations[18].

When solving the SchrAdingerequationfor a crystal potertial, two main procedures

mixing of old and new densities is used in the subsequen iterations. When self-consistencyis
reached, the ground-state density, which minimizes the energy functional, is obtained.
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xed basisset variable basisset
Plane wave Augmernted Plane Wave
Tight Binding Korringa Kohn Rostoker
Pseudomtertial Linear Augmerted Plane Wave
OrthogonalizedPlane Wave LinearizedMuzn Tin Orbitals
Linear Combination of Atomic Orbitals Augmerted SphericalWave

Table 1.1: Most used electronic structure calculation methods.

can be followed. Crystal states can be expandedin a complete set of Bloch func-
tions, sothat the Bloch condition is alreadyful lled by the basisset, and the expan-
sion coexcients are obtained requiring the statesto satisfy the crystal Schradinger
equation. Or the complete set of functions can be taken as the solutions of the
Sdradinger equation in a unit cell, and the coexcients are determined by further
applying the Bloch boundary conditions among di®eren cells to these solutions.
Therefore, electronic structure methods can be basedon xed or variable basisset.
In the former case the basisfunction are xed, and the coe+cients in the expansion
A(r) = P . €A (r) are usedto minimize the energy Examples of these methods
are Tight-Binding, Linear Combination of Atomic Orbitals (LCAO), and Plane-
Wave PseudoRPtential (PW-PPs) techniques. In the latter case,the wavefunctions
can be energydependent, A(%r) = &A1), asin Augmerted Plane-Waves
(APW), Korringa-Kohn-Rostoker method (KKR) and Muzxn Tin Orbitals (MTO)

sthemes. The energy dependenceof the orbitals, howewer, can be linearized as in
Linearized Augmened Plane-Waves (LAPW) and Linearized Mutn Tin Orbitals
(LMTO) which is preserted in the next section.

The choice of a method vs another one is basedmainly on physical considera-
tions suggestedoy the systemto study. A method using basisfunctions quite close
to the exact eigenfunctionsensuresfaster corvergencewith a smaller number of
terms in the expansion. Obeying this practical suggestion,in this thesistwo of the
previously cited methods have been adopted, to perform calculations for metallic
surfaces. The electronic and optical properties of the systems,basedon a noble
metal as copper, are calculatedwith a Full Potential LMTO (FPLMTQO) approad.
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In the following description of this method, the reasonfor this choice,i.e. a well
suited basisto descrile localizedd electrons,is emphasized.Although the FPLMTO

is an accurateand reliable electronicstructure calculation method [38], in somepart

of the presened work we used other computational approades basedon the use
of pseudo-ptentials and plane-waves basissets (here in the implemertation of two
codes,Abinit [39 and PWSCF [4(0]), which are computationally more advantageous
whenthe number of atomsto dealwith is very large and expecially whenthe atomic
structural relaxation is required. In fact, the possibility of a geometricaloptimiza-
tion of the unit cell is at presert not implemerted in the FPLMTO code. In the
following, the theory underlying the FPLMTO approad will be descriked rst, and
then a brief overwiev of the plane wavesapproadeswill be given.

1.2.1 The Full Potential LMTO metho d

The FPLMTO method, brie°y summarizedin the following, is a developmern of the
LMTO method, devisedby Andersen[41] and rst computationally deweloped by
Skriver [42]. A linear method, sud asLMTO, conmbinessomeof the best properties
of a variable basis set of partial waves (e.g. localization, particularly useful to
describe transition metals) and xed basisset (e.g. the useof eq. 1.26, henceof
DFT-KS equations), using the two tools of the augmentation and the envelope
function. Besideslinearization, the full potertial (FP) code includesthe idea, as
in all typesof full potertial methods, to descrike the potential and charge density
without having any geometricalrestriction concerningthe shape of thesequartities
in the unit cell.

The logical (and historical) developmern of FPLMTO starts with the study of the
one-electronpotertial of the Mu£n-Tin (MT) type (seebelow). The SdrAdinger
equation is solved for a single muxn-tin potential well, deriving enelgy degendent
solutions, called muxn tin orbitals (MTO), then linearized with the augmenation
by somewell suited linear conbinations of sphericalfunctions (see Appendix I11).
This augmernation alsomakesthe linearizedmuzn tin orbital (LMTO) orthogonal
to the corestates. Oncethe one-electronstatesin a singleMT sphereare obtained, a
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regular lattice of spherescan be created,imposingthe boundary conditions dictated
by crystal symmetry.

In the FPLMTO method usedhere,the spaceof eat crystal unit cell is divided,
just for computational purposesjn two regions: the nonoverlappingmuzn-tin (MT)
spheressurroundingthe atomic sites, and the interstitial regionthat includesall the
spaceoutside the spheres.Inside eath MT sphere,certered around the atom at site
¢, the chargedensity, n,(r), and the potertial, V,(r), are expandedas

X
()= ny(h;r,)Da(f,) (1.28)
h
X
Vy(r) = V,(hir,)Da(f,) (1.29)
h
whereDy,(f,) arelinear conmbinations of sphericalharmonics,Y-" (f,), and h denotes
" m. In the interstitial region| the chargedensity, n, (r), and the potertial, V, (r),

are expandedin Fourier series,

X .

n(r)= ngée®” (1.30)
G
X .

Vi(ny= Vee®t (1.31)
G

with G vectorsof the reciprocal space.

The basisfunctions usedin FPLMTO are described in the following. The basis
functions inside the MT are linearized with respect to energy giving linear muzn
tin orbitals (seeAppendix |1 for derivation and symbols),

Om(D;r) " i'Yim(F)[Aei(r) + Lo 1(D)Aoi(r)] (1.32)

and to ead orbital in the MT is attached a function calledtail from the interstitial

region A . ,
K(in=ityn filsn =it ) <9

Ni(5r)=i-"n(r) -2>0 (1.33)

where h® is the spherical Hankel function of the rst kind, n(-; r) a spherical

Neumann function, and - is a parameter, derived from the solution in the MT
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potertial. The basisfunction K, (-; r) in the interstitial, calledenvelog function, is
augmerted inside the MT spheresbhy functions related to the partial wavesin the
spheres(seeAppendix I11). The LMTO's ©,(D;r) have to match cortinously and
di®ereniably to the envelog function, which is - dependen. Thereforethe matching
conditions introducethe - -dependencealsoin the part of the basisfunctions inside
the MT's. The -2 quartity is usedin the FPLMTO method as a parameter to
de ne the energyfor wavefunctionsin the interstitial. It may seemthat the - value
choice could make the calculation parameter dependen: to have a parameter free
calculation, in the basis set, sewral basis functions with the same™ and m but
di®eren - are usually used,to ensurea well corvergedresult independen from the
- values.

At this point the lattice translational symmetry can be introducedthrough the
Bloch conditions. The LMTO basis functions are summed inside the MT's and

expresseds a one-cetter expansion:

N X
Al(r.0) = O (r,)%,0 + ©7 (r;0) SfLo(é; e+ ): (1.34)

—<C
LO
SK o(¢; ¢ +) is the structure function, i denotes-; ¢; *; m, and L denotes °, m.
AX(r ,0) correspnd to view the orbital i from the site certered on the atom ¢° The
indicesK and J referto the matching conditions [43].
The envelo functions also undergoa Bloch summation, and are written
. X 1 .
P(;k;ry= €T f(iiri ¢i R) (1.35)
R

The useof the FPLMTO basisfunctions in KS equationsleadsto

X
[H) + Hi i 2(k)Ojla =0 (1.36)
j

where2(k) is an eigervalue, & an expansioncoexent and the matrix elemerts are
given by:

Hi = bAi(K)jH %A (k)i (1.37)

O = bAi(K)jA; (k)i + hPi(K)jP; (k)i (1.38)
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Hi = A (K)JA (K)i + 1=2 (- 2+ - 2) WP (K)jPy (k)i + HPi(K)VijP; (k)i (1.39)

HijQ is the sphericalpart of the Hamiltonian matrix, O; the overlap of the orbitals
in the MT spheresand in the interstitial, while Hij1 includes all the non-spherial
terms, originating from MT sphereskinetic energyand interstitial potential. Once
all the matrix elemens are calculated, the eigervalue problem is solved and new
charge density and new potertial are obtained, to be usedin the next iteration of

the self-conistencycycle.

1.2.2 Plane-W ave Pseudo-P otential metho d

If a plane-wave basissetis chosen,the KS wavefunction can be expressedyy

- X .
An(k;r) = Cn;k+Ge|(k+G)r (1.40)
G
whereG arethe reciprocal spacevectorsand c,.x the expansioncoexcients. Substi-
tuting this expressionn eq. 1.8and integrating over r the following secularequation

is obtained:
ph,
I jk+ Gj? g0+ Vin (G i G9
G° (1.41)

+Vu(Gi GY+ Wc(Gi Gl Cukeco= 2nCnk+c

Sincethe coezcients c,.x decreasat increasingplanewavekinetic energy%jk+ Gj?,
exact and smooth corvergencecan be achieved gradually increasingthe energy-
cuto®. In order to descrite the localized electrons(sudch asthe core electrons,or d
and f electronsin metals) and to follow the rapid oscillations of the wavefunctions
of the valenceelectronsin the coreregion, an extremely large plane-wave basisset
would be required to perform all electron calculations. To solwe the problem for
core electrons, together with the plane waves basis set, the pseudo-ptentials [44]
are normally used. Basedon the ideathat many of the physical properties depend
on valenceelectronsmuch more than on core electrons,in the pseudomtential ap-
proximation, core electronsare removed and the strong ionic potential is replaced
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by a wealer pseudopmtertial in the coreregion (r<r.), and the valencewavefunc-
tions are also replacedby pseudo-vavefunctions which are smooth inside the core
region, as shavn in g. 1.2. The pseudo-mtertial is built in sucd a way to repro-
ducethe behaviour of the real atomic potertial with all the electrons,and to satisfy
the transferability condition, i.e. to give reasonablegood results for every chemical
ervironment. A pseudomtential can have di®eren characteristics. It can be local

Fig. 1.2 Pseudoptential sketch.

or nonlocal, dependingif it is the samefor all the angular momertum componerts of
the wavefunction and dependsjust on the radius, or if it actsdi®ererly on di®eren
angular momertum. The more generalform of a non-local pseudomtertial is

X
Wi = j'mi V-hmj
‘m
with j'mi sphericalharmonicsand V- pseudomtential for angular momertum .
A pseudoptential canbe norm-conservingor non norm-conserving.In the rst case,
the integrals of the squaredamplitudes of the real and the pseudowavefunctionsin-
side the core are equal, so they match outside the core. This property guarartees

the right charge density during the self-consistet procedureand an accurate eval-
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uation of exdhange-correlationenergy Regardingthe localized d-f electrons, the

energycuto®, and hencethe number of plane waves,to describte them, can become
very large using norm-conservingpseudoptertials. The relaxation of the norm-

conservingconstraint producesa new classof pseudomtentials, proposedby Van-
derbilt [45], which allow to usevery low energycuto®sand for this reasonare known

as soft non norm-conservingpseudopmtertials. Howeer, the useof thesepseudo-
tentials prevent the possibility to calculateoptical properties. In fact a correctionto

the pseudo-vavefunctions(which in any caseshouldleadto an increasedcomplexity

and computational cost) is not included at the momert in the plane waves codes
usedin this work. This is another practical reasonwhy we preferredto use,for the

study of the electronic and optical properties of the covered copper surfacespre-
serted here, an all electron approad in which, asin FPLMTO, the basisfunctions
have a more localized character and a relatively small setis enoughto obtain well

convergedquartities [46, 47).

Thereforethe following philosoply is adopted here: What we have donegenerallyis

the following: as rst step, the relaxedstructure of the system,if needed,s obtained
with PW-PPs. Then the geometry obtained from calculationsor from experimertal

data, is exported into the FPLMTO, to calculate the electronic properties, suc as
density of states, band structure and optical absorption. A quite similar approadh

hasbeenusedin other works involving FPLMTO, sud as[4§].



Chapter 2

Theoretical description of metallic
surfaces

In this chapter, it is shavn how the theoretical tools described in Chapter 1 can be
applied to the speci ¢ caseof the study of metallic surfaceproperties.
The sugercell approad, usedto model surfaces,is rst described, followed by two
paragraphscortaining the electronic and optical surfaceproperties calculation de-
tails. The electronicsurfaceproperties(in particular electronicband structure, com-
paredto experimertal photoemissiondata) of the cleancopper surfaceCu(001) and
the optical properties (re°ectance anisotropy, with the correspnding experimertal
spectrum) of the clean Cu(110) are reported in paragraph2.1.1and 2.2.1, respec-
tively, with the twofold aim of servingboth asan exampleand asa referencefor the
interpretation of further resultsin the presenceof adsorbateson thesesurfaces.
The computational methods described in the previouschapter exploit the trasla-
tional symmetry presen in an in nite, tridimensional, ideal crystal through the
full Timen t of the Bloch theoremby the crystal wave function. As a practical conse-
guence,the electronic properties at ead position in the crystal can be deducedby
those calculated in the (tridimensional) unit cell, containing the smallest possible
number of atoms, thus reducingthe amourt of calculations.
When one dealswith the properties of the (clean, ideal) surface,i.e., the boundary
betweena semi-in nite crystal and another medium (typically vacuum), traslational
symmetry is lost along the normal to the surfaceand oneis left with an in nitely

29
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extended,bidimensionalcrystal. In orderto still exploit the computational methods
deweloped for tridimensional systemsit is necessaryto restore, in someway, the
conceptof a unit cell, creating a new unit of repetition, the sugercell, which mimics,
in the slab geometry the properties of the interface solid-vacuum. The sugercell is
constituted by a setof crystalline planes,piled up alongthe normal to the surfacen-

(slab, and by a certain number of atom-free planes,denotedaltogether as the vac-
uum region, appraximating the free spaceabove the real surface. The semi-in nite

crystal is modeledby a supercellrepetition in the two spatial directions parallel (ny)

to the surface,and alongthe surfacenormal n, . The thicknessof slab and vacuum
is to be xed accordingto essetially the following criteria: i) the innermost layer
of the slab must show, ascloseas possible,the electronicproperties of the bulk, and
the surfacebehaviour hasto be localizedin the outermost few layerswithout a®ect-
ing the inner layers;ii ) interaction betweenseparateslabsmust vanish accordingto

the rapid deca of the electronic statesin the vacuum. Thereforethe unit supercell
dimensionwill depend on the slab+vacuumthickness,alongthe surfacenormal, and
on the set of Bravais basisvectorsin the surfaceplane. In practice, the optimum
thicknessof the unit cell must be found beforeany further calculation by meansof
convergencetests of the quartity oneis interestedin, e.g total energy density of
states, dielectric function. The repeated slab approad is exploited in both DFT

computational methods described in Chapter 1, with appropriate adaptations'.

2.1 Surface electronic prop erties

Crystals with a f cc structure, as copper (and also Ag, Au and Al) have three high
symmetry surfaces: (001), (110) and (111), the rst two of which are discussedn
this thesis, as substratesfor adsorption.

YIn particular, the FP-LMTO method has been generalized[49] to the study of surfaces,by
including the vacuum region, as a further part of the supercell beyond MT spheresand interstitial
region. In this way, all de nitions, like density, potential, MT orbitals and other quartities, and
their represertation by expansionsin direct or reciprocal space,are the sameasin the bulk except
in the vacuum region. Here, all expansionsin reciprocal (Fourier) or direct (lattice) spaceare done
by separatingthe sumsover symmetry vectorsinto their parallel and perpendicular (where needed)
componerts to the surface.
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In the (001) surface,the squaresurfaceunit cell side haslength #%, along the two
equivalert directions [110],[110]and the interlayer distanceis d = a=2, with a bulk
lattice constart equalto 3.61A [3].
In the (110) surface, the rectangular unit cell has sidesof length a in the [001]
direction, and # in the [110] direction, respectively, whereasthe interlayer distance
isd= #.
For most of the reported calculations, corvergenceon the total energy density of
statesand dielectric function, is achieved with a slab of 9 or 11 atomic layersfor the
(001) and (110) surfaceswith a vacuumregionthicknesscorrespnding to 6 layers.
The slab is built symmetrically with respect to the innermost layer, henceforth
denotedasthe bulk layer, with two identical surfaces.
Besidesslab and vacuum thickness,the convergencewith respect to k-points must
be achieved. To be correctly described, metals require a large amourt of k-points,
especially to descrike properties at the Fermi surface. Regular meshesof k-points
are generated,in the surfaceBrillouin Zone (SBZ). Only k-points in the irreducible
SBZ are then kept, exploiting the symmetry of the supercell. Thus, ground-state
chargedensity calculationsare usually performedwith a meshof 10£ 10 k-points in
the whole SBZ. When density of statesand optical spectra are calculated,the mesh
is increasedto 20£ 20 or 30E 30 k-points, depending on the system, as discussed
later. The tetrahedron interpolation method [50 is usedto perform integrationsin
the SBZ.

In g. 2.1the surfaceunit cells are reported, together with the SBZ, for the
(001) and (110) surfaces:high symmetry points are indicated, as referencefor the
interpretation of band structure results given in this and further chapters.

2.1.1 An example: Cu(001) electronic band structure

When studying surfaceelectronic properties, a crucial point is to individuate the
surfaceor bulk nature of the states,and possiblyto follow the surfacestate disper-
sionsin the band structure. This is evenmoreimportant whenthe adsorbate-surface
interfaceis studied, becausesurfacestatesof the cleansurfaceare heavily a®ectecby
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the interaction with the overlayer and can disappear or be modi ed in their nature,

as shawn later.

To individuate surface states, the localization of charge density at surfaceis
analyzed. “4E (k)] is the electron density fraction, obtained integrating the square
modulus of wavefunction on the outermost layers, typically one or two (for well
convergedcalculations),for a givenk-point and a givenenergyE (k). As acommonly
adoptedcriterion [51], veri ed "a posteriori' in presen calculations[3], an electronic
state is taken to be surfaceor bulk accordingto whether or not its localization on
the outermost layers of eat surfaceof the symmetric slab is larger than a given
threshold T (for example, T > 4=11for the rst and secondoutermostlayerstaken
symmetrically in a eleven-layer slab). The adoptedthresholdhereis T = 0:5, applied

to both cleanand covered copper surfaces.

In g. 2.2isreported the electronicband structure of the Cu(001) surface,along
the high symmetry directions of the SBZ. The Fermi energy(E) is taken aszeroof
the energyscale. The surfacestates,obtained by the above criterion and represeted
by dots in the gure, are denselyintermingled with bulk bandsin the region of
narrow d states belovw Er. They also shav up in bulk gapsbelonv and above Eg
as expected. Sincesurfacestates are responsible for the formation of hybrid bands
with molecular overlayers, this picture provides also the necessarybad<ground for
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the interpretation of the spectra of adsorbateson the Cu(001) surface.
It is interesting to focus on the surfacestates found in the three main bulk gaps

i
i

¥
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Fig. 2.2: Calculated electronic structure of the Cu(100) surface. The dots indicate surface
states.

extending over di®eren portions of the SBZ, as showvn in g. 2.2. The elongated,
narrow gap at lowest energy extends over the SBZ from the point | at -5 eV to

midway the line X -M, and along the secondhalf of the line M -j . The secondgap
stretchesalong the whole line X -M extending further at the right of M and at the

left of X , with surfacestatesspilling out from the bulk d statesat and around M .

The third gap at lowest energylies ertirely above Er apart from the very bottom

touching Er at X where, accordingto the “gure, a few surface states are found.

Other surface states in this gap (not shovn here) form a shallov parabola with

minimum at X (at' 3eV).

Selectedsurfacestatesare now analizedin detail, both for their intrinsecimportance
to describethe cleansurface,andin view of their modi cations causedby adsorbates.
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A quartitativ e characterization of surfacestatesS; may be given by calculating their
localization %2 on eat atomic layer, from the surface,%, to the bulk one,%. These
states are reported in Table 2.1 and can be also individuated in g. 2.2 at the k-
points and at the energiesE, p 5 indicated in the secondand third row of Table 2.1,
respectively. The fth row in Table 2.1 reports the experimertal energieq3] whereas
the fourth onegivesthe LDA energiescorrectedby a shift. This shift, discussedn
moredetailsin the following, is introducedto correctthe systematicDFT-LD A error
in the energyevaluation, and to allow a direct comparisonwith experimertal values.

State S; S, S3 S, S5 SG S, S;

k-point X | X | i M | M M i X
Ewoa(eV) | -0.03|-0.85| -1.45| -1.08| -1.56 | -1.67 | -4.82| -4.28
Esnhit t(€V) - - -2.18|-1.81| -2.29| -2.40| -5.55| -5.01

Eexp(€V) | -0.05]| -0.75] -2.20| -1.81| -2.06 | -2.20| -5.10| -4.71

Y4 0.56 | 0.47| 0.83 | 0.99 | 0.56 | 0.06 | 0.30 | 0.64
Ya 044 0.19| 0.14| 0.00| 0.13| 0.45| 049 | 0.21
Ya 0.00| 0.09| 0.02| 0.00| 0.24| 0.12| 0.17 | 0.12
Ya 0.00 | 0.05| 0.01| 0.00 | 0.03| 0.30| 0.04 | 0.03
% 0.00 | 0.14| 0.00 | 0.00 | 0.04 | 0.02 | 0.00 | 0.00
Ye 0.00 | 0.06 | 0.00 | 0.00 | 0.00 | 0.05| 0.00 | 0.00

Table2.1: Characterization of surfacestatesS; accordingto the chargelocalization ¥4 with
1=1,6 labeling the layers of the slab from the surfaceto the bulk one. The experimental
energiesEeyp areto be comparedwith the energiesE| p a at the symmetry points reported
in "g. 2.2. The entry Egit ¢ is de ned in the text. The entries %4=0.00 are smaller than
0.5£ 10' 3.

We rst look at the quartity ¥ (I = 1;6, with | = 1 and 6 correspnding to the
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surfaceand bulk layers, respectively), from which oneseeghat all thesestateshave
alargecomponert in the surfacelayer or subsurfacdayer ( ¥z , %2). In particular, the
state S; at j 1.08eV, already iderti ed asa Tamm state, is actually 99%localized
on the surfacelayer and is entirely of d character. This is con rmed by the band
structure in "g.2.2 wherethe state S, at M spills out from the manifold of d bands. A
d-like bulk band, with very little dispersion perpendicularto the surface,is presen

at 'j 1.40eV. Hence, S; can be interpreted as a Tamm state originating from
this band, whoseenergyis upward shifted by the surfacepotential. On the other
hand, the state Ss, recognizedas a Shackley state, with a hybridized s-d character,
appearsspreadessetially on the rst three layersin Table 2.1. By comparingthe
density of state cortribution of the interstitial regionin the bulk and in the slab (not

shown here) can be deducedthat the state Sg extendsalso in the vacuum, which
is embodied in the interstitial region. The theoretical results presened here have
beencomparedwith photoemissionexperimertal results[3], in particular, thanks to

the good agreemeh betweendensity of states and angle integrated photoemission
spectra, and betweenthe overall band structure dispersion and the angle resohed
photoemissiondata, an accurate comparisonfor energy position and dispersion of
the surfacestates can be performed. In order to do a meaningful comparison,the
previously cited expectedsystematicerror of DFT-LD A hasto betakeninto accoun.

As reported in Chapter 1, it hasalready beenshavn by ab initio GW calculations
[34] that quasiparticlecorrectionsto the Illed bandsof noblemetalsarenot constar,

but depend on band and k-point. Moreover, quasiparticle shifts closeto the Fermi
level vanish. It is evidert, from the results showvn herefor the (001) surface,that no
unique energyshift applied to the DFT-LD A bands can bring about a satisfactory
superposition with all the experimertal surfacestates. As showvn in Table 2.1, the
highest surfacestates S, and S, undergonegligible shifts, becausethey are closeto

EF and of s-p character. The d-like surfacestates S; and S; undergothe largest
shifts, ' 0.75eV; the lower states S5 to S7, which are of mixed s-p and d character,
undergo intermediate shifts (0.28 eV, 0.53 eV). All these ndings, as well as the
variations of quasiparticle shifts with respect to the value assumedabove, are in
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agreemenh with the ab initio GW calculations for bulk Cu [34]. For the sake of
comparison, an overall shift of ¢ E = j 0:73 eV is therefore xed, to correct the
theoretical energie | p 5. ¢ E is chosenasto makethe theoretical and experimertal
S, Tamm state, the most intense between surfacestates for this surface,coincide.
Thus, the energypositions for the states S; to Sy, reported in the fourth and fth

rows of Table 2.1, can now be compareddirectly. The agreemety generally good,
decreasesn goingto lower energies,as discussedabove. Moreover, the dispersion
of the computed bandsagreevery well with the experimertal onesin most parts of
the SBZ.

The quite satisfactory agreemen obtained for the clean Cu(001) surfaceallows one
to dealwith the adsorption problem with a clear and meaningfull comprehensiorof
the electronic properties of the substrate.

2.2 Surface optical prop erties

It is now time to turn to the theoretical description of optical properties for metal
surfaces. In particular we will concerirate on the Re°ectance Anisotropy Spec-
troscopy (RAS), which is one of the main experimental techniquesto study surface
optical properties. This is a linear optics technique, basedon the di®erenceof the
re°ectivities measuredwith light polarizedalongtwo perpendicular directionsin the
surface. For a bulk isotropic crystal, like the f cc of noble metals, RAS is sensitive
to the anisotropy of the surfaceoptical responseonly, as for the anisotropic (110)
surface,and is thereforewell suited to probe optical properties of both semiconduc-
tor and metal surfaces.The surfacere®ectanceanisotropy is experimertally de ned

for the (110) surfaceas:
¢R _ 2(Rpuzi Rioo)

2.1)
R Rputo; + Roog

where R(;15y and Rjoo1; are the re°ectivities along the two high simmetry directions
of the surface?.

2In literature on RAS, the terms re°ectivit y and re°ectance are both used meaning this deni-
tion. In the following, R is called re°ection coexcient. In experimental papers, often the quantit y
measuredin RAS is indicated by Ref ¢ r=rg, with ¢ R=R = 2Ref ¢ r=rg.
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The rst RAS application to a metallic surface,the Ag(110) one[52] in 1993, has
beenfollowed by its usein the caseof Al, Cu, Au, and RAS is now usedto study
also organic deposition on surfaces[53. The experimertal analysisof RA spectra
on clean or oxidized metallic surfaceshas beenusedto ascertainthe presenceof
surfacestates [54]. More recerly, RAS is being usedto investigate the adsorption
kinetics in di®eren systems[8], like carbon monaxide on Cu(110) [9]. Adsorbates
are known to induce passiation of surfaces,i.e., the suppressionof the electronic
surfacestates, forming at the cleansurfaceby the breakingof traslational symmetry
along the normal to the surface. Formation and quending, by coverage,of suth
states can be probed by RAS. In the framework of clean surfaces,a RA spectrum
has beenconsideredasthe signature of the surface,and coverage,typically oxygen,
asan experimertal direct tool to discriminate betweensurface-and bulk-derived RA

featuresof the substrate,asin the well-known caseof O/Cu(110) [55.

A microscopicinterpretation of RA spectrain metalsin terms of electronictran-
sitions among surfaceand/or bulk states was missing until the calculation of the
Ag(110) and Cu(110) cleansurfacesRA [56].

From atheoretical point of view, the task is to take into accourt the surfacecortribu-

tion in the re°ection coexcient R. The standard solution of Maxwell and Fresnel's
equationsinterprets the surfaceas a mere geometrical boundary to a bulk solid.
The (geometrical) Fresnelcoetcient for re°ection, here denoted by Ry, is de ned
as the squared modulus of the ratio betweenthe re°ected (E,) and the incident

(E;) electric elds. To obtain the re°ectancecoe+cient R of a real surface,one has
instead to take into account the suddenvariation of the electric eld at the inter-
face reintroducing, in someway, anisotropy, non-locality and non-homogenei in

the constitutive equation betweenD, E, 2, rewritten to accour for the real surface
[51, 57].

The rst and yet mostly adopted model for an interface is the three-layer madel,

proposedby Mcinthire and Aspnes[58], in which the bulk is separatedfrom the
vacuum by a surfacelayer of thicknessds. Thus bulk, vacuum and surfaceregions
have, respectively, dielectric constart 2y, 2,5 = 1, and 25. Within this picture, the
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constitutive equation in the presenceof the surfacecan be solved, at rst order in
(! =9ds, yielding the rst order correctionto the Fresnelcoexcient:

¢&_ﬂ%la%iﬁ_
Ro c 2 i '

2.2)

This expressionis obtained at normal incidenceconditions, for the (simpler) case
of s polarization, i.e. light polarized perpendiculary to the plane of incidence(sub-
script s in eq. 2.2). ¢ Ry is the di®erencebetweenthe actual re°ection coexcient
R, including surfacee®ectsand R, obtained by Fresnelformula. Howewer this for-
mulation doesnot include surfaceanisotropy and non-locality, and di®eren theories
have beendeweloped to microscopically calculate 25. All surfacee®ectshave been
included in the perturbative approad used by Bagdi et al. [59 to describe the
jellium re°ectance,and their results have beengeneralizedto a real surfaceby Del
Sole[57]. Therefore the surfacere°ectance variation, for a real system, is, for s
polarization alongan i direction (i = x;y) on the surface[57, 60

¢R, 4l he2ic
Ro c 20i 1

(2.3)

In theseformula appears?;,, and the surfacee®ectsare all embodied in the parameter

h¢ 2;i which has dimensionof length and whosede nition is:
Z Z Z Z

he2i= dz d2 (2% Hzi 292%(2)]= dz dZ°¢2%(z;29): (2.4)
where2y(z) = Wi z) + 2,(z) is the abrupt interface model, and ¢ 2; (z;z9 is the
actual variation of the dielectric tensor componerts induced by the surface. In this
expressiorhasbeenneglecteda fourfold integral, involving non-diagonalcomponerts
of ¢ 2 (z;29, becausethis term usually vanish for symmetry reasons,or, if not-
vanishing, give a small cortribution to the re°ectance. Howewer, for a real system,
the surfaceplane can be anisotropic, being ht 2,,i and ht 2,,i in generaldi®eren,
and just this property is investigated by re°ectance anisotropy. At this point, to
obtain surfaceoptical properties, onehasto calculate?, and h¢ 2;i. Practically, for
surfacecalculations,the quartit y obtainedis, through the dielectric constart for the
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slab, 2512, the slab polarizability. In eq. 2.4,forz! 1 ,i.e. deepinto the bulk, the
2, (z; 29 tendsto the bulk value2y(! )z z9, and the upper limit canbe chooseto
be a value d much larger than the surfaceregionds. The integral is then rewritten
Z, Z,
he 21 = dz d2° i (z:2% i Hzi 291 i dPi 1l (2.5)
il il
Choosingd as half of the slab thickness,and introducing the half-slab polarizability
@S de ned by
V4 d YA 1
4Y,d @) = dz dz° 2S""‘b(z 29 Hzi zf) (2.6)

il il

the re®ectancevariation 2.3 can be rewritten as

tRs 4 dslm 41/4®‘S(I)
Ro c ()i 1

(2.7)

In term of calculateddielectric functions of bulk and surface the re°ectanceanisotropy

2.1 cannow be expresseds _
A !
CR _ 4/ ds (2% 1)¢ 2 25¢ 2,

- 2.8
R T @@ @ 0 @ @9

where2" is the bulk dielectric function, and ¢ 2 is the SurfaceDielectric Anisotropy
(SDA), de ned, for ad-thick surfacelayer, by the dielectric susceptibility componerts
x andy on the surface

¢2(1) = 4/ ®= avj€l; i €): (2.9)

Seweral medanismsmay cortribute to the surfaceinducedoptical anisotropy: there
canbe electronictransitions betweenlocalizedsurfacestates,and transitions involv-
ing near-surfacebulk states,whosesymmetry is reducedby the anisotropic surface.
An abinitio analysiscan help the understanding of re°ectanceanisotropy spectra.
To the bestof our knowledge,calculationsof the optical responseof metallic surfaces
basedon sophisticated numerical methods, as self-energy excitonic and local eld
e®ectshave not beenattempted to date.
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2.2.1 An example: Cu(110) surface optical prop erties

As already donefor the electronicproperties of Cu(001), hereare reported and sum-
marized the optical properties of Cu(110), obtained within the ab initio FPLMTO
method, to be compared,in the following chapters,with thoseof the coveredsurface.
The experimertal Cu(110) RAS [56], reported in g. 2.3 (a), shawvs a sharp
peak at 2.1 eV, sensitive to surface cortamination, e.g. by oxygen, and assigned
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Fig. 2.3: From Ref. [56], RAS of clean
Cu(110): (a) experiment from Ref. [61]

and (b) calculation with (bold) and with-

out (dotted) the Drude componert in 4
2,. BE labels bulk resonances.(c) Real .
(dashed) and imaginary (solid) parts of 40|
the calculatedinterband surfacedielectric 25 BE 5 48 %5 45 BO 55 B
anisotropy (SDA). s
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to electronic transitions involving surfacestates at Y point of SBZ. This peak is
totally quended (e.g. by O,) or ewlvesinto a di®eren structure (seeCO below)
depending on the adsorbate.

In the spectrum two other structures appear, at 3.6 eV and 4.2 eV, respectively,
which respond di®erertly to oxygen[55], sulphur (seeChapter 3) and carbon monox-
ide (seeChapter 4) deposition. The rst structure is quendied by adsorption, with
a behaviour similar to the 2.1 eV structure, while the secondis usually lesssensitive
to contamination (but, as shown in the following, is strongly a®ectedby sulphur
adsorption). The structures in the RA spectra are analyzedin terms of optical
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transitions amongsurfaceor bulk states.

In g. 2.3(b) is plotted the calculated RA [56], with and without the inclusion
of the Drude cortribution in 2,. This shonvs how the Drude term in 2, essetially
determinesthe sign of the RAS peaksat low energies.To highlight the origin of the
optical transitions from the re°ectancebehaviour, alsothe SDA is to be analyzed.
In fact, RA structures, although arising from the SDA in the numeratorsof eq. 2.8
can be seerely a®ectedby the denominators,i.e., by bulk e®ects. Thesemay be
dramatic in metals, wherethe presenceof the Drude term in 2, reversethe sign of
the SDA at low energies.¢ 2,(! ) and ¢ 2,(! ) are plotted in g. 2.3(c), in order to
illustrate, by comparisonwith the RA in panel (b), the occurrenceof bulk e®ects
in the re®ectance. Finally, to ascribe the obsened structures in the RA spectra

0.020

0.000 [~ Fig. 2.4 From Ref. [56], di®er-

ent contributions to the RA of
Cu(110), solid line denotesbulk-
state to bulk-state transitions
(BB), dashed line for surface-
state to surface-statetransitions
(SS). Dotted line: bulk-state to

Re{Ar/r}

-0.020

-0.040 , ,

15 25 35 45 55 surface-state transitions (BS).
energy (eV) Long-short dashes:surface-state
to bulk-state transitions (SB).

either to bulk- or surface-statetransitions, in g. 2.4 are plotted the four separate
cortributions from bulk-to-bulk (BB), surface-to-surfac€SS), surface-to-bulk(SB),
and bulk-to-surface (BS) state transitions.

The structuresappearingin the realand imaginary parts of the SDA occur alsoin
the RA spectrum, evenif with reversedsign( g. 2.3 (b)), asfar as2y(! ) < 1, which
is generallytrue within the consideredoptical range. Moreover, the calculated?y(! )
valueis closeto 1 at 4.0 eV and 4.8 eV, which strengthensRA resonancesat 4 eV
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and 5 eV. Hence,theseresonanceglabeled BE) are dueto bulk e®ects.Comparing
'g. 2.3(b) with g. 2.4, oneseesthat the low-energypeakat ' 2 eV comesfrom
SSinterband transitions. Sud transitions occur among surfacestates at and near
point Y of the surfaceBZ (see g. 2.1). The other structure closeto 4 eV is due,
to BB and SB transitions, enhancedand shifted by the bulk contribution of the
denominators. This structure is not, therefore, due to interband transitions from
surfaceresonanceso surfacestatesat X aspreviously reported [61]. By comparing
the calculated (g. 2.3 (b)) and measured(g. 2.3 (a)) RA spectra, a rather
good agreemen for both the low- and high-energy structures is clearly obtained.
In particular, the experimertal minimum at about 4.2 eV is well descriked by the
calculatedoneat 4 eV and the measuredmaximum at 4.8 by the calculateddoublet
certered at 4.6 eV. The RA in the experimert is 3 or 4 times weaker than in the
calculation, as happens at somesemiconductorsurfaces. This can be due to the
presenceof stepsand other imperfectionsat real surfaces. Apart someenergetic
shift, due the DFT level of calculation, the good agreemen in the overall shape of
the RA spectrum allows thus to descrilke and analize the optical behaviour of this
metal surface. The sametype of analysiswill thereforebe appliedin the following
to study adsorbateinduced modi cations in the optical responseof the interface.



Chapter 3

Adsorbates on Surfaces: S/Cu

3.1 Sulphur and thiols on metals: an overwiev

This and the following chaptersare dewted to the properties of adsorbateson metal-
lic substrates. As mertioned in the Introduction, the interest on thesesystemsraised
mainly by catalysisprocessesnd by the socalled molecular electronics [62], focused
on the transport properties of organic moleculesgrown on traditional inorganic ma-
terials. Sud novel organic-inorganic systemsembody moleculesmade by a few
atoms, often organizedin aromatic rings, or even chains of DNA baseswith almost
unidimensionalcharacter.

It is generallyacceptedthat in many organic-inorganicsystems di®eren parts of the
molecule(e.qg. the tail and the headgroup)assole di®eren functions, amongwhich
adsorption represeis the actual anchoring of the whole moleculeto the substrate.
In all cases,the nature of transport rests on the possibleformation of electrically
conducting channelsamong the moleculesin the presenceof the anchoring to the
inorganic support, typically a semiconductingor metallic surface.

The physics of the adsorption medanism determineswhich atoms in the molecule
are dewted to andhoring and/or to transport, and the respective rules may be un-
derstood with the microscopicknowledgeof the molecule-to-substratdoond, through
the analysisof the ewolution of the molecularenergylevelsinto possiblenewmolecule-
substrate hybrids peculiar of the interface formation.

Sulphur-headgroupsare presern in many organic moleculesand this chapter fo-

43
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cuseson the adsorption of sulphur on copper surfaces.The ideato investigate sud
a simple systemhas beenraised by the obsenation of similar, commonfeaturesin
the basic adsorption medanism on metals of very large organic molecules,which
cortain an S-headgroup.

The importance of the sulphur-substrate interaction lies on the fact that, as
shown in this chapter, somefundamertal properties of complex organic systems,
adsorbed on metals, can be reconductedto the presenceof the single sulphur atom,
almostindependerily of the rest of the molecule. Hence,the approat usedhereto
study the sulphur adsorption full lls two goals:

i) to investigatea complexsystemfrom the basiclevel of single-atomadsorptionand
then go over to the completeadsorbate(when computationally a®ordable);

ii) to ascertain the role played by the sulphur-metal bonding, separatedby the
molecule-moleculenteraction, and the molecule-metalinteraction.

This approad, that could appear oversempli ed, turns out, in the presen case,a
good method to understandthe main electronicproperties of more complexorganic-
inorganic interfaces.

One of the most studied classof organic adsorbates,cortaining an S-headgroup,
on metals, is represered by thiols. They belongto the wide classof self-assembbk
monolayers (SAMs), which have the capacily to adsorb with ordered reconstruc-
tion on surfaces. Alkanethiols CH3(CH,),, 1SH are constituted by a chain of (n-
1) i CH; groups, terminated by a methil group j CHz, on one end and by a mer-
captan group j SH, on the other end. Upon chemisorption, alkanethiols lose the
H atom from the -SH group, and becomealkanethiolates. The simplest among
these moleculesis methanethiol, CHsSH (see g. 3.1). Another group of organic
moleculescontaining sulphur, is constituted by thiophenes,which embody aromatic
rings and a sulphur-headed polyatomic group dewted to the adsorption onto the
metal. Among moleculescortaining aromatic rings we can cite mercaptolkenzxa-
zole(MBO) (g. 3.1).

Gold, silver and copper surfacesare optimal substratesfor the employ of SAMs

in nanotedinology and most experimerts focus on their structural, electronic, op-



3.1. Sulphur and thiols on metals: an overwiev 45

Fig. 3.1: Methanethiol (left) and mercaptobenzocazole (MBO) (right) molecules.

tical and transport properties [63]. On the other hand, theoretical investigations
are mainly restricted to structural properties, e.g. adsorbate-inducedeconstruction
geometry and adsorption energies,whereaselectronic and optical calculations are

generallylacking.

Due to their ability to bind sulphur atoms, gold substrates are largely used
to study sulphur-mediated chemisorption of organic moleculeson metallic surfaces.
Consequetly, gold hasbeenlargely usedastemplate to cortrol the spatial ordering
of self-asserled monolayersof organicmoleculeg64, 65]. In particular, the Au(111)
surfacehas beenexperimertally and theoretically (simulated both via clustersand
slabs) investigated, in presenceof seweral molecules,amongwhich CH3SH [64, 65]
and cysteine[66]. Also adsorption and desorption kinetics has been analyzed[67]
for sulphur on Au(111). In the framework of gold surfacesa particularly interesting
structural study regardsthe in°uence of the moleculartail on the adsorption prop-
erties, consideringse\eral singlemolecules chemisorbed through sulphur [68, 69]. In
fact, though it is now quite acceptedthat sulphur is responsiblefor the formation of
the molecule-substratebond, through the electronichybridization betweenthe S 3p
and the (noble and transition) metal d orbitals, in general,one can expect an e®ect
of the moleculartail alsoon the surfacereconstruction, as con rmed, in the caseof

copper, from recert experimertal results[6].
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Indeed, more recerily the interest has turned on copper surfaces,to possibly
extend technological applications to this kind of substrate. With this aim, experi-
mental structural studieshave beencarried out [70 with X-ray and He di®raction,
STM, NEXAFS, SEXAFS, for alkanethiolatesof sewral lengths. An interesting in-
formation, provided by experimertal results, is that, for alkanethiolates,the Cu(001)
surface,amongthe three high symmetry ones,is the preferredadsorption substrate,
thanks to its square geometry 1. Alkanethiolates adsorb, without any substrate
reconstruction, at fourfold hollow sites of the Cu(001) surface, making it an ideal
template for these molecules. Moreover, when CH3;SH [6] is adsorked on Cu(001),
the moleculartail seemdo stabilize the ¢(2 £ 2) reconstruction,a geometrythat is
very unstable for the sulphur atom aloneadsorked on Cu(001).

A further question,addressedxperimertally, is how the di®eren length of alkanethi-
ols a®ectsthe reconstruction. It has beenreported [72 that, even if the molecule
has di®eren chain length, the reconstruction, at samedeposition conditions, is un-
a®ectedby this parameter. This is becausehe sulphur-carbon interaction nature is
the samefor all alkanethiols,and the sulphur electroniccortribution to the interface
formation does not change. This con rms the idea that the ordered structure is
mainly due to the S-Cuinteraction, whereasthe intermolecularinteraction and the
moleculartail play a minor role, slightly modifying the sulphur electronicproperties.
In this framework, the comparisonwith experimertal data for two di®erert molecules,
alsodi®erertly reconstructing,canbe a suitable tool to understandhow the anchor-
ing properties of sulphur atom are linked to the reconstructionand/or to the molec-
ular tail. We canreferto CH3SH [6], and C;HsNOS (mercaptobenzoxazole, MBO)
[7], both reconstructing p(2£ 2) on Cu(001). Howeer, it is known that CH3;SH [6],
chemisorked on Cu(001), induces reconstructions di®eren from the p(2£ 2). In-
deed, both p(2£ 2) and c(2£ 2) reconstructionsoccur, under suitable conditions, in

1As a consequencealkanethiolates, even if chemisorbed on the hexagonally packed Cu(111)
surface[71], induce a substrate reconstruction equivalernt to a pseudo-Cu(001)surface. The recon-
struction brings, in fact, the surfaceto a near square geometry, that has beeninterpreted as an
expandedc(2 £ 2) S/Cu(001) structure. The expansionof the lattice constart in this phase, by
about 14% with respect to the onein regular Cu(001) surface, seemsto be determinant for the
c(2 £ 2) stability.



3.1. Sulphur and thiols on metals: an overwiev a7

CH3S/Cu(001) [6]: the p(2£ 2) superstructure is found at low coverageand RT,
whereasthe c(2£ 2) geometryis obsened at low coverageand low temperature. At
saturation coverage,a c(2£ 6) phaseis obtained in CH3S-, which has beentemp-
tatively interpreted as a distorted c(2£ 2) geometry [6]. The experimertal data
referring to are electronic band structure and photoemissionspectra, for the two
consideredmolecules methanethiol [6] and MBO [7] on Cu(001).

Turning to the anisotropic Cu (110) surface,the interaction with S-headgroup
molecules[8] remains still an open subject of investigation. A somehaev di®erer
S-Cuinteraction is expectedwith respect to (001) surface,as can be deducedboth
from thermal desorptionspectroscopy [72] and from the experimertal ditculties in
determining adsorption geometry In fact, even the geometricalstructure of sulphur
on Cu(110)is still not well established 73], and this makesmore complexto interpre-
tate the spectra obsenedin presenceof organicmolecules.Moreover, the considered
amino acid L-cysteine[8], usedin the experimertal optical measuremets, haslarge
dimensions,sud that dominatesthe re°ectanceanisotropy, with respect to the un-
derlying S-Cuinteraction. The L-cysteineon Cu(110) seemgo reconstruct c(2£ 2).
After annealingof the molecule-ceeredsubstrate, just sulphur seemdo resistat the
surface,while the moleculebreaksits bondsand desorbs.The superstructure result-
ing from LEED imagescould be interpreted asa c(8€ 2), i.e. a corrugatedc(2£ 2)
geometry [8]. Assuming the c(2£ 2) reconstruction for chemisorked sulphur, pre-
liminary results of optical properties are herereported, in particular the re°ectance
anisotropy, also analysedlayer-by-layer and comparedto the experimertal result,
for a rst possibleinterpretation of S-Cuinteraction at (110) surface.

The focus of the presen chapter is therefore on the Cu(001) and Cu(110) sur-
faces,which are theoretically studied with the sulphur atoms occupying the same
sites, at the surface,that are occupiedby the whole consideredmolecules.
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3.2 Chemisorption of sulphur on Cu(001)

In the S/Cu(001) system, the theoretical analysis allows to determine geometric
structure for adsorbed sulphur, not calculated before,in good agreemen with pre-
vious experimertal results, provided by di®eren techniques[74]. Concerningelec-
tronic properties, the theoretical density of states, analyzedper atom and per an-
gular momertum componert, is comparedwith integrated photoemissionspectra.
This comparison,together with the band structure study and the individuation of
dispersive statesassaiated to S-Cuinteraction, allows to identify the DOS features
of the S/Cu(001) systemwith the peaksderiving from the S-Cu hybrid formation
in the complex system molecule/copper, and to say which properties obsened in
large moleculesdeposition can be ascribed more or lessexclusiwely to the sulphur
presence.A qualitative and also a quartitativ e agreemenh has beenobtained with
the consideredexperimertal systems.

3.2.1 Structural prop erties of sulphur adlayers on Cu(001)

Focusingon sulphur on Cu(001), it is usefulto remind that the most stable adsorp-
tion con guration is the p(2£ 2) geometry (henceforth denotedby P, see g. 3.2,
left), obsened [74, 759 at 0.25monolayer (ML) of sulphur coverage. At higher cov-
erage,and after annealing[76], a complexreconstruction, (p 17 P 17)R14*, canbe
obsened. As a di®eren ewlution of the P superstructure, and obtained just under
suitable experimertal preparation [77], a S¢(2£ 2) overlayer (henceforthdenotedby
C, g. 3.2,right), correspnding to a coverageof 0.5 ML, has beenreported. The
sulphur C reconstruction, even if dizcult to obsene on Cu(001), is instead easily
obsened on the (001) oriented metal surfacesof Fe, Ni, Pd, and Mo. The lower sta-
bility of Cgeometrywith respectto P one,which is clearly deducedby experimental
‘ndings, is further con rmed by the total energycalculationsherereported.

There is generalagreemen that the sulphur atoms chemisorbabove a fourfold hol-
low site, with a S-Cu bond length of about 2.26@ 0.06) A [74]. Other structural
details concerningthe substrate reconstruction are cortroversial. Slightly di®eren
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Fig. 3.2: Surfaceunit cell of copper (001) (grey atoms), with sulphur atoms (yellow) in
the p(2£ 2) (left) and c(2£ 2) (right) reconstructions.

valuesfor the distancebetweenthe S atom and the Cu surfacelayer have beendeter-
mined ( [74] and referencesherein) for exampleby X-ray di®raction(1.19A), LEED
(1.29A), SEXAFS (1.40A, [78]), and NEXAFS (1.44A) [79. The reconstruction
is of the displacive type,i.e. no Cu atomsare removed from or addedto the surface
layer upon S deposition. The displacemets of the surfaceCu atomsarerather small,
and their values, calculated here within a geometry optimization PW-PPs method
[40], arereported in table 3.1 for the casep(2 £ 2), together with experimertal data
[74], and referredto g. 3.3. As canbe seencomparingcolumn |l and Il of table

parameter | ARPEFS (A) | Theory (A)
Dsi, 1.32 1.31
Dsc 3.18 3.20
Dsg 3.14 3.18
Dsa 3.06 3.10
DsiL, 4.90 5.01
ds; cu 2.26 2.30
tou, 0.04 0.05
o >0.08 0.10

Table 3.1: Experimental (from Ref. [74]) and calculated values for bond lengths and
displacemerts in p(2 £ 2) S/ICu(001). See g. 3.3 and text for symbols.

3.1, the experimental data are well reproduced by geometry optimization. To go
deerer in the discussion,the calculation performedwithin PW-PPs method gave a
S-Cu Dg_, distance of 1.31A and 1.35A for the two reconstructionsP and C,
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in presenceof sulphur.

respectively. The Dg_, value for P geometryis in very good agreemen with the
experimertal valueof 1.32A [74]. On the surfaceplane, the four Cu atomsof the sur-
faceunit cell undergoa lateral shift away from the S adatom of -, = 0.04A | that
is well reproducedby the theoretical result +c,, = 0.05A. This excludesthe lateral
shift, towardsthe sulphur, of 0.05A, obtained by older ARPEFS measuremets [80).
The surfacecopper atoms are not allowed, for symmetry reasonsto displacedi®er-
ertly in the direction perpendicular to the surface. Instead, in the subsurfacdayer,
with its three non equivalert sites(see g. 3.3), a buckling hasbeenmeasuredbut
the experimertal proposedvaluesare discordart, and spanfrom #¢,,=i 0.03A to
*ou,= 0.12A , with *cu,=Dsa-Dsc [74]. The performedab initio calculation con-
‘rms that the reconstruction follows the order Dsc > Dso > Dsa, with the Cu
atom below sulphur (C, covered) shifted inwards, and the atom denotedA (anticov-
ered) shifted outwards. The calculated buckling value, +c,,= 0.10A , supports the
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result by ARPEFS [74].

The comparisonof chemisorption energiesfor the singleadsorked S atom, Ef for
p(2£ 2) and E¢ for ¢(2 £ 2), givesE} i EL = 0:04Ry = 0:54 eV, and con rms the
greater stability of the P phasewith respect to the C one, becauseead S atom in
the p(2£ 2) hasa bonding energy0.54eV higherthan in the ¢(2£ 2) , and the bond
length is 5% smaller.

3.2.2 Electronic structure of the system S/Cu(001)

In what follows, the density of states (in this section) and the energy dispersion
(in the next section) of the two systemsS/Cu(001) c(2£ 2) and p(2£ 2) [4, 5] are
analysedand comparedin detail.

In the abinitio, all electron, self consister calculationsof suc systemsthe surface
is represeted, as already explainedis Chapter 2, by a symmetric nine-layer copper
slab, with surfaceperiodicity (2£ 2), constituted by 36 Cu atoms. Sulphur adatoms
are adsorbked, in the fourfold hollow sites, on both sidesof the Cu slab: in the C
superstructure, correspnding to 0.5 ML coverage,there are 4 Cu atomsand 2 S
atomsper surfaceunit cell, while thereis just oneS atom for ead surfaceunit cellin
the S(2£ 2)/Cu(001) structure, asshovn in g. 3.2. The resulting slabis, in both
cases,8a = 1444 A thick (with a f cc copper lattice constart a=3.61 A) and the
slabsare separated,along the direction perpendicular to the surface,by a vacuum
region of thickness6a = 10:83 A. The con gurations Cu 3d™° 4s! 5p° and S 3s? 4p*
5d° are usedin the valencebasisset for the Muzn Tin Orbitals. Density of states
is calculated using a meshof 20£ 20 k-points in the SBZ.

The calculationsfor sulphur in the two p(2£ 2) and ¢c(2£ 2) superstructureshave
beenperformedusinga unrelaxedgeometryfor the copper slab, with adistanceDg_,
betweenS adatomsand the underlying Cu layer of 1.40A, from experimertal SEX-
AFS data [78]. The simplifying assumptionof neglectingthe relaxation of Cu atoms
is supported by the quartitativ e obsenation that relaxationsup to 11%in the rst
two layersdistanceof the clean(110) surfacedoesnot a®ectthe optical properties of
the unrelaxedsurfacesigni cantly [81]. The Dg,, valueshasbeenkept equalfor the
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two di®eren superstructures,in order to emphasizethe role of just the adsorption
geometryin the determination of electronic states and their dispersion. Howewer,
a further calculation for the P superstructure, including the atomic relaxation for
Cu and S obtained by geometricaloptimization (seetable 3.1), producesjust small
variations in the density of states, without a®ectingsubstartially the characteristic
featuresof the interface. This con rms that relaxation e®ectsare really negligible
for electronic properties of sud kind of systems.

To make more clear the band structure comparison,a calculation [3, 4] of the clean
Cu(001) (2£ 2) surfacehasalso beenperformed.

Herea detailed, systematiccomparisonbetweenthe cleanand the S-coveredsur-
face,on oneside,and betweenthe two di®eren superstructures,on the other side,is
carriedout. Let's recallthat P is the most stablecon guration for sulphur, obsened
both for the isolated atom and for molecularadsorbates.Hencethe rst analysisis
aimedto recognize,comparingP with the cleansurface,the modi cations induced
in electronic properties by S. As soon as speci ¢ featureshave beencharacterized,
their behaviour due to a di®eren sulphur coverageis studied.

The rst information on the nature of the S-Cu hybrid comesfrom the analysis
of the adsorbate-induceddensity of states of the interface. Through the atomic-
resolve and layer-resolve partial DOS it is possibleto individuate which sulphur
and copper states cortribute to the adsorbate-substratehybrid states, localized at
the interface. The result analysisstarts, for the S/Cu interface, with the density of
statesof given (orbital) "-symmetry, for the two topmost layers, in the P geometry
In the following, only the largest componert of the DOS are reported, i.e., the p
componert of the Ssurfacelayer and the s, d componerts of the Cu subsurfacdayer,
that are involved in the hybridization. DOS are normalizedto one atom.

The main structures of the sulphur DOS that are relevant for further discussion
are labelledasA;. In g. 3.4the formation of a S-Cu hybrid can be easily individ-
uate. In fact, the peakA; at' j 1 eV indicatesa strong hybridization of p sulphur
(ps) and d copper (dcy) states,with antib onding character, while ps statesoverlap
with sc, and dcy onesforming bonding statesat 'y 4eVand'j 5eV (As, Ag).
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Fig. 3.4: Partial s (dark shaded),d (light shaded) DOS/atom for the Cu subsurfacelayer
and p DOS/atom for the S surfacelayer (continuousline) in the S/Cu(001) slab.

The S 3pj metal d hybridization is the actual realization of the Newns-Anderson
model [82], which provides a theoretical description of the interaction betweenthe
adsorbatediscretelevels and the substrate cortinuoslevel orbitals. This model pre-
dicts the formation of bonding and antib onding statesat lower and higher edgesof
metal d band, as obsened for sulphur.

The S-inducedmodi cation of the metallic surfaceare highlighted in g. 3.5,
wherethe partial dc, DOS of the Cu surfacelayer in the cleansurfaceis compared
with the Cu subsurfacdayer in the S/Cu case.Two featuresare worth mertioning:
1) the presenceof two structures at the upper and lower edgeof the Cu subsurface



54 Chapter 3. Adsorbateson Surfaces:S/Cu

DOS, indicated by arrows, that are absen at the cleansurface;ii) the depletion of
statesjust below the sharpedgeat ' | 1.5eVin the rst Cu layer at the S-covered
surfacewith respect to the cleansurface. Comparing g. 3.5with g. 3.4,onecan
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Fig. 3.5: Partial d-symmetry DOS/atom for the Cu clean surface (shaded) and S-covered
Cu subsurface(continuous line) layers.

clearly seethat, beyond the modi cations of the Cu substratein correspndenceof
A; and A, S-Cu hybridization is negligible in the energyrange from j 1.5 eV to
i 3eV.

Now that we know the sulphur e®ecton copper density of states,the discussion
can be extendedto include the C reconstruction. In g. 3.6, along with the d¢,
componert of the clean Cu(001) surfaceDOS, is reported, for the two adsorption
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Fig. 3.6: Density of states of S/Cu(001) for c(2£ 2) (solid red line) and p(2£ 2) (dashed
blue line). The shadedarea is the clean Cu(001) surface. Labels denote bonding and
antib onding states, seetext. Eg correspndsto 0 eV.

geometries respectively, the sumof the "-projected DOS of the surfaceps and of the
subsurfacesc, and dc, states. This quartity, named DOS.,; s, can be viewed as
the density of statesof the S-Cuinterface, and will result usefulin the comparison
amongexperimertal and theoretical data. At rst glance,onenoticesthat the edge
ofthe Cudbandat j 1.5eV holdsin all caseshut there is a progressie depletion of
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copper statesbelow this energygoing from the cleancaseto higher S-coverage,due
to the formation of the covalent S-Cu hybrid states. In fact, bonding statesclearly
appear betweenj 4 eV and j 6 eV and betweenthe Fermi level Ef and j 1 eV.
Here have beenlabelled the bonding (Cs-Cg, C*) and antib onding (C,) states for
the c(2£ 2) reconstruction, where C; has the sameorigin as the correspnding A;
for the p(2£ 2) case.The averageenergyseparationbetweenbonding and antib ond-
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Fig. 3.7: (a) Photoemission spectra for CH3S/Cu(001) in the p(2£ 2) and ¢(2£ 2) re-
constructions [6]. (b) From Ref. [7], photoemission spectra for clean Cu(001) and

MBO/CU(001) in p(2£ 2) geometry

ing statesin the two reconstruction remainsessetially the same(' 4 eV), sinceit
dependson the hybridizing atomic energylevels of copper and sulphur. Howeer,
there are quartitativ e di®erencesn the electronic properties of the S-Cu interface

hybrids in the two reconstructions: the intensity of the omologousfeatures As-Ag,
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Cs-Cs is quite di®ere and a new intenseC* peak appearsin the C reconstruction,
about midway betweenCg and Cs, seeminglyto compensatethe strong depletion of
Cu d stateswith respect to the cleansurface. At high energy the antib onding state
C, is broaderand moreintensecloseto Er, with respectto A;. Preliminary results
by HR-ARUPS measuremets [6] for CH3S on Cu(001) in the two reconstructions
shaw the existenceof an intensepeak (identi ed herewith C*) in the C case(see g.

3.7 (a)). With respect to the lowest bonding state in the P CH3S/Cu(001) (corre-
spondingto our Ag), the former is displacedtoward higher energyand moreintense,
in agreemeh with our ndings. Moreover, alsothe featuresof the antib onding state
C, agreebetweentheory and experimert.

To analyzefurther the di®erencedetweenthe two reconstructionsin the energy
region of bonding states, | plot in g. 3.8 (a) the separatep sulphur and d copper
componerts of the DOS per atom, in the low energyrange. It can be seenat once
how the reconstruction a®ectsthe dc, DOS by the formation of the intensecompo-
nert in the C* peak. On the other side, the ps DOS componert per atom in the
C geometryis quite di®eren from that in the P one: the large S componernt in the
As-Ag peak drops drastically in the corresppnding Cs-Cg shoulders. Instead a ps
componert appearsin the C* peak as intenseasthat in the Ag peak. As a conse-
guence the ratio of the S-to-CuDOS/atom is inverted in the two geometriesaslong
as Cs.5 and Ag5 are considered.If, howewer, onetakesinto accour the DOS of the
unit surfacecell (i.e. the interfacelayerswith 4 Cu+ 2 S,4 Cu+ 1 Satomsin the
C and P reconstructions,respectively) shavn in g. 3.8 (b), one seeshat the only
relevant di®erenceamongthe two reconstructionsis the occurrenceof the C* peak
which is dominated by d copper statesboth per atom and per surfaceunit cell. From
this analysisone can concludethat the hybrid statesare of overwhelmingS p origin
in the Ag-Cg and of Cu d origin in the As-Cs peaks,in both reconstructions,whereas
the Cu statesdominatein the additional C* peakof the Creconstruction. The really
relevant bonding hybrid state in the C structure is C* which is higherin energythan
the lowest bonding state Ag in the P reconstruction. This upwards shift of the low-
est bonding state is clearly due to the lesserstability of the C-reconstruction. This
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Fig. 3.8: (a) Atom-resolved density of states of Cu-d component and S componert in
c(2£ 2) (solid line) and p(2£ 2) (dotted line) reconstructions, respectively. Trianglesdenote
copper components. In the inset (b) the DOS of the surfaceunit cell is also shavn (see
text).

is in agreemehwith the obsenation that the ¢c(2£ 2) structure occursin S/Cu(001)
only under favourable conditions [77], and in CH3S/Cu deposited at low tempera-
ture. Moreover, in CH3S/Cu(001) at saturation coverage,a c(2 £ 6) reconstruction
occursthat may be viewed as a distorted structure of the S regular chainsin the
c(2£ 2) geometry[83. These ndings leadto the hypothesisthat the interaction of
the moleculartail with sulphur [70] tunes up substartially the direct S-Sbonding,
which in turn, determinesthe surfacereconstruction.

Recen experimerts [7] of angular resohed high-resolution UV photoelectron
spectroscoly (AR-HRUPS) involving the aromatic 2-mercaptolenzoazole (MBO)
molecule (C;HsNOS) on the Cu(001) surface have focused on the formation of

molecule-substrateelectronicstates,individuating bonding-artib onding statesof the
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Cu-Shybrid responsibleof the moleculeadsorptionon the surface. Most conclusions
are drawn by comparingthe binding energyof the MBO/Cu(001) systemwith that

of the clean Cu(001) surface[3] and of the gas phaseof the MBO [84]. Six peaks,
denotedM; through Mg in the photoemissionspectrum, are discussedn detail. To
summarizethe experimertal interpretation, alsoreportedin g. 3.7 (b) from Ref.[7],

the S-headgroupdrivesthe adsorption of the whole moleculeon the Cu substrate
through the formation of S-Cu bonding-artib onding statesidenti ed with the M5

and M, structures, respectively. The peak M3 is ascribed to ¥zdelocalized molecu-
lar orbitals obsened in the gas-phaseof the MBO whereasM 4, appearerily alsoa
molecule-onlyfeature, could be connectedto S chemisorptionon Cu(001) according
to previous photoemissionresults [89. Finally, the peak M, is ascribed to proper
molecular states. Howeer, the samepeak has beenassaiated to the antib onding
S-Cu state in very recert calculations of the MBO molecule[86. A comparison
of DOS and photoemissionspectra allows to fully con rm the interpretation of the

peaksMi, M5 and Mg (seeA;, As and Ag in g.3.6) and to agreewith the attribu-

tion of the peak M3 to states of the moleculearomatic ring with no participation

of sulphur states. As long as the peaksM, and M, are concerned,Mariani et al.

[7] ascribe the former to state of the pure moleculeand are uncertain on the lat-

ter. On the basisof our presert ndings we cannot excludea minor presenceof S
cortribution to both structures.

3.2.3 Disp ersion of surface states

We cannow considerthe energybandsof the two P and C systemswith the purpose
of individuating the dispersion of the S-Cu bonding-artib onding states giving rise
to the DOS peaksof g. 3.6. Moreover, one wants to seehow thesehybrid states
replacethe surfacestatesalready obsened experimertally and determinedtheoreti-
cally for the cleanCu(001) surface(seeChapter 2, g. 2.2and Ref. [3]). The method
to highlight the surfacestates, already descrilked in Chapter 2 for the cleanCu sur-
face,is now applied to the S/Cu system, extracting stateslocalizedin the sulphur
adlayer, and in the two outermost layers (the S adlayer plus the rst Cu layer). A
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detailed analysisthroughout the SBZ has been preserted in Chapter 2 [3] for the
electronic statesdispersionof Cu(001). Howeer, due to the (2 £ 2) reconstruction,
the end points of the symmetry linesj | X andj j M of the SBZ correspnd to
X/2 and M /2 of the SBZ in the (1£ 1) surface. Thus, to get deeper insight into
the formation of hybrids induced by the S-overlayer, and comparethe results for
the coveredsurfacewith the surfacestatesobsened at the cleansurface,the (2£ 2)
Cu(001) band structure is represeted in g. 3.9. Notice, for instance, that, due to

Energy (eV)

X/2 r M/2

Fig. 3.9: Electronic band structure of the clean Cu(001) p(2 £ 2) surface with symbols
denoting surfacestates. The arrow indicates a Tamm state.

the (2 £ 2) reconstruction, the Tamm state obsened [3] at M is locatedat j in g.

3.9, indicated by the arrow. We therefore considerthe surfacestates of the S and
Cu subsurfacelayers in the S/Cu caseon one side (see g. 3.10) and the surface
and subsurfaceCu layers for the clean surface,on the other side (see g. 3.9), to

highlight the modi cations brought about by the S overlayer.
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In g. 3.10isreported the band structure of the S/Cu(001) p(2£ 2) surface,along
the symmetry directionsj i X andj i M of the SBZ. Open circlesdenote surface

Fig. 3.10: Electronic band structure of the S/Cu(001) p(2£ 2) slab. Open symbolsindicate
surfacestate localizedonthe Sand Cu subsurfacelayers. Full symbols denotesurfacestates
due to sulphur only.

stateslocalizedon the S surfaceand Cu subsurfacdayerswhereasfull circlesdenote
thoselocalized on the S layer only. The superposition of open and empty symbols
indicates the interface states formation. As could be expected, hybrid bands with
surfacecharacter fall indeedin the energyrange of the DOS peaksascribed to the
bonding-artib onding S-Cu statesin g. 3.4 (a). Moreover, there are no dispersive
sulphur surfacestatesin the d Cu regionbetweenj 1.5eV and 3 eV. In the region
from' 1eVto'i 2eV,Cu surfacestatespreset in the cleancasehave disappeared
in the presenceof the adsorbate. The formation of hybrids S/Cu occursout of the

denseCu d-statesregionwheremany Cu surfacestateshave beenfound in the clean
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caseand are passiated in the presenceof sulphur. In particular, the following S/Cu
surfacestates can be noted: i) at energiesbetweenO and j 1 eV, with the Tamm
state suppression;i) at about j 4 eV, dispersedstate alongj j X, already found
as Cu surfacestate in the cleansurface;iii) at ' j 5 eV, new adsorbateinduced
states,where no surfacestatesare presen in the cleancase.

Fig. 3.11: Band structures of the S/Cu(001) slab (left panel), in P (top) and C (bottom)
reconstructions. Dots denote electronic states located at the S/Cu interface. In the right
panel, the corresponding peaksof the density of states are reported.

Hencecan be concludedthat the sulphur adlayer not only suppressesurfacestates
of the cleansurfacesbut createsnew hybrid surfacestateswith copper.

| now turn to the comparisonof the dispersion of the energybandsfor the two
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Fig. 3.12: Experimental band
structures of the  system
CH3S/Cu(001), in the recon-
structions p(2 £ 2) (top panel)
and c(2 £ 2) (bottom panel),
respectively. The bonding states
Ms and Mg, correspnding to
Asi Ag and Csj Cg, are reported

[6].

di®eren coverages,P and C. Is thereforeplotted, in the left sideof g. 3.11,the
band structure of the S/Cu(001) p(2£ 2) and ¢(2£ 2) surface. At the right sideof the
“gure, the DOS of the correspnding statesare alsoreported. Inspection of the sur-
face state dispersionbetter explainsthe changesin the DOS peaksdiscussedabove
in the two reconstructions. In particular, the ewlution of the structures As and Ag
into the lessintense Cs and Cg shouldersis due to larger dispersion of the latter
onesin the C geometry In the P case,the Ag bonding state shows a dispersion of
' 0.5eV [6, 87] from j 5.25eV (j) to -4.80eV (X) alongj i X direction, whereas
seeral narrower bands dispersein the energyregion of As. The Cgz peakin the
c(2£ 2) reconstructionhasa bandwidth (from j 5.60eV to j 4.70eV) twice aswide
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as Ag. Both bandwidths are in quartitativ e good agreemeh with those obtained
experimertally by HR-ARUPS for CH3S/Cu(001) in the p(2 £ 2) (" 0.4 eV) and
c(2£ 2) (' 0.8eV) geometried6]. The correspnding experimertal state dispersions
are plotted in g. 3.12. For the larger organic moleculeMBO P chemisorbed on

Cu(001) [7], the dispersionshaws the samebehaviour but a smaller width, amourt-

ingto ' 0.1eV. In the Ccase,the dispersionof Cs is much better resohed than the

correspnding As, probably dueto the higher symmetry of the surfaceunit cell and
to the stronger interaction between S atoms. In a previous analysis of the MBO

vs S on Cu(001) [4, 7], the assignemen of the upward dispersive state at -4.3 eV
in | was somehwv di+cult due to the lack of a correspnding clear feature in the

DOS. In the view of the dispersion shavn here, the C* state may be interpreted
as an ewlution of that state. The C* bandwidth over the whole SBZ is 0.28 eV,

comparedto the experimertal value of 0.3 eV in methanethiol case[6]. From the

above ndings one deducesthat the electronic properties obsened in CH3S/Cu in

the two reconstructionsare essetially due to the interaction between sulphur and
copper, while the smallerbandwidth reported for MBO canbe explainedasan e®ect
of the di®eren moleculartail, cortaining a delocalizedring.

As a nal obsenation, the C, hybrid state reported in g. 3.13,with major S p
componer, shows a ‘metallic dispersion’, crossingthe Fermi level, from -0.85eV in

X, t0 -0.48eVin j andto 0.32eV in M. The corresmnding feature in the DOS
Is, indeed, a large step at Ex. This behaviour doesnot occur for the surfacestates
neither in the cleansurfacenor in the P geometry

The properties of the interface can thus be described by the density of states
DOSc,; s (see gs. 3.4, 3.6) and, most importantly, by the individuation of the
“interface states' (see gs. 3.10, 3.11). Theseconclusionsmay be of relevance for
adsorption processe®f more complex systems,as discussedoelow.

To summarize:in S/Cu(001), the formation of the S-Cu bond shaws character-
istic featuresin the density of statesand in the energydispersion,in either p(2£ 2)
and c¢(2£ 2) reconstruction. This holds true also in large molecular systemswith
S headgroup. In fact, bonding and antib onding states calculated in S/Cu in the
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Fig. 3.13: Dispersion of C;
hybrid state, from -0.85eV
in X to 0.32eVin M.

two reconstructionsallow to interpret the ARUPS spectra of complexmoleculedike
MBO and methanethiol, having very di®eren tails. Indeed, the calculated den-
sity of states and dispersion of interface states in the two adsorption geometries
for sulphur shav quartitativ e good agreemeh with the analogousresults obtained
by ARUPS in CH3S/Cu(001), at the correspnding coverages. For the larger sys-
tem MBO/Cu(001) the theoretical dispersionagreesgualitativ ely but the calculated
bandwidth of the bonding state is four times the experimertal value. This indicates
that the larger tail of the MBO moleculemodi es the dispersion.

From the theoretical-experimertal comparison,the following picture can be pro-
posed: for a given molecule,di®eren reconstructions(depending on coverageand
deposition conditions) a®ectthe electronic dispersion, as found for CH3S. For the
samereconstructionin di®ere molecules(e.g. p(2£ 2) in CH3;SH and MBO), the
guartitativ e di®erencesn the dispersionare a consequencef moleculartail e®ects.
The whole molecule a®ectsthe reconstruction, even stabilizing, as for ¢(2£ 2) in
CH3SH, an otherwise unstable geometry adsorption. However, once a stable over-
layer hasbeenobtained, the main electroniccharacteristicsof the systemare due to
the sulphur-substrate interaction.
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3.3 Chemisorption of sulphur on Cu(110)

3.3.1 Structural prop erties of sulphur adlayers on Cu(110)

The adsorption geometry of sulphur on Cu(110) surfaceis a still open problem. At

lower deposition coveragesa c(2£ 2) reconstructionis obtained, but at higher cover-
agesdi®eren geometriesasp(5£ 2), p(3£ 2) and c(8£ 2), have beenexperimertally

obsened. It is howewer not easyto reconductthesereconstructionsto a model for

the surface. A possibleinterpretation of di®eren experimertal data hasbeengiven,
proposing a model that includes, at increasingsulphur coverage,a bucdkling of the

surfacecopper layer. The proposedreconstructionsare reported in g. 3.14. Be-
yond the ¢(2 £ 2), all the other reconstructionscomport a large surfaceunit cell.

Moreover, apart the surfacecorrugation of the rst copper layer, a sulphur adsorp-
tion geometryc(2 £ 2) is locally retained in all geometries. For this two reasons,
the c(2 £ 2) reconstruction is here used, to calculate the optical responsefor this

adsorbate/metal interface.

Fig. 3.14: From Ref. [73], proposed buckled row models, top and side views, for (a)
p(5£ 2), (b) p(3£ 2), and (c) c(8 £ 2) sulphur reconstructions on Cu(110).
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3.3.2 Sulphur on Cu(110): optical prop erties

To-datetechnologicalapplicationsof molecularelectronics[88, 89] involve deposition
of ring-like or chain-like moleculesof variable size on metallic (or semiconducting)
substrates. The need of interface analysis at submonolger level is impressinga
new impulse to RAS to focus on subtle issuesof the chemisorption process. Much
experimertal work [9, 53, 90 is concenrating on the kinetics of adsorption and re-
orientation of the moleculesupon coverageon the Cu(110) surface. Noble metalsare
ideal substratesfor molecular systemsin nanotedinologiesand many fundamertal
aspectsof the chemisorption processon Cu may apply aswell to Ag and Au [66, 82).

The optical properties of surfacesin the presenceof large adsorbates, sut

as organic molecules[53] on metallic surfaces,can be investigated by re°ectance
anisotropy spectroscopy.
An experimertal analysisof RA spectra, for exampleat growing coveragesgcould give
informations about surfaceand interface transitions, but a theoretical microscopic
calculation could help in the interpretation and alsoin the prediction of optical be-
haviour.

In the preceedingsections, it has been reported how fundamertal electronic
properties of complex organic/inorganic interfacescan be simply described by the
sulphur-metal bond. Regardingoptical properties, a very di®eren situation appears.
Experimertal data of RAS on a large organic moleculeas L-cysteine [8] show that
the spectrum for the whole moleculeon Cu(110) is quite di®eren from that of the
sulphur aloneon the samesurface(see g. 3.15). It is howewer known that the bond-
ing medanism is the sameas for alkanethiols, i.e. the moleculebonds covalertly
to the metal through sulphur. L-cysteineis deposited on Cu(110) until saturation,
that is, until no further changeoccursin the RA spectrum. At this coverage,LEED
shavs a ¢(2 £ 2) structure. The passagdrom L-cysteine at coveragesaturation to
sulphur coverageis experimertally obtained by an annealing procedure, breaking
up the cysteine moleculeand leaving only S on the Cu(110) surface. Sulphur on
Cu(110) forms a (8£ 2) structure and a new peak appearsin the RA spectrum at
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Fig. 3.15. From Ref. [8], the
RAS is measuredduring the an-
nealing processof the L-cysteine-
saturated Cu(110) surface (de-
noted by crosses). The curve
corresponding to sulphur cover-
age, obtained at higher tempera-
ture, is denotedby lled triangles.
The main features are located at
'25eV,' 3.0eVand' 3.7eV.

about 3.3 eV. The big changein the RAS, at increasingannealing temperature,
seemdinked with i) goingfrom the L-Cys moleculeto just S on the surface,and ii)
changein structure from ¢(2 £ 2) to a (3£ 2).

The system S/Cu(110) has beentheoretically represeted by a 9-layer copper
slab, with S adsorbed on Cu(110) in the geometryc(2 £ 2), in the fourfold hollow
site. Dielectric function is calculatedusinga meshof 20 20 k-points in the SBZ. In
'g. 3.16is reported the calculation for the re°ectanceanisotropy. Comparing with
the curve,in g. 3.15,referring to sulphur adsorption, it seemghe spectrum is quite
good. In particular, the following features have been obtained (black curve, with
sulphur, red dotted curve, clean copper): positive structures in the range2j 3 eV,
a small negative peak at 3.3 eV (to comparewith an experimertal value of 3 eV)
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Fig. 3.16: Calculated re°ectance anisotropy of clean Cu(110) (red dotted line) and of
c(2£ 2) S/Cu(110) (black curve).

Fig. 3.17: The layer-by-layer analysis of RAS for ¢(2£ 2) S/Cu(110), with the important
sulphur cortribution in the feature at ' 4 eV.
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and a large positive peakat 4 eV, followed by a steepintensity decrease Hence,the
calculated RAS for sulphur in the ¢(2 £ 2) geometryis quite similar to the c(8 £ 2)
obtained after annealing,and very di®eren from cysteine covered surface. So, be-
tweenthe two e®ectsi) and ii) before mertioned, determining the changesin the
RAS, the rst, i.e. the sulphur presencegcould be dominart.

A further RAS calculation for the ¢(2 £ 2) sulphur coverageof Cu(110), with a
layer-by-layeranalysis,reported in g. 3.17,allowsto partially individuate sulphur
or metal character in the obsened features. Including in the calculation just the
cortribution (dashedred line) of the sulphur layer, it can be seenthat at lower en-
ergiesthe RA is very smooth, while the large structure, constituted by two peaks,
at 3.8; 4.3eV, is already de ned. It becomeamore intensewhen including alsothe
“rst surfacecopper layer (dotted greencurve) in the calculation. The negative slope
at 4.5 eV is well reproduced at this level, too. This feature can thus be mainly
attributed to the sulphur presence.



Chapter 4

Adsorbates on Surfaces: CO/Cu

4.1 Carb on monoxide prop erties

A large amourt of results can be found in literature, regardingsystemswith carbon
monaide (CO) adsorbed on metal surfaces.The main reasonfor this interestis due
to the useof CO in catalysisprocesseswhich exploit the CO/metal interaction and
reaction at surfaceq91]. Examplesof theseprocessesre the production of methane
CH,4 by Ni and Zr metallic nanoparticles[92], by CO hydrogenation,the synthesisof
methanethiol from CO and H,S using vanadium catalysts, the reduction of sulphur
dioxide (a highly polluting compound) to elemenal sulphur [93. On surfacessud
as nichel, platinum and molybderum, CO adsorbswith complexcon gurations, in-
cluding coexistenceof di®eren adsorption sites and dissaiation processesOn the
other hand, CO adsorbsnon-dissaiatively on copper, only on on-top sites, and the
chemisorked layer shows high symmetry reconstructions. Theseproperties make the
systemCO/Cu quite simpleto study both experimertally and theoretically, making
CO chemisorked on copper a prototypical systemto study moleculeson transition
metal surfaces.

Here a brief summary is reported of existing results relevant to the following
discussionon electronic and optical properties of CO/Cu(001) and CO/Cu(110).
Structural properties, sud asbinding energy geometry and vibrational frequencies
for CO/Cu(001), have beentheoretically studied, using both a cluster model [94]
and a slab model [95, 96], giving resultsin good agreemeh with experimertal data.

71
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In the reconstructionCO/Cu(110) p(2£ 1), determinedby photoelectrondi®raction,
CO moleculesoccupy the on-top sites with bond lengtts of C-O= 1.11A and C-
Cu= 1.87A [97).

Also the electronicproperties have beeninvestigated,via integrated and angular
resohed photoemissionspectroscoyy, allowing oneto identify carbon monaxide and
copper statesmodi cation dueto hybridization and bonding creation [9§]. The dis-
persionof valencestatesis found strongly dependern on the CO-CO lattice distance,
and in ¢(2£ 2)CO/Cu(001) the dispersionwidth is approximately 0.5 eV for 4%and
5% molecularderived levels and approximately 0.2 eV for 1%

As far as the optical properties of adsorbate-substratesystem are concerned,re-
°ectance di®erencespectroscoly gives information about changesat the surface,
like reconstruction and molecularadsorption and desorption[9, 99, 100.

In this chapter, electronicand optical propertiesof carbon monaxide chemisorked
on Cu(001) and Cu(110) are reported. In particular, the results here presened in-
cludethe density of states,resoled by atom and angular-compnenrt, comparedwith
experimenrtal results, and previoustheoretical calculations; the complete electronic
band structures, with molecule-substratelevels dispersion; the dielectric function,
surfacedi®erenceanisotropy and re°ectancedi®erenceanisotropy (the optical prop-
erties are discussedfor the anisotropic (110) surface alone), with the distinction

betweenmolecule,interface and metal cortributions.

4.2 Electronic prop erties of carb on monoxide on
copp er surfaces

In the Cu(110) case,the stable CO reconstructionis a p(2£ 1) at 0.5 ML coverage,
with moleculesupright on on-top positions at Cu sites forming alternating chains
along the [001] surfacedirection. The axis of the moleculeis perpendicular to the
surfacewith the carbon atom next to copper.

Also on the (001) isotropic surface,CO moleculesadsorbupright on on-top sites;
at low coverages,until 0.5 ML, an ordered layer is created, and at 0.5 ML CO
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is orderedin a c(2£ 2) superstructure. At higher coverages,thesystem saturates
at 0.57 ML deposition, with a compressedoverlayer structure c(7ID 2£ P 2)R45
[95]. The calculations are performed with the experimertally obsened symmetry
c(2£ 2) at 0.5 ML coverage;to highlight the CO-CO interaction e®ects,also the
0.25ML coverage,in the p(2£ 2) reconstruction (not obsened experimertally) has
been analyzed. Covered and clean surfacesare descriked in the slab geometry:

Fig. 4.1: Lateral and
top view of Cu(110) sur-
face, with CO adsorbed in
p(2£ 1) geometry, on on-
top positions. The surface
unit cell is indicated.

Fig. 4.2. Top view of
Cu(001) surface, with CO
adsorbed in p(2£ 2) (left)
and c(2£ 2) (right) geome-
try. The surfaceunit cell is
indicated.

both (110) and (001) (in the c(2£ 2) case)are described by a nine-layer copper slab
and a six-layer vacuum (see Chapter 2) corresmpnding to thicknessof 7.66 A and
10.83A, respectively. The samevacuum thicknessis usedin the calculation for
p(2£ 2) CO/Cu(001), while the slabis slightly thinner, a seven-layer copper slabwith
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a CO moleculeon ead sideof the slab. Both the nine-layer and the se\en-layer slabs
have beentestedto be thick enough,with respectto electronicproperties, to obtain

bulk-like resultsin the certral layer [95]. The ideal, unrelaxedgeometryis assumed
for copper slabs,for the samereasonsalreadyreported in Chapter 3. The adsorption

Fig. 4.3: Density of states for the system CO/Cu(110), analyzedby atom and by angular
componert. The formation of hybrid states, derived from the molecular levels, is clear.

geometryfor thesesystemsis well known and documerted, both experimentally and
theoretically, henceno structure optimization hasbeenperformedin this case.The
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copper lattice constart is 3.61A, andthe bondlengrts [95,101] areO-C= 1.14A and
C-Cu= 1.85A for (001) surface,C-O= 1.11A and C-Cu= 1.87A [97] for the
(110). Copper atoms, as previously reported, are described with 3d and 4s valence
electrons,while in carbon and oxygen the valenceshellis constituted by 2s and 2p
electrons.

It is usefulto characterize rst the free moleculeenergylevelsthat are involved
and modi ed in the bonding on the surface. The 4% molecular orbital has mixed
nature s and p, and energyj 15.5eV. The two 1%orbitals, at j 12.5eV, arejust of p
character and equally distributed on carbon and oxygen atoms. The 5%is mainly of
p character, more localized on carbon atom, at energyi 9.7 eV, and is the HOMO
state of CO. The LUMO state is the 2¥4 orbital at +6 eV.

The bonding between CO and metals is known [102 103 to be related to a
balance between the CO-to-metal electron donation and the metal-to-CO badk-
donation. On transition metals, the strong metal-CO interaction leadsto a complete
overlap of the 5% and the 1%levels. On copper, this interaction is expectedto be
wealer, and the overlap lesspronounced.

The description of the density of states, reported below, may sere asa reference
for electronicmodi cations inducedby CO, further explainedby an optical analysis.
Sincethe featuresof the CO-Cu hybridization is very similar for the two surfaces
(001) and (110), a detailed description of electroniclevelsis given just for the (110).
The density of statesfor CO(110), in the p(2£ 1) reconstruction,is shavnin g. 4.3.
In the top panel,the s and p DOS componerts from the carbon atom are reported,
the samequartities for oxygenare displayed in the middle panel,and in the bottom
one hasbeenaddedthe d componert from copper, to highlight the molecule/metal
hybridization. The s and p cortributions to the DOS of carbon and oxygen atoms
shov v e main structures, oneat j 8.5 eV, two intenseand large at j 7.4 eV and
i 7.8eV,oneat | 6.5eV and abroadoneat +3 eV. The rst featureis attributed to
4%4level and is constituted by a main cortribution from s carbon orbital, including
alsop carbon and s-p oxygenlevels. The two peaksat (j 7.4)¥ (i 7.8) eV constitute
actually a singlestructure, exclusiwely of p character, with involvemen of both car-
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bon and oxygen atoms, clearly deriving from the molecularlevel 1¥4 The structure
at j 6.5eV, mainly of p character but with alsos oxygen cortribution, derivesfrom
the molecularlevel 5% The last feature, at positive energy shaws p cortributions
from oxygen and carbon atoms and is iderti ed with the antib onding 2¥4 derived
level. Comparing now these states originating from molecular levels with the elec-

Fig. 4.4: Density of states for the system CO/Cu(001), analyzedby atom and by angular
componert, corresponding to the two reconstructions p(2£ 2) and c(2£ 2).

tronic density of copper, we can seethat metal statespartecipateto the 4% 5%and
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2v% features. An interesting obsenation on copper regardsthe energylevels modi-
“cations of two kinds of surfaceatoms, the covered (Cus) and the cleanone (Cug):
the d componert of Cu?, peakedat | 2 eV and with atail at j 4 eV, is una®ectedn
its main structures by the CO coverage. The DOS is instead heavily modi ed going
to Cus, with aclearelectronredistribution, a depletionin the region(j 1)¥ (; 3) eV,
an intensity enhancemenat lower energiesand new structures whereoneexpects4¥
and 5% derived states. Hence,interaction betweencopper and CO is, in this on-top
adsorption geometry highly directional, along the vertical to the surface,with an

exiguousinvolvemert of Cu? atoms.

Fig. 4.5 Photoemission
spectra for CO/Cu(001), from
Ref. [104].

The DOS of CO/Cu(001), reconstructedc(2£ 2), are quite similar, in the overall
behaviour, to the CO/Cu(110) surface:the samefeatures,deriving from molecular
levels, can be iderti ed in g. 4.4, evenif at slightly di®eren binding energies.
The two main di®erencesre a hybridization of 5¥%and 1%structures and, at lower
coveragep(2£ 2), the formation of an oxygen lone-pair betweenij 2 eV andj 4eV,
exclusiwvely of p oxygen character. The comparisonwith photoemissionspectra for
Cu(001) in g. 4.5con rms the calculated hybridization of 5%and 1¥2 A detailed
analysisof the CO/Cu interaction is reported in Ref. [104, here, without reporting
all the details, we can con rm that our ndings are in good agreemeh with their
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calculations, performedin a cluster geometry of X-rays emissionspectra.

The reported electronicstructure resultsensureusthat the slabstructure adopted
above in our abinitio approad reproducesthe electronic properties of the molecule
on the surfacequite well. The optical properties canthen be calculatedwith a good
level of con dence.

4.3 Electronic band structures of CO/Cu

Fig. 4.6: Electronic band structure of the CO/Cu(110) p(2£ 1)slab. Filled dots indicate
surface state localized on the CO and Cu surfacelayers. Blue stars denote surface states
due to CO only.

The electronic band structure of p(2£ 1) CO/Cu(110) is reported in g. 4.6,
along two high symmetry directions. The surfacestatesdue to the CO adlayer are
denotedby stars, and are located at energiescorrespnding to the molecularderived
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levels. The dots indicate insteadthe stateslocalizedboth on the CO adlayer and the
“rst copper layer, following the samecriterion already adopted to analyze sulphur
adsorption.

4.4 Optical response of the copper surface to car-
bon monoxide deposition

The optical response of the Cu(110) surface upon CO deposition is investigated
from the clean Cu(110) to the reconstructed CO/Cu(110) p(2£ 1) geometry [10].
The relevant structures in the calculated Re°ectance Anisotropy spectrum of the
reconstructed phase are ascribed to the persistenceof surface states transitions.
Theseare excited, howewer, by light polarized along the direction perpendicular to
the onefound at the cleansurface.

As seenin Chapter 2, RAS measureghe di®erencet R of the re°ectivities R,
and Rygo1; alongtwo inequivalert directions of the unsymmetrical f cc (110) surface.
¢ 2=2114i 2[001), the SurfaceDielectric Anisotropy (SDA), and 2b the bulk dielectric
function, are calculatedabinitio . In semiconductorswherethe dielectric tensor2(! )
is determinedonly by interband transitions, the sign of % (RA) coincideswith that
of ¢ 2 indicating directly alongwhich of either surfacedirection the light absorption
is more intense. In metalsthe RA, including its sign, is determinedby the interplay
betweeninterband and intraband transitions. The former onesare overwhelmingin
¢ 2 whereasthe latter onesdominate in 2° at low energywhere optical transitions
occur among surface states. The relationship between RA and SDA in the clean
(110) surface of Cu, reported in Chapter 2, has been explained theoretically by
recen calculations[56).

In the top and bottom panelof g. 4.7 are shavn the RA and SDA, respectively,
of CO/Cu(110) p(2£ 1) and clean Cu(110) surfaces. Three relevant featuresof the
RA spectrum of CO/Cu(110), in very good agreemeh with the measuremets [9]
(see g. 4.8), areto be focusedon and comparedwith the cleansurface:

1) the initial negative slope of the curve with a minimum at 1.9 eV (henceforth
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Fig. 4.7: Calculated Re°ectance Anisotropy spectra (top) and Surface Dielectric
Anisotropy curves(bottom) of clean Cu(110) (dash) and CO/Cu(110) p(2£ 1) (solid) sur-
faces.
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Fig. 4.8: From Ref. [9], RAS spectra recordedat 12 K from clean Cu(110) surface(circles)
and after adsorption of 2 Langmuir of CO at 12K (squares). The inset shows the evolution
of the RAS feature around 2.1 eV after increasingCO exposures,from 0 to 2.305Langmuir
(from top to bottom).

referredto asl ¢o), followedby ii ) a wide positive shoulderextendingupto' 3.5eV,
then decreasingnto iii ) a shallov negative structure around 4 eV, reminiscen of the
minimum in the cleansurface. In clean Cu(110) the positive RA peak (henceforth
denoted by lo) at ' 2 eV (see g. 4.8), ascribed to transitions among surface
states[56, 105 located at Y, is compatible [9], by symmetry, with maximum light
absorption for polarization along the [001]direction in agreemeh with ¢ 2 < 0 (see
'g. 4.7,bottom). In the CO/Cu case,instead,the signsof RA and SDA from 1.5eV

to' 3.5eV are opposite to thosein the cleansurfaceindicating that the dynamics
of dipole transitions has changedto the [110] direction. To highlight this important
point we have resolhed the total dielectric function along the two directions [110]
and [001]of CO/Cu(110) into the separatecortributions of surface-to-surfacegss),

bulk-to-bulk (bb, bulk-to-surface (bs) and surface-to-bulk (sb optical transitions
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Fig. 4.9: Separate cortributions of surface-to-surface (ss), bulk-to-bulk (bb, bulk-
to-surface (bs) and surface-to-bulk (sb) optical transitions to dielectric function of
CO/Cu(110) along the two directions [110] and [001].

Fig. 4.10: Calculated SDA of the Cu surface (solid) and sub-surface (dash) layers in
CO/Cu(110). Inset: the samein clean Cu(110).

(see g. 4.9) with the samecriteria adoptedfor the cleansurface[56). We nd that
at low energyss transitions represen the main cortribution to the total SDA and
they are excited by light alongthe [110] direction. Moreover, alsosh bstransitions,
giving rise to the positive ¢ 2 shoulderbetween2 eV and 3.5 eV, follow the same
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dynamics. The further analysisof the separateSDA cortributions of the surfaceand
sub-surfaceCu layers (see g. 4.1), shavn in g. 4.10,indicatesthat the di®eren
SDA signbetweenthe clean(seeinset) and CO coveredsurfaceoriginate from surface
stateslocalizedat the Cu surfacelayer.

An interesting, still open question is the non-linearity of the RA responsevs
coverage, for di®ere adsorbateson Cu(110), as obsened by Frederik et al [53]
and Sun et al [9], at variancewith results by Jin et al [10§ and with the expected,
linear behaviour in semiconductors.Despite the °ourishing experimertal situation,
the theoretical interpretation of the RA spectra is not straightforward.

Hereis proposeda theoretical model for the ewlution of the RA spectrum from
the cleanto the onemonolayer coveredsurface. As obsenedby Sunet al. [9] (see g.
4.11) and in good agreemeh with thoseresults, the 2 eV peak, ascribed to surface
statestransitions in cleanCu(110), is found to decreasestrongly non linearly at low
CO coverages.The samefeature is alsoobsened in other systems[53, 90, 107, 10§
adsorked on Cu(110). We interpret the obsened chemisorption kinetics [9] by de-

Fig. 4.11: From Ref. [9], RAS signal recordedduring adsorption of CO at 12 K. The inset
shows a zoom-in of the initial decay of the RAS signal (circles).
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scribing quartitativ ely the RA spectra at three di®eren regimesof CO coverage.
The existenceof surfacestates peculiar of reconstructed CO/Cu(110) is exploited
to model the kinetics of the CO absorption, monitored in the RAS measuremets
[9] by Sun et al, through the behaviour of the intensity | (i) of the 2.2 eV peakvs
coverage. A carefulinspection of | (W) for 15 di®erem CO coverages(see g. 4.11
from Ref. [9]) ledsto hypotize three regimesin the optical responsevs coverage:|)
the early regime (impurity regime) wherethe peakvaluel (1) decreasesnuch faster
than linearly with p, keepingthe samefeature of the clean surface,l 1) the inter-
mediate regime where the peakturns to a °at curve and 111) the orderedregime
wherel (1) becomesegative assumingevertually the featuresof the reconstructed
surface.

The impurity regime is ascribed to the progressie suppressionof Cu surface
states due to their lossof quantum medanical coherencen the presenceof a CO
molecule. This acts as an impurity whosee®ectie crosssection A is much larger
than the physical dimensionof the moleculeitself. It is argued[9] that "the surface
optical transitions are quended' over A (‘quendiing area’) leadingto a steepreduc-
tion of | () at very low coverage. In our model we mimic the lossof coherenceof
the metallic surfacestatesby the elimination of the ss transitions in the RA of the
clean surface. We further assumel (L) to be proportional to an e®ectie coverage
depending on the e®ectie CO crosssectionA. Finally, we picture the latter two
regimesas the cohexistenceof "quending areas'and "coherencedomains'’, where
CO-inducedsurfacestatesincreasewith |, at expensesf the "quending areas'until
‘nal reconstruction. At the light of our results we can evaluate the parametersof
the model. Let us considerthe intensity value of the RA peak | (1) (from I, to
lco, see g. 4.7)in the di®eren regimesand let be pa the coverageat the passage
betweenregimesl and Il. To estimate Y, we assumethat the width ¢ E of the
RA peaklg give&uithe order of magnitude of the e®ectiwe crosssectionA=%{¢ x)?
since¢x = [£E 2n]il' 14\ Wehavetaken¢ E = 0.2eV. WegetA ' 600A?
correspnding to one CO moleculeevery Ny = 33 (2£ 1) unit cells and yielding a
coverageps = 0:031ML, with 1 ML=1 CO moleculeper (2£ 1) unit cell. Subtract-
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Fig. 4.12: Top: calculated Re°ectance Anisotropy spectrum RAiy, (solid) comparedto
the total RA of Cu(110). Bottom: calculated intensity of the RA peak I(L) at di®eren
CO coverages. Straight lines with full squaresrepresen 1, and I, with pa given in the
text. Full circlesand triangles denote pa valuesobtained with [9] A=1000A2 and ¢ E=0.3

. HUss=I
eV, respectively (seetext). The dashedcurveis I3(l) = 1o  *#a :
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ing the ss cortribution from the RA of the clean surfacewe get RA;, plotted in
'g. 4.12(top) that shows a peakintensity drop > 50% comparedto |,. We denote
henceforthby | the peakintensity of the ss only RA (not shavn). With p,=0.031
ML (equivalert to 0.0527Langmuir sincel ML= 1.7 Langmuir in Ref.[9]) we obtain
about the samesteepreduction of intensity obsened in the experimerts at a cov-
erageequalto 0.059Langmuir. s and the other parametersevaluated above allow
us to descrile the behaviour of the intensity 1,() for 0 < pu< pa (impurity regime)
and | (Y for pa < u< 1 (secondand third regimes),reported in g. 4.12(bottom)
and obtained accordingto the following relations: 1,(4) = g | d:— ¢lss, and I (M)
= limp ®Li W* loo @i W)l “\yhere | o= 0.024,1co= 0.025,l¢= 0.015and Iy, =0.009

(i ma)
are taken from our calculations (see g. 4.7, 4.12). I, and |, are normalized to

the respective coverageranges. We notice that in 1,(l) the parameterp, enhances
the actual coveragep by a factor * 30 closeto the value estimated experimertally
[9]. We locate the intermediate regimein the regionof I, > 0 by observingthat |,
vanishesfor p= 0:29 ML correspnding to 0.493Langmuir, a value closeto that of
0.505Langmuir at which, in agreemetwith "g. 4.8, (see11™ curve from top in the
inset), we have placedthe onsetof the nal, linear regime. We can now bring the
represemation of the impurity regimeinto closerresenblanceto the experimertal
data [9] by observingthat |,(|) is just the linear approximation of the exponertial
curve l3(W) in g. 4.12,at vanishing. We remark that |,(u) intersectsl z(l) for pu
within the range assignedto the intermediate regime where the exponertial deca
I3() alone cannot represen the complex medanism described at point 11 of our
model. We have chedked the soundnessof the above conclusionsagainst di®ere,
reasonablechoicesof the key parameter A determining pa. If we take A=1000A?2
(from Ref.7) or A=280A? (from ¢ E=0.3 eV) we get pya equalto 0.066ML and 0.018
ML, respectively. Thesenew valuesshift slightly pa without a®ectingsigni cantly
the passagdrom regimel | to I 1|, asshawvn in the bottom panelof g. 4.12.
Although the presen ndings apply strictly to CO/Cu(110), we feelto compare
alsowith di®eren adsorbates.Experimertal studiesof 3-thyophenecarboxilate [53
and 9-arthracene carboxylic acid [90] on Cu(110), show the ewlution of the 2 eV
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RA peak upon coverage,from the clean surfaceto the p(2£ 1), similar to that of
CO/Cu(110) descriled here. Previously, a very exhaustive photoemissionstudy on
H/Cu(110) [10§ showed that the progressie quending of surfacestates intensity
upon coverageis non linear, as proposedfor CO/Cu(110). On the other hand, Jin
et al [10§ obseneda linear behaviour in the RA ewlution with coveragein di®erer
thermal conditions. For sulphur on Cu(110), the quending of this 2 eV peak is
howewer quite lessaccernuated. Comparing carefully the experimertal conditions of
all thesesystems,the importance of investigating the role of annealingcomesout.

In conclusion,the Re°ectanceAnisotropy of CO/Cu(110) p(2£ 1) has beencal-
culated ab initio , and its featureshave beenfound in very good agreemen with the
experimerts. We have identi ed the signature of the CO adsorbateat the p(2£ 1)
reconstructionin the negative peakat low energyand provedit to be dueto surface
state transitions peculiar of the CO-coveredsurfaceand localizedin the two rst Cu
layers. Thesedetermine the changein the light absorption direction demonstrated
by the sign reversal of relevant RA and SDA structures with respect to that of the
cleansurface. The above ndings have led usto devisea quartitativ e model, in the
whole coveragerange, for the nonlinear ewlution of RAS intensity with adsorbate
coverage,whosecritical parametersare consisterht with the experimertal ones.

We can nally comparethe optical behaviour of copper, when sulphur or carbon
monaide are adsorted on the (110) surface. The feature at 2.1 eV, which is of
dominant surfacetransitions character, decreasesn presenceof sulphur, becoming
similar to the structure Iy, obtained subtracting the surface-to-surfacdransitions.
Howeer, sulphur doesnot induce newtransitions at this energy On the other hand,
the high energyregion (4 eV) hasatotally di®erert behaviour in the two cases.The
negative peakis quencedby CO, while sulphur inducesa new, large, positive struc-
ture at the sameenergyposition. The sulphur role in this feature is con rmed by
the analysislayer-by-layer reported at the end of Chapter 3.
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Chapter 5

Adsorbates on Surfaces:
C 4H sN/AI(001)

In this last chapter the main resultsof an abinitio study of electronicpropertiesand
energyloss spectrum of a planar organic molecule,the pyrrole (C4HsN), adsorbed
on Al(001) surface,are illustrated.

Pyrrole consistsof a v e-atom aromatic ring ( g. 5.1-b)) with six Yelectrons: two
are donatedby nitrogen, and onefrom ead of the four carbon atoms. This molecule
is a fundamertal unit in many important biological systems,is presen in coloured
natural substanceslike chlorophyl and hemoglobin, and is the “building block' of
moleculessud as porphyrins, usedin nanoscaleelectronics, and the phthalocya-
nines( g. 5.1-a)) usedin corvertional dyes, catalysis, coatingsfor read/write CD-
ROMs and as an anti-cancer agent. There are also technological applications of
pyrrole as catalyst for polymerization processesand corrosioninhibitors as well as
in metallurgical processesBeyond the usein technologicalapplications, there is an
intrinsec interest in theoretical investigations of the C4HsN moleculein processes
at the organic-inorganicinterface, that are expectedto be very di®eren from the
interactions reported previously for sulphur and carbon monaxide on copper. In
particular, having in mind that pyrrole plays a fundamertal role (g. 5.1-c)) in a
quite complex systemlike copper-phthalocyanine (Cu-Pc, Cu-Cs3;H16Ng) deposited
on Al(001), for which energy loss experimerts are known [11], we performed ex-
tended theoretical calculations of pyrrole/Al(001) with the nal task of a deeper
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comprehensiorof the properties of that complex system. In fact, sincethe dimen-
sion of Cu-Pc makesthe calculation quite untractable, we decidedto start with the
adsorption on Al of the pyrrole moleculecomparingits properties with the experi-
mental resultsfor the copper-phthalocyanine. This is much in the spirit adoptedin
the interpretation of the MBO/Cu(001) and CH3S/Cu(001) photoemissionthrough
the calculationsof S/Cu(001) in Chapter 3.

Fig. 5.1: a) Metallo- and metalfree- phthalocyanine structure. b) Pyrrole structure. c)
The pyrrole asfundamenal componert of phthalocyanine.

In the rst part of the chapter, the dielectric responseof the isolated molecule
is reported. For this nite system, a more re ned approad, with respect to the
single-particleDFT approad (RPA, RandomPhaseApproximation), hasbeenused,
including the GW correctionsand the local eld (LF) e®ects. We will shawv that
the agreemeh with experimertal data of the resulting dielectric response,obtained
at the RPA+LF level, improveswith respect to both the RPA and the RPA+GW
level. No experimenrtal data are available for the adsorption geometry of pyrrole on
metals, while its structural propertiesin the interaction with silicon have beenthe-
oretically investigated[109. Howewer, aswe will shaw later, the pyrrole interaction
with a semiconductorsurface,which presentis dangling bonds, is completely di®er-
ernt from the caseof a metal sud as aluminum. Therefore,the moleculehas been
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ideally “deposited' on the Al(001) surfaceand we started by testing the stability
of various adsorption geometrieson the Al(001) surfaceand then adopted the most
stable con guration to calculateelectronic,optical and energylosspropertiesfor the
system C4HsN/AI(001). The resulting electron energy loss spectrum is compared
with the experimertal one obtained for the Cu-phthalocyanine by Ruocco [1]], at
low coverageon aluminum, nding someagreemeh in the overall behaviour.

5.1 Pyrrole optical prop erties

We have already mertioned that, to properly descrike the electronic excited prop-
erties, more cortributions to the DFT one particle scheme (whoseresults often do
not reproduce expected behaviour, both quartitativ ely and qualitativ ely) have to
be added[32]. In particular, regardingthe dielectric response,the inclusion of the
self-energycorrections, already discussedn the rst chapter, is not enough,but in
principle, excitonic and local- eld e®ectshave to be consideredin orderto improve
the agreemen with the experimerts [32]. Here we will discussonly the local- eld
e®ectswhich becomemoreimportant at growing systeminhomogeneiy, (in surfaces
(2-D), nanowires (1-D) and, much more, isolated molecules(0-D) [12]) where even
long wavelength external perturbations produce microscopic®uctuations of the elec-
tric eld, which must be taken into accour. Infact in an inhomogeneusmnaterial,
although the macroscopic eld varieswith frequency! and hasa Fourier componert
of vanishing wavewector, the microscopic eld varies with the samefrequency but
with di®eren wavevectorsq+ G. Thesemicroscopic®uctuations induced by the ex-
ternal perturbation are at the origin of the local eld e®ectsand re°ect the spatial
variation of the material. Moreover it has beenalready discussed32] that to per-
form Time Dependert LDA (TDLD A) calculationsis essetially equivalent, for small
zero-dymensionakystemslike molecules,to the bare inclusion of local- eld e®ects.
Indeed, in TDLD A, the many body e®ects,correspnding to GW correctionsand
electron-holeinteraction, compensateead other, much better at decreasingsystem

dimensions.
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A di®eren formalism, with respect to Chapter 1, is introduced, which exploits
plane wavesto descrike the inclusion of local eld e®ectin the dielectric function.
2(r;r%1) may be described in reciprocal space,obtaining, through a Fourier trans-
form, 256 o(q;! ), with G and G' reciprocal lattice vectors, and g transferred mo-
mertum cortained in the rst Brillouin Zone. It has been showvn [37] that for
inhomogenougnaterials the macroscopidaielectric function 2y, (! ) is not simply the

averageof the correspnding microscopicquartit y
m (M) = Li!mo 6=0:6%0(0Q;! ): (5.1)

but it is related to the inverseof the microscopicdielectric matrix in the following

way:

2w (1) = limg o057 L (5.2)

G=0:6o=0 (0;! )

The resulting optical spectra obtained for the single molecule, in a plane wave

Fig. 5.2: Left: geometrical structure of pyrrole, obtained with DFT-LD A calculation.
Right: HOMO and LUMO charge density of pyrrole.

approad, are now preseted. The rst step is the geometrical optimization of
the moleculestructure, ('g. 5.2), performed within a supercell of size 35£ 35£ 35
a.u., obtaining anglesand bond lenghs values(table 5.2) in good agreemen with

Ref. [11J. The calculation has been done in a plane-wave pseudomtential ap-
proad, using an energycuto® of 60 Ry, a singlek-point (j), and norm-conserving
pseudomtertials. The exchangecorrelation potential is LDA in the Perdew-Zunger
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parametrization[19]. Oncethe ground-stategeometryhasbeenobtained, the optical
calculation hasbeenperformed,always in the plane-wave pseudomtential framework
[39. The calculated optical spectra, within the di®eren theoretical approadesde-
scribed above, are qualitatively comparedwith the experimertal VUV absorption
spectrum (g. 5.3-a), and eq. 1.18), which is characterized by two main broad
peaks,the rst at about 6 eV, the secondat 7.5eV [111].

In g. 5.3-b) are reported the calculated (averagedover orientation) RPA and
RPA+LF optical absorption spectra of the isolated molecule. As could be expected,
the RPA result is not satisfactory The spectrum shaws three peaks,that do not
agreewith the experimenrtal result, both in the energyposition, becausehe absorp-
tion threshold is at 5 eV, due to the DFT-LD A underestimation of HOMO-LUMO
gap, and in the overall lineshape, with a wrong relative intensity for the structures.
On the other hand, the local eld e®ectdoth shift the peakenergiesand redistribute
the peak intensity, taking to an improvemern of the overall shape with respect to
the RPA spectrum. Infact in the RPA+LF spectrum, two structures are presen,
the rst certered at 5.7 eV, the secondat 7.3 eV, at energiescomparableto the ex-
perimertal ones.In addition their relative weights reproduce well the experimental
result, with the secondpeak twice as intenseasthe rst. Thus, even if describing
the moleculewith an independen particle approad, the inclusion of LF e®ectgro-
videsa good agreemen with the experimertal spectrum. Further (preliminary) GW
calculations (performed with an energy cuto® of 10 Ry, 1 k-point, j, cornvergence
on the absorption energyof 0.2 eV [113) give an opening of the gap of about 3 eV.
The optical spectrum, reported in g. 5.4, is shifted towards higher energieswith
respect to the RPA case,with the rst absorption peak at about 8 eV, but the
relative weight of the structures is una®ected.Indeed the GW description, even if
including many-body e®ectghrough the quasi-particledescription, can not descrike
the inhomogeneiy of the system, correctly taken into accour by local eld e®ects.
The quasi-particle calculation clearly overcorrectsthe underestimation presen at
the RPA level, without improving the shape of the spectrum.
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Fig. 5.3: a) Experimental VUV absorption spectrum of pyrrole from Ref. [111]. b) RPA
(red line with empty triangles) and RPA+LF (black solid line) optical spectra for pyrrole
molecule.
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Fig. 5.4: RPA (black solid line) and RPA+GW (green line with empty circles) optical
spectra for pyrrole molecule.

5.2 Adsorption of pyrrole on AI(001)

5.2.1 Pyrrole geometry adsorption

The pyrrole moleculehas beenstudied when deposited on the aluminum (001) sur-
face. The rst part of the study regardsthe adsorption geometry: di®eren con gu-
rations, both planar and upright, have beeninvestigated. The optimization hasbeen
performedwith a plane-wave pseudopmtertial method [40]. In a supercellapproad,
the surfaceis represeted by a v e-layer slab, with a 3£ 3 surfacecell. The surface
cell dimensionsresult to be 8.51A £ 8.51A, comparedto the moleculedimension
of lessthan 4.5 A. The vacuum region is eleven-layer thick. The energy cuto® is
50 Ry, with 3 specialk-points. The adsorptionenergyfor the singlemoleculeon the
surfaceis calculated as

Eads = ES;??:m i E,§||abi Epyrr (5.3)

and, with this de nition, there is adsorption if E,qs < 0. The higher the absolute

value of E.q4s, the stronger is the adsorption. The consideredplanar geometries,



96 Chapter 5. Adsorbateson Surfaces:C4HsN/AI(001)

Fig. 5.5: The three most
stable planar adsorption
geometries for pyrrole on
Al(001). The surface Al
layer is denoted by green
atoms, the subsurfacelayer
by blue atoms.

hol45 holO bri0
-0.51eV | -0.41eV | -0.09eV

Table 5.1: Adsorption energiesfor the three planar geometriesreported in g. 5.5.

reported in g. 5.5,arenamedhol0, in which the moleculeadsorbswith its geomet-
rical "certer of mass'correspnding to an hollow site of the surfaceand the nitrogen
atom along the [100]direction; hol45, in the sameposition but rotated by 45* with

respect to the holO ; and briO , with the molecule certer of mass'in a bridge site, but

not rotated. Other planar con gurations, plus an upright con guration, have been
tested, but they have lower adsorption energies,or are even unstable. In table 5.1
are reported the adsorption energyvaluesfor the three most stable con gurations.
The most favorable adsorption geometry the hol45, correspnds to the nitrogen
atom directly above an aluminum atom. Howewer, as shown in the following, also
carbon atoms partecipate to the interaction. The molecule-substratanteraction in-

ducesa deformation of the originally planar molecule,in particular hydrogenatoms
aretilted away from the surface(see g. 5.6). Variations of bond lenghts and angles,
due to the adsorption, with respect to the free molecule,are reported in table 5.2.
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Fig. 5.6: Pyrrole geometryadsorp-
tion hol45. The pyrrole deforma-
tion from the planar geometry of
the isolated moleculeis due to the
adsorption on Al(001).

free pyrrole | adsorbed pyrrole

N-C, 1.36A 1.51A
C:-C, 1.37A 1.47A
C,-C; 1.41A 1.35A
N-H 1.01A 1.02A
C;-H 1.09A 1.11A
C,-H 1.09A 1.09A
c,Nc, 110 106.5
C,CiN 108 103.5
Cc,6,C, 107 111.4

Table 5.2: Bond lengths and anglesfor the free pyrrole and their variations induced by
the adsorption on the AI(001) surface.

The distance N-Al is of 1.98 A, and this not so small bond lengtt should be the
“rst indication of an interaction of physisorbed nature, more than of chemisorted
character. Moreover, the low adsorptionenergyvalues(j 0.51eV) may con rm that
between pyrrole and aluminum is realized a physisorption process,an interaction
that doesnot involve a direct covalert bond, but rather an interaction through mu-
tual polarization. In fact, the van der Waalsforceinvolvedin physisorptionis a very
weak interaction betweenadsorbateand substrate, with an adsorption energyless
than 0.3eV per particle [113. Indeed,density-functional theory (DFT) calculations
performed using either the local-densiy appraximation (LDA) or the generalized
gradiert appraximation (GGA) for the exchange-correlationinteraction, which both
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lack a description of the nature of the van der Waalsinteraction, asthis is intrinsi-
cally non-local, can give a qualitativ e description of the kind of bonding, but fail to
supply the quartitativ e determination of adsorption energyand bond length.

Fig. 5.7: ¢ %r), for isosurfacevalues (from left towards right) § 0:06 e=A3, § 0:04 e=A3
and § 0:02 e=A3. Electron accurulation ¢ %r) > 0 is displayed in red, electron depletion
¢ %r) < 0 in blue.

The bond length and adsorption energy of pyrrole on aluminum can be compared
with the valuesobtained for the adsorption of a larger organic molecule,adenine,
on Cu(110)[114: the Cu-N distanceis 2.32A , and the adsorption energy0.34eV.
Even if wan der Vaals forcesare not taken into accour in this kind of ab initio

calculations, a physisorption processhas beenhypotized for adenine. In our case,
howewer, a shorter AlI-N distanceand a slightly higher binding energyseemsto in-
dicate a strongerbond than in the adeninecase. The pyrrole-aluminum interaction
seemsto be more intensethan a bare physisorption process. As a nal compar-
ison, we can look at the interaction of pyrrole with silicon [109. On the Si(001)
surface,stable con gurations are producedthrough the N-H bond dissaiation, and
the subsequehbonding betweenN and Si of covalent character. Sut dissaiatives
con gurations seemhoweer to be unstable on Al(001).

A practical way to visualize the formation and behaviour of the bonding is the
charge density di®erence,as a function of spatial position r, ¢ %r) = % (r) +
WByrr (1) i WPyrr=ai (r). %yrr-a > Olis the total electrondensity of the relaxedadsor-
bate/substrate system, %, > O is the density of the relaxed clean aluminum slab,
and %,,, > 0 is that for an isolated (distorted) pyrrole molecule. To obtain the
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Fig. 5.8: Top panel: %r) for pyrrole in the hol45 adsorption con guration on Al(001):
higher density is denoted by violet, lower density by red. Bottom panel: ¢ %r) for the
samegeometry, the electron accurrulation is denoted by violet, the depletion by red. In
the left panel are reported the valuesfor the plane ¥ in the right panel for the plane ¥4

quartity ¢ %r), the supercellsfor the three di®eren systemshave beenconstructed
with the samedimension,and the sameenergycuto® and number of k-points have
beenusedin the calculation. The charge density behaviour seemsto suggest,for
pyrrole/Al, a situation di®eren from the bond betweenadenineand copper [114.
In g. 5.7 is reported the total charge density di®erencewith the region of elec-

tron accurulation (¢ %r) > 0) displayedin red, and the region of electrondepletion
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(¢ %r) < 0) in blue. The isosurfacevaluesare respectively § 0:06 e=A3, § 0:04 e=A3
and § 0:02 e=A%. From the chargedensity di®erenceplot, is clearly visible the for-

mation of electron accunulation along the bonding direction of N-Al, and C;-Al,

where C; are the carbon atoms near the nitrogen ( g. 5.2). The electrondepletion
appear delocalizedboth on the atoms constituting the moleculeand on the surface
aluminum layer. A comparisonwith the systempreviously cited, adenine/Cu(110)
[114], further con rms the di®erenceslready obsened in bond lenghts and adsorp-
tion energy In fact, for adenine,areal polarization is obsenedin the regionbetween
metal and molecule,while in our casethere is an electronaccunulation betweenpyr-

role and Al.

The charge density %r) and charge density di®erence¢ %r) can be better vi-
sualized, by intersecting the charge distribution with a suitable plane. The chosen
planes,¥.and ¥4, displayedin the inset of g. 5.8, passthrough the main bonding re-
gions, perpendicularly to the surfaceand to the molecularplain. The correspnding
charge density (top panel) and charge density di®erence(bottom panel) are dis-
playedin "g. 5.8, for the two planes¥(left panel) and ¥4 (right panel). From the
isoline pattern, it is evidert an electron accurrulation mainly betweenthe pyrrole
and the metallic substrate, and a depletion in the molecular plane. This charge
redistribution betweenmoleculeand metal could be at the origin of a bond, at the
interface, that we cande ne asa “weak chemisorption', i.e. slightly strongerthan a

mere physisorption process.
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5.2.2 Electron energy loss of C4HsN/AI(001)

Electron Energy LossSpectroscoly (EELS) measureghe energythat electrons,im-
pinging the matter, lose by exciting excitons, plasmons, phonons. Starting from
the dipole-scatteringtheory [115 and describingthe surfacedielectric tensor within
a simpli ed three-layer model ([116], seealso Chapter 2), the lossfunction of the
surface,valid whenthe energyand the momertum transfer to the medium is small,
can be factorizedin a kinematic factor A(k; k9, dependingon the scatteringgeome-
try, and a lossfunction I mg(q;! ) which dependson the electronicproperties of the
medium:

P(k;k9 = A(k;k9 I m(g(ax;!)) =

0 .

) @ﬁ%% “ms Zelfftax;! )
where k and k° are the wavevectors of the incident and scattered electron respec-

tively; A is the angle of incidence,h! is the energytransfer, g» = k, i k? and
gk = ke i k{ are the transferred momerta perpendicular and parallel to the sur-
facerespectively. Assumingthat the scattering plane is the yz plane, the e®ectie
dielectric function 24+ (gk;! ) comesout to be [114:

q S!
4
2qk d 2, )

2o+ 2+ (2 + 2 )¢

Zer (G ! ) = 2 Ty
2 2 . (2 2 i 2gd L)
st % (3t 25)e sz

where 25 = ngzg and % = z% Hence the energy loss spectrum can be
obtained from bulk and surfacedielectric functions.

The calculation of the dielectric responsefor pyrrole/Al(001) hasbeenperformed
[39 117 with a sewen-layer slab and a (2£ 2) reconstruction. The energy loss for
1 ML of pyrrole adsorbed on Al(001) hasbeencalculated. The result is shown in the
left panel of g. 5.9, with the losscalculated for the clean aluminum surface. The
losspeakof pyrrole/Al, with respectto cleanAl(001), is shifted at lower energy and
becomesbroader, lessintense and asymmetric. The result can be comparedwith
energy loss measuremets (g. 5.9, right panel) of Cu-phthalocyanine on Al(100)
[11]. Energy loss spectra of phthalocyanine on Al(001) shaov a strong dependence
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of the surfaceplasmonpeakwith the molecularcoverage,with an overall behaviour
quite similar to the one calculated for 1 ML of pyrrole. The experimertal ndings

Fig. 5.9: Left panel: calculated energy loss spectrum for clean (dotted line) and pyrrole
covered (continuos line) Al(001) surface. Right panel: from Ref. [11], surface plasmon
ewlution at growing Cu-Pc coverageon Al(001).

have beenexplained[1]] in term of charge transfer from the metal surfaceto the
LUMO of the Cu-Pc. Probably, for this processthe presenceof the Cu atom in
the middle of the large planar molecule,which lacks in pyrrole, is of fundamertal
importance. Indeed, on the basisof our calculations, we can not con rm that suc

chargetransfer happensbetweenthe substrate and the pyrrole LUMO.



Conclusions

This thesis work presens results of a theoretical study performed on adsorbates,
of various dimensions,on high symmetry surfacesof copper and aluminum. The
motivation to study sud kind of systemscan be found both in fundamertal un-
derstanding of interface properties and in the wide range of possibletechnological
applications. Indeed metal surfacescan be usede.g. astemplates[117 to obtain
organizednanostructures,or alsoas catalysts [2] in chemical reactions.

Ab initio techniques,in the framework of the Density Functional theory, have
beenapplied for calculating electronic, optical and electronenergylossproperties of
complex systemssud as adsorbateson metal surfaces.In the framework of DFT,
both localizedfunction basisand plane-wavespseudomtertial approatceshave been
used,and the local eld e®ectscalculation hasbeenincluded for a localized system
as a small organic molecule.

Among the many properties which characterize an interface, here | focusedon
structural, electronic and optical properties, di®erenly analyzeddepending on the
consideredsystem. In Chapter 1 the theoretical tools are presened, and their appli-
cation to electronicand optical properties calculation for metal surfacesis reported
in Chapter 2. The results preserted in papers, already published or in preparation,
constituting the original part of my work, are descrited partially in Chapter 2 and
in Chapters3j 5.

Our theoretical calculations are well supported by very recen experimertal re-
sults, supplied both form direct collaboration with experimertal groups|[6, 8] and
from published papers[9].

A fundamertal goalpursuedby the rather largeamourt of calculationsperformed
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for di®eren systemshasbeento point out the functional role of the constituert parts
of the interface, involving adsorbatesof increasingdimension.

In Chapter 3, the subject of investigation is the interaction of Cu(001) and

Cu(110)with sulphur atom, now routinely usedto andhor very large moleculessuc
asthiols, to noble metal substrates. Structural and electronic properties have been
obtained herefor S/Cu(001), and comparedwith available experimerts [6, 7] for two
organicmolecules,CH3;SH and MBO, chemisorked on Cu(001) through a functional
group cortaining a sulphur atom. In particular, the properties of the interface
S/Cu(001), in either p(2£ 2) and c(2£ 2) reconstruction, are theoretically descriked
[4, 5] by the density of states (directly comparedwith experimertal photoemission
spectra for CH3S/Cu(001) and MBO/CU(001), nding a very good agreemeh in
the assignemenof the bonding and antib onding states) and, most importantly, by
the individuation of the surfacestatesdue to the formation of the S-Cu hybrids at
the interface (comparing well with the state dispersionsdetermined experimertally
for CH3S/Cu(001)). Indeed, for large organic adsorbateson metals, it has been
shawvn herethat just oneatom, out of the whole molecule,determinesthe interaction
relevant to the adsorptionwith the metal and a large part of propertiesin the hybrid
system. Through the individuation of the molecular group mainly responsible for
the interaction, one can henceobtain a description of properties suc as electronic
state dispersions, as discussedin Chapter 3, where sulphur behaviour is usedto
explain someCH3S/Cu(001) properties.
In the last paragraphof Chapter 3 is alsoreported a preliminar study of the optical
properties of the system S/Cu(110). The simpler reconstruction of this interface
has beeninvestigated, obtaining a re°ectanceanisotropy description in quite good
agreemenh with available experimertal data [8], howewver we are carrying out further
calculationsfor more complexreconstructionsof sulphur on Cu(110).

In Chapter 4, the calculation of electronic and optical properties of carbon
monaxide on copper (001) and (110) has beenreported, and in particular an ex-
cellert agreemen between experimenrtal [9] and calculated re°ectance anisotropy
spectrum (RAS) is obtained for CO/Cu(110) in the p(2£ 1) reconstruction. The
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RAS feature, due to surfacestate transitions, which characterizethe surfacecopper
optical behaviour, is rapidly quencedby CO adsorption. Moreover, di®eren optical
transitions with respectto the cleancaseareinducedby CO-Cu interaction, leading,
not only to a suppressiorof the consideredpeakin the cleanCu RA spectrum, but
alsoto its sign reversal. The samebehaviour can be experimertally obtained for
somelarge organic moleculeg[53, 90], but can not be obsened in presenceof adsor-
batessud asoxygenor sulphur atoms, asshown in the last paragraphof Chapter 3.
Furthermore, through of a careful application of the theoretical resultsto RAS mea-
suremeits performed at increasingCO coverages,it has been possibleto provide
a simple model explaining the experimertally obsened nonlinear ewlution of RAS

intensity with adsorbatecoverage[9].

Finally, in Chapter 5, the largest adsorbateconsideredin this thesis, pyrrole on
aluminum, is studied, using an approad similar to the one applied in Chapter 3,
wherethe study of sulphur-copper interaction is usedto interpretate larger systems
characteristics. The delocalized ¥ character of pyrrole is indeed an important fea-
ture found in more extendedsystemssud as phthalocyanines, of which pyrrole is
a constituent. The referenceexperimert is in fact here supplied by electron energy
lossspectra of copper-phthalocyanine (Cu-Pc) on Al(001) [11], while no experimen-
tal data are at the momert available for pyrrole on aluminum. First, the optical
properties of the moleculealone have beenstudied, including local eld e®ectg12).
Then, for its most stable reconstruction on Al(001), found through ab initio calcu-
lation, the electronicand energylossproperties have beenobtained. An interesting
result, concerningthe adsorption of pyrrole on aluminum, is the analysisof the bond
betweenthe moleculeand the surface,performedthrough a chargedensity study. |
obtained a chargeredistribution betweenmoleculeand metal, with electronaccunu-
lation mainly betweenthe pyrrole and the metallic substrate,and electrondepletion
in the molecularplane. This behaviour, which di®ersfrom previously reported anal-
ogousorganic-metalsystems[114], could be at the origin of a "weak chemisorption'
bond, i.e. slightly stronger than a mere physisorption process. The energy loss
spectrum obtained for 1 monolayer of pyrrole on Al(001) shows, with respect to the
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cleanAl spectrum, a behaviour quite similar to the oneobsened for Cu-Pc/Al(001),
with a shift and a broadeningof the surfaceplasmonpeak.
Further calculations are planned, with 2 monolayers of pyrrole on the surface,and
for the bulk phaseof the molecule,to investigatethe plasmonbehaviour at growing
coverage.

In conclusion,the results preserted here are at the sametime speci c, in sofar
they give detailed informations on the systemsthemseles, and general, supplying
toolsto understandbasicmedanismswhich drive the molecule/surfacenteractions.



App endix |I: The FPLMTO code

The FPLMTO code [49 has beenusedin this thesis work to calculate electronic
and optical properties of metallic surfaces.Here a short description of its structure
is reported. The input data is constituted by initial °ags, giving generalinformation
onthe calculationtypeto perform. Thenimportant parameters arereported, asthe
tail values- 2. The atomsin the unit cell are collected,depending on the symmetry,
by types, and for ead type are reported positions, mutn tin sphereradius, core,
semicoreand valenceelectrons,and tails assaiated to eat basisfunction.

The rst part of the FPLMTO calculatesself-consistetly the ground state of the
system,starting from superimposedatomic potentials. Oncea corvergenceof 5¢10' °
Ry for the total energyhasbeenadieved, di®eren kind of results can be obtained.
Onecan calculatethe density of states,both total and partial, i.e. resohed by atom
and by angular componert; the band structure along the desired high symmetry
directions in the Brillouin Zone;the imaginary part of the dielectric function, that
can be analizedby atom, or by the nature (surfaceor bulk-like) of electronic states
involved in the optical transitions. Moreover, the surfacestatescan be individuated
in the electronic band structure. Little improvemerns to the code have beenintro-
duced,that allowsto perform optical properties calculationsalsofor atomsthat, in
the samesystem,have a di®eret number of basisfunction. This often happenswhen

both noble metals and atoms from the rst row of the periodic table are involved.
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App endix |1: Bessel functions

Besselfunctions are solution of the di®eretial equation
Ho oo

li 5 2=0 (11-1)

d?Z. N }dZo
dz? Z dz

with ° a non negative real number, giving the order of the function Z. [11§. Bessel
function of the rst type are usually indicated by J.(z), Besselfunctions of the
secondtype, also called Neumann functions, are indicated by N.(z). The J.(z)
function of order © can be expresseds a seriesof gammafunctions, and the N. (2)
function of order® canbe expressedn terms of the Besselfunction of the rst kind.
Linear combination of Besseland Neumannfunction like

H (2) = Jo(2) + iN.(2)

(11-2)

HP(2) = Jo(2) i iN.(2)
are called Besseffunctions of the third kind or Hankel functions. All thesefunctions
can be obtained recursiwely from lower order functions. Besselfunctions are usedin
the FPLMTO to descrike the wavefunction in the inter stitial region.
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App endix IIl: The LMTO method

In this appendix more details on the LMTO methods are reported, with respect to
Chapter 1. For a systematictractation, the readercanreferto Ref. [42).

Single muzn-tin potential solutions

We start describingthe solution for the single mutn-tin well potential, which is

de ned by 1

2

Vi (r) = g(r) i WiTz; i:: gml (111-1)
whereV (r) is the spherically symmetric part of the crystal potential in the sphere
of radius Syt (muzxn-tin sphereradius, hereafteralso called S), and Vy, 1z is the
constant potential value (the muxn-tin zero) in the interstitial zone. Electrons are
freein the interstitial, with costart wave number - = P 2, i Vmtz andkinetic energy
-2 =2 Vyr1z (the -2 quartity is usedin the FPLMTO to de ne the energyfor
wavefunctionsin the interstitial).

The muxn-tin potential canbeinsertedase®ectie potertial in the KS equation,
[ir 2+ Vur(NIAI(r) = - 2A(r): (111-2)

The KS equation can be solved, separatingthe radial and angular variables, for
all valuesof - 2 (continuum and bound states). In the interstitial the potertial is
°at, sothat the sphericalsymmetry can be extendedthroughout all space,and the
solution written:

An(E:r)= A(E;r)=i Y"() A(E:r) (111-3)
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with A (E;r) radial part of the solution, and L subscriptfor ‘m. The radial solution
has di®eren expressionsn the two regionsof space. Inside the muzn-tin sphere,
the solution can be numerically computed, solving the radial Scrédinger equation,
with di®eren boundary conditions with respect to the hydrogen-like solution
' 2 ANVAN
¢ (+1

| 42 St v(r) E> rA(E;r)=0 (111-4)

wherev(r) is a sphericalpotential.

In the interstitial, wherethe potertial is constart, eq. I11-2 becomeghe Helmholtz
wave equation, and is solved by spherical waves with wave number -. The ra-
dial part, solution of eq. IlI-4 with Vy,1(r) = 0, can be expressedanalitically,
through a linear combination of spherical Bessel(j(-; r)) and Neumann (n;(-; r))
functions (seeappendix I1). When the kinetic energyin the interstitial is negative,
c = jj = ip Vumtz i E, andthere are bound states, the sphericalNeumannfunc-
tion n- is substituted by ih® = n. i, whereh® is the Hankel function of the
“rst kind.

The solution for the single mu£n-tin  well is written,
¥
K (B )= i A(E;r) r<sS
AL(E; r)=i'ym :
LES=TNTO G comins 0l T, S

where the expressionfor cot(n;) is obtained by imposing conditions of cortinuity

(111-5)

and di®eretiabilit y of A_ at the sphereboundary B
n(; r)D(E)i -rm%; r)=n(s r)—

CMED T o® T dAGn o
and the logarithmic derivative function is de ned as
D(E)= . > @ (EN- (111-7)

AES) @ .o
In the limit r ! 1 , A_ is afree-like sphericalwave, with a phaseshift dueto the MT
potertial. Thesefunctions A_(E;-; r) are however not normalizablefor - 2 < 0, and
can not be usedasbasisfunctions. Instead, starting from A_ (E; -; r), the muzn-tin
orbitals (MTO) can be constructed, as suggestedoy Andersen[41], to form a basis
set with normalizable,localizedand appraximately energyindependert functions.
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Muzn-tin  orbitals

The idea to obtain MTO s to linearize the functions adding to the solution, as
“rst step, a term which is conbination of solutionsto the Helmholtz equation. The
result is a MT orbital. Then the energydependencecan be eliminated choosingan
appropriate energyvalue, for eadcr *. The MT orbital is a (still) enelgy degendent

function, de ned as:
Yo _
A(E;r) + -cot(n)ji(sr) r<$S
ny(;r) r, S

5

Am(E;r) = iY™(F) (111-8)

The A, MT orbital is cortinuousand di®eretiable in all space the function for
r < S isregular at the origin and the tail n, is regular at in nit y. To make MTOs
energy independent and orthogonal to the core states, a suitable augmenation of
Besseland Neumannfunctions is performed.

Energy-indep endent muzxn-tin  orbitals

Up to now, the eneigy deendentMTO has beenderived. The energydependence
of functions 111-8 is due to E and -, related by - = P Ei Vurz. Howewr, in the
LMTO dewelopmen, they are taken as not related, and - can assume xed values

[42). The muzn tin orbital is augmened and becomes
¥

A Sy — ilym A(E;r)+ - cot(n) Ji(r) r<S

Alm(E,r) =1 Y| (f‘) . NI(’ r) r S:

5

(111-9)

At this point, the passagdo an enegy independentbasissetis madeby choosing,for
ead * value,a xed energyEs, at which the radial function Ag;(E; r) is calculated:
the energyindependen basisfunctions are constructed from linear combination of
the functions A (2 r) and their energyderivativesA(2; r), for the arbitrary but xed
energyE.,

Aor(r) © A(Eo;r)
- (111-10)

A:|(I’)’ @Ng;l’)_ :
Eo
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Furthermore, the radial logarithmic derivatives calculated at the sphereboundary

r=S are: p
Do ~ SAY(S)
Ao (S)
(11-12)
. SAY(S).
L A

The choiceof this E. energycould seemquite arbitrary, but it can be demonstrated
that the descriptionis quite well accuratefor energiesn a suitable rangearound Eo.
The E,, energycorrespnding to di®eren principal quartum numbersn descrikes
the radial dependenceof a basisin the MT region. A trial function, of arbitrary log-
arithmic derivative D, canbe expressedaslinear combination of previousfunctions:

©o(D;r) = Aoy(r) + 1 o(D)A(r) (111-12)
Including alsothe angular dependencethe trial basisfunction becomes
Om(D:r) " i'"Yim(®)©o(D; 1) (111-13)
and the variational principle gives(omitting subscipts)

E(D) = I‘!AEZ?!)Z(D) (111-14)

given by the two expressions

HOamo(DYjH i Eoj©im(D)i = hatmen! (D) (111-15)

Moo (DO (D)i = Hatmam [1+ A2 o(DY! (D)] (I11-16)

The potential outside the sphereis setto zero, so the solution is simpler than the
general expressionof a Neumann function and is given by the Laplace equation
r 2A = 0 asa tail in the form ri *Di'Y_(f). The energyindependeri orbitals A
(LMTO) canbe written as

¥

Anr) =ity 2E:0) o r<S

(=9 (D 5 g (111-17)
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The ©,(D;r) isthe Taylor expansionof the radial solution to the singleMT potertial
inside the MT sphereat 2 = 2., where! (D) is a combination of A, A and their
logarithmic derivatives. The LMTO have to match corntinously and di®ereniably
to the basisfunction in the interstitial, called envelo function K (+; r), obtained
adding to A a term which is a Iir}gar combination of A and A, and written
Hi(5r)=i-"th(r) -2<0
Ni(5r)=i-"tn(r) -2>0
Keeping - asa xed parameter, the energy dependenceis eliminated. It seems

Koe(:r) =i'y™ (111-18)

that the - value choice could make the calculation parameterdependen: to have a
parameterfree calculation, seeral valuesof - are used,for eat setof nlm quantum
numbers. For the inner solution, plus the addedterm, it is imposedthat the rst
energyderivative is zerofor somesuitable 2..

We have now at disposal the expressionof linear muzn-tin orbitals LMTO,
that are energyindependen, localizedand can constitute a basisfunction. Having
solved the problemin the singlesphere,the ideais to extend the result to a crystal,

including the symmetry lattice properties. To descrike a crystal system,the Bloch

condition
"(r+ R) = R (r): (111-19)
must be satis ed, i.e. the Bloch sumof MTO must be a wavefunction for the crystal,
X X s
ars  eRALE;ri R): (111-20)
Im R

Inside muxn-tin spheresthe basisfunctions are constituted by Bloch sumsof linear
muzxn-tin orbitals, matching to the envelog at the sphereboundary. The Bloch
wavefunction in the interstitial region| is given by a linear conmbination of these
Hankel functions certereg at ead site:

Ak:njra = g €FKL(iri gi R)

- (111-21)
= RrE€FKCuniri i RDYymDu(ri &i R))

The envelope function is hereexpressedasK (+; r) ~ K-(-; r)Y_(#), ¢ is the atomic
position in the unit cell, L=( ",m), i is the number of the basisfunction quantum
numbers.
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To get the di®ereniabilit y of the wavefunction at the MT sphereboundary, the
envelog function is written in the ¢° sphere:

P
RE€KRKL (iiri di R) =

réo<S 0
P
= Lo Yio(rgo) (Kool 1) (e )L LY + oo 1)BLor (i & K))
(111-22)
Herer, "~ rj ¢, B equivalert to KKR structure constarts, which depend only on
the relative arrangemen of atomsin the solids.
The basisfunction must be di®ereriable at the boundary of ead MT sphere,i.e.
alinear combination of A and AmatchesK andJ , thereforethe Bloch wavefunction
inside the MT sphere¢, of the unit cell at the origin (R=0) is

~ _ P .
AKiDir s, = LYLDLIU(sr)-( 6 2a-)Bu (e ¢S k) (111-23)

where
U(eir) " (A(er);Aer)) (111-24)
. , 2 | ’ | ’ . 4 0.
(te) S WA W A (W(f:9) g% f%9) (111-25)
N T
B (ci &k HeaHbil) (111-26)

B (¢i as-irk)
2.¢ isthe linearization energyfor a particular atom of typet and angular momertum
number *, . -( 't; e-) isa2£ 2 matrix cortaining all the derivativesto match U-(e;r)
cortinuosly and di®ereniably to the interstitial basisfunction at the MT radius.
The muxn-tin radius choice canin principle seemso introduce a parameterin
an otherwiseab initio calculation. The radius dependenceis in the basisfunction,
in particular in the MT sphereboundary conditions. In practice, if the basisis large
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enough,the total energydoesnot depend on the radius. The corvergenceover " is
usually achieved with ~ = 6¥ 8.

In the MT region, functions are expandedin harmonic series,while in the inter-
stitial Fourier seriesare used.
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