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Abstract

Thie x-ray absorption near edge strucrire (XANES) in the surface x-ray absorption
spectra is discussed. The XANES is interpreted in the real space in the framework of the
multiple scattering theory. A review of some applications of surface XANES to the study
of clean surfaces, of atomic and moleciflar chemisorption and of surface oxidation is
given.



1. - Introduction

Surface x-ray absorption spectroscopy concerns the study of electronic transitions from
core levels of atoms at the surface of solids. The local character of core level excitations
makes attractive the study of atoms at the surface of solids to investigate both the local
structure and the localized electronic states. Moreover the large energy separation between
different inner shells makes possible to select a particular core level of a selected atomic
species.

The knowledge of atomic arrangement of neighbor atoms around a selected atom on a
surface is important for example in the study of chemisorption and oxidation processes. In
fact the local structure of chemisorption sites and the local structure of surface amorphous
oxides are basic information not directly given by other techniques based on diffraction
methods like Low Energy Electron Diffraction (LEED).(1)

Surface x-ray absorption spectroscopy was born in the middle of seventies when tunable
x-ray synchrotron radiation emitted by intense and stable sources, electron storage rings,
become available. The requirements for the x-ray source was the tunability to carry out
spectroscopy measurements and the high intensity because of the low concentration of
surface atoms.

The main experimental problem to be solved was to find experimental techniques with
high surface sensitivity. Lukirskii and Brytov in 1964(2) using the continuum
bremsstrahlung of a standard soft x-ray tube and later Gudat and Kunz in 1972,(3) using
synchrotron radiation, demonstrated that the total electron yield (TY) by the sample surface is
proportional to the bulk absorption coefficient. The sampling depth of this technique is of the
order of magnitude of hundreds angstréms (A) making this technique suitable for bulk
investigations.

The first experiment of surface x-ray absorption with high surface sensitivity was carried
out in 1977 at the Stanford synchrotron radiation facility by Bianconi, Bachrach and
Flodstrom(4) by detection of the Auger electron yield. The absorption spectrum of the Al
surface atoms in the top monolayer of an aluminum crystal was distinguished from the
aluminum bulk spectrum. (see Figure 1). The surface contrast was increased by selecting an
Auger line due to Al surface atoms interacting with chemisorbed oxygen (an inter-atomic,
-aluminum-oxygen Auger transition).

The theoretical relation between Auger electron yield and surface absorption coefficient
was independently predicted by Lee(3) and Landman and Adams.(6) Both the total electron
yield(7) and the Auger electron yield(8) methods were used to measure the Surface Extended
X-ray Absorption Fine Stueture (SEXAFS) of differém atomic species chemisorbed on
solids but the absorption coefficient of the atoms on the clean surface can be detected only
selecting an Anger line of the order of ~50 eV which corresponds to the minimum in the
curve of the electron escape depth.(9)



a AlhO;
100L O,
FIG. 1 - Aluminum L, 3 surface XANES of Al
ions at the Al(110) surface interacting with 100 L
of chemisorbed oxygen (II_.=10'6 Torr x 1 sec)
corresponding 10 about one monolayer coverage 05L 0,
detected by Auger Al(2pYO(2s)V (Ef= 45.5 eV)
electron yield. The lowest curve shows the minor CLEAN

contribution of the Al metal substrate (clean
spectrum). The upper curve shows the Al Ly3
XANES of bulk amorphous AlpO3. The
differences betweeen the XANES curve (100L Og)
of Al interacting with chemisorbed oxygen and
that of bulk oxide (a-AlyO3) shows the specific
Al coordination in the chemisorbed phase.(4)

SEXAFS concerns the study of the modulation of the absorption coefficient over a range
of photoelectron wavevector above about 3 A-1. In these range experimental data can be
analyzed in the framework of the EXAFS theory.(10) Several reviews about SEXAFS has
been published in these years.(1 1-16)

The structures in the low energy range of few tens of electron volt of the x-ray
absorption spectra in the range called X-ray Absorption Near Edge Structure
(XANES),(11,14) has artracted interest because it contains information on the local geometry
i.e. both on bond distances and on bond angles. In fact higher order terms of the correlation
function of the atomic distribution become important in the XANES energy region while only
the pair correlation function of the atomic distribution gives the main contribution in the
EXAFS range.

In the early surface XANES experiments the application of XANES for local geometry
determination has been limited to a fingerprint approach using model compounds(17:18) due
to the lack of reliable theoretical analysis. In these last years important advances towards
quantitative theoretical analysis of the XANES data have been carried out.

In section 2 an overview of theoretical XANES calculations will be presented. Section 3
gives a brief panorama over the experimental methods while the last section 4 reviews some
applications of surface XANES.

2. - Calculation of XANES

X-ray absorption near edge structure concerns the electronic transitions from atomic
inner shells to unoccupied states. In the classical quantum theory the absorption cross section
is given by many-body excitations of the N-electron system. Following the interaction with



final state f at energy Eg. In the dipole approximation the total absorption cross section is
given by

o(w) ~w 2l Mjf 12 3(E; - Ef + o) ¢Y)

where the sum is extended over all the possible final states f and Mjg is the matrix element
involving the initial ¥; and final ‘I‘f* many-body radial wave functions

Mjs = f ¥ (1], 1, Tn) 2 (Fp-€) Fi(ry, Topeees T) dr )

where e is the unitary polarization vector of the electric field and the rp is the vector
describing the position of the n-th electron.

In the one-electron approximation the x-ray absorption is described by single-particle
processes. The N-electron system is separated into two parts: the single electron in the core
level which is excited into an unoccupied level and the N-1 passive electrons which do not
participate directly in the electronic transition. The one-electron transition takes place in a
static potential determined by a single configuration of the N-1 passive electrons.

In the case of metals, the core hole in the static final state potential is fully screened by
valence electrons close to the Fermi level. Most of the XANES spectra can be interpreted in
the frame of the von Barth and Grossmann final state rule,(19:20) which states that the wave
function of the excited photoelectron is determined by the final state potential with the core
hole and the relaxed N-1 electrons. Therefore in most cases the one-electron transitions are
assumed to take place in the potential of the fully relaxed configuration of the N-1 passive
electrons in the presence of the core hole. The fully relaxed configuration is defined as the
final state many-body configuration with the lowest energy. The final state rule breaks down
for transitions to nearly filled bands like in the case of 2p — ed transition in palladium orin
nickel metal. -

Many-body effects can arise because of the presence of different many-body final state
configurations of the N-1 passive electrons. Configuration interaction of many-body final
states can appear because of core hole perturbation in the final state and/or configuration
interaction in the ground state like in valence fluctuating materials.(21)

2.1. - The band structure approach
The absorption coefficient ji(E) for the transitions from the core level c(n, £,J) with

energy E. and wavefunction Qg in the one-electron approximation, can be expressed in
atomic units as



where &~1=137.036 is the inverse fine-structure costant, Q is the volume of the primitive
cell, v is the number of contributing atoms in the primitive cell and F.(E) is the spectral
distribution of oscillator strength(22)

F(E)=(0f3) 2k j M= rsz,kj 8(E - Ekj) G
Temkj = Joem@® ¥ Sr=<gepm|r | Fij> &)
ij and Ey; are the wavefunction and energy of the j-th conduction band at reduced vector
k, wis the photon energy w = E - E; and the integration is carried out over the volume of the
primitive cell. Since the dipole transitions dominate the process of photoabsorption, an

electron from a core level having angular momentum £ is excited into the £+1 final states.
Neglecting the spin-orbit coupling for the band states, F.(E) can be written as(23,24)

Fe(B) = (0/3) QIH+D/Q22 1) {4QEDS, £1E) + (LHD/QLD L 0B} (6

where the partial strength f, AE) can be factorized into

o, AE) = Pe,; NAE) ™
N £E) is the angular projected density of states defined as

NAE)=2 Zkj Iy I<Y g | ¥ij >I? 8(E - Egj) ®)

where the energy band states are labelled by the reduced wave vector k and the band index j-
“The effective matrix element p, AE) is given by

PetE)=<Qcliri¢ AB) >2/< ¢ A(E) > ©)

where the wave function ¢ E.r) is a solution of the radial Schrodinger equation inside the
muffin-tin (MT) sphere of radius S (r<S), and outside the MT sphere (128), is given by

0 AE.D) = [cos 8 (B)] 1, [E-Vo)2 1] - [sin 8, (E)] 0, [(E-Vo)2 1] (10)

where 8 ,(E) is the /-th phase shift of the muffin in potential, V, is the muffin tin zero of
the potential and J , and n , are spherical Bessel fiinctions.

The spectra of crystals are therefore interpreted in terms of the product of the partial (of
selected orbital momentum ££1) density of states and of the matrix element. Theoretical
calculations of the partial and projected density of states of the crystal band structure were



teported by several authors to interpret the
XANES spectra.(25-33) In Figure 2 the large
differences between the K-edge and the L3 edge
of Si crystal are interpreted as arising from the
difference between the £=0 and the £=1 partial
density of unoccupied states of the conduction
band.(33)

FIG. 2 - Si K-edge and §i L3 edge absorption
spectra, The Si L3 is compared with the partial (1=0) s -
density of states of the unoccupied conduction band,
lower panel. The Si K-edge spectrum is compared
with the total density of states (mostly p (I=1)). The
BIS spectrum, which is often assumed to probe the
total density of states is shown for comparison.(33)

Miiller et al.(23.24) have shown that the

XANES spectra can be understood as the —~
‘product of an atomic-like term and a solid state B \\__..‘ Ly-edge
term. The factorization of the partial oscillator {,. ',..‘ c o
strength into the solid state term X , (E) and ‘ | "‘.‘:' % 00S
atomic term f2t; , (E) is given by N \ 3
FoN
fe, 1 E)= Pl 4 B) X4 (B). an / W

The atomic term is obtained by considering
a single muffin tin potential confined in the
WignerSeitz (WS) sphere of radius Syg and
the spectrum for the transition from the core
Jevel in the single atom is

fai; 4 (B)= (24+1) NFE(E) < ¢ I 71 ¢, (E;r) >2 (12)

where the integration is over the Wigner-Seitz (WS) sphere and NFEE) = (E - V0)2/27c is the
free electron density of states. The solid state term is

X, (E) =NE)/ Nat; (E) (13)
where
Natc, AB)=1/Q (2 L+1)NFEE) < 6 2E,D) > (14)

is the projected density of states for the single-sphere problem.



This approach leads to the following understanding of the of the x-ray absorption
spectra: i) the overall magnitude and shape of a particular spectrum is determined by the
corresponding atomic transition rate fal; ,(E) and ii) the fine structure of the spectrum is
determined by the solid state factor X, {E) which is proportional to the density of band states
with £+1 orbital characters.

The Z-1termis often ignored because usually it exhibits a much smaller amplitude than
the £+1 term. Howeverin some cases, like in the first six electron volt above theshold in the
Sils-edge, the £+1 density of states is negligible and the £-1 term is the most important.

In some cases the atomic part exhibits strong resonances in a small energy range
therefore the contribution of the solid state factor X {E) can be neglected. In these cases the
spectra of solids can be interpreted in terms of atomic transitions (see for examples the L3 3
edges of Ni and Cu in insulating systems).(34,36) In other cases the atomic part exhibits a
smooth structureless spectrum over a large energy range and therefore the spectral features
can be assigned to the solid state factor X ; (E}.

1t is very important to include in the theory the lifetime of the photoelectron in order to
get a good agreement between calculated spéctra and experiments. The lifetime of the
photoelectron takes account of the inelastic scattering of the photoelectron with valence
electrons which is an essential physical aspect of the states at high energy in the conduction
band because the photoelectrons with energy E have enough energy to excite all valence
electrons with binding energy smaller than E.

2. 2. - The multiple scattering approach

Experimental evidence that the K-edge XANES of several systems over a range of about
50 ¢V depend mainly on the geometrical structure of a finite cluster of atoms around the
absorbing atom was found.(11:37,38) An interpretation of the x-ray absorption near edge
structure in terms of multiple scattering resonances of the photoelectron in a cluster of finite
size in the real space was proposed. This interpretation was based on an extention to
condensed systems of the shape resonances which are localized states in the continuum, in
the spectra of diatomic molecules like No,(39) which were interpreted with 2 multiple
scattering theory by Dill and Dehmer.(40)

The size of the cluster relevant for XANES was found to change in different systems
ranging from a single shell to several shells around a photoabsorbing atom depending on the
electron mean free path for inelastic scattering and on the core hole lifetime in crystalline
solids. In disordered systems (i.e. amorphous and liquid systems) the structural disorder
reduces the number of neighbour shells to one or two. ‘

The comparison bei':a'ecn the calculated absorption coefficient and the experiments
indicates that the theoretical spec;:ra have to be convoluted with an intrinsic Lorentzian



agreement. The intrinsic broadening of the excited states T'(E) is the sum of two terms: the
first is the core hole width T}, -and the second term is the energy band width I'e(E) of the
excited electron of energy E. These are related to Ty, the core hole lifetime and to T¢(E) the
lifetime of the electron, which is a function of the mean free path of the excited electrons
K(E). }.(E) is determined by the inelastic scattering of the photoelectron with the passive
electrons, it is energy dependent and varies for each material:

Tyot(E) = Tyt Te(E) = (V2m)/1y, + (W2m)/te(E) = (W/27) [1/7y, + 2Q2E/m)VZ/AE)]
(15)

Atlow kinetic energies of the electron Ip>Te and the Iy term dominates while at high
energies I',<Te, therefore the T(E) term dominates. It is possible to defirie an effective mean

free path given by
Aeff(E) = (/2r) 2(2B/m) Y2/ Tyoy(E). (16)

In Figure 3 the mean free path A(E) in a silicon crystal obtained by photoélectron escape
depth measurements, the derived I'e(E), and the Agf(E) using I'=0.4 ¢V for the Si K-level
width, are plotted. Aegf is an extimation of the radius of the cluster probed by XANES. In
recent years several theoretical approaches have been developed to solve the absorption cross
section for core transitions in real space in the frame of multiple scattering thcory.(‘w‘S?’)
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The generally strong scartering power of the atoms of the medium for low kinetic energy
photoelectrons favours multiple scattering (MS) processes. At higher energies such that the
atomic scattering power becomes small a single scattering (SS) regime is found. In a 8§
regime the modulation in the absorption coefficient is substantally due to interference of the
outgoing photoelectron wave from the absorbing atom with the backscattered wave from each
surrounding atom, giving the extended x-ray absorption fine structure (EXAFS).(54.55)
Hence EXAFS provides information about the pair correlation function. By decreasing the
photoelectron kinetic energy a gradual transformation occurs from the EXAFS regime to the
XANES regime.(56-59)

Therefore the EXAFS part probes the first-order or pair correlation function of the
atomic distribution near the absorbing atom, while XANES probes the triplet and the higher
orders of the atomic distribution function. Interest in determination of higher order correlation
functions of local atomic distributions in complex systems has stimulated the growth of
XANES.

Multiple-scattering theories have been used in recent years to solve the XANES spectra
of crystals, amorphous solids, surfaces, biological molecules, liquids, catalysts and chemical
compounds.(60'77) The multiple scattering method has been developed in nuclear physics to
calculate nuclear scattering cross sections and in solid state physics to compute the electronic
structure of solids. The extension of the bound state molecular scattering method of Johnson
and co-workers(78) o determine the one-electron wave function for continuum states was
formulated first by Dill and Dehmer.(40) The continuum wave function is matched to the
proper asymptotic solution of the Coulomb scattering states, in this way the multiple
scattering problem is changed from an homogeneous eigenvalue problem (bound states) toan
inhomogeneous one in which the continuum wave function is determined by an asymptotic
T-matrix normalization condition.(42) In this scheme the total potential is represented by a
cluster of nonoverlapping spherical potentials centered on the atomic sites and the molecule as
a whole is enveloped by an "outer sphere”. Three regions can be identified in this
partitioning: atomic regions (spheres centered upon nuclei, normally called region I);
extramolecular region (the space beyond the outer sphere radius, region III) and an interstitial
region of complicated geometry in which the molecular potential is approximated by a
constant "muffin tin" potential. The Coulomb and exchange part of the input potential are
calculated on the basis of a total charge density obtained by superimposing the atomic charge
densities, calculated from Clementi and Roetti tables,(79) of the individual atoms constituting
the cluster. For the exchange potential it is possible to use both the usual energy independent
Slater approximation(80) and the energy-dependent Hedin-Lundqvist(81) potential in order to
incorporate the dynamicaleffect. Following this theory, the expression for absorption
coefficient for a cluster of atoms, for polarized light in the vector e direction, is given, in the
dipole approximation by



He(E) = Ne o(E.) = N o(k.e) an
ok,e) =4nw ok Im [ZL,L' <@c ir-el ¢1YL> TL,L' <¢tYL ir-el (pc>] (18)

where 6(E,¢) is the photoabsorbing cross section, N is the density of atoms, L=(£,m) is the
angular momentum, « is the fine structure constant, k is the photoelectron wave number and
the spin dependence has been neglected. ¢ /s are regular solutions of the radial Schridinger
equations in the photoabsorber muffin-tin sphere matching the same boundary conditions as
in the equation 10.(82-84) All the structural information are contained in the quantity

Ty =(sin3AE)sin 8,.(B) )y {(Tz1- Gy 19

where 8 0 is the £-th phase shift of the absorbing atom assumed located at site 0, G=Gp ;- is
the matrix describing the free spherical wave propagation of the photoelectron from site i and
angular momentum L=(Z,m) to site j and angular momentum L'=(£',m’) in the angular
momentum representation and T = 8; ; 8 1+ [exp(i 8 4) sin 8 /] is the diagonal matrix of
atomic t-matrix elements describing the scattering process of the L spherical wave
photoelectron by the atom located at site i with phase shift & /. Under certain
conditions(36-59) it is possible to express the structural factor as an absolute convergent
series and to expand the photoabsorption cross section in partial contributions as following

O(E,e) = Zp=o Op(E.€) (20

The n=0 term represents the smoothly varying "atomic” cross section, the n=1 term is always
zero and the generical term n is the coniribution to the photoabsorption cross section that
comes from processes in which the photoelectron has been scattered n-1 times by the
surrounding atoms before returning to the photoabsorbing site. In particular the o,(E.¢), the
EXAFS term in the spherical wave representation can be written both for the K edge and L,
edge as an approximation to the general polarized EXAFS formula(83)

O (E.€)=Mo; (B)R(-1) Zicos28Im { expQi(p;+8 £))/pi?) Z A- D42 L+t 4 £ A(p ) (21)

where p; =kR;, 0, is the angle between the polarization vector e and the direction R; joining
the j-th atom with the absorbing one, {Mg;(E)iZ is the radial matrix element between the initial
£=0 state and the final dipole allowed R; radial wavefunction and the quantity f ; which takes
into account the spherical correctionito. the free propagators.(84’85) The total absorption

coefficient can be written as

HE.€) = py [ 1+ Sy Xp(E.e) ) (22)
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here {15(E) is the structureless absorption coefficient of a central photoabsorbing atom and
“X(E) represents the contribution arising from all MS pathways beginning and ending at the
. céntral atom and involving n-1 heighboring atoms. A pictorial view of the multiple scattering
pathways contributing to the XANES is shown in Figure 4.

EXAFS

@ Absorbing atom —e— Photoelectron pathways

FIG. 4 - Pictorial view of the single scattering process of the excited photoelectron
giving the EXAFS signal Xo(E) and the multiple scatiering processes giving X3(E)
and %4 (E) contributions,

The terms X, are usually plotted versus the wave vector, k, of the photoelectron. The
EXAFS %,(k) term is the dominant term above wave vector values k> 3~4 A-1 The Kak)
term is the double scattering signal arising from all the triangular paths with one vertex on the
central atom. The multiple scattering signal is defined as

Hms(K) = S>3 Xn () = ([ 1K) - oK) 1/ HoK)) - Xa(k) 23

‘The general mathematical expression for Xy (k), without taking into account the inelastic
interactions of the photoglectron, i.e. its mean free path and the structural Debye-Waller
factor, can be written as

X 4Kk) = Zpp ApAk,py) sin (Rpy + b £k.py) + 28 ) (24)

where 8 /0 is the central atom £-th phase shift and the dependence of the amplitude and phase
function AnZ and ¢nl on the particular path has been indicated symbolically by py. General
expressions for calculating the quantities Apfand %l in terms of the atomic phase shifts and
the geometry of the path py, are provided by the MS theory. A substantial simplification of
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propagator of the photoelectron in the final state, the spherical-wave approximation
(SWA),(86) which preserves the spherical wave character of the propagation and is rather
accurate even at very low wave vector values (k=1-2 A,

Due to the general structure of the quantities 'an(k), the amplitudes Anl's decrease
with increasing order n, so that usually %X, £() is the dominant term in the whole energy
range where the series converges. Hence an analysis of the M3 contribution beyond the first
term is possible if the X4 £(k) contribution is subtracted from the experimental signal:
AHKms =X k)- %K, l(k) provided a good estimate for yt(k) and 'X,zz(k) is used.

For K-edge neglecting the angular dependence of the Hankel function in the free
propagator, the usual EXAFS signal times the atomic part can be obtained for n=2

by = Ho X = Ho Z;Im { £ik,) exp(2id O+krj/kr? } @25

where 1; is the distance between the central atom and the neighboring atom j and fik,m) is the
usual backscattering amplitude. The first multiple scattering contribution is the 13 term that
can be written(84)

s = Ho Ziglm { Py(cosp)f(@)E(8) exp(2i(8;+kR;o))/kriryyry } (26)

here 1;; is the distance between atom i and j, f;(e) and f;(6) are the scattering amplitude that
now depend on the angles, by Legendre polynomials Py(x), in the triangle which joins the
absorbing atom to the neighbouring atoms located at sites T; and r; and R =i +13+T;. In this
expression cosg=-T;or;, COSW=-T;°r}; and cose=rjorij. So the terms higher than two clearly
contains information about the n-th order correlation function. To conclude it is possible to
observe that because of P;(cosd)=cos¢ there is a selection rule in the pathways that contribute
to the f13 term, in fact all the cases where r; is perpendicular to r; do not contribute to this
term since cos¢=0.

2. 3 - A model case: XANES of silicon

Silicon is a particularly good system to test the contribution of MS in the XANES spectra
in systems with non collinear paths. In fact considering the absorbing Si atom with seven
shells of neighbor atoms with only paths with non collinear configurations. In the case of
collinear configurations the high probability for forward scattering enhances MS
contributions in the EXAES,(87a88) while for noncollinear configurations the probability of
large angle scattering is very low at high kinetic énergies and in fact the EXAFS
approximation has been found to work in most of the systems.

“he Si K-edge XANES of crystalline silicon measured by KLL Auger yield is reported



shown in the bottom of the Figure is determined by quenching of MS signal and EXAFS
contribution of further shells. The multiple scattering effects are important to explain the
absorption spectra in the first 70 eV beyond the K threshold giving the peaks A, B and Cin
the XANES region.(59)

K—edge c-Si

~ K-edge a-Si

~ e T

ABSORPTION SPECTRA
t
!
1

Difference spectrum

3 I i L 1 i 1 Il L 1 A l NS '] 'l i } i .

1850 1900 1950 2000
ENERGY (eV)

FIG. § - X-ray absorption spectra of crystalline (c-Si) and amorphous (a-Si) silicon determined by
measuring the intensity of the KLL Auger emission as a function of the photon energy. The lower
spectrum shows the difference (a; - 0y, ) multiplied by 2. The peaks A, B and C are mainly due to the
multiple scattering contribution. )

The multiple scattering signal was extracted from the experimental spectrum following
this procedure. The modulation of the atomic absorption over the high-energy EXAFS and
low-energy XANES range was determined by subtracting from the measured spectra a
polynomial fitting in order to simulate the smooth atomic absorption contribution ag(k). The
resulting XK (k) is shown in Figure 6. A good fitting of the EXAFS oscillations in the Si
K-edge spectrum from 50 to 450 eV above the absorption threshold was obtained using both
the exact spherical wave EXAFS analysis(89) and the spherical wave approximation (SWA).
The X,(k) spherical wave signal including the inelastic scattering and the Debye Waller
factor has been calculated in‘the whole energy range above threshold. A good agreement is
found between X, and X in thé EXAFS range above about 100 eV from the threshold.

The experimental multiple scattering signal Xps5(k) has been obtained by subtracting
from the experimental oscillatory part %X(k) of the absorption spectrum the calculated EXAFS



signal XK (k). Following this subtraction procedure over the full experimental energy range,
starting from about 5 eV above threshold a very large signal in the first 70 eV above the
absdrption K-édge that it is not possible to explain by using the single scattering formalism
have been found. The result of the subtraction is plotted in Figure 6 (lower curve) and it is
compared with the 2((k) signal (upper curve). Looking at panel A ‘of Figure 6 it is clear that
the A, B and C peaks arise mainly from multiple scattering effects.

Panel &

Xea(X)

SIGNAL

Xa SIGNAL

FIG. 6 - (A) Experimental X (k) (upper curve) compared with a calculated EXAFS signal Xo(k)
using the spherical wave formalism (dashed curve) and with the difference spectrum X5 &)=X(k)
- %Ko(k) (lower curve). It is important to remark that the A, B and C peaks are mainly due to the
multiple scattering contribution.

(B) The upper curve a is the.total signal due to all the pathways of double scattering X 3(k) within
the first three shells which i§ very‘close to the experimental Xy of panel A. The central curve b
tepresents the contribution due to all the pathways with a length of 8.54 A. As shown, the total
X3 signal is dominated by the contribution of these shortest paths of double scattering. The curve
¢ is the X3 contribution due to paths involving only the first coordination shell around the
photoabsorber atom.
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Since the first higher order term in the MS series is the X3(k) term a calculation of the
contributions arising from the double scattering paths involving two neighbor atoms within
the first three shells have been performed introducing the mean free path damping term in the
calculation of X3(k). The result (curve a) is shown in Figure 6, panel b.

There are 756 paths of double scattering within the first three shells and it is possible to
sort them out into 41 groups according to total length and scattering angles relative to the
central atom. The groups with low path degeneracy are generally negligible since they give
only a weak signal, Moreover has possible to neglect the contribution due to the groups with
a very long total ength (the perimeter of the triangle) since the mean free path term
suppresses their contribution to the spectrum in the energy range beyond 15 eV above the
edge, as it has been verified.

The panel B of Figure 6 reports (curve b) the damped signal coming from 36 paths with
the shortest total iength (Ryg=8.54 A). These 36 paths can be divided into two groups
differing in the angles 8, between the outgoing and incoming paths directed at the
photoabsorbing vertex. Figure 7 teports a picture of the two classes of shortest double
scattering paths where it is stressed the difference in the angles 8.

FIG. 7 - Fcc unit cell of the siticon structure. The photoabsorber is the black sphere while
are shadowed the first nearest neighbors. Two examples of the 36 shortest double scattering
pathways are stressed: the first, 3S1-type, includes the atoms 0, 1 and 2 all within the first
coordination shell (there are 12 paths of this type); the second, 352-type, includes the atoms
0, 1 and 2* and involves an atom of the second shell (there are 24 paths of this type).

The first of these two groups comprises 12 paths contained within the first neighbour
shell. This type of paths, involving the photoabsorbing atom 0 and for example the first shell

atmame 1 and 2 ara chaum in Bienre 7 and ara claccifiad ac 2C1_time nathe Tre nantrihiginn ic
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very weak and it is shown by curve ¢ in Figure 6B. The second group comprises 24 paths
(3S2-type paths) involving the atoms of the second shell (2' atom in Figure 7) and gives the
main contribution to the curve b shown in Figure 6B. Adding other damped contributions
due to the other groups of pathways the 24 signal does not change its shape. Therefore the
most important contribution to X comes from the 352-type paths with total length of 8:54 A
as it is possible to see by comparing curve b with curve a in Figure 6B.

"The calculated %5 is close to the experimental oscillation Xy as shown in Figure 6A.
The differences between Xyqq and the theoretical 24 can be assigned to higher orders (n>3)
multiple scattering contributions.

The difference between the absorption spectra of crystalline and amorphous Si shown in
Figure 6 gives experimental evidence for multiple scattering contributions in the XANES of
crystalline silicon. The EXAFS difference spectra are determined by the EXAFS contribution
of further shells in the crystalline phase but the large peaks in the difference spectrum in the
low energy XANES range are mostly determined by the multiple scattering signal which is
quenched in the amorphous phase.

3. - Experimental Techniques

“This section gives only a brief outline of the experimental aspects of the surface x-ray
absorption experiments and the related detection methods.(10)

Synchrotron radiation is Tequired for surface x-ray experiments, indeed the spectral
brightness of this source is larger by several order of magnitude over conventional x-ray
tubes providing superior signal-to-noise ratio and allowing spectral measurements in very
short time with very high resolution. In addition ultra-high vacuum (~10-10 Torr) is needed to
enable experiment on well characterized surfaces. The experimental set-up for surface x-ray
absorption spectroscopy requires special beam lines, dedicated sample chambers and
different detection methods depending on several factors:

i) energy of the x-rays involved in the experiment. It is possible to distinguish three energy
ranges requiring different types of monochromators: grating monochromators for soft
x-rays from 50 to 800 €V, monochromators with crystals with large spacings like beryl
(107T0) and InSb(111) crystals for the range 800-3000 €V, and silicon crystal
monochromators for the harder x-ray range ( >3000 €V),

i) concentration of the studied atom on the surface. The low concentration of surface
atoms, about 1015 atoms cm2 to compare with the bulk concentration (1019 atoms
cm-2), requires higher x-rays intensities to obtain comparable signal-to-noise ratio, '

iii) surface sensitivity, defined as the ratio between the signal due to the surface layer and
that due to the substrate. High surface sensitivity can be achieved by limiting the
penetration of the incident photon working close to total reflection,(90-92) and by



detecting particles from decay channels of the core hole with the shortest escape length.

The inner shell photoionization process can be described by a two step process at first
approximation. In the first step the photon excites a core hole-photoelectron pair and in the
second step the recombination process of the core hole takes place. There are many possible
channels for the core hole recombination process, these can be of radiative type
(fluorescence) producing the emission of photons or nonradiative (Auger transitions) with
emission of electrons or ions which can be collected out of the surface with special detectors.
Several techniques can be chosen to detect the surface -absorption when the selected
recombination channel is the electronic decay.(93)

The total electron yield technique (TY) measures the integral over the entire energy range
of the electron energy distribution curves (EDC). Comparison of the absorption and electron
yield led to the conclusion that the total electron yield signal is proportional to the absorption
coefficient.(3) The advantage of this method is that the maximum counting rate is obtained
since emitted electrons over a large solid angle can be collected by giving a positive voltage
on the detector, on the contrary the surface contrast of this technique is poor because both
low energy secondary electrons and high energy photoelectrons are collected.

Similar to the TY is the partial electron yield method (PY) collecting the low-energy
secondary electrons within a kinetic energy window around the maximum of the inelastic part
of the energy distribution curve (2~4 eV). Selecting only secondary electrons of low kinetic
energy the surface sensitivity is similar to the total electron yield.

In the energy range hv<4000 eV the Auger recombination has higher probability than the
radiative recombination and the detection of elastically emitted Auger electrons is an efficient
way to measure the surface absorption coefficient. The energy of the Auger electrons is °
characteristic of a particular atom therefore the photoabsorption cross section of a selected
atomic species chemiabsorbed on a surface can be measured monitoring the intensity of its
characteristic Auger transition as a function of the photon energy. The Auger line is selected
by an electron energy analyzer operated in the constant final state mode (CFS) with an energy
window of few electron volt. A standard experimental set up for this tybe of surface-x-ray
absorption measurements is shown in Figure 8.(11) Auger electron yiéld (AY) technique
offers the largest signal-to-background (adsorBate to substrate) ratio of all electron yield
techniques but the smallest signal rate. This tecnique monitoring Auger electrons at kinetic
energies in the range 50-100 €V is suitable for the the study of clean surfaces.(9)

The detection of stimulated emission of ions is called photon-stimulated ion desorption
(PSID).94) The ion current due to PSID is proportional to the number of created core holes,
i.e. to the photoabsorption cross seétion of the absorbate. It is a measure of the surface
absorption with higher suﬁface contrast in comparison wi;h other detection methods. PSID is
a surface sensitive technique since any ions created within the bulk are inevitably
re-neutralized on their way on the surface. In addition in principle a great advantage is that



surface structure of an adsorbate complex can be investigated from both the adsorbate as well
the substrate side by tuning to the appropriate absorption edge. Unfortunatly different
desorption mechanisms and multielectron excitations are present in the ion yield and severely
Iimit the applicability of PSID together with lower count rates obtained with the actual photon
flux levels provided by synchrotron radiation. Photon stimulated excitation, in comparison
with electron excitation, offers the advantage for surface XANES that the core hole
production probability is largest at the threshold of the core excitation.
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FIG. 8 - Experimental setup for surface XANES detection. In the
soft x-ray region the absorption is measured by detecting the flux of
the emitted electrons of energy selected by the electron energy
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Fluorescence photon yield represents the probability of a core hole in the K or L shell being
filled by a radiative process in competition with non radiative Auger recombinations. Due to
+the small amount of elastically and inelastically scattered backgound from the sample the FY
technique ‘gives higher sensitivity. Using soft-x-ray proportional counter an increase more
than a factor of twenty in surface sensitivity for chemisorbed monoloyer coverage with
comparable signal-to-noise ratio as compared with any conventional electron yield detector
was achieved.(93.96) One of the attractive aspects of this technique is the possibility to
‘measure the surface x-ray absorption for in-situ study of the interaction of the surface with
gas with a sensitivity better than 1% of monolayer, and also using window valves but with a
consistent reduction of flux, from atmospheric pressure up to 10 Torr {97) Figure 9 shows
the surface XANES of chemisorbed C,H, of the surface of Cu(100) at low temperature (T=
60K). The edge jump ratio J which is defined as the count rate difference above and below
the edge normalized to the preedge background, is indicated in the figure for the different
detection methods. The flurescence photon yield method gives the maximum jump
ratio.(98.99)
A new technique to perform surface sensitivity experiments is the XANES in the
reflection mode or REFLEXAFS.(92) Since x-rays on entering a substance from the air or
‘the vacuum are going into a medium of smaller refractive index

n=1-§-iB 27
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FIG. 10 - Experimental set up for surface absorption in total
reflection mode combined with the dispersive x-ray optics. In the
dispersive geometry the surface of the sample reflects (for grazing
incident angle below the critical angle) photons, diffracted by the

from curved crystal, in an energy range between the low and and the
STORAGE high energy limits.A position sensitive detector is used for
RING recording the XANES spectmm.(gz)

Snell's law indicates that x-rays should be totally r‘eﬂected from an "optically" plane
surface at all glancing angles smaller than the critical angle 8 given by cos8 = (1- 3) so that
B~ /28. Furthermore, if 6 <8 the incident and reflected beams interfere and give rise to
standing waves above the reflecting surface. The electrical field damps out rapidly inside the
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material and the penetration depht is almost unrelated to 8, provided €<8¢, and of the order
of about 50 A ‘or less as a function of the material.(100) The great potentiality of this
technique in the surface studies can be enhanced by associating the total reflection scheme
with the dispersive mode as shown in Figure 10. This approach bears new possibilities for
in-situ easurements of the evolution of the surface under various treatments also in non
vacuum conditions allowing the study of "real” surfaces moreover it canbe used 1o investigate
either top layers or epilayers.

4. - Applications of Surface XANES
4.1 - XANES of clean surface: Al and Si

The investigation of the structure and electronic states of the surface atoms on the top
monolayers of oriented crystals has attracted the interest of a large community in these last
-years. The measure of surface XANES of a single crystal requires a technique capable to
distinguish between surface and bulk atoms of the same atomic species. Surface XANES of
clean surfaces has been measured by taking advantage of the short escape depth of low
energy Auger electrons with kinetic energy Ey in the range from 30 to 90 eV. Collecting the
intensity of low energy Auger electrons of kinetic energy Er and scanning the photon energy
the surface x-ray photoabsorption spectrum with high surface contrast of Al and Si surfaces
have been measured. The upper panel of Figure 11 shows the electron energy distribution
curve of clean Si(111) 2x1 surface by using photon excitation (hv=130 eV) above the silicon
15 3 absorption edge and the inset shows the Si L3VV Auger signal. In the lower panel the
experimental escape depth A(A) in silicon for corresponding kinetic energy is shown.

At the photon energy hv=Eq+Eg+0, where the Ey is the absorption threshold and ¢ is
the work function, the kinetic energy of direct core photoelectrons is the same as that of the
selected Auger electrons Eg and the core photoelectrons are recorded by the electron analyser
giving a spike in the Auger yield spectra. Therefore the surface XANES can be recorded in a
limited photon energy range A, above the absorption threshold A = E¢+ ¢. The bulk
absorption is simply recorded by changing the final state kinetic energy E¢ from the Auger
energy to the maximum of the secondary electrons at about 4 ev.

Fig. 12 shows the surface x-ray absorption of Si Ly 3 edge, of Si(111) 2x1 surface
recorded by selecting the LVV Auger electrons at Eg=67 €V compared with the bulk spectrum
recorded at Eg=4 eV. The structure in the first 10 eV energy range can be better analysed in
terms of band structure approach described in the section 2.1. The variation between the bulk
and surface spectra can be assigned to the change of the partial density of states of the
conduction band induced by surface reconstruction.(33) The Si (111) 2x1 reconstructed
surface following the Pandey model(101,102) gives a different surface partial s-density of
states from the bulk. The calculation of the s-partial density of states of the conduction band



for the first few surface monolayers affected by the surface reconstruction gives account for
the observed differences between the bulk and the surface absorption (see Figure 13).
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FIG. 11 - Electron energy distribution curve (EDC) of clean Si(111) 2x1 obtained by using
photon energy hv=130 eV, upper panel. The inset shows the Si L3VV Auger signal. In the
lower panel the experimental electron escape depth in silicon is shown. The lower panel
shows the experimental escape depth A(E) for emitied electrons of kinetic energy E.
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FIG. 12 - Surface (solid line) and bulk (dashed line) Ly 3 x-ray absorption spectra of a
cleaved Si(111) crystal. The bulk spectrum has been recorded by selecting the final state
energy of secondary electrons at Eg =4 eV. The surface x-ray absorption spectrum has been
recorded by selecting the LVV Auger electrons at Ep =67 eV,



$-D0S

FIG. 13 - Calculated conduction band s
density-of-states of bulk silicon (solid
line) and of the Si(111) 2x1 surface
(dashed line), according to Pandey's
n-bonded chain model.
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Polarized surface XANES can be recorded using the linear polarization of synchrotron
radiation. In Figure 14 the surface XANES at the Si K edge obtained by recording the Si
LVV Auger electrons is shown for the two extreme polarization: ¢//n and eMn where n is
the surface normal vector and e is the electric field vector of the radiation. The difference at
threshold is due to the unoccupied surface states close to the Fermi energy of p-like character
which are observed with the e//n polarization at glancing incidence.(103) According to the
discussion in the section 2.3 the features A, B and C are due to higher order multiple
scattering contributions and therefore probes the atomic geometrical arrangement. The
decrease of the intensity and the change of their shape between normal and glancing incidence
is related with the anisotropic structure of the 2x1 reconstructed surface layer.
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FIG. 14 - Surface silicon K-edge x-ray absorption spectra of the Si(111) 2x1 surface measured
by Auger Si LVV electron yield. Upper curve: polarized spectrum at normal incidence (the
electric field e parallel 1o the surface plane); lower curve: polarized spectrum at glancing incidence
(the electric field e nearly perpendicular to the surface plane). The difference curve at the bottom is
the diference spectrum between the XANES of the two extreme polarizations.
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The clean surface of Si(111) shows large reconstruction of the surface, on the contrary
both Al(100) and Al(111) can be considerd as an example of surfaces which do not exhibit
surface reconstruction. The main problem of reconstruction concerns the contraction or the
expansion of the spacing between the top monolayers. The first few lattice planes of ions at a
metal surface can relax inward or outward because the classical Madelung forces tend to drive
the first lattice plane sites inward while electronic forces usually tend to drive it outward. The
spacing is calculable by direct minimization of surface energy.(104-106) Because the
electronic screening is nearly perfect on the surface of simple metals like Al, Mg and Na, the
calculated face dependent surface energies are nearly independent of small displacement of
the first lattice plane.(w@

Figure 15 shows the surface XANES of clean aluminum surfaces (111) and (100)
compared with the bulk Al XANES of the Ly 3 edge.(17:107) The aluminum L, 3 surface
XANES spectra of the A1(100) and A(111) in the first 20 €V show differences due to the
different surface partial density of states in the conduction band. These spectral changes are
due both to the presence of an anisotropic potential at the surface and to the formation of
surface states in the partial gaps in the surface projected bands. In particular the peaks at 77.1
eV and 84 eV in the Al(100) surface have been assigncd(lm) to surface resonances in the
partial gaps of the projected bands at 4.3 eV and 10.5 ¢V above the Fermi energy. The
maximum at about 97 eV in the spectra is due to the delayed threshold of the 2p =+ &d
transitions and therefore its shift is partially due to the change of d bands at the surface. The
minimum remains at the same energy (~104 eV) both in bulk aluminum and in Al(100)
surface. This minimum at 32 eV above the Fermi energy was considered to be not sensitive
to fine details of the electronic potential. Under this assumption and according with both the
band structure and the multiple scattering approach discussed in section 2.1 and 2.2 the
XANES peaks follow the expansion of the volume of the crystalline cell a3, where a is the
lattice parameter, following the rule

(E-Vy)a2=C (28)

FIG. 1S - Surface soft x-ray absorption
spectra of the Al(111) and AI(100) clean
surfaces compared with the soft x-ra
absorption spectrum of bulk aluminum.(w%
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where E is the energy of peak in the absorption spectrum, Vg is the intersphere constant in
the muffin tin approximation and C is a constant. As a consequence the spacings between the
top layers for the Al(100) surface is the same as in the bulk. The fact that the A}(100) does
not relax is confermed by several authors using Low Energy Electron Diffraction
-mnethods.(108,109)

The contraction versus the expansion of the Al(111) surface on the contrary is still object
of discussion due to its small value. The shift of about 1 €V of the minimum in the Al(111)
surface spectrum at 105 eV (see Figure 15) is an indication of a contraction of only 1.5%
using the rule AE/(2(E-V,)) = -AR/R, where the energy variation AE of the multiple
scattering Tesonance is telated with the small distance variation AR.(110) The LEED data
shows no contraction, a slightly expansion (2.2%)111) or a slight contraction.(109)

The different experimental results on aluminum surface can be affected by the different
degree of "cleanness" of the surface and by the different surface sensitivity of the detection
‘methods. Carring out surface XANES experiments the sensitivity is very high because by
selecting a particular Auger energy close to the minimum of the escape depth, and the
sampling depth is constant during the scan.

4.2 - XANES as a probe of atomic chemisorption on crystal surfaces

The determination of the structure of the chemisorption sites of different atomic species
on the surface of oriented crystals is a key information for the surface science.

“The surface absorption spectrum of an atom chemisorbed on the surface of a crystal can
be measured by Auger electron yield, selecting the particular Auger line of the chemisorbed
atomic species. The XANES spectra probe structural models of chemisorption sites via MS
analysis or can provide a monitor of the structural changes at surfaces. XANES exhibits
substantial advantages in comparison with other techniques because it can be measured for
low adsorbate coverage (~1/100 monolayer).

Polarized Surface Extended X-ray Absorption Fine Structure (SEXAFS) provides direct
information on bond distances between the chemisorption atom and the substrate. The joint
analysis of the SEXAFS and XANES for solving chemisorption site structures is very
important. In fact the bond distances obtained by SEXAFS should be used as input for
XANES calculations which gives further information on the geometrical arrangements.

The first determination of a chemisorption site by surface XANES measurements
interpreted by the multiple scattering theory has been the study of oxygen chemisorption on
the single crystal Ni(lOO) surface.(65) This experiment §hows that the surface XANES is a
sensitive fingerprint of su}lcmral changes on the surface at different oxygen coverages. With
increasing oxygen coverage on Ni(100) surface, different chemisorption geometries are
produced, giving a p(2x2) or a ¢(2x2) LEED patterns. The XANES spectra make possible to



distinguish between different possible surface reconstructions.

The polarized oxygen K-edge XANES spectra of the chemisorbed oxygen on Ni(100)
surface with increasing oxygen exposures are reported in Figure 16 for two different angles
of incidence of the photon beam. The spectra exhibit a pronounced polarization dependence
for low coverage which weakens for higher O exposures. At the highest oxygen coverage
nickel oxide is formed. However the oxygen K-edge XANES spectrum of bulk
Ni0O(74,112,113) i different from the spectrum of the saturated oxide layer formed by less
than three layers.
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FIG. 16 - Oxygen K edge XANES spectra of oxygen chemisorbed on Ni(100) for increasing
oxygen coverage (from 1.5L to 160L-O5) and two different x-ray grazing angles 8=10° (left panel)
and 6=90° (rigth panel). For 8=10° the e vector makes an angle of 10° with the surface normal and
it lies in the surface plane for 8=90°(65)

The surface near edge spectra of O/Ni(100) were calculated using a computational
scheme based on a cluster method in the frame of full multiple scattering.(44) The calculation
was done for bulk Ni and for O atoms in a specific surface arrangements,(65) for a cluster
including thirty neighboring atoms up to a distance >5.0 A from the central O atom. Figure
17 shows the polarized experimental data for'a ¢(2x2) O overlayer and the calculations
assuming four different chemisorption sites. Calculations have been performed for atop,
bridge and hollow sites (this last with d ;= 0.9 Aandd ;=02 A) with the bond length



constraint of 1.98 A for the O-Ni distance as obtained by SEXAFS. It is possible to
recognize from the figure that the calculated polarized spectra for hollow site with d _L= 094
is the one in better agreement with the experimental spectrum. This work has demonstrated
that the XANES spectra of atomic adsorbates are not only dominated by nearest-neighbor
atoms but larger clusters are necessary in the calculation.
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FIG. 17 - Comparison of the polarized experimental spectra (upper curves in the two panels,

expt.} of ¢(2x2) oxygen chemisorbed on Ni(100) and the calculated XANES for four different
chemisorption sites as indicated in the figure. (65)

Th':: chemisorption of O on Cu(100) shows a 2x2 LEED pattern but different
experimental measurements have yielded conflicting geometries for the c(2x2) reconstruction.
This situation has been solved by quantitative XANES analysis in the framework of MS
theory.(114,115) XANES spectra at the O X edge has shown that O in the ¢(2x2) overlayer
occupies fourfold hollow sites with an O-Cu interlayer spacing of 0.7+0.1 A, corresponding
to an O-Cu bond length of ~1.9 A.

The spectra of the O K edge for the Cu(100) c(2x2) are reported in Figure 18A and B
for two different polar angles: 8=20° and 8=90°, where 8 is the angle between the electric
field vector E and the surface normal. Both polarized spectra compared with full MS
calculations{115) for the fcurfold hollow, bridge and atop adsorption sites using the O-Cu
bond length of 1.94(4)1&(1 16) and the truncated crystal structure for the substrate (a=3.615
A) show that only fourfold hollow site is compatible with the experimental data. The
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experimental profiles are well reproduced in both polarizations and in the 8=90° polarization
the agreement of the peak positions is within 0.5 €V. The role of MS is shown comparing for
each adsorption sites the results obtained by the corresponding curved-wave single scattering
calculations {open circles in Figure 18). The spectra for 8=90° are insensitive to the O-Cu
interlayer spacings while the spectra for 8=20° are sensititive to different d, values. In
Figure 18C the experimental spectrum for 8=20° (upper curve) is compared with the
-calculated spectra for the fourfold hollow site for different values of d ;. The best agreement
between experiment and theory gives d; =0.710.1 A
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FIG. 18 - Comparison of measured (experiment) O K-edge XANES of ¢(2x2) O on Cu(100) for 6=20°
(panet a) and 6=90° (panel b) with full multiple sacttering MS (solid lines) and single scattering (open
circles) calculations for the fourfold hollow, bridge and atop adsorption sites. _

Comparison -of measured O K-edge XANES of ¢(2x2) O on Cu(100) for £=20° with full MS
calculations for several O-Cu interlayer spacings dp (panel ¢). (116)

The K-edge surface XANES of 'S chemisorbed on Ni(110) and on Ni(111) have been
measured by Ohta et al.(117) by recording the § KLL Auger yield. A strong polarization
dependence of the spectra has been found and the chemisorption site for the c(2x2} sulfur on
Ni(110) has been determined. The analysis of the data for the reconstructed ¢(2x2) surface of
S on Ni(110) shows that the sulfur atom is located on a hollow site.

4.3, - XANES of surface oxides

The investigation of the structure of the first disordered oxide layers formed on top of
surfaces exposed to oxvgen gas is of interest in understanding the microscopic process of
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oxidation. The relevance of the structure determination of surface oxides for the technology
of protective surface layers on metals and of the semiconductor-insulator or metal-insulator
interfaces in electronics is well known.

The oxide layers formed on top of metals show in many cases a disordered structure that
is not possible to investigate by diffraction methods because of the lack of long range
crystaline order. On the contrary the XANES spectroscopy does not require crystalline order
and it s site specific. Moreover the disordered structure makes more easy the interpretation of
the experimental XANES data because it reduces the number of shells of neighbor atoms
contributing to the spectrum. Therefore the XANES of amorphous surface oxide layers are
determined ‘mainly by the first shell. This last characteristic aspect of the XANES of
amorphous oxides makes feasible the experimental determination of the symmetry of the
coordination shell of the absorbing atom by using the empirical "finger print"” approach. The
measured spectrum of unkown compound is compared with the spectra of model
compounds. The ideal model compounds should exhibit different coordination geometries of
the absorbing atom and the number of neighbor shells contributing to their XANES spectra
should be known.

The oxide formation on top of alumirium surface following the interaction of oxygen
with the metal is a classical example of oxidation processes. The study of the transition from
the chemisorption of the oxygen on clean Al surfaces to the oxidation phase upon oxygen
exposure to aluminum single crystal was object of the first surface XANES experiment as
shown in Figure 1.(17) The local structure of the first oxide layer formed on top of Al(100),
Al(110) and Al(111) surfaces at oxygen exposures larger than 500 L has been determined by
XANES.(4,17,118)

In Figure 19 the Al Ly3 surface x-ray absorption niear edge spectra of Al-O complex on
the Al(111) surface of the chemisorption phasc at 100L oxygen exposure (upper panel) and
of saturated oxide layer at 100L exposure at room temperature (solid line) measured by Auger
quantum electron yield are shown. By XANES it possible to follow the change of the Al
local structure from the chemisorption to the oxidation phase by increasing theoxygen
coverage or by heat treatment starting from the chemisorption phase.

The dashed curves in Figure 19 show the surface XANES of the oxide-like cluster
formed upon heating the sample to 400 °C. By XANES it easy to see that a surface oxide-like
layer with similar Al-O coordination sites are obtained by heat treatment by starting both from
the chemisorption phase as well as from the saturarted oxide phase.(1 13)

Information on the Al site structure in the oxide surface layer has been obtained by
comparison of the Al Ly 3 XANES spectrum of the surface oxide with the spectra of
amorphous a-Aly03 where the Al ion has a fourfold tetrahedral coordination and with the
spectrum of o—alumina where Al ion has an octahedral coordination shown in Figure 20.
The spectrum of the surface oxide layer does not show a similarity with the spectrum of



amorphous alumina (a-AlyO3) ruling out the tetrahedral coordination for the Al ion. The
analogies with the XANES of octahedrally coordinated Al in o~alumina indicate an
octrahedral coordination for the first surface oxide layer. This result was not expected since
the Al ion has a tetrahedral coordination in the thick amorphous surface oxide layers grown
by electrolysis on aluminum. These conclusions have been confirmed by Norman et al(119)
by measuring the aluminum-oxygen distance of the surface oxide layer compared with a
variety of aluminum oxide systems with tetrahedral and octahedral coordination using
SEXAFS at the oxygen K edge.
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FIG. 19 - Al L3 surface x-ray absorption near edge spectra of Al-O complex on the Al(111)
surface of the chemisorption phase at 100L oxygen exposure (upper panel) and of saturated oxide
layer at 100L exposure at room temperature (solid line)measured by Auger quantum electron yield.
The dashed curves show }he surface XANES of the oxide-like cluster formed upon heating the
sample to 400 °C. By XANES it easy to see that a surface oxide-like layer with similar Al-O
coordination sites are obtained by heat treatment by starting both from the chemisorption phase as
well as from the saturarted oxide phase.(ng)
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FIG. 20 - Surface XANES of the first oxide-like monolayer on Al(111), AI(100) and A}(110)
sarfaces (see FIG. 19) compared with the bulk x-ray absorption spectra of model compounds:
amorphous a-Alp03 and a-AlyO3 for determination of the local Al site structure by using the
finger print approach. The energy E,, indicates the threshold for transition to continuum multiple

scatiering resonances.

A similar "finger print" approach was used to identify two different chemisorption sites
for H* and F* ions on the ®-Alp03 polished parallel to the (00C1) surface.(120) The
XANES spectra measured by photon-stimulated desorption of H+ and F* ions compared
with the bulk spectrum measured by electron yield from a-AlyO3 substrate and amorphous
alumina, are shown in Figure 21. The hydrogen and fluorine bonding sites clearly differ
from each other and from the octahedral bulk «-AlyO3 site. The comparison with the bulk
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spectra of model compounds shows that the hydrogen site is obviously tetrahedral, like in
-amorphous AlyO3, while the fluorine site has components similar to both tetrahedral and
octahedral sites, suggesting a new site or a mixture of two.

Desorption yield of H+ from a-Al,03

Electron yield from amorphous Al,03 '

Desorption yield of F+ from «-Al,03

Yield (arbitrary unite)

Electron yield from a-A1,04

] A
[ 118 %0

Photoc Eaergy (eV)

FIG. 21 - Photon stimulated desorption XANES aluminum Lo3 spectra. The desorption yield
of H* and F* from ¢-Al,O3 and the electron yield from amorphous Al;O3 and a-AlyOs.

The silicon Ly3 edge spectrum of the first oxide on the Si(111) surface shows the
formation of SiO5-like oxide (formed by 8i04 units) when the surface is exposed to oxygen
at room temperature and the formation of a SiO-like surface oxide on the same silicon surface
when the surface temperature tises above 700°C.(18) Figure 22 shows the L3 spectra of
surface silicon oxides. The spectrum of the oxide grown at Toom temperature is very similar
to the bulk spectrum of silicon dioxide except for the peak named I which is due to ansition
at the silicon Si-SiOp interface. The spectrum of the surface oxide formed at high
temperature shows large variation assigned to the formation of a local coordination around

silicon like in Si0Oy (x..1).Therefore it was possible to determine the different local structure



of the first amorphous silicon oxide layer grown on top of silicon crystal at room and at high
temperature. Moreover surface XANES provided a direct experimental evidence for a specific
silicon site structure in the SiOy oxide.
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FIG. 22 - Comparison between the surface soft x-ray absorption of the saturated oxide layers
formed on the Si(111) surface at room temperature ("SiO- layer" dashed curve) and of the oxide
layer formed at 700°C ("SiO tayer” full curve).

The local structure of the first nickel oxide layer formed on the nickel surface was
studied by O K edge surface XANES.(113) Increasing oxygen exposure the O chemisorption
phase is followed by the formation of the oxide phase for exposure larger than 150L as
Shown in Figure 16. The main difference between the spectrum of the surface oxide and that
of the bulk NiO concerns mainly the quenching of the first peak A at the absorption threshold
as shown in Figure 23. The intensity of this peak is a measure of the covalency of the nickel
oxygen bond. In fact the ground state of NiO should be described by configuration
interaction between 3d8 and 3dSL configurations (where L indicates a hole in the oxygen 2p
orbital) because of the large electronic correlation. The first peak at the oxygen K threshold is
due to the transition from the ground state to the final state configpration O(19)Ni(3d%)

(where the underline indicates the core hole).(74) Therefore irs intensitv is a meaaire of the



probability to find a hole in the oxygen 2p orbital i.e. of Ni-O covalency. The quenching of
this peak was found also in defective Ni;.)O for 8=0.03, supporting the conclusion that the
first surface oxide on Ni has a distorted structure in comparison with NiO crystal giving a
less covalent nickel oxygen bond.

Using the total reflection method and 8 surface NiD
the dispersive x-ray optics Dartyge et | i

a1.(92) performed in situ time resolved
observation of surface modification of a
copper “real” metal surface under chemical
or elettrochemical treatments.

'0 .

ELECTRON YIELD

FIG. 23 - Oxygen K edge XANES of
nickel oxide layer growth on Ni surface
(top curve) compared with NiO (lower
curve),
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They followed the thermal oxidation of metal copper surface by annealing for two hours
at 200°C a vapor deposited metallic film. The copper K edge XANES shows without
ambiguity that this annealing treatment leads to CuyO oxide by comparisor with model
compound Cup0.

4.4. - XANES spectra of chemisorbed molecuies

Core electron excitation spectra of gas-phase molecules have been studied for a long time
by means of various experimental techniques. A complete list of available references in the
field of gas-phase molecular core excitations can be found in reference 121.

In the molecular absorption spectra of low Z atoms a set of bound states are found below
the ionization threshold. The most intense peaks fall within a Rydberg below the ionization
threshold. These are bound states determined by transition to unfilled molecular orbitals,
Rydberg states and multielectron shake-up final ’states. Above the ionization threshold other
much broad resonances are observed. They were first assigned to “inner well resonances”,
due to an electronegative cage on the atoms surrounding the absorbing atom. Now they are
better known as "shape resonances"(122,123) in fact they appear also at the K-edge of the
covalent N, molecules. As discussed in section 2 these resonances are a particular case of

multiple scattering resonances in the continuum which are determined by the geometrical



arrangement of the constituent atoms therefore can be used to study the structure of

chemisorbed molecules on surfaces.

In Figure 24 the N K-edge spectrum
of N, in a gas phase is shown.(39.124)
Only one broad continuum shape
resonance appears above the ionization
threshold and a transition to a bound =
state gives the sharpest peak at the
threshold. Between these two transitions
a set of excitations to bound states and
double electron transitions (shake up
transitions) in which, concomitant to the
one-electron ionization process, another
electron is promoted from an occupied
valence orbital to an empty molecular
orbital of the same symmetry type are
observed. We focus our discussion on
the shape resonance in the continuum.

FIG. 24 - The upper panel shows the
nitrogen K-edge absorption of Ny gas
compared with Dill and Dehmer MS
calculation (dashed line).(39’124) The lower
panel shows the polarized N K-edge of Ny
molecule chemisorbed on Ni(110)
surface.(125)
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“The "shape resonance” for nitrogen molecule was first explained by Dehmer and Dill as a

relative increase, around a particular energy, in the amplitude of the final state continuum
wave function of & symmetry near the photoionized atom in the molecule.(122,123) The final
state electron is trapped in a quasi-bound state decaying away with a lifetime tzhl"y"l. Near
edge structure arise from scattering processes within the "intramolecular” potential created by
the atomic cores and the valence charge distribution of the molecule.

In the lower part of the Figure 24 the polarized spéctra of N, chemisorbed at 90K on
Ni(100) surface(125) for two different angles of incidence of the synchrotron radiation
respect to the Ni surface are shown. The 8=10° degree spectrum of the chemisorbed molecule
mainly show a G-resonance while the 8=90° degree spectrum shows only the n-resonance.
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The differences on the nitrogen spectra, induced by the chemisorption state, are the
broadening of the o-resonance and the disappearing of the all Rydberg and/or multielectron
- excitations. In general no new structures induced by the metal substrate are detectable.
Figure 24 shows the polarization dependence of the resonances and in particular the
opposite behavior of the 1t and G excitations caused by the vertical orientation of N, on the
surface. The physical meaning of this dependence arise from the the fact that the o-shape
resonance involves final state which are symmetric respect to a reflection plane containing the
molecular bond axis, on the contrary -resonance involves antisymmetric final states respect
1o the same plane. Therefore in a photoabsorption spectra due to the dipole selection rules
o-shape resonance is maxima when the electric field e of the radiation is parallel to the bond
axis while for polarization orthogonal to the bond the spectrum is featureless. Opposite to the
o-resonances, which are present in all molecules the n-resonances are due to transition of 1s
electron into the antibonding ©* orbital. They are strongest if the e vector is paraliel to the 1
orbital and give information on the hybridization of the bond. Accurate peak position analysis
of the resonances should provide valuable information from the two final-state resonances in
telation with change in the intramolecular bond length and distortions in molecular groups
containing multiple bonds. Experimental evidence for the correlation between energy position
of the © resonances and bond lengths in the gas phase was found in hydrocarbons.(67’126)
The absorption spectra of molecules of the C;H,, type with n=2, 4 and 6 are shown in
Figure 25. The XANES of C,H, and C,H, were obtained by iransmission measurements as
a function of the gas pressure using synchrotron radiation.(126) The similar XANES spectra
of C,H,, have been measured by Hitchcock et al.(127) by electron energy loss spectroscopy.
The results of ab initio multiple scattering calculations for oriented N, and CoH, (n=2,
4, 6) molecules are reported in Figure 26, 27, 28 and 29. For each molecule, the z axis has
been taken along the main bond (C-C or N-N) and in the case of the planar C,H, the x axis
was assumed to lie in the plane of the molecule. Polarized absorption cross sections (ie. Ox
for €//x) and the total cross section (Gyo)for unpolarized spectra were calulated. The
absorption cross section in the continuum above the ionization threshold are reported in the
Figures 26-29.(128) The ionization threshold E, = (hv - I) = 0 is determined with reference to
a final state potential which is not self-consistently determined. The calculated energy
position of the various continuum resonances from ionization threshold does not agree very
well with experiments, despite this, the computed spectra ciearly show the well known £=3
resonance due to transition of 2 K shell electron to a continuurm state of 6-symmetry when the
polarization of the incident radiation is parallel to the axis of the molecule (z-polarization). In
the calculations a resonance of #=2 character due to the presence of the hydrogen atoms is
present in both C,H, and C,Hg spectra in transverse polarization (x polarization in C,H, and
x and y polarizations in C,Hg). Despite their weak scattering power they are not entirely
negligible. Recently identification of the C-H resonance in K-shell excitation spectra of free
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ethylene and ethylene chemisorbed on various metal substrate at energies close to the
ionization potential.(lzg)

In the frame of ‘multiple scattering theory "shape resonances” in the cluster case are
associated with singularities of the cluster K-matrix.(130) In the electron molecules
scattering, as in the atomic case, Tesonances occur whenever some eigenvalue Ay, of the
hermitian K-matrix goes to infinity. Under the assumption that the atomic phase shifts are
smooth functions of E, which is always true in the energy region where atomic Tesonances
are located, the approximate rule can be deduced for small variation of the interatomic

distances R

k, R = constant (29)

where k, is the resonance wavevector, R is the distance from the atomic scatterers in the
cluster and the constant is determined by the details of the atomic scattering phase shift.

CyHy

1P=280.6
N N

1P=2908
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. 1P=2811
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790 300 50 R0 30 340350
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FIG. 25 - Experimental absorption spectra for CyHy, CoHy and CoHg.(126) This latter
spectrum is obtained by electron energy loss spectroscopy.
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molecule. In this case c;#0y.

This rule is verified in molecules or clusters with identical angular geometrical arrangement
but different bond length scale, assuming that the phase shifts are "transferable” in the sense
that they are functions only of the atomic species and rather insensitive to the environment.
Very simple applications occur both in diatomic molecules (e.g. C,H,, group neglecting
hydrogen contributions) and in atomic clusters where the main MS resonance is due to the
first coordination shell, at distance R from the photoabsorbing atom. The photoelectron
wavevector k; is referred to the average potential in the interstitial region between the ion
cores V, (the "muffin tin zero") so that the simple relation (29) becomes

[ [E- V@O'2dr ~ [E - Vg]i2 R = constant (30)

Tha naar adoa ctminfirre AF tha ashearmtinn cnanten af analannloe cdaacbacan ame mnnmwdlad
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dominated by intramolecular scattering with only small or negligible scattering contribution
from the substrate atoms. A lot of chemical-physics processes are based on chemisorption
process, for example the chemisorption on transition metals is the first step of many catalytic
processes. Assuming that the interaction with the substrate is not'strong enough to modify
Vg it is possible to determine the stretching of bond length in a molecule upon chemisorption.
However caution must be used in order to extract bond distances from formula (30) because
it is strictly valid only when the molecular geometry is the same and the variation of the
interatomic distances are of the order of 10% or less. Different geometries give different MS
resonances at different energies and large changes of interatomic distances induce changes in
'V, and in the phase shifts giving a different constant in the formula (30).
Figure 30 shows the absorption spectra at O

K-edge for three molecules with carbon-oxygen

bonds, chemisorbed on Cu(100).(66) The angle T T T
of the e vector 1o the surface has been chosen to
maximize the intensity of the 6-shape resonance.
The three molecular species are CO, with a short
triple C-O bond (1.13 A), formate (HCO,),
which is a pseudo-double C-O bond and metoxy
(CH;0), whith a {onger single C-O bond (1.43
A). At first approximation, hydrogen atoms may
be ignored in this work. A & resonance peak is
seen both for CO and formate close to O K-edge
threshold, while no 7 character is detected in the
single C-O bond for metoxy. The structure called
X is not a weak T resonance but the atomic-like
absorption step at the O K-edge. The energy
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formate for the chemisorbed case.(66)
FIG. 30 - O K-edge XANES spectra of CO,
HCO; and CH30 on Cu(100). The angle of
incidence is chosen in order to maximize the
o-shape resonance.

Because the o resonances arise from oxygen scattering with neighboring carbons, the
scattering phase shifts were supposed identical in all three cases. Also the "muffin tin"
constant V, was assumed 10 be the same in the molecule and in the chemisorption phase and
independent on the bond distance. Using the value of bond change from triple C-O bond
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between the 6-shape resonance excitation energy (E) and the 1s binding energy (Ep) relative
to the Fermi level Eg, was determined. The bond length extracted for the formate case was
R=1.2530.08 A, w0 be compared with a simple linear approximation between G-shape
resonance excitation energy and R that yields to the value R=1.2740.04 A. This value is
longer than in the gas phase, but in excelient agreement with the value R=1.2530.02 A for
the C-O bond length in formate jons coordinated by a variety of metals, as a result of stronger
interaction of the oxygen atoms with the substrate. This type of approach can give only a
qualitative indication of the variation of bond distances. In fact in the XANES spectra of
formate and metoxy cannot be compared because of the large geometrical difference.

Sette et al.(131,132) have empirically established for gas phase and for chemisorbed
molecules containing low-Z atoms, that a linear relation between the energy of the shape
resonance and bond length holds within several classes of molecules according to the number
Z,, defined as the sum of the atomic numbers of the absorber and the scatterers atoms (i.e.
Z=12 for C-C bonds, while Z=14 includes molecules with N-N, B-F or C-O bonds).

A quantitative analysis of the carbon-carbon (C-C) distance variation from the gas phase
to the chemisorption phase can be carried out in the case of chemisorption of hydrocarbons
on metal surfaces. The rule (30) has been tested in the linear molecule CyH, by performing
several C K-shell multiple scattering calculations (with incident light polarized along the C-C
bond) with different values of the C-C distance.(67)

In Figure 31 the experimental values of the energies of the G resonances above the
ionization potential for C;H; and CyHy in the gas phase and chemisorbed on Cu(100) at
60K(133) are reported versus 1/R2 where the interatomic C-C distance R has been measured
also by SEXAFS in the same chemisorption phase.(134) A linear relation is found with
Vo~22 eV. This value has been found by recent MS calculation for C-C distances in the
range of 1.4+1.5A.(135)

A nice application of the near-edge spectroscopy for structural investigation is the study
of the reaction intermediate states in the chemisortion process of hydrocarbons on
P(111).(132) Figure 32A shows the near-edge structure at the C K-edge of condensed
multilayers (90K) of two cyclic hydrocarbons: C¢D,, and C;Hg, compared with the
respective chemisorbed monolayer (170K) on Pt(111). For the cyclohexane system (C¢Dy)
the multilayer and monolayer spectra are nearly identical, except for the Rydberg excitation at
~288 eV which is quenched by the interaction with the Pt(111) surface in the monolayer case.
In these hydrocarbons both spectra are dominated by peak B, which is clearly assigned to the
o-shape resonance produced by the single C-C bond. For weakly chemisorbed molecules the
C resonance energy remains the same as in the gas phase to a very good approximation (< 1
eV) not only for simple diatomic molecules like N,, CO and NO, on the contrary for the
cycloheptatriene (C;Hjy) system, the multilayer spectra (90K) is characterized by a
pronounced 7 resonance {A), two © resonances B and C and the same Rydberg-type



excitation at ~288 eV that disappears in the monolayer spectra (230K). In this last case, while
both © resonances are almost unchanged at 230K, the peak A is strongly reduced in intensity.
The presence in this ring shaped structure of single and double C-C bonds gives two o-shape
resonances, while the A peak is assigned to the transition to the corresponding & orbital.
Using a linear rule between © resonance positions and 1s binding energy the estimated R
values are 1.51+0.03 A for the C-C bond in CgD;y, and 1.374+0.04 A and 1.50+0.03 A
respectively for the double and single C-C bond in C;Hg, very close to the respective
gas-phase values and in agreement with prediction of higher stability for intramolecular
bonding of ring structures.
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FIG. 31 - Linear relation between the o resonance energy Eg and (1/R)2, where R is the C-C
distance for hydrocarbons CoHg and CoHy in the gas phase and in the chemisorbed phase on Cu(100).
A

In strong contrast with these values of ring-like structures are the R values extracted by
the spectra reported in Figure 32B. The spectrum of ethylene (C;H,) on Pi(111) at
monolayer coverage (90K) gives in fact a C-C bond length of 1.49+0.03 A, with a stretching
of 0.15 A relative to the gas phase. Also for the acetylene (C,D,) the C-C distance is
1.49+0.03 A, remarkably larger (0.25 A) relative 1o the gas phase. These dramatic bond
stretch show the presence in these molecules of a strong interaction of the 7t states with the
metal surface. ’

XANES specrroscopy' is a valuable local probe 10 study intramolecular bonding,
molecular structure, orientdtion and hybridization of chemisorbed systems, however caution
should be exercised in extending results to systems containing three or more collinear atoms
such as CO,, N,O, NO, or COS, where multiple scattering effects play an important role and
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where the molecular orbitals are partially spread out over all three atoms destroying the
concept of resonant enhancement along a particular interatomic axis.
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FIG. 32 - Left panel: a) Surface x-ray absorption spectra of cycloexane (CgDy9)
multilayer (T=90K) and monolayer (T=170K) on Pt(111) recorded at normal x-ray incidence;
b) Spectra of cycloheptatriene (CZH ) as a multilayer (90K) and monolayer (230K) on
P(111) for normal x-ray incidence.( )

Right panel: a) Surface x-ray absorption spectra of ethylene (CoHy) on Pt(111) at saturation
coverage at T=00K for grazing and normal x-ray incidence; b) Spectra of deuterated acetylene
{CoDy) on Pi(111) under same condition as a).

4.5. - Molecular orientation on surfaces

Molecular chemisorption exhibits strong dependence of the resonance condition on the
polarization of the incident radiation as already shown in the case on nirogen and
chemisorbed hydrocarbons. In the frame of multiple scattering theory the scattering
matrix(130) is block diagonal and the off-diagonal elements between basis functions
belonging to different irreducible representations are zero. Different polarization of incident
Tight selects, through the Wigner-Eckart theorem the exact diagonal sub-block of the matrix



involved in the expression for the cross section. Polarization who select these particular
sub-blocks present a resonance structure in the spectrum, which may be completely absent
for other polarizations. This has been experimentally demonstrated in the photoabsorption
spectra with polarized light for oriented molecules with cylindrical symmetry where for
incident polarization along the bond, the absorption spectra presents a strong resonance
feature (the well known £=3 resonance), whereas for polarization orthogonal to the bond the
spectrum is featureless.(125,136-138)

The problem of molecular orientation on surfaces has been widely studied by many
experimental techniques. For example the orientation of chemisorbed carbon monoxide on
metals like Ni surface is certainly one of the most popular topic in the surface science.

Figure 33A shows the absorption spectra near the C K-edge for a saturation coverage of
CO on Ni(100), measured at different angles of incidence.(136) At normal incidence 6=90°,
with the e vector parallel to the sample surface the resonance at 287.5 eV dominates the
spectrum. Decreasing 8, the e vector rotates towards the surface normal, but while the peak
A-decreases a new resonance at 303.5 €V emerges and it is maxima at grazing incidence
(8=10°) where on the contrary peak A is almost vanished. Also the O K-edge spectra on the
same system, reported in the Figure 33B, shows the similar behavior with the peak labeled A
at 534 eV and the peak B at 550 eV. In both cases peaks B are readily assigned to the
o-shape resonance, because the molecular ¢ orbital is oriented along the molecular axis. The
opposite polarization dependence identifies peak A as originating from transition from 1s
state to'the unfilled * bound molecular orbital state. As a consequence this transition is not
detectable by photoemission experiment because lies below the continuum K-shell jonization
threshold.

The intensity of these transitions can be derived from Fermi's golden rule which links
the resonance intensity 1 to the matrix element of the photoabsorption cross section as given
in formula (1) and (2). Therefore the cross section changes with the polarization angle 8 asa
function of the molecular orientation. Due to the dipole selections rule, and in the hypothesis
of fully linearly polarized incident light we can write for an oriented molecule with cylindrical
symmetry this simple cross section:

1 = pyfan [ 1+172 By, (Beos? & - 1)] @D

where Ji, is the integrated photoabsorption cross section for random molecular orientation
and By;(hv) is an asymmetric parameter of molecular physics. Considering that 8 is the angle
between the e vector and the intramolecular symmetry axis, due to the form of B, the
photoabsorption cross section contains no interference term between ¢ and 7 ionization
amplitudes, so that By,=2 for s initial and & final states, while B,=-1 for s to % transitions
giving respectively the simple relations p~cos? & and p~sen? 8. Thus for a molecule oriented



along the surface normal the o(w) resonance should have a maximum for 6=0°(90°).
Looking at Figure 33A the CO molecule stand upright on the Ni(100) surface. Possible
deviations from the perfect angular dependence given above are due to a tilied molecular axis
or to non linear component of the synchrotron radiation. In fact due to a small residual
elliptical component of the polarization of the synchrotron radiation, the intensity of the peak
A does not vanish completely for 8=0°, but remains finite below 8~10° like shown in Figure
33 A and B.(137) A detailed analysis of the intensities of the ¢ and & resonances of the CO
data as a function of polarization angles indicates a maximum deviation of the molecular axis
from the sample normal of 10°, which is of the same order as the vibrational amplirude‘(136)
Results for CO provide the basis for the determination of the orientation of NO on Ni(100).
X-ray absorption measurements for a saturation coverage of NO reported give identical
results if compared with carbon monoxide experiment. Only one Ni atom, the one directly
bonded to the C atoms seems to contribute to XANES spectra in molecular systems while the
substrate contributions are negligibile, in great contrast with atomic adsorption; like in the
case of oxygen ‘where almost thirty neighbor atoms contributing to the spcctrum.(65)
Analysis of the intramolecular scattering in the molecular case gives quantitative information
on the molecular bond lengths and the molecular orientation and it may be used to distinguish
between molecular and atomic (dissociative) chemisorption.

The early stages of molecular dissociation are extremely important in the understanding
of reaction chemistry. Oxidation has been studied on many metal surfaces, but controversial
results has been obtained from different experimental techniques, The surface XANES are an
ideal probe to investigate the molecular chemisorption and the detailed bonding and structure
of the molecule. Stohr et al. in the case of the controversial problem of the orientation of 05 -
chemisorbed on Ag(110) and Pt(111) extracted the bond length of the molecular
oxygen.(138) Figure 34A illustrates the spectra of oxygen in the case of chemisorption on
Ag(110) at 90K, obtained by surface oxygen K-edge absorption spectra at various polar and
azimuthal orientations of the electric field. All the spectra are characterized by a peak at 532.6
¢V assigned to a transition from the O 1s core level to the unfilled 6* antibonding orbital of
the O-O bond. The lack of n* resonance in the spectra indicates a complete filling of this
orbital and shows the presence of single order O-O bond. The second weak peak observed
around 542 eV in the spectra with the electric field along the [001] azimuth and with 8=90°
is assigned to a scattering resonance due to the adsorbate-substrate bond. The analysis of the
spectra reveals that the O, molecule lies approximately paral.lel to the surface with an
uncertainty of 12° and parallel to the [ 110] azimuth. In fact the O-O o* peak is maximized
when the electric field is parallel to the surface (8=90°) and to the { 1 10] azimuth, giving
directly the rough orientation of the bond. Also in this case more accurate analysis requires an
exact knowledge of the polarization factor of the synchrotron radiation.(125,137) Figure 34B
is referred to the O, on Pt(111) at 100K. Here the oxygen K-edge spectrum exhibits two



Tesonances: a 6* resonance at 538.0 eV shifted by 5.4 eV if referred to the Ag(110) surface
and a new 1* resonance at 531.1 eV. The correlation established between the position of the
o* resonance and the intramolecular bond length in free and chemisorbed molecules gives an
0-0 bond length of 1.3240.05 A on Pt(111) and 1.4740.05 A on Ag(110), with a difference
of 0.15+0.03 A corresponding exactly to the 5.4 eV shift of the o* peak. These results
shown that the O-O is a stretched bond oriented .parallel to the surface, moreover the presence
of a n* peak for O, on Pt(111) is an indication of partly unfilled n* orbital with a bond order
larger than one. XANES analysis is in agreement with previous conclusion of vibrational and
photoemission experiments, but in addition an accurate analysis of the bond lengths and of
the intensities of the ¢* resonances should give a direct measure of the degree of
rehybridization in these systems.
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FIG. 33 - (A) Surface absorption spectra above the C K edge for CO on Ni(100) at T=180K as a
function of grazing angle 6. (B) Surface absorption spectra above the O K edge for the same system as a
function of incidence angle 6.
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FIG. 34 - (A) Oxygen K-edge XANES spectra for Oy on Ag(110) at 90K as a function of
polar and azimuthal e orientations. The 0-O o* peak at 532.6 eV _is strongest when E lies
along the O-O bond direction which occurs when e is along the [ 1 10} azimuth and parallel to
" the surface (8=90°). The line at 529.3 eV marks the O(1s) binding energy relative to the Fermi
level for O, on Ag(110).(138
(B) XANES spectra for Oy on Pt(111) at 100K(66) as a function of polar e orientation and in
comparison to Oy on Ag(110). The two peaks in the Oo/Pt(111) spectra are assigned to the 0-O
7* resonance at 533.1 eV and to the O-O o* resonance at 538.0 eV and their angular dependence
show that the O-O bond is parallel to the surface. Comparison with O9/Ag(110) reveals a shift
of the 6* resonance, indicating a shorter O-O bond for Oy on Pt(111). The line at 530.8 eV
marks the O(1s) binding energy of Oy on Pt(111).

XANES has been applied also to study complex molecular adsorbates to the
determination of the structural transformation of the thiophene (C4H,S) molecule on the
P1(111) and Ni(100) surface as a function of the temperature, in order to study the dynamic
of the hydrodesulfurization proccss.(96'139) Polarization dependent spectra at the C K edge
in the framework of the dipole selection rules have shown that the thiophene molecule on
Pt(111) at 150K is oriented with the ring plane tilted by about 40° from the surface, while
after annealing process at 180K the molecule lies down to the surface. Careful analysis of the
structure and of their broadening point out also a bonding to the metal through the nt* orbitals
of the ring and an interaction of hxe Pt surface with the 6* orbithls near the S atom in the case
of parallel bonded molecules. The thermal decomposition process of the thiophene molecute
on P1(111) surface has been investigated in detail by comparison of the S L-XANES and the
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193 spectra at 180K corresponding to a monolayer coverage shows two well resolved
structures X and Y respectively at about 166 and 174 V. Increasing the anneal temperature
peak X decreases in intensity and is almost undetectable at ~470K while peak Y has opposite
behavior. The peak X is a resonance corresponding to transitions of S 2p electrons into
unfilled * and 6* molecular orbitals associated with the S-C bond in thiophene. Peak Y is
an atomic S resonance in the continuum assigned to excitations to d-like final states.
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FIG. 35 - (Left panel b) XANES spectra at grazing x-ray incidence of the S L 3 edge for C4HyS
on Pt(111) after annealing to different temperatures. Peak X represents a resonance characteristic of
the C-S bond.(139)

{ Right panel b) Spectra recorded for the C K edge under the same conditions as in (a). In this case
the resonance associated with the C-S bond (peak B) disappears.

This behavior illustrated in Figure 35A indicates that thermal breaking of the C-S bond in
the C4H,S molecule starts before 290K and it is completed at 470K. The C K-edge spectrum
reported in Figure 35B strongly supports this conclusion, in addition peak B, assigned to a
C-S bond follows the same trend of peak X in the suifur spectra. Increasing temperature,
evident cleavage of the C-S bond is accompanied by a reduction of peak D associated with
C-C bonds and to the appearance of peak A. The peak A is shifted by 0.5 eV to lower energy
from the & resonance of thiophene at lower temperatures as the result of the formation of
molecular species, with a similar skeleton, but slightly inclined (<20°) relative to the surface



Additional information on the C-S bond breaking mechanism has been gained from the
x-ray absorption study of thiophene adsorption on Ni(100).(96) XANES experiment
performed by fluorescence photon yield, monitoring the S K, made possible the detection of
only one monolayer of thiophene, which corresponds to a sulfur sensitivity of about 0.08
monolayers. The study of dissociation of C4H4S' on Ni(lOO) suggests a site-dependent C-S
bond breaking on the clean Ni(100) surface with the thiophene ring dissociated after S
interaction with the Ni surface. The presence of characteristic resonances shows that S atoms
are bonded in the fourfold hollow Ni sites since a temperature of about 100K. The spectra at
different coverages demonstrate that the first layer of dissociated molecules passivates the
surface and at increasing coverage the molecules remains undissociated in the upper layers.
The same mechanism is activated by the oxygen atoms so that when about half of the active
fourfold hollow sites on the Ni surface are occupied (like in ¢(2x2) O reconstructed surface)
no additional thiophene dissociation occurs.

These experiments show that polarization dependent x-ray absorption spectroscopy may
probe not only the structure but also the nature of complex molecular reactions with metal
surfaces like the hydrodesulphurization, which is one important industrial process. A new
possibility for investigation of chemisorption processes -occurring under real catalytic
conditions.(96:97) is given by the fluorescence photon yield which allows the study of
samples also in non-vacuum conditions up to high pressure and at extremely low coverage
(<<0.1 monolayer). This technique have a sensitivity better than 1% of monolayer of CO
with a detector designed to be used both in ultrahigh vacuum conditions or at gas pressure up
to 10 Torr. The first x-ray absorption near edge structure measurements under atmospheric
pressures was the investigation of the reactivity of CO with H, on Ni(100) detected by CK,,
fluorescence photon yield.(95»96) Figure 36 shows typical results obtained at the C K-edge.
The spectra (a) was taking in situ during an exposition of the Ni(100) surface to a mixture of
1x10-6 Torr CO and 0.1 Torr of H,, while the spectra (b) is relative to a saturation under
vacuum conditions with 10 L of H; followed by 20 L of CO. No significant change in the
CO chemisorption geometry upon high pressure treatment are detected, like the ratio between
glancing incidence spectra in the different conditions shows. Comparison of the data
reasonably excludes any formation of intermediate species in the methanation reaction, no
new surface compounds nor changes in bond angles or bond length are detected by XANES
in this system. A careful analysis of the data indicates that exposure of carbon monoxide to
high pressure of H, at room temperature results in the displacement of CO molecule from the
surface, while if the Ni(100) is exposed to a CO-H, high pressure mixture CO moiecules
continue to chemisorb with their axis perpendicular to the surface as well known in URY
conditions.

The studies of chemisorption geometry of complex chemical organic conducting
polymers like poly-3-methylthiophene electrochemically deposited on Pt surfaces by surface



XANES have carried out.(140) The poiymeric chains were found to be well ordered on the
metallic surface even for thickness up to 50A. When the polymers are electrochemically
doped to its conducting state the spectra show changes as function of thickness. These results
in the ﬁeld electrochemical interfaces show that this technique is now ready for a large
number of different applications in surface science.
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FIG. 36 - Normalized fluorescence yield XANES taken for coadsorbed hydrogen and CO on
Ni(100) at room temperature under different pressure regimes: (a) continuous exposure t0
1x10°6 Torr CO and 0.1 Torr Hp, (b) saturation under vacuum with 10 L Hy first, followed
by 20 L CO, (c) ratio between spectra (2) and (b).
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