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ABSTRACT.

Experimental methods to measure the surface X-ray absorption spectra are described,
Physical information that can be extracted from the surface X-ray Absorption Near Edge Struc-
tures (XANES) and from the surface Extended X-ray Absorption Fine Structures (EXAFS) is
discussed. Applications of this spectroscopy on the local structure determination of surface
chemisorption sites and of clean crystal surfaces are reported,

1, - INTRODUCTION,

Diffraction techniques have long been the major means of obtaining structural information,
It has been recently found that X-ray absorption spectroscopy is a powerful tool in determining
the local structure near a particular atorn(l). This feature makes X-ray absorption spectrosco
py a very attractive technique for studing surface structures.

The difficulty of determining surface structure with standard techniques is one of the great
€st barriers to development of a better understanding of surface electronic states and surface
chemical activity, In fact, the standard structural probes like X.ray and high-energy electron
diffraction have no surface sensitivity. Low-energy electron diffraction (LEED)(z) is essential
ly the only established technique for structure determination, but this technique is limited to
surface structures with a long-range order,

Recently the availability of high flux X-ray beams, emitted by high energy electron storage
rings have allowed experiments of X-ray absorption spectroscopy of very dilute systems as bio

logical molecules and crystal surfaces, The flux of X-rays from synchrotron radiation can be
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106 times greater than those obtained from bremsstrahlung radigtion.of X<ray tubes., Several
techniques, which have been proposed to measure the surface X-ray absorption spectra of
crystels using synchrotron radiation sources, will be described here.

The surface X-ray absorption spectra of a core level of a surface atom can be devided in
two parts: the X-ray Absorption Near Edge Structures (XANES) and the Exterided X -ray Absorp
tion Fine Structure (EXAFS). From the analysis of the XANES and of the EXAFS structural 12
formation like the site symmetry, chemical bonding, interatomic distance and the coordination
number can be extracted(]). This spectroscopy can give information on local structures of sy-
stems where LEED has no sensitivity, such as amorphous surfaces @nd adsorbates without long
range order, Moreover interatomic distances in some cases can be determined with an accura
¢y better than with LEED.

In this paper the experimental techniques for measuring surface EXAFS and surface XA~
NES are reported, The data analysis of surface EXAFS and surface XANES to obtain structu-
ral information are described. The limitations and perspectives of these spectroscopies are
discussed, Experimental results on surface structure determination of adsorbates o single
crystal surface, of amorphous surface.oxide layers and of clean single crystal surface are re

ported,

2. - SURFACE X-RAY ABSORPTION SPECTRA,

The X-ray absorption spectra concern the electronic transitions from atomic core levels
to unoccupied final states, The photoabsorption coefficient is given by the product of the den-
sity of states D(E) apd-the matrix element M{E)

iy l ;:gl ;'ji.g || iN>7| 2 (1)

M(E) = 2

where liN> and \fN % are the initial and.final states of the many N-electrons system with

encrgies By and B, (hv = E;- B;) and the dipol‘e'approxima’tion has been employed in treating
the radiation field, with the polarization in the direction ,9 Using the one electron approxima
tion only a primary inner shell photoionization channel is congidered and the absorption coef-

ficient given be the golden rule is:
a~w3|<k|rw?;|K>’ﬂ‘2 (2)

where | K> is the core state of the absorbing atom {the central atom) and k> is the emitted
electron state (the internal photoglectron) with wave number k., The 10}:a1 character of this
spectroscopy arises from the fact that the matrix element is detérmined mainly by the radial
part of electron wavefunctions, This matrix element is not zero only over the atomic spatial
region where the core state radial wavefunction of the central atom is not zero, Therefore on

ly the local character of the final state wavefunction affects the core matrix e€lement.



Gerierally the birding energy of core levels are one separated from the others by a large
energy range, therefore an X-ray absorption spectrum concerns a specific core level on a spe
cific atom, THhis spectrum is superimposed on an absorption background due to transitions to
high energy continuum states from other occupied levels of the same atom and of the other
atoms,

Surface X-ray absorption spectra are due to photoionization of core levels of surface
atoms, The experimental problem is to distinguish the core transitions in surface atoms from
that in the bulk., The problem is simpler when a different atom is adsorbed on the surface,
because at the photon energy of its absorption threshold all the absorption structures are due
only to surface atonis., However the signal due to surface atoms is a gmall signal which has to
be separated from a large background due to bulk atoms, The experimental methods to measu
re the surface X-ray abgorption spectra enhance the signal from surface atom photoionization
processes and should give spectra with a good signal-to-noise ratio, These methods are de-
scribed in-Seetivn’ 3,

Threée parts of a surface X-ray absorption gpectrum can be distinguished:

a) The absorption edge is the absgorption jump where the firgt core trangitions are energetically

allowed, The lifie shape of the absorption edge and the structures in the photon energy range

within a few eV are determined by many body, density of states and/or core excitons effects,

b) XANES Ve‘xt'en‘d's Ovér an enérgy range of some téns of eV above the absorption edge where
s\trdng‘ peaks ‘with a fine structure appear before the threshold of the EXAFS oscillations(3’ 4),
This energy range is defined as that where the excited electron has enough Kinetic energy to be
in the contifitim but its wavelenght is larger than the interatomic distance between the central
atom and its first neighbours. At such low Kinetic energy the excited electron is strongly scat
tered by neighbour atoms and its wavefunction is determined by multiple scattering effects in-
side a cluster formed by the first coordination shell and eventually the second and third shells.

The XANES of simple molecules have been mea’su:r-ed(5) and have been interpreted(6’ ) as
due to unoccupied valence orbitals and shape resonances. In Fig. 1 the initial core states and
the final states relevant in the XANES of a simple molecule like CF4 or SFg are pictorially
drawn. The shape resonances arise from the multiple scattering of the excited electron from
the central atom in an effective coulomb plus centrifugal potential, In Fig. 2 a pictorial view
of the scattering processes of the excited electron in the XANES and EXAF'S range is drawn. In
the XANES the excited electron is backscattered mary times by neighbour atoms at the reso-
rance energies due to the high backscattering probability A(k)} at low k values,

Bécause the XANES spectra are determined by the local site symmetry and are indepen-
dent on the crystalline order, they can be used to extract information on site symmetry and chie

mical bonding of unknown comp‘ounds(?’: 8) and of surface molecular complexes,
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FIG, 2 - Pictorial view of the scattering processes of the internally excited photo
electron determining the EXAFS oscillations and the resonances in the XANES,

through matrix element effects,
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¢) EXAFS spectrum extends from ~40 eV to ~ 800 eV above the absorption threshold. The stu
dy of these weak modulations of the atomic absorption coefficient requires low resolution (4AE~
~ 8§ eV) and very high signal-to-noise ratio spectra over a large photon-energy-range. The theo
ry of bulk EXAFS(® 10) i now well established and EXAFS is now used as a standard technique
to measure interatomic distances and coordination numbers.

In the EXAFS range the kinetic energy of the excited internal photoelectron from the central
atom M is high enough that the plane wave approximation is good and it is weakly scattered, with
the backscattering probability A(K), by a single neighbour atom (see Fig, 2). Interference effects
between the outgoing and backscattered wavefunction of the excited photoelectron through matrix
e¢lement effects induce a modulation of the absorption coefficient,

Many body effects(11) and the introduction of spherical waves in the place of plane waves(12)
have to be considered to explain fine details in the analysis of the amplitude of EXAFS oscilla-
tions, as has been pointed out recently,

For the applications of EXAFS to structural analysis, the important point is that, following
a standard procedure of data analysis, reliable interatomic distances and coordination numbers
can be obtained with high accuracy,

EXAFS spectroscopy gives information only on the local structure around the absorbing atom
within a distance of about b.zn from it. Such a local sensitivity is determined by the inelastic elec

tron gcattering mean free path and by the Debey-Wealler factor.

3. - EXPERIMENTAL METHODS.

3.1, - X-ray transmission,

Bulk X-ray absorption spectra are usually measured by the standard X-ray transmission
measureraents through thin 0.1 -1 pm films. Because &% 1, the absorption coefficient is
athy) = 1/d InIO/I where d is the sample thickness and I, and I are respectively the incident
and trasmitted flux. The number of atoms of a surface monolayer on a crystal surface are only
about 1013 in the X-ray beam, surface effects are therefore generally negligible in bulk trans
rmission rneasurements,

There is a special system where X-ray transmission can be used to record surface EXAFS
and surface XANES. The system where the substrate is nearly completly transparent at the
photon energy of the absorption edge of chemisorbed atoms and the effective surface area of the
substrate is very large. This special substrate is "grafoil". The surface spectra of heavy
atoms like Bry and Kr on graphite have been measured using this technique and good signal-;

-to-noise data have been obtained(13),

3.2, - X~ray reflection,

Below the critical angle for total reflection, the reflectivity is high (> 50 %) and the pene-

Q
tration depth for X-rays is low (20-100 A), therefore this technique is surface sensitive, The



critical angle is about 0.5° at 10 keV rising to 5° at 200 eV,

First experimental evidence of EXAFS oscillation on X-ray reflection spectra has been gi
ven by Barchewitz et al.(]4). The EXAFS of the graphite surface layer on the grating of a soft
X -ray monochromator due to carbon contamination has been extracted by the output spectrum
15)

of the monochromator! Good signal-to-noise spectra of very good optically polished cry-

stal surfaces have been recently measured(16)

and a theoretical calculation of the X-ray reflec
tion spectra has been done(”). This promising technique has not jet been applied to interest-

ing problems,

3.3, - Techniques recording core hole decay products.

The inner shell photoionization process can be described as a two steps process. In the
first step the photon excites a core hole-excited electron pair, and in the second step the re-
combination process of the core hole takes place., There are many channels for the core hole
recombination, each one with a probability p;, and each channel produce the emission of pho-
tons or electronsand ions which can be collected with a special experimental apparatus, Assu-
ming that the two steps are independent on photon energy the recorded number of the decay
products of a special decay channel will be proportional to the number of core hole produced
in the sample by the X-rays which is proportional to the absorption coefficient.

The recombination channel which has been used to record bulk X-ray abgorption spectra
of dilute systems is the direct radiative core hole decay producing X-ray fluorescence lines(m),
The X-ray fluorescence lines have high photon energies and therefore thisg technique probes
the bulk,
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Ny, = Noa‘cA where o % N_o if ac/l <1

N, is the number of incident photons, a, the absorption coefficient, N is the surface density
of atoms and ¢, the core photoionization cross section,

The surface sensitivity can be defined as the ratio between the parts of the signal due to the
surface layer and that due to the substrate. This quantity is depending on the selected decay chan
nel and in the case of electrons on the effective escape depth plotted in Fig, 5.

The signal-to-noise ratio is depending on the number of events which can be detected. The

" number of counts due to a monolayer of thickness d is Nya.d pf, where p is the probability
of the selected channel of the core hole recombination and £ is the solid angle collected by the
detector. An important part of the apparatus determining the signal-to-noise ratio, through No,
is the optical set up including X-ray mirrors, X-ray monochromators and high current storage

rings(24). Other important parameters are the detection solid angle, the efficiency of detectors

~:@nd the selected core hole decay channel,

A o -

©" 1t is important to remark that the requirements for good surface XANES and surface EXAFS

wapectra -are different. The resolution of the X-ray spectra, determined by the optical set up (mo
‘nochromators and mirrors) should be high (AE £ 1 eV) for the XANES and can be low for EXAFS

AAE ~ 6 eV). The gignal-to-noise ratio should be very high for the weak EXAFS modulations to
obtain interatomic distances with good accuracy, while it is 2 less severe requirement for the

" strong XANES resonances,

3.3.1, - Auger electron yield,

In the soft X-ray range, hv <4000 ¢V, the Auger recombination has higher probability than
the radiative recombination, As the energy of Auger electrons is characteristic of a particular
atom, it was suggested(zs’ 26) that the selective photoabsorption cross section of atomic gspecies
chemisorbed on a surface could be measured by monitoring the intensity of its Auger electrons
as a function of photon energy. The basic phenomena which justify this detection technique are
that the Auger emission is nearly isotropic and the energy of Auger electrons does not change
ag a function of photon energy. An intense Auger line is selected by an electron analyser, ope
rated in the constant final state mode (CFS) with an energy window of a few eV,

A standard experimental set up for this type of surface X-ray absorption measurements is
shown in Fig, 3. The surface contrast of this technique is determined by the ratio between the

’ intensity of the Auger line and the secondary electron background at the same energy coming

”‘from the substrate, In Fig. 6 is given a pictorial view of the evolution of the energy spectrum
of emitted photoelectrons (EDC's curves) as a function of the energy of exciting photons., The
measured variation of the EDC curve of aluminuin with the appearerice of the Auger band for

photon energy above the Lz, 3 threshold is shown in Fig. 17,



k QA WI0L —————

"A® gL 1e8ps uondios . o ASHINT JILINDA
-qe 2y} MOTaq pue dA0qE mwﬂwnoco uojoyd £q pajIo @ —
To Ty uI suoapate defny € 4 jo DA - L DI _IT

(A8) ASHINT JULINIY  NOYL3I
0L cm 0§ o¢ 0€ 0z

P | T T d T

l.llllllll —_—
~

RN - SKOUL2T1I010Hd W03 10340
N3¢ \
\ 7 =

=T
ALISN3LINI

Yy<ay
AN mum?q v
\ | | - 13031 3409 .
. 03
Mg @Y o 4
NOEL(OY — 988 /SINNDY mo_xmﬂ P \
i B 1=
Jud : =2 \
| \
f ONVE JONTIVA /
N —1
i BELENI I EE
kY .cl /
// TAIT WOADYA N
//\.\n\\l\/l\ NOISSINI0L10HE 133810
ONVE IINITVA
_ . ‘umeJap ‘sossasoad as ”
211 J0 yoee £q pojeUISTIO ‘SucJioa[e LJIepuodes jo Tre} 2UL .OM = 4y e Jeadde <
suoJajosieojoud 8305 jo8aIp Sy, -juesead sfemys 2Je SUCIIOSIR PAJIaNEDSIORq

Axepuod2as jo TIB} J19U) YIIm hﬂn@ﬂ?&ﬂhmmmswoﬂwzdto coﬁcmqoou‘asa
pueq eoustes 102aIp 8y ‘A8xaus nowccm a2y} uo juepuedspul ST I pue o =D =

= ay pioysaJauy uonidiesqeojoyd 9100 oy je Jeadde pueq UOIIOBT3 Ja8ny ay],

*pOJOpPISUOD ST [9AS] 8100 dUO PUR PUEB( SOUSTEA U0 ATUO UM [e}SAI0 orduwits v

¢y so1fIous uvoljejroxe uojoyd JUSILIIID 29JYL Je WINNORA SYI UT PAITWId SUOIIOST

~otoyd J0 (DQH) S2Aan) UOTINGLIISIT A3 19U UOIOI[H JO MITA [RIANIOId - 9 "DIA

ALISNALNI



- 10 -

3.3,2, - Total electron yield,

The measurement of the total electron yield has been found to be proportional to the bulk ab
sorption coefficient in the soft X-ray range using standard sources(27,28) and synchrotron radia
(29)

tion This technique has recently been applied in the hard X-ray range 8-10 keV using a cry

stal monochromator(so)

. This technique measures the integral over the entire energy range of
the electron energy distribution curves (EDC), see Fig, 6.

The surface contrast of this technique is poor because both low energy secondary electrons
and high energy photoelectrons are collected, In the hard X-ray range(30) it was estimated that
about 100 R contribute to the recorded signal, The :i.dvantage of this method is that the maximum
counting rate is obtained since all emitted electrons over 2# sterad can be collected by giving
a positive voltage on the detector, which in this case is only a high current channeltron electron
multiplier,

This detection technique has been found to be the one giving the best signal-to-noise ratio
between the electron yield techniques for surface EXAFS of Oxygen on A1(31,32)

3.3. 3, - Low-energy-electron partial yield,

It was proposed to improve the surface contrast of the total yield method by measuring only
the secondary electrons within a kinetic energy window around 4 eV (see Fig, 6)(33). Selecting
only secondary electrons of this kinetic energy the surface sensitivity is hi gher than that of the
total yleld. About 20 R ot the sample contribute to the spectrum, The counting rate  is high
because the kinetic energy is close to the maxirmum of the secondary EDC(34), Fig. 6 shows that

/the increase of the signal in the secondary yield at the core threshold hy, = ?)];. - Ee is due to
inelastically scattered Auger electrons. The basic experimental get up is shown in Fig, 4. The
cylindrical mirror analyser (CMA) is operated in the CFS mode.

This technique has been applied to study surface core excitons on clean crystal surfaces of

@emioonductors(ss)

. These surface excitons appear as new peaks at lower energy than the bulk
sbgorption threshold. To study surface effects above the absorption edge a more surface sensi
tive technique is required, .

This technique hag also heen applied to study the thick surface oxide layers, about 20 ‘Z(3=14)
on 2luminum and the surface EXAFS of chemisorbed oxygen on metal and semiconductors(ss‘w).
The K edge of oxygen is in a photon energy range ho~ 530 eV, which is difficult to reach ex-
perimentally, The =pectra quoted above were measured using the "grasshopper" monochroma-
tor at SSRL 39 with a fairly low resolution, about 4-10 eV, Therefore it was impossible to
measure high resolution XANES but it was ideal for EXAFS which requires only about 6 eV re-
solution, The counting rate was limited by the channeltron electron multiplier which is easily
saturated by the strong background of secondary electrons coming from the substrate, This

problem has been partially solved using high current t:hanne].trons(m' 32).

3. 3.4, - Intermediate-energy electron yield,

The surface contrast can be enhanched by selecting only emitted electrons, with an inter-
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mediate kinetic energy between 20 and 100 eV(40), Fig, 8 shows the surface L, 5 spectra of

aluminum exposed to 200 Langmuir of oxygen uging a CMA and the experimental set up in Fig, 3.

FIG. 8 - Secondary partial yield (EX= 4 eV)
and intermediate energy yield (E* = 45 eV)
giving the surface Ly g soft X-ray absorp-

A (111)+200 L O,

CLEAN/

tion spectra of clean "A1(111) surface (dash- = L ‘u_

ed curve) and of Al(111)+200 Langmuir of % At
chemisorbed Oy (solid curve), The dashed AF2p

and solid. curves have been normalized at

the same intensity at the clean Al threshold A 20

(73-74 eV) where the transitions from core R Y——_
levels of Al-O complex are not yet energeti DIRECT
cally possible. The absorption spectrum due r PHOTOEMISSION
to Al 2p core level of the Al1-O complex can J PEAKS

be obtained by the difference betwecn solid N B B T R R |
and dashed curves, Direct core photoemis- 75 80 8%
sionpeaks appear at hv = E¥+ Eq. PHOTON ENERGY-(eV)

The spectra have been taken in the CFS mode E¥= 4 eV and EX= 45 eV, Clearly the surface
contrast, i, e, the ratio between the signal due to chemisorbed oxygen (dashed area) and the

signal due to the substrate (dashed curve of clean Al) is strongly increased, in the interme-
diate energy yield spectrum. This technique gives a spectrum free of interference with core
direct photoemission peaks in the range E < hv <E_+ E¥ using the notations of Fig, 6. This
will not be the case if there are other atomic species having core levels in this energy range.
This technique has been used to measure high resolution XANES(41'45) of chemisorbed atoms
or of the first surface oxide monolayer on metals and semiconductors,

A different experimental set up(46) was used to measure the surface EXAFS of oxygen
collecting about all elnctrons ejected in 2m sterad and rejecting all the low enurgy secondary
electrons, Fig, 9 shows a comparison betwecn the spectra taken with this method and with
the secondary yield method. The surface contrast is clearly increased and the counting rate
decreases by only an order of magnitude, The spectrum was recorded over a 10 hours col-
lection time on the grasshopper beam line of SSRL/\RQ) and the storage ring SPEAR operated
at 1.8 GeV and 7 mA giving a photon flux of 109 photons/sec witain the band-pass of the
monochromator, The delector consisted of two hemispherical grids abd a channeltron elec—
tron multiplier, The sample and the first internal grid are kept at ground potential and the-
electrons are retarded by the negative potential on the second grid, Since all electrons below
the energy cut off are rejected the low energy secondary electrons coming from the bulk are

not collected, The measure of the surface ahsorption spectra of a clean surface has been obtained
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Photon energy (&) ken from ref, (46).

by the method which gives the highest surface contrast(47)

. The technique should detect the Au
ger electrons of kinetic energy such that the effective escape depth 1(E) is minimum, The mea
gsured effective escape depth in aluminum, plotted in Fig. 5,has a minimum of only 2 K at ~40
eV. Therefore it is possible to measure the surface absorption spectra of the clean surface of
aluminum by the CFS mode with the fixed energy window at 45 eV. Fig, 7 shows the EDC of Al
excited by photons with energy lower (dashed line) and higher (solid line) than the photoabsorp-
tion threshold of the 2p core level hy,= E,= 73 eV, A broad band of Auger electrons appears
when photons have enough energy to create the 2p hole. The number of direct valence band
photoelectrons is much smaller than the number of Auger electrons, Therefore the valence
band is hardly observed using the same intensity scale. The experiment was performed at SSRL
on the grasshopper line and the storage ring was operated at 2 GeV and 14 mA,

It is possible to increase further the surface contrast by selecting the Auger emission an«
gle and the incidence angle of incoming photon flux. Selecting the emission angle as is shown
in Fig. 4 the effective sampling depth is A(EX) = 1(E®) cosff. By collecting Auger electrons at
the largest possible emission angle § ~80°, A(E) can be reduced by a factor of 10, The sur-
face contrast can be estimated by the ratio of the total emission of Auger clactrons from the

first surface layer and that due to all the layers below

: g i ’ -1
R = 1 S = { % exp - [_(_1_:"__9_._5_)_3\;]}
bulk i=1 A

agsuming = discrete distribution of atomic layers with a spacing a, We have measured the

L2'3 absorption spectrum of the clean Al(111) surface using § = 42°, 1(45 eV)= 1.45 K and
a= 2.333 the estimated surface contrast R is about 8 i,e, only about 11% of the signal is
due to the underlying layers, A different method to define the surface sensitivity is to use a
continuum model, It is possible to define the thickness of the surface layer which contribute
about 86 % of the signal h = 24,
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3. 3. 5. - Photon-stimulated-desorption (PSD).

1t has been demonstrated that the photoionization of a core level of an adsorbate induces ion

desorption through the interatomic Auger reco:mbinaticn(48’ 49)

. Because the ion current due to
the PSD is proportional to the number of created core holes, i.e. to the photoabsorption cross
section of the adsorbate, it is 2 measure of the surface absorption with a very high surface con
trast in comparison with the already discussed detection methods. The ¢xperimental set up will
be formed by a rags spectrometer selecting the ions produced by PSD of the corresponding ad-
sorbed species,

Recently a good signal-to-noise ratio spectrum of surface EXAFS of Oy on Mo({100) using
a simple time-of-flight spectrometer to select the O% ions has been reported(so). The wsurface
XANES of Si0Og has also been measured recording the H' ions emitted from the surface of
fused 5i04(51),

3. 3. 6, - Luminescence yield (surface optical EXAFS),

An alternative approach to measure the surface absorption of a thin oxide.layer or of a
chemisorbed molecule in the X-ray range is to record the intensity of optical or near UV Ilu-
minescence emitted by the active surface molecule under the X-ray flux. This method has been

used for measuring the bulk X-ray absorption(‘52)

and can be easily applied to study surfaces
with the advantage, in comparison with other techniques, that all the emitted optical lumine-

scence can be focused on the photomultiplier using optical mirrors,

3, 4, - Angular integrated constant initial state spectra (CIS).

In constant initial state spectra the intensity of a direct photoelectron peak excited from a
core level or the valence band of binding energy E, (see Fig, 6) is followed by varying the ki
netic energy at which photoelectrons are collected Eyyn = hv - Eq. The measure of the number
of photoelectrons N(h», Bii,) is proportional to the partial photoionization cross section of
selected initial and final states, This photoelectron mode was first proposed by Lapeyre et a1.(53)
and can be used to obtain various information, Angular resolved CIS can give the .dispersion

of the valence and conduction bands(54)

diffraction e:ffec:ts(55’ 56) "

and structural information through the photoelectron

Arngular integrated ClS can give the partial photoionization cross section of the initial sta
te(87-60), Near the threshold the direct photoemission peak is superimposacd on top of the se-
condary peak (see Fig. 6). In the first 50 eV above the threshold CIS cannot therefore be ap-
plied(58’ 59) put is possible to use at higher eln.ergies(59: 60), Moreover CIS hove to be correc
ted for the energy dependent transmission of the electron energy analyser. The wurface sensi-
tivity of CIS spectra is determined again by the effective escape depth of collected photoelec-
trons in the kinetic energy range 50-300 eV necessary for a surface EXAFS spectrum and by

the fact that only unscattered photoelectrons ejected in the vacuum are collected.
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., CI5 spectra are proportional to the total photoionization cross section only if all electrons
emitted over 47 sterad are collected(26), Therefore only in this case the standard-formula for
EXAFS oscillations could be strictly applied. In fact selecting only electrons in one direc-

tion photoelectron diffraction effects(55’ 56)

and atomic effects through the asymmetry parame
ter B(hv) can induce large deviations from the true total photoabsorption. The mamber of pho
toelectrons ejected in a specific direction from an atom by polarized monochromatic radiation

has the form

v 9 1+ B3 c0s?
N~4n(1+2(33030u1)

where 6 is the total dipole cross section and 8 is the angle between the electric vector of the
radiation and the direction of emitted electrons, B is the agsymmetry parameter and can exibit
large energy dependent variations from the expected value 2(61). For each type of electron ana
lyser and experimental set up it is important to define the collected solid angle, Using a CMA
and experimental set up of Fig, 4 one integrates the emission over all the azimuthal angles and
over polar angles between 36° and 48° (resulting solid angle 0.88 sterad), Also if this angle
is much smaller than 4% we have found that the CIS of the 2s level of graphite shows EXAFS
oscillations in agreement with results in other layer compounds(em. The results will be di-~

scussed in the last Section of this article,

3. 5. - Extended Appearance Potential Fine Structure Spectra (EAPFS),

Surface EXAYS oscillations have been recently detected in electron excited APS spec~
tra(63,64) i, technique is different from the others since it does not require synchrotron ra
diation and the core hole is created by incident electrons. The final state energy is divided bet-
ween two electrons. "Differentiation of the yield with respect to incident energy E, produces a
signal which strongly emphasizes the situation in which one electron is close to the Fermi level,
Thus it is the first derivative of the yield which is analogous to undifferentiated absorption spec
trum of EXAFS" (from ref. (62))., The measure of EAP¥FS was obtained with a conventional he
mispherical-grid LEED optics by recording the second derivative of the elastic yield as a func
tion of E,. The retarding grids are biased a few volts positive with respect to the emitter of
the electron gun and the second derivative was obtained by superimposing a small sinusoidal
oscillation on the sample potential and detecting the second harmoniec, In order to analyse the
data with the usual EXAFS formula for dipole traasitions it is necessary to establish theoreti
cally the connections between the electron and photon cross sections., Fortunately the usual
theoretical EXAFS formula can be applied but the final state phase ghift in the oxygen K ghell
excitation is that of the 1=0 wave instead of 1= 1(64). This method is limited to amorphous
surface due to the presence of structures associated with the diffraction effects of the incident
(65)

beam, Rccently this limitation has been overcome by using a golid state soft X-ray detec-

tor, recording the soft X-ray yield as the core level de-excites (SXAPS),
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4, - SURFACE XANES: DATA ANALYSIS AND EXPERIMENTAL RESULTS,

X-ray Absorption Near Edge Structures XANES extend over an energy range above the ab-
sorption threshold E, where the wave number of the final state electron (the internal photoele_c_:_
tron) is

K < 2a/R

where E is the interatomic distance between the absorbing atom (the central atom) and the first
coordination shell, XANES can be determined by atoric or molecular effects if the local charac
ter of the final state wavefunction is mainly determined by the atomic potential, or by the mole-
cular potential due to the central atom and its neighbour:s. Generally atomic effects are large
for transitions from core radial wavefunction with nodes, In this case the spectra are dominated
by Fano-Cooper minima and delayed transitions(68), Strong "white lines" of mostly atomic cha-
racter also appear in the Lg, 3 epectra of transitions metals and rare earths compounds(67). In
these spectra the atomic resonances near the edge are so strong that they obscure molecular
effects.

When atomic effects are negligible the XANES is dominated by molecular effects, The final
state wavefunctions, as discussed in Section 2 of this paper, are determined by the local struc-
ture around the absorbing atom, The XANES, where the excited electrons strongly interact with
many atoms (see Fig, 2), contain information on relative orientations and bond angles of atoms
surrounding the absorbing atom(4), For example EXAFS, where singl‘e atomic scattering events
dominate, only the pairwise atomic correlations are relevant, The molecular complexes formed
by chemisorbed atoms on crystal surfaces can have a complex symmetry, therefore the average
{nteratomic distance determined by EXAFS can not be sufficient to determine its structure., Com
plementary information on banding angles and higher order atomic correlation effects can be ob-
tained from XANES, Second shell effects are also expected to be important in XANES where the
final state is in a fully multiple scattering regime.

The important role of the molecular symmetry of the cluster around the central atom is
experimentally well established, The XANES of molecules like CF,4, S04, GeCly are all simi
lar concerning the shape and intensity ratios of the peaks despite the fact that the central and
neighbour atoms are different. The symmetry of a molecular cluster can be easily determined
by comparing the XANES of an unknown system with that of known systems(3= 8),

The important point for using the XANES as a "fingerprint” of the local structure around
the central atom is to determine the role of the long ranga order, Therw: are several experiments
giving evidence for the insensitivity of the XANES epectra to long range order when they are de
termined mainly by the first coordination sheell(3). A typical example is the Lz. g spectrum of
SiQg9, characteristic of the Si0O, tetrahedral microscopic cluster. This spectrum is the same
in a-gquartz and amorphous silica(43). The surface XANES of fused Si0O, also show a symilar
spectrULm(Sl) showing that long range ordér can be disregarded in this case, This experimental

evidence has suggested an empirical approach for determining surface local structures by com




-~ 16 -

paring surface XANES with bulk XANES of known compounds,

Using this approach the structure of the first surface oxide on Si(111) crystal surface has
been determined(43). This oxide is formed by 8i0, units typical of SiOy. In fact, as is shown
in Fig. 10, the surface XANES of the first oxide on the Si(111) formed at room temperature is
similar to bulk SiOg. Mvidence of SiO formation on the Si surface at high temperature has be-

en clearly found, In fact in Fig. 10 the XA

r;urfar.e XANES D NES of the surface oxide monolayer grown
| at high temperature is completely different

| Si0, monolayer—.,—~ and is the same as the bulk XANES of SiO(}‘M)W
/

~

N The effects of second coordination shell

\ C / can be :important(g” 4), In the case of Si09
\ | / second shell effects appear through a va-
riation of the 8i-0-3i bridging bond angle,
! The variation of this angle induces a chan
P Si0monolayer /‘\ ge on the Si-O effective charge transfer
[l inducing & shift of the initial core state(68),

This effect appears in the surface XANES

PHOTOABSORPTION CROSS SECTION

spectrum of 5109 on Si(111) through the
PHOTON ENERGY (eV) energy shift of the peak A, a discrete (ex

l . ] N 1 . ] L citonic) excited state, of about 1 eV in

100 10 120 130 comparison with bulk XANES of $i0,. This

FIG, 10 - Surface XANES of the first oxide result indicates a decrease of the average
layer formed on Si(111) at room temperatu
re ("SiOg monolayer") and at high tempera
ture ("SiO monolayer™"), lue of 1449,

bridging bond angle from the o-quartz va-

The surface XANES of oxygen chemisorption on the principal crystal faces of Al have be-

en studied(41),

Evidence for the transition from the ¢hiemisnrbed phase to the oxidation phase
has been found. This experiment demonstrates also the local character of XANES spectra be-
canse they appear to be determined mainly only b'y the microscopic Al-Oy molecular cluster,
which changes going from the chemisorption to the oxidation phase.

In order jco determine the structure of the first oxide molecular monolayer on Al its XA-
NES spectrum has heen compared with bulk a- AlyOq and amorphous alumina, which have te
trahedral and octahedral local symmetry around the Al ion respectively.

The spectra are plotted in Fig, 11 (43). The data show that the local structure of the sur-
face oxide is different from botit inudel compounds but it is close to the spectrum typical of
octahedral symmetry, This result is in agreement with surface EXAFS results(31’ 32,74)
which gives a longer Al-O distance (R: .88 R) ;n the first AlyOg4 oxide layer than in the
bulk alumina (R 1.85 11'), where the Al ions have mostly a tetrahedral coordination, A lon-

ger Al-O interatomic distance is expected for Al coordinated by 6 oxygen atoms than for Al
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coordinated by 4 oxygen atoms(74), £ =71.8%0.2¢V

Thig is a typical example to show the diffe-

rent kind of information that can be extracted Surface XANES

from the surface XANES and surface EXAFS, | Al, 0y monolayer

XANES is more sensitive to the symmetry and
is a useful fingerprint of the local structure,
EXAFS gives mainly the value of the interato-
mic distance which is a fundamental quantity to
determine the local structure but it is not
enough fo determine completely an unknown

surface local structure.

a-A|203

PHOTOABSORPTION CROSS SECTION
(%]
=
>

EgT1
FIG. 11 - Surface XANES of the first oxide 717402

monolayer on Al(111), A1{100) and A1(110)
surfaces compared with the bulk soft X-ray
Absorption (8XA) spectra of model com-
pounds where the Al atom has octahedral | |

| ]
(a - AlyOg) and tetrahedral (a - AlyO3) co- 80 90 100 10
ordination. PHOTON ENERGY (eV)

5. - SURFACE EXAFS: DATA ANALYSIS AND RESULTS.

EXATFS is actually a standard technique to measure interatomic distéances and coordination
numbers(9= 10) The final state interference effects modulate the atomic absorption coefficient
0., The measured absorption coefficient @ is given hy the sum of the background absorption

¢y, and the absorption coefficient due only to the core level, a.

a. =6 -0y

The EXAFS modulations are given by

9.
where k is the wavevector of the excited electron k = 0.5123 fiw -E, I-Vo)l/zA 1 and E is
the absorptiorf threshold, Vg is the inner potential.
The first step in data analysis is to remove the background a4, @} generally is removed

by preedge fitting but in surface EXAFS of a chemisorbed atom it can be removed by subtract
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ing the surface absorption spectrum of the clean surface. Thig first step in data analysis is ve-
ry important because a wrong background subtraction affects the meagured coordination number,
but fortunately it has a unegligible effect on the measured interatomic distance.

In the second step X(k) is obtained by removing the smooth atomic background @.j.

The third step in data analysis is to calculate the Fourier transtorm of the spectrum. Distinct
peaks for each coordination shell are obtained.

The fourth step is to isolate the contribution from the individual shells, in order to simplify
the analysis of EXA¥S. The peak corresponding to the shell of interest is back transformed in-
to k space, where its amplitude A(k) and phase $(k) can be determined as a function of k. This
experimentally determined EXATS oscillation due to only one coordination shell should be com-

pared to the theoretical formula(g) of the EXAYS osgcillation:

k-2(k) = (-1 A®K) sing(k)

where yb(k) = kR + (k) ,
=
A = (X) F(k) exp(-20%K% + 2R/A (W)
Rll
N 2
in L spectra 1= 2 and N¥ =3 3 (1/3+cos®0,),
i=1
N
in k spectra 1=1 and N¥ = 3 > cos2 9 .
i=1

N* is the effective coordination number and N is the real coordination number; A is the mean
free path for inelastic scattering of the internal photoelectron; A(k) is the backscattering am-
plitude which is characteristic of each atom and allows the determination of the type of back-

scattering atoms ; ¢ is the Del.ey Waller like factor:
1
P(k) = P (k) + By (k) = 267 (k) + f,(k)

where 0! is the phase shift due to the central atorr; and ¢b the phage of the backscattering am
plitude.

The value of the wa-re number k of the excited photoelectron is depending on the choice of
the inner potential V,. V, is determined by setting V, such that the experimental phase at
k=0 is the same as the theoretical phase(g).

The more reliable way to determine interatomic distances and to avoid using theoretical
phase shift is to measure the bulk EXAFS of a model compound with the same central atom,
the same number of near neighbours at about the same distance, The difference between the

phase of the model §,, and the experimental P(k) is

Bk) - (k) = 2k(R - Ryy) .
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In this way by knowing the distance of the model Ry, the unknown distance R can be found,

In surface EXAFS spectra it is possible to have information on the site structure by using
the polarization of synchrotron light, In fact the effective coordination number depends on the
photon polarization and incidence angle because 6; is the angle between the electric vector of
X -rays at.the central atom site and the vector Ri from the central atom to the ith atom of the
first shell, The comparison between the amplitudes of the surface EXAFS and that of the model
compound Alk)y, gives

*.2 2, 2

_ w2, . 2
In (A(k), /A(K)) =1n (N R®/N'R_ ) +2k"(¢" -0, ) .

The term 2(R - Ry,)/A(k) can be omitted because 2‘1?; - Rm]<< A (k). A linear plot of
in A(k)m/.A(k) vs k2 yields the unknown coordination number N* from the ordinate intercept
at k=0 and the 62 from the slope of the plot. In SEXAFS experiments the model canbe the bulk,
The surface Debey-Walier factors determining the damping of surface EXAFS oscillations
are expected to'be different from that of the bulk, For example the calculated ratio of the sur-
face-to~bulk mean-square displacements can be about 2 for the (100) surface of tungsi;en(Gg).
Several chemisorption sites have been studied with polarized synchrotron radiation. The
adsorbate-substrate distances are determined using p-polarized X-rays>and absorbate-adsorba
te distances with s-polarized light, Also the number of substrate atoms bound to the adsorbed

atom is found from the analysis of EXAFS arnhplitude of polarized spectra at several incidence

angles.

5,1, - SEXAFS of chemisorption sites,

a) SEXAFS of Br, and Kr on graphite(}3), The SEXAFS of Br (K-edge) show that Bry
molecule lies parallel to the surface plane, The Br-Br distance increases about 0.03 j’x from
the vapor, This result is confirmed by the angular dependence of a strong "shape resonance"
in the near edge structures of the Br, molecule like that of Nz(s) Br-Br and Br-C EXAFS
oscillations can be easily separated for their quite different behaviour of EXAFS amplitudes

A(k). In this experiment the X-ray transmission has been measured.

b) SEXAFS of Oxygen chemisorbed on semiconductor and metal single crystals (0, K-adge).
Usiag a grazing incidence monochromator in the soft-X-ray range(39) the SEXAFS of chemi-
sorbed oxygen have been collected using partial yield, intermediate energy electron yield and
total yield, This last detection method gives the best signal-to-noise ratio for sExaFsi3l, 32)
and the spectra are free from interference with core direct photoemitted electrons over a lar-
ge energy range, Fig, 12 shows SEXAFS spectrum of oxygen on Si(111) surface measured by
Stohr et a]..(38.) by secondary electron yield technique, A Si-O interatomic distance of 1,65 1
1t 0.03 j'& has been extracted and an effective coordination number N*=1,1 has been found, to
be compared with the values for the 8i0y nodel compound Ry, = 1.61 :& and N*= 2, A larger

Dekey -Weller like factor has been found in the chemisorbed oxygen than in the bulk oxide.
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-2 b A 106 L 0% ON Si (1)
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FIG. 12 - Surface EXATS spectrum of oxygen chemisorbed on Si(111)., The figure b)
shows the module of the Fourier transform with mainly only onhe peak A correspond
ing to the first coordination shell, From reference (38).

A careful study of O on Al(111) has been performed by Stdhr et al,(31,32,70,74) e oxi-
gen chemisorbs in the threefold hollow site with an interatomic Al-O distance R=1.76 t0.03 ‘A,
which is muchshorter than expected from LEED data.This distance remains unchanged from the
half monolayer to the monolayer coverage. Also the O-O distance of the adsorbate monolayer
has been measured(31, 32),

The chemisorption of oxygen on GaAs has been found to be dissociative(46) and the inter-

atomic distance has been determined.

¢) The SEXAFS of I chemisorption on single crystal surfaces of Ag and Cu have been
measured by Citrin et al.(71). The 1 K-edge spectra have been recorded using & focused X-ray
beam (collecting 10 mrad) and 2 Ge(111) crystal monochromator. From the analysis of A(k)
they have been able to distinguish atomic or molecular chemisorption, The dependence of che-

misorption sites on adsorbate coverage has also been studied.

5.2, - Surface EXAFS of clean crystals,

The surface EXAFS of a clean aluminum crystal has been measured by using the interme-
diate energy electron yield. By recording the secondary electron yield the bulk absorption

spectrum is measured in the case of a clean surface, Therefore a direct comparison is pos-

90 V 100 10 sible between bulk and surface spectra ta-
I | T i 1
PHOTON ENERGY (eV) ! .| ken on the same sample. Unfortunately it was
—h= 2'857% possible to measure the surface EXAFS only
e = 2707 A

in a short energy range at the L. edge of Al

The results are shown in Fig, '13(47),

F__I_(;}- 13 -~ The first oscillation of bulk

aluminum Lz' 3 EXAFS and of Al(111)

surface EXAFS. The solid curves are

the calculated EXAFS oscillations fog‘

PHOTOELECTRON ENERGY (eV) the bulk interatomic distance 2,857 A
1 { | !

and for the relaxed distance 2,707 A;

% (ARB. UNITS)

[ |
25 30 35 40 45 50 (2.5 < k(A1) < 3,5).
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The data indicate a surface relaxation on the Al(111) surface of 0.15 7—\ The surface sensitivity
of thig data is very high because it is determined by the effective escape depth of 45 eV elec-
trons (see Fig. §) which remains constant durihg the measurement. The electron are collected
using the geometry shown in Fig, 4 with grazing incident p-polarized light. The surface sensi
tivity of these data should be higher than the LEED data where the energy of electrons is conti
nuously changed, In the described experimental geometry (see Fig. 4) only the underlying atoms,

ag it is shown in Fig, 14, should contribute to the EXAFS oscillations,

/

\__%/ /

— absorbing atom
L——-—»;,;; o

~" 1" monlayer

//

/

st
/" 2monclayer
é—_ y

FIG, 14 - Surface structure of the Al(111) surface, The central atom on the

first surface monolayer is sourounded by 6 atoms and it has 3 first neighbours
at the same distance on the second monolayer. For p-polarized X-rays at
grazing incidence only these last 3 atoms contribute to EXAFS,

The surface EXAFS of graphite has been extracted from angular integrated CIS spectrum
of the 2s level at 19 eV binding energy below the Fermi level, After removing the smooth
background frorn the raw data shown in ref. (59), a X(k) curve has been obtained and plotted
in Fig. 15. This experimental curve has been fitted with a single EXAFS sinusoidal oscilla-
tion giving a surface C-C distance, R= 1.41 Z& which is the interatomic distance of carbon
atoms on the graphite planes, The experimental geometry was that shown in Fig. 4 but no
effects due to backscattering from the far underlying layers are observed.

The effects due to photoelectron diffraction for the limited solid angle collected by the
CMA electron analyser have not been observed. Also the effects due to resonances of the
agsymmetry parameter §({fiw) (see Section 3. 4) can be disregarded. In fact g has been calcu
lated(72) for the C 2s photoionization and large energy dependent deviation from 2 have been

found orly below 50 eV outside the energy range of the plotted EXAFS oscillations.
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FIG. 15 - Surface EXAFS of
—graphite single crystal mea
sured by recording the angu
lar integrated constant ini-

PHOTON ENERGY {eV) tial state (CIS) spectrum of
R T T T T the 2s level at the initial sta
100 150 200 te energy E; = 19 eV,

Despite that there are some theoretical problems in the interpretation of the angular inte-
grated CIS spectra it is important that simple EXAFS oscillations can be extracted from CIS
spectra of the 2s level of C, In fact the carbon K spectra are very difficult to measure, they
extend over a photon energy range(hv ~ 280 eV) which is generally not available due to carbon
contamination on monochromator surfaces(’3), On the contrary C-2s angular integrated CIS
spectra of chemisorbed molecules on metals, which are very important in surface science, can

be measured in an available soft X-ray range at a synchrotron radiation facility.

6, - CONCLUSIONS,

SEXATS and surface XANES are promising methods for surface structure determinations,
These two spectroscopies give complementary information and they are both useful to clarify
different aspects of chemisorption sites. Development of theories for interpretation of XANES
is the next step in development of this spectroscoﬁy. Development of techniques to measure
SEXAFS spectra with both surface sensitivity and high signal-to-noise ratiois under way. Al
so the development of dedicated high current storage rings, wigglers and focused X-ray beam-
lines will allow in the next future to apply this new method to many surface physics and chemi

stry problems,
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