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ABSTRACT

X-ray photoemission spectroscopy (XPS) is a ''semisurface"
technique that can be modified to study bulk properties, surfaces, or
adsorbed species. As a bulk probe it is capable of yielding Band-
structure information. It can distinguish amorphous from cryétal-
line materials and is sensitive to magnetic and spat‘iall 6rder.
Seﬁs.itivity to survface character per se is less pronounced. Relax-
ation effects are prominent in XPS spectra. Core-level binding en-
ergies of adsorbed species yield structural information if relax-
ation is considered. The same should be true for valence orbitals.
Hetérogeneous catalysis can be understood in a general sense as
arising from the same origins as the relaxation eﬁergies in photo-

emission.



I. INTRODUCTION

| X -ray photoemission spectroscopy (XPS), or ESCA, provides
an extremely versatile method for studying the 'ele;:tronic,; structure
of atoms, molecules, and solikds.1 ‘For éeveral years the value of
this method as a surfé,ce tool has been been hailed by its préctitioners
but treated skeptically by other surface scientists. In fact XPSis
now generally reg_arded as in "semi-surface' technique because of
the characteristic escape depth of ~15 A for zeré—loss photoelectrons
with ~1 keV kinetic energy. One objective of this paper is to
examine, in Section II, the surface-sensitivity question and evaluate
XPS as a surface tool.

Section III deals with the ''standard" ' appﬁcatidns of XPS to
solids. Elemental .analysis is considered, as is the study of valence
bands. The connection with x-ray emission spéct_roscopy is noted.
Binding-energy considerations then lead naturally to a discussion of
relaxation energies in Section IV, Relaxation effeéts are treated for
binding energies and Auger energiesvin atoms, moiecules; and solids.
It is Shown that Auger ana core-level binding-energy shifts in
solids are related by final-state (relaxation) effects rathér than
initial-state charge transfer (chefni_cal shifté).'

Sections V and VI deai specifically with relaxation on surfaces.
In Section V predictions are iﬁade about the relaxaﬁon-energy shi_ft's
expected when molecules are adsorbedron catalytic surfaces. Spécific
examples are discussed. In Section VI a model:is given in Whi‘ch the

the essential feature of heterogeneous catalysis—the reduction of the
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aétivation eﬁergy—may be understood in terms of screening of separated
cbhargebs in adsorbeci molecular .species by valence electrons near the
Fermi.enefgy' in the substrate. This is the exact analogy of the extra-
atomic relaxation energy.

II. X-RAY PHOTOEMISSION AS A SURFACE TECHNIQUE

The energetics of photoemission are governed by the conser-
vation relation .

hy = E; - E, +K - (1)

‘.v.vhere hyv is the incident photon's energy, E.1 and Ef are the. initial
and final state energies of the system under study, and K is t':he_' '
photoelectron' s kinetic energy. Equation (1) applies directly to the
simplest possible photoemission process, in which the jtil velectrovn
in an N-electron system interacts with the photon's electromagnetic
fie.ld through the term A& - E;J The photoelectron is ejected without

further energy loss in the sample, and the remanent N‘-i electron

system goes into the lowest-energy final state of the proper' symmetry

(the relaxed state). Under these two conditions the interpretation of
XPS spectra is relatively straightforward. In practice it is usually
easy to pick.out the intense ''full energy' peaks in the spectrum that
arise from those évents that satisfy both conditions. These peaks
are, however, each accompanied by spectral structure at lower
kinetic energies ariéing from events in which one or both conditions
is violated. The interesting electron-correlation or '"shake-up"

peaks that arise when the N-1 electron system goes to a higher-
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energy finél state lié outside the scope of this paper. Electron-loss
mechanisms, which reduce the kinetic energy of fhe_phqtoelectron,
a.r.e also not _of direct interest, but they play th.'ebimportant role of
convertin_g XPS from a bulk toa '_'semi-surface" technique. To
understand this we note that electrons which suffer energy losses are

completeiy removed from the main peak, because the criterion
AE >> T @

is usually satisfie.d, where AE is the loss energy (~ 10 eV) and T is
the full-energy peak width (~ 1 eV). Thus the effective sample

depth for XPS is A1

, the mean free path of an electron between
energy-losé events. To obtain this resuit we have .‘invoked the fact
that the x-ra&r penetration depth exceeds A1 by orders of mégn'itude.
The enérgy. dépendence of )\-1 is shown in the '""Universal Curve"
for heavy metals, in Fig. 1.

A superficial interpretation of Fig. 4 is that XPS is a
""'semi-surface' technique, having X-i ~ 15 A or. five atomic layers,
and therefore less valuable as a surface tool than photoerﬁ_ission with

lower-energy photons; e.g., ultraviolet photoemission spectroscopy

(UPS). It now appears, however, that this intérpretation is unduly

pessimistic‘ and that XPS may soon emerge as the mosf powerful
electron-spe;troscopic method for surface studies, because of two
advances discussed below.

The first advance is the ehhanc_ement of surface sensitivity
by employing low eleci:ron-takeoff angles." This approéch has been
pion.eered independently by C S. Fadleyz‘ and W N. Deléass._3

!



The"principle is very simple. The sample is tilted to reduce-the
anglé 6 between the sample surface and photoelectrons that are ac-
cepted by the spectrometer analyzer. Thus electrons from depth d
must traverse an effective sample of thickness d csc 6 (Fig.2), and
the Universal Curve is effectively'lowered by a factor of sin 8. The
work of Fadley and Delgass éu‘ggests‘ ti‘xat values of sin® as low as
0.1 are practical. Thus A T is effectively reduced from 154 to 1.5A
or less than one atomic layer. Since this is the lowest meaningful
effective depth possible, it follows that XPS has a usable surface
sensitivity second to none. The possibility of 'adju-sting the effective
sampling debth, and thereby the surface/bulk ratio in the spectrum,
is a dis_tinct'advantage possessed by XPS. It should be feasible, by
varying 6, tb ‘distingui.sh between surface and bulk features in a spec-
trum.

| The secdhd advance in XPS is the practical exploitation‘of the
variation of photoelectric cross sectioh fa(E) with photon energy.
The advantages afforded by combarison of UPS and. XPS spe‘cfra qf
free molecule was pointed out earlier by W, C. Price. 4 Variations
of UPS spectra with phéton energy are well-known, but not always
readily interpretable because of final-state effects. By using x-rays
of two widely different photon energies, hOWev.er, it has been 'éhown
feasible‘ to ob.serve very different cross-section raties. within a
given set of molecular orbitals. Since the energy dependence of 0‘(E)
for a given orbital depends on the orbital character.,. it is a straight-

forward matter to identify mdlecular orbitals from o(E) fatios. " This



-5-

hah been demonstrated in molec‘:uleé, for which ratios obtained with

the YM x-ray (132.3 e'V')5 and the Mg Ka, ., x-ray (1253.4 eV) are

g 12
in goodv'agreem.ent wi th t:heory.6 The same afguments should apply
to adsorbeéd molecules. Thus it should soon be pOSS'iblé to study the
valence-orbital XPS spectrum of molecules ads.orbed on a substrate,
varyiﬁg 6 to establish which spectral features arise from the surface

layer and studying o(E) to determine the molecular-orbital character

of these features.

| II1, STANDARD APPLICATIONS OF XPS TO SOLIDS

Before discussing relaxation-energy effects if is useful to -
build a foundati on by reviewing the more mundaﬁe subject of bulk-
property studies by XPS. To the extent that the XPS spectrum re-
sembles the initial density-of—states one can sa.fe"ly' ignore fina_l-stéte
effects, and in fact this is the level at which most XPS experiments
are interpreted. It should lbe noted that, préVided only relative ener-
gies are discussed, such an infe'rpr‘etaﬁon does nf_;t requife_Koopmans'
Theorem7‘ to apply literally (no relaxation) but only relafively (no
differential _relaxatioh) to the N-1 electron system.

The first important feature of XPS is that it always automat-
ically provides an in-situ sefniquantitativé elemental analysis of the
’ effevctive sa.niple, through.intensifies of core l.ines sﬁch as C(1s) and"
O(1s). This is the salient reason for the term ESCA (Electronv_Spec-
troscopy for Chemical Analysis). In addition to an elemental analysis,
an XPS spectrum yields, through the _ppsition and structure of the core-

level peaks, useful i nformati on about oxidation states and number of



chemically inequivale.nt speciés of each element. This information
is usually sfrongiy indicative, thoﬁgh often not définiti\fe or unique.
Experience in the preparation of samples has led us to the opinion
that it would be hard to ovére'étindate the value of this analyti cal
(ESCA) capabiliy. Its absence in other kinds of surface electron
| spectroscopy is a severe ilandicap. |

XPS allows a rather direct determination_ of the 'v_alence-band
density of states. The high photon energy assures that the XPS spec—
trum will not be appreciably distorfed,by thé final-state density avail-
able to the photoelectron befoi-e it leaves the solid, as is the case in
UPS. It doés not follow, hoWever, that the photoemission spectral
intensi‘ty I(E) will directly r_nirror‘ the valence-ba‘nd- density of states
p(E). Cross-section modulé_tion may emphasize some bands relative
to others. Such an effect was observed in diamond, silicon, and
germanium and was expllained in.terrn's of atomic orbital relative
cross sections.8 The one-electron component éf the photoelectron
cross section is given in the .dipole approximation by an expressioh of

the form
0B @ |(o@lr, XG5 3
3 RS M ’

where ¢j(p.) repxl'esents electron p 1n its ipitial state ,ar-nd x (p) is the
(photoelectron) continuum final state, an orthogonalized plane wave.
The matrix element is qualitativ.ely similar to a Fou;'ier integral of
¢.(n). Since the de Brogiie wavelength o‘f the continuum state is

J
short (~ 0.3A) even compared to atomic dimension, it follows that
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the main contributions.to the XPS cross sections comes from the

high-curvature portions of ¢j(p); i.e.; the. portions inside the‘ atoms.
For this reason XPSis insensitive to the details _of the valence-
electron wave functions.' between atom.s, but is a good diagnostic tooel
for determining atomic orbital .character in ¢J.(p).

XPS can easily detect the difference between cr&stalline and
amorphéus materials. In semiconductors and semimefals amorphous
character shows up as a loss of sblitting in the lowest ''s" ban'ds,9
while in metals it appears as a loss of sharp structure and a decrease
in steepness at the Fermi energy.10 The ''s" band structure is also
a good index of ionicity and has yielded a ne§v .ionicity scale. 1

Soft x-ray emission spe"ctroscopy (XES) and XPS can be com-
bined in a complementary manner. This is especially true for cases
in whi;:h the relative cross-sections of different syrhmetry orbitals
aré different ih XES and XPS. Ih carbon, vfor example, the XES ratio
o(Zs)/a(Zp)_ = 0 for K emission, while the XPS ratio is ~ 20. Com-
bination of the XES and XPS spectra yields unambiguous orbital
character of the valence bands in diamond and graph_i_te.12 |

The foregoing discussion indicated topics in XPS that can bg
treated considering onlf initial-state properties.. A more sophisticated

interp‘retatioh requires the inclusion of relaxation effects, discussed

in the remaining sections.
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1V. RELAXATION‘ENERGLES .IN »ATOMS, MOLECULES, AND SOLIDS

Solution of the Hartree-Fock equations for the ground state of

an N-electron system yields a set of one 5e1ectron orbital energies €J.
that cbrrespond to the occupied orbital in the ground state. Kooémans
showed7 that these Gj are approximately equal to the one-electron
binding energies EB(j). In fact the two would be eqlial.i'n the Hartree -
Fock approximation (i.e., neglecting' relativistic and correlation ef-
fects) if the N;-i passi\}e electrons r_emaine_d in invariant, ”frozenl” or-
bitals duriné photoemission. They d§n't, of course; the N-1 electron

system relaxes to minimize its energy. We can define a relaxation

energy ER(j) by the equation

e 1- B, N (4)

whefe again relatii?istic and correlation energies are neglected, and
the awkwardness with signs is a conséquence of diffefent s.ign conven- -
tions for E.B(j) and ej, ‘_The rela?cation process always acts to reduce
the binding energy, so ER(j) is valways positive, as illustrated in Fig. 3.

The size of E_(j) can tell us a good deal about the system under study;

¢
hence its importance. We now turn our attention to various specific-
types of system. |

In atoms, photoemission from an orbital of quantum number n

is accompanied by relaxation of the passive orbitals toward the attrac-

ti_ve hole. The atomic relaxation, ERa, may be divided into three parts,
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for orbitals with quantum number n' less than, ’equalb to, or greater
than n. Innershell relaxation (n' < n) is always small and may be
ignored. Intrashell relaxation (n'= n) is of the order of a few eV.
Outershell relaxation (n' > n) is the largest .term if nis a core orBital
and severai orbitals with n'>n are occupied. The outershell term is
intuitively easy to underst'and;v' it may be estimated with fairly good

. . 13, 14
accuracy on simple screening models.

Atomic relaxation effeéts are also preéent in Auger trans_itions.i's-
It might appear that thése effec‘ts would already be included if one esti-
méted thg Auger eﬁergy E(jk£ .) _from’the Js k; and £ one-electron binding
energies (which of coufse contain E? tervm's). In'fact, however, addi-
tional relaxation is present‘be.cau‘se in the final two-hole state the

charge 2e gives four times as much screevninng‘ enérgy as would a single

charge; i.e., the screening energy varies quadratically with charge.

Thus ‘a. relation of the form

E(jk!) = Eg(j) - Eg(k) - Eg(?) - F(kf) + R (5)

applies, where R i.s'the additional relaxation energy and F(kf) is a
recoupling energy in the_ final state’ (thé Asaad-Burhdp termib). The
energy R can be very large; For KLL.transitions the size of R in eV
is of the same order as the atomic number. 15

Electron binding energies in molecules are affected by extra-

atomic relaxation as well as atomic relaxation, which is still present.

We may write

Egli) = Eg2G) + Eg2G) . (6)
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for an orbital in a moiecule, a.lthough the separation into atomic and _
extra-atomic terms may be quite a'»fbitré.ry. Physically this separation
is.quite useful, because it allows us to predict that core;électhn binding
e.nergies in molecules will be loweréd further by the ERea ter"m, if no
competing effects such as chemical shifts are present. Thus the K -
orbital binding energy in a homonuclear diatomic molecule is lower
than in the neutral atom. For this case the final-state chargé distribtlttion
is easily understood in terms of screening. The K hole on o‘ne atom is |
scfeened by a fléw of charge is the valence shells until a net charge of
approx.' + e/2 on each atom is reached. This is the lowest-energy dis-
tribution of a total charge of +e between the two atoms. Larger mol-
ecules show similar effects: thus 1n CH4'the carbon K-hole charge is
almost exactly shielded by poiarization of the C-H bonds, and the final
state has charges of approximétely_+ e/4 .on each hydrogen. The relax-
ation eﬁergy tends to increase with molecular size because the repulsive
effect of the net posi‘tive' charge decreases. Hdwever, the major change
in ERea is realiz.ed irn rather small molecu.les,’ vﬁt_h only small incfeaées
as the molecular size is increased further. 17

The extra-atomic relaxation eﬁergy is closely related to a

chemical effect, the polarization energy. Consider the gas-phase pro-

ton attachment reaction

ROH + H' ~ ROH,". E (1)

The heat of this reaction is termed its proton affinity, PA. Now vari-
ation in PA with the R group are in large part due to this group's ability

to screenthe positive point charge (H+) that is added to the OH group.
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A similar reaction is photoionization of an ongen K electron, -
. . ) _ |
ROH—~ RO H +e, : (8) -

where the asterisk denqtes a K vacancy. Hereva'ga.in the final state
‘d.iffers from the initial state by the addition of a highly-lpcalized

positive cha;gé to the OH group. The heat of this reaction is (minus)

the electron binding eﬁergy Eg(O1s). Variations in PA and - EB(‘Ois)

are essentially idéntic;al as the R group is changed in aliphatic alcohols.,1.8

Both arise primarily from chariges in the extra-atomic relaxation

energy.

The ERea term reaches its saturation value in solids, which

can be regarded as very large molecules. An immediate consequence
of this is that the work functions for photoionization of solid elements

are smaller than the atomic ionization potentials. This arises

mainly from an ERea effect. It is not a consequence of delocalizationof

the conduction electrons as is widely believed (althoxigh they are of

course delocalized) but is a many-body relaxation effect. To estimate

e
R

for the appropriate molecules and extrapolated to infinite molecular

the size of the E 2 term for core _levels in solids it can be calculated
size. This approach ha}s been used for graphife, using benzene, naph-
thalene; etc., to yield EB(Cis) = 284.4(3) eV for graphite. 17 The
experimental value is 284.7(2) eV. 19

Estimates of ERea for core levels in metals are more difﬁcult.
Two approximate approaches have been suggested. Ley, etal. ,20 have

assumed that the hole state was completely shielded by forming an

exciton, in which an electronic charge fills a state whose character is
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essentially that of the next unfilled atomic level, e.g., 2pin carbon,

3d in iron, and 4p in zinc. This leads to the estimate

ER(core) = %Fo (core,b), - | _(9)

where F° is the core-vacancy Coulomb integral. This model given
fairly .good ‘agreement with the magnifude of ERe_a_ it.yields estimates
that are consistently'a‘bout 3/2 of the experimental valﬁe because it
exaggerates the exciton lo'calizafion—and predicts trends well, Another -
model, due t§ Citrin and Hamann",'z'1 focuses on the properties of the
lattice rather than the atom being ionized. Its méjor success is its
ability to predict variations in binding energy for a given core level as
the a;om is placed in different metals,

We finish this section on relaxation with a brief warning about
the interpretation of Auger shifts. First we note that shifts in Auger
energies or binding ene:rgies from solids have absolute meaning only if
the energies are referred to. a meaningful comfnon reference level-the
vacuum level. This is only possible if the work functions are known.
However relative shifts in Auger and binding energies may be made
directly if the Auger lines are observed in an XPS experiment. This

was done for the K, L.,,, and KLL(iD) Auger lineé in sodium as NaF,

23
atomic sodium, and as the metal. ?2 When the energy scales were
shifted to align the L lines the K lines fell into alignment, but the Auger
lines did not (Fig. 4). The surprising result is that the Auger linés of
NaF and atorﬁic Na fell at about the same energy. This shows that the

"chemical Auger shifts cannot even distinguish between Na and Na®,

By contrast the Auger line of the metal was shifted ~8 eV by extra-
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atomic relaxation. Thus the Auger chemical shifts may in fact be

chemical only in a generic sense.

V. RELAXATION AND SURFAC_E'S

In this section the effects of relaxation shifts on binding energies
of surface species is treated, with emphasis on adsorbed molecules.
This is a fast-growing field and the discussion will be illustrative
rather than exhaustive. |

First it is useful to compare binding energies in the surface
layer of a solid with the bulk values. Naive considerations would sug;
gest large surface/bulk binding energy shifts in ionic solids because of
different initial-state Madeling energies. In fact the Madeling energies
aren't very different and no such shifts have been observed. In metals
the situation is less clear theoretic;ally and controVersial experimentally.
Although lowered surface binding energies have reported from indirect
measurements, 23 careful XPS méasurements have not confirmed
these results. 24 | |

Whe’nk i'are-gas molecules are physically adsorbed onto metal
surfaces, their core-level binding energies lie between those of the
same atbms"in the gas phase and embedded in the metals. 25 This is
consistent with a reduced relaxation energy. for the adsorbed atoms.
This is of course expected on simple relaxation afguments. The
embedded atoms have about the same extra-atomic relaxation energy

as atoms in the bulk, 20 while adsorbed atoms are less effectively

screened by the substratées valence electrons.
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From the foregoing discussion we can make several predictions

about the expected XPS spectrum of a metal-plus-adsorbate system:

1. The metal peaks should be essentially unshifted. Even for
the surface layer of metal atoms we can aréu_e ‘that if core
binding energies are unshifted by such a 'préfbund chahge as
femovi_ﬁg a.ll fhe mefal atoms above the surfac.e plane (the
surface to bulk difference), then adsorption of even a layer
of aaéorbate should not shift the substrate sﬁrface;layer
enérgies relative to those of the bulk. Expériment now ap-
pears té cdnfirm this expectation, with some early measure-

ments to the contrary apparently being in error.

2. Adsérbate core-level binding energies, 'referrea to the
vacuum level, should generally be lower than fhose of free
moleéﬁles. - The reduction in E‘B should be greatest for
core levels, because the mdl'ecular equivalent of outershell
re_laxation is possible. Small molecules should show larger
value of AEB(che) = EB(gas) - EB(adsorbate) than _large
molecule, because the latter already have a good deal of
extra-atomic screening in the gas phase. Experiment again
appears to support this iprediction. :Barber, etal., 26 found
a binding energy of 532 eV for the 1s electron orbital of
atomic oxygen adsorbed on graphite. The work-function
correction raises this to a vacuum-referenced value of 537

eV, still "9 eV lower than the 546 eVi' expected for atomic
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_dxygen. The reason for such a large screening energy in
oxygen and for carbon itself is that the screening is aoqe by
a Zp orbifal: hence a lérge effective value of 'ez/r. 20 In
carboh»monoxide ads‘orberd'in'vavriou.s fofm_s on tﬁngsten

and moindenum, 28 oxygen 1s binding _enefgies in t'he range
537-542/ eV (refer-enced‘ to vacuum) have been reported.
This represer;ts some reduction from the value of 542.1 eV

for gaseous CO, but the reduction is less than in atomic

oxygen.

Adsorbate 0 -orbital bindiﬁg éﬁergie_s _should also be lowered
relative to gas phase values, but the reduc;tion should be less
than in core levels, because the s;reening charge gives the
analogue of intrashell rélaxatidn. Size effects rﬁay also be
present as before, with smaller molecules having larger
reduction. vAgain_, experiment appea.rvs to bear this ouf.
Derﬁuth and Ea.strn_a_.n29 found reductions in binding energies

of the 0 orbitals of C,H,, C,H,, and C,H, adsorbed on Ni(111).
The binding energies were reduced by 3.2, 2.1, and 1.7 eV,

respectively, confirming the above predictions.

Adsorbate w-orbital binding energies should be in most cases
quite strongly affected bsr a.dsvorption because they are rel-

atively exposed. Particularly in chemisorption, the T-orbital
degeneracy in linear molecules should be removed when these

molecules lie on the surface, from symmetry considerations.
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Demuth and Eastman29 vi‘nterpreted their spectra as showing

an increased m-orbital binding energy due fo bonding (an

~initial-state effect). This is an important result because it

establishes bonding through the T orbitals as expected, but

it requires further elucidation.

Finally, molecular orientation should play an important role
in adsorbate spectra. A diatomic adsorbate molecule stand-

ing up on a surface should show less reduction in core-level

" binding energy of the upper atom than of the lowér atom,

relative to gas-phase values. Similar reductions would be
observed in a molecule'lying down on the surfac.é. Exper-
imental evidence supports this prediction, too. In COon W,
Madey, etal. 21 found an O1s binding energy of 537.2 eV
for the strongly bound B form, which is believed to lie down.
This large reduction in Eg, of 4.9 eV from the gas-phase
value (542.1 eV) is close to the value of 537 eV for atomic
oxygen on graphite 26,, and consistent with CO lying down or
even dissociated in the g form. For a-COon W, these_
workers found an O1s binding energy of 540.6 eV, only
slightly belobw the gas-phase value and understandable only
for CO_sté.nding up in the o form with the oxygen away from.
the surface, as postulated from otherv.evidence. Similar
results were reported‘by_Afkinson,'et al. , 28 for the more
complicated case of CO on Mo, and similar conclusions can

be drawn. These authors reported a carbon 41s binding
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energy of 287 eV (referred to vacuum) for the strongly-bonded
B form. This is even lower than the value for graphite, and
it strongly supports their conclusion that the f form is

dissociated.

Clearly relaxation-energy considerations permit a rather de-
tailed interpretation of the photoemission spectra of adsorbed species.
In the future we can expect XPS spectra to be of great diagnostic value

in elucidating the molecular mechanisms of adsorption and catalysis.

VI. A RELAXATION MODEL FOR HETEROGENEOUS CATALYSIS

A chemical reaction
A+B -~ C+D S (10)

that is slow in the gas phase will often proceed much faster in the
presence of a solid catalyst, because of a change in the interactions
between A and B that occurs whén they are adsorbed on the catalytic
surface. To explain and improve hetebrogeneous catalysis it is impor-
tant to understand the naturé of this iﬁteraction. In this Section we
propose a model based on extra -atomic relaxation energies in the for-
mation of the activated complex. ‘We believe that this model can pro- -
vide a qualitative understanding of the efficiency of heterogeneous
catalysis. |

The usual model for a raction's proceeding at a rﬁeasurable or
slow rate, rather than very fast, is that the reactants must form an

activated complex,
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*
A+B = (AB), ()
which then breaks up to form products

(AB)" -~ C+D. | - (12)

The ''heat' of reaction (11) is termed the activation energy, AEa.

The reaction rate is given by

k = (const) e"2F /RT Cu3)
Now AEa is a ppsitive quantity forming an energy barrier over which
the reactants must pass to form products, as illustrated schématically
in Fig. 5. From Eq. ‘('1'3) we would expect to accelerate ~the reaction
by reducing AE.Ia.'

What makes AE? large? The activated complex can be reached
from either side, by continuous distortion of the reactants or products.
Sinice chemical forces are a .conseque.nce of electromégnetic interac-
tions, it is a safe bet in most cases that the activation.ienergy arises
from some unfé.vqrable form o'fvcharge sebpa‘ration in the activated com-
plex. In the gas phase or in most éases even in a dielectric medium
little can be done to mitigate this effect. However,. on the surface
of a metal sﬁch as Ni, Pd, or Pt, possessing a very large density bf
states vat the Fermi energy, AE? for adsorbed molecules is surely
reduced. The metal's valence electrons can respond even up to optical
frequencies, and they are highly polarizable. Thus fchey can flow adia -
_.batically either way to screen separated charges in the activated com-

plex. If (AB)* can be formed only by electron transfer from A to B,
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for example, the substrate's valence electrons will polarize toward
A and away from B, thefeby reducing AE? by a relaxation energy,

R,, (14)

AEa-"(absorb_ate) = AE? (gas) - E
also illustrated in Fig, 5. The magnitude of this relaxation energy
should be similar to that of the relaxation.energie.s encountefed in
photoemission in the earlier sections (th'e hole state is the é.naiog_ue
of the activated complex); i.e., up to ~5 eV or ~100 Kcal/mole,

This is ce_rtainly enough to change a reaction rate sufficieﬁtly (see Eq.
(13)). so that a reaction described as '"not going'' in the gas phaée

would "go!'" on a catalytic surface, We therefore Suggest this scheme

as a model for studying heterogeneous catalysis.,b
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FIGURE CAPTIONS

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.

The Universal Curve for electron energy loss in heavy metals,

showing the lower surface sensitivity at high energies.’

Increase in surface sensitivity of XPS by the use of a low

takeoff angle 6.

Reduction of core level binding energy below the orbital
energy - € through atomic relaxation in the possible orbitals,
and further reduction through extra-atomic relaxation in a

solid. The cdhes_ive energy Ec is absorbed in ERea in this

simple picture.

Relative positions of Na K, Na L23, and Auger (1D) peaks in

_ XPS spectra of the metal, NaF, and atomic sodium (indicated

by arrows at bottom). Note tha.tvatornic Na and NaF are very
gsimilar, but the metal Auger peak is strongly shifted.
Lowering of the activation energy AE? by screening through

valence-electron polarization in heterogeneous catalysis.
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