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A systematic investigation of the fine structure of adsorbate peaks in Auger spectra is presented. Spectra of a
wide range of systems involving carbon, sulphur, oxygen, chlorine, and nitrogen adsorbates on copper, nickel,

iron, and zinc substrates are reported with a resolution hE/E -0.006. According to a previous suggestion

two types of transitions are identified and separated in such spectra. Interatomic transitions involve

deexcitation of the initial adsorbate core hole from electrons in the substrate valence band. These transitions

are rather similar to the ones involved in ion neutralization spectroscopy and are relatively unperturbed by

final-state effects. Intra-atomic transitions show the same type of perturbation already observed in other

investigations of Auger spectra involving rather localized valence bands, like d bands in transition metals. We

identify peaks associated to spectral terms corresponding to final-state configuration interaction. Measurements

of the energy of these peaks are used, in connection with photoemission binding energies of other authors, for

calculating energy shifts. These shifts are then tentatively analyzed in terms of relaxation energies and,

particular, extra-atomic relaxation energies are estimated. A discussion of the general conditions for

correlating Auger-electron data and valence-band density of states is offered.

I. INTRODUCTION

Auger electron spectroscopy (AES) is currently
used as a sensitive probe of the surface chemical
composition. Much controversy has arisen, on

the other hand, following the original suggestion
by Lander' that information about the density of
states (DOS) could be extracted from the line-
shape analysis of Auger peaks involving valence-
band levels. It is worth remarking that the use of
AES as a valence-band spectroscopy in the neigh-
borhood of the surface would result in a number of
benefits. For example, the high scanning speed
of AES, as compared to techniques involving
photons, could be useful for tracking fast reac-
tions or for studying surfaces with a high contami-
nation rate. Moreover, most surface research
systems have Auger detection capabilities and,
consequently, probing the electron levels could be
performed routinely as a further input in surface
studies.

Several attempts have been already made in

order to explore this possibility of AES. ~ 9 How-

ever, an unambiguous correlation between line-
shape data of Auger spectra involving valence-
band levels and DOS has been obtained only in very
few cases. In order to clarify this correlation it
is convenient to classify the previous experimen-
tal results in two different types. The first type
of spectra, which will be subsequently referred to
as having a band character, includes among others
the KL, V, KL~,V, and L~,VV Auger spectra of
magnesium and some of its compounds (V desig-
nates a valence-band level), the L,La, V and L, ,VV

spectra of silicon and the KVV spectrum of
graphite. If one allows for some complications,

like the ones derived from the failure of the as-
sumption of constant transition-matrix elements
for all the states of the valence band, the above
spectra have line shapes that can be directly cor-
related w ith the DOS, as determined by alterna-
tive techniques or by theory. In transitions in-
volving two valence-band levels, there is also an
additional problem of numerical deconvolution.
It is likely that Auger spectra of other free-elec-
tron-like metals and semiconductors belong to
this group too. On the other hand, there is a
second type of spectra, which will be termed quusi-
atom jc, where this correlation between Auger
line shape and DOS cannot be established. On the
other hand, a multiplet structure arising from
electrostatic two-hole interaction in the final state
is present. In XVV transitions (X designating an
inner level), instead of a line shape closely re-
sembling a convolution of the density of states
modulated by transition-matrix effects, one ob-
serves a series of sharp peaks, whose energies
can be interpreted in terms of multiplet atomic
configurations. These types of spectra have been
found in previous investigations of two kinds of
systems. One is the case of LVV and MVV spec-
tra of metals with narrow d bands like copper,
zinc, silver, and nickel. ' 4 The other is given
by Auger spectra of electronegative elements in
the form of compounds like the KVV oxygen spec-
trum in oxide compounds. The Auger line shape
of all these systems reflects the quasiatomic
characteristics indicated above and, therefore,
solid-state band effects are not apparent.

A unifying description of the above empirical
results is obtained by making use of the concept
of electron localization in a band. In fact, spec-
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tra showing a band character are associated to a
final state involving delocalized holes in quasi-
free-electron bands. On the other hand, all the
spectra having a quasiatomic character are con-
nected with bands involving rather localized elec-
trons. Another type of Auger transitions must be
considered in connection with these ideas. These
are the ones involving the neutralization of probe
ions impinging on the surface in ion neutraliza-
tion spectroscopy (INS). '~ The question can then
be put forward of why AES and INS, both of which
leave the same double-hole final state in the metal
atom, give such different results: a quasiatomic
spectrum the first and a bandlike spectrum the
second.

The above question is of great practical impor-
tance. This is so mainly because of the possi-
bility of using AES as an alternative to INS in sur-
face physics. This possibility was first explored
by Sickafus~ for the system sulphur on nickel,
for which INS data were also available. The ob-
vious difference between the two techniques lies
in the initial state, which in AES is localized in
the same atom that is being probed, whereas in
INS it is located at about an interatomic distance.
Physically, one might conceive that the presence
of this plus charge, in AES, strongly modifies the
characteristics of the periodic potential giving
rise to the band and tends to make the system
more atomiclike. On the other hand, the INS
process is an interatomic deexcitation and it is
likely that the influence of the external probing
charge is considerably screened in the metal.
Following these ideas, a systematic investigation
was started in our laboratory in order to clarify
the origin of the observed AES line shape in ab-
sorbate layers on transition metals, and particu-
larly, the role of the localized hole in the initial
state. In this connection, two types of deexcita-
tion processes were identified in AES spectra of
some adsorbates chemisorbed onto transition
metals. " These are, namely, normal Auger
processes leading to quasiatomic spectra and a
new kind of interatomic processes between ad-
sorbate and substrate. The latter are in a way
similar to INS transitions, with the adsorbate
playing in AES a role similar to the probe ion in
INS. In fact, interatomic Auger peaks were found

to be related to the DOS of the substrate and little
perturbed by the effects discussed before.

The purpose of the present paper is threefold.
First, to present a set of systematic new data of
the fine structure of adsorbate Auger peaks, cover-
ing a wide range of gas adsorbates on transition
metals. These data are discussed in view of
providing further supplementation to the idea of
substrate-adsorbate interatomic transitions put
forward earlier. Second, to provide a detailed

analysis of the intra-atomic part of the adsorbate
spectra and of its quasiatomic character. Par-
ticular attention is paid to the determination of
energy shifts, and to the estimation of relaxation
contributions associated to final-state interactions.
At present, the proper understanding of these
shifts seems most relevant in view of the impor-
tance of such final-state effects not only in AES
but also in other spectroscopies like photoemis-
sion. ' Finally, the paper examines critically the
conditions under which a connection can be estab-
lished between AES and DOS. The organization
of the article is as follows: in Sec. II the experi-
mental techniques are described and their limita-
tions discussed. In Sec. III the experimental re-
sults are given; they are grouped into different
headings corresponding to different adsorbates
and a final subsection devoted to the empirical
recompilation of the general trends common to
all the systems studied. Section IV deals with
the origin of the features in the line shapes of the
spectra, the guideline of the discussion being the
distinction between intratomic and interatomic
processes. Section V is dedicated to the study of
the role of localization in connection with the band
versus quasiatomic behavior of the spectra and
to the analysis of the conditions for which DOS
and AES can be related. Finally, Sec. VI takes
care of the main conclusions of this work.

II. EXPERIMENTAL

The experiments were performed in a commer-
cial low-energy-electron-diffraction (LEED)
Auger system, which operated in an ultrahigh
vacuum in the range of 10 ' Torr. Copper targets
were in the form of (100) and (110) single crystals
whereas nickel and iron were polycrystalline rib-
bons. All three were mechanically polished, and

copper subsequently electropolished, in a phos-
phoric acid solution, prior to their insertion into
the vacuum chamber. Zinc targets were thin
layers evaporated in situ onto silicon substrates.
Final cleaning of tl e specimens was always car-
ried out by ion bombardment followed by annealing.

Auger electron spectra were obtained by means
of a standard cylindrical mirror analyzer, the
coaxial electron gun operating at normal incidence.
The energy resolution of our cylindrical mirror
analyzer was of the order n.E/E- 0.006. This
sets an upper limit to the resolvable fine struc-
ture of certain peaks, particularly oxygen, for
which 4E-3 eV. For this reason, we do not spec-
ify peak widths. Also, the very weak structure
eventually appearing around the most definite
peaks might well be invisible. The electron en-
ergies presented in this article were obtained by
measuring the voltage applied to the outer cylinder
of the cylindrical mirror analyzer (the inner one
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FIG. 1. KVV Auger spectrum of carbon on nickel is
shown in the dK/dE and d~N/dE 2 modes for the purpose
of comparison. The spectral terms calculated as ex-
plained in the text are also shown. These are in order
of increasing energy KL~ L~( S), KL~ L23( P and 3P),
KL2sLcs( S and 'D). The peaks, labeled X& and X2 in, ,

the text, are also shown.

being grounded) and multiplying it by a factor de-
pending on the geometrical configuration. This
factor was determined experimentally by just mea-
suring the ratio between the energy of the elastic
peak and that of the incident beam. In this cali-
bration procedure, the contact potential correc-
tion due to the slightly different work functions of
the inner cylinder and the gun cathode was ne-
glected. This is thought to introduce a maximum
relative error of 0. 1% in the Auger energies. The
energies obtained by this procedure are, in fact,
kinetic energies referred to the vacuum level of
the inner cylinder, which is displaced with respect
to the sample vacuum level by an amount equal to
the difference between the work functions of the
sample and of the inner cylinder. The work func-
tions of the chemisorption systems studied in the
present work are difficult to estimate and it is,
then, better to refer the energies to the sample
Fermi level by just adding to the energy referred
above the work function of the inner cylinder. The
latter is taken to be $,=4. 5 eV. Throughout this
article all our experimental Auger energies wQ1
be referred to the sample Fermi level.

Some of the spectra are shown in a double de-
rivative mode dIN/dEI, N(E) being the secondary
electron spectrum. This is easily done by tuning
the lock-in amplifier to the second-harmonic com-
ponent of the modulated signal. Provided small
peak-to-peak modulations are used, this method
allows a more accurate measurement of fine-

structure peaks (it is easier to place a minimum

than an inflection point) and also a better elimina-
tion of the background. For the purpose of com-
parison, Hg. 1 shows the KLL Auger spectrum
of carbon an nickel in both the usual dN/dE and

the dIN/dE modes.
We briefly describe now the procedures used

for adsorption on the metal substrates. A carbon
chemisorbed layer on nickel was obtained by ex-
posure to a carbon monoxide atmosphere and sub-
sequent elimination of oxygen by heating. The ad-
sorption of oxygen was accomplished by exposure
to an O~ atmosphere. An exposure of 1 langmuir
(1L= 10 ~ Torr sec) on nickel was already detect-
able. For Cu(110) a 10-L exposure showed a (2
&& 1}LEED structure which led to a c(6& 2) struc-
ture when increasing the exposure. In Cu(100) a
c(2&& 2} structure was obtained. Chlorine adsorp-
tion was obtained by thermal decomposition of
A1C1~ in the chamber. An exposure of 10 L on

Cu(100) resulted in the apparition of a sharp c(2
&2) LEED structure. All of these exposures
were obtained keeping the sample at room tempera-
ture. Nitrogen was adsorbed through ion bombard-
ment in a residual nitrogen atmosphere. In the

(110) face, the observed structure was (3&2); In
the (100}face, c(2&&2). Sulphur was diffused from
the bulk to the surface by thermal annealing. In
both copper faces, this resulted in the apparition
of complex ordered structures.

xl)0

x2) 0

x2) 0

I I I I I I I I I

460 470 480 490 500 5 l0 520 530 5 40

Energy with respect to Fermi l evel (eV)

FIG. 2. KVV Auger spectrum of several surface
structures of oxygen chemisorbed on copper. See Fig. 1
caption. .
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TABLE I. Carbon.

System C-Ni CH CO-Mo &' C-Ni' ' Calculated C-,Ni

Peak
energies

in. eV

282. 5
276
269. 5 250. 0

243. 3
260 237. 0
252. 5 229. 4

275
272

262
254

270

257
249

969. 5 KL23 L23 ( D)
968. 4 KL~~L2~ ( S)
262. 8 KL(L23 ( P)
259. 6 KL)L23 ( P)
252. 5 KL, L, ('S)

~ Reference 38.
b J. T. Grant and T. W. Haas, Appl. Phys. Lett. 16, 172 (1970).
'J. P. Coad and J. C. Riviere, Surf. Sci. 25, 609 (1971)
~Referred to the vacuum level.
'Energy measured at the minimum inthe dN/dE mode.

TABLE Q. pxygen.

System 0-Ni 0-Cu 0-Cu (111)+~ H20 '~ 0-Ni Calculated 0-Cu

521
525. 9
520. 7 519

Peak
energies

in eV

503
499. 0
492. 6
487. 5

477. 9
472

505
500. 2
492. 9
489
485
478. 2
474

511.5 512.5 513

498
492

477

500. 5
498. 6
493. 8
486. 8
482. 2
474. 6
469.2

457. 4
448

516 512.5 KL23L23 ( D)
510.2 KL23L23 ( S)

480. 6 478. 2 KL$ L$ ( S)

498. 9 KL(L23 (3P)
495. 2 492. 5 KL(L23 ( P)

L. H. Jenkins and M. F. Chung, Surf. Sci. 26, 151 (1971).
Reference 24.

'A. M. Horgan and I. Dalins, Surf. Sci. 36, 526 (1973).
See footnote Table I.

'See footnote Table I.

TABLE III. Nitrogen.

System

Peak
energies

in eV

N-Cu

393.9
388.4
382. 8

N-Ni

398.0
390.8
382. 8

376.6
373.2 374. 5
368. 8 368. 5
358.2 357. 5

N-Zn

381.0

386.3
392. 0
385. 0 382. 2

387
378

375. 8 375. 0
368. 5 372. 0
358. 5 358. 9

377.4

369.6
361.6

364
352

MoN NH ' N Ni'
2 3 Calculated N-Cu

382. 8 KL23L2) ( D)
381.2 KL23L23 ( S)

373.1 KL)L23 ( P)
368. 5 KL)L23 ( P)
358.2 KLgLg ( S)

Reference 28.
E. ¹ Sickafus and F. Steinrisser, J. Vac. Sci. Technol. 10, 43 (1973).

'See footnote (d) Table I.
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System S-Cu S-Ni

TABLE IV. Sulphur.

S-Ni+ S-Ni ' Calculated S-Cu

Peak
energies

in eV

159.1
154.7
150.8
147.5
146.3
142.2
138.4
131.8

161.3
156.9
151.3

142. 7
138.9
131.4

162.4
157.0
150.9

142.3
138.0
130.5

158
153
147

139
134

157.3
153.8
148.5 150.8 LssM23M» (sP, D)

148.5 L23M23M23 ( S)

141.1 L23MiM23 ( P)
138.6L»M, M2s ( P)
131.8 L23 Mi Mi { S

~Reference 6.
~ J. P. Coad and J. C. Riviere, Proc. R. Soc. Lond. A 331, 403 (1972).

See footnote (d) Table I.

lished earlier. ~ The measured energies of the

peaks appearing in the fine structure of these
spectra are summarized in Tables I-V. A dif-
ferent table is provided for each adsorbate. These
tables include also, when available, results of
other authors for the same or comparable sys-
tems. When comparing these results, one has to
have in mind two points: (i) Some authors mea-
sure their energies at the minimum of their peaks
in the dN/dE mode; and (ii) energies are often re-
ferred to the vacuum level whereas we prefer
using the Fermi level as a reference for the rea-
sons pointed out in Sec. II. These circumstances
are specified in the tables. Spectra of some gas
molecules containing the adsorbate atoms as a
component are also included. The last column
(labeled "calculated" ) is added in order to help
to interpret a part of the adsorbate spectra. It
includes data that are obtained by taking the ex-
perimental spectral terms associated to the cor-
responding Auger transition in the nearest rare
gas (KLL in neon, '9 L»MM in argonmo) and scaling
them as follows: the energy scale of the rare-gas
Auger spectrum is linearly contracted in order to
make the lowest- and highest-energy peaks of the
rare-gas spectrum coincident, respectively, with
the lowest-energy and main peak (most intense
one) of the adsorbate spectrum. In the case of
neon, these lowest- and highest-energy peaks cor-
respond to the KL,L~ ('S) and KL»L» (~D) spectral
terms. For argon, they are taken as the L~sM&M~
(tS) and the average of the L»M»M» ( D) and ( P).
The adsorbate peaks associated to the three
L~sM~sM2s rare-gas spectral terms are not resolved.
However, when scaling, as described, only the ~D

and sP terms of the gas are averaged on the basis
of a relative intensity argument. Spectral term
positions, according to the previous discussion,
are also shown in the Figs. 1-6.

B. General trends of adsorbate Auger spectra

In this subsection, some general trends con-
cerning the behavior of the line shapes of the ad-

TABLE V. Chlorine.

System CI.-Cu CL-Ni Calculated Cl-Cu

Peak
energies

in eV

195.9
192.4
191.1
184.9
182.0
179.2
174.5
171.4
165.9

198.5
192.5

184.5
181.2
178.5
174.0
170.5
166.9

184.9 Lms M23 M23 ( P, 'D)
182.6 L23M23M23 ( S)

175,2 L23 Mi M» ( P)
»2. 7 L»Mi M» ('P)
165.9 L»Mf Mf ( S)

sorbate Auger spectra are given. These trends
can be derived from inspection of Figs. 1-6 and

from Tables I-V.
(i) For all the substrate-adsorbate systems

studied in this investigation, there is a part of the
spectrum consisting in a series of peaks appearing,
except for N-Zn, at the low-energy side of the
main peak (including the latter) whose relative en-
ergies are insensitive within- + 1 eV to the nature of
the substrate. This may be inferred from Tables
H-IV. We shall term this part of the spectrum as
the adsorbate contribution. Also, under the pres-
ent conditions of resolution, the corresponding
line shapes show little changes for the different
substrates, as can be seen in Figs. 3 and 5.

(ii) The rest of the spectrum, consisting gen-
erally of two peaks on the high-energy side of the
main peak, depends on the nature of the substrate
and will be referred to as the substrate contribu-
tion. For a given adsorbate, these peaks called
X, and X~ appear at decreasing kinetic energies
in the succession nickel or iron, copper, and zinc
substrates. In the case of zinc, the peak X, has a
kinetic energy even smaller than that of the main

peak and, consequently, appears on the low-energy
side of the latter. In this case, it seems that the

peak X, is not visible (Fig. 4).
The relative energy of peak X~, with respect to

the ionization energy corresponding to the core
level involved in the Auger transition, is practical-
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d2N

d E2

Cu (1QQ)-(2x2) S

C 0(10

Asaad and Burhop ' was recently improved by
Shirley, 22 taking into account a previously ne-
glected intra-atomic relaxation effect, and calcula-
tions along these lines are in very good agreement
with experiments. The fine structure of Auger
spectra associated to jkl transitions (j initial hole
state, k and l final hole states} is found to consist
in a series of rather narrow peaks, which can be
labeled by an index Y. If their corresponding en-
ergies are written

E„(jlil, Y) =E„(j) —E„(k).—E„(l)—bE„(kl, Y), (l)
where E„(i), I =j, k, I, is the binding energy of
level i in the atom as measured, for example, by
x-ray photoemission spectroscopy (XPS), the en-
ergy shift 4E can be written according to the
above-mentioned theory and keeping the notations
of Ref. 22:

b.E,(kl, Y)= F(kl, Y) —R,(kf).

X]

E K(L23)-E A (eV )
I I I I I

50 30 10 0

FIG. 7. Second-derivative spectra of the Auger peaks
of S, 0, and N adsorbed on a Cu(100) crystal. The ver-
tical full line corresponds to the point of the spectra
where energy equals the binding energy of the inner
level of the corresponding Auger transition.

ly the same for all the adsorbates on the same
substrate (Table VI). This point is illustrated in
Fig. 7. In this figure, the energy scale repre-
sents binding energies of two holes in the final
state of the system referred to the Fermi level.
The latter, taken as the zero energy in the figure,
is associated to an Auger transition leaving two
holes at the Fermi level, the corresponding Auger
electrons having an energy equal to the binding en-
ergy of the core hole.

(iii) The intensity of peaks X, and Xa, for a given
substrate, depends on the nature of the adsorbate.
The more intense peaks correspond to nitrogen
and sulphur adsorbates and the weaker ones to
oxygen and chlorine.

(iv} The intensity and position of peaks X~ and Xm

relative to the main peak do not depend either on
the substrate orientation or on the adsorbate layer
crystal structure for the case of adsorbates on copper
(other metal substrates were in polycrystalline form),

IV. LINE SHAPE OF AUGER ADSORBATE SPECTRA

A. Quasiatomic versus band Auger spectra

Auger electron spectra in gases are now well
understood. The intermediate coupling theory of

TABLE VI. Binding energies of electron levels re-
sponsible for X& peak in Auger spectra.

Adsorbate and observed
LEED structure

Cu(100) —c(2 x 2)N

Cu(100) (2 x 2)S
Cu(100) —c(2 x 2)0
C-Ni
N-Ni
S-Ni
S-Fe
N-Zn

Energy of
Peak Xl

(eV)

393.9
159.1
525. 9
282. 5
398.0
161.3
162.4
381.0

E(j )
(ev)

399.0
164 Oc

531 2a

283 8
399, 0"
164 Oc

163.2
399.0

$ (E(j)—E(X~))
(ev)

2.5
2. 5
2.7
0.7
0.5
1.3
0.4
9.0

aSee Tables I-V.
From data of nitrogen compounds, D. N. Hendrick-

son, J. M. Hollander, and W. J. Jolly, Inorg. Chem.
8, 2642 (1969); and P. Finn, R. K. Pearson, J. M.
Hollander, and W. J. Jolly, ibid. 10, 378 (1971).

'From data of chemisorbed sulphur on nickel, J. P.
Coad and J. C. Riviere, Proc. R. Soc. Lond. A 331,
403 (1972).

Averaging data from S. Evans, E. L. Evans, D. E.
Parry, M. J. Tricker, M. J. Walters and J. M.
Thomas, J. Chem. Soc. Faraday Disc. 58, 97 (1974);
and T. Robert, M. Bartel, and G. Offergeld, Surf.
Sci. 33, 123 (1972).

'From data of the bulk compound, H. Binder, Z.
Naturforsch. A 28b, 255 (1973).

'From J. A. Bearden and A. F. Burr, Revs. Mod.
Phys. 39, 125 (1967).

Here, the first term W is due to static interaction
between the two holes in the final state. The in-
dex F refers to the spectral term of the corre-
sponding final-state configuration. When more
than a spectral term is possible, several peaks
appear in the spectrum. The 8, term is called
intra-atomic relaxation. Physically, it takes into
account the fact that a relaxation of the outer
atomic levels occurs around the k hole and, con-
sequently, the interaction energy between the k
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and l holes in the final state is somehow reduced.
On the other hand, Auger spectra in solids are

much more complicated and a simple description
in terms of formulas like (1) is not possible in

general. However, most of the solid materials
studied so far show a behavior that falls near one
of the two limits described in the following.

The quasiutomic limit refers to systems, with

Auger spectra, whose fine structure is not very
different from the one found in atomic spectra.
Typical examples are Auger spectra of transitions
involving only core levels. This behavior is also
met in spectra involving valence bands in transi-
tion metals with d bands ' 4 and in spectra of
electronegative elements of certain compounds
like MgO. " The fine structure of these spectra
includes spectral terms associated to final-state
configurations in the corresponding atom (or ion).
The energy of the peaks related to these spectral
terms can be calculated by an extension of Eqs.
(1) and (2)

E(jkl, Y) =E(j) E(k) —E-(l) ZE(kl, Y-),

EE(kl, Y) = F(kl, Y) —R,(kl) —R,(kl),

(3)

(4)

where the subscripts "at" have been dropped to
indicate that all energies correspond now to the
solid. In the expression of the energy shift AE,
there is a new term R, called extra-atomic relaxa-
tion energy. Physically this term accounts for
the partial screening of one of the two final-state
holes by the Fermi electron gas. Evaluations of

R, are in reasonably good accord with experi-
ments. It is also worth remarking that peak widths
in quasiatomic spectra are comparable to those
in gas atoms.

The band limit refers to those transitions in-
volving the V valence band, in which the band
structure of the solid is apparent. Some examples
of these are the KL~V, KL»V, and L»VV transi-
tions of magnesium and some of its compounds, 7

the L,L»V and3 L»VV transitionof silicon and
the KVV transition of graphite. ~ It seems likely
that this behavior is also typical of most quasi-
free-electron elements and componds. Instead
of a succession of rather narrow peaks, corre-
sponding to spectral terms, these spectra show a
much broader structure, whose features are re-
lated to the density of states of the band. If one
assumes constant matrix elements among the dif-
ferent states in the valence band, the electron
signal N(E), as a function of kinetic energy E re-
ferred to the Fermi level, can be written

N(E) ~ B[E(j) —E(k) —E] (5)
for transitions involving one final hole l in the va-
lence band, or in terms of a', the band energy
measured down into the band from the Fermi level

6t

N(E) ~ u(e —S) n(e+~) d~,
0

for transitions involving two final holes in the va-
lence band, where n(z) is the valence-band density
of states and E„is the Fermi energy. In both
cases there is no energy shift equivalent to 4E in
Eq. (3). Noticethat Eq. (3) canbe obtained from (5)
or (6) by substituting a 5 function for the band den-
sity of states and adding a shift hE.

In short, previous investigations seem to sug-
gest that AES spectra involving the valence band
are of quasiatomic character for d-band transition
metals and for electronegative atoms in insulator
compounds, but are of band character for quasi-
free-electron metals and semiconductors. These
limits seem to correspond physically to localized
and delocalized electrons in the final state. It has
been suggested ' that localization of valence
electrons leads to atomiclike Auger spectra. An
earlier argument points out' that an electron in a
band can be considered to be localized, as far as
Auger deexcitation is concerned, when the width
of the band is small compared to the width of the
level in which the initial hole is located. This is,
in fact, the case in the systems showing a quasi-
atomic behavior, that have been indicated before.
In the following, we investigate the situation in
the case of adsorbed layers.

B. Model for adsorbate core hole deexcitation

In this section a model for the deexcitation of a
core hole in an adsorbed atom onto a transition
metal is discussed. This model has been pre-
viously proposed' by two of the present authors.
Here, a more complete experimental evidence is
provided and a thorough discussion of the implica-
tions of the model presented.

The ideas later discussed are based on certain
physical similarities between AES and the ion
neutralization technique (INS) first developed by
gagstrum. 6 In short, INS samples the valence
band of, say, a transition metal by analyzing the
Auger spectrum arising from the neutralization of
gn inert-gas ion impinging on the metal surface.
As the binding energy of the hole in the gas ion is
not very large (- 10-20 eV), only Auger transi-
tions involving two holes from the metal valence
band in the final state are allowed. Deconvolution
of Eq. (5) is, then, required. The important
point is that the density of states of the transition
metal does not seem to be perturbed by the pres-
ence of the gas atom hole and, in fact, bandlike
Auger spectra are obtained in nickel and copper. '
This is very different from the behavior that is
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observed in AES of transition metals (see Sec. IV
A), in which quasiatomic spectra, not related to
their band characteristics, are obtained. The
main difference between AES and INS lies in the
localization of the initial-state hole. It seems
that if this hole is localized in the same atom of
the two final state holes, the perturbation of the
band is important (intra atomi-c deexcitation),
but when it is in a different atom (interatomic de-
excitation), as in INS, the perturbation effects are
minimized.

Our model considers the deexcitation of a core
hole in an adsorbate atom as a competitive pro-
cess between transitions involving electrons in the
valence band of the metal (interatomic) and those
involving electrons in the upper electron levels of
the adsorbate atom itself (intra-atomic). The
former are INS-like, the main difference being
the binding energy of the probing hole, that is of
the order of 10-20 eV in INS but can be as much
as - 500 eV in chemisorbed oxygen. Intra-atomic
transitions have no counterpart in INS due to the
fact that in the latter the initial state hole is in
the uppermost level. On the basis of the previous
discussion, it is expected that the interatomic
contribution to the spectrum reflects the density
of states of the metal band, i.e. , is of aband
character. On the other hand, the intra-atomic
contribution arises from processes in which the
localization of the adsorbate upper electron levels
onto the initial-state core hol.e is associated to
strong perturbation of the corresponding levels.
This gives rise to a contribution to the spectrum
of a quasiatomic character which is not directly
related to the adsorbate levels in the band. On
the grounds of simple arguments based on transi-
tion-matrix elexnents, it is also expected that the
intra-atomic part of the spectrum is usually going
to be dominant.

This model is based on the comparative be-
havior of the adsorbate peaks in the series of
metal-adsorbate systems described in Sec. IIIB.
We argue that the adsorbate-dependent low-energy
region of the spectrum described there is due to
intra-atomic transitions in the adsorbate. The
strong perturbation of the upper levels due to the
localization of the initial inner hole causes the
appearance of quasiatomic spectra with spectral
terms that depend on final-state configuration and,
therefore, are mainly controlled by the nature of
the adsorbate. Slight differences in position and
different intensities for the various substrates
might be thought of in terms of bonding alterations
when passing from one couple to another. More-
over, their energies can be explained in terms of
spectral terms associated to final-state hole-hole
interactions (Sec. 111). We propose that the sub-
strate-dependent high-energy side of the spectrum

is due to interatomic transitions from the metal
valence band. Among these transitions, those
originated from the d component of the band are
the most distinct and, in fact, dominate the pic-
ture. This behavior is also characteristic of XVV
spectra in the pure metal, in which spectral terms
from d-band holes are the main cause of struc-
ture. 4 The peak indexed X, would, then, re-
sult from deexcitations of the adsorbate hole from
electrons in the metal d band and emission of the
same type of electrons. This idea is strongly
supported by the comparison of the apparent
binding energies of the electrons contributing to X,
(4th column in Table VI} with d-band binding en-
ergies of the substrate metal E„. It is clear that
the correlation is very good. The case of zinc is
particularly interesting, as the large depth of its
d band (- 10 eV) makes it possible that adsorbate
levels have much lower binding energies. Con-
sequently, the interatomic peak X~ appears, in
this case, at the low-energy side of the main peak,
as observed. These observations can be written
in the form

[E» -E(i))=Ed, . (7)

In the following, we develop the model in a sepa-
rate discussion of the fine structure associated
to interatomic and intra-atomic transitions in the
light of the proposed model.

C. Interatomic transitions

The peak X& in the adsorbate spectrum has been
interpreted, in Sec. IVB, as arising from the de-
excitation of an adsorbate hole with binding energy
E(j ) by electrons from the d band of the substrate
metal. It is worth noticing that Eq. (7) is equiva-
lent to Eq. (S), by substituting E„for E(k) and
E(l) and making AE= 0. The latter point is very
important as it shows that these interatomic peaks
reflect an unperturbed band structure and are,
then, closely related to INS spectra.

It is also enlightening to compare the Auger
spectra of oxygen on an adsorbate metal with the
corresponding spectrum in a molecule of com-
parable ionicity (as estimated from electronega-
tivity differences}. Figure 8 shows the Auger
spectrum of oxygen adsorbed on copper and the
one of oxygen in a water molecule. It is clear
that the peaks in the low-energy side are related
in both structures. On the other hand, the two
peaks in the high-energy side of oxygen on copper
(interatomic according to our model) are not at
all visible in the water spectrum. This observa-
tion is in very good agreement with our proposed
mechanism of a double contribution to the Auger
line shape.

Auger transitions involving a mechanism simi-
lar to the one described as interatomic here have
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FIG. 8. ZLL oxygen Auger peak in H20 (curve a) and

chemisorbed on Cu (curve b). Curve a has been taken
from Ref. 26. Curve b is presented in the -d N/dE
mode.

been recognized by other authors in experiments
on lithium Quoride, magnesium axide, and

magnesium fluoride ~ and in ammonia adsorbed on

molybdenum. Also, linewidth measurements in
photoemission seem to support the existence of
interatomic deexcitations. Besides, interatomic
peaks arising from deexcitations of core holes in
transition-metal atoms from electrons of the d
band localized on neighbors in the crystal structure
have also been tentatively identified in MVV Auger
spectra of copper and nickel. ~4 It is worth re-
marking that these peaks have 4E = 0, in contrast
to the peaks of the "normal" (intra-atomic) Auger
transitions, which are controlled by final-state
spectral terms structure. Magnesium oxide pro-
vides also a good answer to the question of whether
interatomic transitions can ever become dominant.
A previous investigation of the present authors~
has indeed shown that the I-»VV magnesium peak
in magnesium oxide arises, in fact, from an inter-
atomic transition. Magnesium oxide is a rather
ionic compound and, consequently, a hole in an
inner I level finds no electron in upper levels lo-
calized on the magnesium ion. Therefore, there
are no competitive deexcitation processes be-
cause only interatomic transitions from electrons

localized near the oxygen ion are possible. De-
convolution of the magnesium peak in the com-
pound shows an encouraging agreement with the
density of states of the compound. On the other
hand, the fine structure of the oxygen Auger spec-
trum in that compound can be explained in terms
of multiplet splitting in the final two-hole state of
the oxygen ion.

It is clear that the term "interatomic" is an
oversimplification used to describe a much more
complex situation. %'hen a gas atom is adsorbed
on a surface, the tails of the wave functions of the
electrons in the metal-band tunnel into the region
of the adsorbed atom and, consequently, there is,
on the latter, a certain electron density at the
corresponding energy. It is, then, better to think
of interatomic processes in terms of tunnelling.
Among the different systems investigated in the
present work, the intensity of the interatomic part
of the spectrum, with respect to the main intra-
atomic peak, is large for nitrogen and sulphur ad-
sorbates whereas it is rather small for oxygen
and chlorine. Even if no conclusive remarks can
yet be made, the results go in the sense that in-
teratomic peaks decrease in intensity as the ionic-
ity of the bond increases.

In order to qualitatively check whether INS and
interatomic AES involve comparable tunnelling,
the yield of both processes per initial available
hole has been compared in both techniques. The
number of electrons associated to deexcitations
involving twice the substrate d band per incident
ion and per electronvolt may be directly drawn
from INS data. Its value is 15&& 10 for ions in-
cident on pure nickel surfaces and 5&10 3 for
nickel surfaces with a chemisorbed sulphur layer.
This is reasonably compared with the figure of 8

&& 10 that we derive from our AES data by ob-
taining the ratio between the intensity of our peak
X~ and the total number of initial holes given by
the integral under the whole Auger line of N(E).

Most of the previous discussion about inter-
atomic transitions has dealt with one of the peaks
of the adsorbate spectrum (the most energetic one
except for zinc substrates). However, there is a
second peak which seems also to be connected
with interatomic transitions. This peak labeled
X2 in the figures is found very often at an energy
roughly halfway between peak X, and the main
peak. It might be due to deexcitations involving
one electron in the metal d band and another at
the gas atom, in which case its energy shift 4E
would not be zero. However, an unambiguous
interpretation of that peak has not yet been obtained.

D. Intra-atomic transitions

In Sec. IVB we have given the arguments
leading to the identification of intra-atomic transi-
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tion in Auger adsorbate spectra. In the present
one, we discuss the implications of this idea.
First, we examine the possible connections be-
tween the intra-atomic part of the Auger spectrum
and chemical environment and, then, we make a
careful analysis of relaxation effects associated
to final-state configurations.

In Sec. III it was shown how the relative posi-
tions of the different peaks associated to a given
adsorbate spectrum could be correlated to the
spectral term of the nearest rare-gas atom. A

similar scaling procedure has been shown to
provide a good correspondence between the Auger
spectra of hydrofluoric acid molecules and neon
atoms. We want to stress that the correspondence
between adsorbate and rare-gas spectra is best
for oxygen adsorbates. In this case, the correla-
tion in the position of the fine-structure peaks,
shown in Tables I-V, has been complemented by
a comparison of the corresponding intensities. The
agreement is good, the difference in relative in-
tensities being less than 10%. We have also com-
pared the Auger spectra of adsorbate atoms to
those of simple molecules containing the same
atoms. Whereas a good correlation has been
found between the spectral terms of gaseous water
and those of oxygen chemisorbed on copper (see
Fig. 8 and Table II), no such correlation can be
established in the case of rather covalent mole-
cules like NO, CO, or 02. Also, there is a good
correlation between the spectral terms of methane
and those of carbon on nickel (Table I). These
similarities in Auger spectra imply similar final
two-hole configurations. Consequently, it seems
to suggest, also, that the chemical state of the
adsorbate atom is not very different from the cor-
responding state in the molecule. These results
have implications in connection with the concept
of surface molecule ~ and, therefore, the corre-
lations described above seem to encourage further
work along these lines. For this purpose, an im-
provement in analyzer resolution would probably
be extremely advantageous.

Intra-atomic transitions have been shown to arise
from perturbed electron levels. The magnitude
of such perturbation may be measured by its as-
sociated energy shift 4E. The latter can be cal-
culated by using Eq. (8). We take E(jkl, I') from
our own data, and the binding energies of the in-
volved levels from other authors. It is worth re-
marking that, in order to be precise, binding en-
ergies corresponding to the same systems, i.e. ,
chemisorbed layers of the same gas on the same
substrate should be used. This is pc."sible, un-
fortunately, for only a few systems of the ll that
are presented in this paper. In order to have, at
least, estimations for some of the other systems,
we have used the binding-energy values of the cor-

responding bulk compounds, for example iron
sulfide for the system sulphur chemisorbed on
iron. This is probably a fair approximation for
core levels in the initial state, i.e. , for E(j) val-
ues. For most of the systems studied here, this
procedure amounts to doubling the number of gas-
metal bonds. Appearance potential spectroscopy
(APS) data in several transition metals' seem to
indicate that the maximum shift in an inner level
for a surface atom with respect to a bulk one does
not exceed —1 eV. Direct comparison of x-ray
photoemission spectroscopy (XPS} data for the
chemisorbed layer and the compound, when both
are available, confirm this physical idea. The
situation concerning the outer chemisorbed levels,
E(k} and E(l), is much more dubious. We have
compared INS binding energies of 3P sulphur
levels'3 for sulphur chemisorbed on nickel (E
= 4. 8 eV} with the corresponding mean values of
3P sulphur bands in the bulk compound nickel
sulfide (E =4. 2 eV). For this system, the sub-
stitution of the compound for the chemisorption
values seems then reasonable. On the other hand,
other systems, for which the comparison is pos-
sible, like nickel oxide, show large discrepancies.
Oxygen chemisorbed on nickel has been studied
by INS, "uv photoelectron spectroscopy" (UPS),
and electron-loss spectroscopy' (ELS). Abindmg-
energy value around E~ = 5. 5 eV has been consis-
tently found. Contrary to that, XPS measure-
ments in the bulk compound3 do not show any
structure that can be related to an electron den-
sity of states around those values.

The results for 4E, along with the photoemis-
sion data involved in the calculations, are given in
Table VII. According to the above discussion, hE
values, as those for sulphur on iron, which are
calculated by using binding energies of P levels of
the compound should be taken only as indicative.
On the other hand, binding energies of the deeper
s levels are more likely to be similar in the chemi-
sorbed layer and in the bulk compound. The maxi-
mum error involved is thought to be under +1.0
eV in sP transitions and +2.0 in +s ones. The
error in bE for PP transitions, in which all data
correspond to chemisorbed layers, is probably
under +0.5 eV and mainly related to the limitations
of the detector.

Further insight into the microscopic relaxation
mechanisms associated to Auger transitions can
be gained if the extra-atomic relaxation energy R,
can be estimated from the above data. From the
bE values of Table VII, one can obtain R, from
Eq. (4), provided F —It, can be evaluated. This is
difficult to do in practice because it is not clear
which values of F and R, should be used. They
are not the ones corresponding to the free adsor-
bate atom because the adsorbed atom electron
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TABLE VII. Energy shifts and relaxation energies of several Auger adsorbate peaks. All energies in the table
are in eV units.

Transition Binding energies

System

0-Ni

Levels

KL23 L23
KLi L23
KLi L23
KLi Li

Spectral
term

iD
3p
ip
ig

Auger
energy

513.1
497. 9
492. 7
478. 5

529. 5
529. 5
529. 5
529. 5

5.5
5.5
5.5

21.S"

5.5
21 S"
21 S"
21.5"

E(j)' E(I )' E(l)'

5.4
4. 6
9. 8
8.0

&-Ra

15.9
12.8
20. 2
17.8

R,'

10.2
+1.5

Ionicity P&)~

51
51
51
51

0-CG

S-Ni

S-Fe

KL23 L23
KLi L23
KL, L23
KLi L,

L23 M23 M23

L23 Mi M23

L23Mi M2

L23Mi Mi

L23 M23 M23

L23 Mi M23

L23 Mi M23

L23Mi Mi

iD
3P
iP
ig

iD 3P
3P
ip
's

iD 3P
3P
ip
ig

513.2
500. 5
493.4
479. 2

151,5
143.4
139.0
130.9

150.9
142.3
138.0
130.5

531.2
531.2
531.2
531.2

164.0
164.0
164.0
164.0

163.2
163.2
163.2
163.2

5.9
5. 9
5.9

21.S"

4. 6
4.6
4. 6

14.2"

4. o"
4.o"
4. o"

14.0"

5. 9
21.s"
21.s"
21.S"

4. 6
14.2"
14 2h

14.2h

4.o"
14.0"
14.0"
14.0"

6.2

3.3
10.4
9.0

3.3
1.8
6.2
4. 7

4.3'
2. 9'
7.2'
4 7'

15.9
12.8
20. 2
17.8

(1o.o)

(10.0)

9.4
+0. 9

(6. 7)

(s. 7)

47
47
47
47

12
12
12
12

12
12
12
12

See data Tables I-V.
XPS photoemission data: O-Ni, C. R. Brundle and A. F. Carley, Chem. Phys. Lett. 31, 423 (1975); O-Cu,

S-Ni, and S-Fe see footnotes c, d, and e of Table VI.
'0-Ni: Data of L23 from INS {Ref. 33), UPS (Ref. 35), and ELS (Ref. 36), Li datafrom bulk values of NiO

(Ref. 34). O-Cu, L23 data from S. Evans et al. (see footnote d Table VI); I i data as for 0-Ni. S-Ni: I » data
from INS (Ref. 33) or ELS (Ref. 39), Li data from the bulk compound (Ref. 34). All S-Fe data from bulk values
of A. Ohsawa, H. Yamamoto, and H. Watanabe, J. Phys. Soc. Jpn. 37, 568 {1974).

~From Eq. (3).
'H20 b.E values from Auger (Ref. 24) and binding energies from XPS (Ref. 37) as explained in the text. HF

values from Ref. 30.
Values in brackets are only indicative (see text).

IAs estimated from electronegativity differences (Ref. 40).
"Values from bulk compound.
'Estimations based only on bulk compounds binding energies,

configuration is much more similar to that of a
rare-gas atom. This is, in fact, supported by
the observation of spectral terms which can be
scaled to those of the nearest rare gas. There-
fore, it is likely that the chemisorbed atom is in
the form of an ion. W'e argue, in the following,
that & -A', is given by the total energy shift, bE
of the Auger peak of a molecule of the compound
adsorbate-hydorgen.

We discuss first the case of oxygen chemisorbed
on copper. In Fig. 9 we have represented the
values of bE, corresponding to the four most in-
tense spectral terms ('D for the KLeeLee, 'P and
'P for the KL,Le„and 'S for the KL,L, transitions)
of HF, H~O, and CH4 molecules as a function of
the corresponding values, bE„, for neon atoms.
&E, are calculated from Eq. (3) using available
data for HF, 'e

HeO (XPS, ~~ AES~), and CH4
(XPS, ' AES ) molecules. It is observed that the
HF and HIO plots can be fitted in good approxima-
tion by straight lines passing through the origin,

the maximum deviation not exceeding 0.5 eV. A
least-squares fitting of the data gives slopes of
0.82 and 0. 70, respectively. In the limit of per-
fect ionicity, the electron configurations of HF and
H~O correspond to a rare gas and no extra-atomic
relaxation is, therefore, expected. This agrees
with the observation of both lines going through the
origin. The decreasing slope in the series Ne,
F, O reflects the decreasing positive charge of
the ion cores. Physically, one can visualize a
less positive core as giving rise to a lesser binding
and, consequently, to a looser 2P configuration
resulting in a decreased effective hole-hole inter-
action (3' -R,).

Oxygen in our chemisorbed layers is likely to
have the same electron configuration of Ne, F,
and 0 . Moreover, its ion core is very similar
to that of a water molecule. Therefore, it is ex-
pected that its intra-atomic contribution to b.E
(& —R,), is very similar to n.E~ of water This.
is indeed confirmed by Fig. 9, in which b E for
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FIG. 9. Energy shifts b E associated to the different
spectral terms appearing in the KL&OL23 spectra of HF,
H20, and CH4 gas molecules and of oxygen chemisorbed
on copper and nickel as a function of the corresponding
shift b, &N, in the neon. atom. Straight lines have been
least-square fitted to the results as discussed in the
text.

oxygen on copper is also plotted as a function of
bE„,. If a straight line is least-square fitted to
the data, the resulting slope, 0. 70, is equal within

experimental error to that of water. Qn the other
hand, the line is displaced downwards by an amount

of 9.4 eV. According to Eq. (4) this is the value
of R,. An upper bound for the error of +0.9 eV
is obtained by letting the bE values shift to their
most deviated values (according to estimations
above) and calculatmg then the mean-square error
associated to the plot bE

y vs bEN, .
For the system Oxygen on nickel, the points in

a bE vs bE„, diagram show a greater dispersion.
W'e prefer to rely only on the bE value corre-
sponding to the 'D term, because it has been ob-
tained through phptoemission data of chemisorbed
layers. If we assume the same slope that for H20
and oxygen on copper, one gets R, = 10.2 eV. An

upper error of +1.5 eV is obtained by just adding
the uncertainty in the position of E(jkl) to the error
in the O-Cu system.

In order to obtain bE for sulphur on nickel,
one requires the values of &-R, for a sulphur
adsorbate. Unfortunately, experimental Auger
data for gas molecules of hydrogen sulfide are not
available. A rough estimation may be obtained by
the following method: For an atom bE„ is just
given by

EE~(kk, Y) = P(kk, Y) -R,=E~,(kk, F) —2E~~(k),
(8)

where E„(kk, F) is the binding energy of a double
hole in level k. Values of L1E„ for the elements
can, then, be computed from double ionization
data. Values of bE„ for elements of the 2nd and
3rd row are shown in Fig. 10. The ones of the
2nd row are compared to 4E~ associated to the

~E (eVi

30 ~ 2nd row elements
o 2nd row i ons(2p, D j
b 3rd row etemer}ts

20-

N

~0

0
~ F

~ Ne

10

~C

0

4

4S

4Cl
4Ar

IV
I I I I

y V I yII VIII ( Co lurmr})

FIG. 10. Intraatomic contribution, b.E~&= s-R, , for
several atoms in columns IV-VIII and rows 2 and 3 of
the periodic system. The data correspond to atoms in
neutral (~, b,) (highest spectral term) and fully ionized
(0) (rare gas atom ps configuration, ~D spectral term)
form. For neon, both values are connected to 3P and
~D spectral terms.

'D spectral terms of the corresponding p final
configuration. It is clear that the apparent anoma-
ly of oxygen (due to the high-energy necessary to
break the highly stable spin configuration in the
p~ single ionized state) is corrected when going
to the Q case. It is worth remarking that the
experimental value for Q falls fairly on the slow-
ly monotonically decreasing curve of b,E„for the
elements. Comparison of the data for the 2nd and

3rd row allows one to estimate a value of $(M&,M&„
'D) —R,(MM) == 10 eV for a sulphur ion. This
results in R, -6. 7 eV for sulphur on nickel.
The case of sulphur on iron is less reliable be-
cause even the bE values for D terms are evalu-
ated for M~3 levels corresponding to bulk materi-
al. All these values of R, are included in Table
VlI, the ones in brackets being considered only as
indicative. The values of R, range from - 5 to
-10 eV. In the last column of that table, the
ionicity of the compound, as evaluated from dif-
ferences in electronegativities, has been included.
The results seem to suggest that higher relaxation
energies R, are present when the degree of ionicity
of the bond increases but no quantitative conclusion
is justified on the basis of the present data. This
is mostly due to uncertainties in the binding and
intraatomic relaxation energies, that have been
used in the estimation of R,.
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V. AUGER SPECTRA LINE SHAPE AND DENSITY OF
STATES

The discussion of Sec. IV has shown that the
fine structure of their Auger spectra is closely
related to the electronic structure of materials.
A most important question is whether or not the
DOS can be obtained by analyzing the line shape
of Auger spectra involving one or two holes in the
valence band. We assume here that complications
arising from nonconstant matrix elements have
been adequately dealt with and discuss only the
range of validity of Eqs. (5) and (6). As indicated
in Sec. IVA, previous investigations show that the
latter equations can be used in a variety of cases,
all of which have in common the property of in-
volving quasi-free-electrons in the band. We
discuss now the possibility of relating AES to the
DOS in the case of valence bands consisting of
rather localized electrons. We propose that, in
this case, AES line-shape measurements can be
used for obtaining information about DOS if only
interatomic transitions are taken into account.
There are, at least, four types of results on which
this proposition is founded: (i) Observation of a
d-band peak X, in Auger spectra of adsorbate gases
on transition metals. As discussed in Sec. IVC
this peak appears in a position associated to an un-
shifted d band; (ii) observation of a large inter-
atomic peak in magnesium oxide, whose decon-
volution closely resembles the DOS by soft-x-ray
emission spectroscopy (SXS}; (iii) AES investiga-
tions of copper and nickel, in which a small peak
corresponding to the unshifted position of the d
band of the metal is observed; and (iv} INS data on
copper and nickel.

The term DOS is used here in a sense that is
worth fixing precisely. The term local density of
states (LDOS) has been coined with the purpose of
dealing with the variations from cell to cell of the
bulk density of states in the proximity of crystal
discontinuities, for example surfaces. The con-
cept of LDOS can be extended in order to describe
local variations of the effective density of states
from one point of the cell to another. For example,
in transition metals, tight-binding d-band wave
functions tend to be more concentrated around the
atom cores than nearly-free-electron s-band wave
functions. Therefore, the d-band contribution to
the LDOS, in the present sense, is much more
pronounced in the core region than near the cor-
ners of the cell. According to this picture, we
may say that AES (and SXS) do not sample the same
LDO8 as do INS, XPS, or UPS. Earlier compari-
sons between AES and XPS have been interpreted
along these lines. 7 These ideas are also relevant
in connection with interatomic transitions, and,
in fact, a somehow physically equivalent problem

has been treated in detail by Hagstrum" in con-
nection with the quantity that is actually sampled
by INS. According to the terminology of the lat-
ter, interatomic transitions give only a transition
density function. Nevertheless, comparison of
this quantity with other probes of density of states
(for example, comparing INS data with electron-
loss spectroscopy for the same system ') suggests
that no substantial differences exist between both
functions.

The microscopic description of the mechanism
by which the initial hole perturbs the DOS in intra-
atomic transitions is not clear at the moment. On
the other hand, there are certain observations that
are rather intriguing. Particularly, the comparison
between SXS and intra-atomic AES spectra remains
an open question. Both techniques have an initial
core hole and, consequently, should be subjected
to the same perturbation. However, SXS is known
to give results directly related to the DO8,
whereas perturbation effects in AES have been
shown to be strong. It has been argued that life-
times of core holes are longer for x-ray emission
and, therefore, that relaxation of the Fermi sea
around the hole would be more complete. However,
this explanation is untenable because photon and
Auger emission are processes competing for the
inner hole deexcitation and it is well known that,
in such a case, the lifetime of the hole would be
controlled by the fastest one.

It is unfortunate that for most adsorption sys-
tems studied here, interatomic peaks in Auger
spectra are rather weak. This makes it difficult
to use them in order to get information about the
DOS. Of course, when the electronic structure
is such that competitive intra-atomic transitions
are unlikely (as in AES of magnesium oxide or in
INS), suitable treatment of the results, such as
self-deconvolution and allowance for transition-
matrix modulation effects, should result in DOS
information. However, this situation is seldom
attained and very good resolution and sensitivity
are, in any case, required. It is also worth re-
marking that no interatomic transition in the metal
substrate peak, arising from electrons in the up-
per levels of the adsorbate, has been yet detected.
A number of reasons for this absence may be sug-
gested. One is related to the fact that the high
number of electrons in the metal valence band
make deexcitations involving extraatomic levels
very unlikely. This is supported by the small in-
tensity of the proposed interatomic peak in pure
metals. The deexcitation of a substrate hole via
electrons coming from the adsorbate atoms is
still less probable on the basis of an argument
based on the number of neighboring electrons.
Experiments to check these ideas are being car-
ried out in our laboratory at present.
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VI. CONCLUSIONS

Two major conclusions can be drawn from the

present work. The first is that AES, apart from
its well established application for the determina-
tion of surface composition, can be considered
as a valence-band spectroscopy, capable of pro-
viding detailed knowledge of the electronic struc-
ture near the surface. This knowledge includes
information about the LDOS, which, under certain
circumstances, is comparable and somehow com-
plementary to the ones obtained by more conven-
tional techniques such as photoemission. Con-
cerning the interpretation of fine structure in
Auger spectra of adsorbate layers, it is demon-
strated that two different types of transition, in-
tra-atomic and interatomic, contribute to those
spectra and that careful distinction between the
two is necessary in order to make a sound inter-
pretation of experiments. Particularly, inter-
atomic transitions are shown to provide information
about the LDOS, even. for such systems in which
earlier investigations had shown the Auger main

peak to be quasiatomic in character.
The second conclusion is that the analysis of

Auger spectra can provide additional information
concerning the bonding near the surface in the
form of relaxation energies, degree of ionicity,
etc. Information about relaxation energies, and
associated energy shifts in the spectra, are most
important as it becomes more and more clear that
the interpretation of experimental data on elec-
tronic levels (for example, from photoemission)
can be seriously misleading if these effects are
not accounted for.
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