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The Auger-emission process from solids can be very complex, with a variety of processes producing
intensity in the final spectra. Thie, MM, 5 (Lo 3MM) Auger spectra of the @ transition metals, in
particular, show many complicating effects. Auger photoelectron coincidence spectrdgd®RZS is a
technique that can be used to elucidate the source of this complexity. In the APECS experiment, Auger
electrons are recorded only when the corresponding electron from the ionization event is also detected. In this
way only those features that result from the particular initial ionization event in question are measured, thereby
greatly reducing the complexity in the Auger spectra. Although a number of successful APECS studies have
been made of the emission processes observed in the Auger lines of several indiddrestion metals,
none have yet studied trends across the series. In order to study some of these trends we have made the most
systematic APECS study to date of the-MM Auger spectra of the metals Fe, Co, Ni, and @aGaAs.

Thel, MM lines were observed in coincidence with thp;2 and 2p,,, photoemission electrons in all of

these materials. From these studies and the Cu coincid&®feC9 results of Haak and Sawatzky a number

of trends are clear and these are reported and discussed with the view of aiding quantitative Auger electron
spectroscopy. It has become clear that there is also a need for a consistent and clear nomenclature to describe
and distinguish between the various processes which can lead to a common multiple-hole final state. A
nomenclature is proposed that aids a clearer comparison and discussion of the contributions of the various
processes to the total observed Auger line shEp@163-18207)01107-7

INTRODUCTION Auger photoelectron coincidence spectroscépPECS
provides an opportunity to simplify complex Auger spectra.
Auger spectroscopy is widely used as a technique folhe technique was successfully demonstrated by Haak and
making quantitative estimates of the concentration of elecolleague$” and has been used successfully by two other
ments in surface studies. The Auger process is considerabBfoups sincé® In an APECS experiment, Auger electrons
more complex than the photoemissiparay photoemission &€ only recorded when the correspondmg p_hotoele_ctro_n is
spectroscopyXPS)] process as it involves at least three elec-also recorded. Details pf the technique and its applications
trons and the final state will have at least two additional’@Ve been recently reviewed by Thurgate,

holes in the electronic structure of the atom/solid. Indeed, ir][er'-le;Te fi(: gﬁn.sn'gggnme;ilj ;rsnagz?gr.;he m?s(t) ueseftgonr:aé
many elements/solids much of the complexity of Auger 1als gl ng utacturing purposes. se-

spectra is due to the interaction of the holes in the final Statguently, they are materials that are often characterized in

Nonetheless Auger spectra are often collected and rocesssgrface analysis systems and an understanding of those pro-
. 'SS, AUGET Sp ) P &€sses that influence their Auger line shapes is important and
with the view of finding concentrations of elements on sur-

- " . " "useful information. We have collected APECS data from a
faces as well as chemical or densities of states information

= ; series of 3@l transition metals over a period of several years
In transition metals, the problems are particularly appary,ith selections of these data published previodsh}in this

ent. The high density of filled and unfilled states near theyork we have brought these data and the Cu data of Sa-
Fermi level increases the probability of shake off/shake URyatzky and Haak?together with an analysis of the trends in
events accompanying the formation of both the initial statghe data to present a systematic study of the elements of the
and the final state. These processes can have a dramatic gl transition series from Fe to Géin GaAS.

fect on the Auger line shape. The high density of filled states The 3d transition metals contain nine elements ranging
also increases the chance of Coster-KrdnigK) events.  from the alkali-earth calcium to the noble-metal copper. In
The situation is also complicated by the fact that extrinsicthis range, the empty®shell is progressively filled in. The
processes are associated with the escape of the electrstable room-temperature forms of the transition elements are
through the solid. These are often not easily accounted foeither monatomic fcc or bcc Bravais lattices, or hcp
This makes it difficult to decide which parts of the Auger structures? Thed band lies high up in the conduction band,
line shape can be atrributed to intrinsic processes and whicextending through the Fermi energy and this significantly
parts to extrinsic processes. influences the observed Auger lines. Three trends are evident
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TABLE I. Trends in the physical and electronic properties of tlget@nsition metals.

3d transition StructuréRef. 13 Valence bandwidthI() in AE g for 2py, and 205, Two 3d hole interaction
metal eV(Ref. 19 core levels in eMRef. 15 energy U) in eV (Ref. 19
Fe bce 35 13.2 1.25
Co hep 3.25 15.05 1.25
Ni fcc 3.0 17.4 25
Cu fcc 2.75 19.8 8.0
Zn hcp 1.75 23.1 9.6
Ga complex 1.75 27.0 11.25

in the valence and core levels of the&l 3ransition metals [see Fig. 1b)] and was unavoidable due to the long counting
when moving across the series. These are as follgv&  times required to collect the data.
decreasing valence bandwidth)( (ii) that the Fermi energy A strength of the APECS technique is that the one set of
(Ererm) Moves to the top of the band, aitiii) the energy raw data produces both the coincidence data and the conven-
separation of the @, and 24, core levels AE., ) in- tional XPS singles data free from any distortion due to in-
creases. Each of these are known to effect the Auger linetrumental changes. A more detailed description of the
shapes of the @ transition metals. The trends in a number of method for obtaining the coincidence spectra and the singles
properties including the crystal structure, valence bandwidthspectra from the accidental background in APECS has been
and 2p,,,/2ps, energy separation of theddransition metals  described elsewhereThe analyzer that was scanning either
are summarized in Table I. the photoelectron or Auger spectra was repeatedly swept
through the energy range of interest a number of times dur-
ing each 12 h data acquisition period in order to ensure that
EXPERIMENT the spectra were free from any artifact due to contamination.

The apparatus and techniques for collecting the APECS
data have been described in detail previodslyThe data DISCUSSION
were collected using a specially built APECS spectrometer
based on a pair of 127° electron analyzers designed to have The singles Auger spectra of the transition metals with
very good timing resolution. The samples were irradiatedd bands and the elements which follow them in the Periodic
with Mg Ka x-rays from a conventional, unmonochro- Table are shifted to lower kinetic energy than expected from
mated, x-ray source. The total time spread through the andhe difference in the binding energies of the initial core hole
lyzers and their electronics was 1.6 ns and the analyzers wesfd the self-convolution single-electron density of states.
operated in a constant pass energy mode with a resolution dihis indicates that the two-hole final stat¢d?}, formed in
~2.6 eV. The rather poor resolution was a consequence dhe Auger process are more tightly bound than the sum of the
the high pass energy selected to give optimum count rate®inding energies of the two single-hole statgs),+{d}. As
As is characteristic of the present state of development ofvell as this the singles Auger lines of some of the elements
APECS systems, it took about 30 days to collect a spectrurghow a number of sharp featut&s® which have splittings
with between approximately 600 and 1200 true coincidencén agreement with those of{@?} atomic configuration. Such
counts at the main peak energy. The reasons why APECSpectra have been classified as quasiattiiad the idea
spectra are so difficult to acquire have been fully discussed
elsewheré.

The samples included Fe and Co prepared from foil, and a) by Loy My M,
Ni as a single crystal. The GaAs sample was a high-purity 1000 re Mt 1000( Fe
commercially produceg-type single-crystal ingot, cleaved
along the(110) plane. All samples were initially cleaned by
in situ cycles of ion bombardment and short periods
(~3 min) of heating to~700 °C(GaAs~ 350 °C) until the
oxygen B photoelectron line was below detection by con- %{#ﬂﬂ ik v
ventional XPS. After this the samples were repeatedly ion 0 1114
bombarded with 1-keV Af ions and heat treated T oyt
(~700 °C) every 12 h. The GaAs samples were not heated 680 600 700 710 720 730 680 690 700 710 720 730
above 350 °C and the Ga and A& VYV Auger line heights
were consistent with a near to stoichiometric surface, al-
though the surface may have been slightly Ga enriched. Af- g, 1. Thel, M, gM, 5 Spectra of Fe in coincidence with)
ter 12 h of data collection no evidence of oxygen or carbonhe 2p,,, photoelectron andb) the 2p,;, photoelectron. The solid
contamination was found on any of the samples except Faine is the singles spectrum which is also determined from the same
Despite the Fe sample being cleaned eve?yhla small set of raw data, while the dashed line is the best fit of a model
amount of oxygen contamination was found on this surfacespectrum to the data as explained in the text.

LZ.B-MA,5M4,5

with 2p, 2

500

Counts

500 %

0

Kinetic Energy (eV) Kinetic Energy (eV)
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that they have atomic profiles has been confirmed by a nunpete directly with x-ray and Auger transitions and the doubly
ber of authors/~1° ionized states they produce give rise to satellites accompa-
Cini?®2*and Sawatzki?2® separately suggested that qua- nying the x-ray and Auger spectra observed from singly ion-
siatomic Auger spectra arise when the correlation energy bezed species.
tween two holes localized on one atomic sitg, is much Doubly ionized states which give rise to Auger vacancy
greater than the single-electron bandwidth,of the mate- satellites can be created by mechanisms other than Coster-
rial. This “Cini-Sawatzky” model has been the basis for Kronig transitions®® Two other such mechanisms are elec-
understanding correlation effects in Auger line shapes. Actron “shake off” and “shake up,” sometimes called mono-
cording to the Cini-Sawatzky theory if the effective Cou- pole ionization and monopole excitation, respectively. As a
lomb repulsion is large compared to the bandwidthresult of a sudden change in the central potential of an atom,
(U>T), the line shape will be atomiclike, whereas if an electron in a given orbital may go into an excitetec-
I'<U the line shape will be bandlike. In systems wheretron shake upor continuum(electron shake offstate. The
U~T, both atomiclike and bandlike contributions can beenergy required for these transitions is not available to the
evident in the line shap@23 main emission process and thus they lead to a structure on
The analysis as presented by Cini and Sawa&fziwas  the low-kinetic-energy side of the spectral feature. Because
derived assuming an initially filled single band so that it isthe valence-band electron in a shake up transition is excited,
not rigorously valid for partially filled, or degenerate but to a bound state, this will appear as a discrete satellite
bandst* A more general intuitive explanation, that holds for line at a kinetic energy lower than the peak energy of the
filled and unfilled bands involves the position of the final- main line. The energy difference corresponds to that between
state energy levels relative to the band. If the final-state enthe ground and excited states of the ion with a core vacancy.
ergy levels from which the Auger electron is ejected areln electron shake off, where the electron is excited into the
pulled clear of the band following the initial ionization, this continuum, the spectrum will show a continuous spectrum
results in these elements exhibiting atomiclike peaks, if theising smoothly from a lower kinetic energy to a threshold
final-state energy levels still lie in the band then the peaksvhose energy difference is equal to the ionization potential
will be bandlike. This behavior is reflected in thg -MM  for the ground state of the ion with a core vacancy.
Auger spectra of the @ transition metals. The APECSL;-MM Auger line in coincidence with the
The L, MM spectrum in coincidence with the main 2ps; photoelectron is also free from processes such as

2p3p ionization peak is free of contributions from processes
such as LsMysMysMys(Mys),

Lo-LaMasMaeMas(Myo), because th.e_e-nergy of the initial-state photoelectron is shifted
due to the initial-state shake up/shake off of Mg 5 valence

which is an Auger cascade via a Coster-Kronig transitionglectron and hence is not detected. Whitfield and
Lo-L3Mys. The bracketedV, s hole in the final state indi- colleague® have demonstrated using synchrotron measure-
cates that it is a spectator hole. A Coster-Kronfl@K)  ments the presence of a number of initial-state processes that
transitior? is an Auger transition in which the principle quan- can lead to three or four holes in the final state and that can
tum number of the initial hole and any of the two final holes result in satellites in the_3-|\/| M Auger spectra. They pro-
is the same. In this case the process above with #,2 posed that a three-hole final state could be produced via the
electron filling the 2,,, photoionization hole is a Coster- following processes:
Kronig process as the two electrons are from orbitals with

the same principle quantum number, in this case theo2 Process Label/descriptor
bitals. Coster-Kronig transition rates, which are large due to

the large overlap of the radial wave functions of obritals(i) L1-LsM45M4sM45(My4s) Lyi:Lg: ““MMM
from the same shell, are very energy sensitfi&urther- (i) Lo-LsM45M4sM45(Mys) L,:Lg: kMMM
more, since the relative separation of different atomic levels;iii) LsMysM4eMys(My o) Ls: iSp M M

varies with aotmic numbe#, some CK transitions are only

energetically possible for restricted ranges of atomic number.

The large transition rates of CK processes cause them tohere(i) and (i) are CK processes whilgii) is an initial-
dominate the cascade of Auger and radiative decays whichtate shake up/shake off process. In addition to these, there
follow the creation of inner-shell holes and thus they have are four ways a four-hole final state can be produced provid-
large effect on Auger and fluorescence yietti& They com-  ing satellite intensity in thé.;-MM spectrum. These are

Process Label/descriptor

(iv) L1-LoMysLsMas(Mge)-MasMag(MagMyg Lyilyilg: KMEMMM
(V) LiM45LsMys(M45)-MysM4s(M4 My 5) LiiLg "M MMM
(Vi) LoMy5LaMyg(Myd-MygMag(MygMyg)  Lyilgi "M MMM

(Vi) LsM 4 sM 4 5M 4 sM 4 (M4 sM 4. 5) Ls:S(MM)MM



5458 C. P. LUND, S. M. THURGATE, AND A. B. WEDDING 55

There does not appear to be a consensus in the literature as to Iron
the best notation to identify/describe the various processes ro has the electron configuratigr]3d®4s2. The va-

which geperate partigular holg states. Th?s can be confusingce pandwidth of Fel{=3.5 eV) is wide compared to the
and ambiguous, particularly in the description of processefyteraction energy of the final-state hole§ £ 1.25 eV,

that produce four or more holes in the final state. In an atiherefore, the energy of the level from which the Auger elec-
tempt to remove the confusion which can arise in describingron is ejected lies in the valence band just prior to its ejec-
the sequence of excited-state dedaple state formation tion. This means Fe is seen to generate a bandlike Auger line
and/or to have a nomenclature which makes clear the logicalnd the line shape can be viewed as a weighted self-
development of excited hole states and the emission resultingpnvolution of the densities of stat&s.

from the decay process, we propose the adoption of the fol- The L, 3M,sM 5 Auger lines in coincidence with the
lowing symbolism which is largely consistent with that of 2p5, and 2,,, photoemission lines for Fe are shown in Figs.
Whitfield.2® We propose that all descriptions consist of thel(a) and Xb), respectively. Each of the coincidence spectra
sequence of hole state formatitneading left to rightwhere ~ were fitted with a model spectrum which is the sum of one or
the first hole represents the hole creation, either the initiamore Gaussians and is shown as the dashed line. The least-
photoionization or the level from which the hole in the pre-squares fit was achieved using the Simplex algorithas
vious state is filled, subsequent nonbracketed holes are thogé€d in the fitting of XPS line shapes by Thurgate and
that contribute to electron emission. As mentioned earlierErickson:" A good fit was determined on the basis of a point
brackets are used to indicate spectator holes. This allows tthy point least-squares comparison between the model curve
ready identification of such processes as final-state shake qud the coincidence data. A simple smoothly varying back-
shake off, that isM 4 gM 4 sM 4 5 as distinct from emission in hrounld fugctlon,dtccj) zppror)]qmate th]:a ﬁxtrlnsm loss function,
the presence of a hoM , MM ) as well as making the as also been added to the sum of the component curves to

resence of one or more spectator holes immediatelv a ag_ive the total, fitted curve and adjusted to describe the inten-
P P y app sity in the low-energy tail of the lines. The Eg&-MM spec-

ent. Superscripts preceding the hole level identifier could b_ rum in coincidence with the 2, photoelectron is best de-

used to label shake up/shake off and Coster-Kronig trans'écribed as a broad smoothly varying function with no

tions when required. It has become apparent that the historfqgication of atomiclike features. This line shape contains
cal Auger line descriptorABC which describes a process qny those features that arise from thpz ionization and is
not a hole state is not sufficiently descriptive and unambigupapglike, reflecting the self-convolution of the valence-band
ous and should be replaced with the hole state descriptfensities of states.

A-BC. The APECS Auger spectra obtained in coincidence with
Procesgiv) above is then easily identified as due to twothe 2p,, photoelectron does not include initial-state pro-
consecutive CK processes resulting in a four-hole final statgesses that result in three or four holes in the final state such
and culminating in the emission of a valence-band electrors those discussed above. This is because the photoelectron
in the presence of two spectator holes. Prod@gshas a jnvolved in these initial-state processes has an energy that is
shake up/shake off in the initial state;M, 5 followed by a  different from that of the photoelectron that is being detected
CK into theL hole to give the four-hole final state. Processin coincidence with the main two-hole Auger process and is
(vi) is similar, but involves a CK into thé, hole. Process outside the detection energy range of the photoelectron ana-

(vii) involves a double shake up/shake off in the initial ion- lyzer. Hence the @, coincidence spectra are free from
ization to produce the intermediate three hole statemany of the factors that complicate regular or conventional,
L3MysMy 5 which, with the emission of the Auger electron singles Auger spectroscopy. The coincidence spectra in Fig.

results in four holes in the final state. 1 do however include some processes that result in three
In order to facilitate a repeated reference to each proceSsoles in the final state such as

within a given text and the clearer comparison and discus-
sion of the contribution of the various processes to the total
observed Auger and photoelectron spectra, we also propose
the use of a shorthand label/descriptor for each process. This
descriptor consists of a notation which indicates the initialwhich represents a final-state shake up/shake off associated
photoionization hole and following a colon, the origin of with the emission of thévl, 5 Auger electron, as well as a
each hole in the final-hole state in their order of generationrange of possible final-state configurations with four or more
This allows the immediate identification of processes such akoles. The coincidence experiment is not able to discriminate
double initial state shakes as described in prooesds, against these final-state processes as the ejected photoelec-
L3:'S(MM)MM which would contribute intensity to the tron has the same energy as that which initiates the main
L3:MM Auger line as a satellite which is shifted in energy two-hole AugerL;:MM process.

from the mainL;-MM peak due to the interaction of the  The FelL,yMM Auger spectrum collected in coinci-
emitted Auger electron with the two spectator holes in thedence with the By, line [Fig. 1(b)] shows the main
valence band. More importantly the origin of the two spec-L,:M,sM, 5 Auger component and the emission from the
tator holes is clearly identified as being created by an initial-Coster-Kronig preceded Auger decay,
state double shake process as distinct from a Coster-Kronig,-LsM45M4sM45(My5). This L,:°*"MMM component
cascadel;:L,:L3:““M K MMM as in procesgiv) or an  appears under the;-MM part of the singlet, MM line
initial-state  shake followed by a CK decay but is shifted to higher kinetic energy by 0.8 eV relative to
Ly:Lg:SMSXMMM as in processv). theL;:MM component. The line shape and energy position

La-MgsMasMys  La:MM™M,
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Figure 2 shows the CK shifted and normal Auger two-

a) LMM 4 CK . . .
Fe Fta MMM hole contributions to the Fe;-MM line together for com-
& parison.(a) shows the two spectra normalized to the same

height and the energy scale of th@,2 coincidence spec-
trum adjusted so that the maln,-MM two-hole and CK
shifted component peaks have the same energy, in order to
compare theiffull width at half maximum(FWHM)]. (b)
shows the two coincidence spectra normalized to the height
of the L, MM singles spectrum at the points shown, in
order to compare their relative contributions. The two-hole
component(coincident with the P3, photoelectron has
Kinetic Energy (eV) Kinetic Energy (2V) been normalized so that its height matchesltglel M part of
. . Lk the singles spectrum. Both the singles and coincidence spec-
(shzlr?dazs'h'\;r?gilsg-ri) cl’:irl\lzzc’;;/ﬁ :zgtr%dzd;;h co'\r?t?ii)hl/ljtlligw;fo tra will have the intensity shifted from the region of the
e two-hole L,-MM component to that of the CK shifted

the FeLs;-MM coincidence data from Fig. 1 overlaid for compari- . .
son.(a) shows the two coincidence spectra normalized to the heighl'fi"vI M CO_mPO”e”t |_n the same way. The CK shifted com-
of the Ly:MM part of the D, coincidence spectrum in order to POnent(coincident with the Py, photoelectrop has been

more clearly compare the FWHM'&) shows the two spectra nor- Normalized so that its height. matches that of the twp-hole
malized to the singles spectrusolid line) at the points indicated to  L2-MM part of theL, MM singles spectrunfat the point

enable an appreciation of the magnitude of the CK contribution tcShowr because this region contains predominantly intensity
the line shape. only from the two-holeL,-MM region of both spectra.
In Fe it is interesting to note that the line shape of the
of this component can be taken as typical of those contribuk,:L3:““MMM CK component is very similar to that gen-
tions due to all initial-state processes which generate a finadrated by the_;:MM two-hole final state, with both having
three-hole state in Fe. SawatZkpias shown from total- the same FWHM within experimental error, 8.1 and
energy calculations that it is possible to estimate this energ8.5+0.1 eV, respectivelyTable ll). It seems that the addi-
difference between the three-hole final-state component antibnal electrostatic interaction generated by the presence of
the main two-hole component. The energy shift of athe spectator hole does not shift the levels in the final state
L3: MMM or L;:L3:°MMM (three-holé process com- clear of the valence band in Fe. This means the line shape
pared to the_3:M4sM 4 5 (two-hole) process is given By due to the Coster-Kronig precedég:L;:* MMM three-
hole final-state process remains bandlike.

\7.: o

Arbitrary Units

680 690 700 710 720 730 680 690 700 710 720 730

AE=AE_ + AR, (1)
Cobalt

The first term AE, is the atomic part of the Auger energy ~ The L, +M,sM 5 Auger spectra in coincidence with the
shift, the second term\ R, is the shift due to the difference 2ps, and 204, photoelectrons for Co are shown in Fig. 3.
in extra-atomic relaxation. The extra-atomic relaxation enlike Fe, theL3:MM two-hole final state produces a band-
ergy causes a reduction in Coulomb repulsion energy due tike Auger line, as can be seen from the braadM M com-
the interaction of a hole with the polarization cloud of the ponent in coincidence with thep3,, photoelectron[Fig.
other holes present and hence a reduced kinetic energy f8a)]. Figure 4 shows the CK shifted and the normal Auger
the emitted electron. two-hole contributions to the Ch, MM spectra together

TABLE II. Contribution of the Coster-Kronid.,:L;:M 45M 48M 4 5 transition to thel 3-M 4 sM, 5 Auger line across the®transition
series.

Energy shiftAE in the

L,:L3:*“MMM Coster- Ratio of the
Kronig component Ratio of the peak area of FWHM of the FWHM of the
relative to theL;:MM theL3;:MM component to FWHM ofthe  L,:L3:*“MMM L;:MM to
3d transition two-hole component the,:L3: kMMM two-holeL;:MM Coster-Kronig ~ L,:L3:*“"MMM
metal in eV Coster-Kronig component component component components
Fe +0.8=0.2 4.3+0.6 6.5-2 % 6.3t2% 1.03£0.01
Co -1.1+0.2 13:1+2 5.972 % 3.7:2% 1.62-0.06
Ni —0.0=0.2 5.1:1+0.8 71.4-2% 2.552% 3.0£0.1
ofl —5.5+0.5 1.9:1+0.2 6.0-2 % 4,652 % 0.59+0.06
Ga none No CK No CK No CK No CK

&The Cu values are taken or calculated from the results of SawaRady 2.
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Gk K oK ;|
a) LM, M, 5 b) Ly M M, M, a LM, M, b) LL M, M, M, o LyMM o

Ni Ni jLz:Lat MMM
LM M, LoaM, My
with 2p,,, | 3000

Ni
Co k 1200

L2,3-M4,5M4‘5 H ‘ L2v3_M4-5M4v5

with 2p, # with 2p,,
i 800

400

Arbitrary Units
Counts

1000

770 780 790 800 810 770 780 790 800 810 860 880 860 880

Kinetic Energy (eV) Kinetic Energy (eV) Kinetic Energy (eV) Kinetic Energy (eV) Kinetic Energy (eV)

FIG. 3. ThelL, +M,sM, s spectra of Co in coincidence with the ~ FIG. 5. Thel, M, sMy s spectra of Ni in coincidence witte)
(a) 2ps;, photoelectron anéb) 2p,,, photoelectron. The solid line is  the 2n3;, photoelectron angb) the 2p,, photoelectron showing the
the singles spectrum while the dashed line is the best fit of a modeingles(solid line) scaled at the points indicated and overlaid with
spectrum to the data. the raw data for comparison and a model fit to the coincidence data
(short dash (c) shows the model Coster-Kronig shifted
for comparison in the same way as for Fe. This shows thak2:L3:CKMagM4 M, s (short-dashcoincidence spectrum and the
unlike Fe, the Auger line of Co is noticeably modified by the Main two-noleL3:My,sM, 5 (long-dash coincidence contribution to
presence of an additional hole. The centroid of thethe, NiL,sM 4'5M4'.5 line overlgld and n’ormallzed to the same peak
L,:L3:°“MMM CK shifted peak in coincidence with the height for comparison of their FWHM's.

2py; peak has mgved 1.1 eVto lower-kinetic-energy relativeyasiatomic part is due to those final-state configurations
to the two-holeL ;:MM component and has narrowed from \yhere the levels are pulled out of the valence band. Ni has a

a FWHM of 5.9+ 0.1 eV for the two-hole component to a ground-state electron configuration phr]3d84s2. As can

FWHM of 3.7+0.1 eV. This is a clear indication of an in- g seen in Table I, the valence bandwidth of Ri{2.5 eV)
crease in the hole-hole interaction energy due to the extrg narrower than that of Co or Fe while the twal Bole
hole in the final state, causing a modification of the lin€jnieraction energyly =3.0 eV) is larger. Ni has &J/T ratio

shape as predicted by the C!ni-S_awatszﬁg‘ theory. Of ot 1 2 and this explains the complexity of the spectrum and
course this has the added implication that the singles Auggf,e presence of the quasiatomic component.

line is highly modified by the presence of the CK preceded The Ni L, M, M. . Spectra in coincidence with the
L,:L3:*“"MMM process. FgMyMy,

2pspp and P4, photoelectrons are shown in Fig. 5. The spec-
tra have been fitted by up to three-component peaks using
Nickel the simplex fitting program described above, and a model
The L, 5Mg4 M, s Auger spectra of Ni are complex. Ni is based on the Vg\éorl.( of Hadland Sawatzl&and Matensson
towards the end of the B transition series, and starts to and Cci.”e%gltjethF'ﬂurehfc)fiEOWS bOt_h t_klje model sptectra
illustrate some limiting behavior. It has been recognized fof10rmaiized to the heignt o ep3,, coinci ence spectrum
some timé° that thel , M, M , s Auger line of Ni has both and thg D4, coincidence spectrum energy shifted to overlay
a quasiatomic component and a bandlike component. Th@e_mam pea_ks for a be“?r comparison of the FWHM's. The
various atomic and bandlike contributions used in the model
to fit the original spectra are shown in Figgapand Gb).
a) L, S MMM b) LMM The sum of the components of the model Nps2 and
L, MM v i~ P .
Co lf Co Ll MMM 2p1» coincidence spectra are shown normalized to the same
height, that of the main peak in thepz, model spectrum,
and overlaid for comparison in Fig(@. The three peaks in
the 2p3, spectrum correspond to the main atomiclike terms,
a component due to ad3 final state and the bandlike com-

Lm-MM
-| Singles

Counts (Adjusted)

L ponent. The &’ final-state component lies at the lowest ki-
\\ 1 , netic energy and comes from an initiafi 3configuration as
WA discussed by SawatzKyThe atomlike peak is the normal
T T TR e 0 770 780 7e0 800 810 two-hole peak and contains the sum of peaks that come from
o - the decay into the @& final state. Individual atomic compo-
Kinetic Energy (eV) Kinetic Energy (eV)

nent peaks are too close to be resolved by the resolution of

FIG. 4. ModeledL,:L:C¥M, M4 :M , 5 Coster-Kronig shifted Ol analyzer -2.6 eV). The bandlike component is at the
(short dashandL 5:M, M, s two-hole (long dash contributions to ~ Nighest kinetic energy. .
the CoL 3-M 4 M 4 5 coincidence data from Fig. 3 overlaid for com- It is interesting to note the differences between the Co
parison.(a) shows the two coincidence spectra normalized to the Fig. 3(b)] and Ni[Fig. &b)] 2p,/, coincidence lines. The Co
height of thel;:M, M 4 5 part of the 2, coincidence spectrum in  line is bandlike and narrowed by the increased hole-hole in-
order to more clearly compare the FWHM'$h) shows the two  teraction. If there was an atomiclike contribution intensity in
coincidence spectra normalized to the singles spectamiid line) Co it would be expected at the low-kinetic-energy side of the
at the energies indicated, which reflects their respective ratios. peak as the lines are pulled clear of the band, however this is
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FIG. 6. TheL, M ,sM, 5 spectrum of Ni in coincidence with
(a) the 2ps;, photoelectron an¢b) the 2p,,, photoelectron showing
the singles(solid line), model fit to the coincidence dat@hort
dash and the model component pedksng dash. The peak#\ and
B are the main atomiclike andd3 components, respectively, and
peakC is a bandlike contribution to thes-MM spectrum as ex-
plained in the text. The smoothly varying background function is
not shown. Peak® andE are the main atomiclike anddd com-
ponents, respectively, of thep2, coincidence spectrum. Ped&k
(which is at a higher kinetic energy than pe@k is unlikely to be
the bandlike component but is most likely an atomiclike term from
the doubly ionized Ni state as explained in the text. P@ais the
L, component of the g,,, coincidence spectrunic) represents the
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its area is 75 % of the main atomiclike contributiofpeak

B). From a careful analysis of the curve that is in coinci-
dence with the B,,, photoelectron however it appears that
the bandlike component is either significantly reduced or not
present at all. This explains the apparent FWHM narrowing
seen in theL,:L3:*“MMM CK shifted component in Fig.
5(c). It can be seen from Fig. (§ that the
L,:L3:°“MMM CK shifted component does have a peak
(peak F) on the high-kinetic-energy side of the atomlike
peak(peakD). This peak is however at a higher-@-eV)
kinetic energy than the bandlike pegkeakC) in the 2p;,
spectrum. A good fit to the raw coincidence data could not
be achieved for the (2, spectrum with a peak at the energy
of the bandlike component in thepg,, spectrum.

It is difficult to argue that this peafpeakF) is the band-
like component in Ni as the Cini-Sawatzky the8y pre-
dicts that due to a higher hole-hole interaction energy in the
presence of the additional hole from the CK process the
bandlike component would be narrowed and shifted to a
lower kinetic energy, not higher. This was, for example,
what was observed in C@bove where the bandlike two-
hole line shapécoincident with the ps, photoelectropwas
narrowed and shifted to a lower kinetic energy in the CK
shifted componenfcoincident with the §,,, photoelectroh

The peak on the high-kinetic-energy side of the

overlay of the component peaks normalized to a common peak:L3:*“MMM CK shifted component is unlikely to be due
height for the total model spectra which clearly indicates the chang¢o the bandlike component but rather is more likely to be due

in intensity of the bandlike component from thes (solid lineg
to the 24, (dashed linesspectrum.

to a new atomiclike term resulting from the decay of the
doubly ionized ¥22s22p®3d®4s? ion rather than the singly
ionized ion. Haak and Sawatzk§have shown that the effect

not seen in Fig. 3. On the other hand, the Ni is predominantlyf the additional hole on the atomiclike spectrum of Cu is to
atomiclike, as seen by the relative contributions required t@¢hange the nature and position of the atomic terms. This is a

describe the coincidence spectra in Fip)6The FWHM of
the main atomiclike componenipeak D) of the L,-MM
spectrum in coincidence with thepz, photoelectron is
6.0+ 0.1 eV compared with a FWHM of 740.1 eV for the
component in coincidence with thepg, photoelectron
(peak A). The main contribution (peak D) to the
L,:L3:*“MMM CK shifted component does not however

consequence of the terms becoming those of the doubly ion-
ized atom in thel,:L;:*“MMM CK shifted component
rather than the singly ionized species.

Copper
Haak and SawatzRy3! have previously published high-

appear to be shifted in energy relative to the main two-holaesolution APECS spectra of copper and these are shown

componenipeakA), as was the case for Co.
Haak and SawatzRy have measured the Nig-MM Au-

reproduced in Figs.(d) and 7b) along with the correspond-
ing singles spectra. Figurga shows the ClL, sM4eM 45

ger line in coincidence with the shake up/shake off satelliteAuger spectrum in coincidence with the, (2ps,) photo-

of the Ni 2p5, photoelectron line. This was done by fixing
one analyzer at 6 eV below the maipz, photoelectron line

electron line, while Fig. {b) is the same spectrum in coinci-
dence with the., (2p4/,) photoelectron line. Cu has a band-

at 858.2 eV and scanning the other analyzer over the Njidth, I', of 8.0 eV and a two-hole interaction enerdy, of

L, MM Auger line. The resulting coincidence Auger spec-
trum also showed intensity under thg-MM line that coin-
cided within 0.2 eV with the energy of the maximum inten-
sity of the normalL;:MM two-hole component of the
Ls-MM line. As Eq.(1) is independent of how the interme-

diate 13M, 5 state was produced, the intensity due to pro-

2.75 eV U/T'=2.9). Therefore as expected from the Cini-
Sawatzky theord??3the two-hole final state produces a pre-
dominantly atomiclike spectrum. The solid line shown in the
two coincidence curves is a computer generated fit by Haak
and Sawatzky? based on the multiplet structure calculated
by McGuire®? and using Lorentzians with a FWHM of 1.6

cess(iii) would be expected to appear at the same energy asV. A high-energy satellite “band” was fitted by Haak and

that due to processi). The data in Fig. &) for the Ni
L, MM Auger spectrum of pure Ni, taken in coincidence
with the Ni 2p4, photoelectron, show this to be the case,
with the L,:L3:““MMM CK component also appearing at
the same energywithin 0.2 e\) as theL3;:MM two-hole
component.

Sawatzky'? with a GaussiafFWHM 5.5 e\). Each of the
multiplet components and the band satellite are labeled in
Fig. 7 for the coincidence spectra based on the work of Haak
and Sawatzky:?

The band part of the |2, coincidence spectrum on the
high-kinetic-energy side of théF term was also predicted

From Fig. &c) it can be seen that the bandlike componentby the Cini-Sawatzky theory. The band intensity as measured

is present in the curve in coincidence with thp;2, where

by Haak and SawatzRy from the coincidence spectrum is
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a) 1g b)

FIG. 7. The LygMysMys
spectra of Cu in coincidence with
(a) the 2p5;, photoelectron an¢b)
the 2p,» photoelectron repro-
duced from those of Sawatzky and
Haak (Refs. 1, 2, and 31 The
singles spectra(solid ling), the
best fit by Sawatzky and Haak
(Refs. 1, 2, and 3lof model spec-
tra to the dataldashed ling and
the atomic terms and bandlike
contribution of SawatzkyRef. 2
are shown.

Intensity
Intensity

Band-like

L . . ! T t et t
900 920 940 900 920r

Kinetic Energy (eV) Kinetic Energy (eV)

approximately 7% of the total. This value is close to theof the 3d elements Fe-Cu the singles and coincidence spectra
value of 5% calculated theoretically by Sawatzkising the  show good agreement in the region of the majnMM and
values obtained by Cini%** approximation and the theo- |,:MM components of thé, +MM Auger lines. This con-
retical intensities of the multiplet terms given by McGuife. firms the work of Antonideé, Janse, and Sawatzkihat
Figure 7b) shows that the presence of the additional holethere are no significant CK or shake up/shake off processes
resultsCKm a AE shift of 5.5-6.0 eV for the gperating in Ga. The main part of the-MM andLs-MM
Lo:L3:*"MMM CK shifted component relative to the main ayger lines can be well described using the atomic terms of
Ls:MM two-hole component, which is in good agreement, sjngly ionized atom. It can be seen in Fig. 8, however, that
with the semiempirical result AAE=5 eV calculated by hore are substantial differences between the singles and co-
Sawatzky using Eq.(}). The effect of the additional holgion incidence spectra in the region of the satellite between 11
the spectrum of Cu is to change the nature and position o nd 16.5 eV below the main peaks. EE(efs. 37—39and

the atomic terms. This is a consequence of the terms beco (PS (Ref 40 spectra show that GaAs has a bulk-plasmon
T o o % los a1 163 o beow the man Ine. Depending o te o
gly ionized species and results in the FWHM going from((airgy %fr;r;fafln'fgigpgnmda%ﬁfﬁt:ggznasr:?ug;;ge}g'Cpl;gsre‘:‘htgace

2.7x0.1 eV in the D, spectrum to 4.60.2 eV in the | b plasmon has been known to vary from 10.0 to 11.5
L,:L3:*“MMM CK shifted component of thef®,, coinci- : :
2 =3 P 2 eV below the main liné’3° Ludeke and Kom# have

dence spectrum. ,
shown that at 400-eV primary energy on a GgAsl) face

Gallium (in GaAs)

b LMisMas
Ga having a[ Ar]3d'%s?4p?! electron configuration is )
classed as being outside thd 8ansition metals. For Ga the
final-state hole-hole interaction energW €11.25 eV is
much greater than the valence bandwidth=1.75 eV}, that
is U/I'>1, and the singlek, ¥M4 M4 5 Spectrum has been
shown to be entirely atomiclik®. Antonides and
colleague® have also shown that there is very little prob-
ability of CK processes occurring in Ga and from high-
resolution singles spectra there appears to be no evidence of 1050 1070 1090 1110 1050 1070 1090 1110 1050 1070 1090 1110
three- or four-hole state$:® Antonides and colleagu&s
have fitted the Ga., +M, M, 5 spectra with the five final-
state terms%S, ‘G, Sp’l.D’ and °F and th.eL3-M4’5M 45 FIG. 8. Ly 3M, M4 5 Auger spectrum of Gén GaAsg in coin-
line shape is well described by the atomic terms. Little IScigence with(a) the 205, and(b) the 20y, photoelectron lines. The

known of the shake up/shake off processes in Ga but th@oincidence spectra have been fitted with a model spectrum where

analysis of Antonides and colleagtie®’ appears to ShOW  ihe energy positions of each of the atomic term contributions to the

that they do not appear to be important in themain GaDOS as given by Antonides and colleag(Rsf. 39 are

L2 M4 sMy s Auger spectrum. marked. For comparison the model spectra are shown in(@aas
The Gal, +M4sM, 5 Auger line in coincidence with the = short-dashed (2,,) and long-dashed (%) curves while the

2p3; and 2y, photoelectrons for GaAs are shown in Figs. regular singles spectrum is shown as a solid line. The bl

8(a) and 8b), respectively. It can be seen that unlike the casend surfacelfw,) plasmon energies for GaAs are shown.

1000 Ga iL M, M

23774545
with 2p,

Counts

Kinetic Energy (eV) Kinetic Energy (eV) Kinetic Energy (eV)
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there is a surface-plasmon loss at the energy of 11.5 eV amnergies differing by~1000 eV is useful for showing the
predicted by theory ds= wy,//2). bulk and surface effects more clearly than conventional pho-
Figure 8c) shows the singles spectra for the Gatoemission experiments. APECS has the advantage that this
L, M4 My s Auger spectrum from GaAs together with both is achieved for the same surface from the same set of data at
the L, M4 My 5 in coincidence with the @3, photoelec- one time.
tron lines and thel, +M,sM, 5 in coincidence with the Similar results for the wide band, nearly free-electron
2p,, photoelectron overlaid for comparison. Each of the co-metal Al have been reported by Jensen and colleatfues.
incidence spectra have been fitted with a model spectrunfubero and colleaguéshave recently applied a proposed
using the Simplex program as above. The main, atomiclikenodel for quantitative analysis of reflection electron-energy-
component of each linge.g., 1068 eV foL3-M,4sM,5) was  |0ss spectra to evaluate the dielectric loss function of Si and
fitted with a single Gaussian as the analyzer resolutior5iO, in the 4-100-eV energy range, and to determine
(~2.6 eV) did not allow differentiation between the various inelastic-scattering properties for these materials for low-
atomic term components. The positions of the atomic term&nergy electrong500-10 000 eY. Their calculations of the
in the Ga DOS, as given in the work of Antonides andeffective inelastic-scattering cross sections as a function of
colleagues?® are however marked in Figs(8 and §b). A the path traveled by the electron for different primary ener-
good fit between the model and the experimental coincidencgies show clearly how the surface effects are enhanced at
data was only achieved by fitting two Gaussians at multiplesow primary electron energies. Slow electrdesg., 500 ey
of 11.5 eV (the surface-plasmon enelgpelow the main reach depths of a few nanometers, and correspondingly ex-
peak and these values for the energy positions were fixegite more efficiently the surface plasmons rather than the
throughout the analysis. The peak intensities and full widtloulk plasmons. More energetic electrons excite a larger num-
at half maximum(FWHM) were then optimized using the ber of bulk plasmons.
Simplex algorithm. Although confirming the absence of complications due to
Based on our coincidence results for GaAs, the work ofintrinsic processes the coincidence results for Ga in GaAs
Antonides and colleagu&sfor the Ga Auger line and the show that care must still be taken when using the Ga
EELS spectra of GaA¥,*°we assign the low-energy satel- L2 3M4sM4sAuger lines for quantitative analysis. Extrinsic
lite at ~16 eV below the main peak in both our Ga loss processes and, in particular, second-order bulk and sur-
Ly-M4 M4 5andLs-M 4 sMy, s singles lines to a combination face plasmons from thé,-M4sMy s line can be seen to
of the surface and bulk plasmons and not due to any intrinsighake a significant contribution to the;-MM line that must
process. Differences between the singles and coincidende correctly accounted for when using it for quantitative
spectra for theL, +M4sM, 5 Spectrum in coincidence with analysis. The same can also be argued to be true for the
the 2p3, and 2,,, photoelectron lines can be explained effect of the 3, photoelectron line on thef?, line. From
solely by the differences in inelastic mean free pdMFP) Fig. 8 it can be seen that the second-order surface-plasmon
for electrons of different energy. The singles spectrum is atoss peak from thé&,-MM line still has significant intensity
an energy of~1100 eV, which corresponds to an IMFP and appears on the high-kinetic-energy giti@68—1072 ey
(Ref. 41) of 23.7 A, therefore it will show a combination of of theL;-MM peak. This is one reason why the main com-
largely bulk-plasmon loss features with some contributionponent of thel ;-MM peak in coincidence with thep, is

from surface-plasmon loss features. less intense than the singles peak on the high-kinetic-energy
The effective coincidence IMFR is given byt side as the two curves were normalized at the peak of the
main component. From the results of Fig. 8 the second-order
1 1 1 surface plasmon is of the order of 45 % of the
Ner Ma + Nop (2 L3-M4 M, 5 peak and will therefore significantly effect the

quantitative results obtained using this peak if not correctly
where\, is the IMFP of the Auger electron ands¢ is the ~ accounted for by an appropriate and correct background sub-
IMFP of the photoelectron. From this it can be seen that thdraction.

electrons contributing to the coincidence line will have an

IMFP of less than that of the photoelectron lit06 A)

(Ref. 41 and therefore come from much closer to the surface Trends in the Coster-Kronig rate and line shape
than those in the singles Auger line. The coincidence Augerof the Coster-Kronig precededL ,:L3:*“MMM contribution
line is therefore likely to be described predominantly by a across the 3l series

surface loss function. In this case the surface-plasmon con-

tribution can be expected to remain constant, while that of Except for very heavy elements, there have been few di-
the bulk plasmon will be expected to decrease or disappeaect measurements of CK speéfrd®since they usually oc-
from the spectrum entirely. Figure 8 shows exactly the resultur in the low-energy region of the electron spectrum, which
expected in light of the previous discussion. The singles Auis dominated by inelastically scattered electrons. Conse-
ger spectra have a large satellite~at6.3 eV corresponding quently, it is difficult using conventional Auger spectra to
to the bulk plasmon, with a small shoulder at11.5 eV  measure CK energies accurately and this lack of precision in
corresponding to the surface plasmon. On the other hand, thenergies creates very large uncertainties in calculated transi-
coincidence spectra have only multiples of peaks separatdibn rates. For the shell this difficulty has been mitigated
by 11.5 eV corresponding to the surface plasmon with only &y Chen and colleagu&swho give an extensive compilation
small intensity, if any, at 16.3 eV corresponding to the bulkof free-atom Coster-Kronig energies derived from Dirac-
plasmon. This difference in IMFP distance, 19.6 A, for two Fock-SlaterA SCF calculations.
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It is possible, in principle, to derive the overall Coster-L, . -MM Auger line shapes of the d3transition metals,
Kronig rates from the coincidence data for the elements Fe tgcross the row of the Periodic Table, from the bandlike Fe to
Cu presented above, though we would need at least one fujhe atomiclike Ga. These have enabled a study of a number
ther measurement for each to compute the total ratio. Thigf important trends across this series. Many of the changes in

can be seen from the following analysis. If @13 hole IS {he Auger line shape due to the trends in these processes are
created, then the atom can relax by the following Auger proygt seen so clearly in conventional Auger singles spectra.

cesses. APECS is able to demonstrate and measure each of these
;' tz:m%m 4.5 features separately, thereby simplifying complex Auger line
3 L2-M2’3M 45 shapes. These trends include the following:
4 L2-M2'|$/I 2.3 (i) A change in the nature of the;:MM two-hole
5 Li'MiMzi’ final-state component of the;-MM Auger line from band-
6. LZ'MlMlya, like (I_:e, Co to atomiclike (Ga)a%AIthough predominantly
7. Ly-LaMy oMy M, g(Myo), atomlike Sawatzky and Haak have shown the Cu

LZ:L3:CKM45M45M45 L, MM sp.ectrum. to. have a sma!l bandlike qompo_nent
8 LoLaM s Mo Mo (M' 5) Lo LaCKMo oM 2 M present aF h_lgher kinetic energy that is 7% of the mtt_ansny of
P2 Eeas 2345 MY, F2e s 2,345 45 the atomiclike component. Ni shows both bandlike and
Given that the multiplicity of the 8 processes involving the atomiclike contributions. The contribution of the two-hole
M, level are not very significant. THe, hole can also decay | ,:MM bandlike component for Ni was found to be
via x-ray emission in processes similar to those of 1-6 buy1+59 of that of the atomiclike contribution. These
the probability for these x-ray emission processes is substar@-hanges in the nature of thewo-hole final stateLs:MM
tially less than that for Auger decay. component contribution to tHe;-MM Auger spectrum have
Regular singles data can be used to find the sum of progeen seen across the range of tiesries without the com-
cesses 2-6 relative to process 1. APECS spectra of thgication of the CK induced.,:L3:**MMM contribution.
L3-M4sMys and L3-Mo My s Auger lines in coincidence  (ji) Quantitative measurement of the change in the rate
with the 2p,/, can be used to find the sum of processes 7 angf the Coster-Kronig transition from being large in Fe, to
8 relative to process 1. In this way a reasonable estimate @fmall in Cu, and not seen at all in Ga. This results in a
the  probability ~of the Coster-Kronig preceded clearly observed increase in the ratio of the true two-hole
L2-LsMy5MysMy5(My5) process could be made. We have fingl-state L,:MM component relative to the three-hole
not yet gathered the data to enable a good estimate of thghal-stateL ,: MMM component of thd_, MM spectra
total CK processes for thed3transition metals. going from Fe to Ga. These measurements make possible a
We can however estimate how much of thgM4sM4s  more accurate determination of the energy and transition rate
Auger line is due to arh,-L3M,5M,sM,5(Mys) process.  of the CK transitions in thé., -MM Auger lines.
This is important as the Coster-Kronig contribution is subject  (jii) In the CK decay,Lz'-L3M45M45M45(M45), the
to changes in the work function due to differing amounts ofcreation of the additional spectator valence-band hole, has

a single element in different alloy materidims well as be-  the effect of increasingJ, the hole-hole interaction. In the
tween different pure elements. The low binding energies otase of Co this results in a narrowing of the

the 3d orbitals coupled with large extra-atomic contributions L,:Ls:°“MMM component of the B,, coincidence spec-

to the Auger energy makds,:L3:“MsM4gM4sCK tran-  trum ™ and a shit to lower kinetic energy. The
sitions energetically possible faZ<30 (Ref. 16 though | ,:| .:°MMM component of theL;-MM line in Cu is
ASCF calculations indicate that transitions are not allowedound to be atomiclike, while that of Fe remains bandlike
for free atomé‘? This condition is eaSily satisfied for Cu even in the presence of the spectator hole. The best exp|ana-
(2=29), while for Zn =30) theM, s binding energy is tion for the Ni results seems to be that the bandlike compo-
close to the threshold for this procé€s? It is apparent in  nent of the NiL,:L3:““MMM contribution to thel.;-MM

the singles Auger spectra of thel 3ransition metals that the line is absent.

L,:MM component of thd, MM spectrum increases in (iv) A detailed accounting for the satellites in the Ga
intensity relative to thé.;:MM component with an increas- L, MM Auger line of GaAs. The relative contributions of
ing atomic number. Previous APECS studies of pure Ni andhe intrinsic loss processes is confirmed to be negligible
Ni/Fe alloy$® have shown that the process of alloying canwhereas the extrinsic loss function is shown to be a signifi-
even change the rate of the:““M, M, sM 45 CK process cant consideration when using these lines in quantitative
for a single element when it is present in a number of differ-analysis. The second-order plasmons from theMM Au-

ent materials. The measured energy shit and the amount ger line contribute significantly to thes-MM line and the

of contribution of thel,:L3:%"M,sM4sM 45 process to the ratio of surface to bulk-plasmon intensities were shown to
Ls-MM Auger line relative to the maih; two-hole process vary with changes in inelastic mean free path.

for the elements Fe to Cu as calculated from the coincidence It is clear from the results and discussion that even if the

data are shown in Table II. requirement is simply to assay the elemental abundance in a
surface then each of the intrinsic and extrinsic processes
CONCLUSIONS must be properly accounted for. Both thg-M4sM 45 and

L3-M4sMy s lines should be used and the area under the
low-energy tails of these peaks added for quite some distance

This is the most comprehensive Auger photoelectron cobelow the mainline in order to account for the intensities due
incidence spectroscopyAPECS study to date of the to satellites from intrinsic processes. A loss function that
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appropriately accounts for the IMFP of the main emissionthe line shapes of complex systems is clearly demonstrated.
must also be used for background subtraction, particularly
for elements such as Ga with significant structure in their
extrinsic loss function. Theorists modeling the Auger lines
need to know the role of the various intrinsic processes op- This work has been well supported by the Australian Re-
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