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in Fig. 3. Figure 3 shows the separate partial-
wave contributions to the 23S cross section, their
sum, and the experimentally obtained integrated
238 excitation cross sections of Ref. 1. The
structure in the total cross section at 50 eV is
seen to be due to the P-wave contribution to the
cross section in agreement with the measure-
ments of Ref. 1, while an additional P-wave
structure at about 60 eV is also seen. The effect
of other resonances in other channels will be dis-
cussed in a subsequent publication.
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Interatomic Auger Processes: Effects on Lifetimes of Core Hole States
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The lifetimes of core hole states, as determined from x-ray photoemission measure-
ments in a variety of materials, is shown to depend on, and in many cases be primarily
determined by, an interatomic Auger mechanism involving transitions from ligand valence
electrons. Interpretations of linewidths and other spectral features observed from those
spectroscopies involving core holes must be re-evaluated in light of these processes.

Recently, it has been shown that the lifetime
of core holes in solids' and gases,? which decay
primarily from nonradiative Auger transitions
involving the valence electrons on the hole-state
atom, depend on the chemical nature of that
atom. This effect was observed in x-ray photo-
emission measurements of a series of compounds
in which the core hole in the more oxidized spe-
cies has not only a higher binding energy but also
a narrower linewidth as a result of the decreased
number of valence electrons available for filling
that hole.? The simple correlation of binding
energy with linewidth is, in some cases, obeyed
but there are a number of notable cases (dis-
cussed below) in which it is not. In this Letter,
we present photoemission data which show that
in addition to the above-mentioned intra-atomic
considerations, an inferatomic and usually dom-
inating process must also be taken into account,.
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Consider the matrix element describing an
Auger transition. Ignoring exchange, this may
be expressed as

(@A D¥(| |F, - 5,7 @, 5(1)D7,,4(2), (D)

where ¢,(1) is the initial hole state on site 4,
¥(2) is the continuum state of the Auger elec-
tron, and ®(1) and ®/(2) are the initial bound
states of the hole-filling and ejected electrons,
respectively. We now make the important dis-
tinction that these bound-state wave functions
may be localized either on site A (the hole-state
atom), site B (the nearest-neighbor ligand to the
hole-state atom), or combinations of these two
sites. Consistent with this picture, we distin-
guish among the various possible Auger mech-
anisms by the notation AA, BB, AB, or BA,
where the first letter refers to the site from
which the hole-filling electron originates and
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the second letter refers to the Auger electron
site. The relative importance of these mech-
anisms in a particular system clearly depends
on the spatial overlap of state ¢ (1) with &, (1)
and ¥(2) with &', /(2). With this basic consider-
ation in mind, we present experimental evidence
for each of these mechanisms and propose meth-
ods for determining their relative importance.

The AA Auger mechanism is straightforward
since only intra-atomic electrons are involved.
Examples of this process are seen in monatomic
gases and pure metals, By simply increasing the
number of electrons available for either hole
filling or ejection in these systems, e.g., Ar
versus Ne, the lifetimes of the corresponding
core hole states decrease.?

The BB Auger process presents itself in those
systems in which higher-lying (lesser-bound)
electrons on the hole-state atom are unavailable
for hole filling. A typical example of this is
seen for the Na 2p core hole in NaOH. In con-
trast to the case of Na metal in which a 2p hole
decays by simultaneous filling from and ejection
of Na 3s conduction electrons, this AA mecha-
nism is no longer possible here because of the
effective removal (ionization) of the Na 3s elec-
trons by the hydroxyl ligands. Thus, on the basis
of these intra-atomic considerations, one would
expect the Na 2p linewidth in the hydroxide to be
considerably narrow. In point of fact, the line-
widths of these electrons measured from x-ray
photoemission spectra show that after subtrac-
tion of instrumental resolution the Na 2p levels
in NaOH are more than 5 times broader than in
Na.? To our knowledge, this in one of the largest
chemical effects on lifetimes ever observed
(larger effects are given below). We attribute
this lifetime broadening to the greater number
of hydroxyl valence electrons available for fill-
ing both the Na 2p photohole and the continuum
state.’ In order for the implications of this ef-
fect to be explored more fully for the general
case, it is worthwhile at this point to consider
the factors governing the probability of such inter-
atomic Auger processes.

The magnitude of the interatomic transition
rate, proportional to the square of the matrix
element (1) above, depends on the spatial dis-
tribution or density of those ligand electrons that
are available for hole filling or ejection by virtue
of either their overlap with or their proximity to
the photohole. The effective density of such elec-
trons will equal the number of them per ligand,
n;, times the coordination number of the hole-

state atom, n., all taken over a volume appro-
priate to that hole-state atom. We now take the
very simplified point of view that atoms or ions
in a molecule or crystal may be represented as
ionic spheres whose “effective” radii, when
summed, equal their interatomic or interionic
distance R. With this assumption, we define
the available (ligand) valence electron density
(AVED) Dy by the expression

Dyp=ncdy(Vo/V)Ve/Vg. (2)

Here d,, is the individual ligand valence electron
density, equal to n;/v;, where v, is the ligand
volume. In the next term, V, is the amount of
ligand volume subtended by a sphere of radius
R, and can be shown to be equal, in units of v,
to 2(1-3$L/R), where R=L+C, and L and C are
the “effective” radii of the ligand and hole-states
species, respectively. Inspection of this second
term shows how the spatial fraction of charge
density from each ligand is apportioned to the
hole-state atom. In order to compare different
crystals of different n, and R, the third term in
Eq. (2) normalizes the effective density, incor-
porated in the first two terms, to the case of
closest packing of ligands consistent with the
molecular or crystal geometry. The various
terms appearing in Eq. (2) are illustrated in
Fig. 1 for a square planar configuration.

The validity of this approach was tested for
the oxides, fluorides, and chlorides of Na,® Mg,
and Al, in which the concept of ionic spheres is
most reasonable. By measuring the x-ray photo-
emission 2p core lines in a given metal for dif-
ferent ligands, the BB mechanism is systemati-
cally isolated. The data reported here were
taken with a Hewlett-Packard 5950A spectrom-
eter for electron spectroscopy for chemical an-
alysis. All samples were in the form of thin

FIG. 1. Determination of available (ligand) valence
electron density AVED for a hole-state atom surround-
ed by four nearest-neighbor ligands in a square planar
configuration.
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films to reduce charging and were prepared
either by evaporation in the spectrometer sam-
ple chamber or by chemical growth on metal
substrates in an oven. Inhomogeneous charging,
checked by methods similar to those elaborated
in Ref. 4 for NaOH, was determined to be of
very minor significance in these samples, Oxy-
gen and carbon contamination, deduced from in
situ monitoring of contaminant core lines, was
also negligibly small. To test for possible lat-
tice distortion effects on linewidths, measure-
ments on thin films and single crystals of NaF
and MgF, were performed; the results for both
cases were virtually identical. Linewidths were
determined by a nonlinear least-squares fitting
procedure with line shapes adjustable between
Gaussian and Lorentzian. The appropriate atom-
ic 2p spin-orbit splittings” and the relative inten-
sities of the spin-orbit components were fixed
input parameters. The shapes of the measured
lines (including the spectrometer function) were
determined from the fit to be essentially Lorentz-
ian, as expected from lifetime considerations.
For simplicity, the effective instrumental reso-
lution of 0.53+0.06 eV, determined from the
shape of metal Fermi edges, was assumed to be
Lorentzian. A typical spectrum of Al 2p elec-
trons in AlF, grown on Al metal, along with the
computer fits superposed on the raw data, is
shown in the inset in Fig. 2.

The AVED’s were calculated from Eq. (2) as-
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FIG. 2. AVED versus linewidth of core electrons in
a variety of compounds. Filled symbols, 2p3/49 line-
widths; open shapes, 2s linewidths. The linewidths
plotted do not include instrumental resolution. Inset,
Al 2p electrons from a thin film of AlF; on an Al sub-
strate. Linewidths at full width at half-maximum of
the least-squares~fit spin-orbit components (only 20379
shown above) include instrumental resolution.
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suming the six valence p electrons of the fluor-
ide, chloride, and oxide ligands to be most avail-
able for ejection or photohole filling as a result
of their relatively large radial extent. Values
of “effective” radii were taken from a recent
compilation by Shannon and Prewitt.®

The metal 2p,/, linewidths (filled shapes) ver-
sus AVED are plotted and shown in Fig. 2. For
purposes of clarity, possible systematic errors
arising from instrumental line shape and line-
width assumptions have not been indicated; er-
rors from the fitting procedure are typically
<0.05 eV. It is interesting to note that while
the linewidths are predicted to depend on the ap-
propriate AVED’s for compounds of a particular
metal, empirically it is found that by dividing
the AVED’s for Mg and Al compounds by factors
of 2 and 3, respectively, an approximately linear
relationship of uniform slope for all compounds
is obtained. The important point to be made here,
however, is that, regardless of slope factors, a
definite correlation of linewidth (lifetime) with
AVED is observed for all these materials—in
marked contrast to the trend in the opposite di-
rection predicted on the basis of intra-atomic
effects. This correlation, then, provides firm
evidence for the importance of the interatomic
mechanism,

Having established this result, we are now in
a position to compare and understand the rela-
tionship of the BB with the AA and AB mechan-
isms. For the case of the AA process, the nar-
row linewidths observed in free-electron-like
metals, for example, may be understood as fol-
lows. Since the ion core in such a metal is es-
sentially the same as that of its ionized species,
the AVED of that metal may be taken as simply
equal to the number of valence electrons per
metal atom divided by the volume of that atom
in the metal. The AVED’s of Na, Mg, and Al
calculated in this way are shown in Fig. 2, with
the Mg and Al AVED’s divided by 2 and 3 as
above. We see from this figure that the basic
physical phenomenon of fewer available elec-
trons in the metal relative to its oxidized spe-
cies, as reflected in the appreciably smaller
metal AVED’s, is clearly demonstrated.®

The AB mechanism presents perhaps the most
interesting case since either the intra-atomic
(A) or interatomic (B) effects may be varied.X
We may easily do the latter through measure-
ments of the metal 2s holes in the Na, Mg, and
Al compounds studied above. In this way, the
very efficient Coster-Kronig (intra-atomic)
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mechanism is kept essentially constant in a giv-
en metal series, while the nature of the ligands
is systematically varied. A plot of the 2s line-
widths (shown as open shapes) versus AVED is
presented in Fig. 2 from which the correlation
with the environment is again apparent,.

A dramatic example of the predominance of
the interatomic effect in the AB mechanism is
seen in the series Cu, Cu,0, and CuO. Analo-
gous to the metals considered above, we take
the Cu 3s%3p®3d™ electrons in Cu and Cu,0O as
the core in which intra-atomic processes are
essentially the same and assume likewise for
the Cu 3d° configuration in CuO." The Cu 2p
linewidths in these materials have been included
in Fig. 2. Considering that these electrons are
bound by more than 900 eV, that their lifetimes
are in part influenced by strictly intra-atomic
processes (e.g., LMM), and that the trend of their
linewidths with formal charge state is nonmono-
tonic, the agreement with the calculated AVED is
most gratifying. (The Cu 2p,/, width in Cu,O is
so narrow because of its unusually low n; of 2.)

An example of an AB mechanism in which the
intra-atomic processes predominate is seen in
the series V,0,, VO,, and V,0,. Here, the core
electron configuration changes appreciably from
V 3s?3p%3d® in V,0, to V 3s23p° in V,0,, while
variations in the calculated AVED’s change no
more than 20%. The measured linewidths'? in
these compounds follow the intra-atomic trend
and are correlated with the V 2p binding ener-
gies, as predicted.!:?

It is worth noting here that although the major-
ity of examples sited above are given in solids,
these effects clearly present themselves in gas-
es. Thus, effects otherwise anomalous by intra-
atomic considerations, e.g., the C 1s linewidths
in carbon suboxide®? and those of F 1s in CF,
and CH,F,’ may be easily understood in terms
of the dominating effects of the interatomic pro-
cesses.

Finally, we mention some general conclusions
and implications of the above study: (1) The
lifetimes of core hole states depend on both in-
tra-atomic and interatomic electron contribu-
tions, with the latter effects sometimes com-
pletely dominating. (2) Linewidths and other

spectral features observed in not only x-ray
photoemission, but also in x-ray absorption and
emission and Auger'* spectroscopies, must be
interpreted in terms consistent with these inter-
atomic processes. (3) As a consequence of these
processes, there is an inherent, sometimes se-
vere limitation on the effective resolution ob-
tainable in all of these techniques.

The author thanks P, M. Eisenberger and D. R.
Hamann for helpful comments and suggestions,
and H. J. Guggenheim for preparation of the oven-
grown samples,
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