
VOLUME 29 11 SEPTEMBER i/72 NUMBER 11

Chemical Effects on the Lifetime of 1s-Hole States'

R. W. Shaw, Jr.f
Department of Chemistry, Princeton University, Princeton, ¹goJersey 08540

and

T. D. Thomas
Department of Chemistry, Oregon State University, Corvallis, Oregon 97881

(Beceived 4 August 1972)

The linewidths of ls photoelectron energy spectra have been measured for carbon, ni-
trogen, and oxygen, each in a variety of molecules in the gas phase. The linewidths of a
given element increase with decreasing binding energy of the ls electron. . We interpret
these changes in linewidth to be due to changes in the lifetime of the ls hole caused by
changes in the chemical environment.

Relatively little is known about the lifetimes of
atoms excited by removal of a ls (core) electron.
For elements heavier than sulfur, there are a
few data on x-ray linewidths from which lifetimes
can be inferred. ' Even less is known about chem-
ical effects on these lifetimes. We report here
evidence to show that chemical effects may cause
observable changes in the 1s-hole lifetime rela-
tive to that calculated for free atoms. '

When a photoelectron leaves an atom or mole-
cule, the width of the corresponding line in the
electron energy spectrum is due to (1) the in-
trinsic width of the exciting radiation, (2) the
resolution of the electron spectrometer, (3) the
lifetime of the excited ionic state, and (4) ther-
mal broadening. The hole state may decay in a
variety of ways; for 1s holes, however, the most
important contributions to the de-excitation rate
are from radiative and nonradiative Auger tran-
sitions from the I- shell. For Z &10, radiative
transitions are relatively slow, and the lifetime
of 1s holes is primarily determined by K-I.L
Auger transition rates.

For the Auger transition, we may write the ma-
trix element (ignoring antisymmetrization) as

&@;(o')+(P)l(l r.—rsl ')I c;(o')@;(P)&,

where 4;(n) and C;(P) are initial quasibound'
states for electrons n and P, and 4»(n) and 4'(P)
are a quasibound and a continuum state, respec-
tively. We may expect that changes in the elec-
tron distribution due to chemical bonding will
affect these transition matrix elements. In par-
ticular, the compounds formed by the elements
lithium through neon should exhibit the strongest
effects for transitions filling a E hole, since in
these elements the L shell is the valence (bond-
ing) shell.

To the simplest approximation we might expect
that, given an atom with a K hole, the transition
rate for filling the hole will increase with an in-
crease in valence electron density in the vicinity
of that atom. That such effects might be observ-
able could be inferred from the observation that
lines in the photoelectron energy spectrum due
to the emission of fluorine 1s electrons and nitro-
gen 1s electrons have experimental widths that
depend upon the chemical state. '' In addition,
the fluorine 1s electron lines are as much as
twice as broad as those of other first-row ele-
ments: C, N, 0, and Ne. Because fluorine's
atomic orbitals lie lower in energy than the other
members of the first-row elements with which it
bonds, electron densities in molecules containing
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F tend to be concentrated nearer the F. Hence,
one might expect that the lifetime of a molecular
core hole localized at the F atomic core will be
decreased relative to that of a core hole in a free
F atom. We also note that the effects of chemical
bonding on x-ray line shapes and fluorescence
yields have been reported. '

In order to examine the approximate quantita-
tive behavior of the Auger transition rates, we
neglect antisymmetrization and expand the Auger
interaction operator using a multipole expansion
and the spherical-harmonic addition theorem.
This leads to an expression for the Auger transi-
tion rate of the form
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The radial part of the first term in the expansion
is

f4»*(n)4, (n)r„'dr„ f4*(P)4';(P)r&dry.

The first integral has the form of an overlap be-
tween the photohole and the initial state of the
electron which fills that hole; it is this part of
the expression for the transition rate which will
increase with valence-electron density in the vi-
cinity of a core-electron hole.

One may get a first-order approximation of the
relative outer electron density associated with a
given atomic core by measuring the binding ener-
gy of the core electrons. The greater the elec-
tron density near a given core, the less bound

those electrons become. This effect is well known

and is the basis for the chemical shift method of
analysis in electron spectroscopy. The core-
electron binding energies of the first-row ele-
ments have been measured in numerous com-
pounds, and approximately linear relations be-
tween core-electron binding energy and charge
at that core have been established both empirical-
ly and by model calculations. " To a first approx-
imation, therefore, we expect a correlation be-
tween core-electron binding energies and line-
widths.

To investigate the ideas expressed above, we
have measured the 1s photoelectron spectra of
several gaseous compounds of C, N, and 0 in
our cylindrical-mirror electron spectrometer. '
The compounds were chosen so as to cover as
broad a range in 1s binding energy as possible
for each element of interest. The linewidths
were extracted from the spectra using a least-
squares analysis.

l.0 — z
I l

-6 -4 -2
Binding Energy

l

1.5—

~ y
CU QZ ZzI

0 2
Relative

I I

4 6
to Nitrogen, eV

8

~Q
Q N QO Z 0

-4 -2 0
Binding Energy Relative to Oxygen, eV

I.O—

FIG. 1. Linewidths {full width at half-maximum) of
carbon, nitrogen, and oxygen 1s photoelectron energy
spectra extracted using a Gaussian filling function.
Data marked with closed circles, taken using Mg X&
x rays; those marked with open triangles, using Al E&.
Error bars indicate that value of the linewidth required
to increase the reduced X by 1.

The results of the measurements and width
analysis for C, N, and 0 are shown in Fig. 1,
where we have plotted linewidth versus binding
energy for a i~umber of compounds. Although the
effect is small (of the order of 0.1 eV), there is
clearly a systematic trend of increasing width
with decreasing binding energy, or, equivalently,
decreasing lifetime with increasing electron den-
sity in the vicinity of the photohole. This trend
is observed both for Gaussian and I orentzian fit-
ting functions. We have repeated these measure-
ments several times and have used both Alamo.

and Mg Kn exciting radiation. The same trend
is always observed.

In order to extract more quantitative informa-
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tion from these data, one must deconvolute the
line into its constituents. In order to do this, one
requires an accurate knowledge of the profile of
the exciting radiation and the spectrometer func-
tion. Unfortunately, neither of these is very mell
known to us at present. If, however, we approx-
imate the profile of the exciting radiation as I or-
entzian and assume that the spectrometer resolu-
tion function is also I orentzian, we find, for ex-
ample, that the contribution to the width of the
carbon ls photopeak from the ls hole lifetime is
0.17 eV greater in CH4 than in CF4. This may be
compared with lifetimes of O. Q6 eV for ls holes
in free C atoms calculated by %alters and Bhalla. 9

Chemical effects on the linewidths of the 1s pho-
toelectron spectra in the other elements —nitro-
gen and oxygen —are of the same order of magni-
tude as those seen in carbon.

In the above discussion, we have associated the
binding energy of the 1s electrons with the local
valence electron density. It is important to note,
however, that the ls electron binding energy and
the Auger transition rate {as we have expressed
it) depend on different moments of the valence-
electron distribution. For spherical valence-
electron distributions, the relation between rate
and binding energy is monotonic; for valence-
electron distributions of more complex symmetry,
this monotonic relation may not hold. A proper
analysis must take the detailed shape of the va-
lence charge distribution into account in calculat-
ing the Auger transition rate. '

In principle, the K-I.L Auger electron energy
spectrum is capable of giving detailed information
about the relative contributions of various excited
many-electron configurations to the filling of the
K photohole. For Auger transitions, however,
the linewidth information is complicated by the
fact that the K-hole state is the initial state, and
the final state is a complex valence-sheD double-
hole state. Hence, the linewidths also reflect the
lifetime of this more complex state, which may
itself decay by further autoionization, predissoci-
ation, etc. These other nonradiative modes may
be very fast. " The photoelectron spectrum is
unique in that the initial state is the ground state
which has zero width, and the final state is the
K-hole state; in this case, the only decay time
contribution to the width of the hole state is from
the decay of the K hole. Implicit in this argument
is the assumption tQat the outer electrons are not
strongly perturbed by the removal of the core
electron. In fact, it has been mell established
that the "parent" &s photopeak appearing at high-

est kinetic energy corresponds to the atomic or
molecular ion with a E photohole and all other
electrons with unchanged quantum numbers. Ex-
citation of other electrons caused by photoion-
ization of a 1s electron is well known and corre-
sponds to satellite photopeaks lying at lower ki-
netic energies relative to the parent in the photo-
electron spectrum. " It is, however, possible
that the sudden photoemission of a 1s electron
may generate a manifold of vibrationally excited
states in the remaining molecular ion. If the equi-
librium bond lengths of the molecule and the ion
are significantly different, a series of vibrational
states could be produced in the ion. These states
would lie below the 1'imits of our experimental
resolution and wouM appear as a broadening of
the linewidth. In general, such manifolds of vi-
brational states appear strongly only when the ex-
cited electron is a bonding electron and hardly at
all when it is nonbonding. In the cases studied
here, the ejected electrons are all nonbonding,
and we would therefore expect no such problem.
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%idths of photoelectron lines associated with vacancies in core levels immediately be-
low the valence shell are shown to depend on the chemical environment. The width varia-
tion is ascribed to change in vacancy lifetime. Valence electron density influences these
lifetimes through its effect on Auger transition rates. Correlation of linewidth and chem-
ical shiS in electron binding energy is discussed.

It is mell knomn that photoelectron lines associ-
ated with primary vacancies in different core
levels of a given atomic species vary in width.
In a given principal quantum level, for example,
the midth of the line arising from a sublevel gen-
erally decreases with increasing value of the azi-
muthal quantum number I; and this variation,
which is easily as great as a factor of 5, has
been ascribed to variation in the vacancy lifetime. '
In core levels accessible for study with =1-keV
photons, the Auger process is the predominant
mechanism for vacancy filling. Coster-Kronig
transitions, Auger processes in which one of the
two final vacancies remains in the same principal
quantum level as the primary vacancy, become
increasingly important in shortening vacancy life-
time as the l value decreases. Thus the fact that
the width of the 2s photoelectron line of Ar is
broader than the 2p' is probably due, in large
part, to Coster-Kronig transitions. ' Qbviously
this type of Auger process cannot occur for a
primary vacancy corresponding to the least-bound
electron in a principal level.

Much smaller width variations have been re-
ported for photoelectron lines originating from a
given level in chemically different forms of the
same element. In N,Q the 1s lines from the two

chemically distinct nitrogen atoms have been ob-
served to have widths differing by about 10%,
even though instrumental effects account for most
of the measured linewidth. ' Similar results have
been obtained for the two types af carbon in C3Q, .'

Until nom, no explanations for these effects have
been offered; and it is the object of this paper to
present some new data and an interpretation of
this chemical influence on linewidth.

Measurements were made with the solids Na, S,G,
and NH, NQ3. In the first compound the ligand and
central sulfur atoms are assigned formal charges
—2 and +6, respectively; in NH, NQ, the nitrogen
atoms have formal charges —3 and +5. It is ad-
vantageous in measurements made mith solids to
have the different chemical states of the element
present in one compound so as to eliminate sam-
ple-to-sample width differences arising from in-
strumental effects. It may be feasibl, however,
to monitor and correct for such sample-depen-
dent differences by measurement of linewidths
from a simple, monatomic ion common to salts
of the counterions of interest.

A Varian IEE-15 photoelectron spectrometer
with a Mg x-ray anode was used for the measure-
ments. Samples were cooled to about 0 C to pre-
vent decomposition which had been observed at
higher temperatures through changes in the elec-
tron spectra. In Fig. 1 are shown the S 2P lines
from Na2S2Q3 and the N 1s lines from NH, NQ3.
Measurements were also made on the S 2s lines.
Spectra were ana. lyzed by computer fitting of
Gaussian line shapes to the background- subtract-
ed data, and the background functions were ob-
tained as least-squares fits of polynomials to re-
gions an both sides of the peaks. For the resolu-
tion of each S 2P, y, -2P3y, doublet, it was required


