
PHYSICAL REVIEW A SEPTEMBER 1998VOLUME 58, NUMBER 3
Spin-orbit interaction and molecular-field effects in the L 2,3VV Auger-electron spectra of HCl
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Mika Kivilompolo, Helena Aksela, and Seppo Aksela
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~Received 27 February 1998!

Ab initio calculations based on quantum chemical methods and the one center approximation have been
carried out for theL2,3VV normal Auger-electron spectrum of HCl. Spin-orbit and molecular field effects were
explicitly included in the description of the intermediate 2p core hole state. The results are compared with the
experimental spectrum obtained with synchrotron radiation. The corresponding atomicL2,3MM Auger transi-
tions are studied in the isoelectronic argon atom. The calculated Auger electron spectra are in good agreement
with the experimental and to previous theoretical results. For HCl the calculations predict substantially differ-
ent total Auger transition probabilities of 126, 99, and 113 meV for the three nondegenerate spin-orbit and
molecular-field-split 2p21 states: 2p3/2

21(2P3/2), 2p3/2
21(2S1/2

1 ), and 2p1/2
21(2P1/2), respectively. Furthermore,

each of these core hole states gives rise to remarkably different intensity distributions. These effects are
explained by~i! the partial orientation of the chlorine 2p core hole by the molecular field,~ii ! a decrease of the
net population of the chlorine 3p orbital in the bond direction due to the chemical bond, and~iii ! the clear
~97%! preference of the Auger decay of an oriented 2p core orbital to produce final states with at least one hole
in the 3p orbital with the same spatial orientation.@S1050-2947~98!00609-X#

PACS number~s!: 33.80.2b, 32.80.Hd, 82.80.Pv
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I. INTRODUCTION

Auger-electron spectra, especially of molecules and c
densed matter, contain many structures overlapping hea
with each other. This is due to the large number of energ
cally nearly spaced electronical and vibrational states bot
the intermediate and final state of the process. From exp
ments it is usually impossible to reliably separate the diff
ent contributions. A possible way out is to produce a th
retical counterpart, a theoretical spectrum, and to compa
with the experimental one. If the profiles are in good rese
blance to each other, then a deeper understanding of
physics involved becomes possible. The demands for
theory are high; the theoretical calculations should acco
for all the essential things affecting in the course of the tr
sitions to be able to reproduce the experiment. In this art
we describe a method that is designed to be routinely ap
cable for an accurate calculation of fully theoreticalL2,3VV
Auger electron spectra of molecules.

So far, almost all theoretical studies of molecular Aug
electron spectra have been done for theKVV type of transi-
tions ~see, e.g.,@1–3#, and references therein!. Only rela-
tively few studies exist for intermediate core holes w
higher l values. Probably the most sophisticated work in t
field is the calculation of theL2,3VV Auger-electron spec
trum of HCl by Kvalheim@4#. He used Auger transition am
plitudes of the argon atom and a configuration interact
~CI! method for the description of the final states. More
cently, Chelkowska and Larkins@5# described the calculation
of molecular Auger electron spectra on the basis of the ‘‘o
center approximation’’@6# in the cases whens-, p-, andd-
type atomic orbitals are involved in the Auger process
core hole or valence orbitals. As an example, they calcula
the L2,3VV Auger electron spectrum of HCl. But, as the a
PRA 581050-2947/98/58~3!/1988~13!/$15.00
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of the paper was not a detailed reproduction of the Aug
electron spectrum, hence, their results compare less fa
ably to the experimental spectrum. TheL2,3VV Auger-
electron spectrum of HCl was also calculated by Sukhoru
et al. @7,8# with a partially semiempirical approach. Thes
authors also consideredL2,3V-VVV shake satellite decay an
its influence on the Auger electron spectrum@8#.

Using the semiempirical intermediate neglect of differe
tial overlap ~INDO! approach, Larkins and co-workers ca
culated theL2,3VV Auger electron spectra of SiH4 @9# and
several phosphorus compounds@10#. Furthermore, the
Auger-electron spectrum of SiF4 has been calculated recent
by Cederbaum and Tarantelli and interpreted with the f
eign imaging scheme@11#. In that work the intensities of the
Auger transitions were estimated by the two-hole populat
analysis@12#. Finally, there exist some theoretical treatmen
of solid-state Auger electron spectra@13# in which the tran-
sition matrix elements were obtained from atomic codes
some additional assumptions for the crystal-field splittin
and spectral broadenings were included.

All approaches discussed so far did not explicitly acco
for the molecular field, which is known to contribute to th
splitting of lÞ0 core-hole states besides the dominat
spin-orbit effect. Pioneering experimental studies of t
ligand field splitting have been done by Bancroft and c
workers~see, e.g., Ref.@14# and references therein!. Recently
it became possible to resolve the molecular-field splitting
2p core-hole states in experimental photo electron spectr
several sulfur compounds@15–17# and of HCl @18#. Insight
in the structure of the molecular-field split core-hole sta
has been provided by several theoretical investigatio
Gel’mukhanovet al. @17# and Bo”rve et al. @15,19# demon-
strated that these splittings can be reproduced and un
stood by the nonrelativistic energies of the core-hole sta
1988 © 1998 The American Physical Society
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PRA 58 1989SPIN-ORBIT INTERACTION AND MOLECULAR-FIELD . . .
that can be obtained fromab initio calculations, and an ef
fective Hamiltonian that accounts for the spin-orbit intera
tion in the 2p orbitals. Very recently, Ellingsenet al. @20#
presented a higher level approach by a fully relativistic
calculation of the 2p21 states of HCl.

Using the H2S L2,3VV Auger decay as an examp
Gel’mukhanovet al. @17# showed that the three 2p21 states
have substantially different partial Auger decay rates into
lowest 2b1

22(1A1) final state. Comparable effects were fou
experimentally in the Auger electron spectra of HCl@18# and
of the HS radical@21#. In the last three articles it was dem
onstrated that the three core-hole states give rise to very
ferent intensity distributions in the Auger-electron spectru
This was interpreted qualitatively for the decay in some fi
states. But, to our knowledge, calculations of~i! fully theo-
reticalL2,3 Auger electron spectra of molecules and~ii ! com-
plete Auger electron spectra of the different 2p core-hole
states were not done so far.

In this paper we will, therefore, describe a theoreti
method that is able to provide this. It is based onab initio CI
calculations with nonrelativistic molecular programs that
driven by a Gaussian basis set, the ‘‘one center approxi
tion,’’ @6# and reasonable estimates for the line forms. W
demonstrate the suitability of this method at theL2,3VV
Auger-electron spectrum of HCl and theL2,3MM Auger-
electron spectrum of argon, which are both compared to
cent experimental data.

The article is subdivided as follows: Experimental deta
are briefly described in Sec. II. This is followed by a descr
tion of the theory and the numerical methods in Sec. III. W
present, compare, and discuss our theoretical and experi
tal L2,3MM Auger-electron spectra of argon in Sec. IV. Se
tion V gives our results for the 2p core-hole states of HC
that are used for Sec. VI which includes our results for
correspondingL2,3VV Auger-electron spectrum. In Sec. V
we explain the remarkable dependence of the predicted
and partial transition rates of different molecular field a
spin-orbit split core-hole states. In Sec. VIII we sum up h
an accurate calculation ofL2,3VV Auger transitions should
be done and give our conclusions.

II. EXPERIMENT

The synchrotron radiation excited electron spectra h
been measured at the ‘‘Finnish beam line’’ bl 51@22# of the
MAX-I storage ring in Lund, Sweden. Synchrotron radiati
is obtained from a short period undulator@23#. The useful
photon energy range for gas phase electron spectrosco
the bl 51 is 60–300 eV. The radiation is monochromatiz
by the modified SX-700 plane grating monochromator@24#.
The important part for the gas phase experiments is the
ferential pumping stage that reduces the pressure five or
of magnitude between the experimental chamber and
high vacuum monochromator. It also contains a toroidal
focusing mirror in order to create a minimal spot size at
source point of the electron spectrometer. The used elec
spectrometers were equipped with hemispherical analy
either at a fixed angle~SES-144! @25# or at variable angle
~SCIENTA-200! @26# with respect to the horizontal polariza
tion direction of the synchrotron radiation. Both analyze
apply retarding lenses and position-sensitive detector
-
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tems that are very crucial for intensity reasons when work
at low-energy second generation storage rings. The en
resolution of the SES-144 analyzer was about 65 meV us
a typical pass energy of 20 eV.

The L2,3VV Auger-electron spectrum of HCl was ob
tained with the photon energy of 254 eV, which is still we
below the chlorineL1 edge at 278.3 eV@27# in order to avoid
cascade Auger transitions. Note that in previously repor
electron-impact excited Auger-electron spectra@28,29# such
cascade Auger decay of theL1 core hole was possible. A
recently demonstrated for argon@30#, the contribution of
such effects to Auger-electron spectra can be remarka
large. We should mention that the photon energy used in
experiment is sufficient to reach several shakeup and sh
off states of the core-ionized HCl molecule. According to t
work of Carravettaet al. @31# the highest intensities for thes
transitions are between 12 and 25 eV above the 2p3/2 ioniza-
tion threshold~207.3 eV@27#!.

For argon, we discuss here the recently reported meas
ments by Pulkkinenet al. @32#. The photon energy of 265 eV
in the experiment was below the first 2p213s23p54p1

shakeup resonance~270.9 eV@33#! but still well above the
2p ionization edges~248.63 and 250.78 eV@34# of 2p3/2 and
2p1/2, respectively!.

In these experiments postcollision interaction~PCI! ef-
fects influence the energetical positions and shapes of
Auger lines but should not be a dominating effect. Thus,
did not account for PCI effects in the theoretical spectra
we shifted the experimental spectra to the nominal Au
energies. The kinetic energy of the argon spectrum was
justed to theL3M2,3M2,3(

1D2) line at 203.499-eV kinetic
energy @32#. The spectrum of HCl was adjusted to th
2p1/2

21→2p22(3S2) line at 173.35-eV kinetic energy o
35.68 eV binding energy@29#.

III. THEORY AND NUMERICAL METHODS

A. Spin-orbit interaction for 2 p core holes

A description of the spin-orbit interaction and molecula
field effects on the energy levels of the core-ionized sta
and on the intensity patterns of molecularL2,3VV Auger-
electron spectra was recently given by Gel’mukhanovet al.
@17#. A detailed investigation of the nature of the spin-orb
and molecular-field-split core ionized states and a method
calculation can be found in the work of Bo”rve and co-
workers @15,19#. However, we shall briefly present our ap
proach to this problem, which uses the Cartesian orbi
2px , 2py , and 2pz . The spin-orbit operator

ĤSO52g•sW• lW, ~1!

where g is the spin-orbit parameter, is constructed in t
basis„(2pxa)21, i (2pya)21, 2(2pzb)21

… and„(2pxb)21,
2 i (2pyb)21, (2pza)21

…, yielding, in both basis sets, th
same matrix representation

HSO52
g

2S 0 1 1

1 0 1

1 1 0
D . ~2!
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The two basis sets represent the two degenerate Kra
doublets of the spin-orbit split configurations.

The advantage of representing the core hole in this C
tesian basis is the simple form of the spin-orbit operator
this representation, as the coordinate system can be ch
for any molecule in such a form that the molecular fie
effects appear only on the diagonal elements of the t
Hamiltonian (Hcore):

Hcore5S ex 2
g

2
2

g

2

2
g

2
ey 2

g

2

2
g

2
2

g

2
ez

D . ~3!

ex , ey , andez are the nonrelativistic energies of the 2px
21 ,

2py
21, and 2pz

21 states and include the molecular-field e
fects. Diagonalization of the matrix~3! leads to eigenvalue
that are the spin-orbit and molecular-field-split energies
the 2p21 states.

The eigenvectors and eigenvalues of the spin-orbit ma
of an atom (ex5ey5ez) are collected in Table I. This tabl
also includes the 2p core-hole densities~D!, which are ob-
tained by squaring the coefficients of the correspond
eigenvectors. As we discuss below, theseD are of particular
importance for the Auger transition rates. Note that for ato
the energy levels of theJ5 3

2 and J5 1
2 states contain on

average one-third of a hole in each of the 2p orbitals.
In molecules the existence of the nonspherically symm

ric molecular field causes a splitting of theJ5 3
2 components

of the core-hole states in two Kramers doublets. The w
functions of the core-ionized states of molecules are es
tially the atomic wave functions in Table I. In this paper w
will designate the HCl 2p21 states with theLS ((2S11)LMJ

)

terms 2P3/2, 2S1/2
1 , and 2P1/2, which are also given in

Table I. Of course, neitherS nor L is good a quantum num
ber for the current case of strong spin-orbit interaction,
theLSsymbols correctly represent the dominating electro
configuration of the states.

TABLE I. Eigenvalues and eigenvectors of the atomic spin-or
operator@Eq. ~2!#, core hole densities of the 2px , 2py , and 2pz

orbitals (Dx ,Dy ,Dz) and theLS term used for linear molecules.

J MJ Eigen-
value

Eigenvector Dx Dy Dz LS term

3

2

3

2
2 g/2 S 1

A2
,2

1

A2
,0D 1

2

1

2
0 2P3/2

3

2

1

2
2 g/2 S 1

A6
,

1

A6
,2A2

3 D 1

6

1

6

2

3
2S1/2

1

1

2

1

2
g S 1

A3
,

1

A3
,

1

A3
D 1

3

1

3

1

3
2P1/2
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B. Auger transition probabilities

The determination of the Auger transition rates is in li
with our previous work@3,35# and similar to the formulation
of Chelkowska and Larkins@5#. We repeat the main idea
here for the current case of oriented 2p21 intermediate
states.

We assume that the Auger process can be treated
two-step process, which is a very good approximation for
present case. Then the partial Auger transition rate for
decay of thei th intermediate state to thef th final state be-
comes

G i f 52p(
lm

z^C i uĤ2EuAC fwc
lm& z2 ~4!

with C i and C f being theN21 and N22 electron wave
functions of the intermediate state and final state, resp
tively (N is the number of electrons in the ground state!.A is
the antisymmetrization operator,wc

lm is the continuum wave
function representing the Auger electron in the channellm.
Ĥ is the Hamiltonian of the system andE the energy ofC i .
In this work we describe the intermediate state exclusiv
by 2p21 configurations whereas theC f ’s are represented by
CI wave functions.

As discussed above the spin-orbit coupling causes
core-hole wave functions to be linear combinations of
Cartesian basis configurations of the preceding sect
which we write here asCx , Cy , and Cz , respectively.
Equation~4! can now be written as

G i f 52p(
lm

U(
a

x,y,z

Ci ,a^CauĤ2EuAC f mwc
lm&U2

. ~5!

In our calculations we shall not consider the generally sm
effect of spin-orbit interaction in the final states. Therefo
the final-state wave function, including the continuum wa
function, can be chosen without loss of generality as a pu
real function and an eigenfunction ofŜz . As mentioned
above, theCx andCz configurations have different magnet
quantum numbers (ms) and the coefficient ofCy is purely
imaginary whereas those ofCx and Cz are real. Thus, the
contributions of the different Cartesian core-hole configu
tions toG i f are uncoupled and Eq.~5! may be rewritten as

G i f 52p (
a

x,y,z

uCi ,au2(
lm

z^CauĤ2EuAC f mwc
lm& z2. ~6!

For simplicity the Cartesian basis configurations can be s
stituted now by the primitive Cartesian 2p21 configurations
@e.g., (2pxa)21, (2pya)21, and (2pza)21]. In the follow-
ing we also neglect the generally small energy dependenc
the Auger matrix elements. Thus, the decay rate of thei th
core hole state is the sum of the rates of the primitive 2p21

configurations weighted by theuCi ,au2,’s which are theD
discussed in the preceding section.

In this work we will use a common orthogonal set
orbitals for the intermediate and final-state wave functio
TheE term can now be dropped from Eq.~6! and the matrix
element at the right-hand-side reduces to a sum of two e
tron matrix elements

t
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^CauĤ2EuAC f mwc
lm&5(

v,w
gv,w

a f ^wawc
lmuwvww&, ~7!

wherewv andww are valence orbitals andwa is the 2pa core
orbital. gvw

a f is the two-electron transition density matrix b
tween the intermediate state configurationCa and the final-
state wave function. As in our previous work@35# we ap-
proximate the valence orbitals by a linear combination of
occupied atomic orbitals (xm)

w i5(
m

cm,ixm . ~8!

Here the indexm is running over all atomic orbitals of th
molecule, which are, e.g., for HCl the 1s, 2s, 2px , 2py ,
2pz , 3s, 3px , 3py , 3pz orbitals of chlorine and the 1s
orbital ofH. The orbital expansion coefficientscm,i are found
by projection of the valence orbitals on the basis of
atomic orbitals@35#. This leads to the matrix elements

^wawc
lmuwvww&5(

m,n
cm,vcn,w^xawc

lmuxmxn&. ~9!

The integral at the right-hand side of Eq.~9! is evaluated
according to the ‘‘one center approximation’’@6#, which
means that~i! the continuum wave functionwc

lm is assumed
to be identical to that of the atomic case;~ii ! all matrix ele-
ments that contain one or more atomic orbitals of anot
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atom than the core-hole atom are neglected; and~iii ! the
remaining matrix elements are obtained from readily av
able radial integrals and corresponding angular factors.
numerical values of the radial integrals were taken from
work of Chelkowska and Larkins@5#. These are average
values of the radial Auger decay integrals of Chenet al. @36#,
which were calculated by a multiconfiguration Dirac-Fo
method using the bound orbitals of the intermediate state
the Coulomb operator as the two-electron operator.

C. Auger line shapes

The line shapes for the HCl Auger electron spectrum w
described by the moment method of Cederbaum and Ta
telli @37#. In this theory the ground(0), intermediate (i ), and
final ( f ) state potential energy curves are assumed to
parabolas with the curvature of the ground-state poten
energy curve but different local and energetical positio
The envelopes of the vibrational features are simulated
Gaussian functions. The energetical positionPm and width
Wm @full width at half maximum~FWHM!# of the Gaussian
function for themth final state are given by

Pm5Ec2Ef m2
Ec8~Ec82Ef m8 !

E09
S 12

G2

G21v2D ~10!

and
Wm5A8ln2
~Ec82Ef m8 !2

2E09
H v1

Ec8
2

E09
F11

G2

G214v2
22S G2

G21v2D 2G J 1Wexpt
2 , ~11!
it-
CI,

f all
CF
in
vir-
or
r-

on-
om

ese

th

tly:
nd
d

4,
whereE, E8, andE9 are the energies and the first and seco
derivatives of the potential energy curves at the Fran
Condon point.v is the ground-state vibrational frequenc
andG the total decay rate of the core ionized state.Wexpt is
the FWHM of the broadening caused by the electron sp
trometer. The above formalism is suitable to produce ove
features of Auger-electron spectra even if a part of the fi
states is not bound@3#, as in the case of HCl or the forme
treated HF example of Za¨hringer et al. @38#. The detailed
vibrational structure can, however, not be obtained by
method. In this case one would have to refer to the m
general lifetime vibrational interference theory@39#.

D. Calculational details

The relative energies and wave functions of the fi
states were obtained by CI calculations@40# of several se-
lected electronic configurations. These wave functions de
mine the two electron transition density matrix elements@Eq.
~7!# and the orbital expansion coefficients@Eq. ~8!# that are
used to obtain the Auger transition rates. The final sta
reached in the low kinetic part of the argon and HCl Aug
electron spectra are well known to have large admixture
correlating configurations in which one or more electrons
d
-

c-
ll

al

is
e

l

r-

s
-
of
e

excited from valence orbitals to Rydberg orbitals. The orb
als, which were used to set up the configurations of the
were designed to be optimal for a balanced description o
final states. Thus valence orbitals generated by a CASS
@41# method for an average of all two-hole configurations
the valence space and Rydberg orbitals from a modified
tual orbital technique@42# using the averaged Fock operat
of all three-hole configurations within the prior valence o
bitals were used. The CI space included all two-hole c
figurations and some single and double excitations fr
them into the first Rydberg orbitals.

For argon we used the 16s11p3d basis functions of the
correlation consistent polarized valence quadruple zeta~cc-
pVQZ! basis set by Woon and Dunning@43#, but we released
their contraction substantially to 10s9p3d. Two extra sets of
d functions with exponents 11.7 and 4.68 were added. Th
are needed for an accurate description of the 3d orbitals in
Ar21. Furthermore, the following flat basis functions wi
exponents according to the recipe of Kaufmannet al. @44#
were added in order to describe Rydberg orbitals correc
Five s functions~exponents 0.100, 0.053, 0.030, 0.018, a
0.012!, four p functions~exponents 0.090, 0.051, 0.031, an
0.020!, and fourd functions~exponents 0.128, 0.073, 0.04
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and 0.029!. This basis set is adequate for a description os,
p, andd Rydberg orbitals up to an effective quantum numb
(neff) of 4.5. For the more accurate calculations with t
multiconfiguration coupled electron pair approach~MC-
CEPA! @45# two sets off functions with exponents 0.543 an
1.325@43# were also included.

The basis set for the Cl atom of HCl was chosen simila
that of argon: The 16s11p3d primitive basis set of the cc
pVQZ basis was contracted to 11s9p3d and augmented by
two sets ofd orbitals~exponents 9.462, 3.831!. Rydberg ba-
sis functions up toneff54.0 (s: 0.100, 0.053, 0.030, an
0.018; p: 0.179, 0.090, 0.051, 0.031;d: 0.128, 0.073, and
0.044! and onef set~exponent 0.706@43#!. For the hydrogen
atom we used a 6s1p/3s1p basis@43#. If not stated other-
wise, the calculations for the HCl molecule were perform
at the experimental equilibrium distance of its ground st
(r e52.40850a0 @46#!. The coordinate system is chosen su
that the H-Cl bond is on thez axis.

For theL2,3VV Auger-electron spectra two different en
ergy scales will be used below: kinetic energies, which c
respond more directly to the spectral features, and bind
energies, which are well-defined single numbers for each
nal state, whereas each final state appears in the Au
electron spectrum with~at least! two kinetic energies. As
shown in our prior work@3,47# the MCCEPA method pro-
vides absolute theoretical energies for both scales with
accuracy of about 0.1 eV. But, absolute theoretical ener
compare differently to experimental data on the kinetic a
binding energy scale. In order to simplify this compariso
the theoretical final-state energies were shifted to the exp
mental values of the lowest final states.

IV. THE L 2,3MM AUGER-ELECTRON SPECTRUM
OF ARGON

Previously, theL2,3MM Auger-electron spectrum of ar
gon has been studied extensively both experimentally
theoretically ~see Pulkkinen et al. @32# and references
therein, and Vı´kor et al. @48#!. The spin-orbit splitting be-
tween theL2 and L3 core-hole states is 2.15 eV while th
fine-structure splitting in the final states is of the order of
natural linewidth of the core-ionized state~0.11 eV @49#!.
Calculations by McGuire@50#, Dyall and Larkins@51#, Kval-
heim @4#, and recently by Pulkkinenet al. @32# have indi-
cated the importance of the final ionic state configurat
interaction~FISCI!. Our test calculations for argon are n
meant to compete with these previous, more sophistica
studies, but rather to show how reliably the parameters of
current calculations were chosen.

The final states were obtained from CI calculations
cluding the diagram configurations (3s3p)22 and the ex-
cited configurations (3s3p)23 (3d,4s,4p,4d,5s)1 and
(3s3p)24 (3d,4s)2 in the configuration space. Also calcula
tions with excitations to higher Rydberg orbitals were ma
but this did not lead to a clear improvement of the calcula
spectra. The energetical positions of the strongest lines w
also calculated by the MCCEPA method. In Fig. 1 w
present the experimental argonL2,3MM spectrum of Pulkki-
nenet al. @32# together with our calculations. Table II show
experimental and calculated details of the peaks labele
Fig. 1.
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General features of the experimental spectrum are w
reproduced by the nonrelativistic calculations. As in form
theoretical studies, the line positions in the kinetic ene
region between 185 and 210 eV (3s213p21, and 3p22

states!, which is free from correlation satellite structures, a
reproduced by the valence CI method with an average de
tion from the experimental energies of 230 meV. The M
CEPA method yields clearly more accurate energies w
average deviations of 90 meV, indicating the need for
accurate treatment of the electron correlation. The line int
sities correlate well with previous theoretical studies. As
these prior studies, our theoretical3P to 1D intensity ratio
deviates remarkably from the experimental one. We sho
note that the correct ratio has not been obtained with
most sophisticated methods@52#, where the final continuum
state configuration interaction~FCSCI! was included in mul-
ticonfiguration Dirac-Fock~MCDF! calculations.

The low kinetic energy region~below 185 eV! is, on the
other hand, dominated by a manifold of correlation satel
structures. In this energy region we also obtained intensi
with reasonable agreement with experiment but the vale
CI method underestimates the kinetic energies by about
eV. This is due to the limited CI space, of up to about 10
configurations per symmetry, which was used for the pres
calculations. The MCCEPA approach, on the other hand,
scribes electron correlation more precisely and, thus, g
energetical positions with an improved average accuracy
0.23 eV.

It should be noted here that such an accuracy is desir
for theoretical Auger-electron spectra but generally not n
essary for correct assignments. Furthermore, the high l
MCCEPA calculations are rather time consuming for oth
than the 3p22 states. Therefore, we did not apply th
MCCEPA method for the final-state energies of HCl, whe
they would be~i! even more cumbersome due to the i
creased number of final states per symmetry and the a
tional degree of freedom along the bond axis and~ii ! less
required due to the dissociative nature of most final state

Our result for the natural linewidth of the 2p21 core hole
state is 5.5531023 a.u.~0.15 eV!. This value is about 376

FIG. 1. Experimental argonL2,3MM Auger-electron spectrum
together with the calculated spectra that were generated using
lence CI or MCCEPA energies for the final states. The most int
sive peaks are labeled. The energy of the spectra was adjusted
3P line at 207.32 eV.
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TABLE II. Calculated and experimental energies and intensities of theL2,3MM Auger-electron spectrum
of Ar. The intensities are normalized by setting the total intensity of the 3p22 states to 100. Experimenta
energies and intensities are taken as an average value from theL2 and L3 transitions from Ref.@32#. The
calculated total energy of the 3p22(3P) state is given in brackets. The number in parentheses in the
column is the contribution of the 3s213p21 configuration to the wave function in percent.

Energy relative to 3p22(3P) in eV Intensity

Term Leading configurationValence Cl MCCEPA Expt. Valence-CI Expt.

Diagram lines
~214296.50! ~214298.95! 0.00 49.0 42.4 3P 96% 3p22

1.93 1.73 1.67 41.5 45.9 1D 95% 3p22

4.32 4.14 4.06 9.5 11.8 1S 92% 3p22

13.92 13.89 14.17 12.1 10.4 3P 75% 3s213p21

18.18 17.72 17.78 7.5 8.4 1P 44% 3s213p21

31.41 30.90 30.90 2.4 1.5 1S 40% 3s22

Correlation satellite lines
27.06 25.88 25.65 1.0 1.6 3P 70% 3p234s1 (6)
27.52 26.25 26.11 2.4 2.5 1P 71% 3p234s1 (14)
27.95 26.80 26.49 2.2 1.9 3P 52% 3p233d1 (13)
28.73 27.69 27.24 5.1 6.7 1P 34% 3p233d1 (30)
31.91 29.76 29.38 0.5 1.2 1P 78% 3p233d1 (3)
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12% higher than the corresponding experimental value
0.11 6 0.01 eV @49#. As shown by Tulkkiet al. @53# the
calculated total decay rate depends very sensitively on
choice of the wave functions. They found that frozen-co
total L2,3 Auger decay rates calculated with intermedia
state orbitals are larger than the experimental values. In
present work, radial integrals calculated with intermedi
state orbitals@36# were used. Thus, our calculations can
expected to overestimate the total decay rate. In addit
because we know that radial integrals do not change rem
ably for chlorine as compared to argon, we might expect t
the total decay rate is also overestimated for chlorine.

The test calculations demonstrated that theL2,3MM Au-
ger electron spectrum of argon was calculated with relativ
good accuracy compared to the experimental spectrum.
agreement gives us an opportunity to move one s
further—to theL2,3VV spectrum of HCl. Before we can d
so, we first have to consider the nonisotropical core h
density distribution of the HCl intermediate states.

V. MOLECULAR-FIELD SPLITTING
OF THE HClL „2p21

… STATES

The nonrelativistic ionization energies of the 2pz
21 and

the two degenerate 2px
21 and 2py

21 states were calculated o
different levels of accuracy. In Table III we present the a
erage ionization potentials and the splitting of the2P3/2 and
2S1/2

1 states that result from the inclusion of the spin-or
interaction according to Eq.~3! with g51.08 eV. The latter
value can be obtained from experimental data@18# or from
the relativistic calculations of Ellingsenet al. @20#. Further-
more, also the core hold densities are included in Table

As shown in prior work of Bo”rve et al. @15,19# and Ell-
ingsenet al. @20#, Koopmanns theorem yields relatively po
agreement with experiment to both ionization energies
molecular-field splitting. The former is substantially im
proved when relaxation of the orbitals in the core ioniz
f
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state is included by theDSCF approach, but the correct spli
ting due to the molecular field is reached only if electr
correlation effects are included. This was done here by
MCCEPA method with explicit inclusion of all single an
double excitations from all occupied orbitals into the virtu
and partially occupied orbitals that do not increase the nu
ber of electrons in the 2p orbitals. Here SCF reference wav
functions were used for both the ground and the core-ioni
states. It was shown before that such a CI-type calcula
gives nonrelativistic 2p ionization potentials that compar
favorably to experimental data after inclusion of the sp
orbit splitting @15,19#.

TABLE III. Averaged ionization potentials (Vav), molecular
field splitting of the 2p3/2

21 states„DE(2P3/22
2S1/2

1 )…, and the 2pz

core-hole densities (Dz) in the 2S1/2
1 and 2P1/2 states.Dz of the

2P3/2 states is 0.00 and the 2px and 2py D’s of all states are
1
2 (12Dz).

Method
Vav

~eV!
DE(2P3/22

2S1/2
1 )

~meV!

Dz

2S1/2
1 2P1/2

Koopmanns 218.82 33.1 0.65 0.35
DSCFa 207.57 35.0 0.65 0.35
MCCEPAa 207.74 92.0 0.63 0.37
Vibrationsa,b 207.71 87.4
MCCEPAc 207.86 83.7 0.63 0.37
Relativistic CId 207.54 78 0.65 0.37
Expt.e 207.95 7968

aBasis as described in Sec. III D.
bIncluding zero point vibrational effects with MCCEPA energies
c16s11p5d1 f /12s10p5d1 f basis as described in Sec. III D plu
two additionald sets~exponents: 70 and 25!, two f sets~8 and 2.4!,
and oneg set ~0.827!.
dRelativistic valence and core CI including the Davidson correct
@20#.
eReference@18#.
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According to Table III the molecular-field splitting be
tween the 2p3/2

21 states is slightly overestimated by the cu
rent single-point calculations. As the splitting of the 2p21

states is likely to depend on the internuclear distance,
included zero-point vibrational effects using potential-ene
curves that were obtained by diagonalization of the matrix
Eq. ~3! with MCCEPA energies for the nonrelativsitic 2p21

states. This diminishes the 2p3/2
21 molecular field splitting by

4.5 meV, which is smaller than the experimental error e
mate. The average MCCEPA ionization energy is about
eV too small. An extension of the basis set to
16s11p7d3 f 1g/11s9p7d3 f 1g basis with reasonably cho
sen exponents for the description of the electron correla
within the core orbitals reduces this deviation to about
eV. Further reduction of this value can be expected by
provements of the basis set and by explicit inclusion of
valence ionized states in the correlation space of
MCCEPA method. Nevertheless, much better agreemen
the experimental ionization energies would be incidental
corrections on the order of 0.1 eV@54# have to be expected
from the continuum bound state interactions that canno
properly taken into account in the CI treatment.

Table III shows that the results of the present calculati
are also in good agreement with the results of the relativi
calculations of Ellingsenet al. @20#. The differences in the
ionization potentials and the molecular-field splitting a
most probably due to different choices of the CI space
the basis sets. The core hole densities of the single p
large basis MCCEPA calculations were used for the calc
tion of the HCl Auger transition rates.

VI. L 2,3VV AUGER-ELECTRON SPECTRUM OF HCl

As in the calculations of the argonL2,3MM Auger-
electron spectrum, we can expect that configurations
involve the lowest virtual orbitals have a substant
influence on the energetical spacing and the distribu
of the final states. From the photoabsorption spectra
HCl @27# it is well known that the lowest virtual orbital is
not a typical Rydberg orbital but the antibonding 6s*
valence orbital. This led to our choice of the configur
tion space of the final-state CI. The following configuratio
with respect to the ground-state electron configurat
1s22s23s21p44s25s22p4 of HCl were used. Beside th
diagram configurations, which have two holes in the vale
orbitals (4s, 5s, and 2p), also single and double excita
tions from these orbitals to the 6s* and 3d orbitals, and
single excitations to the higher 4s, 4p, 4d, and 5s Rydberg
orbitals were included. As in the case of argon, further
pansions of the CI space did not cause significant change
the theoretical spectrum.

The data needed for the simulation of the envelopes of
vibrational structures by the moment method@37# were ob-
tained as follows. All energies and the Auger intensities w
calculated at the equilibrium bond distance of the grou
state (r e52.40850a0 @46#!. The energy derivatives for th
final and core ionized states were obtained by numerical
ferentiation. The HCl ground-state vibrational frequen
~2989.7 cm21) was taken from the experiment@46#. The
slopes (Ec8) of the potential energy curves~PECs! of the
core-ionized intermediate states were almost equal for
e
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states. Thus, we used an average value of20.24 eV/a0 in
our calculations. The slopes of the final states are sma
throughout, between21.9 eV/a0 and28 eV/a0 as indicated
in Table IV. General trends of these slopes may be ration
ized from the occupation of the orbitals. For instance,
3S2, 1D, and 1S1 states with two holes in the nonbondin
2p orbital are more strongly bound than the states with ho
in the bonding 5s orbital or electrons in the strongly ant
bonding 6s* orbital. This simple picture is only qualita
tively correct as configuration mixing and avoided crossin
have also substantial effects on the form of the PECs.

In Table IV the results of the present calculations a
collected and compared to previous calculations by Kv
heim @4#, and Chelkowska and Larkins@5#. In Fig. 2 we
compare our theoretical spectrum with the experimental o
The lowest binding energy part of the spectrum~35–47 eV!
is composed of (5s2p)22 states, which obtain about 73% o
the total Auger decay intensity. The calculated energet
positions of the lines in this region are in good agreem
with the experiment. The rest of the total intensity is distr
uted among the 4s212p21, 4s215s21, and 4s22 configu-
rations, which mix strongly with correlation satellite con
figurations. As for argon, the binding energies of these sta
are underestimated approximately by 2 eV. Thus, the th
retical spectrum seems to be ‘‘stretched’’ as compared to
experimental one. In Table IV we indicated the strong
diagram configuration even for those states where they
not the leading configurations. Due to the choice of the
termediate state wave function in our calculations, only
contributions of diagram configurations to a state give rise
Auger intensity.

So far we have not considered the contribution of shak
transitions in the intermediate states to our experime
spectrum. Calculations of Carravetta and co-workers@31# in-
dicate that shakeup and shakeoff states contribute with 1
and 8%, respectively, to the ionization cross section. Wit
more approximate approach Kochuret al. obtained a value
of 12.8% for the total shake cross section@8#. According to
the work of Kochuret al. @8# the shake states give rise t
broad structures in the Auger-electron spectrum, which
mainly located between 163- and 159-eV kinetic energy.
deed, the experimental spectrum shows structures in tha
gion that cannot be found in the theoretical spectrum. F
thermore, our calculations predict that 69% of the to
Auger intensity appear above 165-eV kinetic energ
whereas in the experimental spectrum 57% of the total int
sity belongs to this region. Assuming the theoretical ratio
be exact for the decay of the 2p21 states and the shak
satellite structures to appear exclusively below 165-eV
netic energy, this results in a total shake intensity of 20
which agrees well with the best theoretical value~19%! of
Carravettaet al. @31#.

In Table V we compare calculated intensities for the d
cay of the different intermediate states to the (5s2p)22 final
states with the experimental work of Akselaet al. @18#. In
their work the form of the vibrational fine structure in th
Auger lines was assumed to be identical for all 2p22 final
states and was determined from the 2p21(2P1/2) → 3S2

line. The calculations predict an intensity ratio of 1.6:0.6:1
for the transitions from the2P3/2, 2S1/2

1 and 2P1/2 interme-
diate states to both the3S2 and 1D final states. This is in a
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TABLE IV. Computed data for HCl. Rows from left to right: Position of the binding energy center of the peak (Pm) in eV, energy
derivative (Ef m8 ) in eV/a0, Gaussian FWHM (Wm) in eV, and decay rates from the 2p3/2

21(2P3/2), 2p3/2
21(2S1/2

1 ), and 2p1/2
21(2P1/2) states in

1024 a.u. The term symbols and the leading configuration are given in the next two columns. The four rightmost columns inc
calculated binding energies (E) in eV and intensities (I ) in 1024 a.u. of Kvalheim@4# and Chelkowska and Larkins@5#. As absolute
intensities were not given in Ref.@4#, we normalized these intensities to our average total intensity. The contribution of the dia
configurations in some energy levels is designated by (xw), wherex5a,b, andc denote diagram configurations 4s212p21, 4s215s21,
and 4s22, respectively.w is the contribution of this configuration in percent.

Present work

Term Leading configuration

Ref. @4# Ref. @5#

Pm Ef m8 Wm
2P3/2

2S1/2
1 2P1/2 E I E I

35.64 21.90 0.57 9.21 3.41 5.08 3S2 95% 2p22 35.7 4.69 35.7 7.06
37.42 21.85 0.56 9.19 3.64 5.94 1D 95% 2p22 37.5 6.62 37.0 7.20
38.76 21.89 0.57 4.95 1.94 3.19 1S1 92% 2p22 38.7 3.26 38.3 4.51
39.50 23.79 1.21 6.69 9.91 8.54 3P 95% 5s212p21 39.6 9.27 37.9 7.60
41.08 24.42 1.43 3.63 5.09 4.48 1P 94% 5s212p21 41.2 6.52 38.8 3.94
46.21 26.07 1.99 0.22 3.30 2.03 1S1 88% 5s22 46.3 3.67 43.5 1.25
48.33 24.76 1.54 2.54 1.11 1.70 3P 44% 4s212p21 49.0 1.55 50.8 4.41
49.62 25.66 1.85 0.52 0.20 0.33 1P 73% 2p236s* 1 (a9 50.4 0.26
50.06 -5.29 1.72 1.54 0.70 1.05 3P 53% 2p236s* 1 (a27 50.8 0.76
51.09 27.13 2.35 0.00 0.74 0.43 3S2 58% 5s212p226s* 1 (b29 52.0 0.52
53.52 25.52 1.80 2.06 0.79 1.32 1P 35% 4s212p21 54.4 1.48 56.4 4.51
54.09 26.18 2.02 0.00 1.08 0.63 3S2 42% 4s215s21 54.8 0.64 53.8 1.18
55.22 25.56 1.82 0.08 0.34 0.24 1S1 31% 5s212p226s* 1 (b18 56.3 0.31
57.12 25.95 1.95 0.10 0.32 0.22 1S1 34% 5s212p223d1 (b16

59.61 24.32 1.39 0.63 0.24 0.40 3P 40% 5s212p223d1 (a11

60.35 24.71 1.52 1.18 0.44 0.70 1P 38% 2p234p1 (a20

60.66 23.76 1.20 0.23 0.09 0.14 3P 73% 2p234p1 (a4

61.13 24.16 1.34 1.21 0.45 0.77 1P 49% 2p234p1 (a20

62.89 24.87 1.58 0.20 0.08 0.13 1P 56% 5s212p223d1 (a4

63.21 26.37 2.09 0.00 0.34 0.20 3S2 33% 5s222p213d1 (b13

63.60 24.50 1.45 0.42 0.65 0.55 1S1 27% 5s212p223d1 (b18,c12

63.81 28.22 2.72 0.01 0.37 0.22 1S1 20% 4s212p226s* 1 (b14

66.65 25.51 1.80 0.14 0.26 0.22 1S1 29% 2p246s* 2 (c11

1.62 1.82 1.73 Other states 2.00 1.7
46.38 37.23 41.01 Total rates 39.7 41.5
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fairly good agreement with the experiment. The main d
agreement between experiment and theory arises from
fact that the theory tends to overestimate the transition r
to the 3S2 state in a similar way as the3P state is overes-
timated in Ar. Further, for the final state configuratio
2p22, 2p215s21, and 5s22, calculations predict relative
intensity ratios for the decay from the2P3/2:2S1/2

1 :2P1/2 in-
termediate states of 1.6:0.6:1.0, 0.8:1.1:1.0, and 0.1:1.6
respectively.

We have included in Tables IV and V results from pre
ous work by Kvalheim@4#, and Chelkowska and Larkins@5#.
These studies did not account for the effect of the molec
field. Instead it was assumed that the intensity ratio of
spin-orbit split components is statistical (2p3/2/2p1/252).
Further, in the work of Kvalheim FISCI was included in
similar way as in our work, whereas Chelkowska and L
kins included only diagram configurations in their calcu
tions. Therefore, our results agree much better with the st
of Kvalheim. As in that work we also find that FISCI has
significant effect to the spectrum.

We obtained rather different total Auger decay rates
different intermediate states. The values of 126, 99, and
-
he
es

.0,

r
e

-
-
y

r
3

meV were calculated for the 2p3/2
21(2P3/2), 2p3/2

21(2S1/2
1 ), and

2p1/2
21(2P1/2) core-ionized states. Our calculations mo

probably overestimate the total decay rate by 25–50%
they do also for argon. Experimental 2p core-hole lifetime
widths of 956 15 meV were reported by Akselaet al. @18#.
This value may be compared with the average theoret
decay width of 113 meV. Hence, the calculated width
about 206 20% greater than the experimental one. Note t
the different widths for the core-hole states cannot be c
firmed by the experiment as the2P3/2 and 2S1/2

1 states are
too close to each other to determine their invidual widths

VII. DEPENDENCE OF THE TOTAL AUGER RATE
ON THE 2p CORE-HOLE ORIENTATION

In Table VI we list the contributions of different Cartesia
two-hole configurations to the total Auger decay rate o
hypothetical argon 2pz

21 core-hole state. This shows a pro
nounced correlation between the orientation of the core h
and the valence 3p orbitals that participate to the most in
tense Auger transitions. More than 97% of the Auger inte
sity stems from transitions that involve the 3p valence or-
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bital with the same spatial orientation as the core hole.
This orientational correlation of the intermediate a

final-state configurations was used recently as an intui
argument for the interpretation of the intensity patterns of
HS Auger-electron spectrum@21#. Furthermore, the ratio o
two intensities in Table VI~the partial intensities for the
decay into the 3pz

22 to the 3px
22 configurations! was re-

cently used by Gel’mukhanovet al. @17# for the explanation
of the 2p21→2b1

22 Auger decay rates of H2S. Note, that we
can take the results of Table VI as a good qualitative
proximation for the evaluation of the total Auger transitio

FIG. 2. Experimental and calculatedL2,3VV Auger-electron
spectra of HCl. Calculated contributions of the~a! 2p1/2

21(2P1/2), ~b!
2p3/2

21(2S1/2
1 ), ~c! 2p3/2

21(2P3/2) intermediate states, and~d! the cal-
culated total spectrum with the experimental Auger-electron sp
trum.
e
e

-

rates of HCl, as the Auger transition integrals for chlori
and argon differ only by a few percent@5#. We only have to
account for the changed effective population of the cor
sponding molecular valence orbitals at the chlorine ato
These populations can be obtained from the atomic orb
~AO! expansion factors@see Eq.~8!# that are collected in
Table VII. This table also contains the squared coefficients
the atomic valence orbitals (cm,i) times their occupation
numbers (ni) summed over all molecular orbitals

nocc,m5(
i

nicm,i
2 . ~12!

We designate these numbers as atomic occupation num
They represent the occupation number of the atomic orbi
that is felt at ~or near to! the atomic nucleus. In order to
obtain the total transition rate of the 2pz core hole, we have
to multiply each of the two hole configurations in Table V
by the degeneracy and the atomic occupation number
these two holes. Table VI shows that the only chlori
atomic orbital with an atomic occupation number smal
than two is the 3pz orbital.

This is due to a fundamental property of chemical bon
For the case of the HCl molecule we may explain this for
bonding orbital (wb)

wb5c3pz ,bx3pz
1c1s,bx1s , ~13!

where the indices 3pz and 1s stand for the chlorine 3pz and
hydrogen 1s orbitals, respectively. Thex ’s represent the
normalized atomic orbitals as introduced in Eq.~8!. ~A de-
tailed analysis shows that the chlorine 3s orbital is fully
occupied and has a net nonbonding effect. Therefore and
the sake of simplicity, we do not consider the chlorines
orbital in the discussion of the chemical bond.! The electron
density wb

2 of one electron in this orbital is distributed o
three terms as

~14!

According to the ideas of Mullikens population analysis, t
first two terms on the right-hand side of this equation des
nate the electron net AO population of the chlorine 3pz and

c-
s
-

TABLE V. Calculated and experimental partial Auger decay rates from the 2p3/2
21(2P3/2), 2p3/2

21(2S1/2
1 ),

and 2p1/2
21(2P1/2) core-ionized states to the (5s2p)22 final states of HCl. The two rightmost column

contain calculated intensities by Kvalheim@4# and Chelkowska and Larkins@5#. The intensities are normal
ized with respect to the the 2p1/2(

2P1/2) – 2p22(3S2) line.

Term Configuration

Experiment Ref.@18# Present calculations Previous calculations

2P3/2
2S1/2

1 2P1/2
2P3/2

2S1/2
1 2P1/2 Ref. @4# Ref. @5#

3S2 2p22 1.60 0.80 1.00 1.59 0.59 1.00 1.00 1.00
1D 2p22 1.90 1.00 1.40 1.58 0.63 1.02 1.41 1.02
1S1 2p22 0.70 0.85 0.34 0.55 0.70 0.64
3P 5s212p21 1.15 1.71 1.47 1.98 1.08
1P 5s212p21 0.63 0.88 0.77 1.39 0.56
1S1 5s22 0.04 0.57 0.35 0.78 0.18
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hydrogen 1s orbitals, respectively. The last term is inte
preted as the overlap population between the 3pz and 1s
orbitals, which is the part of the electron density that is co
tributing to the chemical bond. It includes the overlap b
tween the chlorine 3pz and the hydrogen 1s orbitals (S
'0.5—atypical value for bound atomic orbitals! which is
by far not negligible. According to the ideas of the on
center approximation only the net AO population of the ch
rine 3pz orbital contributes to the Auger transition rat
@compare Eq. ~9!#. Therefore, molecular Auger-electro
spectra can be considered to monitor either the net ato
populations~in the case of the HCl moleculec3pz ,b

2 ) or the

equivalent property

c3pz ,b
2 512c1s,b

2 22c3pz ,bc1s,bS, ~15!

which is connected to the net charge carried by the b
partner—a property that can be estimated from the electro
gativity of the involved atoms—and the bond strength—
highly demanding property.

The total Auger transition rate (G) is correctly evaluated
by summing the partial transition rate in Eq.~4! over all final

TABLE VI. Auger transition rates (Gm) for a hypothetical 2pz
21

state of the argon atom into final-state configurations with two ho
in the Cartesian 3s and 3p orbitals. The atomic diagram states th
correspond to the two-hole configurations are also indica
Symmetry equivalent configurations@e.g., (3px

21 3pz
21) and

(3py
21 3pz

21)] are shown only once. Their number is given in co
umn ‘‘weight.’’ The spin multiplicity of the final-state configuratio
is indicated as upper index.

Final-state
configuration

Corresponding
diagram state Weight Gm/1023 a.u.

(3px
21 3py

21)3 3P 1
(3px

21 3pz
21)3 3P 2 1.00

(3px
21 3py

21)1 1D 1 0.02
(3px

21 3pz
21)1 1D 2 0.49

(3px
22)1 1D and 1S 2 0.02

(3pz
22)1 1D and 1S 1 1.11

(3px
21 3s21)3 3P 2 0.00

(3pz
21 3s21)3 3P 1 0.64

(3px
21 3s21)1 1P 2 0.00

(3pz
21 3s21)1 1P 1 0.66

(3s22)1 1S 1 0.07
All configs. 5.52 ~100%!

Two holes in 3pz 1.11 ~20%!

One hole in 3pz 4.30 ~78%!

No hole in 3pz 0.14 ~2%!

TABLE VII. Atomic orbital expansion factors and atomic occu
pation numbers of the valence orbitals of HCl.

Atomic orbital 4s 5s 2p nocc

Cl 3s 0.94470 0.33156 0.00000 2.00
Cl 3px,y 0.00000 0.00000 1.00000 2.00
Cl 3pz 20.13164 0.81292 0.00000 1.36
H 1s 0.08599 20.29112 0.00000 0.18
-
-

-
-

ic

d
e-

states. An approximation to this can be obtained as in
work of Gel’mukhanovet al. @17#. For a HCl 2p21 state
with the 2p core-hole densitiesDx , Dy , andDz , a 3s, 3px ,
and 3py atomic occupation number of 2 and the atomic o
cupation number of the 3pz orbital (2n) Table VI and the
conditionsDx5Dy andDx1Dy1Dz51 give

G/~a.u.!50.02n211.52n14.00

1Dz~1.09n212.78n23.84!. ~16!

This equation shows that the total transition rate depe
substantially on the valuen. This number may not be opti
mally determined by the current frozen core approach t
uses molecular orbitals optimized for the HCl21 dication
with two holes averaged over all valence MOs. The m
reasonable orbitals are those of the core-ionized HCl(2p21)
state. Furthermore, one may argue that the effective occ
tion number of the atomic orbitals may be changed by c
relation effects and in particular by the admixture of config
rations that contain the antibonding 6s* orbital.

Therefore, we investigated how atomic population nu
bers change if they are determined from different wave fu
tions. In Table VIII we present effective occupation numbe
of the chlorine and hydrogen atomic orbitals calculated fr
different wave functions of the HCl molecule. The 2p21

core-ionized state is represented by two different wave fu
tions that were both optimized for an average of the threep
core-ionized states: A restricted open shell Hartree-F
~single configuration! wave function and a CASSCF wav
function, which included in the active space the 2p orbitals,
the valence orbitals, and the antibonding 6s* orbital. For
comparison Table VIII also contains the atomic occupat
numbers of the neutral HCl ground state described b
closed shell Hartree-Fock wave function. Furthermore, t
table also includes the total decay rates of the three c
ionized 2p21 states resulting from Eq.~16! andDz50.63.

s

d.

TABLE VIII. Distribution of the HCl valence orbital electron
density depending on the description of the electronic wave fu
tion. The atomic net population numbersnocc of the chlorine and the
hydrogen orbitals and the overlap population density~OPD! are
presented as well as the total Auger transition ratesG in 1023 a.u.
for the three core-ionized states that result from Eq.~16!.

HCl21 a HCl (2p21) b HCl (2p21) c HCl~X! d

nocc Cl(3s) 2.00 2.02 2.03 1.94
nocc Cl(3px,y) 2.00 2.00 2.00 2.00
nocc Cl(3pz) 1.36 1.39 1.37 1.06
nocc H(1s) 0.18 0.17 0.23 0.40
OPD 0.46 0.42 0.37 0.60
G(2P3/2) 5.04 5.07 5.05 4.81
G(2S1/2

1 ) 4.17 4.23 4.19 3.55
G(2P1/2) 4.53 4.58 4.55 4.07

aCASSCF wave function optimized for an average of t
(5s2p)22 two-hole diagram configurations.
bSCF wave function optimized for the 2px or 2pz core-hole states.
cCASSCF wave function obtained with the chlorine 3s, 1p, 4s,
5s, 2p, and 6s orbitals in the active space optimized for an ave
age of the 2p21 states.
dSCF wave function of the neutral HCl ground state.
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All atomic population numbers show that the chlorine 3s,
3px , and 3py orbitals are essentially doubly filled and, ther
fore, do not contribute to the chemical bond. For some w
functions the atomic occupation numbers of the chlorines
become larger than two, which is an artifact of the method
determination. The atomic net population of the 3pz orbital
is essentially the same for the core-hole and final-state o
als. It is substantially smaller for the ground-state orbit
where a larger part of the electron density is located on
hydrogen atom and in the overlap population density. The
fore, the ground-state orbitals seem to overestimate the e
of the differences between the total Auger transition rates
the 2p21 state, predicting them for the 2p3/2 states 18%
larger and smaller than for the 2p1/2 state. The two-hole
wave function and the wave functions of the core-ioniz
states give consistently 10%. Therefore, ground-state w
functions seem to be not a good choice for the descriptio
these effects.

Note that the transition rates to the final states in Table
may not be directly used for the calculation of partial tran
tion rates to one single final state. In such a case gene
configuration mixing and therefore constructive or destr
tive interference of the Auger decay channels has to be c
sidered. Nevertheless, the data in Table VI can be used
quantitative tool for the interpretation of partial transitio
rates. This explains, e.g., the small transition rate for
decay of the2S1/2

1 into the first three 2p22 final states of the
HCl molecule. Here the core hole state with preferentiallz
orientation wants to decay by taking at least one electron
of the 3pz orbital, which is not possible for the 2p22 final
states.

We should state that the information about net charge
chemical bonds is included in all Auger electron spectra. T
important difference to the more frequently consideredKVV
spectra is that due to the orientation of the core holes in
molecular field split intermediate states and the strong or
tational dependence of the Auger transition probability, th
effects of the molecular bond appear here much more
nounced as an effect within one single Auger-electron sp
trum.

Interestingly, all orbital sets predict that the electron de
sity ‘‘missing’’ in the 3pz orbital is predominantly moving
into the overlap population density and not into the net po
lation of the hydrogen 1s orbital. The relative effect of the
charge transfer and the bonding nature in decreasing
chlorine 3pz net occupation number of the bonding orbital
between 1:2.6 and 1:1.5 depending on the way the w
functions are determined. So this reduction is essentially
to the chemical bond or saying this in terms of the form
discussion due to the overlap of the chlorine 3pz and hydro-
gen 1s orbitals.

We should remark that the current findings are based
the validity of the one-center approximation and on the
sumption that the molecular orbitals can be well represen
by a single zeta atomic orbital basis. If these approximati
do not hold, e.g., if the atomic orbitals are distorted due
the molecular environment such that the Auger transit
integrals change significantly, then conclusions given ab
may become invalid.
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VIII. SUMMARY AND CONCLUSIONS

We have outlined a theoretical approach for the accu
calculation of molecularL2,3VV Auger-electron spectra. Us
ing well-established knowledge about the importance of c
relation satellite configurations in the final states of arg
we have shown that this molecular approach is capable
reproduce the normal Auger-electron spectra of argon
HCl. The largest deficiencies of both theoretical spectra
of all recent theoretical studies of the argonL2,3MM Auger-
electron spectrum are too high intensities for the transiti
into the lowest triplet states. Thus, the largest error of
theoretical spectrum was due to the atomic input data and
due to any approximations that are necessary for molecu
We regard this as an important indication for the reliabil
for the ‘‘one-center approximation’’ which was used here f
the calculation of the transition rates.

For the realistic calculation of the spectrum it was impo
tant to choose orbitals that give a good representation of
final states within the restricted CI space. We gave a sim
and straightforward recipe for their determination for t
present case where strong mixing with correlating confi
rations plays an important role for the spectrum. In the c
of the argonL2,3MM Auger-electron spectrum we employe
the MCCEPA approach to calculate relative final-state en
gies for essentially all states that appear in the spectrum.
the complete spectrum average deviations from experime
data were on the order of 0.2 eV. This accuracy, which
generally not reached with atomic calculations of Aug
electron spectra, demonstrates the importance of the in
sion of dynamic electron correlation effects if accurate en
gies are required.

For HCl the calculations predict rather different total a
partial transition rates for the molecular field and spin-or
split intermediate states. These are explained by the pa
orientation of the core holes in the intermediate states, str
differences in the net atomic populations of the valence
bitals due to the chemical bond, and the clear orientatio
preference of theL2,3VV Auger decay for generating valenc
p holes with the same orientation as the core hole. The an
sis showed that the effect of the chemical bond is predo
nantly due to the overlap of the atomic orbitals at the bou
atoms. We regard it as particularly important to investig
this finding in some more detail, as this would clarify th
effect of chemical bonds on Auger transition rates and on
electronic structure of molecules.

Unfortunately, the rather strong effects of the molecu
field splitting on molecular Auger-electron spectra are alm
completely hidden in experimental data. This is due to
generally small size of the molecular field splitting as co
pared to the Lorentzian broadening of the core-ionized sta
Further, experimentally it was not, so far, possible to se
strong dependence of the core-hole lifetime on its orien
tion. We hope that this will be possible in photoelectr
spectra of other compounds or in near edge x-ray-absorp
fine-structure spectra. Similarly, the strong dependence
the intensity distribution in the HCl Auger-electron spec
on the core-hole orientation cannot be rigorously checked
an experiment. A possible way to see this could be to m
use of the Auger resonant Raman effect, which allows on
overcome the Lorentzian linewidth broadening in the Aug
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electron spectra. Our future work will be devoted to a be
understanding of these spectra, which could further check
present theoretical findings.
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mäki, and S. Aksela, Synch. Rad. News7, 25 ~1994!.

@26# S. Svensson, J. O. Forsell, H. Siegbahn, A. Ausmees, G. B
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