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A Stieltjes imaging method for the calculation of molecular Auger transition rates within
Wentzel's ansatz is devised and numerically applied to the Auger emission spectrum of water vapor.
Continuum orbitals are solved in the anisotropic field of the doubly ionized molecule using an ex-
tended set of I. integrable basis functions. The effects on the Auger rates of nonorthogonality be-

tween the bound orbitals (electronic relaxation) as well as of hole mixing due to the interaction of the
residual final states are numerically evaluated and discussed. Comparisons are made with a previ-
ously devised atomic decomposition scheme and with experiment. The summation of Auger channel
rates gives a value of 0.15 eV for the lifetime broadening of the core-hole state of water.

I. INTRODUCTION

The theory of the Auger effect has lately been much ad-
vanced and is now put in the framework of multichannel
resonance scattering. ' The implementation of Auger
theory for molecular many-electron systems has, however,
exclusively been confined to Wentzel's ansatz. This an-
satz is obtained from Fermi's golden rule in the limit of
zero frequency of the external field, with the Auger decay
approximated as a two-step process in which interaction
with photoelectrons or other collisional products is
neglected. A derivation of Wentzel's ansatz for wave
functions built on mutually nonorthogonal sets of orbitals
and with interacting continuum channels was given by
Howat, Aberg, and Goscinski and extended to initial-
and final-state many-particle wave functions by Manne
and Agren, who, however, retained a single-channel
description for the outgoing electron. Other methods
within the framework of Wentzel's ansatz are the many-
body perturbation method of Kelly, and the two-particle
Green's-functions method of Liegener.

While the calculation of transition energies can be ob-
tained with high accuracy with computer codes for bound
eigenstates, molecular Auger intensities have been carried
out with several simplifying assumptions. The common
way to proceed has been to assume a single-particle ap-
proximation for the initial state and to have the Auger in-
tensities guided by the convolution of expansion coeffi-
cients for the main hole-configuration functions in the
final-state wave functions (generalized Auger overlap am-
plitudes or pole strengths of the particle-particle Green's
functions ) with atomically decomposed transition mo-
ments. For covalent, electron-rich molecules, the
molecular orbital picture is known to break down for the
description of the final two-hole states of the Auger tran-
sitions. ' This leads to a rather complex intensity analysis

with considerations of intensity-borrowing and interfer-
ence effects. The main bottleneck lies, however, in the
definition of the atomic decomposition of transition rates
which, being based on population analysis, only can pro-
vide semiquantitative accuracy. Calculations of Auger
moments from continuum orbitals expanded as spherical
waves in one-center expanded potentials have been carried
out by Faegri and Kelly for HF (Ref. 11) and by Hihashi,
Hiroike, and Nakajima for CH4 (Ref. 12). Except for
these two investigations no attempts to go beyond the sim-
ple decomposition scheme have been made, and its limita-
tion has never been fully explored.

Auger rate calcolations using Wentzel's ansatz, even in
the form for frozen-orbital and one-particle wave func-
tions, are difficult to carry out for molecules. As for
theoretical calculations describing other molecular
bound-continuum transitions this is because of the
description of the final state. The many-electron continu-
um ip generally approximated by an antisymmetrized
product of a fixed target function for the molecular ion
and a continuum orbital for the outgoing electron. ' The
calculation of an accurate molecular continuum orbital is
complicated by the anisotropy of the ionic field, and is
generally carried out by computational techniques that
essentially can be divided into scattered-wave and L tech-
niques. ' In L methods the continuum orbital is project-
ed on an integrable-functions basis set and a complete ab
initio approach is used. The main advantage with these
more rigorous methods is that they allow for varying lev-
els of approximation in the calculations that, besides, can
be carried out by well-established computer codes already
developed to treat bound-state problems. Among the oth-
er L methods suggested in the last few years, the so-
called Stieltjes imaging procedure' ' received the largest
attention and has been applied quite extensively to the cal-
culation of molecular photoionization cross sections. "
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Present continuum-orbital calculations are performed in
the static-exchange' approximation for the doubly
charged ionic field and neglecting the coupling with the
rotational and vibrational motions. Bound electronic
eigenfunctions of the single and doubly ionized ions, at
the ground-state equilibrium geometry, are described as
single Slater determinants by using a large basis set of
Slater functions [Slater-type orbitals (STO's)] centered on
the 0 nucleus. Each of the several double-hole final states
is considered to identify an independent channel and cor-
respondingly a single-particle Hamiltonian for the contin-
uum orbitals. In order to get a discretized representation
of the continuous spectrum of this Hamiltonian, a large
number of special oscillating functions, already intro-
duced by one of us, ' is added to standard Slater func-
tions. The correct normalization per unit energy range of
the continuum orbitals is obtained by a proposed Stieltjes
imaging procedure. A better description of the initial and
final states can be obtained by the inclusion of electronic
relaxation. This gives rise to nonorthogonality problems
that in the present paper have been carefully investigated
for a few of the most important channels.

The essential details of the method are presented in Sec.
II. In Sec. III we describe the computational procedure
for generating the discrete representation of the continu-
um functions. In Sec. IV we present and discuss results
for partial-wave and mixed-wave approximations and for
generalization to bound-state wave functions which intrin-
sically contain relaxation (nonorthogonality) and config-
uration-interaction effects. Results are compared with the
previously employed atomic decomposition scheme and
with the experimental spectrum, and in Sec. IV C a value
for the lifetime broadening of the core-hole state is de-
rived.

II. METHOD

To give a formal justification for the proposed Stieltjes
imaging method of Auger rates, we recall that the lowest-
order contribution to the correlation energy of an inner-
shell hole (h) can be written as (see Kelly ' )
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(x &y)
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A direct comparison with the polarizability expression,

(2)
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Differently from the photoionization process, where we
are interested in the imaginary part of the polarizability
on a continuous range for the photon energy, we are, for
the Auger process, interested just in one value of the func-
tion Zh„y(K) corresponding to the resonance energy of the
considered channel. The Auger decay rate can be written
as
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According to the analogies mentioned above the numeri-
cal procedure to implement the Stieltjes imaging of the
discretized spectrum is the same described in details in
previous papers. ' '

Using the static-exchange independent-channel approxi-
mation, more extensively described in previous papers, ' '
the initial state was approximated by the relaxed 1s-hole
self-consistent-field (SCF) wave function

l
'p(, & and the

continuum doublet final states by coupling a double-hole
(indices x and y) singlet oq triplet projected combination
of determinants, built from the neutral ground-state orbi-
tals, to a continuum orbital (index e) that is variationally
determined in the ionic field,

df (~) disc

dE
= g f;&(~—s;)+g(s),

which generally is assumed to be the formal justification'
for the application of the Stieltjes imaging technique to
the calculation of photoionization cross sections, shows
that the integral in Eq. (2) is a Stieltjes integral with K
and

l (xy
l

v(K)h & l
taking the places that in the polari-

zability expression are those of the energy (s;) and of the
oscillator strength df (r.)Id' distribution, respectively. A
discrete "spectrum" IK, l (xyllvh & l I, obtained, for in-
stance, in the way described below from I. integrable or-
bitals, thus forms a basis for a Stieltjes construction of a
"K-normalized" continuous function,

where the two final-state hole, the initial core holes, and
the excited orbital are denoted by x, y, h, and v, respec-
tively. The excited orbital energy takes discrete E and
continuous (E) values; the continuum orbital v(E) is con-
sidered to be normalized per unit energy interval. The
Auger effect occurs for the singularities E =c.„+Ey—E&

of the various functions EI',zy and the Auger decay rates
are given by the residues of these singularities. ' The in-
tegral over the continuum-orbital energy E can be written
in the following way considering the continuum orbital v
normalized per unit K interval [this normalization differs
by a factor of &(2/vr) from that adopted by Kelly ' ]:

I waxy~ &
= ~ [a ~ ax ay —a ~ ax ay I l OGs & ~

, ay a„+a, ay&ax +a, ay ax&I l PG~ &.

Here S and T refer to the singlet and triplet parent ionic
states. From the four valence orbitals of H2O, 2a &, 3a ~,

1b2, and 1b], 16 different double-hole ion final states can
be obtained, corresponding to 16 Auger decay channels.
The final-state frozen orbitals, obtained by an SCF calcu-
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lation for the neutral molecular ground state, were used to
build, for each channel, the outgoing electron Hamiltoni-
an having the following expressions:

+(J +J —I/2K„—1/2K@)(1—5 y) (8a)

for double-hole singlet coupling (S) or

+(J„+J, +1/2K„+1/2E, ) (8b)

EN —2 (9)

with the continuum final state normalized per unit energy
range. The use of different sets of bound orbitals in the
initia1 and final states gives rise to a nonorthogonality
problem in the application of Eq. (9). Computed over-
laps between different orbitals are less than 0.01 and, as
verified for a few channels (see Sec. IVB), the expression
(9) can in a first approximation be reduced to the standard
Wentzel expressions,
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and the subscripts i and f indicate the initial- and final-
state spatial orbital sets, respectively.

Using the L integrable continuum orbitals obtained by
the previously described computational procedure the
quantities in Eq. (10) can be calculated for a discrete set of
outgoing electron energies c; in place of ca. In order to
evaluate the continuum normalization we applied the
above-described Stieltjes imaging technique to the spec-
trum [IC;,I; J, where IC; =Q(2e;) and I; is given by one
of the expressions in Eq. ( 10) depending on the channel
considered. By this procedure, the continuous function
Z (IC) and hence the Auger rate are obtained, cf. Eq. (5).

for double-hole triplet coupling ( T). Here T, V, J, and E
denote the kinetic energy, nuclear attraction, Coulomb,
and exchange operators, respectively. A discretized repre-
sentation of the continuum was then obtained by solving
the one-electron eigenvalue problem with the additional
constraint of orthogonality between bound and continuum
orbitals after projection on a finite basis set of L func-
tions. Using the previously described approximations for
the initial and final states, the partial Auger rate corre-
sponding to the channel x,y (S or T) can be expressed as

I"„y ——2m
f (P„y, f

H E
f @P ') f—

III. COMPUTATIONAL

The SCF calculations for the ground state and the 1s
hole have been carried out using a one-center basis set of
37 STO's obtaining total energies of relatively —75.9703
and —56.1736 hartree; STO's with high values of i (up to
6) and m (up to 4) were included in order to get an ade-
quate description of the occupied orbitals close to the hy-
drogen nuclei. The static-exchange one-particle Hamil-
tonians, Eqs. (8a) and (8b), were diagonalized by project-
ing the continuum orbitals on a large basis set including
the STO's localized in the molecular region plus radial os-
cillating functions having the following expression:

X„i (g,K, r, 8,@)=A„(g,K)r" 'e ~'cos(Kr) Yi (O, y) .

(12)

It has already been verified' that these particular
functions, which in the one-center expansion yield easily
computable expressions for the one- and two-electron in-
tegrals, are quite adequate to fit the continuum orbita1s.
In particular, the presence of the parameter E in (12) al-
lows us to obtain the desired density of eigenvalues in the
energy region of interest, which in the Auger process gen-
erally corresponds to hundreds of electron volts. This is
hardly possible for the commonly used Slater or Gaussian
basis sets. In spite of the large extension of the basis set,
the redundancy problem is easily avoided because of the
particularities of the oscillating functions. The basis sets
employed in the present calculation contained some 75
members for each ( I, m) partial-wave space (see Sec.
IVA). The value of the parameter IC in the oscillating
functions ranged from 0 to 8 a.u. and was chosen particu-
larly dense in the Auger resonance region (5K=0.05 a.u. ).
Tests, carried out to verify the stability of the results with
respect to variations of this basis set, showed negligible
variations of the final rates ( & 5%). The Stieltjes imaging
was performed for each discretized spectrum [ X;,I; j us-
ing a variable number of spectral moments ranging from
14 to 30 and then fitting the K-normalized imaged values
by a low-order polynomial according to a well-established
procedure' ' in order to get the continuous function
Z(K). Small values of the least-square deviation were in
general obtained, showing that the interpolated value of
the imaged I at the resonance K value was practically in-
dependent of the number of spectral moments considered.

We have also performed multiconfiguration SCF
(MCSCF) and large scale configuration-interaction (CI)
calculations in order to obtain transition energies with
high accuracy and to obtain the mixing coefficients of the
Auger rates due to final-state discrete interactions
(discrete state coupling of the channels, see Sec. IV). The
contracted CI program of Siegbahn and the MCSCF
program of Jensen and Agren were used in these calcula-
tions. An extended Gaussian basis set including a polari-
zation d function was used (identical to the basis set used
in Refs. 25 and 26). The core hole and valence double
hole states have a compact character and are therefore
known to be well described by such a basis. ' The ob-
tained SCF ground-state energy agreed within 0.1 a.u. and
the ls ASCF (separate-state SCF) ionization potential
within 0.5 eV with the corresponding quantities computed
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Channel

3 2

lb)
1b

Partial
wave

(2,o)
(2,2)
(2,2)

346
382
218

B

369
385
234

363
375
222

TABLE I. Calc'ulations of Auger rates including relaxation
(10 a.u. ). A: Frozen final-state bound orbitals. No overlap
correction. 8: Relaxed final-state bound orbitals. No overlap
correction. C: Relaxed final-state bound orbitals. With overlap
correction.

waves) of different channels have the same (positive) sign
close to the origin, the relative sign of the Auger moments
of different channels was fixed (they are given in
parenthesis in Table III). Imposing the same phase for
the bound orbitals used in the CI calculations (expanded
with Cmussian functions) as for the bound orbitals em-
ployed in the Auger moment calculation (expanded in
Slater functions), the correct phase relation between ri, z
and c ~ could then be established. The main CI coeffi-
cients are listed in Table II.

IV. RESULTS AND DISCUSSION

by the one-center expanded Slater basis described above.
Computations were carried out for all 16 discrete chan-
nels, except for the high-lying 2a i state, due to the ex-
tended nature of the CI wave function (50& 10 configura-
tions). This state was addressed in a previous limited
"semi-internal" CI (Ref. 26) using an identical basis set
(see Table III). The Auger transition energies, reported in
Tables I and II. Figs. 1, 2, and 3 are obtained from differ-
ences between calculated total energies for ground and the
various final states, and normalized to the experimental
core-ionization potential of 539.93 eV. In this way the
relativistic error from the removal of a core electron is
avoided.

The inclusion of several main configuration states in
the final-state wave function poses a phase problem for
the Auger intensities. In order to obtain the hole-mixing
rates in the independent partial-wave approximation a
phase relation between the various Auger moments ~~ ~
and the expansion coefficients [generalized Auger overlap
amplitudes (GAOA's)] c„~ for the configuration-state
functions of the final state must, be established [see defini-
tions in Sec. IV, especially Eq. (16)]. The sign of rh ~ de-
pends on the phase of the bound and of the continuum or-
bitals. By requiring that the continuum orbitals (partial

A. Partial and mixed wave rates

Considering that the continuum orbitals can be ex-
pressed as linear combinations of spherical harmonics,

gE(r, B,&p) = g cE PE (r, B,g)
l, m

= gc~™fg(r)Yi (B,g)
l, m

the discretized spectrum IX;,I;I for each independent
channel was obtained at two different levels of approxi-
mation: neglecting or not the coupling among different
partial waves P~™due to the anisotropy of the molecular
ionic field. The results of the first kind of calculations are
reported in Table III where in the first column the 16
channels corresponding to the different double-hole final
states are specified. The following columns display the
contributions to the Auger decay rates of the different
channels from several partial waves, each identified by an
(1,m) value. Total partial rates, obtained as summation of
the several partial-waves contributions, are presented in
the next to last column, while the results obtained by con-
sidering explicitly the coupling among different partial

TABLE II. Auger transition energies (eV) and wave functions of final double-hole states of H20 obtained from open-shell restrict-
ed Hartree-Fock (OSRHF) and multireference configuration-interaction (CI) calculations. CI energies obtained from orbitals which
are MCSCF optimized over the reference space. The final-state CI wave functions displayed use ground-state Hartree-Fock orbitals.
OSRHF energies from Ref. 25.

Channel
Energies (eV)

OSRHF CI Wave function of final state (CI)

2a
2a(3al
2a)3a]
2a)1b2,
2a) 1 b2
2a) lb)
2a)1b)
3 2

3a) 1b2
3ai 1b2
3a, lb,
3a)lb)
lb
1bplb)
1 b21 b)
lb)

S
S

S
T
S
T
S
S
T
S
T
S
S
T
S

451.45
473.46
480.66
467.26
478.83
474.02
482. 14
496.40
493.79
496.35
499.57
502.62
488.32
495.72
497.74
500.77

458.31
. 472.06
483.48
467.57
476.57
475.66
482.14
494.55
492.14
494.42
497.96
500.67
487.39
494.42
496.37
499.39

~ 0.77 (2'a i )'
0.077(1b ~ )+0.034(3a l )+0.051( lb' )+0.877(2a~3a~ )+0.053(2a ~ )

0.969(2a ) 3a l )

0.899(2a & 1b2)—0.038(3a
& lb& )

0.877(2a ) 1b2) —0. 100(3a ) 1b'g }
0.896(2a ~ 1b

& ) —0.013(3a&
lb

& )

0.897(2a ~ lb ~ ) —0.083(3a l lb ~ )
—0.183(1b g )+0.898(3a g )+0.135( lb 2 )+0.082(2a g3ag )+0.078(2a g )

0.980(3a ) 1b2 )

0.980(3a i lb2)
0.960(3a I lb& )

0.960(3a &lb& )
—0.050(1b

& ) —0. 108(3a & ) —0.926( lb 2 )+0.125(2a
& }

0.956(1b
& lb2 )

0.954(1 bl 1 b2)
0.895{1b ~ ) —0.205(3a

& ) —0.039( lb 2 ) —0.053(2a ~ )

'The 2a ~ state from semi-internal CI calculation in Ref. 8.
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AUGER SPECTRUM QF MATER: HOLE-MIXING CALCULATIONS

{1bP3gl)'B 3a, lb, &'g,

(2a, 2a&)
{2a)3&)jA

{2a,)bp)'~,

{30&3al)

I I I
i

I 1 I I
J

t I I l
[

I I l
i

I I I

4SO 460 470 480 490
KINETIC ENERGY 6 ~V)

I I l I t
BOO

FIG. 3. Auger spectrum of water molecule. Hole-mixing intensity calculations.

waves are collected in the last column. Values of l and m
higher than those reported in Table III have been con-
sidered, however, they were found to give negligible con-
tributions and are not presented for brevity.

It is clear from Table III that the total channel rates are
rather insensitive to the coupling of the partial waves.

For transitions pertaining to non-totally-symmetric states
this is merely because one partial channel is dominating.
Transitions to the 3& states have significant contribu-
tions from two or three partial channels, which, however,
are largely additive. This might find an explanation in
that the energy of the Auger electron is very high and in

TABLE III. Partial-wave contributions (1,m) and total Auger decay rates from partial- and mixed-wave calculations for H20
{10 a.u. ). Signs in parentheses refer to phases of the corresponding partial-wave Auger moments. (The rate is proportional to the
square of the moment. )

Partial-wave Mixed
Channel {0,0) (1,0) (2,—2) (2,—1) (2,0) (2 1) (2 2) sum wave

2ai S
2a)3a) S
2a~3a& T
2a& 1b2 S
2a) lb2 T
2a~lb~ S
2a) lb) T
3a S
3allb2 S
3a( 1b2 T
3a(lb) S
3a ~lb~ T
lb2 S
1b2lb) S
1b21b) T
lb S

Total

(+ )581
( —) 147

0

( —)53

( —)66

( —) 108

( —)305
(+ )146

(+ )21
( —)9

( —)17
{—)322
(+ )177

(+ )47

( —)400
(+ )195

(+ )29
( —)12

(+ )583
0

(+ )14

(+ )559
0

0
(+ )17

0

(+ )346

( —)74

( —)119

{+)16
0

(+ )614
0

( —)218

(+ )382

598
486
177
319
146
416
195
446
580

9
643

12
358
583

0
609

5577

593
467
177
318
141
414
197
440
569

9
624

12
358
583

0
618

5520
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that the anisotropy of the doubly ionized water molecule
is relatively small.

Bar spectra representing the results for the partial-wave
and mixed-wave calculations are shown in Figs. 1, and 2,
respectively, along with the experimental spectrum. In
Table IV are the intensities compared with those given by
the atomic decomposition scheme. The atomically
decomposed values are obtained by weighting atomic radi-
al integrals with relevant linear combination of atomic or-
bital (I.CAO) expansion coefficients for the two valence
orbitals that participate in the transition. Two-center
cross contributions are then neglected. There is an agree-
ment on the qualitative level between these intensities and
the present Stieltjes imaging results. This might be ex-
plained by the fact that most of the charge density in wa-
ter is moved to the oxygen atom. The disagreements be-
tween the two sets of values are largest for transitions per-
taining to triplet states and for transitions in the low-
kinetic-energy end of the spectrum. Triplets generally re-
ceive higher intensities in the present calculations, but are
still weaker than the corresponding singlets due to the
phases of Coulomb and exchange integrals involving the
continuum orbital, see Eq. (10). The present partial- or
mixed-wave calculations allocate too much intensity in
the low-kinetic-energy end which is associated with the
strong many-body effects which operate in this region, see
discussion in the next paragraph.

B. Role of relaxation and configuration mixing

In this section we discuss the contributions of relaxa-
tion and final-state configuration mixing on the Auger
rates. We start out from the expression recently derived
in Ref. 4 for the Auger transition moments between
initial- and final-state many-particle (CI) wave functions
built on sets of mutually nonorthogonal orbitals

+ —,
' g ((vh ixy) —(vh iyx))

h, x,y

(14)

although the full expression has not been implemented
computationally. The notations are here the same as in
Sec. II; H& denotes the one-electron Hamiltonian. The
formulation in Eq. (14) assumes a single-channel strong
orthogonal continuum function for the Auger electron
and thus neglects continuum interaction between the
channels.

For uncorrelated wave functions Eq. (14) reduces to the
one already given by Howat, Aberg, and Goscinski for
unrestricted spin-orbitals and to the expressions given in
Appendix A in the spin-restricted case. Using, on the
other hand, orthogonal orbitals but retaining many-
particle (CI) wave functions throughout, Eq. (14) reduces
to

1

~fi 2 ~ +hxy+hxy
h, x,y

where ~h y and Xhxy denote the Auger transition moment
and the generalized Auger overlap amplitude (GAOA),
respectively. Approximating furthermore the initial state
with a single Slater determinant the intensity (squared
transition amplitude) reduces to

Ifi l +fi l

~ g &hxycxy
x,y

where c„~ are the expansion coefficients of the (x,y) con-
figuration functions in the final state. These coefficients
(equal to the pole strength of the particle-particle Green's
function ) give the weights of the specific independent
channels to the interacting channel rates. Results from

TABLE IV. Intensities of Auger transitions in the water molecule. Comparison between results
from atomic decomposition (Ref. 7), mixed-wave, and hole-mixing calculations.

Channel

Atomic
decomposition

(arb. units)
Mixed wave

(10 a.u. ) (arb. units)
Hole mixing

(10 a.u. ) (arb. units)

2a S
2ai3ai S
2ai3ai T
2ailb2 S
2al 1 b2 T
2ai lb' S
2al 1 bj T
3a S
3a, lb, S
3al 1 b2 T
3ai lb' S
3al 1 bl T
lb2 S
1 b21 bi S
1b21 b) T
lb' S

48
48
11
32

8
55
14
71
58

1

99
2

34
74
0

100

593
467
177
318
141
414
197
440
569

9
624

12
358
553

0
618

96
76
29
51
23
67
32
71
92

1

101
2

58
89
0

100

354
374
166
258
119
335
164
393
557

9
593

11
345
533

0
579

61
65
29
45
21
58
28
68
96

2
102

2
60
92
0

100
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the implementation of Eqs. (16) and (A2) are discussed
below.

TABLE V. Molecular orbital overlap matrix between
ground- and core-hole state optimized orbitals.

1. Relaxation 1Q) 3Q) 1b2 1bi

Auger rates computed by Wentzel's ansatz may show a
marked dependence on the orbital basis set used for the
initial and final states. For neon Howat, Aberg, and G-os-
cinski found a variation in the order of 10% of the
Auger rates, depending on whether relaxed (mutually
nonorthogonal) orbital basis sets were used or not. In or-
der to test this effect for the water spectrum we computed
the Auger rates corresponding to channel 3a& [partial
wave (2,0)], channel 1b2 [partial wave (2,2)], and chan-
nel lb& [partial wave (2,2)], using final-state relaxed
bound orbitals, obtained by double-hole SCF calculations.
The results are collected in column 8 of Table I, while in
column A the same quantities obtained by using neutral
ground-state bound orbitals for the final states are report-
ed for comparison. As already mentioned, the Auger rate
expressions in Eq. (10) must be considered to be a first-
order approximation to (9). A more correct expansion, re-
taining the lowest-order contributions deriving from the
nondiagonal orbital overlap, is Eq. (A2) in Appendix A.
This expression was computed exactly for the three test
calculations mentioned above; the results are collected in
the last coluinn of Table I. The largest effect is that due
to electronic relaxation. However, the percent variation of
the Auger rate is relatively small, less than + 8% for the
three considered channels, and is partially compensated
for by the variation due to the inclusion of nondiagonal
overlap elements that are negative. The increase of the
Auger rates by using final-states relaxed orbitals is clearly
explainable. Because electronic relaxation due to holes in
the valence shell of H2O does not change the bound orbi-
tals in a marked way, the effect on the one-electron Ham-
iltonian in Eqs. (7) and (8), and therefore on the continu-
um orbital, is negligible. More important is the contrac-
tion of the 1s orbital, which, even if very small, can in-
crease the value of the two-electron integrals in Eq. (10)
significantly. On the other hand, the direct overlap factor

la)
2Q)
3Q)
1b2
1bi

0.999
0.008

—0.002
0.0
0.0

—0.006
0.993
0.007
0.0
0.0

0.002
—0.013

0.980
0.0
0.0

0.0
0.0
0.0
0.982
0.0

0.0
0.0
0.0
0.0
0.980

(v
~

v') between core-hole and valence two-hole optimized
orbitals has the opposite effect of reducing the channel
rates. The effect is small for water and probably for other
"atomiclike" systems, due to nearly unit overlap matrices
(cf. Table V). For general molecules with more easily po-
larizable bonds such as for unsaturated systems, this over-
lap effect becomes important.

2. Configuration interaction and hole mixing-

Weighting coefficients, channel intensities, and energies
obtained from the CI calculations are given in Tables II
and VI. We can divide the Auger channels in three types
according to the nature of their discrete-state interaction:
the 2a

&
(inner-inner valence) state, the 2a ~

'v ' contain-
ing states (inner-outer valence), and states which are 2p
based (outer-outer valence). The non-totally-symmetric
states of the latter group are well described within the
independent-particle approximation. The interaction for
these is of dynamical character, represented in the CI pic-
ture by external single and double excitations which act as
a slight modulation of the single leading GAOA in the in-
tensity expression, Eq. (16). For the totally symmetric
states there is a rather strong internal configuration in-
teraction, between main two-hole configuration state func-
tions (CSF's), which already has been stated in a previous
investigation using internal CI wave functions. This in-
teraction gives rise to hole-mixing effects, and the calcu-
lation of interacting rates therefore also requires the
phases of the Auger transition moments ~t, ~ (for deter-

TABLE VI. Partial and total Auger channel rates obtained from hole-mixing calculations (10 a.u. ).

Channel

2at S
2Q)3al S
2a~3a~ T
2Q)1b2 S
2Q)1b2 T
2a~ lb~ S
2a~ lb~ T
3a S
3a)1b2 S
3a)1b2 T
3a)1b) S
3a)1b) T
1b2 S
1b21bi S
lb21bi T
1b12 S

Total

(0,0)

344
117

0

23

140

77

252
119

20
9

(1,0)

10
247
166

324
164

27
11

(2, —2)

533
0

(2, —1)

537
0

(2,0)

320

175

(2, 1)

11
0

566
0

(2,2)

0
1

0

31

161

326

Sum

354
374
166
258
119
335
164
393
557

9
593

11
345
533

0
579

4790
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mination of phases see Sec. III).
For states containing the inner valence (2a ~ ) hole there

is some mixing between the 2a ~
'v ' and 3a ~

'v

CSF's. Weak satellite transitions with small GAOA's are
associated with these transitions. The 2a& state, finally,
is very strongly affected by semi-internal interaction
which shifts the main transition energy as much as 6 eV.
The semi-internal interaction originates in resonances be-
tween negative internal excitations with external excita-
tions. It is similar to, but much stronger than, the "break-
down of the molecular orbital" effect in the inner-valence
photoelectron spectrum of H20. ' ' A difference between
the Auger spectrum of H2O and of first-row diatomics is
that for the latter the MO breakdown is present over a
wide energy interval, which also covers the inner-outer
valence hole states. '

Figure 3 displays a bar spectrum of CI transition ener-
gies (Table II) and hole-mixing intensities along with the
experimental recording. The intensities were obtained as
weighted partial-wave intensities according to Eq. (16).
Using an identical orbital set for. initial and final states,
the rates are given by the computable expression Eq. (16)
if the initial state is approximated by the main Slater
determinant. The expansion coefficient of this deter-
minant was 0.88 for GS optimized but as big as 0.98 for
core-state-optimized orbitals. On the other hand, as
shown above, the nonorthogonality contributions to the
rates obtained from single CSF's are small, and the expan-
sion coefficients (GAGA s) displayed in Table II can
therefore to a rather good approximation be taken as a
guide for the effect of discrete-state channel interaction.
The role of initial-state correlation (many-determinant
core-hole state wave function) becomes increasingly more
important towards the low-kinetic-energy end of the spec-
trum, where discrete final-state interaction is strong and
the weight of the leading GAOA is diminished. For these
states, "excited" initial-state determinants will have non-
negligible Auger overlap amplitudes with excited final-
states determinants and the validity of Eq. (16) used to
construct the final hole-mixing intensities (Fig. 3) becomes
accordingly more limited.

C. Lifetime broadening of the core 1s state

Since the fluorescence yield of core-hole states of first-
row elements is very small, the lifetime broadening is
directly given by the total Auger rate. Our computed
values for the total rate and the lifetime broadening for
the core 1s state of HqO were 5.5)&10 and 0.15 eV,
respectively, using mixed-wave calculations of the indivi-
dual channel rates (the sum of the partial channel rates is
only slightly larger). Except for the work of Faegri and
Kelly on HF (Ref 11) ther.e are no ab initio values for
molecular core-decay rates available. No entries for the
oxygen atom is found in the compilation of Krause, nei-
ther is the core-electron spectrum of water sufficiently
resolved vibrationally to allow for a determination of the
core-state lifetime. Our value fits, however, into the
trend given by near-lying Z elements in Krause's tables.
The two main sources of errors to this value are coun-
teracting: (i) there is an increase of the lifetime width due

to interaction between the core state with continua of ion-
ic states with charge higher than 2, and (ii) a decrease due
to many™body effects for the main channels. The correlat-
ed total rate in Table VI does not include satellite rates,
however, even with their inclusion the total rate decreases
[cf. intensity model given by Eq. (16)], which is in agree-
ment with Kelly's many-body perturbation theory calcula-
tions on neon. We expect that the effect of discrete and
continuum channel interaction is not so important for the
total rate as it might be for the individual channel rates,
see also results by Howat, Aberg, and Goscinski for neon.
In a future publication we investigate the nuclear varia-
tion of core-hole decay rate, and explore the effects of this
variation on the band-shape formation in emission-type
spectra of H20.

V. CONCLUSIONS

In the present work we have derived and implemented a
Stieltje s imaging method for calculations of Auger transi-
tion rates which accounts for the full anisotropy of the
molecular ionic field. Moments, total and separate chan-
nel cross sections for the Auger decay have been evaluated
at different levels of approximation, viz. , partial-wave,
mixed-wave, and interacting-channel approximations. In
connection with the study of channel interaction a de-
tailed investigation on the role of relaxation (orbital
nonorthogonality) and discrete configuration interaction
was carried out. It is shown that the mixing of the partial
waves is moderate for the Auger spectrum of the water
molecule, while discrete channel interaction (breakdown
of the molecular orbital picture and hole-mixing effects) is
essential especially towards the high-kinetic-energy part of
the spectrum. The square-integrable basis set of Slater
and trigonometric functions describes excellently the elec-
tron continuum over a wide energy range and despite their
character of being resonant at high kinetic energies the
Auger moments are found to be stable towards variations
in this basis.

The presently devised techniques can straightforwardly
be extended for studies on the validity of the "constant-
resonance-width approximation" for inner vacancy states,
i.e., for calculation of the nuclear variation of the lifetime,
as well as for the calculation of the electronic energy shift
for a metastable molecular state due to the discrete-
continuum interaction. Such work is now in progress.
concerning two other aspects of molecular Auger not
covered by the present study, namely, the full coupling of
the continuum parts of the separate channels and the an-
gular distribution of the Auger electrons, we foresee a
need for a detailed consideration of the molecular scatter-
ing states.
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APPENDIX A

In this appendix we present expressions for the Auger
transition moments when initial and final states are

represented by Slater determinants built on spin-
orbital sets that are mutually nonorthogonal. For unre-
stricted spin-orbitals such expressions were given by Ho-
wat, Aberg, and Goscinski,

where

&i'
I
x) &i'Iy) &e'Ii ) & ls' Ii )

&E'ls'IIxi) &E'ls'IIyi) +
&c,'i'II xy) & ls'i'IIxy) (A 1)

( a
i
bivied~) = (ab cd) Iab — cd),

j (&x,y)

8& is the one-electron Hamiltonian and the apex marks the final-state spin-orbitals. In the case of Auger transitions
leading to double ionization in the same shell Eq. (Al) takes the following spin-restricted form:

+x
~1s

[(J I
x){EJ I

ls x)+(e
I
J)( ls x

I J x)]
j (&x)

2 [(j' Ix)(E'x
I

»'j)+(»'I j)(E'x
I

j'x)1
+x
~1s

(A2)

with

F, „=(a' IB&
I
x)+ g [2(j'j

I
a'x) (j'x

I
a'j)j+(—ls'ls

I
a'x),

Qx
~1s

(j'III'
I j)—(»'III'

I
») — 2 g [2(i'~

I
j'j)—(i'j

I
j'i)j

~x
~1s

j (&x)
&1s

where the two-electron integrals are defined by Eq. (11). Equation (A2) has been numerically implemented in order to
test the importance of using relaxed final-state orbitals in the calculation of Auger moments (see discussion in Sec.
IV 8 1).
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