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A new ab initio method for computing Auger transition rates in molecules is proposed; it is based
on the use of orthogonalized plane waves for the free electron and of Hartree-Fock many-center or-
bitals for the bound electrons. Transition rates and energies are calculated for the case of the LiF
molecule ionized in its deepest shell, and the results are compared with the experimental spectrum.
Various levels of approximation are tested for evaluating the partial transition rates of various de-
cay channels, and a consistent improvement in the agreement with experiment is obtained when the
plane waves are orthogonalized to the relaxed orbitals of the doubly ionized molecular ion.

I. INTRODUCTION

It is well known that the ionization of an internal shell
of an atom or molecule is followed by the emission of ul-
traviolet or x-ray photons and also of electrons (Auger
effect) with energies characteristic of the ionized system.
Numerous spectra of the Auger electrons from free mole-
cules have been obtained, the methods of excitation being
the impact of electrons or heavy particles' = or the pho-
ton absorption.!®~!* The Auger spectra are often of such
an accuracy that an effort to obtain a correspondingly ac-
curate prediction of energies, intensities, and line shapes
from first-principles calculations seems desirable.

From the standpoint of theory, the Auger effect is an
example of a resonant scattering process, the analysis of
which has usually been developed within the framework
of the following two approximations:'* (1) neglect of in-
teractions between the primary electron and the Auger
electron (or the other collision fragments, if any); (2) com-
plete independence of the phenomena of electron emis-
sion and photon emission. Thus the problem has been re-
duced to the solution of the time-independent many-
electron Schrddinger equation subject to appropriate
asymptotic conditions for the various decay channels of
the system, each channel being identified by specifying
the state of the residual doubly charged ion and the angu-
lar and spin components of the outgoing electron wave
function.

From the standpoint of computation one notes the ex-
istence of an ample body of methods (often accompanied
by fully developed applications) for the study of the
Auger effect in atomic systems, '®~?! whereas for mole-
cules the number is much more limited, because of com-
putational difficulties due to the reduced symmetry, the
main difficulty being the incorporation of an adequate
description of the electron as it moves outward through
the field of the doubly ionized molecule. In particular,
while there are a number of calculations of the energies of
the emitted Auger electrons’!*#22=25 (which can be car-
ried out accurately by the standard ab initio methods of
quantum chemistry for bound states), there are very few
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calculations of emission probabilities for molecular sys-
tems. 26—30

Apart from semiquantitative approaches based on
atomic decomposition of the Auger transition
rates, 22”2 past applications of the theory of the Auger
effect to molecular systems?®2%3 have been limited to the
evaluation of the Wentzel formula®' within the frame-
work of the two approximations cited above. The
method generally followed is to construct a wave func-
tion for the final state which is an antisymmetrized prod-
uct of a wave function for the residual doubly charged
ion (which may or may not involve inclusion of correla-
tion) times a continuum or L? orbital for the outgoing
electron. In previous calculations the bound orbitals
were expanded about one center, while the orbital for the
outgoing electron was obtained as an eigenfunction of an
operator of Hartree-Fock (HF) type containing a poten-
tial expanded also about a single center and constructed
in terms of the orbitals of the isolated doubly charged ion
(static-exchange approximation). Approaches of this sort
are only justified for molecular systems that are quasi-
atomic as, for example, the hydrides of the second row,
but are scarcely appropriate for other types of molecules.

In this paper we present a general method for the cal-
culation of the Auger transition rates in molecules. This
method differs from those previously applied in the fol-
lowing respects: (1) use of many-center expansions for
both the bound and the continuum orbitals, given in
terms of a mixed basis set of L? functions and plane
waves; and (2) complete evaluation of the transition am-
plitude from the initial quasibound state @ to the final
states W 1’8,

where @ and W, are approximate representations of ini-
tial and final states obtained with separate variational cal-
culations, and Eg4 is the energy of the initial quasibound
state.

In the present application the continuum electron is
simply described by a plane wave of the correct energy
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(i.e., that determined by the asymptotic conditions), while
the effects of the molecular field on it are introduced only
by orthogonalizing the plane wave to the bound orbitals
of the final state considered, which is described within the
Hartree-Fock (HF) approximation. The use of a plane
wave for the continuum orbital together with the expan-
sion of the bound orbitals in Gaussian functions makes it
possible to evaluate analytically all multicenter integrals
arising in the calculation of the transition amplitude (1)
(general expressions are given in Ref. 32); furthermore,
normalization of the continuum orbital is automatic. For
other methods which use an L? basis set, normalization
requires a numerical fitting to identify the exact asymp-
totic form of continuum orbital (i.e., the proper hyper-
geometric function)®»** or the use of methods like the
Stjelties imaging procedure. 33

Our simple approach is applied in the present work to
the calculation of partial transition rates and energies for
the Auger electron emitted following ionization of the
deepest shell of the LiF molecule, where sufficiently accu-
rate experimental measurements' are available. Different
levels of approximation are employed for the orbitals of
the various decay channel wave functions, which are al-
ways given as antisymmetrized products of one Slater
determinant (or more than one when required by symme-
try) for the doubly charged ion time a plane wave (or-
thogonalized when indicated) for the outgoing electron.

In Sec. II we describe the method in detail. In Sec. III
we present our results for the energies and rates of the
Auger decay process in the LiF molecule. In Sec. IV we
discuss the quality of the results obtained and the causes
of the residual discrepancies between the experimental
and calculated data, indicating directions for further im-
proving the results.

II. METHOD

Let us consider an isolated resonance superimposed on
several continua. We follow Fano®® in writing the wave
function for the resonant (almost bound) state in the
neighborhood of the resonance energy E, by means of an
expansion of the type

N(‘
Zar =0 E)0+ 3 [ “Xg(rleg,(r,Edr 2
B=1

where @ is a quadratic-integrable normalized wave func-
tion and the Xz (7)’s are N, noninteracting continuum
functions which fulfill the appropriate ingoing wave
boundary conditions. Disregarding interference effects
between the discrete and the continuum part of =, ¢, one
can dlesﬁne the partial transition rate into channel S as fol-
lows:

rﬁz%’r |{<®|H—E |X;(6)|% 6=E—E,, (3

where Eg represents the energy of the doubly charged ion
defined by the asymptotic conditions into channel S.

At the simplest level of approximation one can use in
(3), instead of the noninteracting continuum function
X5 (6), a simple representation VY; , of the decay channel

B, identified asymptotically by the energies Eg and & of
the two fragments and by the values of the proper angu-
lar and spin components. (Note that, in general, these
channel representations will be mutually interacting.)
Furthermore, since the experimental Auger spectrum we
want to interpret identifies a channel only in terms of the
kinetic energy of the outgoing electron, to predict the
measured transition rates one has to sum over all the par-
tial rates ' relative to the channels characterized asymp-
totically by the same kinetic energy of the outgoing elec-
tron.

In the present work we describe each decay channel 8
as the following antisymmetrized product having the
correct spin symmetry:

Yo ll, ... ,N—D=4[642,...,N—1ng (D], @

where A4 is the partial antisymmetrizer for particle 1 with
respect to the others, O is the HF wave function for the
doubly charged ion, and 7g is the continuum orthogo-
nalized spin orbital for the outgoing electron

ikr,

nﬁ‘k(l)z(l—PB)e UB' (5)

In (5) op represents the spin function and

Pg= 2751 | B,j ) <(f’3, il t'he projector constructe?d from
the Ng occupied spin orbitals of the wave function Oy,
while the normalization is chosen to be

<Wy,k | \Py‘,k' Y=02m7)*8(k —k’ )8%7, . 6)

The quantity we compare with the measured Auger rate
for channel 3 is the following:

2
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where E5 and #2k?/2m are the energy of the residual ion
and of the outgoing electron, respectively, at infinite sepa-
ration. This expression can be further simplified by ap-
proximating the resonance energy with E,~FE,
=(® | H | ®), i.e., by neglecting the energy shift A due
to the coupling between bound and continuum states. !>
Thus the partial decay rate for each channel 3 is approxi-
mated as follows:

mk RPN
E:Wf (O |H—Eq|¥,, ;) |%dk, ®
where k =1/#%V/2m (Eq —Eg). We observe that because
of the integration over k in (8) the continuum electron
is really described by a series, in general infinite, of spher-
ical Bessel functions of increasing order, 37 each one mul-
tiplied by the appropriate spherical harmonic.
Summarizing, in the present approach the main ap-
proximations introduced are the following: (1) no chan-
nel interaction, i.e., no electron correlation is taken into
account apart from that due to the antisymmetrization of
the wave functions; and (2) no variational optimization of
the orbital for the outgoing electron is performed.
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We note also that the wave function (5) used for
describing the outgoing electron does not exhibit the
correct asymptotic behavior, but this fact is probably not
relevant as far as the integral in (8) is concerned, as it is
dominated by the molecular region, where, instead, the
orthogonalization of the plane wave to the occupied or-
bitals plays a crucial role.

As for the determination of the HF wave functions, we
note that the bound orbitals are derived as linear com-
binations of modified Gaussian functions® with
coefficients obtained by solving separately for each state,
the proper HF equations. This requires in general the use
of variational techniques for open shells, and in several
cases involves additional complications stemming from
the fact that the wave function sought is not the lowest in
energy of its symmetry, as will be better described in con-
nection with the applications to the LiF molecule.

III. CALCULATION OF AUGER ENERGIES
AND TRANSITION RATES
FOR THE LiF MOLECULE

We have applied our method to the calculation of the
Auger energies and transition rates of the LiF molecule
ionized in its deepest shell, with a view to comparing our
results with the recent measurements of the Auger spec-
trum of gaseous LiF in the energy range from 600 to 680
eV.! A quantitative description of the location in energy
of the peaks of this spectrum had previously been made'
by means of ab initio calculations [at the
multiconfiguration self-consistent-field (MCSCF) level] of
the Auger emission energies and by comparison with oth-

er similar spectra (those of the Ne atom and of the HF
molecule), but there were previously no ab initio esti-
mates of the Auger transition rates relative to this spec-
trum.

The ionization of the LiF molecule with electrons of
~ 3000 eV produces mainly one almost bound state that
in an independent-particle description corresponds to the
configuration 22+ (10202302402 17*). For that state, as
well as for several states of the doubly charged ion pro-
duced by the Auger process, we have calculated HF wave
functions using the basis set of 62 modified Gaussian
functions given in Table I. The exponents of the s and p
basis functions were taken from Ref. 39; the calculations
were carried out in the Born-Oppenheimer approxima-
tion at an internuclear distance (R=2.955 a.u.), which
corresponds to the experimental equilibrium distance for
the neutral molecule. *

The Auger energies resulting from these calculations
are given in Table II; they are in excellent agreement with
the experimental data, the maximum relative error being
<0.3% and the maximum absolute error ~2 eV.

The HF wave function for the doublet initial state, cor-
responding to a single ionization of the core, is obtained
simply by requiring at every step of the self-consistent-
field (SCF) process the correct filling of the orbitals, as
proposed in Refs. 41 and 42.

With regard to the bound states of the doubly charged
ion produced by the Auger decay we observe that in each
of the symmetries 'II and >II there are two states of in-
terest and four in symmetry '=*; this poses problems for
the variational determination of the HF wave functions

TABLE 1. Modified Gaussian basis set used in LiF calculations. Note that the dzz‘s functions are

defined as in Ref. 38.

Fluorine Lithium
Symmetry Exponents Coefficients Symmetry Exponents Coefficients

s 23 342.0000 1.0 s 1782.900 00 1.0
s 3431.0000 1.0 s 267.10000 1.0
s 757.7000 1.0 s 60.070 00 1.0
s 209.2000 1.0 s 16.780 00 1.0
s 66.7300 1.0 s 5.403 00 1.0
s 23.3700 1.0 s 1.906 00 1.0
s 8.6240 1.0 s 0.71790 1.0
s 2.6920 1.0 s 0.26340 1.0
s 1.0090 1.0 s 0.077 16 1.0
s 0.3312 1.0 s 0.028 54 1.0
p 65.6600 1.0 p 2.56500 1.0
p 15.2200 1.0 p 0.48590 1.0
p 4.7880 1.0 p 0.14540 1.0
p 1.7320 1.0 p 0.05292 1.0
p 0.6206 1.0 p 0.02026 1.0
p 0.2070 1.0
p 0.0660 1.0

d, 1.7320 1.0 d, 0.14540 1.0

d, 0.6206 1.0 d, 0.02026 1.0

d, 0.2070 1.0

d, 0.0660 1.0
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TABLE II. HF energies for the LiF ions calculated with the basis set given in Table I at internuclear distance R=2.955 a.u. and
by means of independent SCF processes for each state; AEyg, AEy, AE.,, indicate the differences in energy with respect to the ini-
tial state 22+ calculated by us, by Hotokka et al. (Ref. 1), and measured (Ref. 1).

Hole configuration

Transition state Eyr (au) AE 4 (eV) AEy (eV) AE p (eV)
1 lo: 22° —81.741 500
2 mom_: 2T —105.734 588 652.7 652.0 652.2
3 dom,: I —105.714 699 652.2 651.6 650.3
4 mom,: A —105.629 468 649.9 649.2 648.5
5 4o, M —105.609 632 649.3 648.7 647.7
6 Tom_: 't —105.526 636 647.1 648.6 646.6
7 4040: '3 —105.539617 647.4 646.4 644.8
8 3om,: ‘I —104.923 948 630.7 630.4 630.5
9 3o040: Tt —104.908 740 630.3 629.9 629.6
10 3om,: M —104.548 457 620.5 618.8 621.8
11 3040: '= —104.540 838 620.3 620.3
12 3o030: =+ —103.810355 600.4 600.3 602.6
corresponding to the states higher in energy in each of  with ¢; the eigenvalues of the Fock matrix for the

these symmetries. Concerning the second state in the
symmetries 'IT and *I1, it is sufficient to require at every
step of the SCF process the correct orbital filling to ob-
tain an HF wave function, the energy of which is an
upper bound of the exact electronic energy, even if the
wave function is not orthogonal to the one lower in ener-
gy.® For the symmetry '3%, the situation is the follow-
ing: The second state, that having two vacancies in
(17, 1m_), is automatically orthogonal to the lower state
(4040 ) because of the type of the configuration, while for
the third and fourth states having vacancies in (3040)
and in (3030), respectively, it is necessary to use ap-
propriate techniques to avoid variational collapse. We
have determined the wave functions for these states with
variational approaches which explicitly force mainte-
nance of the orthogonality of the state of interest to the
states lying lower in energy, by means of techniques pro-
posed by one of us. **

Auger transition rates

To test our method for the calculation of Auger transi-
tion rates we have used the following four different ap-
proaches of increasing degree of accuracy with respect to
the quality of the wave functions used.

(1) In the most simplified approach we represent both
the initial and the final states by means of wave functions
whose bound orbitals have been obtained from an HF
calculation for the ground state of the neutral molecule.
The transition amplitude (1) for a given channel f is ap-
proximated as follows:

L
rp

eilm'l ,

Ap=cy |(1otDma2) n(2))

1

i<1cr(l)nl(2)
T

eik~r2n ')\.’(1 )> , (9)

where nA and n’A’ represent the two bound orbitals of
the initial state involved in the decay process,

|k | =1/8V2m[(e, 0 +Em)—€15]

ground-state bound orbitals connected with the initial
and final energies as well as with the energy of the neutral
molecule Ey(LiF) in the following way:

E;=Eg~Eyu(LiF)—¢,, ,
E;~Eyup(LiF)—g,;—€, -

(10)

¢y is a coefficient which depends on the nature of the final
state of the doubly charged ion: singlet (+) or triplet
(—). Note that the approximation (9), used also by other
authors'® disregards the requirement that the continuum
orbital be orthogonal to the bound orbitals.

(2) As a second approach we use a procedure analogous
to the preceding one with bound orbitals derived from an
HF calculation for LiF* in the state

23+ (1020%30%40%17Y) ,
in place of those for the ground state of the neutral mole-
cule and with |k | =1/A(2mAEf*™)'?, where AE§*™
stands for the experimentally determined energy of the
Auger electron in the decay channel f.
(3) As a third approach we improve the previous ap-

proximation by imposing the orthogonality of the contin-
uum orbital 7, with respect to the bound orbitals of O,

N(r)=(1—P)e™* g,
N

S
Py= 21 leri 2 eril s
j:

(11

where P, is a projector constructed with the occupied or-
bitals of the final state © s of the doubly charged ion and
|k | =1/#(2mAEF™)!/% as in (2). Note that under this
approximation the expression of the Auger transition rate
reduces exactly to the Wentzel formula.

(4) Finally we carry out a complete calculation of the
transition amplitudes (1), using for the initial state ® and
for the final states of the residual-ion HF wave functions
obtained from separate variational calculations, which
produce a different orbital relaxation for each state; for
the outgoing electron we choose an orthogonalized plane
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TABLE III. W,: Values of the relative transition rates for the various decay channels of the LiF ion, calculated with the four
different approaches explained in Sec. III and compared with the experimental values.

Hole configuration

Transition state W, W, W, W, W et
1 Tom_: 2T 0.00 0.00 0.00 0.00 0.01
2 domt: 1 0.01 0.01 0.004 0.003 0.02
3 Tom A 1.00 1.00 1.00 1.00 1.00
4 dom,: M 1.01 0.98 0.98 0.98 0.91
5 Tom_: 'TT 0.21 0.25 0.17 0.17 0.27
6 4040: T+ 0.36 0.37 0.32 0.33 0.32
7 Jom,: N 1.51 1.66 0.92 0.64 0.20
8 3o40: =t 0.77 0.82 0.47 0.34 0.07
9 3om,: ' 0.10 0.09 0.13 0.06 0.42

10 3o40: 't 0.06 0.05 0.07 0.22 0.17
11 3030: '=* 0.43 0.32 0.12 0.15 0.21
Wi (V) 0.132 0.320 0.243 0.242 ?

wave with a wave vector having a modulus
|k | =1/#[2m (EFF —E[fF)]'/2

We observe that in the evaluation of the transition ampli-
tude, one must take account of the fact that the orbitals
of the initial and the final states are mutually nonorthog-
onal, and that in this scheme the explicit orthogonaliza-
tion of the plane wave to the bound orbitals of the final
state is not necessary, because it is automatically included
in the antisymmetrization process.

The values of the partial Auger rates relative to that
for the most prominent transition in the spectrum and
calculated by means of the four methods described above
are displayed in Table III, together with the correspond-
ing experimental values. We have also calculated a total
Auger decay probability of 0.242 eV which is consistent
with those measured or calculated for analogous systems
such as HF (~0.23 eV),?® Ne (~0.24 eV),'® and F
(~0.1-0.2 eV).* The experimental linewidths given in
Ref. 1 and ranging between 1.5 and 1.9 eV probably show
large effects due to the nuclear motion, as suggested also
by the authors.

Finally, in Fig. | we compare the experimental spectra’
with those obtained by superposition of Lorentzians, one
for each channel considered in Table III, with widths
equal to those given in Ref. 1 and heights equal to (a) the
measured relative transition rates given in Ref. 1, (b) the
relative transition rates calculated by us.

IV. DISCUSSION OF RESULTS AND METHOD

First of all we observe that in the analysis of the Auger
spectrum of the LiF molecule we have not taken into ac-
count possible contributions due to KLL shake-up and
KL-KLL shake-off processes that probably contribute to
the structure of the spectrum in the energy range between
633-640 eV and 608—610 eV.' This is also the reason for
the differences between the experimental spectrum and
that reproduced by means of Lorentzians with heights
equal to the measured ones, shown in Fig. 1.

Concerning the calculated value of the Auger energies,
as already remarked in Sec. IIlI, they are in excellent

agreement with the experimental results—a demonstra-
tion of the fact that the errors arising from the neglect of
electronic correlation and relativistic effects in the initial
state cancel those arising from the same neglect in the
final state.

Concerning the relative Auger transition rates, we no-
tice that there is a tendency towards improvement in
passing from approach (1) to (4), even if it seems that the
introduction of the orthogonalization of the plane wave
[approach (3)] is more important—as far as affecting the
quality of the results goes—than the effects associated
with relaxation of the bond orbitals [approach (4)].

As for the use of orbitals of the ion LiF* in the initial
Auger state instead of the orbitals of the ground state of
the neutral molecule, comparing the effect on the Auger
transition rates calculated as per Wentzel [approaches (1)
and (2)], one sees the only noticeable difference in the to-
tal decay rate, which increases by a factor 2.5 because of
the more localized character of the orbitals of the ion.
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FIG. 1. Experimental Auger spectrum ( ) of gaseous

LiF (Ref. 1), compared with those obtained by means of super-
position of Lorentzians, one for each channel considered in
Table III, with parameters given in Ref. 1 (—. —.—.) and with
parameters calculated by us (— — —), using the fourth ap-
proach described in Sec. III.
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Concerning the values of the relative Auger transition
rates, we note that those calculated by us differ from the
experimental ones by at most 35%, except for the transi-
tions 2, 7, 8, and 9 of Table III. Notice that transition 2
corresponds to a transition prohibited at the atomic level
(state P~ of Ne) and hence its value in the molecule is
very small; since it is determined as the difference of com-
parable terms, its calculation requires particularly great
accuracy. As for transitions,’—° we observe that they in-
volve always the 30 orbital which nearly coincides with
the 2s orbital of F, aside from minor 2p-type contribu-
tions. Analyzing the amplitudes of such transitions given
as per Wentzel and approximating each molecular orbital
by means of the atomic orbital corresponding to its dom-
inant part, one sees that these amplitudes are given as the
sum of contributions of the type

[(2pgk | 2splsg)E(2sgk | 2pplsg)] .

The first term is the matrix element of a Coulomb opera-
tor Jy, ,; which decreases rapidly with the distance from
the F atom, since the ls orbital is concentrated near F,
and since all the multipole moments of the charge distri-
bution (1s2s) are zero. The second integral is the matrix
element of the Coulomb operator J ,, which generates a
potential of dipole type which decreases more slowly than
the preceding one, while the distribution of charge (2sk)

is concentrated in the zone of the maximum of the 2s or-
bital, i.e., in a zone which is again relatively near the nu-
cleus. All of this suggests that in transitions’ ~° there is a
problem of critical balancing between the contributions
of the two integrals given above, each one of which would
require a better description of the continuum orbital near
the F nucleus. It appears that the better description
needed can best be obtained by means of variational-type
approaches for the construction of the continuum orbital,
such as, for example, the Lippmann-Schwinger method
(see Nesbet*?).

Finally, we note that obtaining better agreement be-
tween the theoretical and experimental results will re-
quire taking into account the effects of the channel in-
teraction (i.e., electron correlation)—that can be relevant
especially in the case of the first two I3+ states of the
doubly charged ion, which are quite close in energy as
well as also the effects due to the nuclear motion.
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