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Vibrational and electronic structure of the 3dÀ1\4p„p,s…

À2 normal Auger spectrum of HBr
studied by fully relativistic configuration-interaction calculations
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Fully relativistic, self-consistent field calculations, based on the Dirac-Coulomb-Gaunt Hamiltonian, were
performed on the ground state of HBr, the Br 3d–ionized HBr1, and the 4p(p,s)22 states of HBr21. Corre-
lation in the ground and valence-excited states and partially in the Br 3d ionized states was described using a
configuration-interaction~CI! method. Calculated ionization energies and bond lengths were found to be in
good agreement with recent experimental results. The distortion in the vibrational bands of the 3d21

→4pp22 Auger transitions due to lifetime vibrational interference was verified throughab initio calculations.
Bands due to the transitions to bound and continuum vibrational states of the same electronic state were
reproduced by calculations and compared with experimentally determined profiles. The nonadiabatic effects in
the spin-orbit-induced avoided level crossing were investigated using adiabatic and diabatic electronic basis
sets.

PACS number~s!: 32.80.Hd, 31.10.1z, 31.30.Jv, 33.70.2w
th
le
a

ctr

n
er
r
in
is
S
t

e
ibu

o
in
se
ce
ar
tic
or
n

on
c
n

nd
b

u-
th

n of

e
.

to

lso
he

ra-

to

a-

s.
a-
o
ich

d
so-

he
ra-
cal-
ults.
r-
orbit
ed
I. INTRODUCTION

Progress in experimentation has allowed us to resolve
molecular field and vibrational splittings of the core-ho
states and to detect the combined effect of intermediate
final states to the fine structure of Auger electron spe
~AES!. Molecules containing heavy element~s! are cases
where the assignment of these features, usually based o
assumption of the similarity of elements with similar out
shell structure, easily fails. For instance, in HF, HCl, HB
and HI, the AES where the similar valence orbitals are
volved in the decay, differ greatly from each other. This
related to the fact that the intensity distribution of the AE
depends on the character of the intermediate state—of
1sF , 2pCl , 3dBr , 4dI core-hole state in the abov
examples—and its match with the valence charge distr
tion involved in the decay~see, e.g.,@1# and references
therein!.

For a theoretical description of the core-hole states, b
the molecular field and spin-orbit interaction need to be
cluded on the same footing. The recent results by Elling
et al. @2# indicated that relativistic effects are of importan
in molecules as light as HCl when highly excited states
involved. In heavier molecules as in HBr, the relativis
effects, especially the spin-orbit interaction, are of imp
tance also in the valence doubly-ionized states, the fi
states of the Auger decay. Relativistic molecular calculati
are a natural choice for predicting the properties of su
states. However, it should be remembered that in the fi
states the correlation effects are even more important, a
relativistic method including correlation treatment should
employed.

In this paper we present results of fully relativistic calc
lations for the adiabatic potential energy curves of
ground state of HBr, the Br 3d–ionized, molecular-field-split
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states of HBr1 and the 4p(s,p)22 states of HBr21. In LS
coupling the manifold of double-4p(s,p) –ionized HBr
states splits into three classes according to the distributio
the two holes. If both holes are in the bonding 4ps orbitals a
strongly repulsive 1S1 electronic state is obtained. Th
mixeds21p21 states (3P and 1P) are dissociative as well
On the other hand, the3S2, 1D, and 1S1 states arising
from placing both holes in the nonbonding 4pp orbitals are
expected to be bound. The triplets are further split in
3S1,01

2 and 3P02,01,1,2 due to spin-orbit interaction.
As demonstrated by Pahlet al. in the case of HF@3#, the

nonadiabatic effects may be important in AES. Thus, we a
approximate the diabatic potential curves for t
4pp22(1S02

1 ) and 4ps21p21(3P02) states of HBr21. The
potential curves were further used in calculating the vib
tional structure of the AES.

The results of the calculations are directly compared
the experimental values obtained by Pu¨ttner et al. @1#. Espe-
cially the experimentally observed distortion in the vibr
tional bands of the 3d21→4pp22 Auger transitions due to
lifetime vibrational interference is verified by calculation
~For a detailed theoretical description of the lifetime vibr
tional effects, see Ref.@4#.! The results of this work are als
compared to the calculations performed by Banichev
et al. @5# who included scalar relativistic~the mass velocity
and Darwin terms! effects in the Hamiltonian. They treate
the spin-orbit interaction as a perturbation causing predis
ciation of the nonrelativistically stable states.

In Sec. II we describe briefly the methods used in t
calculations for the adiabatic potential energy curves, vib
tional energies, and wave functions. The results of these
culations are further compared to recent experimental res
In Sec. III we investigate in more detail the lifetime interfe
ence effects and the nonadiabatic effects caused by spin-
interactions on the AES of HBr. These sections are follow
by a conclusion.
©2000 The American Physical Society12-1
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TABLE I. The used RAS spaces in calculations for the ground state, Br 3d–ionized, and doubly-valence
ionized HBr.

State RAS1 RAS2 RAS3

Ground state 4ss, 4p(s,p) Virtual spinors
3d21 3d, 4ss, 4p(s,p) Virtual spinors
4p(s,p)22 4ss 4p(s,p) Virtual spinors
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II. COMPUTATION OF THE ADIABATIC POTENTIAL
ENERGY CURVES, VIBRATIONAL ENERGIES,

AND WAVE FUNCTIONS

A. Computational details

All calculations for the adiabatic potential curves we
performed using the four-component relativisticab initio
MOLFDIR @6# program package. The nuclei were represen
by a finite-nucleus model, i.e., a Gaussian charge distr
tion, with an exponential value of 2.413 0163109 for Br.

The calculations were carried out inC4v double-group
symmetry. TheC4v is the highest subgroup of theC`v,
which can be exploited by theMOLFDIR program package
The two-electron interaction was described by treating b
the Couloumb and Gaunt operators variationally for
ground state and the 4p(s,p)22 states. In calculating the
3d21 states the number of integrals was heavily truncate
order to keep the computing time tolerable. The integr
between small components@(SSuSS) integrals# as well as
Gaunt integrals were not calculated at all.

Molecular spinors were generated by the Dirac-Hartr
Fock ~DHF! method. The open-shell states were treated
an average of configurations formalism. For the 3d21 states
five electrons were averaged over the molecular-field-s
components 3d3/2,3/2, 3d5/2,3/2, and 3d5/2,5/2 in the
vv-coupled notation and for the 4p(s,p)22 states four
electrons were averaged over the 4ps and 4pp spinors. The
different electronic states arising from the open-shell ma
fold were then resolved by a subsequent full CI within t
open-shell spinor space. Correlation effects were studied
ing the restricted-active-space configuration-interact
~RASCI! method@7#. In the calculations of the ground sta
and the 4p(s,p)22 states, the electrons in the 4ss and
4p(s,p) spinors were correlated and for 3d21 states, elec-
trons in the 3d were correlated as well. The RAS spac
were defined as shown in Table I. All excitations from t
RAS1 to RAS2 subspaces, all excitations within the RA
and single and double excitations from these spaces to R
were allowed, leading to a multireference~MR! description
of the 3d21 and 4p(s,p)22 states. Virtual spinors with en
ergies above 4 a.u. were deleted.
03271
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The generally contracted Gaussian basis sets used in
work are summarized in Table II. For bromine a primitiv
nonrelativistic 16s13p8d basis, of Fægri@8# was reopti-
mized to a dual family basis, where thed exponents are a
subset of thes exponents. This basis was augmented with
tight p exponent to improve the description of the 2p spin-
orbital splitting. The basis set was then further increased
better describe correlation and polarization. The fin
18s16p10d2 f large component basis was subjected to a g
eral contraction in the pattern@4s14,6p15,2d14,2#, mean-
ing that fours-functions, fivep-functions, twod-functions,
and twof-functions were kept uncontracted to keep the fle
ibility in the basis set. For the large components of hydrog
a 6s3p1d primitive basis with exponents from Dunning@9#
was used. The basis was generally contracted to a@3s
13,3,1# pattern. Basis sets for the small components w
generated by the atomic balance relation@10#.

Vibrational energies and wave functions were calcula
by numerical integration of the nuclear Schro¨dinger equation
in the standard manner~Numerov scheme!, the potentials of
the quasibound states being truncated at the top of the ba
in order to ensure stable solutions for a bound state.
spline fit was applied to calculated points. A large number
orthonormal vibrational continuum wave functions were c
culated for the simulations of the bound-continuum tran
tions ~see Sec. III for details!. We have neglected rotationa
degrees of motion in all calculations.

In the relativistic scheme we work with intermediate co
pling where only thev andV quantum numbers are feasibl
We have, however, used the conventional nonrelativistic
tations to describe the 4p(p,s)22 states of HBr21. The no-
tations used are valid only in the relatively small internucle
distancesR,1.5 Å ; at longer bond lengths some stat
completely change their character due to spin-orbit coupli

B. Results and comparison with experiment
and previous calculations

1. Details of previous experiments

In the recent work by Pu¨ttner et al. @1# as well as in the
prior work by Wannberget al. @11# only the four lowest final
TABLE II. Basis sets.

Large components Small components
Primitive basis Contracted basis Primitive basis Contracted basis

Br basis 18s16p10d2 f 4s14,6p15,2d14,2 16s18p16d10f 2g 3s15,5p15,6d15,2f 14,2
H basis 6s3p1d 3s13,3,1 3s7p3d1 f 3,3p14,3,1
2-2
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TABLE III. Experimental@12,13,1# and calculated bond lengths for the ground state, Br 3d–ionized, and
doubly-valence-ionized HBr21.

State Expt.@12,13,1# Dirac-Fock MR-CI Nonrelativistic@5#

Re ~Å!

Ground state 1.414 1.404 1.413 1.41
3d21 1.450 1.427 1.445
4pp22(3S01,1

2 ) 1.563 1.524 1.542 1.55~1.49!
4pp22(1D2) 1.560 1.524 1.541 1.54~1.49!
4pp22(1S0) 1.581 1.527 1.559 1.55~1.50!
4ps21p21(3P2) 2.047 2.212
4ps21p21(3P02) 1.719 1.833
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states arising from 4pp22 were clearly resolved in the ex
perimental AES. The remaining final states are dominated
transitions to vibrational continuum giving rise to broa
spectral features. Thus the quality of calculated bond leng
as well as binding energies for the spin-orbit-split3P states
and the1P1 state cannot be tested due to the lack of exp
mental data.

The experimental results, excluding ground-state valu
are taken from the work by Pu¨ttner et al. @1#. They included
the vibrational lifetime interference when fitting the data b
calculated the vibrational matrix elements by assum
Morse potentials for the ground state, the intermediate 3d21

core-hole state, and the 4pp22 final states. For the 3d21

core-hole state they assumed equal potential energy cu
for all molecular-field-split components. The values for t
potential energy surface of the ground state and the 3d21

state were taken from literature@12# and recent photoemis
sion spectra@13#, respectively. The value for the lifetim
width of G595 meV was taken from photoabsorption spe
tra @14#. The reliability of the fitting procedure used in th
experimental analysis@1# is discussed later in this paper.

2. Ground state

The optimized bond lengths and vibrational constants
the ground state are presented in Tables III and IV, resp
tively, together with the experimental values@12#. The DHF
bond distance is 0.01 Å shorter than the experimental b
length. At the CI level the calculated bond length is on
0.001 Å shorter than the experimental value. The calcula
bond lengths as well as vibrational constants are well in
with the results by Visscher, Styszyn˜ski, and Nieuwpoort
@15#, who used slightly smaller basis sets.
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3. Br 3d–ionized states

In vv coupling the manifold of Br 3d–ionized states
spans five states (V51/2,3/2,1/2,3/2,5/2). We were not ab
to converge theV51/2 states at the DHF level, so the resu
reported here are restricted to the remaining three state
further complication is the large number of orbitals corr
lated at the CI level@3d,4ss,4p(s,p)#. This lead to very
severe size-consistency errors already with a modera
small number of virtual orbitals included in RAS3, the co
rections of Langhoff and Davidson@16# giving rise to dras-
tic, clearly erroneus, changes in energy splittings betw
the molecular-field-split states.

The calculated bond lengths and vibrational constants
the Br 3d-ionized HBr are given in Tables III and IV, respec
tively. Note that the determination of the experimental va
@13# was based on the assumption that the potential ene
functions are similar for all spin-orbit and molecular-fiel
split components. The calculated bond length is obtained
an average of the molecular-field-split components 3d3/2,3/2,
3d5/2,3/2, and 3d5/2,5/2 in the vv-coupled notation. This av-
erage represents all of these three states well, the lar
deviations from the average being only 0.002 Å. The
crease in the bond length relative to ground state is too sm
at the DHF level~0.023 Å! as compared with experimen
The increase of 0.032 Å on the CI level is within the acc
racy of experimental results@13#. The vibrational energies
and wave functions were calculated using the average po
tial of these spinors.

4. Valence ionized HBr2¿

The calculated and experimentally determined poten
energy curves for the 4pp22 states and the calculated curv
ate,
TABLE IV. Experimental @12,13,1# and calculated vibrational constants for the ground st
Br 3d–ionized, and doubly-valence-ionized HBr21.

State Expt.@12,13,1# Dirac-Fock MR-CI

\v, x\v ~meV!

Ground state 328.2, 5.6 344, 4.4 333, 4.8
3d21 315 322, 6.2
4pp22(3S01,1

2 ) 218, 8.8 247, 11.6 235, 8.7
4pp22(1D2) 220, 9.9 250, 19.8 240, 11.6
2-3
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for the 4ps21p21 states of HBr21 are presented in Fig. 1
The highest excited state 4ps22(1S02

1 ), is strongly repul-
sive, and is not shown in Fig. 1.

The nonrelativistic double-hole states of AES are p
turbed by spin-orbit coupling. In particular, spin-orbit inte
action between the dissociative3P02 state and the bonding
1S02

1 state leads to an avoided crossing as clearly see
Fig. 1. The 01 component of3P does not interact with othe
states through spin-orbit coupling and therefore repres
the unperturbed state, a feature that is exploited in the ca
lation of the vibrational band profiles in Sec. III B. A

FIG. 1. Potential energy curves for the 4pp22 and 4ps21p21

states of HBr21 calculated by the MR-CI method. The dashed lin
correspond to Morse potentials extracted from the experimenta
brational constants by Pu¨ttner et al. @1#.
03271
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avoided crossing takes place also between the3P2 and 1D2

states, but at longer bond lengths, and should therefore in
ence the AES to a lesser degree.

Experimental and calculated bond lengths for the valen
excited states of HBr21 are given in Table III. The DHF
bond lengths for these states are generally too small as c
pared with experimental values. The CI values are in be
agreement being about 0.02 Å shorter than the experime
values. The small variation in the relative distances betw
the bond lengths of the 4pp22 states is well predicted by
theory.

The calculated and experimental binding energies
given in Table V. The DHF binding energies are in gene
too small and energy splittings between3S01,1

2 , 1D2, and
1S02

1 are too large as compared with experiment. The
energies are slightly too high. The nonrelativistic values
binding energies by Banichevichet al. @5# seem to be in
better agreement with experimental results. They have, h
ever, been corrected with respect to experimental results.
splittings predicted by relativistic CI calculations are in ge
eral in slightly better agreement with experiment than
splittings obtained by the nonrelativistic calculations@5#. The
small splitting ~about 50 meV! between theV50 and V
51 states of3S2 is well reproduced by the DHF and C
calculations.

The bromine 3d manifold was correlated only for the
Br 3d–ionized states. The effect of this core-valence cor
lation for the other states was studied by investigating
Br2 and Br1 asymptotes, assuming it to be a purely atom
effect. A small shift downwards of about 0.015 eV in bin
ing energies for valence-ionized HBr21 was observed when
the correlation energies between the ground state of Br2 and
the different states belonging to Br1 were compared.

The number of quasistable vibrational levels for t
4pp22 states is heavily reduced by the avoided crossi
caused by spin-orbit coupling. This rather strong effect
clearly visible in the potential energy curves presented
Fig. 1. For the3S01,1

2 states we found six stable vibration
states at the DHF level and seven at the CI level. For1D2 the
numbers at the DHF and CI level were found to be three
four, and for 1S02

1 , zero and one, respectively. When the
values from the adiabatic approximation are compared to

i-
TABLE V. Experimental@1# and calculated binding energies~EB) of doubly-ionized HBr21.

State n Expt. @1# Dirac-Fock MR-CI Nonrelativistic@5#

EB ~eV!

4pp22(3S01,1
2 ) 0 32.581, 32.636 30.556, 30.602 33.082, 33.130 32.30

1 32.783, 32.838 30.779, 30.825 33.298, 33.346 32.52
2 32.968, 33.023 30.981, 31.027 33.500, 33.548 32.72

4pp22(1D2) 0 33.940 32.235 34.547 33.92
1 34.143 32.446 34.761 34.14
2 34.329 32.617 34.957 34.35

4pp22(1S0) 0 35.205 ~33.497! 35.779 34.87
4ps21p21(3P2) 0 33.040 35.648
4ps21p21(3P02) 0 34.028 36.365
2-4
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VIBRATIONAL AND ELECTRONIC STRUCTURE OF THE . . . PHYSICAL REVIEW A 61 032712
results by Banichevichet al. @5#, who found eight, seven, an
seven states for3S2 , 1D, and 1S1 , respectively, the num
ber of vibrational states is clearly seen to be reduced. T
finding, however, agrees in essence with results of Banich
ich et al., who found considerably large lifetime widths o
219 and 165 meV forn55 state of 1D and n52 state of
1S1 , respectively. In addition, due to the spin-orbit intera
tion two of the 3P states (V502,2) possess minima, in
slightly longer internuclear distances than the states ari
from the 4pp22 configurations. The state assigned as3P02

is actually more of1S02
1 character at longer internuclea

distances, and the state assigned as3P2 is actually more of
1D2.

The experimental results@1#, obtained using Morse poten
tials, cannot be used to confirm the findings. More realis
potentials, especially for the1S1 , are needed in the dat
analysis to make a final conclusion of the number and na
of the vibrational levels.

The vibrational energy splittings can be deduced fr
Table IV. The binding energies for the lowest vibration
states are given in Table V. The nonrelativistic@5# and rela-
tivistic values, of about the same calculational quality,
the lowest states are very similar. In general, discrepan
between experimental and calculated vibrational splittin
are very small.

III. LIFETIME INTERFERENCE
AND NONADIABATIC

EFFECTS IN THE AUGER ELECTRON
SPECTRUM OF HBR

A. Lifetime interference using the adiabatic approximation

In the experimental work of Pu¨ttner et al. @1# the vibra-
tional lifetime interference was shown to have a signific
influence on the AES of HBr. For a detailed comparis
between experiment and theory, we calculated the vib
tional band structures using parameters obtained from
calculations. Unfortunately, we were not able to calcul
electronic transitions amplitudes. We included one electro
intermediate state only and used the experimental value
lifetime width G595 meV for the Br 3d core-hole state
taken from photoabsorption spectra@14#. This means that we
are working in the ‘‘constant resonant width approximatio
@17#. In reality the lifetime width may vary depending bo
on the intermediate state and on the internuclear dista
This is in particular true in the presence of avoided le
crossings, where the adiabatic Born-Oppenheimer appr
mation is no longer valid.

For 3S01
2 and 1D2 we calculated the vibrational matri

elements using the numerical vibrational wave functions t
were obtained by solving the nuclear Schro¨dinger equation
using the adiabatic electronic basis. Thereafter the vib
tional band profiles were calculated from the interferen
formula given by Correiaet al. @17# ~their Eq. ~5!; see also
Ref. @4#!. We also compared our calculated profiles to t
ones obtained by using the experimentally determined Mo
potential by Pu¨ttner et al. @1#. The resulting profiles are pre
sented in Fig. 2. The distortion caused by postcollision in
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action~PCI! was not included in the simulations. The vibr
tional band profiles for the3S01

2 and 1D2 states are very
similar. Especially the shoulder in the high-kinetic-ener
side is very well predicted by present calculations verifyi
the reassignment by Pu¨ttneret al. @1# of this feature as being
the interference contribution instead of the hot band. T
intensity of the highest peaks is in both peaks slightly ov
estimated by calculations as compared with experiment.
transitions to vibrational continuum for the3S01

2 are almost
negligible and are hardly visible in the experimental sp
trum. The shape of the3S1

2 band ~not shown! is almost
identical to that of the3S01

2 . An avoided crossing observe
involving the 3P2 and 1D2 states causes a small increase
continuum transitions for1D2. The crossing, however, is a
long bond distance and does not influence the AES sign
cantly. Our calculations verify the validity of the Morse po
tential fitting procedure used for the treatment of these st
in the experimental spectra.

B. Nonadiabatic effects

The spin-orbit-induced avoided crossing between1S02
1

and 3P02 causes significant effects in the AES. In this ca
the avoided level crossing is in the Franck-Condon reg

FIG. 2. Calculated and experimental vibrational band profi
for the ~hypothetical! 3d21-4pp22 (3S01

2 and 1D2) transitions.
The solid lines correspond to MR-RASCI calculations. The das
lines correspond to direct term in the formula by Correiaet al. @17#
whereas the dotted lines represent the interference term. The d
dotted lines correspond to results by Pu¨ttner et al. @1#. The kinetic
energies of Auger electron are given relative to 0-0-0 vibratio
transition.
2-5
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and changes in the spectral features are expected. One
note that calculations predict only one quasibound vib
tional state for the1S02

1 state, the continuum band close
resembling one or more transitions to stable vibratio
states. Therefore, in an experimental spectrum with mode
statistics@1#, the fit with Morse potential may look reason
able. The DHF calculation predicts no stable vibration
states for this state, thus highlighting the importance of
correlation treatment.

Due to the presence of strong nonadiabatic effects in
final Auger states, we have modified the interference form
given by Correiaet al. @17# to take these effects into accoun
The potential curves represented in Fig. 1 are adiabatic
tential curves, the points at each internuclear distance g
by the eigenvalue spectrum of the electronic Hamiltonian
this particular case two states,1S02

1 and 3P02 , interact

through the spin-orbit partĤSO of this operator. Accord-
ingly, the unperturbed states are eigenfunctions of the

maining spin-free partĤs f of the electronic Hamiltonian

The specific forms of theĤs f and ĤSO operators need no
concern us here, but within a four-component relativistic f
malism they would correspond to the separation propose
Dyall @18#. The points of the two potential curves in questi
can be thought of as resulting from diagonalizing the 232
Hamiltonian matrix in the basis of the unperturbed3P02

and 1S02
1 states. The3P01 state does not couple to othe

states through spin-orbit interaction, and its potential cu
therefore corresponds to that of the unperturbed3P02 state.
From the energies of adiabatic1S02

1 and 3P02 and from the
energy of3P01, the energy of the unperturbed1S02

1 state is
easily found since the trace of any matrix is conserved un
a unitary transformation. Likewise the off-diagonal spi
orbit coupling elements as a function of internuclear dista
are straightforwardly calculated.

The calculated ~MR-RASCI! off-diagonal spin-orbit-
coupling elements as a function of internuclear distance
well as diabatic and adiabatic potential energy curves
3P02 and 1S02

1 states are presented in Fig. 3. The result
potential curves of the unperturbed states are smooth f
tions of the internuclear distance, so that the nonadiab
coupling elements, which include the gradients of electro
wave functions with respect to nuclear coordinates, are sm
and can be neglected. Accordingly the unperturbed3P02

and 1S02
1 states form a diabatic electronic basis, and tran

tion moments may be approximated by nonrelativistic v
ues.

The final Auger states are eigenfunctions of the molecu
Hamiltonian that can be written asĤ5T̂N1Ĥs f1ĤSO

where T̂N is the kinetic energy operator of the nucle
Approximate solutions can be found variationally b
diagonalizing the Hamiltonian matrix in th
basis $u1S02

1 (rW;RW )&ux i(RW )&%ø$u3P02(rW;RW )&ux j (RW )&%. Here

u1S02
1 (rW;RW )& andu3P02(rW;RW )& represent the electronic wav

functions of the unperturbed states andux i(RW )& and ux j (RW )&
their respective vibrational wave functions. The latter a
found by solving the vibrational equations for the unp
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turbed 1S02
1 and 3P02 states separately

@ T̂N1Es f~RW !#xk~RW !5Exk~RW !. ~1!

If we assume that the gradients of electronic wave functi
with respect to nuclear coordinates vanish, the only non
agonal matrix elements in the Hamiltionian matrix are t
spin-orbit integrals of type

E dRW x i~RW !ESO~RW !x j~RW !, ~2!

where

ESO~RW !5^1S02
1 ~rW;RW !uĤSOu3P02~rW;RW !&, ~3!

which involve only values that we have already extrac
from adiabatic and diabatic potential curves.

Although we were not able to calculate electronic tran
tion amplitudes, we made simulations to demonstrate h
the spin-orbit interaction may cause differences in the AE
In all simulations we assumed the same magnitude for
transition moments. See Figs. 4~a!–4~d!. The simulation 4~a!
refers to calculation using the adiabatic basis set, 4~b! refers
to the diabatic calculation withĤSO not included in the mo-

FIG. 3. Calculated~MR-CI! off-diagonal spin-orbit-coupling el-
ement ESO as a function of internuclear distance, diabatic and ad
batic potential energy curves for the3P02 and 1S02

1 states. The
solid lines in the figure below correspond to diabatic potential
ergy curves, whereas the dashed lines correspond to adiabati
tential energy curves.
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lecular Hamiltonian. The calculations 4~c! and 4~d! refer to
variational-type calculations described above. In calculat
4~c! the transtions moments for3P02 and 1S02

1 are as-
sumed to have the same sign, whereas in the calculation~d!
the signs are assumed to be different. The straightforw
copying of the signs from atomic calculations is not possib
because even though the atomic Auger transition to the1S0
state comes mainly from one channel, the transition to
atomic triplet state comes from various channels with diff
ent signs depending on the spatial orientation, i.e., orb
angular momentum quatum numbers of the continuum e
tron. The simulations in Figs. 4~a!–4~d! are presented to
gether with the ‘‘experimental’’ spectrum for the1S02

1 ob-
tained with similar computations but with the vibration
constants taken from Pu¨ttner et al. @1#.

The different methods lead to significantly unlike spect
The calculation of Fig. 4~b! represents the case where w
have completely neglected the spin-orbit interaction. In t
case the spectrum consists of a clean vibrational progres
caused by the bonding1S02

1 and a broad, Gaussian typ
3P02 band caused by transitions to vibrational continuum

In Fig. 4~a!, the adiabatic approximation and the predict
interference contributions are very strong. This featu

FIG. 4. Calculated and experimental vibrational band profile
the ~hypothetical! 3d21-4pp22(1S02

1 ), 4pp21s21 (3P02) tran-
sition. The solid lines correspond to calculations described in
text. The dashed line corresponds to the spectrum generated
the vibrational constants obtained by Pu¨ttner et al. @1#. For details,
see the text.
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which may be an artifact, originates from the fact that t
vibrational bound state of1S02

1 is close to the dissociation
limit, and thus energetically close to vibrational continuu
The calculations of Figs. 4~c! and of 4~d! predict only small
interference contributions. The weaker interference struc
arises because now the continuum states close to the b
states of1S02

1 are mainly associated to3P02 and thus in-
teract only by means of a spin-orbit interaction. The cle
indication of the effects of the spin-orbit interaction is th
strong variation of the relative magnitudes between sh
peaks and continuum bands. If the signs of the Coulo
transition moments are the same@calculation 4~c!# we notice
that the broad3P02 band enhances and the1S02

1 peaks, in
particular the peak involving mainly the 0-0-0 vibration
transition, are weakened. In contrast if the signs differ,
0-0-0 vibrational transition of1S02

1 is greatly enhanced. On
must notice that the intensity ratio between the 0-0-0 p
and ‘‘0-0-1’’ peak~actually continuum band! varies depend-
ing on the sign of the transition. The straightforward fittin
procedure by using, e.g., Morse potentials thus may no
relevant and meaningful.

The interesting similarities between the adiabatic appro
mation of Fig. 4~a! and diabatic approximations in 4~c! and
4~d! appear in case of the transitions to higher bound sta
which in the adiabatic picture can be associated to bo
states of3P02 . The similar states arise in the diabatic pi
ture as well. It might be possible that these states may
recognized from an experimental spectrum measured w
better statistics. As a conclusion the1S02

1 and 3P02 band
profiles are very sensitive to the changes in the potentia

For the other dissociative states, like 4ps21(3P1) and
4ps21p21(1P1), the resulting vibrational band profiles ca
be predicted well by using more approximative methods, e
the moment method developed by Cederbaum and Taran
@19# and are not of specific interest to us.

IV. CONCLUSIONS

We have presented results of DHF and MR-RASCI c
culations on the ground, Br 3d–ionized, and doubly-valence
ionized states of HBr. Our results have been shown to b
overall agreement with recent experimental results@1#. The
remaining inaccuracy in the calculations can be attributed
basis set effects and possibly to core-valence correlation
fects. The results involving Br 3d–ionized states must a
well be considered preliminary, due to limitations of the
method and the difficulties in obtaining the optimal starti
vectors on DHF level. A more complete theoretical study
the Br 3d ionization is in our scope in the near future.

The vibrational band profiles of the resulting AES we
studied in detail, and in particular it was found that the pr
ence of avoided crossings caused by spin-orbit interac
may easily lead to situations where fitting procedures use
the data handling are not valid. First, the avoided level cro
ing leads to situations where transtions both to vibratio
bound and continuum states are present simultaneously.
ond, the intensity between various components of the vib
tional bands may vary drastically because of strong sp
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orbit interaction. The distortion of the vibrational ban
caused by lifetime vibrational interference was found to
of large importance.

Fully relativistic methods are shown to provide an effe
tive tool to predict the energetics and vibrational structu
of the molecules containing heavy element~s!. The accuracy
of the method compared to nonrelativistic treatment sho
be tested with some heavier molecule, e.g., HI, where
relativistic effects are expected to be even more pronoun
also in the valence region.
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