PHYSICAL REVIEW A, VOLUME 61, 032712
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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 R-donized HBF , and the #(,0) 2 states of HB?". Corre-
lation in the ground and valence-excited states and partially in thelBoidized states was described using a
configuration-interactiofCl) method. Calculated ionization energies and bond lengths were found to be in
good agreement with recent experimental results. The distortion in the vibrational bands ofithe 3
—4pm 2 Auger transitions due to lifetime vibrational interference was verified thralgimitio 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 numbgs): 32.80.Hd, 31.10tz, 31.30.Jv, 33.76-w

. INTRODUCTION states of HBf and the 4(o,7) 2 states of HBt". In AS
coupling the manifold of doubleg o,)—ionized HBr
Progress in experimentation has allowed us to resolve thstates splits into three classes according to the distribution of
molecular field and vibrational splittings of the core-hole the two holes. If both holes are in the bondingo4orbitals a
states and to detect the combined effect of intermediate argfrongly repulsive'>" electronic state is obtained. The
final states to the fine structure of Auger electron spectranixed o™ m~* states II and IT) are dissociative as well.
(AES). Molecules containing heavy elemétare cases ©On the other hand, théX ", 'A, and ‘X" states arising

where the assignment of these features, usually based on tf@M Placing both holes in the nonbonding# orbitals are

assumption of the similarity of elements with similar outer(?(p,ec;ted ‘2 be bound. The triplets are further spiit into
210+ and*II,_ o, 1, due to spin-orbit interaction.

shﬁlll_ﬁtrl:ﬁtu;?égasr‘y fa'ii' qu !llwstanclze, n H';’.tchh HB.r’ As demonstrated by Pabt al. in the case of HF3], the
an , the where the simifar valence oroitals are -, ;5 giabatic effects may be important in AES. Thus, we also

volved in the decay, differ greatly from e;ach other. This 'Sapproximate the diabatic potential curves for the
related to the fact that the intensity distribution of the AES4p77‘2(12§_) and 4p0—177_1(31-[07) states of HB¥" . The

depends on the character of the |ntermed|_ate state—of ﬂ}?otential curves were further used in calculating the vibra-
1sg, 2pci, 3dg;, 4d, core-hole state in the above {gnal structure of the AES.

examples—and its match with the valence charge distribu-  The results of the calculations are directly compared to
tion involved in the decaysee, e.g.[1] and references the experimental values obtained bytfer et al. [1]. Espe-
therein. cially the experimentally observed distortion in the vibra-
For a theoretical description of the core-hole states, botfional bands of the 8 *—4p 2 Auger transitions due to
the molecular field and spin-orbit interaction need to be indifetime vibrational interference is verified by calculations.
cluded on the same footing. The recent results by EllingseiiFor a detailed theoretical description of the lifetime vibra-
et al. [2] indicated that relativistic effects are of importance tional effects, see Ref4].) The results of this work are also
in molecules as light as HCI when highly excited states areompared to the calculations performed by Banichevich
involved. In heavier molecules as in HBr, the relativistic et al. [5] who included scalar relativistithe mass velocity
effects, especially the spin-orbit interaction, are of impor-and Darwin termgeffects in the Hamiltonian. They treated
tance also in the valence doubly-ionized states, the finahe spin-orbit interaction as a perturbation causing predisso-
states of the Auger decay. Relativistic molecular calculationgiation of the nonrelativistically stable states.
are a natural choice for predicting the properties of such In Sec. Il we describe briefly the methods used in the
states. However, it should be remembered that in the finatalculations for the adiabatic potential energy curves, vibra-
states the correlation effects are even more important, andtinal energies, and wave functions. The results of these cal-
relativistic method including correlation treatment should beculations are further compared to recent experimental results.
employed. In Sec. Il we investigate in more detail the lifetime interfer-
In this paper we present results of fully relativistic calcu- ence effects and the nonadiabatic effects caused by spin-orbit
lations for the adiabatic potential energy curves of theinteractions on the AES of HBr. These sections are followed
ground state of HBr, the Br-ionized, molecular-field-split by a conclusion.
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TABLE I. The used RAS spaces in calculations for the ground statedBidhized, and doubly-valence-

ionized HBr.
State RAS1 RAS2 RAS3
Ground state do, 4p(o,m) Virtual spinors
3d? 3d, 4so, 4p(o, ) Virtual spinors
4p(o,m)~? 4so 4p(o,m) Virtual spinors
Il. COMPUTATION OF THE ADIABATIC POTENTIAL The generally contracted Gaussian basis sets used in this
ENERGY CURVES, VIBRATIONAL ENERGIES, work are summarized in Table Il. For bromine a primitive,
AND WAVE FUNCTIONS nonrelativistic 1613p8d basis, of Faegri8] was reopti-

mized to a dual family basis, where tldeexponents are a
subset of thes exponents. This basis was augmented with a

All calculations for the adiabatic potential curves weretight p exponent to improve the description of the 2pin-
performed using the four-component relativisab initio  orbital splitting. The basis set was then further increased to
MOLFDIR [6] program package. The nuclei were representedetter describe correlation and polarization. The final
by a finite-nucleus model, i.e., a Gaussian charge distribui8s16p10d2f large component basis was subjected to a gen-
tion, with an exponential value of 2.413 02@0° for Br. eral contraction in the pattefds+4,6p+5,2d+4,2], mean-

The calculations were carried out i@,, double-group ing that fours-functions, fivep-functions, twod-functions,
symmetry. TheC,, is the highest subgroup of th€.,, and twof-functions were kept uncontracted to keep the flex-
which can be exploited by theOLFDIR program package. ibility in the basis set. For the large components of hydrogen
The two-electron interaction was described by treating botta 6s3p1d primitive basis with exponents from Dunnihg]
the Couloumb and Gaunt operators variationally for thewas used. The basis was generally contracted tBs
ground state and thepfo,7) 2 states. In calculating the +3,3,1] pattern. Basis sets for the small components were
3d ! states the number of integrals was heavily truncated imyenerated by the atomic balance relatiaf].
order to keep the computing time tolerable. The integrals Vibrational energies and wave functions were calculated
between small componenf$§SSS9 integrald as well as by numerical integration of the nuclear Sctimmger equation
Gaunt integrals were not calculated at all. in the standard mannéNumerov schemye the potentials of

Molecular spinors were generated by the Dirac-Hartreethe quasibound states being truncated at the top of the barrier
Fock (DHF) method. The open-shell states were treated byn order to ensure stable solutions for a bound state. The
an average of configurations formalism. For thi 3 states  spline fit was applied to calculated points. A large number of
five electrons were averaged over the molecular-field-splibrthonormal vibrational continuum wave functions were cal-
components 8335, 3dspsp, and 3sps, in the  culated for the simulations of the bound-continuum transi-
ww-coupled notation and for thepdo, ) 2 states four tions(see Sec. lll for details We have neglected rotational
electrons were averaged over thestand 4par spinors. The degrees of motion in all calculations.
different electronic states arising from the open-shell mani- In the relativistic scheme we work with intermediate cou-
fold were then resolved by a subsequent full Cl within thepling where only thes and() quantum numbers are feasible.
open-shell spinor space. Correlation effects were studied us¥e have, however, used the conventional nonrelativistic no-
ing the restricted-active-space configuration-interactiortations to describe thep{,o) 2 states of HBf". The no-
(RASCI) method[7]. In the calculations of the ground state tations used are valid only in the relatively small internuclear
and the (o, ) ? states, the electrons in thesé and distancesR<1.5 A; at longer bond lengths some states
4p(o, ) spinors were correlated and fod 3! states, elec- completely change their character due to spin-orbit coupling.
trons in the 3 were correlated as well. The RAS spaces
were defined as shown in Table I. All excitations from the B. Results and comparison with experiment
RAS1 to RAS2 subspaces, all excitations within the RAS2 and previous calculations
and single and double excitations from these spaces to RAS3
were allowed, leading to a multireferen@dR) description
of the ™! and 4p(o, ) 2 states. Virtual spinors with en- In the recent work by Rtner et al. [1] as well as in the
ergies above 4 a.u. were deleted. prior work by Wannbergt al.[11] only the four lowest final

A. Computational details

1. Details of previous experiments

TABLE Il. Basis sets.

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

Brbasis  1816p10d2f  4s+4,6p+52d+4,2  1618p16d10f2g  3s+5,50+5,6d+5,2f +4,2
H basis &3pld 3s+3,3,1 F7p3d1f 3,30+4,3,1
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TABLE lIl. Experimental[12,13,1 and calculated bond lengths for the ground state,B+i8nized, and
doubly-valence-ionized HEF .

State Expt[12,13,] Dirac-Fock MR-CI Nonrelativistid 5]
R (A)

Ground state 1.414 1.404 1.413 1.41
3d? 1.450 1.427 1.445
dpm3(3%5, o) 1.563 1.524 1.542 1.%5.49
4p7?2(A,) 1.560 1.524 1.541 1.54.49
4pm (1)) 1.581 1.527 1.559 1.55.50
4pota 1311y 2.047 2.212
4po a1, ) 1.719 1.833

states arising from @z~ 2 were clearly resolved in the ex- 3. Br3d-ionized states

perimental AES. The remaining final states are dominated by |, . ., coupling the manifold of Br@—ionized states

transitions to vibrational continuum giving rise to broad spans five statedY=1/2,3/2,1/2,3/2,5/2). We were not able
spectral feat_ure_s. Thus the quality of c_alculqted bond Iengtht% converge thé€) =1/2 states at the DHF level, so the results
as well as binding energies for the spin-orbit-spll states  ronorted here are restricted to the remaining three states. A
and the"Il, state cannot be tested due to the lack of experizyriher complication is the large number of orbitals corre-
mental data. . . lated at the CI leve|[3d,4so,4p(o,7)]. This lead to very

The experimental results, excluding ground-state valuege\ere size-consistency errors already with a moderately
are taken from the work by Rmeret al. [1]. They included  ga number of virtual orbitals included in RAS3, the cor-
the vibrational lifetime interference when fitting the data b,Utrections of Langhoff and Davidsdii6] giving rise to dras-

calculated the vibrational matrix elements by assuMiNGic, clearly erroneus, changes in energy splittings between
Morse potentials for the ground state, the intermediate 3 4 molecular-field-split states.

core-hole state, and thep4* final states. For the & * The calculated bond lengths and vibrational constants for
core-hole state they assumed equal potential energy CUV@ge gy 34.jonized HBr are given in Tables Il and IV, respec-
for all molecular-field-split components. The values ff’{ thetively. Note that the determination of the experimental value
potential energy surface of the ground state and ®i€°3  113]'was based on the assumption that the potential energy
state were taken from literatuf@2] and recent photoemis- f,nctions are similar for all spin-orbit and molecular-field-
sion spectrg13], respectively. The value for the lifetime gyt components. The calculated bond length is obtained as
width of I'=95 meV was taken from photoabsorption Spec-ap ayerage of the molecular-field-split componerds 3,2,
tra [14]. The rellabllle o.f thg fitting procedure .used in the 3ds/p 51, and g/, 51N the ww-coupled notation. This av-
experimental analysigl] is discussed later in this paper.  grage” represents all of these three states well, the largest
deviations from the average being only 0.002 A. The in-
2. Ground state crease in the bond length relative to ground state is too small

The optimized bond lengths and vibrational constants foft the DHF level(0.023 A as compared with experiment.

the ground state are presented in Tables Il and IV, respec.h€ increase of 0.032 A on the Cl level is within the accu-
tively, together with the experimental valugk?]. The DHF ~ facy of experlmental resultsl3]. The v_|brat|onal energies
bond distance is 0.01 A shorter than the experimental bong"d wave functions were calculated using the average poten-
length. At the Cl level the calculated bond length is only tial of these spinors.
0.001 A shorter than the experimental value. The calculated
bond lengths as well as vibrational constants are well in line
with the results by Visscher, Styszki, and Nieuwpoort The calculated and experimentally determined potential
[15], who used slightly smaller basis sets. energy curves for theplr 2 states and the calculated curves

4. Valence ionized HB?"

TABLE V. Experimental [12,13,] and calculated vibrational constants for the ground state,
Br 3d—ionized, and doubly-valence-ionized HBr

State Expt[12,13,1 Dirac-Fock MR-CI
hw, Xho (MeV)
Ground state 328.2,5.6 344, 4.4 333, 4.8
3d7? 315 322, 6.2
dpm 3(3%5, ) 218, 8.8 247,11.6 235, 8.7
4pm2(A,) 220, 9.9 250, 19.8 240, 11.6
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avoided crossing takes place also between®fie and *A,
states, but at longer bond lengths, and should therefore influ-
ence the AES to a lesser degree.

Experimental and calculated bond lengths for the valence-
excited states of HBf are given in Table Ill. The DHF
bond lengths for these states are generally too small as com-
pared with experimental values. The CI values are in better
agreement being about 0.02 A shorter than the experimental
values. The small variation in the relative distances between
the bond lengths of theplr 2 states is well predicted by
theory.

The calculated and experimental binding energies are
given in Table V. The DHF binding energies are in general
too small and energy splittings betweéhy, ;, *A,, and
135 are too large as compared with experiment. The ClI
energies are slightly too high. The nonrelativistic values for
binding energies by Banichevicét al. [5] seem to be in
better agreement with experimental results. They have, how-
ever, been corrected with respect to experimental results. The
4 splittings predicted by relativistic Cl calculations are in gen-
YR eral in slightly better agreement with experiment than the

4pn” (Z,,) splittings obtained by the nonrelativistic calculatiob$ The
~2603.20 — 1'5 ' 2'0 ' 2'5 ' 3'0 small splitting (about 50 meY between theQ =0 and Q
' | "o ’ ) =1 states of°3 " is well reproduced by the DHF and ClI
R (A) calculations.
) 72 . The bromine 8 manifold was correlated only for the

FIG. 1. ;{ojentual energy curves for the# “and 4o~ 7 *  pr3q_jonized states. The effect of this core-valence corre-
Cortespon to Morse potentals extracted ftom the experimental vi21ion fOr the other states was studied by investigating the
brational constants by Taer et al. [1]. Br~ and Br asym_ptotes, assuming it to be a purely at9m|c

effect. A small shift downwards of about 0.015 eV in bind-
ing energies for valence-ionized HBr was observed when
the correlation energies between the ground state ofdBid

11,1
-2603.00 Jpom (1)
4po"11|:'1 (31'12 )

4pcs'11t'1 ( 3111 )

-2603.05-

-
=
s L XY S
(A1
-2603.10

-2603.15

1

for the 4po~ 171 states of HBt' are presented in Fig. 1.
The highest excited statepd2(*S3_), is strongly repul- the different states belonging to Bwere compared.
sive, and is not shown in Fig. 1. The number of quasistable vibrational levels for the
The nonrelativistic double-hole states of AES are pera4p1-r*2 states is heavily reduced by the avoided crossings
turbed by spin-orbit coupling. In particular, spin-orbit inter- caused by spin-orbit coupling. This rather strong effect is
action between the dissociativdl,_ state and the bonding clearly visible in the potential energy curves presented in
135_ state leads to an avoided crossing as clearly seen ihig. 1. For the32§+,l states we found six stable vibrational
Fig. 1. The 6~ component of'II does not interact with other ~ states at the DHF level and seven at the CI level. ¥o5 the
states through spin-orbit coupling and therefore represensumbers at the DHF and Cl level were found to be three and
the unperturbed state, a feature that is exploited in the calcdour, and for'X_, zero and one, respectively. When these
lation of the vibrational band profiles in Sec. IlIB. An values from the adiabatic approximation are compared to the

TABLE V. Experimental[1] and calculated binding energiéSg) of doubly-ionized HBf".

State v Expt. [1] Dirac-Fock MR-CI Nonrelativisti¢5]
Eg (eV)
apm2(3%,, o) 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
4pm2(tA,) 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
4pm2(13,) 0 35.205 (33.49% 35.779 34.87
4po o 1(3I,) 0 33.040 35.648
4po a1, ) 0 34.028 36.365
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results by Banichevickt al.[5], who found eight, seven, and 0.5 0.0 0.5
seven states fofS ~, A, and 3", respectively, the num- ' " ' ' '
ber of vibrational states is clearly seen to be reduced. This 300
finding, however, agrees in essence with results of Banichev-
ich et al, who found considerably large lifetime widths of
219 and 165 meV fow=>5 state of A and v=2 state of
13+ respectively. In addition, due to the spin-orbit interac-
tion two of the ®II states (1=0—,2) possess minima, in
slightly longer internuclear distances than the states arising
from the 4p7 2 configurations. The state assigned*&k,_
is actually more of'3;_ character at longer internuclear
(jistances, and the state assigned®Hs is actually more of

AZ.

The experimental resulfd], obtained using Morse poten-
tials, cannot be used to confirm the findings. More realistic
potentials, especially for théX ", are needed in the data
analysis to make a final conclusion of the number and nature
of the vibrational levels.

The vibrational energy splittings can be deduced from
Table IV. The binding energies for the lowest vibrational 100
states are given in Table V. The nonrelativigtid and rela-
tivistic values, of about the same calculational quality, for
the lowest states are very similar. In general, discrepancies 0
between experimental and calculated vibrational splittings ) .
are very small. 05 0.0 05

Rel. kinetic energy (eV)

g

8

Intensity (arb. units)
g o

g

lll. LIFETIME INTERFERENCE

FIG. 2. Calculated and experimental vibrational band profiles
AND NONADIABATIC

for the (hypothetical 3d~1-4pm~2 (33,, and A,) transitions.
EFFECTS IN THE AUGER ELECTRON The solid lines correspond to MR-RASCI calculations. The dashed
SPECTRUM OF HBR lines correspond to direct term in the formula by Corretial. [17]
A. Lifetime interference using the adiabatic approximation whereas the dotted lines represent the interference term. The dash-
dotted lines correspond to results bytier et al. [1]. The kinetic

~ In the experimental work of Rtner et al. [1] the vibra-  energies of Auger electron are given relative to 0-0-0 vibrational
tional lifetime interference was shown to have a significantransition.

influence on the AES of HBr. For a detailed comparison

between experiment and theory, we calculated the Vibraaction (PCD was not included in the simulations. The vibra-
tional band structures using parameters obtained from odfonal band profiles for the’S,, and *A, states are very
calculations. Unfortunately, we were not able to calculateSimilar. Especially the shoulder in the high-kinetic-energy
electronic transitions amplitudes. We included one electroni§ide is very well predicted by present calculations verifying
intermediate state only and used the experimental value fdf'® réassignment by Roeret al.[1] of this feature as being
lifetime width T'=95 meV for the Bral core-hole state the interference contribution instead of the hot band. The

taken from photoabsorption speckdad]. This means that we NeNSity of the highest peaks is in both peaks slightly over-
are working in the “constant resonant width approximation” estimated by calculations as compared with experiment. The

[17]. In reality the lifetime width may vary depending both transitions to vibrational continuum for thg., are almost
on the intermediate state and on the internuclear distanc gzgl|g|ble and are hardly visible in the experimental spec-

This is in particular true in the presence of avoided Ievel.(rjum'. T?e srr:apef o;egge’:ElAband (.ZOIdShOWD. 1S atl)most d
crossings, where the adiabatic Born-Oppenheimer approxl— entlga tot ft oft 0+ N avoided crossing observe
mation is no longer valid. involving the °IT, and “A, states causes a small increase of
For 355, and 'A, we calculated the vibrational matrix continuum transitions fotA,. The crossing, however, is at
+

| ¢ ina th :cal vibrational funci th Long bond distance and does not influence the AES signifi-
elements using the numerical vibrationa' wave functions tha, antly. Our calculations verify the validity of the Morse po-
were obtained by solving the nuclear Sdlirger equation

. - . . ! . tential fitting procedure used for the treatment of these states
using the adiabatic electronic basis. Thereafter the vibras 9p

tional band profiles were calculated from the interferenc%n the experimental spectra.
formula given by Correiat al. [17] (their Eq.(5); see also
Ref. [4]). We also compared our calculated profiles to the
ones obtained by using the experimentally determined Morse The spin-orbit-induced avoided crossing betwé@ﬁ_
potential by Pttneret al.[1]. The resulting profiles are pre- and ®I1,_ causes significant effects in the AES. In this case

sented in Fig. 2. The distortion caused by postcollision interthe avoided level crossing is in the Franck-Condon region

B. Nonadiabatic effects
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and changes in the spectral features are expected. One must 0.008 T T T T T
note that calculations predict only one quasibound vibra-
tional state for the'S ;_ state, the continuum band closely =
resembling one or more transitions to stable vibrational <
states. Therefore, in an experimental spectrum with moderate ™
statistics[1], the fit with Morse potential may look reason- 2
able. The DHF calculation predicts no stable vibrational Ll
states for this state, thus highlighting the importance of the
correlation treatment.

Due to the presence of strong nonadiabatic effects in the 0.006
final Auger states, we have modified the interference formula
given by Correizet al.[17] to take these effects into account.
The potential curves represented in Fig. 1 are adiabatic po-
tential curves, the points at each internuclear distance given -2603.04
by the eigenvalue spectrum of the electronic Hamiltonian. In
this particular case two statesy,_ and 3[,_, interact

through the spin-orbit parHsg of this operator. Accord- g -2603.06
ingly, the unperturbed states are eigenfunctions of the re-

maining spin-free parﬂsf of the electronic Hamiltonian.

The specific forms of théd; and Ao operators need not -2603.08
concern us here, but within a four-component relativistic for-

malism they would correspond to the separation proposed by

Dyall [18]. The points of the two potential curves in question .2603.10
can be thought of as resulting from diagonalizing the 22

Hamiltonian matrix in the basis of the unperturb@H,_

and '3 ;_ states. The’ll,, state does not couple to other

states through spin-orbit interaction, and its potential curve FIG. 3. CalculatedMR-CI) off-diagonal spin-orbit-coupling el-
therefore corresponds to that of the unperturBEg_ state. em_ent Eo as a function of internuclear distance, diabatic and adia-
From the energies of adiabaﬂélg_ and 31—[0_ and from the  Patic potential energy curves for thidl,  and 'S,_ states. The

3 + . solid lines in the figure below correspond to diabatic potential en-
energy of "Iy, the energy of the unperturbé&o_ state Is ergy curves, whereas the dashed lines correspond to adiabatic po-

easily found since the trace of any matrix is conserved undetrelntial energy curves
a unitary transformation. Likewise the off-diagonal spin- '
orbit coupling elements as a function of internuclear distance{,-urbed
are straightforwardly calculated.
The calculated (MR-RASCI) off-diagonal spin-orbit- 4 3 3\ — 5
) . : . Tyt Esi(R R)=Ex«(R). 1
coupling elements as a function of internuclear distance as (TNt Es R DR =Exu(R) @
\gvell as d"'i‘baf'c and adiabatic potential energy curves folf e assume that the gradients of electronic wave functions
Il and "% states are presented in Fig. 3. The resultingyith respect to nuclear coordinates vanish, the only nondi-

potential curves of the unperturbed states are smooth funggonal matrix elements in the Hamiltionian matrix are the
tions of the internuclear distance, so that the nonadiabatigpin-orbit integrals of type

coupling elements, which include the gradients of electronic

wave functions with respect to nuclear coordinates, are small . R R

and can be neglected. Accordingly the unperturb&h,_ dRxi(R)Esd(R) xj(R), ()
and '3,_ states form a diabatic electronic basis, and transi-

tion moments may be approximated by nonrelativistic val-where

ues.

The final Auger states are eigenfunctions of the molecular Eso(R)={12¢_(r;R)|Hsd’y_(r;R)), ©)
Hamiltonian that can be written a#l=Ty+Hg+Hgo
where Ty is the kinetic energy operator of the nuclei.
gr;p?:;rl?;;e soLLrJ]téons Hg?rrl]iItobn?arfounriazlr&na“?ga”y thzy Although we were not able to calculate electronic transi-

9 ot 9 _ R 3 - R tion amplitudes, we made simulations to demonstrate how
basis {| % o (1;R)[xi(R)}U{I*o—(r;R)[x;(R))}. Here  the spin-orbit interaction may cause differences in the AES.
|*S4_(r;R)) and|®T,_(r;R)) represent the electronic wave In all simulations we assumed the same magnitude for all
functions of the unperturbed states dyg(R)) and|Xj(I5)> transition moments. See Figga#-4(d). The simulation 4g)
their respective vibrational wave functions. The latter arefefers to calculation using the adiabatic basis s} refers
found by solving the vibrational equations for the unper-to the diabatic calculation witkl 5o not included in the mo-

0.007

13- and®ll,_ states separately

which involve only values that we have already extracted
from adiabatic and diabatic potential curves.
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200 -2.0-1.5-1.0-0.5 0.0 0.5 -2.0-1.5-1.0-0.5 0.0 0.5 400 which may be an artifact, originates from the fact that the
UL LA L vibrational bound state ofS;_ is close to the dissociation
limit, and thus energetically close to vibrational continuum.
300 The calculations of Figs.(4) and of 4d) predict only small

interference contributions. The weaker interference structure
arises because now the continuum states close to the bound

200 states of'34_ are mainly associated t&1,_ and thus in-
- teract only by means of a spin-orbit interaction. The clear
i) indication of the effects of the spin-orbit interaction is the
= 100 L . .
c strong variation of the relative magnitudes between sharp
3_ peaks and continuum bands. If the signs of the Coulomb
Q 0 transition moments are the safmalculation 4c)] we notice
S N T PR . that the broad’Il,_ band enhances and th& j_ peaks, in
>,4 0 400 particular the peak involving mainly the 0-0-0 vibrational
5 transition, are weakened. In contrast if the signs differ, the
< 300 | () d 4 300 0-0-0 vibrational transition ot _ is greatly enhanced. One
g (d) - ton o' >0
= must notice that the intensity ratio between the 0-0-0 peak

and “0-0-1" peak(actually continuum bandvaries depend-
200 - - 200 ing on the sign of the transition. The straightforward fitting
procedure by using, e.g., Morse potentials thus may not be
relevant and meaningful.

100 119 The interesting similarities between the adiabatic approxi-
mation of Fig. 4a) and diabatic approximations in@ and
oF - Lo 4(d) appear in case of the transitions to higher bound states,
T T which in the adiabatic picture can be associated to bound
-2.0-1.5-1.0-0.5 0.0 0.5 -2.0-1.5-1.0-0.5 0.0 0.5 states of*II,_ . The similar states arise in the diabatic pic-

ture as well. It might be possible that these states may be
recognized from an experimental spectrum measured with
o . i 3
FIG. 4. Calculated and experimental vibrational band profile forbener statistics. As a_C_O”CIUS'On tHEO— ar_Id 1o bam_j

the (hypothetical 3d~L-4pm2(13 ), 4pmto 1 (3, ) tran- profiles are very sensitive to the changes in the potential.

Indad _ b 0 R Y ined i For the other dissociative states, likgpd *(°II;) and
sition. The solid lines correspond to calculations described in the T~ %= & ; ates, 1K@ 1)
text. The dashed line corresponds to the spectrum generated froffPo ~7 ("1Iy), the re_sultlng V|brat'0nf3| be_md profiles can
the vibrational constants obtained bytfer et al. [1]. For details, ~be predicted well by using more approximative methods, e.g.
see the text. the moment method developed by Cederbaum and Tarantelli
[19] and are not of specific interest to us.

Rel. kinetic energy (eV)

lecular Hamiltonian. The calculationgc} and 4d) refer to
variational-type calculations described above. In calculation
4(c) the transtions moments fotll,_ and '3;_ are as- IV. CONCLUSIONS

sumed to have the same sign, whereas in the calculatdn 4  \We have presented results of DHF and MR-RASCI cal-
the Signs are assumed to be different. The Straightforwardu|ations on the ground, Br[B_ionized, and doub|y_va|ence_
copying of the signs from atomic calculations is not possiblejonized states of HBr. Our results have been shown to be in
because even though the atomic Auger transition to'®e  overall agreement with recent experimental resiiis The
state comes mainly from one channel, the transition to theemaining inaccuracy in the calculations can be attributed to
atomic triplet state comes from various channels with differ-pasis set effects and possibly to core-valence correlation ef-
ent signs depending on the spatial orientation, i.e., orbitajects. The results involving Br@-ionized states must as
angular momentum quatum numbers of the continuum eleGyell be considered preliminary, due to limitations of the ClI
tron. The simulations in Figs.(#—4(d) are presented to- method and the difficulties in obtaining the optimal starting
gether with the “experimental” spectrum for the;_ ob-  vectors on DHF level. A more complete theoretical study of
tained with similar computations but with the vibrational the Br 3d ionization is in our scope in the near future.
constants taken from Buner et al. [1]. The vibrational band profiles of the resulting AES were
The different methods lead to significantly unlike spectra.studied in detail, and in particular it was found that the pres-
The calculation of Fig. #) represents the case where we ence of avoided crossings caused by spin-orbit interaction
have completely neglected the spin-orbit interaction. In thisnay easily lead to situations where fitting procedures used in
case the spectrum consists of a clean vibrational progressiane data handling are not valid. First, the avoided level cross-
caused by the bonding,_ and a broad, Gaussian type ing leads to situations where transtions both to vibrational
3I1,_ band caused by transitions to vibrational continuum. bound and continuum states are present simultaneously. Sec-
In Fig. 4(a), the adiabatic approximation and the predictedond, the intensity between various components of the vibra-
interference contributions are very strong. This featuretional bands may vary drastically because of strong spin-
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