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Detailed analysis of the 3d21
˜4pp22 normal Auger spectra in HBr and DBr
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High-resolution BrMVV Auger spectra of HBr and DBr have been recorded using monochromatized
synchrotron radiation. We present a detailed analysis and reassignment of the spectra in the 3d21→4pp22

region. This part of the spectra exhibits the spin-orbit and ligand-field splitting of the 3d21 core-hole states and
a vibrational structure of the final states influenced by vibrational lifetime interference. The equilibrium dis-
tances and the vibrational energies of the final states1S1, 1D, and 3S2 are derived from the intensity
distribution of the vibrational substates . From the shape of the peaks identified as transitions to the3S2 state
a splitting of>50 meV between the components3S0

2 and 3S1
2 is concluded. Agreement between the experi-

mental spectra and fitted results for both HBr and DBr is very satisfactory.@S1050-2947~99!08406-1#

PACS number~s!: 33.80.Eh, 33.20.Tp, 33.15.Dj
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I. INTRODUCTION

During the last two decades a number of effects
normal-Auger spectra have been resolved. Although the t
hole final states populated subsequent to core ionization
normally dissociative and lead to broad spectral features
some cases, the final states are stable with respect to d
ciation; consequently, they possess discrete vibrational le
and are, therefore, of high experimental and theoretical in
est. First observations of vibrational fine structure in Aug
spectra were reported in N2 by Siegbahnet al. @1# and in CO
by Correiraet al. @2#. For CO it was shown that vibrationa
lifetime interference influences the observed line shape@2#.
Later on, vibrational lifetime interference was used by C
roll et al. to explain the line shape of some features in
KVV Auger spectra of, e.g., NO@3#.

In the late eighties Karlssonet al. examined the Auger
spectra subsequent to shallow core ionization in HCl/DCl~Cl
2p21) @4#, HBr/DBr ~Br 3d21) @5#, and HI ~I 4d21) @6#.
The final-state configurations with two holes in the nonbo
ing p valence orbital,p22, are of particular interest, sinc
the Auger transitions to these states show a number of
row lines. In all these molecules, thep22 final-state configu-
ration is split into the electronic states1S1, 1D, and 3S2

~see, e.g., Fig. 1!. Some structures in these Auger spec
were identified as transitions to vibrational substates@4,5# on
the basis of isotopic shifts; all structures were assigned
cordingly. In the early 1990s, ligand-field splitting was r
solved in the spin-orbit split 4d and 3d photoelectron lines
of HI and HBr, respectively@7,8#. Since in the two-step
model, i.e., by regarding photoionization and Auger tran
tion separately, the intermediate state of the entire proc
namely, the core-hole state, can be considered as the
tial’’ state for the Auger transition, ligand-field splitting ha
to be considered in the analyses of the Auger spectra of
and HI. For HI the resulting reassignment lead to a debat

*Permanent address: Institute of Physics, University of Tartu, R
142, EE 2400 Tartu, Estonia.
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literature @6,7,9#. However, the situation is similar in
HBr/DBr. We show that ligand-field splitting of the core
hole states and the vibrational splitting of the final states
of the same order of magnitude (>200 meV! and have com-
parable influence on the normal-Auger spectra hinderin
straightforward analysis.

In this investigation, we have recorded the high-resolut
MVV Auger spectra of HBr and DBr using monochrom
tized synchrotron radiation. We show that for Auger tran
tions to final states with quasistable potential-energy curv
ligand-field splitting of the intermediate state as well as
brational splitting, including lifetime interference, have to
considered to obtain reliable interpretations of the spectra
addition, we show that the influence of vibrational lifetim
interference, although well known since the eighties, h
been underestimated in the analysis of normal-Auger spe
In detail, we determine the equilibrium distances and vib
tional energies as well as the energetic splittings of the fi

ia

FIG. 1. Overview spectrum of the 3d21→4pp22 Auger tran-
sitions of HBr~upper part! and DBr~lower part!. The energy posi-
tions of thev950→v850 transitions to the final states1S1, 1D,
and 3S2 are given by the upper vertical-bar diagrams indicating
five ligand-field components of the intermediate state. The low
vertical-bar diagrams indicate the energies of t
4ps214pp21 (3,1P) final states. The solid line through the da
points represents the fitted results.
4438 ©1999 The American Physical Society
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states. From the broadening of the peaks identified as tra
tions to the3S2 state, we conclude a spin-orbit splitting o
>50 meV between the3S0

2 and 3S1
2 components.

II. EXPERIMENT

The measurements were performed at the gas-p
beamline 51@10,11# ~The Finnish Beamline! at the MAX I
storage ring in Lund, Sweden. The beamline uses radia
from a short-period undulator and includes a modifi
SX700 plane-grating monocromator. A rotatable hig
resolution spectrometer Scienta 200 was used as an ele
analyzer@12#. The Auger spectra of the present studies w
obtained at the pseudomagic angle of 54.7°. The spectru
HBr ~DBr! was measured using a broad photon band at
photon energy of 102 eV~93 eV!. The analyser pass energ
was 10 eV~20 eV! resulting in an experimental resolution o
20 meV~30 meV!. The observed linewidths were, therefor
mostly determined by the lifetime width of the Br 3d21

states of 95 meV@13#. The kinetic energies of the Auge
electrons were calibrated using theN4,5OO lines in xenon.

III. DATA ANALYSIS

The spin-orbit and ligand-field splittings and vibration
excitations observed in the Br 3d21 photoelectron spectrum
of HBr demonstrate the presence of a substantial numbe
different intermediate states contributing to the norm
Auger spectra. From recent photoelectron spectra, the lig
field splittings between the 3d5/2

21(2D5/2) and the
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3d5/2
21(2P3/2), 3d5/2

21(2S1/2), 3d3/2
21(2D3/2), 3d3/2

21(2P1/2)
states were extracted to be 175~2! meV, 286~4! meV,
1087~2! meV, 1300~1! meV, respectively@8,14#. Addition-
ally, the spectra showed vibrational substates with a splitt
of \v>315 meV and av951-to-v950 intensity ratio of
>0.05 @14#. The value for the lifetime width ofG595 meV
is taken from photoabsorption spectra@13#.

Since the spacing between the different intermedi
states is of the same order as the lifetime widthG, interfer-
ence becomes important. The Auger process can then be
scribed by@2#

I ~E!}(
f
U(

n

^C f uQuCn&^CnuDuC i&
E2~En2Ef !1 iG/2 U2

, ~1!

whereC denotes the total molecular wave function,Q the
Coulomb operator,D the dipole operator,E the energy as
well as i, n (m), and f the intitial, intermediate, and fina
states, respectively. By applying the adiabatic approxim
tion, i.e., the separability of the electronic and vibration
motions, the total molecular wave functions can be written
uC f&5ucw&uw8&, uCn&5ucn&un8&, uCm&5ucm&um8&, and
uC i&5uc i&u i 8&. uca& represents the electronic part andua8&
the vibrational part of the total molecular wave function. B
usingDn5^cnuDuc i& andQnw5^cwuQucn& as well as sup-
pressing the photoelectron degrees of freedom@post-collision
interaction~PCI!—their influence will be discussed below#,
Eq. ~1! can be written as
I ~E!}(
w

(
w8

(
n

(
n8

uQnwu2uDnu2z^w8un8& z2z^n8u i 8& z2

@E2~Enn82Eww8!#
21G2/4
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(
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(
m8Þn8

uQnwu2uDnu2^w8un8&^n8u i 8&^ i 8um8&^m8uw8&$@E2~enn8
ww8!#@E2~enm8

ww8!#1G2/4%
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(
n8
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Br,
with enm8
ww85Enm82Eww8 . The first term is the direct term

that is used in the two-step model for Auger decay, the s
ond term describes the vibrational lifetime interference,
third term the electronic-state lifetime interference, and
last term describes interferences between different vib
tional states of different electronic states.

In the present paper the 3d21→4pp22 Auger spectra of
HBr and DBr were treated with a least-squares fit analy
We included the direct term and the vibrational lifetime i
terference term of Eq.~2!, however, we neglected the la
two terms ~see below!. As a consequence of the adiaba
c-
e
e
a-

s.

approximation, the intensity of a transition to one final sta
characterized by its electronic and vibrational quantum nu
bers can be given in Eq.~2! as a product of the electronic an
vibrational matrix elements. The electronic, namely, the
pole and Coulomb matrix elements, are identical for HBr a
DBr allowing us to describe them with the same set of p
rameters. The vibrational matrix elements were calculated
the basis of potential-energy surfaces of the states, wh
were assumed to be equal for HBr and DBr in the space
the real distancesr and, therefore, could be described in th
space by using only one set of parameters for both m
ecules. To realize identical parameters for HBr and D
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4440 PRA 59R. PÜTTNER et al.
both spectra were fitted simultaneously. This allows us
describe both spectra with approximately 30 parameters

For the calculation of the vibrational matrix elemen
Morse potentials for the ground state, the intermediate 3d21

core-hole state, and the 4pp22 final states were assume
possible differences in the potential-energy surfaces for
ligand-field components of the 3d21 core-hole state were
neglected. The values for the potential-energy surfaces o
ground state and the 3d21 state were taken from literatur
@15# and recent photoelectron spectra@14#, respectively. The
calculations of the vibrational matrix elements are not p
formed in the real space, but in the space of the nor
coordinates. Since the transformation from the real spac
the normal coordinates is different due to the different
duced massesmH,D , differences in the vibrational fine struc
ture for HBr and DBr are observed. In the space of the n
mal coordinates, the Morse potential can be described w
the equilibrium distanceq, the vibrational energy\v, and
the anharmonicity x\v. To ensure the assumption of iden
cal potential-energy surfaces in the real spacer, the
potential-energy surfaces of HBr and DBr are described
one set of q, \v, and x\v and the fixed ratiosqH

5A(mH /mD) qD , \vH5A(mH /mD)\vD , and x\vH
5(mH /mD)x\vD . Using these values as the fit paramete
the wave functions and matrix elements were calculated
each iteration. An algorithm based on the publications
Halman and Laulich@16# and Ory et al. @17# was used to
calculate the wave function and the matrix elements.

In the derivation of Eq.~2! from Eq. ~1!, the photoelec-
tron degrees of freedom have been suppressed. The p
electron degrees of freedom, however, embed the PCI e
through relaxation of photoelectron wave functions. T
present analysis shows that PCI is evident in the spectra
including the photoelectron degrees of freedom in the d
vation of Eq.~2!, this equation becomes more complicate
The direct terms can be approximated by a Kuchiev a
Sheinerman line shape, which is used in the present pap
its simplified form given by Armenet al. @18#. For the less
important cross terms, we use the line shape given by
corresponding terms of Eq.~2! by including an average en
ergy shift to approximate the photoelectron relaxation; t
shift amounts to 10 meV~20 meV! for the HBr ~DBr! spec-
trum measured at hn5102 eV (hn593 eV!. All line shapes
are convoluted with a Gaussian of 20 meV~30 meV! full
width at half maximum for HBr~DBr! to simulate the reso
lution of the electron analyzer.

In the present analysis, we included the direct terms
the vibrational lifetime interference terms. Since one can
pect that the last two terms are of the same order of ma
tude as the vibrational lifetime interference terms, there is
reason to neglect these terms, but it would be substant
more complicated to take these terms into account: From
analysis we are able to obtain the sign of the vibratio
matrix elements directly; however, there is no direct acc
to Dn and Qn . In principle, uDnu2 could be obtained from
the photoelectron spectra anduQnu2 in an approximate way
from fitting the Auger spectra, i.e.,QnwQmw* DnDm* could be
estimated regardless of its sign. Consequently, for a cor
description of the electronic-state lifetime interference
each termQnwQmw* DnDm* , an additional discrete paramet
with the allowed values11 and 21 has to be included
o
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leading for HBr/DBr to a strong increase of the numb
of fit parameters.

IV. RESULTS AND DISCUSSION

Figure 1 displays the overview spectra of the 3d21

→4pp22 normal-Auger transitions of HBr and DBr. The
overlap with the broad and dissociative 4pp214ps21(1,3P)
final states. The 4pp22 configuration is threefold split into
1S1, 1D, and 3S2. Five transitions to each of these fin
states~see top of diagram! indicate a splitting of the 3d21

core-hole state due to the ligand field; each of the transiti
exhibit a rich vibrational structure due to changes in t
equilibrium distance between the core-excited and fi
states. The positions of thev950→v850 transitions from
the different ligand-field components of the intermedia
state to the final states1S1, 1D, and 3S2 are also indicated
with vertical-bar diagrams. In the present paperv9 (v8) in-
dicates the vibrational substates in the 3d21 core-hole state
~final state!. Note that in this figure the splitting of the3S2

state into3S0
2 and 3S1

2 is neglected. The solid line throug
the data points represents the fitted result. There is, in g
eral, a good agreement between experiment and fit for b
HBr and DBr, as shown in more detail in Figs. 2–6.

In the upper~lower! part of Fig. 2, the Auger transition

FIG. 2. The spectrum of the 3d21→4pp22 Auger transitions in
detail. The upper part~a! shows HBr and the lower part~b! DBr.
The solid line through the data points represents the fitted re
The upper solid subspectra in each spectrum show the vibrati
fine structure of the transitions to the final states, represented by
3d5/2

21(2D5/2)→1S1, 1D, and 3S2 transitions. The lower lines
show the contributions of the vibrational lifetime interferen
terms. In these subspectra the splitting of the3S2 final state is
neglected. The dotted lines represent the background.The ver
bar diagrams between the spectra represent the energy position
intensities of the different transitions to the final states caused
ligand-field spitting of the intermediate 3d21 state.
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FIG. 3. Detailed spectrum for the energy region from 41.4 eV
42.5 eV including theM5→1S1 transitions. The solid line through
the data points represents the fitted result. The vibrational fine s
ture of the 3d5/2

21(2D5/2)→1S1, 3d5/2
21(2P3/2)→1S1, and

3d5/2
21(2S1/2)→1S1 transitions is given by the dotted, dashed, a

solid subspectra, respectively. The vertical lines indicate thev9
50→v850 transitions.

FIG. 4. Detailed spectrum for the energy region from 42.45
to 43.80 eV including theM4→1S1 andM5→1D transitions. The
solid line through the data points represents the fitted result.
vibrational fine structure of the final states is given by the subsp
tra. The vertical lines indicate thev950→v850 transitions.
to the 4pp22 configuration of HBr~DBr! are shown in more
detail. From the minima of the potential-energy surfaces
tween the states3S0

2 and 3S1
2 , 1D, 1S1, the energy dif-

ferences between these states are derived to be 55~10! meV,
1359~10! meV, and 2624~10! meV, respectively. The value
agree well with the results of 48 meV, 1465 meV, and 26
meV from recent fully relativistic configuration interactio
calculations by Matilaet al. @19#. These theoretical result
confirm, in particular, the derived value for the spin-orb
splitting of the 3S2 state. The vibrational fine structure o
the 3d5/2

21(2D5/2)→4pp22 transition is given for all final
states in the upper subspectra for both HBr and DBr. N
that for all transitions leading to one particular final state,
vibrational structure is equal due to the assumption of eq
potential-energy surfaces for the intermediate state.
lower subspectra for both HBr and DBr indicate the con
butions of vibrational lifetime interference, which are signi
cant for the high-energy side of each vibrational band,
particular for DBr~see below!.

The influence of the ligand-field splitting from the 3d21

intermediate state for both HBr and DBr is shown in t
middle of the Fig. 2. The intensities for the Auger transitio
starting from different ligand-field components of the inte
mediate state are given by the vertical-bar diagrams. E
transition leading to one particular final state in HBr~DBr! is
split by the same vibrational fine structure as shown in
upper subspectra of the top~bottom! part of Fig. 2. Due to a
slight line broadening of the transitions to the3S2 state, a
splitting into 3S0

2 and 3S1
2 occurs as indicated. In the analy

sis, the intensity ratio for the transitions to the3S0
2 and 3S1

2

c-

e
c-

FIG. 5. Detailed spectrum for the energy region from 43.8 eV
45.0 eV including theM4→1D and M5→3S2 transitions. The
solid line through the data points represents the fitted result.
vibrational fine structure of theM4→1D, M5→3S1

2 , and M5

→3S0
2 transitions are given by the solid, dotted, and dashed s

spectra, respectively. The vertical lines indicate thev950→v8
50 transitions.
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states is fixed to the ratio of the number of magnetic s
states, i.e., 1:2. For the corresponding Auger transition to
3P0 and 3P1 states in Kr, it is observed that the intensi
ratio depends on the spin-orbit component of the interme
ate state@20#. We can thus expect different3S0

2-to-3S1
2 in-

tensity ratios for transitions starting from different ligan
field components of the Br 3d21 intermediate state
However, the quality of the spectra does not allow us
investigate this intensity ratio in detail.

The intensities of the Auger transitions starting from t
five ligand-field components are very different for the1S1

and 3S0,1
2 states, in contrast to the similar photoelectron

FIG. 6. Detailed spectrum for the energy region from 44.95
to 46.15 eV including theM4→3S2 transitions. The solid subspec
trum represents the fitted result, and the dotted~dashed! subspectra
the 3S1

2 (3S0
2) final states. The solid subspectrum represents

brational lifetime interference contributions summarized over
final states. ‘‘h’’ indicates the expected positions of thev951
→v850 transtitions and ‘‘L,’’ the energy position of the stronges
vibrational lifetime interference contributions for the 3d3/2

21(2D3/2)
→3S2 states.
-
e

i-

o

-

tensities@8,13#. For the1S1 and 3S0,1
2 states, the decrease i

intensity from 3d5/2
21(2D5/2) to 3d5/2

21(2P3/2) to 3d5/2
21(2S1/2)

as well as from 3d3/2
21(2D3/2) to 3d3/2

21(2P1/2) can be under-
stood qualitatively using similar overlap arguments as
plied for H2S by Svenssonet al. @21#. An intense Auger
transition is expected for a large spatial overlap between
core-ionized and final states. The final-statep orbitals are
located perpendicular to the molecular axis. As a con
quence, the highest Auger intensity can be expected f
core-hole states that have a spatial orientation perpendic
to the molecular axis. According to Johnsonet al. @22#, the
3d5/2

21(2D5/2) state can be described with 3dxy and 3dx22y2

atomic orbitals, which are perpendicular to the molecu
axis. The 3d3/2

21(2D3/2) and 3d5/2
21(2P3/2) states are describe

as a linear combination of the 3dxy/3dx22y2 and 3dxz/3dyz
atomic orbitals. The latter pair of atomic orbitals has an o
entation of 45° with respect to the molecular axis. The sta
3d5/2

21(2S1/2) and 3d3/2
21(2P1/2) can be described by a linea

combination of the 3dxz/3dyz atomic orbital and the 3dz2

atomic orbital, which is in the molecular axis. The highe
intensity is, therefore, expected for the 3d5/2

21(2D5/2)
→4pp22 Auger transitions and the lowest for th
3d5/2

21(2S1/2) and 3d3/2
21(2P1/2)→4pp22 Auger transitions.

However, for the1D final state, the intensities for the differ
ent transitions due to the ligand-field splitting of the interm
diate state are almost similar. This behavior is not und
stood, but due to the large number of strongly overlapp
Auger transitions in this part of the spectrum, the error b
of the intensities have to be considered larger than for
other parts of the spectra.

From the subspectra in Fig. 2 it can be seen that the
brational side bands for the transitions to the1D and 3S2

states are very similiar, and considerably different from
vibrational structure for the transitions to the1S state. This
difference is reflected in the equilibrium distances, vib
tional energies, and anharmonicities summarized in Tab
The experimental vibrational energies and the equilibri
distances are very similar for the1D and 3S2 states. In
contrast to this, the obtained equilibrium distance is lar
and the vibrational energy smaller for the1S1 state. For
comparison, the theoretical results obtained by Banichev
et al. @23# and Matilaet al. @19# are also given. This com
parison of the experimental results with the calculatio
shows that the values for the1D and 3S2 states agree wel

i-
ll
r

TABLE I. Results of the fit analysis. Given are the equilibrium distancesr, the vibrational energies\v, and anharmonicitiesx\v for
HBr in the ground state, the core-excited state, and the final states1S1, 1D, and3S2. The vibrational energies~anharmonicities! of DBr are
smaller by the factor of 0.711~0.506!. For comparison, the results of the nonrelativistic~NR! and relativistic~R! calculations of Ref.@23# as
well as of the multireference configuration interaction~MRCI! Dirac-Fock calculations of Ref.@19# are given. The experimental values fo
the ground state and the 3d21 state are taken from Refs.@15# and @14#, respectively.

r ~Å! \v ~meV! x\v ~meV!

expt. NR@23# R @23# MRCI @19# expt. NR@23# R @23# MRCI @19# expt. MRCI @19#

Ground state 1.413 1.41 2 1.413 328.2 358.3 2 333 5.6 4.8
3d21 1.450~3! 2 2 1.445 315~5! 2 2 2 2 2
3S2 1.563~4! 1.55 1.49 1.542 218~3! 232 248 235 8.8~1.0! 8.7
1D 1.560~4! 1.54 1.49 1.541 220~3! 242 248 240 9.9~1.0! 11.6
1S1 1.581~4! 1.55 1.50 1.559 177~5! 241 250 2 13.0~2.0! 2
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with the nonrelativistic calculations. The agreement betw
the experimental and theoretical values for the1S1 state is,
however, significantly worse@23#. The results of the relativ-
istic calculations in Ref.@23# disagrees considerably mor
for all states. The recent theoretical results of the multire
ence configuration interaction~MRCI! Dirac-Fock calcula-
tions of Matilaet al. @19# reveal an excellent agreement b
tween experiment and theory; in particular, the
calculations describe correctly the tendencies in the equ
rium distances of the final states3S2, 1D, and 1S1. Matila
et al. explain the larger equilibrium distance and smaller
brational energy of the1S1 state as compared to the1D and
3S2 states by an avoided level crossing of the1S0

1 and 3P0

states@19#.
Figures 3 to 6 display the results of the fit analysis

detail and reveal the complexity of the spectra. The simi
ity of the Auger spectra of HBr and DBr is due to the fac
that ~i! for all Auger transitions thev950→v850 transition
is the most intense one and~ii ! the ligand-field and vibra-
tional splittings are comparable (>150– 250 meV!. It is in-
teresting to note that the spectra of HBr and DBr in Figs
and 4 are very similar, because the spectra are dominate
ligand-field splitting. In contrast, the spectra of HBr and D
in Figs. 5 and 6 are noticably different since vibrational co
tributions are more important.

In the low kinetic-energy regions of Figs. 3 and 4 it c
be observed that in HBr the linewidths of the transitions
the 1S1 final state including higher vibrational substatesv8
are slightly larger than the used value for the lifetime of t
core-excited states. We assume that this is caused by
avoided level crossing of the states1S0

1 and 3P0 leading to
~i! a shallower potential well and an increased rate of dis
ciation caused by tunneling through the potential barrier
~ii ! contributions beyond the adiabatic approximation. A d
tailed theoretical study of these effects will be given in R
@19#. In the higher-energy region of Fig. 4 at>43.5 eV a
spectral feature can be seen which shifts upon deutera
and is only partially described by the fitted result. Due to
observed shift, we assign these spectral features as h
vibrational substates of the 3d3/2

21(2D3/2)→1D transition and
conclude that the applied Morse potential does not corre
describe the intensities of the higher vibrational substate

Figure 6 shows the fits of theM4→3S2 transitions of
HBr and DBr and displays the influence of the vibration
lifetime interference. The expected energy position of
3d3/2

21(2D3/2) v951→3S2v850 transition is indicated with
‘‘ h.’’ This demonstrates clearly that the former interpretati
@5# of the weak shoulder at the high-energy side as av951
→v850 transition is not correct. Instead we assign t
shoulder consisting of the weak 3dp1/2

21→3S2 transitionand
vibrational lifetime interference contributions of the 3dd3/2

21

→3S2 transition. Fit analyses neglecting vibrational lifetim
interference were generally slightly worse, especially in
region indicated withL ~Fig. 6!. From this it can be con-
cluded that it is necessary to include vibrational lifetime
terference to explain the given spectra in detail. This hold
well for vibrationally resolved Auger spectra in other mo
ecules. As, for example, displayed in Fig. 7, in HCl~DCl! a
weak spectral feature, which is found to be>250 meV
(>200 meV! above the Cl 2p1/2

21v950→3S2v850 transi-
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tion, has been assigned to av951→v850 transition @4#.
Considering the vibrational energy of 370 meV for HCl
the electronic ground state and the absence of higher vi
tional states in the Cl 2p21 photoelectron spectrum, i.e.,
small change in the equilibrium distance@24#; it can directly
be concluded that the vibrational energy of the core-exc
state has to be close to the ground-state value. Therefore
discussed spectral feature in HCl/DCl has to be reassigne
vibrational lifetime interference contributions. Contrary
the Cl 2p photoelectron spectra@24#, the sign of the change
in the equilibrium distance upon Cl 2p21 ionization can be
determined from the observed line shape of the

^ f un&^nu i &^ i um&^mu f &5^0u0&^0u0&^0u1&^1u0&

lifetime interference term: the equilibrium distance of the
2p21 core-ionized state of HCl/DCl is slightly larger than
the ground state. This conclusion is possible due to the
that only the^nu i &5^1u0& matrix element depends on th
sign of the change in the equilibrium distance upon c
ionization. The Cl 2p1/2

21→3S2 Auger spectra of HCl and
DCl given in Ref. @24# were reanalyzed by exploiting th
present method, i.e., using the equilibrium distance a
the vibrational energy of the Cl 2p1/2

21 core-hole state as fi
parameters. The result of the fit analysis is given by the s
lines through the data points in Fig. 7. The solid subspe
display the influence of the vibrational lifetime interferen
terms. The analysis indicates an increase of the equilibr
distance from r 951.275 Å in the ground state tor 8
51.297(4) Å in the Cl 2p1/2

21 core-hole state. This increas
of the equilibrium distanceDr 5r 82r 950.022(4) Å agrees
reasonably well with calculations by Ellingsonet al. @25#
who obtainedDr 50.0236 Å . For HCl ~DCl! a decrease of
the vibrational energy from\v95370.4 meV (\v9 5 259.4
meV! in the ground state to\v85357(5) meV @\v8
5250(5) meV# in the core-ionized state was derived. For t
two-hole final state3S2 an equilibrium distance ofr5

FIG. 7. The Cl 2p1/2
21→ 3S2 normal-Auger spectra of HCl and

DCl. The solid line through the data points represent the fitted re
and the solid subspectrum, the contributions of the vibrational l
time interference. The vertical arrows indicate the expected e
gies for the Cl 2p1/2

21v951→ 3S2v850 transitions based on th
fitted result.
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1.452~5! Å and a vibrational energy\v5209(5) meV
@\v5146(5) meV# for HCl ~DCl! were obtained. These ep
erimental values agree well with the theoretical results
Banichevichet al. @26# ~r51.46 Å , \v5217 meV! and the
experimental results obtained from theL3VV Auger spectra
by Svenssonet al. @27# (r 51.44 Å , \v5226 meV!. The
agreement with the equilibrium distance obtained by McC
nkey et al. @28# using threshold photoelectron coinciden
spectroscopy is significantly worse (r 51.39 Å , \v5196
meV!. However, McConkeyet al. @28# pointed out that their
fit result for the3S2 state was unsatisfactory. They assum
indirect mechanisms to play a significant role in the popu
tion of the vibrational levels leading to incorrect results.

Although the spectra in Fig. 7 possess only moder
signal-to-noise ratios leading to fitted results with relative
large errors, the performed analysis clearly demonstrates
a normal-Auger spectrum contains detailed information
only about the final states but about the intermediate state
well.

V. SUMMARY AND CONCLUSION

We have presented a powerful method to understand
complex normal-Auger spectra including ligand-field sp
ting, vibrational splitting, and vibrational lifetime interfer
ence by describing all 3d21→4pp22 features in HBr and
DBr simultaneously with approximately 30 free paramete
Considering the approximations used, the agreement
tween experimental spectra and fitted result is remarka
good. This method can be applied to different problems:
applying it to normal-Auger spectra with less overlappi
transitions ~e.g., HCl/DCl and HI/DI! under conditions
where the PCI effect and non-Franck-Condon behavior
the intermediate state can be neglected, it can be use
study~i! the change in the geometry between the ground
the core-excited state and~ii ! effects beyond the presente
analysis. In ~i! the high sensitivity of the lifetime-
interference term can be exploited . This term only includ
.
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the overlap of the vibrational wave functions between
ground and the intermediate state instead of the squares
As a consequence, this term is more sensitive to sm
changes in the equilibrium geometry between the ground
intermediate states than the direct terms, which can be
tained from photoelectron spectroscopy. This applicat
was demonstrated for the Cl 2p1/2

21→3S2 normal-Auger
transition in HCl and DCl. The effects beyond the presen
analysis ~ii ! include influences of lifetime and vibrationa
structure according to the deviations of the potential ene
surfaces of the quasistable final states from the assu
Morse potential as well as electronic-state lifetime interf
ence between different ligand-field components of the in
mediate state. Up to now, electronic-state lifetime interf
ence has only been studied in rare gas atoms@29,30#. ~iii !
The final states of resonant-Auger transitions measured
der Raman conditions can often be described as nondiss
tive ionic two-hole configurations with one Rydberg electr
in their field. The above-described method allows one to
tain information about the vibrational structure as well
about the geometry and vibrational energy of the two-h
state, which can be used to interpret the spectra.
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