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Relating the 4ssÀ1 inner-valence photoelectron spectrum of HBr with the Br 3dÀ15l l resonant
Auger spectra: An approach to the assignments
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The high resolution Br 4ss21 photoelectron spectrum of HBr is presented together with the resonant Auger
spectra resulting from excitations from the 3d core levels to the low-n Rydberg orbitals 5ss, 5ps, and 5pp.
The very complex spectra can be broadly assigned using two observations. First, the energy splittings of the
4pp225s and 4pp225p states are very similar to the splittings of the 4pp22(1S1,1D, and3S2) final states
seen previously in the normal Auger spectra. Second, the2S1 states, which are the dominant correlation
satellites in the complex 4ss21 photoelectron spectrum, are often enhanced in the 5ss resonance Auger
spectra. Electron correlation and spin-orbit interaction in the final states are important to understand all of these
spectra. Unlike the normal Auger spectra, vibrational excitations play only a minor role in these spectra,
showing that the 5s and 5p Rydberg orbitals have some bonding character.
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I. INTRODUCTION

In the last few years, there have been many hi
resolution resonant Auger studies of rare gas atoms and
atomic molecules@1–3#. As expected for resonant Auge
spectra, the total spectral linewidths were much narro
than those limited by the core-hole lifetime, and the lin
disperse with the photon energy. The atomic spectra h
revealed incredibly rich detail~for example, over 350 lines
have been resolved in the Kr 3d21np→4p22nl resonance
Auger spectra!, and high-quality calculations have been ne
essary to interpret these spectra@4,5#. The majority of the
molecular spectra have involved core to antibonding tra
tions~for example, in HBr@6#, HCl @7#, CO @8#, CO2 @9#, NO
@10#, and H2O @11#!, and these studies focused on molecu
dissociation and vibrational interference effects. To o
knowledge, there have been only a few studies of reson
Auger spectra in molecules subsequent to core-to-Rydb
excitations~for example, in CO@12–15#, HCl @16,17#, and
HBr @18#!.

The resonant Auger spectra of HCl and HBr@16–18# are
still not well understood, and will eventually require hig
quality calculations to fully interpret them. In our prelim
nary report on resonant Auger spectra dealing with a few
the Br 3d21 to Rydberg transitions@18#, we used these spec
tra to interpret the Br 3d photoabsorption spectrum@19–22#,
which was also not fully understood. However, without
detailed understanding of the photoabsorption spectrum,
considerably more difficult to interpret the resonant Aug
spectra, in particular if it is not known whether the specta
electron is 5s, 4d, 5ps, 5pp, or a higher-ns,p, or d Ryd-
berg electron. Our preliminary resonant Auger study of H
@18# was very useful in pinpointing the 5pp and 5ps ener-
gies; but the lowest-energy Rydberg orbital was though
be the 4dp at the time, and this assignment was in cont
diction to the lines observed in the resonant Auger spectr
the excitations into this orbital. Subsequently, we have
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fined the interpretation of both the HBr Br 3d photoabsorp-
tion spectrum@23# and the BrMVV Auger spectrum@24#,
and we now consider that the interpretation of both th
spectra is quantitative. For example, using angle-resol
photoabsorption spectra of HBr, we have shown that
lowest-energy Rydberg line in the Br 3d spectrum must be
assigned to a transition to the 5ss orbital and not the 4dp
orbital @23#. The interpretation of the equally complex Aug
spectrum required a detailed knowledge of vibrational a
ligand field effects as well as vibrational lifetime interferen
@24#. The splitting energies of the 4p22 hole states obtained
from the normal Auger studies of HBr are incredibly impo
tant for the interpretation of spectra that involve 4p22nll
spectator states in both the Br 4ss21 photoelectron and the
resonant Auger spectra of the 3d21nll resonances.

Although not many details are known about the Br 4ss21

photoelectron spectrum of HBr, this spectrum is importa
for understanding the resonant Auger spectra since som
the final states of the resonant Auger process have the s
symmetry (2S1) and similar binding energies as the B
4ss21 configuration and can, therefore, mix with this co
figuration. From literature it is known that a strong mixin
between the different configurations actually occurs in
inner-valence region of HCl@25# and HBr @26#. This can be
observed in the 3ss21 and 4ss21 photoelectron spectra o
HCl and HBr, respectively, which both reveal a very ric
structure. In recent years some publications focused on
Cl 3ss21 photoelectron spectrum of HCl, enlightening som
of the effects present in that spectrum. However, the en
complexity of the spectrum becomes obvious by the fact t
two very recent adjoint publications@27,28# deal only with
effects present in the main line of the Cl 3ss21 photoelec-
tron spectrum. The recent high-resolution Kr 4s spectrum
@29,30# with over 100 resolved lines gives another exam
of the great complexity of this kind of spectrum resultin
from a myriad of different electronic states. Up to now,
high-resolution 4s photoelectron spectrum of HBr has bee
©2003 The American Physical Society05-1
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published, but the low-resolution photoelectron spectr
@31# and a high-resolution threshold photoelectron spectr
@26# show great challenges to interpret these spectra of e
the simplest diatomic molecules.

Recently, some studies on the resonant Auger decay o
Cl 2p214s, 4p, and 3d resonances in HCl have been r
ported @16,17# and the main features of these spectra w
assigned. Due to the similarity in the valence electron str
tures of HBr and HCl, similar final-state configurations a
expected, namely,mpp22nll with m being 3 for HCl and 4
for HBr. However, due to the considerably heavier
nucleus as compared to the Cl nucleus, a stronger spin-
interaction is expected in HBr resulting in a mixing of stat
with differentSL symmetry. A similar mixing of states with
different LS symmetry has been observed in the 4s21 pho-
toelectron spectrum of krypton@30#, which is isoelectronic to
HBr.

In the present study, we present high-intensity, hig
resolution~total linewidth of about 30 meV! Br 4ss21 pho-
toelectron spectrum, and the resonant Auger spectra~total
linewidth of 30 meV! resulting from excitation of the Br 3d
level to low Rydberg states, such as 5ss, 5pp, and 5ps
Rydberg orbitals. By relating these spectra to each other
are able to assign most of the lines in these spectra to di
ent symmetry states with small vibrational components w
out support of theoretical predictions. Fortunately, vib
tional effects are very small in these resonant Auger spe
as well as in the 3d photoabsorption and photoelectron spe
tra @32#; these facts make the assignment less difficult,
particular, since we do not have to take vibrational substa
of the intermediate state into account.

II. EXPERIMENT AND DATA ANALYSIS

The electron spectra of HBr were measured using be
line I411 at the 1.5-GeV storage ring MAX II in Lund, Swe
den. The beamline, using synchrotron radiation from a
brid undulator with 44.5 periods and a 58.8-mm peri
length, provides photons from 50–1200 eV using a Ze
SX-700 plane grating monochromator. Photon resolution
80 eV using exit slit width of 20mm was about 10 meV
which was required to excite transitions selectively. T
electron spectra were collected at an angle of 54.7° w
respect to the electric-field vector of light~magic angle! us-
ing a high-resolution Scienta SES 200 hemispherical elec
analyzer, and a total linewidth of 20 meV on the Kr 4p21

and 4s21 photoelectron lines was obtained at 56 eV pho
energy with 10 eV pass energy and 30 meV with 20 eV p
energy used for the Br 4s21 photoelectron and resonant Au
ger spectra of HBr. Commercial HBr was introduced into t
gas cell equipped with a differential pumping system.

For the Br 4ss21 photoelectron spectrum a least-squa
fit analysis was performed in order to obtain binding energ
and relative intensities, in particular for the narrow lines.
this fit analysis all lines were described by pure Gauss
profiles. This approach is also reasonable for the narrow l
since the natural widths of these lines are expected to
much smaller than the total experimental resolution cau
by photon resolution and the spectrometer resolution.
03270
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electron binding energies are accurate to better than 10 m
The purpose for the fit analysis of the Br 4ss21 photo-

electron spectrum was to provide relative intensities for
narrow lines which can be compared with future theoreti
results. A similar analysis for the resonant Auger spectra w
not performed, since it turned out that the relative intensit
partly depend on the excitation energy~see below!.

III. THE 4 ssÀ1 PHOTOELECTRON SPECTRUM AND THE
RESONANT AUGER SPECTRA AT THE 3 dÀ15ss

RESONANCES

The main lines of the 4ss21 photoelectron spectrum an
the resonant Auger decay spectrum taken at the 3d215s
resonances overlap strongly. During the data analysis
these spectra, it was realized that the understanding of
4ss21 photoelectron spectrum is important to understa
the resonant Auger spectrum and vice versa. In particular,
resonant Auger spectrum recorded at the 3d215ss reso-
nances show only five extra lines~out of over 40 lines! in
addition to those of the 4ss21 photoelectron spectrum
Therefore, in the present section both spectra are prese
and discussed together.

A. The 4ssÀ1 photoelectron spectrum of HBr

In the ground state the valence shell of HBr can be
scribed with the configuration~7s!2~8s!2~4p!4~9s!0 with
contributions from the configuration~7s!2~8s!0~4p!4~9s!2

for larger bond distances in order to describe the ionic d
sociation of the molecule correctly@33#. 7s,8s,4p, and 9s
represent the Br 4ss, the bonding Br 4ps2 H 1s, the non-
bonding Br 4pp, and the antibonding Br 4ps2 H 1s orbit-
als, respectively. By neglecting the ground-state configu
tion interaction, i.e., the contributions of the configurati
(7s)2(8s)0(4p)4(9s)2, the Br 4ss21 ionization is the
only one that carries intensity in the binding-energy ran
around 25 eV and leads to an ionic state with2S1 symme-
try. By assuming predominantlyLS coupling we can con-
clude that the intense correlation satellites observed in
photoelectron spectrum have predominantly2S1 symmetry
as well. This effect will be utilized to understand the B
4ss21 photoelectron spectrum, together with a comparis
of the Br 4ss21 photoelectron spectrum with the B
3d215ss resonant Auger spectra.

Figure 1 displays an overview of the Br 4ss21 photoelec-
tron spectrum of HBr, and Table I summarizes the peak
ergies, relative intensities, and assignments of the lines.
spectrum consists of eight groups of lines which are due
strong electron correlation and are labeledA to H. Four
groups of lines (A, B, E, andH) are mainly broad and with-
out fine structure. These lines are due to transitions to
2h-1p molecular configurations, which are dissociativ
such as 4pp22s* , 4pp21 4ps21s* , 4pp21 4ps21nll,
4ps22s* , and 4ps22nll. GroupsC, D, F, andG show a
number of very narrow lines; these are due to transitions
the 4pp22nll configurations, which are stable with respe
to dissociation. GroupsA andB also overlap with some wea
5-2
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RELATING THE 4ss21 INNER-VALENCE . . . PHYSICAL REVIEW A68, 032705 ~2003!
but narrow lines which are assigned to transitions to
4pp22nll configurations.

In particular, the most intense peakB can be assigned to
the 4ss21 configuration interacting with a dissociativ
2h-1p configuration which experience an avoided cross
in the Franck-Condon region. The strong contribution of
4ss21 configuration gives rise to the intensity, while th
avoided crossing with the 2h-1p configuration leads to a
dissociative potential curve and, therefore, the broad pe
The narrow structures on peakB can probably be understoo
in an analogous way to very recent results obtained for the
3ss21 photoelectron spectrum of HCl@27,28#. In these pub-
lications narrow Fano-like line shapes were reported on
top of the main line of the Cl 3ss21 photoelectron spectrum
However, based on the signal-to-noise ratio and the exp
mental resolution of the present 4ss21 photoelectron spec
trum we can neither support nor reject a similar observa
on the top of lineB for HBr.

The broad part of lineA can be assigned to excitations
the dissociative potential curve mainly due to the configu
tion 4pp22(1S1)s* (2S1). This assignment has bee
suggested by Yenchaet al. @26# based on calculation
performed by Banichevichet al. @34#. The broad lineE is
tentatively assigned to transitions to the sta
4ps214pp21(3,1P)5pp(2S1) ~see below!. In the energy
range of the narrow lines labeledA1 to A6 , B, andC1 to C7,
Yenchaet al. @26# also found a large number of transitions
the final ionic states including a vibrational progression
using threshold photoelectron spectroscopy. However, du
the lack of precise theoretical calculations in this energy
gion they were not able to present a detailed assignmen

The final states of the most intense satellites in the 4s21

photoelectron spectrum of krypton are 4p22(1D)5d(2S) and
4p22(1D)6d(2S) with term values of 3.70 eV and 2.34 e
for the states, respectively, with respect to the 4p22(1D)
ionization threshold at 40.17 eV@30#. By assuming that the
4pp22ndl states also mix strongly to the 4ss21 state, the
narrow lines of groupsF and G in the photoelectron spec
trum of HBr are assigned to the final ionic stat
4pp22(1D)5dd(2S1) and 4pp22(1D)6dd(2S1), respec-
tively, based on their term values of 3.45 eV and 2.30
relative to the 4pp22(1D) threshold with a binding energ
of 33.94 eV. The lines at the higher-binding-energy side
groupsF andG are probably due to vibrational excitation
The narrow lines of groupsA, C, andD are closely related to
the resonant Auger spectra taken at the 3d215ss resonances
and will be discussed at the end of this section.

A least-squares fit analysis of the 4ss21 photoelectron
spectrum of HBr was also performed. The results of t
analysis are summarized in Table I and Fig. 1. The nar
lines are described by one narrow Gaussian profile; it tur
out that all well separated lines exhibit total linewidths b
tween 30 and 35 meV, which are due to the total experim
tal contribution. The broad lines, which are due to transitio
to the dissociative states, were described with one or sev
broad Gaussians; more than one Gaussian were applie
asymmetric lines, e.g., lineB. The broad part of the spec
trum, which was described with broad lines, is indicated
the solid subspectrum in Fig. 1 and the fit result of the co
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plex groupC is shown in the inset of this figure. In particu
lar, groupB is described by five broad Gaussians~full width
at half maximum>165 meV) and a number of narrow
Gaussians. The broad Gaussians was assigned to the 4ss21

main line and the intensity of all narrow lines were norm
ized to the sum of the intensity of these five profiles.

B. The resonant Auger decay at the 3dÀ15ss resonances

Figure 2~a! shows the Br 4ss21 photoelectron spectrum
in the binding energy region between 22 and 30 eV, toget
with the Br 3d5/2

215ss resonant Auger spectra excited at ph
ton energies of hn573.82 eV @Fig. 2~c!# and hn
573.90 eV @Fig. 2~b!#. The corresponding total ion yield
spectrum is presented in the inset of Fig. 2. Note that
displayed photoabsorption resonances have recently bee
assigned from Br 3d5/2

214dp resonances to Br 3d5/2
215ss

resonances, based on angle-resolved photoabsorption sp
@23#.

The three spectra shown in Fig. 2 are normalized in
tensity to broad lineB ~see Fig. 1! of the 4ss21 photoelec-
tron spectrum. It can be observed that linesA4 and A6, all
lines of group C, as well as linesD1 to D5 are enhanced in
the resonant Auger spectrum taken at the Br 3d5/2

215ss reso-
nances. In addition, two intense narrow lines (I 1 and I 2 at
>24.5 eV) can be observed. Between the binding ener
of 26.5 eV and 28.5 eV a considerable increase in the ba
ground can be noticed as compared to the 4ss21 photoelec-
tron spectrum.~The dotted lines below each spectrum in th
energy range indicate the baseline.!

FIG. 1. The photoelectron spectrum of HBr in the inner-valen
region taken at 59.4 eV photon energy. The solid subspectrum
plays the contributions of the fit result which are due to broad, i
dissociative lines. The bars below the spectrum indicate the pos
of the narrow lines of the ionic final states related to the 4ss21

photoelectron line which are summarized in Table I. The bars
the first line of each group are slightly above the other bars
labeledA1 to H1. The numbers for the lines increase from right
left. The inset shows the lines of groupC in detail. The solid line
through the data points represents the fit result and the solid
spectra display the different lines in this energy region.
5-3
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TABLE I. Summary of the energy positions and assignments of the lines observed in the 4ss21 photo-
electron spectrum, and the resonant Auger spectra of the resonances 3d215ss, 3d215ps, and 3d215pp.
The lines labeled without an additional subscript are broad and the lines with a subscript are narro
assignments indicated with ‘‘?’’ are tentative and discussed in the text. The accuracy of the energy po
of the narrow lines is better than 10 meV. The relative intensities of the narrow lines are given in perc
the intensity of the 4ss21 main line~see text! and the accuracies of these intensities are estimated to b
the order of 15% of the relative values.

Label Binding energy~eV! Relative intensity Assignment

A 21.7 4pp22(1S1)s* (2S1)
A1 22.088 0.107
A2 22.428 0.090
A3 22.807 0.113
A4 23.262 0.215 4pp22(3S2)5ss(4S1/2

2 )
A4 23.295 4pp22(3S2)5ss(4S3/2

2 )
A5 23.562 Vibration ofA4

A6 23.772 0.689 4pp22(3S2)5ss(2S2)
K1 24.018 4pp22(3S2)4dp(4P) ?
A7 24.025 0.176 Vibration ofA6

B1 24.400 1.135
B2 24.497 0.866
I 1 24.528 4pp22(3S2)4dd(2D) ?
I 2 24.642 4pp22(1D)5ss(2D)
B3 24.698
K2 24.762 4pp22(3S2)4dp(4P) ?

24.906 Vibration ofI 2

B4 24.957 0.919
25.011 Vibration ofK2

B5 25.177 0.919
B6 25.358 0.278
L1 25.366 4pp22(3S2)5ps(4S2) ?
K3 , L2 25.474 4pp22(3S2)4dp(2F) ? and/or

4pp22(3S2)5ps(2S2) ?
B7 25.489 0.516
K4 25.602 4pp22(3S2)5pp(4P) ?
B8 25.728 0.203
K5 25.851 4pp22(3S2)4dp(2P) ?
C1 25.935 0.495 4ss21(2S1)14pp22(1S)5ss(2S1)
C2 25.993 1.002 4ss21(2S1)14pp22(1S)5ss(2S1)
K6 26.006 4pp22(3S2)5pp(2P) ?
C3 26.075 3.162 4ss21(2S1)14pp22(1S)5ss(2S1)1

4pp22(3S2)5pp and/or 4pp22(1D)4dp1

4pp225ps
C3 26.125 0.529
C4 26.183 2.823 4ss21(2S1)14pp22(1S)5ss(2S1)1

4pp22(3S2)5pp and/or 4pp22(1D)4dp1

4pp225ps
C4 26.223 0.661
C4 26.267 0.348
C5 26.315 0.780
C5 26.350 1.342 4ss21(2S1)14pp22(1S)5ss(2S1)1

4pp22(3S2)5pp and/or 4pp22(1D)4dp1

4pp225ps
C6 26.412 0.243
C6 26.475 0.912 4ss21(2S1)14pp22(1S)5ss(2S1)
032705-4
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TABLE I. ~Continued!.

Label Binding energy~eV! Relative intensity Assignment

C7 26.547 0.224
C7 26.597 0.697 4ss21(2S1)14pp22(1S)5ss(2S1)
L3 26.706 4pp22(1D)5ps(2D)
C8 26.791 0.238
L4 26.938 Vibration ofL3

C9 26.955 0.096
L4 26.994
D1 27.128 1.161 4ss21(2S1)14pp224dp
D2 27.185 1.125 4ss21(2S1)14pp224dp
D3 27.350 0.556 Vibration ofD3

D4 27.423 0.358 Vibration ofD4

L5 27.910 4pp22(1S1)5ps(2S1)
L6 28.094 Vibration ofL5

K7 26.843 4pp22(1D)5pp(2F) ?
K8 27.027 4pp22(1D)5pp(2P) ?
D5 28.322 0.407 4pp22(1S1)5pp(2P)
K9 28.514 Partly vibration ofD5

E 29.0 4ps214pp21(1,3P)5pp(2S1) ?
M1 30.270 4pp226p shake-up
M2 30.490 4pp226p shake-up
F1 30.494 1.279 4pp22(1D)5dd(2S1)
F2 30.689 0.548 Vibration toF1

M3 30.882 4pp226p shake-up
F3 30.901 0.346 Vibration toF1

M4 31.526 4pp226p shake-up
M5 31.638 4pp226p shake-up
G1 31.694 0.376 4pp22(1D)6dd(2S1)
H1 33.355 0.158
H 33.85
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The main difference between the two resonant Au
spectra is that all enhanced lines are more intense subse
to an excitation ofhn573.82 eV@Fig. 2~c!# as compared to
hn573.90 eV @Fig. 2~b!#. This can be understood by th
higher cross section for the photon energy ofhn
573.82 eV~see inset!. Lines A4 and A6, however, are ex-
ceptions. Their increase in Fig. 2~c! as compared to Fig. 2~b!
does not scale with the cross section of the excitation p
cess. In particular, the intensity ratio between these li
changes considerably. This is in contradiction to a two-s
model with the excited electron being considered as a s
tator during the Auger decay, and can probably be explai
by interference effects between the 4s photoionization
the resonant Auger channels@35,36# or by electronic lifetime
interference between two resonance channels related to
resonant Auger decay via two intermediate states@37#. How-
ever, this is a subject beyond the scope of the present w

C. Discussion

By assuming the excited electron to be a spectator du
the decay, the most intense narrow lines in the Br 3d215ss
resonant Auger decay spectra are expected to be due to
sitions to the 4pp225ss configuration. From the norma
03270
r
ent

-
s
p
c-
d
d

the

rk.

g

an-

Auger spectrum it was derived that the 4pp22 configuration
splits into the parent states3S0

2 , 3S1
2 , 1D, and 1S1 with a

splitting of 55~10! meV, 1359~10! meV, and 2624~10! meV
between the3S0

2 and 3S1
2 , 1D, and 1S1, respectively

@24#. In this way the final states
4pp22(3S2)5ss(4S3/2

2 ,4S1/2
2 ,2S2), 4pp22(1D)5ss(2D),

and 4pp22(1S1)5ss(2S1) can be derived for the
4pp225ss configuration. As already observed in the C
2p214ss resonant Auger spectrum in HCl@16#, the ener-
getic splitting of the final states should be dominated by
splitting of the parent states, which is indicated with t
vertical-bar diagram in the upper right corner of Fig. 2. Fro
this it can readily be derived that the linesA4 and A6 are
associated with the3S2 parent state,I 1 and I 2 with the 1D
parent state, and the enhancement of all lines of grouC
with the 1S1 parent state.

As a consequence of these considerations, linesA4 andA6
are assigned to transitions to 4pp22(3S2)5ss(4S2) and
4pp22(3S2)5ss(2S2), respectively. The assignment fo
line A4 is supported by a small splitting of>30 meV of the
4S2 state into the components4S3/2

2 and 4S1/2
2 which is due

to spin-orbit interaction; this splitting clearly reveals th
state to be of quartet character. This result also agrees
5-5
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PÜTTNER et al. PHYSICAL REVIEW A 68, 032705 ~2003!
the splitting of 55~10! meV of the 4pp22(3S2) final state of
the normal Auger decay into the components3S0

2 and 3S1
2

obtained from the fit@24# and calculations@38#.
The intense lineI 2 is assigned to the transition from th

intermediate state 3d215ss to the 4pp22(1D)5ss(2D) fi-
nal state. In principle, this final state splits into the comp
nents2D3/2 and 2D5/2, however, for this splitting we expec
a value similar to that obtained for the4S2 states. We, there
fore, rule out the assignment of the linesI 1 and I 2 to the
2D3/2 and 2D5/2 components of the state2D, since the ob-
served splitting of>115 meV is much larger. Instead w
suggest a final-state mixing between the final st
4pp22(1D)5ss(2D) and another final state of2D symme-
try, which is probably 4pp22(3S2)4dd(2D).

In the resonant Auger spectrum taken at the 3d215ss
resonances, all lines of groupC in the 4ss21 photoelectron
spectrum are strongly enhanced. These lines are all pred
nantly of 2S1 symmetry since these are strong in the dir
photoelectron spectrum. This is in full agreement with t
observation that the intensity of these lines is stron
enhanced by an Auger decay to the final st
4pp22(1S1)5ss(2S1). It is well known @16# that the cor-
responding energy region in HCl shows a strong mixing
different 2S1 final states, resulting in a spectral feature sim
lar to that observed in HBr. It should be pointed out that
adequate description of these lines in terms of one str

FIG. 2. The 4s21 photoelectron spectrum taken at 59.4 eV~a! as
well as the 3d215ss resonant Auger decay spectra taken at exc
tion energies of 73.82 eV~b! and 73.90 eV~c!. The vertical bar
diagram in the upper right corner indicates the splitting of
4pp22 parent states and the assignment of the symmetry of
final states of the Auger decay. The dotted lines below each s
trum in the higher-binding-energy region indicate the baselines
low binding energies below spectrum~b! line A4 is shown with an
energy scale stretched by a factor of 3, revealing clearly two c
ponents. Inset: Total ion yield spectrum in the 3d5/2

215ss region
including the resonances 3d5/2,3/2

21 5ss(M j51), 3d5/2,1/2
21 5ss(M j

51), and 3d5/2,1/2
21 5ss(M j501). The arrows indicated with~b!

and~c! in the inset show the excitation energies for spectra~b! and
~c! in the main figure.
03270
-

e

i-
t
e
y
e

f
-
n
g

vibrational progression is not possible since the energ
distances between the lines are irregular. A Franck-Con
analysis based on the assumption of two or three transit
with a strong vibrational progression for each transition d
not result in a satisfactory description of the spectrum
well. We, therefore, suggest the lines of group C to be p
dominantly due to a strong mixing between a number
2S1 final states which are stable with respect to dissociati
namely, 4ss21, 4pp22~1S1!5ss~2S1!, 4pp22~1S1!6ss~2S1!,
4pp22(1S1)5ps(2S1), 4pp22(1S1)4ds(2S1), and
4pp22(1D1)4dd(2S1). From the present spectra we ca
directly conclude that the configuration 4ss21(2S1) con-
tributes to the lines of groupC since these are present in th
photoelectron spectrum and the intensity can only be cau
by transitions to this configuration. We can also conclu
that all lines must have strong contributions of the final st
4pp22(1S1)5ss(2S1) since these are strongly enhanc
in the Br 3d215ss resonant Auger decay. We also found
slight enhancement of the linesC3 , C4, andC5 in the reso-
nant Auger spectra taken at the 3d215ps and 3d215pp
resonances, which underlines some contribution of the fi
state 4pp22(1S1)5ps(2S1) as well as the 4pp225pp to
these lines. However, a mixing of only these four states is
sufficient to explain the large number of lines of groupC. We
have to conclude that other states in addition to the abo
mentioned states contribute to the mixing, although we c
not prove their contributions based on the experimental fi
ings.

The enhanced background in the 3d215ss resonant
Auger spectra in the energy region between 25.5
and 27.5 eV is assigned to transitions to the dissocia
final states 4ps214pp21(1P)5ss(2P) and
4ps214pp21(3P)5ss(2,4P) which are expected to be
>2 eV and>1 eV above the 4pp22(1S1)5ss(2S1) final
state, respectively@24#.

The linesD1 to D4 show essentially the same intensity
the 4s21 photoelectron and the 3d215ss resonant Auger
spectrum, giving rise to the assumption that these pos
only minor contributions from the 4pp225ss configuration.
The weak lineD5, however, is clearly enhanced and an a
ditional line J1 can be observed in the resonant Auger sp
trum. According to the findings in the 3d215pp resonant
Auger spectrum, lineD5 is assigned to transitions t
4pp22(1S1)5pp(2P) ~see below! and its presence in the
4ss21 photoelectron spectrum can be explained by sp
orbit interaction in the final ionic state, and this clear
shows that configurations with2S1 symmetry are not suffi-
cient for a complete description of the 4s21 photoelectron
spectrum. This also holds for the linesA4 andA6, which are
assigned to transitions to states of4S2 and 2S2 symme-
tries, respectively, and are present in both, the photoelec
spectrum and the resonant Auger spectrum. Spin-orbit in
action may also explain the appearance of a number of w
lines, e.g.,A1 to A3 by assuming that their final states a
mainly of SL symmetries different from2S1. The intensity
of the satellite lines with a symmetry different from2S1 in
the 4ss21 photoemission spectrum can be due to shake
states of the 4pp21 photoemission as well. However, it i
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RELATING THE 4ss21 INNER-VALENCE . . . PHYSICAL REVIEW A68, 032705 ~2003!
known for the 4s21 satellite lines in the isoelectronic atom
Kr that 75% of the intensity is due to spin-orbit interactio
and only 20% is due to shake-up processes@30#. Therefore
we expect spin-orbit interaction to be dominant in the 4ss21

photoemission spectrum of HBr.

IV. THE RESONANT AUGER SPECTRA
AT THE 3 dÀ15p RESONANCES

A. The spectra taken at the 3dÀ15pp resonances

Figure 3~b! displays the resonant Auger spectrum me
sured athn574.53 eV together with the 4ss21 photoelec-
tron spectrum@Fig. 3~a!#. At a photon energy of 74.53 eV th
resonance is of rather pure 3d5/2,5/2

21 5pp character so that i
can be assumed that other resonant Auger decays contr
only in a minor way to the spectrum; the weak lines in
cated asL3 , L4, and L5 are the strongest ones of th
3d215ps resonant Auger decay~see discussion below an
Fig. 4!.

Apparently, the linesD1 to D5, which are weak in the
4ss21 photoelectron spectrum, are strongly enhanced. T
is also true to some degree for the linesC3 to C5 andA6. In
addition to the enhanced lines, there are nine lines, wh
cannot be observed in the 4ss21 photoelectron spectrum
these are labeled toK1 to K9.

The energetic spread of the enhanced lines is about
eV, which is much larger than that of the resonant Aug
decay spectrum taken at the 3d215ss resonance and th
splitting of the 4pp22 parent states1S1, 1D, and 3S2. In
addition, the intense lines can be divided into four groups
can be seen by the vertical-bar diagrams in the upper pa
Fig. 3. All lines are present with similar intensity ratios in a
3d215pp resonant Auger spectra independent of the exc
tion energies@compare, e.g., Fig. 4~c!#. Therefore, an acci-
dental overlap with a previously unobserved resonance

FIG. 3. The 4s21 photoelectron spectrum taken at 59.4 eV~a!
and the resonant Auger decay spectrum of a 3d5/2,5/2

21 5pp resonance,
taken at a photon energy of 74.53 eV~b!. The vertical-bar diagrams
indicates the splittings of the 4pp22 parent states for the configu
rations 4pp225pp and 4pp224dp. Inset: Total ion yield spec-
trum in the 3d5/2

215p region. The arrow indicated with~b! in the
inset denotes the photon energy for the excitation process.
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one energy in the photoabsorption spectrum can be exclu
For these findings two different explanations are possible
the first possibility, the observed lines can be due to
resonant Auger decay of a previously unobserved resona
in the photoabsorption spectrum which is at almost ident
excitation energies~with differences of less than 10 or 1
meV! as the 3d215pp resonances in all five ligand-field
split components. From the results of the angle-resolved p
toabsorption spectra@23#, we have to conclude that such po
sible additional resonances must havep symmetry in the
Rydberg orbital, i.e., the only possible resonance in this
ergy region would be 3d214dp. Although such accidentally
identical excitation energies seem to be unlikely, we can

FIG. 4. The resonant Auger spectrum subsequent to excita
into the states 3d3/2,1/2

21 5ps and 3d3/2,1/2
21 5pp using a photon energy

hn575.80 eV~a! and the same spectrum after subtracting the c
tributions of the 4ss21 photoelectron lines~b!. ~c!: The resonant
Auger spectrum of the 3d3/2,3/2

21 5pp resonance athn575.66 eV af-
ter subtraction of the contributions of the 4ss21 photoelectron
lines. ~d!: Spectrum~b! after subtracting of the contributions of th
3d215pp resonant Auger lines, i.e., a ‘‘pure’’ 3d215ps resonant
Auger spectrum. The vertical-bar diagram indicates the splitting
the parent states for the 4pp225ps configuration. The dotted lines
below spectra~c! and ~d! indicate the baseline. At low binding
energies above spectrum~d! lines L1 and L2 are shown with an
energy scale stretched by a factor of 4, revealing clearly two co
ponents forL1. Inset: Total ion yield spectrum of HBr in the energ
region between 75.36 eV and 76.16 eV. The arrows marked with~a!
and~c! show the excitation energies for the resonant Auger spe
~a! and ~c!.
5-7



m
io
a

be

pl
in
l

us

n-

tio
e

in
.
sis

d

in

b
ph
s
m
is
.
t

a

fin

du
he
te

te

th
le
e
om
ca
c-

ed

om-
ce
ion

-
te
or

on.
is a

en
-
the
s-

e

ese

’s

ns

on

t

o

an
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exclude them. Note that nearly degenerate resonances
not remain clean but get mixed through the configurat
interaction in the excited state. In addition, we introduce—
a second option—a final-state configuration interaction
tween the 4pp225pp states with states of the sameSL
symmetry, namely, 4pp224dp, giving rise to two sets of
parent states as indicated by the vertical-bar diagrams.

The effect of the mixing can be described using a sim
picture that introduces, instead of the full configuration
teraction approach, an expansion for the Rydberg orbita
terms of the 5pp and 4dp orbitals. By using atomic Br
orbitals as a basis set, the angleQ between the site of the
highest probability density for the electron, the Br nucle
and the H nucleus is 90° for the Br 5pp and 45° as well as
135° for the Br 4dp orbital in the ground-state electron co
figuration of HBr. However, the 5pp Rydberg electron in a
3d21 state experiences a nonspherical charge distribu
caused by the molecular core so thatQ can be assumed to b
different from 90°. At such angles ofQ different from 90°
the Rydberg electron can be described by linear comb
tions of the nll Rydberg orbitals of atomic bromine
In order to simplify the discussion we restrict the ba
set to the atomic orbitals Br 5pp, u5pp(Br)&, and
Br 4dp, u4dp(Br)&. In this case the 5pp and the 4dp
Rydberg orbitals in the 3d21nll states can be describe
as u5pp(HBr 3d21)&5au5pp(Br)&1bu4dp(Br)& and
u4dp(HBr 3d21)&5bu5pp(Br)&2au4dp(Br)&. The two
excited states, one with a pronounced 5pp character and the
other with a pronounced 4dp character may get populated
photoexcitation. If only the dipole transition to 5p is al-
lowed, as it is in atoms, then the population is determined
the 5pp character of the states. As a consequence, the
toabsorption spectra display the features of the transition
the 5pp only, even though the excited state itself has so
4dp character (bÞ0). The decay spectrum instead
sensitive also to the 4dp character of the excited state
The resonant Auger decay rearranges the charge distribu
of the molecular core, leading to a different angle forQ
in the 4pp225pp states. As a consequence, different line
combinations of the atomic bromine orbitals 5pp and 4dp
are necessary to describe the Rydberg electron in the
state of the resonant Auger process, i.e.,u5pp(HBr4p22)&
5gu5pp(Br)&1du4dp(Br)& and u4dp(HBr 4p22)&
5du5pp(Br)&2gu4dp(Br)& with aÞg andbÞd.

By assuming the Rydberg electron to be a spectator
ing the Auger decay in the core, the population of t
4pp224dp configuration can be understood. Such sta
@described above with Rydberg electronu4dp(HBr 4p22)&]
get populated via the transitions from both excited sta
from at with u5pp(HBr 3d21)& Rydberg electron and from
at with u4dp(HBr 3d21)&. In this simple picture, which
completely omits the coupling between the spectator and
core, the mixing coefficients play the most prominent ro
when estimating the population. They, furthermore, are s
sitive to the changes in charge distribution that results fr
the angular rearrangement during the excitation/Auger de
If b>0 but dÞ0, the final ionic state configuration intera
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tion is the effect which feeds the states with pronounc
4pp224dp character.

From the configurations 4pp22nlp, one can derive the
final states 4pp22~1S1!nlp~2P!, 4pp22(1D)nlp(2P,2F),
and 4pp22(3S2)nlp(2P,4P), none of them having a2S1

symmetry. Since a number of the lines in the 3d215pp reso-
nant Auger spectrum are only strongly enhanced as c
pared to the 4s21 photoelectron spectrum, it becomes on
again obvious that there is a strong spin-orbit interact
between states of differentSL symmetry. It also allows us to
give a more detailed assignment of the 4s21 photoelectron
spectrum.

The strongest line in the 3d215pp resonant Auger spec
trum, D5, is assigned to a transition to the sta
4pp22(1S1)5pp(2P) by assuming a spectator behavi
for the excited Rydberg electron. Its presence in the 4s21

photoelectron spectrum is due to a spin-orbit interacti
Note that in the energy region under discussion there
strong mixing between different states of the sameSL sym-
metry due to configuration interaction as well as betwe
states of differentSL symmetries due to spin-orbit interac
tion. As a consequence, all assignments given for
3d215pp resonant Auger spectrum indicate only the a
sumed main contribution of a given line. The linesD1 to D4
are more intense in the 4s21 photoelectron spectrum than th
line D5 and these are less enhanced in the 3d215pp reso-
nant Auger spectrum than some other lines, e.g.,D5. Both
findings agree with the assumption that final states of th
lines have a stronger contribution of theSL-state
4pp22(1S1)4dp(2P) as compared to lineD5, if one as-
sumes that the mixing between 4pp224d and 4s21 is as
strong as it is observed for Kr@30#. The energetic splitting of
>60 meV and almost constant intensity ratios betweenD1
and D3 as well asD2 and D4 can be explained with two
electronic final states, linesD1 andD2, and a vibrational fine
structure, linesD3 andD4. LinesL3 andL4 can be related to
the resonant Auger spectra at the 3d215ps resonance~see
below!. As a consequence the final states of the linesK8 and
K7 are most probably of the 4pp22(1D)5pp(2P) and
4pp22(1D)5pp(2F) character, respectively, using Hund
rules for the assignment.

The enhancement of the linesC3 to C5 shows that these
final states also have some 4pp224dp and/or 4pp225pp
contributions in addition to the already stated contributio
4s21 and 4pp22(1S1)5ss(2S). Lines K3 to K6 are prob-
ably related to the states 4pp22(3S2)5pp(2P,4P) and
4pp22(1D)4dp(2P,2F). According to the fact that the
lines K4 and K6 are stronger than the linesK3 and K5 and
according to the expected binding-energy orders based
Hund’s rules „Ebin@4pp22(3S2)5pp(2P)#.Ebin@4pp22

(3S2)5pp(4P)#; Ebin@4pp22(1D)4dp(2P)#.Ebin

@4pp22(1D)4dp(2F)#…, we slightly prefer the assignmen
of K6 to K3 to transitions to 4pp22(3S2)5pp(2P),
4pp22(1D)4dp(2P), 4pp22(3S2)5pp(4P), and
4pp22(1D)4dp(2F), respectively.

Lines K2 and K1 are assigned to transitions t
4pp22(3S2)4dp(2P) and 4pp22(3S2)4dp(4P), respec-
tively. Line K9 consists of at least four lines. These lines c
5-8
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RELATING THE 4ss21 INNER-VALENCE . . . PHYSICAL REVIEW A68, 032705 ~2003!
only be assigned to a minor part to the vibrational fine str
ture of the lineD5 since the structure is almost identical
HBr and DBr ~not shown here!, i.e., no isotopic shift or
change in the intensity ratio can be observed as expecte
vibrational excitations. In addition, this part of the spectru
looks different after an excitation to a 3d3/2

215pp Rydberg
state@see Fig. 4~c! as compared to Fig. 3~b! which shows a
3d5/2

215pp Rydberg state#.

B. The spectra taken at the 3dÀ15ps resonances

No well separated 3d215ps resonance can be found i
the photoabsorption spectrum of HBr below the Br 3d21

ionization threshold. Because of this, no pure resonant Au
spectrum at the Br 3d215ps resonances can be present
contrary to the 3d215ss and 3d215pp resonances, which
are in some cases well separated. Figure 4~a! shows a spec-
trum measured at a photon energy ofhn575.80 eV contain-
ing the resonant Auger decays of the 3d215ps and
3d215pp resonance states as well as the Br 4s21 photoelec-
tron lines. In order to present the 3d215ps resonant Auger
decay lines we performed a procedure as follows. From
spectrum shown in Fig. 4~a! a weighted 4s21 photoelectron
spectrum~normalized to lineB) was subtracted in order t
remove all contributions typical for the Br 4s21 photoelec-
tron spectrum. The result is shown in Fig. 4~b!. A similar
procedure was performed for the resonant Auger spect
taken at 75.66 eV; at this photon energy a well separa
3d3/2,3/2

21 5pp resonance is present in the photoabsorpt
spectrum. The obtained ‘‘pure’’ 3d215pp resonant Auger
spectrum is presented in Fig. 4~c!. By subtracting a weighted
‘‘pure’’ 3 d215pp resonant Auger spectrum from Fig. 4~b!, a
‘‘pure’’ 3 d215ps spectrum is obtained and shown in Fi
4~d!. It should be noted that linesD5 andK1, which are the
most intense, well separated lines for a 3d215pp resonant
Auger spectrum, have almost vanished in Fig. 4~d!. Thus, we
can consider the spectrum in Fig. 4~d! as a rather pure
3d215ps resonant Auger spectrum.

In the spectrum of Fig. 4~d!, linesL1 to L6, in addition to
the linesC1 to C3, can be found. Since the contributions
the 4s21 photoelectron spectrum are eliminated, the pr
ence of the linesC1 to C3 in the spectrum is due to a
enhancement subsequent to a 3d215ps resonance. This
shows that these lines possess also some final-state con
tions of the 4pp225ps configuration in addition to all othe
contributions discussed above.

The lines L1 to L6 can readily be understood base
on the splitting of the parent states, which is indicat
by the vertical-bar diagram. LinesL1 and L2 are
assigned to transitions to 4pp22(3S2)5ps(4S2) and
4pp22(3S2)5ps(2S2), respectively. The assignment ofL1

is supported by the splitting into the components4S3/2
2

and 4S1/2
2 as shown in the inset. The linesL3 and L5 are

assigned to transitions 4pp22(1D)5ps(2D) and
4pp22(1S1)5ps(2S1), respectively. The linesL4 and L6
are '230 and 180 meV higher in energy thanL3 and L5,
respectively, and are probably due to vibrational excitatio
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For binding energies above the transition to the st
4pp22(1S1)5ps(2S1) ~line L5) a considerable increase o
the background can be observed. This is due to Auger t
sitions to the final states 4ps214pp21(1,3P) 5ps(2,4P).
The symbols1P and 3P indicate the energy position for th
4ps214pp21(1,3P) parent states relative to the 4pp22 par-
ent states@24#. By comparing the relative intensities betwee
the transitions to 4pp22 and 4ps214pp21 states given in
Figs. 4~c! and 4~d! it can be observed that the contribution
of the transitions to the 4ps214pp21 final states are stron
ger in Fig. 4~d!. This is not due to the symmetry of th
Rydberg orbital@5pp in Fig. 4~c! and 5ps in Fig. 4~d!#, but
due to the spatial orientation of the core hole created in
excitation process@17#. In the spectrum of Fig. 4~c! a
3d3/2,3/2

21 core hole and in Fig. 4~d! a 3d3/2,1/2
21 core hole is

created. The first core hole is mainly oriented perpendi
larly to the molecular axis and the second one mostly para
@22#. Therefore, the first one will show a strong overlap w
the 4pp orbitals and the second one with the 4ps orbital
which explains the different intensity ratios observed in Fi
4~c! and 4~d!. It should be noted that the large background
Fig. 4~d! might also partly be due to transitions t
4ps214pp21(1,3P)5pp states since in this excitation re
gion the 3d3/2,1/2

21 5pp Rydberg state is also present. Its dec
to the 4ps214pp21(1,3P)5pp final state are underesti
mated in the subtraction procedure. In particular, the pr
ence of the 4ps214pp21(1,3P)5pp(2S1) states can ex-
plain the broad line E in the Br 4ss21 photoelectron
spectrum~Fig. 1!.

In addition, there are some weak but narrow lines in
binding-energy region between 30 and 32 eV in Figs. 4~c!
and 4~d! ~indicated withM ). They are due to shake-up sa
ellites to the final-state configurations of the type 4pp226p
and well known from the resonant Auger spectra of 3d215p
resonances in Kr@5#.

V. VIBRATIONAL FINE STRUCTURES

In the presented spectra only a small number of lin
could be identified as vibrational excitations. In addition, f
most of the lines identified as vibrational substates the int
sity ratio I (1)/I (0), with I (n) being the intensity of the
vibrational leveln, was much smaller than observed for th
corresponding parent states in the normal Auger spect
@24#.

For the final states with excited higher vibrational su
states the energy splitting between the transition to the vib
tional ground staten50 and the first-excited vibrationa
staten51 are summarized in Table II. The splittings for th
parent states derived from the normal Auger spectra@24# are
also given. It can be seen that the vibrational splittings
the states of the configurations 4pp225ss, 4pp224dp,
and 4pp225ps are'60 meV, 50 meV, and 35 meV abov
the values of the corresponding parent states, respecti
From this we conclude that the equilibrium distances
these states are smaller than for the 4pp22 parent states, i.e.
the increase in the equilibrium distance as compared to
intermediate state is smaller for the states of the configu
tions 4pp225ss, 4pp224dp, and 4pp225ps than for the
5-9
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PÜTTNER et al. PHYSICAL REVIEW A 68, 032705 ~2003!
4pp22 parent states. This explains the smallerI (1)/I (0)
intensity ratio for the transitions to the final states of t
resonant Auger decay than for those in the normal Au
decay; note thatI (1)/I (0)}(Dr )2 with Dr being the change
in the equilibrium distance between the intermediate and
final state.

The strong correlation between the vibrational energy
the I (1)/I (0) ratio can be seen by comparing the populat
of the 4pp225ss and the 4pp225ps states. For the state
of the first configuration~line A4 , A6 , I 2) the vibrational
energies are'60 meV above the values for the correspon
ing parent states and the vibrational excitations are v
weak. For the states of the second configuration~lines L3 ,
L5) the vibrational energies are only'35 meV above those
of the parent states and theI (1)/I (0) ratios are larger.

From these observations we conclude that the low-n Ry-
dberg orbitals in the 4pp22nll configurations of HBr1 do
have some bonding valence character leading to highe
brational energies and smaller equilibrium distances as c
pared to the 4pp22 configurations in HBr21. This is in par-
ticular valid for the lowest Rydberg orbital 5ss. However,
the higher-n Rydberg orbitals of the 4pp22nll configura-
tions are expected to have no bonding character and, co
quently, their vibrational energies and equilibrium distanc
are expected to be similar to the 4pp22 parent states. Note
that the fact of similar equilibrium distances leads to simi
I (1)/I (0) ratios.

It should be noted that a similar behavior was observe
HCl @16,17#. In HCl the resonant Auger transitions to th
3pp224ss states show large vibrational energies and lit

TABLE II. Summary of the energy splittings,DE, in meV be-
tween the vibrational ground staten50 and the first-excited vibra
tional staten51 for the 4pp22 parent states and the 4pp22nll
configurations. The values for the parent states are derived from
results in Ref.@24#.

Configuration Parent state
1S1 1D 3S2

4pp22 151 200 200
4pp225ss 265 (2D) 265 (4S2)

265 (2S2)
4pp224dp 250 (2P)
4pp225ps 184 (2D) 230 (2D)
o
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vibrational excitations compared to the 2p21→3pp22 nor-
mal Auger transitions. For the resonant Auger transitions
the 3pp224p states the vibrational energies and the intens
distributions of the vibrational progression is closer to that
the normal Auger decay. In HCl, the resonant Auger tran
tions subsequent to a 2p21→4p excitation, which lead to
3pp224p final states, already show a strong vibrational p
gression@17# contrary to the analogous resonant Auger tra
sitions to the 4pp225p states in HBr. This is probably du
to the fact that the vibrational progression for the 2p21

→3pp22 normal Auger decay in HCl are considerab
stronger than the vibrational progressions for the 3d21

→4pp22 normal Auger decay in HBr as can be seen fro
the normal Auger spectra@24,39#.

VI. SUMMARY AND CONCLUSIONS

The 4ss21 photoelectron spectra and the resonant Au
spectra taken at the 3d215ss, 3d215ps, and 3d215pp
resonances are presented; all spectra were measured
high photon resolution and spectrometer resolution resul
in total linewidth of >30 meV. By relating the spectra t
each other, assignments for most of the lines were derive
turned out that mixing of configurations and spin-orbit inte
action is important in this energy region, in agreement w
the results for the isoelectronic atom krypton. However,
brational excitations play only a minor role in these spec
This is due to mixed character of the low-n Rydberg orbitals
in the configurations 4pp22nll. These orbitals have consid
erable bonding valence character so that the change in
equilibrium distance between the initial and the final sta
remains relatively small. More detailed ‘‘state-of-the-ar
calculations are needed for the discussed energy regio
HBr. In addition, high-resolution spectra of DBr would allo
us to identify vibrational lines with a higher reliability. Thi
would in particular be important to assign a number of le
intense narrow lines.
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