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bstract

The valence photoelectron spectrum has been measured for molecular KBr. Experimental energies of the main and satellite structures have been
ompared with the results of ab initio calculations based on molecular orbital theory including configuration and multiconfiguration interaction
pproaches. Comparison between the experimental KBr spectrum and previously reported Kr valence photoelectron spectrum has also been

erformed in order to find out if electron correlation is of the same importance in the valence ionized state of KBr as in the corresponding state of
r.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The physical and chemical properties of alkali halide
olecules have been the subject of numerous investigations (see

.g. [1,2] and references therein) because of the ionic character
f their molecular bond that allows the application of simple
heoretical models. Most lately we studied both the electronic
ecay of the valence VUV resonances and also the Auger decay
ollowing the core ionization in either the alkali or the halide side
f the molecule (see [1–4] and references therein). In the study of
he Br normal Auger spectra (MNN) in the alkali bromide series
3], the experimental results were compared with the results of
ingle configuration calculations for Br−decay spectrum [5,6].
t was noticed that the molecular Auger decay resembles in great
xtend the decay in Br−ions when the final state of the Auger
ransition involves the electrons from the outermost molecular
rbitals (MOs) (4p in Br−). However, great differences between

he spectrum of Br−ion and the alkali bromide spectra were seen
n the Auger groups involving the inner valence (Br 4s) MO.
ingle configuration calculations for Br− failed completely in
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escribing the features of these Auger groups. It is known that
lectron correlation plays a dramatic role in the same Auger
roup of Kr, shifting the energies and redistributing the intensity
etween the main and satellite lines [7]. Valence photoelectron
pectrum of Kr is also accompanied by a rich satellite struc-
ure, due to the many-electron effects related to the valence
onization (see ref. [8] and references therein). The study of the
nner valence photoelectron spectra of the alkali bromides was
hus assumed to provide information not only on the structure
f the molecular orbitals but also on the Br MNN Auger final
tates.

The outer valence spectrum of KBr has been recorded earlier
9,10] with the HeI and HeII discharge lamp excitation, cover-
ng the spectral range of Br− 4p and K+ 3p orbitals. However,
he existing data does not show any indications of the Br− 4s
r the K+ 3s orbitals. As far as we know, no synchrotron radia-
ion excited high resolution experiments for gas-phase KBr have
een reported so far.

In the present study we have measured the synchrotron radi-
tion excited molecular KBr valence photoelectron spectrum

ncluding the 4p and 4s orbitals of Br− and also the 3p and 3s
rbitals of K+. We also investigated whether the valence pho-
oelectron spectrum of Br− reflects similar satellite structure as
een in the spectra of the isoelectronic Kr atom [8].

mailto:antonio.calo@oulu.fi
dx.doi.org/10.1016/j.elspec.2007.08.006
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. Computational details

Calculations were performed using the quantum chemistry
oftware package GAMESS [11,12]. Configuration interac-
ion (CI) [13] and multiconfigurational self-consistent field
MCSCF) [14–16] wavefunctions, in a full optimized reaction
pace (FORS), also known as complete active space (CASSCF),
ere adopted. Calculations including the spin-orbit (SO) inter-

ction were not performed. While the use of the MCSCF
alculations was favorable for the higher quality level of their
esults, the CI calculations turned out to be very useful because
f their less demanding nature, allowing us to reach deeper
hotoionization levels within our memory and computational
ime limits. Through the Mulliken [17–21] and the Lowdin [22]
opulation analysis we could estimate the atomic orbitals (AO)
ontribution for each MO. This allowed us to determine if and
ow the ionic character of the molecule changes across the stud-
ed range of MO, indicating possible limits of the ionic model.
or K we used the Pople’s 6-311** valence triple zeta with
olarization basis set [23]. For Br the augmented Dunning type
orrelation consistent aug-cc-pVDZ [24] was used. The ioniza-
ion energies (IE) have been calculated in the minimum of the
otential energy curve (PEC) for the neutral KBr molecule, cor-
esponding to a calculated internuclear distance of 2.915 Å, in
ice agreement with previous evaluations [25].

. Experiments

Measurements were performed at the beamline I411 [26]
n MAX-laboratory in Lund, Sweden. The beamline uses syn-
hrotron radiation of an undulator located at the 1.5 GeV
AX-II storage ring. A modified Scienta SES-100 electron
pectrometer was used to record the spectra of the emitted
lectrons at the “magic” 54.7◦ angle from the polarization vec-
or, corresponding to angle-independent measurements. For a
etailed description of the electron energy analyzer see ref.

n

T
t

ig. 1. Valence photoelectron spectrum of KBr molecule measured at 61.5 eV. In th
alculations.
and Related Phenomena 162 (2008) 30–35 31

27]. The molecular beam of KBr was produced from solid
Br in stainless steel crucible using a computer controlled

nductively heated oven, designed and built at the University
f Oulu [28]. The temperature of the crucible in the measure-
ents was around 500 ◦ C corresponding the vapor pressure of

0−2 mbar [29,30] inside the crucible. Temperature was con-
rolled with thermocouple sensors connected to the oven. The
hoton energy of 61.5 eV was used in the measurements of the
Br valence photoelectron spectrum (PES). Also other pho-

on energies (60, 66, 70 eV) were used to identify possible
uger transitions and second order contributions at the kinetic

nergy region of the measurements. The binding energy cal-
bration of the KBr photoelectron spectrum was obtained by
ntroducing Xe gas to the interaction region and recording the
e 5p photolines at 12.130 and 13.436 eV binding energy [31]

imultaneously with the spectrum of KBr. The KBr photoelec-
ron spectrum was measured with 20 eV pass energy of the
lectron spectrometer corresponding to approximately 70 meV
nalyzer contribution to the linewidths. The photon bandwidth
as estimated to be 40 meV with the 100 �m exit slit of the
onochromator.

. Results and discussion

The valence photoelectron spectrum of KBr is presented in
ig. 1. The main KBr related structures are seen at the binding
nergies around 9, 19, 25 and 41 eV. In addition to the struc-
ures related to the inner and outer valence orbitals of KBr,
he spectrum also includes some contributions related to the
vaporation of background gases from the oven construction.
he main residuals have been identified [32] to originate from
O2 but small contributions of H2O and CO have also been

oticed.

Experimental and theoretical results are summarized in
ables 1–3 . In order to provide a systematic assignment for

he whole range of experimental findings, we have used molec-

e top of the figure we schematically reported the results from the theoretical
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Table 1
Comparison between the experimental values and the theoretical results from CI and MCSCF calculations for the main photolines

aResults from “model calculations” (see text for details).

Table 2
Theoretical results for the satellite states from CI calculations
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the main photolines is shown in Table 1. The double peak struc-
ture indicated as A1and A2in Fig. 1 was first tentatively identified
as 2�−1 and 4�−1 MO, respectively, originating, according to
the CI and MCSCF calculations, mainly from Br 4p orbitals
he states indicated with roman numbers refer to figure 1.

lar notation for the KBr+MO as shown in Fig. 2. Although this

cheme has no quantitative relevance, it is based on the Mulliken
opulation analysis of the MCSCF calculations and it can pro-
ide a better understanding of the structure of the MO as they
re mentioned in tables. According to the Lowdin and Mul-

able 3
heoretical results for the satellite states from MCSCF calculations

he states indicated with roman numbers refer to figure 1.
F
v

iken population analysis the CI calculations were better able
o describe the more covalent character of the Rydberg orbitals
s compared to the MCSCF calculations because of the lim-
ted amount of excited configurations we could include in this
eavier computation. This affected especially the results of the
atellite states where the weight of the configuration with excited
rbitals is more relevant.

.1. Main valence photolines

A summary of the theoretical and experimental results from
ig. 2. MCSCF results for the contributions of the main atomic orbitals for the
alence molecular orbitals of KBr.
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33,34]. Spin-orbit splitting of the Br 4p−1state is, however, of
he same order of magnitude as the splitting of the peaks A1and

2, which is why the peaks most probably are of 4p3/2
−1 and

p1/2
−1 character, respectively. As spin-orbit interaction was

mitted in the calculations, both CI and MCSCF approximations
ail in reproducing the splitting correctly. Using model calcu-
ations similar to [35] and SO splitting of 0.66 eV of Kr [36]
e obtained 7.07 eV and 7.25 eV for2Σ1/2 and2Π3/2 molec-
lar states (respectively), and 7.89 eV for2Π1/2. These results
xplain the broader and more intense A1 peak as it is the result
f two overlapping peaks.

The peak B at binding energy of 18.84 eV has been assigned
o the 3�−1 photoline originating mainly from Br 4s orbital.
his structure was found to be partially overlapping with CO2
hotolines and KBr satellite structures. A detail of the 17–23 eV
inding energy range shown in Fig. 3 will be discussed in more
etail in chapter B below. The strongest structure C at 25.17 eV
as been identified as the overlapping contributions of 1�−1 and
�−1 MO, originating mainly from K 3p orbitals [34]. Spin-orbit
plitting of the K 3p−1state is of minor importance, 0.18 eV [36],
oo small for a direct comparison as we did for the Br 4p-like
ignal. Nevertheless we can assume that the SO effect can in this
ase contribute to the broadening of peak C.

The dimer contribution, weak but clearly visible as indi-
ated in Fig. 1, known for the alkaline part of the spectrum
33], appears on the higher binding energy side of the Br 4p
ine (A1 and A2 in Fig. 1). A similar contribution is believed
o be visible on the lower binding energy side of the K 3p
eak (C in Fig. 1). The reason of the different directions of
he ionization energy shifts (monomer to dimer) in the halo-
en and alkali systems, is thought to be directly related to
he ionic nature of the bonding characterizing the molecule.
he Mulliken and Lowdin population analysis showed a partial
egative (positive) charge of 0.9 e on the bromine (potas-
ium) atom. Moving from monomer to dimer structure has
robably an effect equivalent to a decreasing of the charge local-

zed on each atom. The overall effect is to make the atoms
ess ionic and to consequently shift the ionization energies
oward the levels for the neutral atom. In case of bromine,

ig. 3. Valence photoelectron spectrum of KBr in the 16.5–23 eV binding energy
egion.
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he shift is expected to be toward higher binding energies,
eing “easier” to ionize the Br−ion than the Br neutral atom.
nalogously the situation is expected to be the opposite for
otassium where the shift is toward the lower ionization energy
eing “easier” to ionize the K neutral atom than the K+

on.
The so far unreported mostly K 3s like 1�−1 MO has been

ndicated as D in Fig. 1 at 41.35 eV. The double peak structure at
1.1 and 12.1 eV indicated as E in Fig. 1 has been identified as Br
d photolines arising from the small second order contribution
f the monochromator (123 eV). The binding energy has been
valuated to be 72.65 eV (Br 3d3/2) and 73.65 eV (Br 3d1/2 eV)
n nice agreement with our earlier theoretical calculations [3]
here the Br 3d ionization energies in KBr where predicted at
3.41 and 74.55 eV. As far as we know, the Br 3d lines of KBr
ave not been reported earlier.

As seen from Table 1 the theoretical results show a better
orrespondence with experiment for the outer valence shells
ompared to the inner shells. As we would expect, the MCSCF
alculations provide more accurate results compared to the CI
alculations. The advantage of the CI calculations was that their
ess demanding nature allowed us to include a higher number
f configurations compared to the MCSCF approach, i.e. the
� and 2� (respectively potassium 3s and 3p like orbitals, see
ig. 2) allowing us to reach deeper ionized states. However,

he binding energies of the deeply ionized states were over-
stimated by the CI calculations, with the energy differences
ncreasing with the binding energy. This indicates that electron
orrelation is not correctly accounted for in the CI approxima-
ion. The finding that calculations fail to fully reproduce the
xperiment is in agreement with Kr valence photoionization
7], where the predictions for the inner valence hole states were
een to strongly depend on the configuration set included in the
alculations.

.2. Satellite lines

We present here the theoretical results in Table 2 and 3 for
he satellite states indicated with roman numbers in Fig. 1 in
he two sets of results from the CI and MCSCF calculations. In
he tables the main configuration is indicated, but most of the
tates were seen to be strongly mixed with other configuration
tates.

The Br− and K+ ions are isoelectronic with Kr and Ar respec-
ively. We may thus expect some correspondence between the
Br and the Kr valence PES. In a previous work [8] we con-
ucted a detailed analysis of the Kr satellite lines below the
r 3d threshold, identifying a number of lines of the com-
lex satellite structure that lies across the 28–40 eV binding
nergy region next to the Kr 4s photoline (25.5 eV) due to
any-electron processes accompanying the valence photoion-

zation. The lines were classified as monopole shake up (dipole
hotoionization accompanied by monopole excitation) and con-

ugated shake up (monopole photoionization accompanied by
ipole excitation). In addition to these shake up satellites a
eries of intense correlation satellites, originating from the mix-
ng between the Kr 4s−1 valence hole configuration and the
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wo-hole-one-electron configurations 4p−25s and 4p−24d, were
bserved.

For KBr, the theoretical results from CI calculations (group I
n Table 2) may find clear experimental evidence in the pro-
ounced satellite structure present in the 17–23 eV binding
nergy region shown in Fig. 3. The corresponding two-valence-
ole-states (4�2�)−2– but with the excited electron on the 3�
rbital instead of on the 5� one – are predicted by MCSCF cal-
ulations to lie at somewhat higher energy (group IV in Table 3).
he shift to higher energies is most probably related to the fact

hat we had to limit the number of excited contributions in the
CSCF calculations. In contrast with the results for the main

hotolines shown in the previous section, now the experimen-
al spectrum is better described by the CI calculations where
he included excited configurations played and important role.
ased on the comparison between the experiment and theory,
e conclude that a similar two-hole-one-electron CI satellite

tructure as in Kr 4s photoelectron spectrum [8] also appears in
he spectrum of KBr. Actually the whole binding energy range
f 17–40 eV of Fig. 1 displays a background due to a multitude
f weak structures, most probably created by satellite transi-
ions. In Kr, the CI satellites with pronounced 4p−2nl character
ere seen to cover a long energy range as the nl electron occu-
ies a long ranging set of Rydberg orbitals n s and (n − 1) d
n = 5, 6 . . .).

The satellite structure indicated as group II and III in Table 2
nd as group V in Table 3 are monopole shake up satellite states.
n analogy to the Kr case, we expect this kind of structures to
e much weaker compared to the CI satellites structures. In KBr
alence spectrum of Fig. 1 we may assign part of the weak
atellite structures in the 28–40 eV binding energy region to
e created by shake up satellite transitions. Also in this case
he MCSCF calculations show a tendency to overestimate the
atellite binding energies.

. Conclusions

The valence photoelectron spectrum of KBr has been stud-
ed. The theoretical results have been shown to be in fairly good
greement with the experiment. The results reflected the dif-
erent capabilities of the two used computational approaches in
escribing the highly excited molecular states, with the MCSCF
alculations proving to be more effective in the description of the
ain valence photolines while the CI calculations where better

n describing the excited MO characterizing the satellite struc-
ures. In this regard the ionic description of the KBr molecule
urned out to be no longer appropriate for the two-hole-one-
lectron configurations with the outermost electron on a high
ydberg orbital.
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