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Angle-resolved photoabsorption spectra of core holes with strong spin-orbit interaction:
Below the Br 3d thresholds in HBr

R. Püttner,1,2 Y.-F. Hu,3 E. Nõmmiste,1,4 G. M. Bancroft,3 and S. Aksela1
1University of Oulu, Department of Physical Sciences, P.O. Box 3000, 90401 Oulu, Finland

2Freie Universität Berlin, Institute for Experimental Physics, Arnimallee 14, D-14195 Berlin, Germany
3Department of Chemistry, The University of Western Ontario, London, Ontario, Canada N6A 5B7

4Institute of Physics, University of Tartu, Tartu 51014, Estonia
~Received 16 October 2000; published 27 February 2002!

High-resolution angle-resolved photoabsorption spectra of HBr below the Br 3d ionization thresholds were
recorded in the total ion yield. By applying adequate selection rules for excitations from core holes with a
strong spin-orbit interaction, we demonstrate for the 3dj ,mj

21 nll states that this technique is a powerful tool to
study the multiplet splitting of the Rydberg states into the different sublevelsM j . We report a multiplet
splitting of >50 meV between theM j51 and 01 substates of the 3d5/2,1/2

21 5ss and 3d3/2,1/2
21 5ss excitations.

As a consequence of this observation, an assignment of the photoabsorption spectrum different to those of
earlier studies is derived in the low-energy region. In addition, the orientation parameterbm is derived from the
spectra.

DOI: 10.1103/PhysRevA.65.032513 PACS number~s!: 33.20.Ni, 33.15.Pw, 33.15.Ry, 33.80.Eh
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I. INTRODUCTION

In core-level spectroscopy the excitation and deexcita
processes occur at a time scale that is short as compar
the time scale of the molecular rotation. The final states
the dominating decay process, namely, the Auger proc
predominantly possess potential-energy curves which are
stable with respect to dissociation, hence diatomic molec
dissociate along their molecular axis, which can be con
ered as fixed in space during the entire process. As a co
quence, the detection of the fragment ions in any particu
direction can be employed to obtain information about
spatial orientation of the molecule during the process. Co
bining this information with the polarization vector of th
light source, one can apply more specific selection rules
order to assign the spectra.

This effect has been used for a number of 1s excitations
in linear molecules consisting of first-row elements, e.g.,2,
since the fundamental work of Yagishitaet al. @1#. For 1s
excitations the more specific selection rules areDL561 for
the u590° spectra andDL50 for the u50° spectra by
definingu as the angle between the polarization vector of
light and the direction of detection. Consequently, for 1ss
core levels only excitations intonls andnlp states can be
observed in theu50° andu590° spectra, respectively.

However, by creating core holes with nonvanishing an
lar momenta, e.g.,np or nd holes, spin-orbit interaction be
comes important. As a consequence, the orbital angular
mentum of these core holes is no longer a good quan
number and no information similar to the ones for 1s exci-
tations can be obtained from the spectra. Up to now on
limited amount of work has been performed on ang
resolved photoabsorption spectra of molecules contain
second-row elements, e.g., HCl@2#.

The electronic structure of HBr below the Br 3d ioniza-
tion threshold was first studied by Shawet al. @3# using
electron-impact excitation. They only considered spin-or
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splitting, but neglected ligand-field splitting, leading to
number of inconsistencies between the data and the prop
assignment. In the early 1990s Liuet al. @4# showed that the
ligand-field splitting is an important effect in the photoele
tron spectroscopic study of the Br 3d level in HBr. This led
to a reassignment of the photoabsorption spectra@5,6# and to
a subsequent support of the assignment in its main idea
resonant Auger spectroscopy@7#.

In a recent theoretical study by Finket al. @8#, it was
shown for the 2p→ Rydberg excitations in HCl tha
2pj ,mj

21 nll is a good description of the final states. The

2pj ,mj

21 nll configurations are subject to a multiplet splittin

into different M j values and only the states withM j

501(1) can be observed in the0°(90°) spectra. In the
present work, we describe the Rydberg states with 3dj ,mj

21 nll

and demonstrate how the concept of selection rules
angle-resolved spectra can be extended tonp and nd core
levels in order to derive information for the assignme
More importantly we show that the technique of ang
resolved spectra is well suited to study the multiplet splitti
of the Rydberg states into the different sublevelsM j . We
report multiplet splitting of>50 meV between the subleve
M j501 and 1 for the 3d5/2,1/2

21 5ss and 3d3/2,1/2
21 5ss states. A

splitting of the same amount was recently also predicted
theory for the 2p3/2,1/2

21 4ss and 2p1/2,1/2
21 4ss states in HCl@8#.

It is clear that a multiplet splitting of this order of magnitud
has to be considered for a correct assignment of integr
core-level photoabsorption spectra in general. For exam
the splitting of the Br 3d5/2,1/2

21 5ss resonance is clearly ob
served in angular integrated photoabsorption spectra@5,6#.
However, with this multiplet splitting neglected, these res
nances were incorrectly assigned to 3d5/2

214dp, which was
also supported by multiple scattering-Xa ~MS-Xa) calcula-
tions @4#. Using the angle-resolved photoabsorption spec
the molecular orientation parameterbm was determined.
©2002 The American Physical Society13-1
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TABLE I. Coupling scheme ofnp andnd core hole states withnll Rydberg electrons. TheM j values
that can be populated from the ground state on the basis of dipole-selection rules are indicated in b

s-like Rydberg orbital (l z50)
j z 5/2 3/2 1/2

Kz 5 j z6 l z 5/2 3/2 1/2

M j5Kz6sz 3,2 2,1 1,0¿,02

p-like Rydberg orbital (l z51)

j z 5/2 3/2 1/2

Kz5 j z6 l z 7/2;3/2 5/2;1/2 3/2;1/2

M j5Kz6sz 4,3;2,1 3,2;1,0¿,02 2,1;1,0¿,02

d-like Rydberg orbital (l z52)

j z 5/2 3/2 1/2

Kz5 j z6 l z 9/2;1/2 7/2;1/2 3/2;1/2

M j5Kz6sz 5,4;1,0¿,02 4,3;1,0¿,02 2,1;1,0¿,02
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This parameter is important to understand theb parameters
of resonant Auger transitions in molecules.

II. EXPERIMENT AND DATA ANALYSIS

The measurements were performed at the MAX I stor
ring in Lund, Sweden using the ‘‘Finnish beamline’’BL 51

@9#. The beamline was operated at a short-period undul
@10# and the radiation was monochromatized by a SX7
plane grating monochromator@11#. The angle-resolved pho
toabsorption spectra were measured detecting the tota
yield induced by radiation in the photon energy range
>69–79 eV. The ion yield was measured with a time
flight ~TOF! spectrometer~field free drift tube length 106
mm! connected to the rotatable spectrometer chamber, w
also includes the Scienta-200 electron spectrometer for m
suring angle-resolved electron spectra. The spectra w
taken atu50° and 90° with respect to the polarization d
rection of the light. Due to some penetration of the acce
ating field into the source volume, it turned out that the TO
system has a rather wide angle of acceptance, which lea
considerable contribution of au590° spectrum in au50°
spectrum and vice versa. To eliminate the respective
wanted contributions in the angle-resolved spectra, a pro
dure based on the assignment of the nonoverlapping pea
74.590 eV to 3d5/2,5/2

21 5pp @5,6# was applied. This resonanc
is expected to show no contributions in theu50° spectrum
since it possesses noM j501 sublevel~see below!. There-
fore a weightedu590° spectrum was subtracted from th
u50° spectrum in order to eliminate all contributions fro
this resonance. The pureu50° spectrum was then weighte
accordingly and subtracted from theu590° spectrum. The
results obtained were checked by adding two times the
spectrum and one time the 0° spectrum in order to confi
the treatment of the spectra by comparing the result with
well-known 55° spectrum@5,6#. The normalized spectra
were fitted with Lorentzian line shapes using a width ofG
>95 meV to describe the lifetime broadening@5# and con-
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voluted with a Gaussian line shape of>30 meV to simulate
the experimental resolution.

III. THE ANGLE-RESOLVED PHOTABSORPTION
SPECTRA

A. Selection rules and coupling schemes

By considering spin-orbit interaction, the adequate sel
tion rules for photoabsorption spectra areDM j50 or 61.
For angle-resolved photoabsorption spectra, these sele
rules can be specified as

DM j561 for u590° and DM j50 for u50°,
~1!

i.e., onlyM j501 and 1 states can be observed in the 0° a
90° spectra, respectively. This can be exploited to help
signing the normal photoabsorption spectra by determin
the possibleM j values for the 3dj , j z

21nll Rydberg excitations.

To do this, firstj z of the core hole has to be coupled to thez
component of the orbital momentuml z of the Rydberg or-
bital with l z50,1,2, etc., forl5s, p, andd-like Rydberg
orbitals, respectively. The rule for adding thez component of
the angular momentum isKz5 j z6 l z . Second, by coupling
Kz to the spinsz of the Rydberg electron one getsM j5Kz
6sz . A detailed coupling scheme fornp andnd core holes
with nll Rydberg states is given in Table I. Note that ea
different symmetry of the Rydberg orbital (s,p,d) shows its
characteristic pattern in the angle-resolved photoabsorp
spectrum, e.g., as-like Rydberg orbital can contribute in th
u590° spectra with excitations originating from th
nd5/2,3/2

21 , nd5/2,1/2
21 , nd3/2,3/2

21 , andnd3/2,1/2
21 ligand-field compo-

nent of the core hole; however, it can contribute in theu
50° spectra only for the excitations from thend5/2,1/2

21 and
nd3/2,1/2

21 ligand-field component.
3-2
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B. Angle-resolved photoabsorption spectra

Figure 1 shows the angle-resolved photoabsorption s
tra of HBr for u50° andu590°. Considerable difference
are seen between these different spectra, especially in
lower-energy region up to 76.5 eV where there is less ov
lap between the Rydberg states. The differences for the s
tra measured at different angles are also reflected by
strong variation of the orientation parameterbm shown in the
uppermost part of Fig. 1~see below!. In addition, a ‘‘calcu-
lated’’ 55° spectrum, i.e., a sum of two times the 90° sp
trum plus one times the 0° spectrum, is shown in Fig. 1. T
matches very well with the angle-integrated photoabsorp
spectra@5,6#. This confirms that the applied procedure elim
nates the contributions of the respective unwanted angle

The assignment based on the present analysis is give
the lower part of Fig. 1. Differences between the present
earlier @5# assignments are only obtained belowhn
575.5 eV. These are mainly related to the 3d→4dp exci-
tations in Refs.@5,6#, which are now reassigned to 3d
→5ss. The assignments for higher Rydberg states are
fected only slightly by this reassignment. Above the pho
energyhn575.5 eV the observations of the present wo
are in agreement with the earlier assignment of Ref.@5#; the
present assignment is adopted due to the higher resolu
and the better signal-to-noise ratio in the earlier work. T
also holds for a number of resonances that are not obse
in the present work, however, clearly identified in the ang

FIG. 1. Angle-resolved photoabsorption spectra foru50° ~hol-
low circles! and u590° ~hollow diamonds! as well as a ‘‘calcu-
lated’’ spectrum foru555° ~filled circles!. The assignment is given
by the bar diagrams in the lower part of the figure. The upper pa
the figure displays the orientation parameterbm .
03251
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integrated photoabsorption spectra@5#.
Figure 2 shows the lower-energy range in detail. The

ted result is represented by the solid lines through the d
points and the solid~dotted! subspectra represent the resu
for the u50°(u590°) spectrum, i.e., the final states wi
M j501(M j51). The detailed assignment of the states
given in Table II. Peaks (a) –(c) show a splitting smaller
than the ligand-field splitting and anM j pattern of 1,1,01

~i.e., two peaks withM j51 observed in theu590° spec-
trum, and one peak withM j501 whenu50°). From Table
I, we note that aM j pattern of 1,1,01,1,1,01 is expected for
excitations intop-like Rydberg orbitals, while anM j pattern
of 1,1,01 is expected for excitations intos-like Rydberg
states. More importantly, the energy separation patt
among peaks (a) –(c) is in agreement with the pattern ex
pected for excitations intos-like Rydberg states, notp-like
Rydberg states. Specifically, the energy splitting betwe
peak~a! and peak~c! of >130 meV is much smaller than
the ligand-field splitting between the 3d5/2,5/2

21 and 3d5/2,1/2
21

core-hole states of>275 meV @5,6#. However, the energy
splitting between peak~a! and the mean energy value o
peaks~b! and~c! of >110 meV agrees well with the ligand
field splitting between the 3d5/2,3/2

21 and 3d5/2,1/2
21 core holes

@5,6#. This small experimental splitting can be explained w
the assignment of anls Rydberg state, since the 3d5/2,5/2

21 nls
excitation is dipole forbidden. However, this experimen

f

FIG. 2. Angle-resolved photoabsorption spectra foru50° ~hol-
low circles! and u590° ~hollow diamonds! as well as a ‘‘calcu-
lated’’ spectrum foru555° ~filled circles! in the energy range from
73.5–76.4 eV. The dashed~solid! subspectra show the states wi
M j51(M j501). For a detailed assignment see Table II.
3-3
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splitting is too small for the assignment of anlp Rydberg
state, since excitations originating from all three compone
of the 3d5/2 core hole are dipoleallowed and a splitting in t
order of>275 meV is expected between peaks~a! and (c).
From this we conclude the resonances (a) –(c) to be excita-
tions into as-like orbital instead of a 4dp Rydberg orbital,
which was preferred in previous assignments@5,6#. This re-
assignment is supported by the results of resonant Au
spectroscopy@12#. In particular, we assign resonanc
(a) –(c) to 3d5/2,3/2

21 5ss M j51, 3d5/2,1/2
21 5ss M j51, and

3d5/2,1/2
21 5ss M j501, respectively.
In addition to the above 5ss assignment, peaks (a) –(c)

could also be assigned to resonances from excitations
the 4ds Rydberg orbital, on the basis of theM j pattern
argument alone. However, a large multiplet splitting
>50 meV between peaks (b) and (c) is consistent with the
fact that the multiplet splitting between 3d5/2,1/2

21 5ss M j

51 and 01 states is much larger than the splitting betwe
3d5/2,1/2

21 4ds M j51 and 01 states due to the relatively hig
vicinity of the core hole and the 5ss Rydberg state. Theo
retical values for this multiplet splitting in the correspondi
excitations 2p3/2,1/2

21 4ss and 2p3/2,1/2
21 3ds of HCl are reported

to be>60 meV and>17 meV, respectively@8#, in agree-
ment with our conclusions. The assignment of the first s
to an excitation from the 3d5/2,3/2

21 core hole and the well-

TABLE II. The assignment of the Rydberg states below\n
576.2 eV.

Peak Energy~eV! Assignment

(a) 73.828 3d5/2,3/2
21 5ss M j51

(b) 73.913 3d5/2,1/2
21 5ss M j51

(c) 73.962 3d5/2,1/2
21 5ss M j501

(d) 74.594 3d5/2,5/2
21 5pp M j51

(e) 74.737 3d3/2,3/2
21 5ss M j51

and 3d5/2,3/2
21 5ps M j51

( f ) 74.761 3d5/2,3/2
21 5pp M j501

and 3d5/2,1/2
21 5ps M j501

(g) 74.854 3d5/2,1/2
21 5pp M j51

(h) 74.859 3d5/2,3/2
21 5pp M j501

( i ) 74.936 3d3/2,1/2
21 5ss M j51

( j ) 74.968 3d3/2,1/2
21 5ss M j501

(k) 75.050 3d5/2,1/2
21 6ss M j501

( l ) 75.580 3d3/2,3/2
21 5ps M j51

(m) 75.661 3d3/2,3/2
21 5pp M j51

(n) 75.680 3d3/2,3/2
21 5pp M j501

(o) 75.789 3d3/2,1/2
21 5ps M j501

(p) 75.880 3d3/2,1/2
21 5pp M j501

(q) 75.900 3d3/2,1/2
21 5pp M j51

and 3d5/2,5/2
21 6pp M j51

(r ) 76.056 3d5/2,3/2
21 6p Mj51

(s) 76.072 3d5/2,3/2
21 6p Mj501

(t) 76.182 3d5/2,1/2
21 6p Mj501

(u) 76.199 3d5/2,1/2
21 6p Mj51
03251
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known values for the spin-orbit and ligand-field splittin
@5,6# leads to the assignment of peak (e) to 3d3/2,3/2

21 5ss
M j51, maybe overlapping with 3d5/2,3/2

21 5ps M j51 contri-
butions, as well as peaks (i ) and (j ) to 3d3/2,1/2

21 5ss M j

51 and 3d3/2,1/2
21 5ss M j501, respectively. Assigning pea

(e) at least partly to 3d3/2,3/2
21 5ss M j51 is supported by reso

nant Auger spectra since the typical lines subsequent
3d→ 5s excitation are present at these photon energies@12#;
this finding in the resonant Auger spectra@12# could not be
explained with the previous assignment of the photoabso
tion spectra@5,6#. This reassignment also shows that t
MS-Xa calculations presented in Ref.@4# were not adequate
to describe the intensities of the Br 3d→ Rydberg excita-
tions correctly since they predict an almost vanishing os
lator strength for the 3d→5ss Rydberg excitation.

The present reassignment leads to a quantum defectd5s
>3 and requires a reconsideration of the peaks labele
Fig. 1 as excitations into 6ss Rydberg orbitals. The latte
excitations result in a quantum defectd6s>3.5, which is ap-
proximately 15% larger than the one for the 3d→5s excita-
tions. This large increase in the quantum defect is not in l
with the concept of constant quantum defects for a giv
Rydberg seriesnll of the molecule. However, it does no
necessarily reject the assignment to 3d→6s excitations since
a similar amount of increase in the quantum defect was a
observed experimentally and theoretically for the two low
states of the O 1s21ns Rydberg excitations in CO and NO
@13,14#. An alternative reassignment of the 3d→6s reso-
nances to 3d→4d excitations would lead to a quantum d
fect d4d>1.5, which would be in good agreement with th
quantum defectd4d>1.3 for the 3d→4d excitations in iso-
electronic Kr @15#; the difference of 0.2 in the quantum

defect can be explained by the reduction of the symme
from Kr to HBr. This symmetry reduction would lead to
splitting of the 3d214d Rydberg states in Kr into the sublev
els 3d214ds, 3d214dp, and 3d214dd in HBr, and, conse-
quently, to a shift in the energy positions and quantum
fects for at least some of the 4d levels. It has been shown fo
HCl that this splitting is much larger for the correspondi
2p→3d excitations than that for the 2p→4p excitations. As
a consequence of the present discussion, a final assign
cannot be given based on the quantum-defect argument.
earlier assignment of the higher 3d→np and nf states@5#
remain unaffected from the reassignment in the low-ene
region of the spectrum.

C. The orientation parameter bm

In a two-step model, i.e., by considering the photoexc
tion and the subsequent resonant Auger process separ
the angular asymmetry parameterb of the molecular Auger
decay can be factorized as@16#

b5bma2 , ~2!

wherea2 represents the intrinsic anisotropy parameter of
Auger decay andbm describes the spacial orientation of th
axis of a linear molecule. In the axial-recoil approximatio
bm can be determined according to@17#
3-4
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bm5
2~D i

22D'
2 !

D i
212D'

2
. ~3!

D i
2(D'

2 ) describes the photoabsorption strength parallel~per-
pendicular! to the electric-field vector.

The spacial orientation parameterbm is shown for the
3d→ Rydberg excitations in Fig. 1 and for the 3d→s*
excitations in Fig. 3. In Fig. 1 the errors of the values forbm
are estimated to be60.2 for the most intense peaks, how
ever, to be larger for the shoulders and less intense p
with up to 60.4. Due to the poorer statistics and larger s
size in Fig. 3, we estimate the errors for the excitation i
the Rydberg states to60.5 and the excitations into thes*
valence orbital to60.3.

In principle, for excitations into final states withM j
501 and M j51 values arebm52 and bm521, respec-
tively. This can be seen, e.g., for the 3d5/2,3/25ss and
3d5/2,5/25pp excitation for which onlyM j51 components
can be observed. In the energy region of these excitat
bm521. For all other energy regions, the value ofbm is

FIG. 3. Angle-resolved photoabsorption spectra foru50° ~hol-
low circles! and u590° ~hollow diamonds! as well as a ‘‘calcu-
lated’’ spectrum foru555° ~filled circles! in the energy range of the
3d→s* excitations. The upper part of the figure displays the o
entation parameterbm .
ys

s.

c-

H.

03251
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between21 and 1 due to the overlap of excitations in
different Rydberg states or the same Rydberg state, howe
with different M j values.

IV. SUMMARY AND CONCLUSION

In this work we presented angle-resolved photoabsorp
spectra of HBr below the Br 3d ionization thresholds. Ad-
equate selection rules for the excitations from the Br 3d core
holes with strong spin-orbit interaction were applied to t
angle-resolved spectra. We demonstrated that this metho
well suited to study the multiplet splitting of the Rydbe
states 3dj ,mj

21 nll into the different sublevelsM j . More im-

portantly we report a splitting of>50 meV between the
sublevels M j501 and 1 of the 3d5/2,1/2

21 5ss excitation,
which resulted in a reassignment of the low-energy region
the spectrum. This splitting of>50 meV has been observe
earlier in angle integrated photoabsorption spectra@5,6#,
however, interpreted incorrectly. The present results sh
that for the lowest core to Rydberg excitations this splitti
has to be taken into consideration for the assignment of p
toabsorption spectra of small molecules in general. For
ample, based on the present findings we suggest a sim
reassignment of Br 3d214dp levels to 3d215ss in the an-
gular integrated Br 3d photoabsorption spectrum of Br2,
which is very similar to the spectrum of HBr@6#. From the
angle-resolved spectra, we calculated the molecular orie
tion parameterbm which is a prerequisite for understandin
the angular distribution of the electrons in resonant Au
spectroscopy.
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S. Aksela, A. Kivimäki, O.-P. Sairanen, A. Naves de Brito, E
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