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Abstract. The inner-shell photoabsorption spectrum of gas-phase HBr below the Br-3d
ignization thresholds was measured with high spectral resolution. Ligand-field splitting of
the Br-3d levels could be clearly resolved in photoabsorption, in agreement with observa-
tions made in recent photoemission work. The good signal-to-noise ratio of the present
photoabsorption spectrum allowed to follow the ligand-field splitting of 3d-core-excited np
Rydberg states up to high quantum numbers (#=9), and to assign some additional weak
transitions that could not be resolved before.

1. Introduction

During recent years, the energy resolution of extreme-ultraviolet (xuv) and soft-x-ray
monochromators at synchrotron-radiation facilities has been considerably improved,
leading to substantial progress in the study of inner-shel! excitations in atoms and
molecules. It has now become possible to resolve vibrational splittings and ligand-field
splittings in a number of core-excited molecules [1]. Ligand-field splitting of Xe-4d
orbitals in XeF, and XeF, [2] as well as of shallow levels of the elements Zn, Ga, Pb,
Cd, and Sn in gas-phase compounds or in form of metals [3-6] have been known since
about two decades. Recently, ligand-field splitting of the S-2p;,, level (at =170eV)
could be resolved for H,S and DS in photoabsorption (pa} and in photoemission (PE)
[7, 8] as well as of the I-4d and Br-3d levels, respectively, in pe for 2 number of iodine
compounds [9-11]} and for HBr [12]. Even though the observed ligand-field splittings
were found to be as large as a few hundred meV, it is generally more difficult to identify
them in PA than in PE, due to overlapping Rydberg series in the former case. In the
present paper we focus on ligand-field splitting effects on the inner-shell photoabsorp-
tion spectrum of HBr.

A series of Rydberg states in the inner-shell pa spectrum of HBr had first been
recorded by Shaw et @/ [13] employing high-resolution electron-energy-loss spectroscopy
(EELS). In this early paper, ligand-field splitting was neglected and the existence of only
two fonization thresholds (3ds,, and 3ds,.) was considered, leading to a number of
inconsistencics between the data and the proposed assignments. For example, the split-
ting observed for the (3ds,;)”'5sc resonance signal could not be explained. Recently,
Liu et al reported the 3d core-level PE spectrum of HBr [12], revealing a ligand-field
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splitting of the 3d core level. Based on this observation as well as on the results of
scattered-wave Xa (sw-X¢) calculations, these authors re-assigned the EELS spectrum
of Shaw et afl. However, only the most intense structures (4dx, Spo, Spa) could be
identified due to the moderate signal-to-noise ratio of the early EELS spectrum.

In the present paper, we report on a high-resolution pa study of HBr in the region
below the Br-M, 5 thresholds at energies between 77 and 78 eV, The measurements were
performed with better energy resolution (<10 meV) and substantially better signal-to-
noise ratio than in previous studies. The experimental improvements allowed us to
assign the Rydberg states up to high quantum numbers 7 (up to 9p), and to separate the
observed spectrum into states that converge towards five different ionization thresholds
caused by ligand-field splitiing. Moreover, we were able to assign several weak structures
that had not been observed before.

2. Experimental and data analysis

The measurements were performed with the high-resolution plane-grating SX700/11
monochromator, which is operated by the Freie Universitit Berlin at the Berliner
Elektronenspeicherring fiir Synchrotronsirahlung (sessy) [14]. Using a 2442 lines/mm
grating, a resolution of slightly better than 10 meV (FwiiM)} was obtained in the energy
region of the Br-M, ; thresholds, which is small compared to the intrinsic lifetime widths
of the Br-3d excitations in HBr (=95 meV [13]; see also further below). The absolute
energy scale was calibrated by comparison with the energy of the " =0—v'=0 vibra-
tional transition of the N 1s™'z* resonance in N, at 400.88 eV [15]. Photoabsorption
spectra were measured with the use of an ionization cell that was separated from
the ultra-high vacuum (UHv) by an ~1000 A thick carbon window [14]; the total
photoionization current was measured as a function of photon energy. Typical pressures
in the gas cell were in the 100 ybar range. The data were taken from high-purity HBr
gas (99.8%) obtained from Messer-Griesheim, which was introduced into the gas cell
without further purification. In the least-squares fit analyses of the spectra, the reso-
nances were described by Voigt profiles, i.e. Lorentzians convoluted by a Gaussian to
simulaie the spectrometer function. The spectrometer function, however, is not a pure
Gaussian, but has a weak non-Gaussian part with a Lorentzian component [14]. This
has the consequence that the fitted intrinsic Lorentzian widths contain also a possible
Lorentzian component of the spectrometer function and ought to be considered, there-
fore, as upper limits of the actual intrinsic Lorentzian widths, Since the well-resolved
resonance lines turned out to have, on the average, intrinsic linewidths of =95 meV,
with only small variations by up to ~7 meV, we assumed intrinsic widths of the same
magnitude for the less well-resolved or very weak resonances.

3. Photoionization spectrum below the M, 5 thresholds

An overview photoabsorption spectrum of HBr in the region of the Rydberg excitations
below the M, ; thresholds is shown in figure 1. In addition to the long-lived Rydberg
resonances at energies above 73.5 eV, the spectrum exhibits a broad feature centred at
~71.3 eV, which originates from a (3d) "o excitation. The linewidth of this o-reson-
ance is =~2.5 eV (FwnM), which is by far too wide to allow spin-orbit or ligand-field
splittings to be resolved. The situation is different in case of the rather narrow Rydberg
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Figure 1. Overview of the Br-3d photoionization spectrum of HBr, Note the broad valence-
state peak at =71.3 eV and the narrow Rydberg staies above =73.5eV. The ligand-field
splittings of the 5pz and 6p states are indicated by the vertical-bar diagrams.

resonances above ~73.5 eV, where such splittings can be clearly identified. As discussed
further below, the 5px and 6p Rydberg states, e.g, split into five different substates due
to spin—orbit and ligand-field splitting. For these two examples, the five resonance lines
are marked by the vertical-bar diagrams in figure 1. The first three lines are due to
ligand-field splitting of the Br-3ds,, (M;) level, and the last two are caused by ligand-
field splitting of the Br-3ds,, (M.) level. We would like to point out that almost every
Rydberg state is seen five-fold in the present spectrum, with the exception of the very
weak or partly forbidden transitions.

The photoionization spectrum in the region of the Rydberg resonances is shown in
more detail in figure 2. In order to arrive at the given assignments of the Rydberg series,
we assumed five series converging towards five different thresholds. This assumption is
in full agreement with the resufts of Liu ef af {12] for the ligand-field splitting of the
M, s thresholds, i.e. three thresholds with A, 13, and Z,,; symmetry at Ms, and two
thresholds with Ay, and TT;,; symmetry at M,. It should be emphasized here that no
reasonabie assignment of the observed resonance lines can be found with less than five
thresholds. For the given assignments, we used the Rydberg formula E=
I,—Ry/(n=8)* (I,=ionization threshold; Ry = 13.605 eV), and assumed the quantum
defects, &, of the p and d series to be of similar magnitude as those known for the
analogous Rydberg series in the isoelectronic atom Kr: 8, k. >2.7 and dygkr= 1.3 [16];
for the f series, the § value was assumed to be much smaller. The Rydberg states are
designated by n/2%, where n represents the principle quantum number, ¢ the dominant
angular-momentum character of the orbital in the outer sphere of the molecule, and A
the symmetry along the molecular axis; the latter is equal to the angular momentum
paralle] to the molecular axis, L.. Note that this designation bears in mind a further
symmetry splitting of all orbitals with £ #0, e.g. a p Rydberg state can split into po
and pz. Such a splitting is caused by the different penetration of the orbitals into the
‘molecular core’ created by both the H and the Br atom. In case of po, the orbital is
mainly parallel to the molecular axis and the penetration is stronger than in case of
pr. This leads to the binding energy of the po orbital to be slightly higher than that
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Figure 2. High-resolution photoionization spectrum of HBr in the region of the Rydberg
resonances below the M, s ionization thresholds. The solid curve through the data points
represents the result of a least-squares fit with five Rydberg series converging {o five different
ionization thresholds {Asz. M2, Asgz, Hap, Zia), split by spin-orbit and ligand-field
interaction, ‘The energies and relative intensities of the individual resonance lines are repre-
sented by the five vertical-bar diagrams, with the lengths of the bars being proportional to
the intensities. The dashed curve below the spectrum represents the integral background.

of the px orbital. With increasing quantum number n, the orbilals become increasingly
more extended, and the differences in penetration can be neglected. Hence, the symmeiry
splitting of p orbitals into po and px can only be observed for orbitals with small »,
The quantum number A was consequently neglected in the assignments for the higher
n Rydberg states. The situation in a molecule leads to transition rules different from
those in an atom. Since, e.g. in our designation, the 4d orbital has mainly d character
in the outer sphere, but may also possess some p character at the Br site, a 3d—4d
transition can be possible. However, the allowed resonances are those complying with
the selection rules for electronic iransitions, L.e. AA1=0, £1, allowing no spin flip. Conse-
quently, transitions like 3do—»n#8 or 3d§—nf o are forbidden and are expected to have
zero intensities.
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We also made use of the results of the sw-Xea calculations [12] for the relative
intensities as well as the orbital order of the Rydberg resonances. Our designation of
Rydberg orbitals, nf2, is well suited for assigning Rydberg states, It is, however, differ-
ent from the nomenclature for molecular orbitals used in the sw-X ¢ calculations. Since
the results of these calculations will be used in the following, we briefly compare the
two designations. Let us consider, e.g. the | 1o orbital of the sw-Xa calculation, which
has a strong p character in its charge distribution; it is therefore designated as a p
orbital. Due to its molecular o symmetry it can also be designated as 5po. The 6 orbital
has a strong p character in its charge distribution, teo [12]. Its molecular symmetry is
x and it is hence designated as Spz. In this way we arrive at the following orbitals and
their calculated osciilator strengths (designations and oscillator strengths are from [12]):
5s0 (110 0.0003), 4dx (57; 0.0039), 4dd (28 0.0000}, Spa (11¢; 0.0029), Spx (67,
0.0091), 650 (120; 0.0014).

4. Detailed assignment of resonance lines

Positions and relative intensities of the resonances of the Rydberg series converging
towards the five different thresholds are represented by the five bar diagrams in figure
2. The dashed curve under the spectrum represents the integral background. The solid
curve through the data points in figure 2 represents the result of the described feast-
squares fit analysis. Note that the ligand-field splittings can be clearly identified. As in
the core-excitation spectrum of Kr, the resonances of the p series, converging towards
the various thresholds, are also most intense in the spectrum of HBr [14, 16]. With the
energies of the p resonances and the Rydberg formula, the energies of the five thresholds,
I, were calculated; they are given in table 1, where they are also compared with the
results of Liu er af [12]. Our values for the threshold energies, if shifted to higher
energies by ~ 35 meV, are in good agreement with those of [12]. Only the X, threshold
energy exhibits a slightly larger deviation to lower energies. This can be due to a larger
error bar for this threshold in the PE measurements, since the %, ,, threshoid leads only
to a weak shoulder in the 3ds,; core-level pE peak of HBr. Since no calibration of the
energy scale was reported in [12], we believe that the present threshold energies ought
to be preferred. Table 2 summarizes the energies and quantum defects, 8, for each
resonance as obtained from the spectrum reproduced in figure 2.

The peak at =73.9 eV consists of three resonances (peaks A, B. C). A description
of this structure by only two resonances can be excluded, since the resonance at
73.824 eV (peak A) has a width of no more than 95 meV, and—assuming only two
resonances—the linewidth of its high-energy shoulder would become much broader

Table 1. Energies of the five ionization thresholds caused by spin-orbit and ligand-field
splitting of the Br-3d core-excited state in HBr.

Threshold energy /p (V)

Symbot This work Liu ef af [12)
Asp2 77.114 (10) 77.15
M2 77.301 (10) 77.34
L 77.390 (10) 71,46
Az 78.206 (10) 78.24

iy 78.415 (10) 78.45
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Table 2. Resonances and their assignments in the high-resolution photoionization spectrum
of HEr. The quoted values for energy E and quantum defect § result from the least-squares
fit analysis of the spectrum in figure 2, The numbers in parentheses are the error bars in

units of the last digit.

Excitation

Peak E(eV) (3d8s12)™"  (3dmp)'  (Bdowe)' (3d8:2)" (3dmin)” é
A 73.824 (5) 4dx 1.97
B 73.897 (10) 4dn 2.00
C 73.944 {10) ddn 2.01
D 74.390 (3) Spm 2.68
E 74,710 (30) Spo 271
E 74,744 (10) Spx 269
E 74,772 (10) jpo 272
F 74,857 (10) Spr 2.68
G 74.938 (5) 4dm .96
H 75015 (10) ddr 2.00
1 75.136 (10} bsa 3.54
J 75.584 (10) Spa 2.73
K 75.661 (3) Sprr 2.69
L 75.784 (10) Spo 272
M 75.875 (10) Spx 269
M 75.915 (10) 6p 2.64
N 76.014 (10} 6sg 3.51
N 76.075 (10) 6p 2.67
0O 76.177 (10) 6p 2.65
P 76.215 (10} 6so 3.51
Q 76.399 (10) i) 2.64
R 76.488 (10) 4af -0.1
S 76.574.{10) p 2.67
T 76.655 (10) 3p Tp 2.70/2.56
u 76.752 (10) 5f 0
\Y 76.797 (10} 9p 248
A 76.842 (10) 8p 2.62

76.946 (10) 9 8p 2.72/2.40
w 76.993 (5) 6p 2.65

77.052 (10) 9p 2.66
X 77.196 (5) 6p 2.65
Y 77.413 (10) 4f -0.14
z 77439 (10) p 2.64
A’ 77.628 (10 4f -0.15
B 77.699 (10) Tp 2,67
o 77.724 (10) Sp 2.69
c 77.873 (10) 9p 261
B’ 77,940 (10) gp 2.65
E' 78.073 (10) 9p 2.69

than 95 meV. According to the results of the sw-X e calculations, these three resonances
ought to be assigned to (3d3s,,) '4dr, (3dn;,,) " '4d7 and (3do,,2) '4dr excitations,
respectively. Note that in these designations, the greek symbol characterizes the sym-
metry of the core hole: Rydberg series with excitations from a 3d state with 85,2, 73,
T2, 0372 and m,,; symmetry converge towards the Asss, Ty, 2y, Asp and T2
ionization thresholds, respectively. An alternative assignment to Sso or 4dé states is
uniikely because of the calculated oscillator strengths as well as the selection rules,
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which actually forbid (3d8) 'nfo and (3do) 'nfé excitations; also, only two reso-
nances would be expected in this case, in contrast to our observation.

The ligand-field splittings of the 4dx peaks in the three Rydberg series converging
towards the As;,. IT3,2 and X, » thresholds are smaller than those of the corresponding
thresholds (see also tables 1 and 2). Hence, it must be concluded that the term values
for the 4dn orbitals depend on the orientation of the created 3d hole relative to the
molecular axis. We assume that this leads to a variation of the Coulomb interaction
between the 4dn Rydberg electron and H. In fact, the term value increases from A to
X. Screening of the core hole is influenced by the orientation of the hole relative to the
molecular axis of HBr. In case of 2 X hole (a (3do)™'n/A excitation), which is oriented
along the axis of HBr, screening is stronger by o valence electrons, which remove
electronic charge from the H atom. As a conseguence, the'H atom would feel a stronger
Coulomb interaction with the excited 4dx electron, reducing the (3do, ;)" 4d7 excita-
tion energy as compared to a A or [T hole. Due to Coulomb interaction and the
fast increase of {r)» for elecirons in higher Rydberg orbitals, the interaction becomes
increasingly weaker with increasing #. Assuming the Coulomb interaction between the
excited orbital and the H atom (and consequently the energy shift) to be independent
from spin-orbit interaction, we assign the peaks at 74.938 eV (peak G) and at 75.015 eV
(peak H) to (3d85,2) '4dx and to (3drx, ;) '4dr excitations, respectively.

We now consider the 5p and the 6p Rydberg states; here, only the 5p states are
split into Spo and Spr orbitals. In agreement with calculations [12], 5po has a slightly
higher binding energy than 5pr. The strong resonance at 74,590 eV (peak D) is assigned
to (3d8s,2)"'5px, in agreement with the results of the sw-X¢ calculations, which predict
a stronger oscillator strength for 5pr than for 5po. The 3dds,,—5po transition is
forbidden, as mentioned before. The next structure at ~74.75eV (peak E) contains
more than one excitation, This becomes evident when we consider the relative infensities
of excitations to higher #p orbitals, as e.g. to the 6p orbitals, which belong to the five
different ionization thresholds. The 6p resonances are well resolved and their relative
intensities can therefore readily be determined. The only exception is peak M at
~75.895eV, which is composed of the two components (3dz;,) 'Spz and
(3d85,2)”'6p. The contribution of the 6p resonance to peak M can be estimated on the
basis of the intensity ratio of the (3d63/;_)_16p and (3dx, /2)"'6;3 excitations, and the
assumption that the intensity ratio of the (3d8s,,)"'Spo/x [sum of intensities of the
(3d832) 'Spo and the (3d3s/»)”'Spz excitation] to the (3dr, ) 'Spo/x excitations
is of equal size. This assumption seems to be justified, since the intensity ratios of the
analogous excitations Lo np states (=6 1o 9) are found to be equal. An analogous
consideration for the sum of intensities of the 5po and Spx Rydberg states converging
towards the five different thresholds shows that peak £ at ~74.75 eV is too intense to
be composed of only the two components (3dzs,2)”'5pc and (3dzxs, ) 'Spax. In fact,
a third component, (3do, /g)_'5p0', has o be taken into account. Then, the excitation
energies of the three resonances composing peak £ are determined as 74.710 eV
[(3dm3,2)"'5pol, 74.744 eV [(3dm;,2) 'Spx} and 74.772 eV [(3ds, )" ' Spo].

The resonances at 75.66] eV (peak K), at 75.784 eV (peak L) and at 75.875 eV
(low-energy part of peak M) are assigned to (3d8s2) 'Spr, (3dm») '5po and
(3dm;,2) 'Spx excitations, respectively. The weak low-energy shoulder of peak K at
75.584 eV (peak J) is assumed to stem from a (3d8:;)”'Spo excitation. This latter
resonance is forbidden on the basis of selection rules for electronic transitions, since
AA=2, but it will be allowed (AJ.=1) if we assume a spin flip.

In the Rydberg series converging towards the Z,,2, A;» and I, ionization thresh-
olds, the 5po/z symmetry splitting amounts to ~85meV; in case of the Rydberg



2432 R Piittner ef al

series converging towards the Il jonization threshold, the least-squares fit reveals a
symmetry splitting of only =33 meV. However, in the energy region of peak £ the
fitted energies and intensities are not unambiguous, Le. the 35 meV symmetry splitting
has to be considered as preliminary.

Apart from the five np Rydberg series, which were found to be split into npo and
npr states, weak shoulders were observed. These shoulders at 75.136 eV {peak I},
76.016 eV (part of peak N} and 76.215 eV (peak P) can be assigned to (3d0',,2)"650',
(3d83,2) '6s0 and (3dx,,)” 65 excitations, respectively, taking the results of the sw-
AXa caleulations into account [12]. The (3d8s,; ) '6so excitation is forbidden on the
basis of selection rules, and a (3dr;, ) '6s0 signal is likely to be present in the trajling
edge of the (3dx,,2) '4dn resonance (peak H). It would also be possible 1o assign the
shoulder at 75.136 eV (peak I) to a (3d83) " '4dS or (3dm, )™ '4d8 excitation, resulting
in reasonable quantum defects of §3=1.89 or §,=1.96 (see further below). However,
the calculated oscillator strength for the 3d—4d4é transition is predicted to be zero [12];
we are therefore convinced that the former assignment of peak 1 is more likely. It might
appear surprising (hat one observes a 6so but not a 5so signal. However, the oscillator
strength of the 6so excitation was calculated to be five times higher than that of the
Ss¢ excitation, a phenomenon that is probably due to the stronger Br-p character of
6sc as compared to Spo [12].

Additional transitions can be identified, particularly beyond the M; thresholds; e.g.
the shoulder at 77.628 eV (peak A") is too intense to be assigned to a high-ns or -ad
state. It cannot be a p state as well, since the p series can be clearly identified in this
enerzy range. Therefore, we assign peak A’ to a (3dx, ;)™ '4f excitation, with a term
value of 0.784 eV and a quantum defect of &§=-0.15. Additionally, { states with
d~—0.1 can be identified at 76.488 eV (peak R), 76.752 ¢V (peak U) and 77413 eV
(peak Y); they are assigned to (3dms2)~"4f resonances, (3dn;,2)”'5f and (3d8, ;) '4f
resonances, respectively. A further f state, (3da, 2) 7~ '4f, is expected to lie at =76.575 eV
[at the position of the (3dms,2) ™' 7p state (peak $)]; however, it cannol be resolved.
The transition 3d§;,—4f is expected to occur at ~76.330 eV, but it is missing in the
present spectrum. It can be also seen that the (3dm, )" '4f excitation is much more
intense than the (3d8;,.)”"4f resonance. These two observations are analogous to the
intensities of the Spo Rydberg states, and can be explained on the basis of the selection
rules by assuming that the observed 4f state has & symmetry. The quantum defects of
the s, p, d and f series are determined to be 3.52, 2.66, 1.98 and 0.1, respectively. The
value for the p series is similar to that found previously for the p series in isoelectronic
Kr (8x.~2.7) [16], supporting the given assignments for the p series.

We would like to point out that all peaks in the present spectrum can be explained
consistently on the basis of ligand-field splitting. In the pa spectrum of core-excited
HBr, higher vibrational levels are obviously not excited. This becomes evident, when
we consider the vibrational energy of the core-excited molecule (hv, =250 meV), which
was measured by pe [12]. Consequently, the first excited vibrational state (0" =0—0'=
1) of the resonance siructure al =~73.9 eV is expected at =~74.15eV, but no signal is
observed at this energy. In addition, vibrational excitations in diatomic halide com-
pounds, like HBr, HI, I, IC1 and IBr, were found to be weak in core-level pE spectra
[9, 12], and they have not been observed in inner-shell pa spectra of HCl and Cl; [13,
17, 18]. The missing of such vibrational sidebands in the core-excited spectra indicates
a small change of the internuclear equilibrium distance upon inner-shell excitation from
its ground-state value (R,=1.414 A) [19].
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5. Summary

In summary, the Br-3d photoabsorption spectrum of HBr was measured with high
spectral resolution and good signal-to-noise ratio. This enabled us to assign Rydberg
states up to high quantum numbers », making use of calculated oscillator strengths as
well as of the sequence of orbitals from recent sw-Xa calculations {12]. Only orbitals
with large calculated oscillator strengths {(4dx, 5po, Spx, 6so) were identified, while
those with small calculated oscillator strengths (550, 4d&) are missing. The pa spectrum
exhibits resonance lines that converge towards five different ionization thresholds, which
can be explained on the basis of ligand-field splitting of the core levels. This confirms
the ligand-field splitting of the ionization thresholds observed in a recent pe study [12].
Ligand-field splitting can be analysed much easier in P& spectra as compared to PA:
The values derived in a recent pE study [12] were very helpful in assigning the various
resonances in the pa spectrum. Therefore. substantial progress in high-resolution pE
would be quite useful for a better understanding of inner-shell pa spectra, particularly
in cases, where several neighbouring thresholds occur.
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