
n

PHYSICAL REVIEW A, VOLUME 65, 034705
Spin-orbit selectivity observed for the HCl¿„X̃ 2P… state using resonant photoemission
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We report the experimental observation of a strongly selective population of the spin-orbit components in the

HCl1 X̃ 2PV states after excitation into the dissociative 2p216s* core excited state. A progression of highly
excited vibrational states with either theV53/2 or V51/2 component of the final state is populated, respec-
tively, when the excitation is tuned in the 2p3/2

216s* or 2p1/2
216s* part of the resonance. This effect is explained

theoretically to be due to the orientational selectivity of the excitation process and the preference of theL2,3VV
Auger process to produce valence holes with the same orientation as the core holes.

DOI: 10.1103/PhysRevA.65.034705 PACS number~s!: 33.80.Eh, 33.70.Ca, 34.50.Gb
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Photoemission spectroscopy is one of the most freque
used methods for the investigation of the electronic struc
of matter. Using a one-particle picture, the excitation of el
trons from all occupied orbitals is allowed with comparab
probability. However, a discrimination of the ionization fro
certain orbitals is generally not possible with this metho
The latter is particularly true if the constitution of the orbita
is similar as, e.g., in the case of degenerate orbitals tha
split by spin-orbit interaction. In general, this property of t
photoionization process is an advantage as it allows to ob
a rather complete picture of the electronic structure. If suc
method of discrimination existed and if its mechanism w
well understood, it would be useful for getting more insig
from the results of this technique. One possibility to chan
the selectivity of photoemission spectroscopy is by tun
the excitation energy through an autoionizing resonance
this changes the intensity distributions between electro
and, for molecules, also vibrational final states@1–3#.

In this paper we investigate resonant photoemission
HCl through an autoionizing resonance to the spin-orbit s
X̃ 2P1/2 and X̃ 2P3/2 final states of HCl1. While direct pho-
toemission@4# and resonant photoemission via an autoion
ing valence state@5# lead to both spin-orbit components wit
about the same probability, we find that resonant photoem
sion via the dissociative Cl 2p216s* core-excited state
causes a pronounced (.90%) selectivity of either one or th
other spin-orbit component depending on whether the e
tation is tuned to the 2p3/2

216s* or 2p1/2
216s* component of

the resonance. We investigate the origin of this selectiv
and discuss the implications of this phenomenon.

The spectra were recorded at beam line I411@6# at the
MAX II storage ring in Lund, Sweden. The beam line
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equipped with a modified Zeiss SX-700 plane-grating mo
chromator and with a rotatable hemispherical Scienta S
200 high-resolution electron spectrometer. The exciting p
ton bandwidth~full width at half maximum! was set to 45
meV and the spectrometer resolution was 40 meV for
spectra, thus giving a total resolution of 60 meV. The m
axis of the spectrometer lens was set at the magic a
(54.7°) with respect to the polarization vector of the und
lator radiation. HCl gas was obtained commercially from A
Liquide with a stated purity of.99.99% and DCl gas of
comparable purity was produced by us. The purity of bo
gases has been carefully checked by on-line valence ph
electron spectroscopy during measurements. The photon
ergy was determined by electron yield spectra around
HCl 2p216s* resonance recorded before and after all re
nant photoemission spectra. The binding energy was c
brated relative to valence-band spectra from Ref.@7#.

HCl and DCl molecules were exposed to synchrotr
light tuned to the dissociative 2p3/2

216s* and 2p1/2
216s* reso-

nances at 200.6 eV and 202.7 eV, respectively, and to 190
~off resonance!. The corresponding electron spectra a
shown in Fig. 1 on a binding-energy scale. For all excitat
energies the dominant process is direct photoemission of
2p orbital leading to the spin-orbit split2P3/2 and 2P1/2
states of HCl1. As the potential-energy curves of these sta
and the HCl ground state are almost parallel, the Fran
Condon principle causes that only vibrational levelsn950,
1, and 2 can be observed for the direct process. Howeve
the excitation energy is tuned in one of the 2p216s* reso-
nances~upper panel of Fig. 1!, then a vibrational progressio
up to n9513, about 16 eV binding energy, can be observ
At higher binding energies, the overlap with theÃ 2S1 state
with an adiabatic binding energy of 16.268 eV@7# sets in,
making it impossible to follow the progression further. Th
extension of the vibrational progression is due to the mec
nism indicated in Fig. 2. Photoabsorption leads preferenti
to two 2p216s* excited states, which dissociate and a
©2002 The American Physical Society05-1
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toionize on the same time scale. The connected probabilit
the vibrational wave function at extended bond distan
leads to the pronounced changes in the vibrational prog
sions. In prior work this process has been investigated
much detail, in particular, with respect to consequences
the dissociation process and spectroscopical features@8–14#.

In this paper we consider another striking feature of th
spectra: whereas direct photoionization populates both s
orbit components~seen9<2 final states in Fig. 1!, the vibra-
tional excitations aboven952, which are only populated in
the resonant process, are governed by a propensity rule
voring occupation of the2P3/2 (2P1/2) ionic states upon
excitation of the 2p3/2

216s* (2p1/2
216s* ) resonant neutra

states. The resonant process appears to transfer thej quantum
number of the intermediate-state 2p hole into theV quantum
number of the ionic2PV final state.

The spectra equivalent to Fig. 1 for DCl1 ~not presented
in this paper! show a smaller vibrational spacing but th
same spin-orbit selectivity. Thus, the underlying mechan
must lie in the electronic properties of resonant photoem
sion rather than in its nuclear dynamics.

In the following we give a theoretical explanation of th
observed propensity, which is based on results of detailedab
initio calculations that were made for both the excitation a
for the Auger decay processes with the methods describe

FIG. 1. Photoemission spectra of HCl showing the HCl1 X̃ 2P
final state.
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Refs. @15,16#. The results shown here were obtained at
equilibrium bond distance of the HCl ground state but t
same calculations were also performed at extended bond
tances.

The key feature for understanding the observed effec
based upon the electronic structure of the Cl 2p216s* core-
excited state, which can be related to the electronic struc
of the Cl 2p ionized HCl molecule@16–19#. The energies of
the three Cl 2p21 levels are shown in the left part of Fig. 3
A spin-orbit splitting of about 1.6 eV separates the 2p1/2,mj

and 2p3/2,mj
levels. Note that only themj quantum number

~which is usually calledv in this context! is a good quantum

FIG. 2. Energy diagram explaining the transitions between
initial, intermediate, and final ionic states. The dashed~full ! lines
refer to the2P1/2 (2P3/2) final ionic state. The corresponding tran
sitions are indicated similarly by dashed and full arrows.

FIG. 3. Energy-level scheme of the 2p ionized HCl molecule
~left side, naming according to the dominating core hole! and the
correlation with the (2p216s* ) core-excited states~right side!. In
the latter the dipole-allowed~-forbidden! V51 and V501 (V
52 andV502) states are represented with thick~thin! lines.
5-2
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TABLE I. Calculated properties of the 2p216s* excited states: Vertical excitation energiesE from the
HCl ground state, their oscillator strengthsf, the contribution of thej j -coupled (2pj ,mj

21 6s* ) configurations
to the intermediate-state wave function, and Auger transition ratesG f(

2PV) in ma.u. for the transitions to the
2PV final ionic states.

Contribution to the wave function
No. V E ~eV! 103f 2p1/2,1/2

21 6s* 2p3/2,1/2
21 6s* 2p3/2,3/2

21 6s* G f(
2P1/2) G f(

2P3/2)

1 01 201.380 0.640 0.021 0.979 2552 2552
2 01 202.909 0.597 0.979 0.021 2813 2813
1 1 201.107 0.044 0.000 0.686 0.314 404 497
2 1 201.213 8.096 0.002 0.314 0.684 68 775
3 1 202.786 5.034 0.998 0.000 0.002 836 36
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number of the HCl ion. A much smaller molecular field spl
ting of 0.085 eV@17# splits the otherwise fourfold degenera
2p3/2 hole states into two Kramers doublets. This splitti
arises because of the different spatial orientations of
2p3/2,3/2and 2p3/2,1/2orbitals with respect to the bond axis o
the molecule. It has been verified with accurate theoret
calculations@16,18#, and its influence on experimental ph
toelectron @17,19# and Auger electron@16,19# spectra has
been discussed.

If now one electron is put into the antibonding 6s* va-
lence orbital of the core-ionized HCl molecule~right side of
Fig. 3!, the system is lowered by an average energy of 6
eV as is apparent from the different energy scales in
figure. The detailed structure is further influenced by e
change interactions of the 2p core holes and the 6s* elec-
tron, which are slightly larger than the molecular field sp
ting discussed above for the HCl1 (2p21) states. The arrows
in Fig. 3 indicate the major correlations between the co
ionized states of HCl1 and those of the 2p216s* -excited
HCl molecule. The good quantum numberV results from the
coupling of the electron in the 6s* orbital with v51/2 to
thev quantum number of the corresponding HCl1 state. For
the present case of strong spin-orbit coupling the dou
group symmetry symbolsV506, 1, and 2 are appropriate
They correspond to theS6, P, andD point-group symme-
tries, respectively~see, e.g.,@20#!.

The numerical amount of the Cl 2pj ,mj
hole configura-

tions in the intermediate state wave function is listed in Ta
I. This corroborates the qualitative assignment indicated
Fig. 3, but the twoV51 states related to the 2p3/2

21 core hole
are significantly coupled. The oscillator strengths in the ta
show that excitation to the Cl 2p3/2

216s* and Cl 2p1/2
216s*

resonances leads almost exclusively to the second and
V51 states. Thus, for the following discussion we will r
strict ourselves to the resonant decay of these two states
the two lowest rows of Table I.

The calculated Auger transition rates reproduce the
served selectivity in the population of the spin-orbit comp
nents. An analysis of the intermediate-state wave functi
suggests a simple explanation: If the HCl molecule is exc
in the 2p3/2

216s* (2p1/2
216s* ) resonance, then the secon

~third! V51 state is populated; this state consists prefer
tially of the Cl 2p3/2,3/2 (2p1/2,1/2) hole. Thus, the Auger pro
cess transfers themj or v quantum number of the 2p core
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hole of the intermediate state to the generated final-statep
hole. However, whereas this gives a correct qualitative
quantitative explanation for the 2p1/2

216s* resonance, it un-
derestimates the 90% selectivity measured in the spect
via the 2p3/2

216s* resonance. In Table I we see that the c
responding secondV51 state consists of 68% of the C
2p3/2,3/2 and 32% of the Cl 2pj ,1/2 core-hole configurations
A more detailed analysis of the theoretical results shows
following.

~i! The calculated selectivity at the equilibrium bond distan
of HCl is higher than 68% as the Cl 2p3/2,3/2

21 6s* and Cl
2p3/2,1/2

21 6s* configurations have both a non-negligible dec
rate to both spin-orbit components. By a positive and ne
tive interferencelike mechanism this causes the obser
high selectivity.

~ii ! At larger internuclear distances, where most of the o
served Auger decay happens~Fig. 2!, the wave function
changes. Then the amount of the 2p3/2,3/26s* configuration
increases significantly, making the simple explanation fr
above quantitatively correct.

Can we expect the present propensity to be completely g
eral? No. A look at Table I tells us that a necessary condit
for this spin-orbit selectivity is that the intermediate-sta
wave function does not belong to the totally symmet
double-group representation. If the intermediate state is
tally symmetric~as for theV501 states!, then for symmetry
reasons a completely equal population of the two spin-o
components results. One should also notice that for the de
of the first V51 state both spin-orbit components are p
dicted to be populated with about equal probability.

A preference for some spin-orbit split configurations w
observed in the normalL2,3M2,3M2,3 Auger decay of the ar-
gon atom~see, e.g.,@21# and references therein!. However, in
the atomic case selectivity is much less pronounced and
never been considered in much detail. One should stress
the reduced symmetry of the molecule produces this m
more pronounced electronic selectivity. The current findin
are related to prior observations for theL2,3VV Auger decay
of H2S @22,23#. Here theX̃ 1A1(2b1

22) final state is popu-
lated only if theS2p21 core-ionized state has a significa
contribution of the 1b1 core orbital, indicating, as in the
5-3
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present case, strong coupling of the 2p core hole to the final-
state valence hole.

In conclusion, we have observed a new propensity mec
nism that makes it possible to select the spin-orbit com
nent of the final state in the resonant Auger transition o
molecule. The theoretical explanation involves the expl
forms of the wave functions and it is predicted that simi
cases can be seen for other nonsymmetric intermed
states.
.
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