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Spin-orbit selectivity observed for the HCI* (X 2II) 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
HCI™ X 21, states after excitation into the dissociative 260* core excited state. A progression of highly
excited vibrational states with either tlie=3/2 or () =1/2 component of the final state is populated, respec-
tively, when the excitation is tuned in thepgzleo* or 2p1’,§6<r* part of the resonance. This effect is explained
theoretically to be due to the orientational selectivity of the excitation process and the preferende,qitiie
Auger process to produce valence holes with the same orientation as the core holes.
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Photoemission spectroscopy is one of the most frequentlgquipped with a modified Zeiss SX-700 plane-grating mono-
used methods for the investigation of the electronic structurghromator and with a rotatable hemispherical Scienta SES-
of matter. Using a one-particle picture, the excitation of elec200 high-resolution electron spectrometer. The exciting pho-
trons from all occupied orbitals is allowed with comparableign handwidth(full width at half maximum was set to 45
probability. However, a discrimination of the ionization from . o\/ and the spectrometer resolution was 40 meV for all
certain orbitals is generally not possible with this methOd'spectra, thus giving a total resolution of 60 meV. The main

The latter is particularly true if the constitution of the orbitals is of the spectrometer lens was set at the magic anale
is similar as, e.g., in the case of degenerate orbitals that afX P 9 9

split by spin-orbit interaction. In general, this property of the (°4-7°) With respect to the polarization vector of the undu-
photoionization process is an advantage as it allows to obtaitor radiation. HCI gas was obtained commercially from Air
a rather complete picture of the electronic structure. If such &iquide with a stated purity 0f>99.99% and DCI gas of
method of discrimination existed and if its mechanism wascomparable purity was produced by us. The purity of both
well understood, it would be useful for getting more insightgases has been carefully checked by on-line valence photo-
from the results of this technique. One possibility to changeelectron spectroscopy during measurements. The photon en-
the selectivity of photoemission spectroscopy is by tuningergy was determined by electron yield spectra around the
the excitation energy through an autoionizing resonance, adCl 2p~'60* resonance recorded before and after all reso-
this changes the intensity distributions between electroni®iant photoemission spectra. The binding energy was cali-
and, for molecules, also vibrational final stafés-3]. brated relative to valence-band spectra from Réf.

In this paper we investigate resonant photoemission of HCI and DCI molecules were exposed to synchrotron
HCI through an autoionizing resonance to the spin-orbit splilight tuned to the dissociativep,;60* and 2p;,360™* reso-
X 2114, and X 214, final states of HCI. While direct pho- hances at 200.6 eV and 202.7 eV, respectively, and to 190 eV

toemissior[4] and resonant photoemission via an autoioniz-(Off resonance The corresponding electron spectra are
ing valence statf5] lead to both spin-orbit components with shown in Fig. 1 on a binding-energy scale. For all excitation
about the same probability, we find that resonant photoemisenergies the dominant process is direct photoemission of the
sion via the dissociative Cl 2 '60* core-excited state 27 orbital leading to the spin-orbit splitlTs, and *ITy,
causes a pronounceéeo%) Se|ectivity of either one or the states of HCI. As the potential-energy curves of these states
other spin-orbit component depending on whether the exciand the HCI ground state are almost parallel, the Franck-
tation is tuned to the ;6% or 2p;,;60* component of Condon principle causes that only ylbratlonal levels=0, '
the resonance. We investigate the origin of this selectivityL: @hd 2 can be observed for the direct process. However, if
and discuss the implications of this phenomenon. the excitation energy is tuned in one of thp 260™ reso-
The spectra were recorded at beam line 1481 at the nancegupper panel of Flg.)l_the_:n a vibrational progression
MAX Il storage ring in Lund, Sweden. The beam line is UP to»"=13, about 16 eV binding energy, can be observed.
At higher binding energies, the overlap with tAé> * state
with an adiabatic binding energy of 16.268 ¢V] sets in,
*Also at Theoretical Chemistry, University of Lund, Box 124, making it impossible to follow the progression further. This

S-221 00 Lund, Sweden. extension of the vibrational progression is due to the mecha-
TCorresponding author. Faxt46-18 471 35 24. Email address: nhism indicated in Fig. 2. Photoabsorption leads preferentially
svante.svensson@fysik.uu.se to two 2p~160* excited states, which dissociate and au-
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:ffcles (hv=190eV) X M)~ l =0
T XCLy) — Refs.[15,16. The results shown here were obtained at the
L ) equilibrium bond distance of the HCI ground state but the
- s same calculations were also performed at extended bond dis-
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tances.

The key feature for understanding the observed effect is
based upon the electronic structure of the I'260* core-
excited state, which can be related to the electronic structure
of the CI 2p ionized HCI moleculd16—19. The energies of

_l . .
toionize on the same time scale. The connected probability o € three QI » . _Ievels are shown in the left part of Fig. 3.
spin-orbit splitting of about 1.6 eV separates thel,gmj

the vibrational wave function at extended bond distance
leads to the pronounced changes in the vibrational progre@nd 2z levels. Note that only then; quantum number
sions. In prior work this process has been investigated ifwhich is usually calledv in this context is a good quantum
much detail, in particular, with respect to consequences for
— §2=0+
—<:—_ — 0

FIG. 1. Photoemission spectra of HCI showing the H&I2I1
final state.

the dissociation process and spectroscopical feaf8re$4].

In this paper we consider another striking feature of these
spectra: whereas direct photoionization populates both spin
orbit componentgseer”<2 final states in Fig. I the vibra-
tional excitations above” =2, which are only populated in
the resonant process, are governed by a propensity rule fe
voring occupation of the’Il,, (%I1,,,) ionic states upon
excitation of the P,;60* (2p;360*) resonant neutral
states. The resonant process appears to transfegtietum
number of the intermediate-statp Bole into the) quantum
number of the ionic®ll, final state.

The spectra equivalent to Fig. 1 for DClnot presented
in this paper show a smaller vibrational spacing but the
same spin-orbit selectivity. Thus, the underlying mechanism
must lie in the electronic properties of resonant photoemis-
sion rather than in its nuclear dynamics. FIG. 3. Energy-level scheme of thepdonized HCI molecule

In the following we give a theoretical explanation of the (left side, naming according to the dominating core haled the
observed propensity, which is based on results of detaited correlation with the (p~'60*) core-excited stategight side. In
initio calculations that were made for both the excitation andhe latter the dipole-allowed-forbidden Q=1 and Q=0" (Q
for the Auger decay processes with the methods described a2 andQ2=0") states are represented with thigkin) lines.
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TABLE |. Calculated properties of thef2 6¢* excited states: Vertical excitation energiegrom the
HCI ground state, their oscillator strengthghe contribution of thgj-coupled (Epjféj60*) configurations
to the intermediate-state wave function, and Auger transition Iat€31,) in wa.u. for the transitions to the
21, final ionic states.

Contribution to the wave function
No. Q@ E(V) 10f 2pyB0*  2py5.B0*  2pgpgbo*  Ti(Plly)  Ti(*Map)

1 0" 201.380 0.640 0.021 0.979 2552 2552
2 0" 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

number of the HCl ion. A much smaller molecular field split- hole of the intermediate state to the generated final-state 2
ting of 0.085 eV 17] splits the otherwise fourfold degenerate hole. However, whereas this gives a correct qualitative and
2p3, hole states into two Kramers doublets. This splitting quantitative explanation for thepz,360* resonance, it un-
arises because of the different spatial orientations of thelerestimates the 90% selectivity measured in the spectrum
2pai,32and D15 112 0rbitals with respect to the bond axis of via the 25,60 resonance. In Table | we see that the cor-
the molecule. It has been verified with accurate theoreticalesponding secon)=1 state consists of 68% of the Cl
calculationg[ 16,18, and its influence on experimental pho- 2p3p.32and 32% of the ClI P; 1, core-hole configurations.

toelectron[17,19 and Auger electrorf16,19 spectra has A more detailed analysis of the theoretical results shows the
been discussed. following.

If now one electron is put into the antibonding 6 va-

lence orbital of the core-ionized HCI moleculéght side of (i) The calculated selectivity at the equilibrium bond distance
Fig. 3), the system is lowered by an average energy of 6.23f HCI is higher than 68% as the Clpg3 4 H0* and Cl

eV as is apparent from the different energy scales in th?p;,il,ﬁa* configurations have both a non-negligible decay
figure. The detailed structure is further influenced by eX-4:a"t0 both spin-orbit components. By a positive and nega-

change interactions of thep2core holes and theds" elec- e interferencelike mechanism this causes the observed
tron, which are slightly larger than the molecular field split- high selectivity.

ting discussed above for the HC[2p 1) states. The arrows

in Fig. 3 indicate the major correlations kﬂ‘it""ee” the coregji) At larger internuclear distances, where most of the ob-
ionized states of HCl and those of the @ *60*-excited  gopyeq Auger decay happeriBig. 2, the wave function
HCI molecule. The good quantum numigemresults from the changes. Then the amount of thp 5/60* configuration

coupling of the electron in the" orbital with w=1/2 10 jycreases significantly, making the simple explanation from
the @ quantum number of the corresponding HGitate. For  gpove guantitatively correct.

the present case of strong spin-orbit coupling the double-

group symmetry Symb0|§1:0i1 1, and 2 are appropriate. Can we expect the present propensity to be completely gen-
They correspond to the ™, II, andA point-group symme-  gra|? No. A look at Table | tells us that a necessary condition
tries, respectivelysee, e.g.[20]). _ for this spin-orbit selectivity is that the intermediate-state
The numerical amount of the CIpZ, hole configura-  wave function does not belong to the totally symmetric
tions in the intermediate state wave function is listed in Tabledouble-group representation. If the intermediate state is to-
I. This corroborates the qualitative assignment indicated inally symmetric(as for theQ=0" stateg, then for symmetry
Fig. 3, but the twd)l =1 states related to thepg,% core hole reasons a completely equal population of the two spin-orbit
are significantly coupled. The oscillator strengths in the table&eomponents results. One should also notice that for the decay
show that excitation to the Clg360* and Cl 2p;,;60*  of the first(0=1 state both spin-orbit components are pre-
resonances leads almost exclusively to the second and thiglicted to be populated with about equal probability.
Q=1 states. Thus, for the following discussion we will re- A preference for some spin-orbit split configurations was
strict ourselves to the resonant decay of these two states, i.@bserved in the normdl, ;M, ;M 3 Auger decay of the ar-
the two lowest rows of Table I. gon atom(see, e.g/,21] and references thergirHowever, in
The calculated Auger transition rates reproduce the obthe atomic case selectivity is much less pronounced and has
served selectivity in the population of the spin-orbit compo-never been considered in much detail. One should stress that
nents. An analysis of the intermediate-state wave functionghe reduced symmetry of the molecule produces this much
suggests a simple explanation: If the HCI molecule is excitednore pronounced electronic selectivity. The current findings
in the 2p;360* (2p,360*) resonance, then the second are related to prior observations for the vV Auger decay
(third) Q=1 state is populated; this state consists preferenef H,S [22,23. Here theX lA1(2b52) final state is popu-
tially of the Cl 2paj; 31 (2p1/2.1/9 hole. Thus, the Auger pro- lated only if theS2p~! core-ionized state has a significant
cess transfers the; or @ quantum number of the@core  contribution of the b, core orbital, indicating, as in the
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