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Core-to-Rydberg excitations and their Auger decay in the HCI and DCI molecules
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The resonant Auger electron spectra of the HCI and DCI molecules have been measured at the first core-
to-Rydberg resonances. The low binding energy region of the spectra has been decomposed into transitions to
different bound states and their vibrational progressions. Several transitions have been assigned using the strict
spectator model. The total ion yield spectrum of HCI in the energy region of the core-to-Rydberg resonances
has been recorded and its assignment refined with the help of the Auger electron and chlqimtdlectron
spectra[S1050-294{06)05209-2

PACS numbe(s): 32.80.Hd

[. INTRODUCTION tion peaks are strongly overlapping and their intensity ratio is
difficult to determine reliably. High-resolution electron spec-
The chlorine 2 photoabsorption,1,2] total ion yield[3],  troscopy is a valuable aid here, since the nature of the core
and electron energy-loss specfid] of the HCI molecule excitations can be traced back from the resonant Auger de-
show a number of narrow peaks, assigned to the core exctay patterns.
tations to thes, p, andd Rydberg orbitals. The use of tun- The molecular field splitting of the core orbitals, although
able synchrotron radiation allows one to selectively creataveak, has been found to play an essential role in tde 3
various core-excited states, which decay mainly via molecuexcitations to Rydberg orbitals and in their Auger decay in
lar resonant Auger processes, populating the HGtates the HBr moleculdg8]. The molecular field splitting of the CI
with vacancies in the &, 5¢, and 27 valence orbitals and 2p orbital has been observed recently in the photoelectron
an electron in a Rydberg orbital. and normal Auger spectra of HCl and DCI molecu(é€d but
An earlier measuremef] of the molecular Auger elec- it has not been, as far as we know, utilized in the interpreta-
tron spectra from the decay of the core-excited states sufion of the 2o photoabsorption features. The present resonant
fered from moderate electron and photon energy resolutioAuger spectra together with thep2hotoelectron spectrum
(0.5-eV spectrometer broadening and 0.5-eV photon band9] are used in this work to refine the assignment of the core
width), so that only a rather general description could beexcitations below the chlorinefionization threshold in our
given. Recent progress in the instrumentation of electroitotal ion yield spectrum.
spectroscopy and synchrotron radiation experiments has al-
lowed these spectra to be recorded with much better resolu-
tion and quality, in particular by removing several simulta-
neous excitations of nearby Rydberg states. It is also useful The spectra have been measured at the Finnish beamline
to compare the spectra of HCl and DCI, as their different(BL 51) at MAX-| storage ring in Lund, Swede[i0,11].
vibrational characteristics reveal which peaks in the spectr&ynchrotron radiation in the photon energy range 60—600
arise from different electronic transitions and which ones areV, obtained from a short-period undulator, is monochroma-
merely the vibrational progressions accompanying them. Thézed by a modified SX-700 plane grating monochromator
recent high-resolution measurements of Ar 24s,3d Au-  [12]. The beamline is equipped with a differential pumping
ger decay spectrgf] together with advanced atomic multi- section that reduces the pressure by five orders of magnitude
configuration Dirac-FockMCDF) calculationd 7] provide a  between the experimental station and the monochromator.
useful reference when interpreting the features in the moThe spectra were recorded with a hemispherical sector elec-
lecular resonant Auger spectra. tron analyzef13], mounted at the magic angle relative to the
Although the principal features of the chlorin@ photo-  electric vector of the photon beam. Electrons were retarded
absorption spectrum of HCI are known, several details stilko a constant pass energy of 20 eV by using a lens system
need clarification. For example, quite different strengthsbefore the analyzer, which gave an electron energy resolu-
were assigned to thep?,,—4s and 2p;,— 3d transitions in  tion of about 65 meV. The electron spectra were recorded at
photoabsorptiofi2] and electron energy-loss spedid The  the 50.um exit slit width of the monochromator, correspond-
reason for such a discrepancy is that these transitions occing to the 100-meV photon energy resolution.
at almost the same photon energy, the corresponding absorp- The ion detector(microchannel plate of our time-of-
flight equipment 14] has been used to record the total ion
yield spectrum. For this measurement, the exit slit width was
*On leave from Institute of Physics, Estonian Academy of Sci-set to 10um, which gave the photon energy resolution of
ences, Riia 142, EE2400 Tartu, Estonia. about 45 meV.

Il. EXPERIMENTAL SETUP
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FIG. 1. Total ion yield spectrum of HCI. FIG. 2. Resonant Auger electron spectra of HCI, excited at
204.00-(a) and 205.57-e\(c) photon energy. The spectrum of DCI
Il. RESULTS (b) is excited at 204.00 eV. The pure photoelectron spectrum of

HCI (p) is excited at 196-eV photon energy.
A. Photoexcitation of the chlorine 2 electrons

Figure 1 presents a total ion yield spectrum of HCI, whichtions. This peak has a clear asymmetry at the high-energy
accurately reflects the photoabsorption features. The speglde and therefore requires two peaks for an acceptable fit.
trum displays the photon energy range of the @léxcita-  The line shapes for these structufescept the shoulder at
tions to the lowest Rydberg orbitals. An analogous spectrur?06 eV) were taken from the fit of the (2,—4s peak.
of DCI (not presentedshows no significant differences when ~ We will refine the assignment of the spectrum in Sec.
compared to the HCI spectrum. Photon energy has been cal C, after analyzing the resonant Auger spectra.
brated using the energy of thepz,—4s excitations
[204.0@3) eV] from an electron-loss spectroscopy measure- B. Resonant Auger spectra, general properties

ment[4]. A least-squares curve fitting procedure has been g e 2 shows the Auger electron spectra from the decay
applied to decompose the spectr_al structures and det_ermna)(? the 2‘)&%45 state of HCl[curve (a)] and DCI(b), excited
t_he energies O.f other peaks relative to ”’%’E.HA'S ransi- - ot 204.00-ev photon energy, and a spectrum from the decay
o o e Tk 1. peC! e oveippg By 5 and 4430 sates n HC ex

P 9 ' cited with 205.57-eV photonkcurve (c)]. The pure photo-

?h%glfﬁﬁi decﬁaia(t 'ﬁa?f ;Ca”)?i;dur?%/F\E/lVIS-;rl:/l%leofvfi%zl%goz:ngnh electron spectrum, recorded with 196-eV photons below any
" _._resonant structures, is also given as cufpe The spectra

The observed line shape is a convolution of the Lorentziar\lm_}re normalized to give equal intensities to the photo-
lifetime broadening with the exciting photon band. The esti- 9 q

mated lifetime broadening is 980) meV, obtained by using .~ ~.
a 45-meV Gaussian distribution for the photon band. Thé)'ng;”&gg”%g;:a@ig%g ghoéez\}r;f;tgon;t?]. region of
peak has a very weak shoulder at the high-energy side, % 9 P N 9 gy reg

fencing more than 300 mev ffom the peak maximum. This syt MU T (U8 A0 o Ee S e
probably due to excitations to the higher vibronic levels of 9

_1 vibrational levels. Therefore the spectra display narrow well-
the 205,4s state. . defined line shapes, which can be analyzed by a least-squares
The next 25,—4p structure consists of two peaks, sepa- .

rated by 100 meV. ThefZy,— 3d and b, ,—4s excitations curve fitting procedure. At first, a weak background from

tibute to the struct d205.5 eV which i photoionization of the & orbital and numerous correlation
con_rldube 0 h'er? ructure arouknf .the ’WS'C IS iccom'satellites were subtracted. Direct photoionization does not
panied by a high-energy peak from th@y—5s excita- i te remarkably to the population of the Auger final

states, if compared with the resonant Auger decay. The in-
terference between these two channels is therefore negligible
and such a background subtraction is possible.

electron lines and the energy scale was calibrated using the

TABLE |. Energies of the absorption peaks in Fig. 1.

d Assignment hv (V) Voigt profiles with equal widths and Gaussian-to-
1 2pz—4s 204.002 Lorentzian ratios were used in the fit. The fitting routine
2 2p3—4p 204.695 produced line shapes with a 101-meV FWHM having nearly
3 2p3—4p 204.797 Gaussian profiles. The obtained linewidth is consistent with
4 2p3—3d 205.526 the Auger resonant Raman effef16,17 where the Auger

5 2py—4s 205.580 line shape is given as a product of the photon band and
6 23— 58 205.731 Lorentzian lifetime broadening of the core-excited state, con-

voluted with the spectrometer broadening. Although the
&Calibrated by using Ref4]. Voigt profile is physically incorrect in the case of pro-
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peaks in the spectra correspond to the transitions from the
(o) lowest level of the initial state to higher vibrational levels of
HC1(205.57 eV) the final state and these vibrational progressions are more
closely spacef18] in the DCI spectrum. Transitions to three
different final electronic statedabeledA—C in Fig. 3 are
well resolved in the binding energy region up to 28 eV.
These transitions populate mainly the-0 vibrational levels
of the final states, but show also some vibrational structure.
In Fig. 3, the number after the label refers to the vibrational
level of the final state, populated by the given transition. The
vibrational progression is best resolved for electronic transi-
tion C, providing the energy spacings of 2200, 610400),
. and 830590 meV, between thee=0 andv=1-3 levels of
(b) the final state in the HCIDCI), respectively.
DCI (204.00 eV) The parameters of the Voigt profiles, obtained from the fit
of the transitionsA—C, have been applied in decomposing
the higher binding energy structures. The structure around
28.5 eV in Fig. 3 consists of four peaks. It is nearly identical
in the spectra of HCI and DQkee Table |l, the peaks re-
taining their energy positions well within statistical accuracy
of the fit. They have been therefore assigned as electronic
transitionsD—G. The next, weaker structure displays an ap-
o parent shift when going from the HCI to the DCI spectrum
and therefore belongs to the vibrational progressions accom-
|| panying the previous structure. Based on the energy spacings
(a) and intensity ratios, the two resolved peaks of this structure
HCI (204.00 eV) come probably from the transitioris and F, involving the
v=1 vibrational levels of the final states. Notably, this pro-
gression is much stronger relative to the main peaks than in
the transitionA—C, indicating a different shape of the final-
state potential energy curves. The vibrational progressions of
the transitiond -G are expected to continue and contribute
to the spectra at the binding energies above 29 eV as en-
hanced background. Two more electronic transitididd)
seem to contribute also to the spectra above 29 eV, though
their energies can be determined with rather low accuracy.

A0

. Some additionalunassignedpeaks were needed to repre-
- sent the enhanced background, but the uncertainty of their
25 energies is too high to assign them either to other electronic

transitions or vibrational progressions.

FIG. 3. The low binding energy region of specteg—(c) in Fig.
2, decomposed by a least-squares curve-fitting procedure. For nota-
tions see text. Both the 2;,34s and 2;33d states were excited when
recording spectrunc) in Figs. 2 and 3, as they are separated
nounced Auger resonant Raman effect, it provides a suffionly by 54 meV(Table ), which is smaller than our 100-
ciently good approximation to the true line shape. The fitmeV photon bandwidth. The Auger transitions from the
results are listed in Table II, with lines labeled as in Fig. 3.2p 245 state populate the same final states as the ones from
ITme intensities are given re!atlve to th_aer_hotoeIectron the 2p3‘,214s state and the corresponding peaks appear at the
line, which makes the line intensities in different spectraggme binding energy. On this basis, the transitidr can
comparable, assuming that the photoelectron line is not erse igentified also in spectrufe) of Fig. 3. The further com-
hanced by the participator decay channel. parison with the p534s spectrum(a) shows also that the
intensity distribution of at least the most intense transitions
C. Auger decay of the D3;4s state A,C,D—F is very similar. On this ground, the result of the fit
Comparison of the @;4s decay spectra for HCI and Of the 2p;,4s Auger decay spectrum has been transferred
DCI [curves(a) and(b), respectively shows that some of the Onto spectrum(c) and is shown as a dotted curve. The re-
peaks appear at nearly the same energy in both spectr@aining intensity can be assigned to the decay of the
whereas the others are shifted. The former result from th@ps;3d state. The decomposition of this remaining part of
transitions between the lowest vibrational levels of the initialthe spectrunidashed curveis obviously much less accurate
and final electronic states of the Auger decay. The shiftedhan that of the 23]2145 spectrum. Therefore only several

D. Auger decay of the D734s and 2pz33d states
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TABLE II. Binding and kinetic energies of the peaks in the resonant Auger electron spectra in Fig. 3.
Intensities are given relative to therhotoelectron line. Intensity error limits are the statistical uncertainties

of the fit.

HCI DCI
No. Peak Ey (eV) Ex (eV) l'rel Ep (eV) Ex (eV) el
1 AO 25.60 178.40 0.19) 25.60 178.41 0.74)
2 Al 25.88 178.12 0.09) 25.81 178.19 0.10)
3 BO 26.10 177.90 0.13) 26.09 177.91 0.12)
4 Bl 26.38 177.62 0.02) 26.29 177.71 0.03)
5 Co 27.10 176.90 1.28) 27.09 176.91 1.13)
6 C1 27.39 176.61 0.18) 27.31 176.70 0.12)
7 C2 27.71 176.29 0.08) 27.50 176.50 0.08)
8 C3 27.93 176.07 0.04) 27.68 176.32 0.03)
9 DO 28.41 175.59 0.28) 28.42 175.58 0.23)
10 EO 28.51 175.49 0.43) 28.51 175.49 0.38)
11 FO 28.59 175.41 0.36) 28.59 175.41 0.33)
12 GO0? 28.68 175.32 0.23) 28.67 175.34 0.13)
13 El 28.81 175.19 0.22) 28.76 175.24 0.28)
14 F1 28.91 175.09 0.18) 28.84 175.16 0.1@)
15 HO 29.13 174.87 0.25) 29.13 174.87 0.23)
16 10? 29.31 174.69 0.15) 29.29 174.71 0.16)
17 J 25.95 179.616 0.26
18 K 27.63 177.942 0.18
19 L 29.06 176.512 0.12
20 M 29.56 176.010 0.15
21 N 29.71 175.857 0.21
22 (0] 29.80 175.766 0.16

most intense lines have been labeléd @) and are listed in 50 2(}3 "), 50127 }(*1), and 5 27 1(3Il) parent

Table II, but no attempt has been made to identify the vibrastates, respectively. These states are of dissociative nature,

tional structures. giving broad Auger line shapes with no vibrational structure.
The contribution to the resonant Auger spectrum from theThe lines are shifted by 5—6 eV to higher kinetic energies, as

decay of the 2);,%3d state is rather small in the binding compared with the parent structures in the normal Auger

energy region of Fig. 3, but Fig. 2 shows a strong intensityspectrum.

enhancement above 30 eV. Using the hotoelectron line The sharp peaks at lower binding energi€sy. 3 are

for the intensity normalization, we found that the Auger related to the transitions to bound states haviag 2 parent

structures in spectrunt) have nearly twice the intensity of configuration. PeaksA and C correspond nicely to the

the 2p3;4s spectrum(a). 2pzp—27 2(337) and 2pg3—2m 2(*A) parent transi-
tions in the normal Auger spectra, having nearly the same
IV. DISCUSSION energy splitting(1.50 eV} and similar intensity ratio. Repre-

sentation of the third term'E ") of the parent 22 con-
figuration is not obvious. Following the spectator model and
The strict spectator model can be applied as the first apsingle configuration picture, the resonant Auger final state
proximation in the analysis of the resonant Auger spectrashould be 2r~2(13 *)4s(?> ™). However, the existence of
The coupling of the excited electron in a Rydberg orbital toonly one state with the 2 2(12 *)4s character is hampered
the open shell structure, created by the Auger decay in thbecause of the pronounced many-electron nature of this state,
molecule, is neglected in this model. This electron in theas seen also in photoelectron spectroscopy. Namely, the in-
Rydberg orbital just acts as a shield, which lowers the totaher valence photoelectron specff®,21] show a rich struc-
energy of the electron configuration. The resonant Augeture in the binding energy region above 20 eV, which bor-
spectrum should thus have a structure, identical to the norows intensity from the transitions to ther4(?3 ") state
mal Auger (parenj spectrum from the decay of thep2®  due to strong configuration interaction. Calculati¢pf,22]
core-ionized state, the peaks being shifted to higher kinetibave shown that the three HClstates of?% " symmetry
energies from the parent peaks. with the lowest energy have repulsive potential energy
A comparison with the normal Auger spectru®,19]  curves, but the fourttf>* state is bonding and can be as-
helps to clarify the overall structure of the spediia,(b)] in signed to the structure at 28.5-eV binding energy in the pho-
Fig. 2. The broad features around 36, 31.5, and 30.5 eV arig®electron spectrum. In our resonant Auger spectra, the in-
from the transitions to the states that are related to théense structure around 28.5 eV incorporates four electronic

A. Auger decay of the 2p§,§4s state
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transitionsD—-G. One of them, most probabl§, can be maining part of the final-state electronic configuration, due to
assigned to the transitions to the fourf ™ HCI™ final  the collapsed nature of thedrbital. This leads to the com-
state, which can be tentatively labeled asplete breakdown of the strict spectator model, so that a large
27 ?(121)4s(?S ™), if one wishes to retain the strict spec- number of peaks appears in the spectrum, spread over a wide
tator model. energy range, much exceeding the range of the’as con-

The assignment of the remaining transitidBs D, and  figuration. This seems to be the situation also in the case of
F—I cannot be derived directly from the normal Auger spec-HCI, where the assigment of such peaks needs accurate cal-
trum. Especially the complex structur®{l) in the high culations to be performed. Naturally, the configuration inter-
binding energy side of Fig. 3 indicates that there is a strongction effects should be reflected in the;23d decay spec-
redistribution of the Auger line intensities in this energy re-trum too.
gion. Strong mixing of the> * final states is most probably ~ The enhanced intensity of the spectrum at higher binding
responsible for this effect. The fourtfS * state has been energy suggests that most of the intensity from the decay of
already seen to mix with theot }(*S ™) state. We would the 2p;13d state is distributed in this region, where the
also like to cite Ref[22], where the fourth”> " state was pound states related to ther223d configuration overlap
expected to “exhibit a high degree of Rydberg character angjiin, the states from the& 127+~ 13d and 50— 23d configu-
considerable configuration mixing with the many states thataiions. The 8— 4d shakeup transitions have been found to
lie n CIOS? proximity. Calc_ulla'uons V\f'tzh an ex'_[endeq basis be exceptionally strongabout 50% from the total intensjty
Eﬁi gggj?r']ggh?oﬁ only th%é andh:% 4s c_ogf(lsguratlonsd, in argon due to the collapse of thed orbital [7]. Such

gher members as t NS,N=5,5, ... an shakeup processes would redistribute the intensity in the

2m *ndn=34, ... configurations would be needed to oo oo Ccoia towards higher binding energies
treat the effect in detail. It is possible that peak B appears gersp 9 9 gles.

also because of the final-state configuration interaction.

A rather similar effect has been observed also in the
2p~4s—3p~2%4s resonant Auger spectrum of argg6]. So far we have used the atomic relativistip;2 and
MCDF calculations[7] have shown that there is a strong 2p,, notations for the Cl p core orbital, as it has a pro-
mixing between energetically overlappingp324s and  nounced atomic character and is split by strong spin-orbit
3p~23d final-state configurations, which is responsible forinteraction. In the molecule, the molecular field causes an
the appearance of a large number of lines in the Auger elecadditional splitting of the Py, component, so that three
tron spectra. core-ionized states were observed in the ghotoelectron

The total intensity of the structureD(-I) is notably spectrum of HCI and DC[9]. Using the usual molecular
higher than could be expected on the basis that only therbital notation, the three orbitals involved arerg, (from
intensity  from the Auger transitons to the 2p,,), and 37y, and lwy, (from 2ps,). The spin-orbit
2w (13 1)4s(’2 ) state is redistributed. The transitions to splitting of the -orbital was found to be 1.665 eV and the
the 2~ 2(*3 ") parent state have the intensity of about 50%molecular field splitting between thes3), and 15, orbitals
relative to the transitions to ther2 ?(*A) state in the nor- 80 meV. The orbital with the lowest energy isrd,, fol-
mal Auger spectruni9], whereas the total intensity of tran- lowed by 3/, and 1ms,. Although the\ notation is not
sitions D—I realtive to transitionC is clearly higher in the good for the core orbitals with strong spin-orbit and weak
present spectra. If configurations such as 3nl and  molecular field splitting, it represents qualitatively the ob-
50 127~ !nl are also involved in the mixing, then the in- served tendency of the orbitals towards the and =-like
tensity enhancement could be understood, as the transitiomfaracters.
to some of these states are expected to be quite intense. The 2p§,§4s core-excited state is also split into the

In argon, the P~ *4s—3p " ?5s shakeup processes have 1 r-14s and 3r;,24s states by the molecular field, as well as
been found to be important, having as much as about 10% ghe other ., core-excited states. Thepg,— 4p excitation
the total transition probability 7]. These processes yield shows indeed two components in the absorption spectrum
peaks at higher binding energies than the spectator AuggFig. 1), which can be assigned to the molecular field split-
transitions in the Auger electron spectrum. The shakeugng. Here, the # orbital also has the- and = components,
mechanism can play some role also in the spectra Ofyhich complicates the assignment. The;3— 4s excitation
HCI(DCI), where the estimated shift of the shakeup peakss on the contrary, represented by only one component in the
from the spectator peaks is about 3.8 [&). The shake pro-  apsorption spectrum. The decomposition using only one
cesses were assigned an important role in the previous studyymnonent also for thep,— 3d transitions gave a splitting
]E_5] IbUt the prtfgsent high-resolution reiultz suggest th?ft thgt 1.58 eV between the,,—4s and 2,,—4s transition
inal-state configuration interaction is the dominating effect, ; o . -
redistributing Iinge intensity in the spectra. ’ inejg 1es- Thls S exactly the splitting between thﬁl@ and

7., core-ionized states. An attempt to decompose the
spectrum in Fig. 1 using a splitting of 1.665 éWMe splitting
between the #; and lmp, State$ requires two compo-

Most of the intensity of spectrurft) in Fig. 3 originates nents for the p5,,— 3d transitions and gives a strongly sup-
from the decay of the |21’,§4s state. Only the transitions pressed intensity for thed,,—4s excitation. This contra-
J—-O together with increased background appear as new. Thdicts the results from the resonant Auger spectanin Figs.
2p~13d—3p~23d resonant Auger spectra of argon show a2 and 3, where the |r21‘,§4s decay gives a large contribution.
very strong coupling between thed 3electron and the re- Therefore, the observed peaks can be most probably assigned

C. Properties of the core-excited states

B. Auger decay of the 2333d state
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as the excitations [25(301,)—4s at 204.00 eV and effects. The most intense electronic transitions follow the
2pyAlmyp)—4s at 20558 eV, whereas the strict spectator model quite well, whereas the rest can be
2ps( 17y —4s excitation is missing(The weak high- assigned to the transitions that have become available via the
energy shoulder in the spectrum extends too far to be adinal-state configuration interaction. The shakeup processes
cribed to the second molecular field-split componefithe  have been found to play a minor role in this resonance.
2p holes of the core-excited states do not necessarily inherit The strict spectator model breaks down in the decay of the
the spatial orientation of the core-ionized states, as the Ryd&pg,%Sd state. The Auger electron spectrum shows, after re-
berg electron makes different mixing of states possiblemoving the contribution from the [21*,2145 decay, that most
Forthcoming angle-resolved measurements might help tef the intensity is distributed in the binding energy region
clarify these matters. above 30 eV. The intensity transfer to this region can be
The photoionization cross sections for the thrgero-  provided by an exceptionally strong shakeup mechanism.
lecular field-split components are eqyéll. The lack of one  The resonance Auger spectra indicate also that both the en-
2p3, component thus explains the nearly equal intensities oérgetically overlapping B33d and 2p;34s initial states
the 2p3,—4s and 2py,—4s excitations in the absorption have considerable photoabsorption cross sections.
spectrum, instead of having the 2:1 statistical ratio as, €.g., in The molecular field splits the excitations from thps2
the case of argon. core to the 4 Rydberg orbital into two components. Only
A similar refinement for the @— 3d transitions must take  one component has been found in the photoabsorption and
into account also the three components {r, andd) of the  has been assigned as thp;2(30;,,) —4s excitation. The

3d Rydberg orbital. It looks like in this case one excitation transitions from the other componentpg(1msz,)—4s,
dominates as well, but calculations that take fully into ac-hgve not been observed.

count the molecular field effects and the spin-orbit interac-
tion are required to proceed further.
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