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Competition between decay and dissociation of core-excited carbonyl sulfide studied
by x-ray scattering
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We show evidence of dissociation during resonant inelastic soft x-ray scattering. Carbon andk»sfgeh
and sulfurL-shell resonant and nonresonant x-ray emission spectra were measured using monochromatic
synchrotron radiation for excitation and ionization. After sulfus;— 7*, o* excitation, atomic lines are
observed in the emission spectra as a consequence of competition between de-excitation and dissociation. In
contrast the carbon and oxygen spectra show weaker line-shape variations and no atomic lines. The spectra are
compared to results fromb initio calculations. The discussion of the dissociation paths is based on calculated
potential energy surfaces and atomic transition enerf&&050-29479)03006-1

PACS numbdss): 33.20.Rm, 33.50.Dq, 33.70w

[. INTRODUCTION data is due to the low fluorescence yields and instrument
efficiencies associated with soft x-ray emiss{&XE) in the
The rapid advancement in synchrotron radiation instruSub-keV energy region. That makes the measurements more
mentation in the last few years has led to much progress ifemanding and intense synchrotron radiation sources are
the field of molecular core-level spectroscopies. The energiherefore a prerequisite. ) ) )
selectivity, which is obtained using monochromatic synchro- Resonant SXE is based on a scattering process involving
tron radiation, allows resonant excitation of different types offtW0 photons. The process can be described in the following
molecular states. In particular, core excitation of small mol-V&Y-
ecules with repulsive intermediate states has attracted atten- A+ho—AK v)—AN ) +he',
tion, for example, in HBI[1], HCI [2—4], O, [5], and in
small polyatomic molecules like 4% [6], PH; and BR; [7]. wherek, n, andv are the levels defined by the core, occu-
An improvement in the theoretical understanding of thesddied valence, and unoccupied valence molecular orbitals
processes has also been achieved Ig@iy11]. (MQ's), respectively.w and o' are the frequencies of the
In decay spectra, the dissociation is manifested by thécoming and outgoing photons, a#dk 'v) denotes the
simultaneous presence of molecular and atomic contribucore-excited state, in which an electron from the core lé&vel
tions. The core-excited molecule may fragment before dehas been excited to the unoccupied MOA(n™v) is the
excitation(dissociation channel priprleading to atomidor ~ valence-excited state, where the core Holé has been filled
molecular radical decay lines, or the deexcitation is fol- by an electron from the valence orbitatthrough the emis-
lowed by dissociation(deexcitation channel prifgr which ~ sion process. It represents a resonant x-ray emission process
leads to broad molecular features. The time for dissociatioff v is a discrete MO, but a nonresonant process i§ an
and the lifetime of the core hole have pronounced effects omrbital in the continuum. For resonant excitation, the fluores-
line positions, linewidths, transition rates, and vibrationalcence decay may then occur either via a spectator transition
fine structures. A fast dissociation results in sharp atomi¢whenn#v), where an electron from one of the occupied
lines governed by the different dissociation channels in-orbitals fills the core hole while the excited electron remains
volved, while slower dissociation results in broad molecularas a spectator in the previously unoccupied orbital, or via a
features. If both molecular and atomic features are observegarticipator transitioiwhenn=v), where the excited elec-
with similar intensities, the dissociation and the core-holetron itself fills the core hole.
decay processes occur on the same time scale, i.e., typically In this work carbonyl sulfidéOCS has been studied. The
in the 10 4 s range. OCS molecule has 30 electrons and a linear geometry in the
The dissociative core-excitation processes have until nowground state. The corresponding electronic configuration is
been studied in the nonradiative deexcitation channel, whild020?30%405250°1 76027 0°80%27*90?3 7%, The 1o,
no results for the radiative channel has so far been presentelo, 3o, and 4 orbitals correspond to the Ss1 O 1s,
The radiative channel provides insights owing to the dipoleC 1s, and S 3 core levels, respectively, whereas the spin-
selectivity of the process, and the implementation of localorbit and molecular-field split S 2levels are composed of
selection ruleg12,13. This provides a simple way to char- the 50 and 17 molecular orbitals. The remaining orbitals are
acterize the dissociated fragments. The lack of experimentalssociated with valence levels of mixed atomic character.
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The OCS molecule belongs to ti@&. , point group and it etries and in theCy symmetry when the investigation

has three vibrational modesg;, v,, and v5. These modes included a bent conformation. In the former cask ( sym-

can be characterized as being due te—8 stretching, metry) the inactive space was 7/1/1/0 and the active space —

O—C—S bending, and GO stretching, respectively. 4/4/4/0. In the latter one, we have 8/1 inactive orbitals, 6/3

Bending of the molecule lowers the symmetry to tBg  Orbitals in restricted active space(RAS2 space and 2/1

group. orbitals in RAS3. The number of electrons in RAS3 space is
We present high-resolution resonant and nonresonarstricted to be between 0 and 2. A standard doylerre-

SXE spectra of carbonyl sulfide near the sulfyr; absorp- ~ 'ation consistent—polarization valence double zdt-

tion thresholds to demonstrate a case of fragmentation in thBYDPZ) basis set was used.

x-ray scattering proceg44]. Recently, it has been discussed Geometry optimizations for thé, core-ionized states
whether the lifetime of the sulfut,s—7* core-excited were carried out, and these states were found to have linear

conformations, but with the CO and CS bond lengths being

. S3lightly different from those of the ground state. The bond
to occur before the decdyt5,16. Calculated potential en- Ier?gthybetween C and O is abouth.07 a.u. shorter in the

ergy surfaces and atomic transition energies are used for thgi7e staté2.138 a.u. compared to the ground sta@205
|dent|f|cat|on of the ob_se_rved atoml_c lines anq_for an under-a_u), while the G—S bond length is about the same amount
standing of the dissociation dynamics. In addition to the 5U|1onger in the ionized staté3.075 a.u. compared to the
fur spectra, we present carbon and oxy#feshell SXE data.  ground stat€3.005 a.u. The core-excited states were inves-
The experimental spectra are compared with results ftbm tigated first for the linear geometnCg, symmetry group
initio calculations. Potential surfaces for* core-excited states were also com-
puted for various bent geometries.

Theoretical simulations of resonant and nonresonant x-ray
emission as well as x-ray absorption were carried out em-
The experiments were performed at beamline 7.0 at th@loying the so-called static-exchan@&TEX) technique. The

Advanced Light Source, Lawrence Berkeley National Labo-Correlation consistent—polarization valence triple zéte-
ratory. The beamline comprises a 99-pole, 5-cm period unPVTZ) type of basis sets were used for the O, C, and S
dulator and a spherical-grating monochrom@fdf] covering ~ calculationg 21]. An augmented basis set containing a large
the spectral energy range between 60—1300 eV. The gxpumber of dn‘fl_Jse funct|or)s was further added in Fhe S
spectra were recorded using a high-resolution grazing'—-'edge absorption caIc_uIatlons. For general descriptions of
incidence SXE spectrometft8,19. The spectrometer was € theory and calculations we refer to referer|@-28.

mounted parallel to the polarization vector of the incidenttru-rlr—]hﬁ;geszﬁtécgl 22;&/?‘; Ejfrfageos\/tljilrﬁfoattﬁgTgpo:;piﬁ(-:c_)rbit
photon beam with its entrance slit oriented parallel to the_~.... P . g o g€ sp
plitting and (smal) molecular-field splitting of the S |2

direction of the incident beam. The pressure in the gas cef

was optimized to about 2 mbar for a maximum absorption o evel. Roughly, this means a duplication of the spectra, 1.2
P p eV apart with a 2-1 “statistical ratio” for the [2;,, and 24,

photons in the interaction region. The interaction region Wagya iveq intensities. For fine structure, especially at higher
viewed by the x-ray spectrometer through a 160-nm thickynergies, an intermediate coupling analysis is required, as
polyimide window, supported by a polyimide grid and rgcently proven by Finlet al. [27] for the Cl 20 NEXAFS
coated with 30 nm aluminum nitride. During the SXE mea-gpectrum of HCI. The current implementation of the STEX
surements, the incident photon beam entered the gas clichnique is based on nondegenerate core levels, and we
through a small pinhole of 10Qm diameter and the pres- made this assumption for theole of OCS, because of the
sure in the experimental chamber was about1D™’ Torr  small molecular-field splitting. The molecular-field spt,

due to the outgassing from the pinhole. With 70 meV resoand =, STEX spectra were distributed into {2,," and
lution of the monochromator of the beamline, a near-edge?2 p,,,” spectra assuming the electrostatic coupling limit.
x-ray absorption fine structuf®EXAFS) spectrum of sulfur Atomic energy levels for the neutral sulfup23s?3p°®

was measured using the photocurrent from an electrode sit@ore-excited states relative to the®3s?3p* ground state
ated inside the gas cell where the incident photon beam envere calculated using the Hartree-Fock with relativistic cor-
tered the gas cell through a 100-nm thick silicon nitride win-rections(HFR) code by Cowari28] with the radial electro-
dow. The spectra were normalized to the incident photorstatic integrals scaled to 80%. Energies for thg3s?3p°

flux using a gold mesh in front of the gas cell. The band-— 2p°3s'3p® transitions were obtained by using optical data
width of the synchrotron light during the sulfur, carbon, andfor the final state$29], which are significantly affected by
oxygen emission measurements was set to 0.2 eV, 0.7 e\gpnflgurathn |nt.e'raC'E|0n. The tranS|t|0n engrgles were used
and 1.1 eV, respectively. The resolution of the x-ray emisJn the line identification and are included in Table Il. The

sion spectrometer is estimated to be 0.2 eV, 0.7 eV, and 0.8uality of the derived energies was checked by obtaining
eV, respectively. transition energies in the same way for the isoelectronic

Ar?* system and comparing those values to known experi-
mental energieg30]. The agreement was found to be satis-

Il. EXPERIMENTAL DETAILS

Ill. CALCULATIONAL DETAILS factory with errors of less than 0.4 eV.
The potential energy surfaces with respect to thepS 2 V. RESULTS AND DISCUSSION
excitation/ionization, in the linear and bent geometries, were o
obtained with the program packageLTon [20] at the mul- A. Nonresonant x-ray emission spectra

ticonfiguration self-consistent-field level of theory. Calcula-  Previous, related investigations of the electronic structure
tions were performed in th€,, symmetry for linear geom- of the carbonyl sulfiddOCS molecule include photoelec-
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appears at about 287.5-eV photon energy probably due to
initial-state shake-up satellite transitions or double excita-
tions, which typically end up in this energy region. From the
calculation of the carboK spectrum, it is also predicted that
the transition from the & MO, which is very weak in the

oxygenK spectrum, becomes competitive in intensity with
that from the 2r MO. The difference in intensity distribution
reflects the atomic composition of the molecular orbitals. In
the oxygen and carbon spectra basically theharacter is
observed, which makes therfinal-state configurations that
have & character practically dipole forbidden for oxygen.
B Thus, the chemical €O electron-pair bond is mainly
Carbon K formed by the 2r MO's.

hv=304.2 eV Due to thel , 3 spin-orbit splitting, all the emission fea-
tures in the S p spectrum are split up into double structures.
A spin-orbit splitting of 1.2 eV has previously been observed
in core-level photoemission experimefgl,36. Feature A
corresponding to @— S 2pg, 4, transitions has practically
no intensity while the double-peak structure denoted B and
B’, corresponding to the &— 2ps, 4/, transitions, is very
strong. Peaks C and’@orrespond to the 8— 2p3, 1o tran-
sitions. The &— 2p3; 12 transitions, which are presented as
rather sharp features in the calculated spectrum, are much
broader in the experimental spectrum. This is a clear sign of
the breakdown of the molecular-orbital picture in the inner
valence region, where there is a high density of overlapping
o states due to correlation state splitting2,43 in addition

. .. to vibrational broadening.
FIG. 1. Experimental and calculated nonresonant x-ray emission 9

spectra of oxygen, carbon, and sulfur in OCS.

510 515 520 525 530 535 540

Intensity (arb. units)

265 270 275 280 285 290

Sulfur L, 5
hv=177.5eV

140 145 150 155 160 165 170
Photon Energy (eV)

B. Resonant x-ray emission spectra
tron spectroscopy of the inner and outer valence reg3ar

33] and Auger spectroscod4,35. In these studies exten- tions from the O &, C 1s, and S D, orbitals to ther*

sive structures were observed in the inner valence energtyrbital, which is the lowest unoccupied orbital. All the reso-

rEelgl(i?,n\thr:C? V\flere attrle[thed tt‘t)h mu)l(tlelectrorg t;ins'r:'éms'nant peaks are slightly shifted towards lower photon energies
ectron-energy-loss spectra at the oxygrcarbonk a in comparison to the nonresonant case due to the difference

the sulfurl , ; edges have also been measU[i@#|37. Perera in the screening between the core-excited and the final states.

and LaVilla[38] and Miyanoet al.[39] studied the sulfukK Th L
e oxygen spectrum shows a three-peak structure similar to
SXE of OCS. The only SXE measuremefitonresonantat the nonresonant spectrum. In addition, a recombination peak

}:‘e sulfurlaedg_te ?g f?r vll/erfe nradte bly Maz_talgvse;l(.EMO]. ¢ is now observed at near-zero energy corresponding to par-
OWEVET, despite the lack of Selectively excite spec raricipator transitions in which the excited electron fills the

thelgi;el;tirceal 1";‘;‘25\}?%222@2;&” Sr;](%égbectra of molecul a({:ore hole. The carbon spectrum shows a similar peak struc-
OCS measured with excitation energies slightly above th ure (denoted A, B, and £as the oxygen spectrum, although

) %ands A and C are much weaker than band B like in the
oxygen and carboK edges and the su_IfUr edge. The fmal-_ nonresonant case. In addition, a weak featigdlenoted D
Etate tf nergy Scﬁ le at the top of thle ?gure r:las beerr]w ?bga'r:j%(grresponds to the a'—C 1s transitions. This feature is
y subtracting the SXE energy scale from the core-hole bin . L S . )
ing energies: 540.3 eV, 295.2 eV, and 170.6 eV, for thqf;roadened due to configuration interaction in the inner va

K bonK. and sulfurL ed tively. Cal nce region, as mentioned previously. In the resonant sulfur
oXygenis, carbonm, and sufiurL; edge, respectively. Lal- spectrum, the shapes of peaks B, C, and D are dramatically
culated intensities using the one-center approximation ar

- Shanged compared to the nonresonant case due to a substan-
%ial vibrational broadening. However, the most conspicuous
fature in the sulfur spectrum is the narrow and intense peak
&t 150.2-eV photon energy, which we assign to a transition
('_1{1 neutral atomic sulfur as will be discussed in Sec. IV D.

Figure 2 shows resonant SXE spectra obtained by excita-

presented as vertical bars and Lorentzian peaks positioned
the vertical binding energies of the final states, which ar
taken from photoelectron spectf81-33. The oxygenK
spectrum shows a three-peak structure denoted A, B, and
Peak A corresponds to8—O 1s transitions, peak B to
2m—0 1sand 9r— O 1s transitions, while peak C corre-
sponds to & — O 1s transitions. According to the calcula- Figure 3 shows a NEXAFS spectrum measured in the
tion, the 27~ final states dominates over the-@t peak B.  region of the SL, ; edges used as a reference for the SXE
In the carborK spectrum, only feature B remains intense, measurements. The spectrum consists of three strong reso-
while the intensity of bands A and C become much weakenance peaks followed by a weaker Rydberg series, and a
than in the oxygerK spectrum. In addition, a weak feature shape resonance structure in the continuum, just above the

C. S 2p x-ray absorption spectrum
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Final State Energy (eV) TABLE I. Assignment of the &, -edge x-ray absorption spec-
25 20 15 10 5 0 -5 trum of the OCS moleculgl5].
N I B I A I P
OCS Resonant B A Feature EnergyeV) Assignment
0,, >+ c 1 164.2 Epi,zﬂ * .
hv=533.7 eV 2 165.4 Dyz 0" 2p1’2H7T*
4n 3 166.9 P3p—4s, 2py—0
< 2n 3 S e 4 168.1 D3—4p, 2pyp—4s
. 5 1688 3)3/2—>3d, 55
v b b b by e bl 1 6 169.9 D3,—5d,6p, 2pi,—3d, 5s
510 515 520 525 530 §35 540 7 1775 Shape resonance

C>m*
shown for comparison. The calculatetef and o* peaks
have been shifted- 0.5 eV to account for screening effects,
A A e which are not sufficiently taken into account in the STEX
J@ | i calculations. The calculated spectrum for the excitation
v b b b e b bew ol was shifted from that of thé.; channel according to the
265 270 275 280 285 290 experimental value of thé, 5 spin-orbit splitting of 1.2 eV
Atomic line . .2
S 2py,->m \ obtained from photoem|s§|q|86]. Table | shows the spec-
hv=164.2 eV troscopic assignment, which was made by using population
g analysis of the molecular orbital character in comparison to
H\im configuration interaction calculations by Brerasal. [15].
e The calculated spectra from the two separate channels were
8,," A% added to give the total spectrum. The first peak in the total
e v o e L NEXAFS spectrum is solely excitation from thepg,(L3)
140 145 150 155 160 165 170 channel and that is also predicted for peak number 5. The
Photon Energy (eV) remaining peaks are mixtures of excitations from both chan-
nels (see Table ). Peak number 6 has contributions from

FIG. 2. Experimental and calculated resonant x-ray emlssmnmany Rydberg levels converging to the ionization potential,

spectra of oxygen, carbon, and sulfur. The emission peak at zerg, . -
. - " which group together in the convoluted spectrum. As men-
energy in each spectrum corresponds to participator transitions.

tioned earlier, the fine structure of the Rydberg energy region
o ) ) . is complicated due to the role of intermediate coupling. The
ionization thresholds, presumably with multielectron excita-p;; spin-orbit splitting creates a double-peak structure in the
tions supenmposed_. The positions of the indicdtededges  gyifur SXE spectra of the OCS molecule when the excitation
are based on experimental photoelectron §iafd Calcula- s tuned to the mixed statésuch as peaks 2, 3 andl @r the
tions of the excitations from both the, ; edges are also  ghape resonance.

hv=288.2 eV

Intensity (arb. units)

D. S 2p x-ray emission spectra

L;-edge
OCs . L edse o/ S 2p3.1,, NEXAFS
2

Figure 4 shows a series of experimental sulfyr, SXE
spectra on a photon energy scale. The spectra were reso-
nantly excited at the absorption peaks, denoted by the num-
45%’ bers 1 through 7 in Fig. 3. The spectral shape changes sub-
stantially when going from the nonresonant and Rydberg
excited topmost four spectra to th& ando™* excited spec-
tra. In the latter spectra the emission peaks are substantially
more vibrationally broadened and the peaks also appear at
somewhat lower energy due to the screening effect of the
J /] spectator electron. The larger screening resulting from a

spectator electron in the first unoccupied MO%s*(or o*)

L; absorption than from an electron in a Rydberg orbital is most apparent
in the third spectrum from the bottofexcited at 166.9 e\
) As shown in Fig. 3 and Table I, this excitation energy cor-
L, absorption responds to two transitions,p2,—4s and 20,,—0c*. In
% the emission spectrum thepg;4s— 90 '4s transition re-

AL R W WA sults in a narrow peak with a small spectator shift, whereas

160 165 170 Photl(ZnSEnerlgo 185190 19 2p1‘,§cr*—>9cr‘10* transition yields a broader feature with a
gy (eV) .
larger spectator shift.

FIG. 3. Experimental and calculated NEXAFS spectra at the As was shown in Fig. 2, the resonant sulfur SXE spectrum

sulfur L, 3 edges used as references for the emission spectra.  at 164.2-eV excitation energy shows a feature without coun-

—_

L, ; absorption

Intensity (arb. units)

i
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OCS S-L,; edges 96->L; } 9oL,

177.5eV
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FIG. 4. A series of x-ray emission spectra of thé S; excita- . !
tions of OCS. (b())_c distance (a.u.) C-S distance (a.u.)
terpart in th.e qugem and carborK spectra; a narrow.ln- FIG. 5. Calculated potential surfaces of the OCS moleda)es
tense atomic line at a photon energy of 150.2 eV. This fea

L 2p,-m*-state  two-dimensional  stretch-bend  surface(b)
ture also shows up _When the incident photons are tuned tQp(,fl-state surface with respect to OC and CS bond lengths, and
the s_eC(_)nd absorptlon_peak at_1§5.4 eV, whereas Qnothﬁth fixed 180° bond angle.
atomic line at 0.4-eV higher emission enery60.6 eV is
observed when exciting to the third absorption peak at 166.9al energy minimum at a €-S distance of 3.075 a.u., and,
eV. The atomic lines completely disappear at the higher exewing to the nonbonding character of Rydberg orbitals, one
citation energies where the incident photon energy is tunedan assume that this potential energy surface represents the
to Rydberg states. The atomic lines have a width of 0.26 eV¢ore-to-Rydberg-excited states as well. In Fi¢ga)3he po-
which can be attributed to the instrumental spectrometetential energy surface of thepZ *#* core-excited state is
resolution(of about 0.2 ey and the natural lifetime broad- shown for various bending angles. The potential surface
ening (20—40 meV of the sulfurl, 3 core hole[44]. As  shows a barrier against dissociation for the linear case, i.e., at
mentioned previously, the®— L, ; double-peak feature at 180°. This energy barrier results probably from a conical
about 155-eV photon energy reflects the spin-orbit splittingntersection and is found to increase much in calculations
of the L-shell excitation. As shown in Fig. 3 and Table |, with a poorer account of electron correlation. The potential
peaks No. 2, 3, 4, 6, and (165.4, 166.9, 168.1, 169.9, and energy (and the barrier decreases strongly from the 180°
177.5 eV are due to excitations from both the; andL,  linear geometry so that the dissociation may take place
core levels. In these cases the filling up of the core levels byhrough an OCS bending vibrational mode.
an electron from a single valence orbital results in two peaks. It has been shown from angle-resolved ion-yield experi-
However, for the fifth absorption featufat 168.8 ey the  ments that the OCS molecule indeed induces the bending
calculations predict that only excitations from thg core vibrational mode for ther* excitations and that the domi-
level contribute. This assignment is confirmed by the experinating dissociation mechanism involves the breakup of the
mental SXE spectrum recorded at 168.8 eV, in which esser®@C—S bond and the production of CO and S fragments at
tially only the 90— L3 peak emerges around 155 eV. Next, an angle of about 130P15,16. Thus, when an electron is
we will discuss the potential energy surfaces and the dissglaced in ther* orbital, the potential energy is lowered by

ciation. the bending motion, which can be understood as a Renner-
Figures %a) and b) show calculated potential energy Teller vibronic coupling effecf45,44.

surfaces for the ﬁ;lw* core-excited and thepgl core- Figure 6 shows a set of calculated potential curves for
ionized states. The core-ionized state is bound, with a poterdifferent core-excited states in OCS, ignoring the spin-orbit
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180 T TABLE Il. Calculated neutral atomic sulfur, ; x-ray emission
178 | .—equilibrium distance I;nes. The final3—state terms vgere taken from optical absorption data;
1 P,=8.93 eVP;=8.97 eV2Py,=9.00 eV, and!P;=10.10 eV
=176 | N P30 [29]
§ 174 ¢ teer Transition EnergyeV) Transition EnergyeV)
[} L 1
g e 66 F-TTH o p,—1p, 149.01 3p,—3p, 151.65
2 170 | 20, (8) % 3p,—3p, 150.27 3p,3p, 151.67
2 1e8 i 3D, 3P, 150.80 3p,3p, 151.71
3 i6s | 3p,—3p, 150.84 p,—1p; 151.84
t 25,501 (T) 33, —3P, 151.07 3p—3P, 152.16
164 1 b0 () gy e P M 35, —3%P,; 151.10 3p,—3Py 152.40
162 : . . : - - 35,—3P, 151.14 3p,—3%P,; 152.43
2 3 4 5 6 7 8 9 3p,—3p, 151.58 3p,—3p, 152.47
C-S bond length (a.u.) 3p,—3p, 151.61 15,—1p, 153.04

FIG. 6. Computed potential curves for somp 2ore-ionized
and core-excited states of OGi§noring the spin-orbit splitting

to the 3D;— 3P, transition. In the third spectrum, the
atomic line is observed at a different energy, at 150.6 eV,
splittings. It clearly shows that there is a potential energywhich implies that in this case the dissociation channel
barrier for 7* excitations, whereas fow* excitations Iis different. We assign this line t6D2—> 3Pl,2 transitions.
the curves are directly dissociative. We note that te  This line might also contribute weakly in the first and
is higher in energy at the ground-state equilibrium geometryecond spectra, giving rise to the high-energy shoulder
(3.005 a.u, and that the two curves cross at about 3.3 a.u.of the atomic line at 150.2 eV. It should be noted that
The atomic lines in the resonant SXE spectra can ba 2p®3s?3p® configuration with anL, hole cannot couple
considered as the result of a competition between theo a 3D, state, which probably explains why the atomic line
dissociation and the decay channels. Comparing the intensi¢ 150.2 eV is absent in the third spectrum. However,
ratio of the atomic line to the molecular background inthe dissociation path is complex with many near-degenerate
the three lowest SXE spectra shown in Fig. 4, one Cafnglecular field and spin-orbit coupling split potential energy
conclude the presence of dissociation for all three, bugy faces available, which also are subject to Renner-Teller
to different extents. The dissociation time tcan be  gffacts and avoided crossings. The remarkable simplicity
estimated with the simple formulg; + —7In(1-n), where ot yhe qutcome in terms of one strong atomic x-ray emission

7iS the core-hole lifetime and s the “mplecular fraction”  jine of the atomic fragment indicates strong coupling and
[47]. Here, a I_ar_ger _molecular fraction corresponds Ofast interstate  relaxation during the course of the
a longer dissociation time and we assume the SXE yiel issociation

to be the same for the molecule and the fragment. The

first spectrum(164.2 eV}, Ly—#* excitation, shows an

atomic peak that contributes to about 15% of the total inten- V. SUMMARY

sity. If we assume the core-hole lifetime to be 2238-meV We show evidence of molecular dissociation prior to de-
core-level width, a dissociation time of-40 fs is found. In  gycitation in resonant soft x-ray emission. Resonant and non-
the second spectruf165.4 eV where there is a mixture of osonank-shell x-ray emission spectra for carbon and oxy-

H H * *
excitations from both the,— 7* andL;—o¢™ channels, the oo, 441 shell x-ray emission spectra for sulfur in the

_mo_IecuIar fraction is smaII(_ar than for the first spe*ctrl_Jm. Th'scarbonyl sulfide molecule were measured by the use of
indicates a steeper potential path fet than for 7* disso-

ciation. Thus, the dissociation time is also smallei30 fs. monochromatl_c synchratron ra;dlatlc_)n. In the case of S
In the third spectrun{166.9 eV}, the atomic contribution is L_—_she_ll excitation to ther” anda qrbl_tals a strong compe-
still significant, however, in this case dissociation only oc-ttion is _observe_d petwgen d_e—excnatlon and d|ssomat|on re-
curs from theL;la* intermediate state, and tH‘e/;l4S’ sulting in atomiclike lines in the SXE spectra. The line
which is also excited, only result in a molecular contribution.shapes of the molecular f.eatur.es. in those spectra are also
in tafrongly affected by the dissociative character of the core-

first spectrum {40 fs). At higher excitation energies, i.e., €xCited states. We find tha;—7*,0™ excitations lead to
for ionization as well as core excitation to Rydberg statesdissociation with the sulfur atom in a neutrdD; core-
the atomic contribution completely disappears in agreemerfixcited state, whereas,—o* excitation leads to @D
with what was expected from the calculated, bound potentiacpore-excited state. We also find evidence for a faster disso-
energy surface in Fig.(6) [45—-47. ciation when exciting tar* than to«*. The slower disso-

In Table Il calculated p°3s?3p°—2p®3s3p® transition  ciation in the latter case is supported by calculations, which
energies are given. Based on this table, the strong atomgive a potential energy surface for thé& core-excited states
line, at 150.2 eV, in the first and second spectra is assignedith a potential barrier in the linear geometry that vanishes
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as the molecule bends whereas #fecore-excited states are
dissociative also in the linear geometry.
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