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Fine theoretical spectroscopy has been presented by the SAG@hmetry adapted
cluster-configuration interactipngeneralR method for the outer- and inner-valence ionization
spectra of Cgand OCS. The SAC-CI generBl-method simulated the experimental spectra quite
accurately and the detailed assignments of the satellite peaks were given. EForfdi®
outer-valence satellite¥1, states were calculated, one of which was attributed to the recently
observed peak (). Numerous’s; and®S satellite peaks were obtained in the inner-valence
region and some of them were dominantly described by triple electron processes; the quadruple
R-operators were found to be important for describing these states in the genexethod. For
OCS, the relative position of the main peaks was correctly reproduced and the Rigiperators
were found to be important for the ordering AfandB states. In the energy region of 24—-36 eV,
continuous spectra of numerots* satellites were obtained, which reproduced the feature of the
photoelectron spectrum. @002 American Institute of Physic§DOI: 10.1063/1.1492798

I. INTRODUCTION cies in the assignments of the satellite peaks. It should also

Multiple-electron processes observed in ionization specbe noted that the precise positions of the main peaks were
tra have attracted considerable attention since they directijetermined by the high-resolution He Il PESand the
reflect the electron correlations of the molecules. They arglouble ionization spectrum was investigatéd.
called “satellites” and usually appear in the inner-valence  The valence ionized states of OCS have also been inten-
region. But, for the strongly correlated system, they eversively studied by various spectroscopies, for examples, He |
appear in the outer-valence region. Recently, fine analyses &ES:® He Il PES? MgKa PES! and dipole ¢,2e) for im-
these peaks on peak positions, intensities, and ionizatiopact energies up to 40 €¥-*4The latest experimental work
characters have become possible due to the cooperative ii$ due to the SRPES with photon energies up to 110 eV.
terplays between qualified theoretical and experimentaHowever, theoretical studies on the detailed analysis of the
works. The developments in the high-resolution specsatellites have been very limited for this compound; only the
troscopies are remarkable as seen for synchrotron radiaticAC-Cl (symmetry adapted cluster-configuration interac-
photoelectron spectroscopBRPES, x-ray PES, electron tion) method and 2ph-TDA methotf were applied to the
momentum spectroscopyEMS), and Penning ionization inner-valence region. It was also criticized that theoretical
electron spectroscopyPIES. spectra did not reproduce the experimental PES; the calcu-

Among the extensive works on the satellite peaks, spefated inner-valence satellite peaks clustered separately
cial attention has been paid to the correlation effects in thegainst the experimental observation. Thus, it is worth pre-
valence ionized states of 3 °Allan et al® observed both senting the accurate theoretical spectra and detailed assign-
the outer- and inner-valence region using MgRES. The ments for the correlation peaks of these molecules.

He Il PES* was recorded and the theoretical assignment In the series of the studies, we have investigated the
was given by the 2ph-TDA Green’s function metho@ihe  valence ionization spectra of various molecules using the
dipole (e,2e)* and binary €,2e)° electron impact spectros- SAC-CI method. The SAC/SAC-CI methtfd?! has been
copy were also applied. Later, the details of the valence sasuccessfully applied to a number of molecular spectroscopies
ellites were studied by the high-resolution SRPES using thincluding ionization spectr® 2’ In particular, the SAC-CI
photon energy dependence of the partial cross sections amgneralR method®3'has been shown to be a powerful tool
asymmetry parameter and also with the help of theoreticalor describing the multiple electron processes in high accu-
spectrum of CIPSI metho@ln particular, it was pointed out racy and in studying the large numbers of states appearing in
that some of the satellite peaks were described by the threghe ionization spectrit > Recently, we applied the general-
electron processes. Recently, fine structure of the satellitR method to both the outer- and inner-valence ionization
peaks was analyzed by the He | PES, He Il PES and SRPESpectra of Group V and VI hydrides and gave the detailed
combined with the algebraic diagrammatic constructioncharacterizations of the satellite pedks’ In this work, we
(ADC) calculation® However, there are still some discrepan- investigate the valence ionization spectra of,@8d OCS by

the SAC-CI generaR method aiming at the detailed and
dAuthor to whom correspondence should be addressed. Electronic maigu""mit""'tive assignments of the satellite peaks appearing in
hiroshi@sbchem.kyoto-u.ac.jp the outer- and inner-valence regions.
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1. COMPUTATIONAL DETAILS TABLE I. The reference-EGCI and SAC-CI geneRildimensions for the
) . ) ionized states of CSand OCS.
The basis set was selected as flexible as possible to de

scribe the electron correlations of shake-up states, nameBtate Total Singles  Doubles  Triples  Quadruples
valence triple zet&/TZ) of Ahlrichs* (10s6p)/[6s3p] for g,
C and O and (1®p)/[7s5p] Gaussian type orbitals Reference-EGCI dimension

(GTOs for S augmented with two polarizatics-functions ZE; 5617 2 228 5387
of {4=2.314, 0.645 for Of4=1.097, 0.318 for C, andy e 5679 1 200 5478
=0.819, 0.269 for $%*1The present basis set was examined,- gggg i ;gg gggg

for the low-lying valence ionized states with the additional
polarization function and diffuse functions, and was con-SAC-CI dimension after perturbation selection

. .. . . 2y +
firmed to be sufficient as shown in the Appendix. The result—zig 22 223 i 222 ‘3‘2 ggg 32 3‘752
ant SCF dimensions were 89 and 82 for - g

. 'S WETE 69 2Gd OCS, re- 5% 84319 2 601 42130 41586
spectively. The vertical ionization process was studied in thisyy 83758 1 515 35730 47512
work and, therefore, molecular geometries were fixed to theOCS
experimental Value‘éz' namelyRes=1.55545 A for Cgand SAC-CI dimension after perturbation selection
ROC: 116 A andRCS: 156 A f0r OCS 22+ 97 117 4 1164 95949

The valence ionization spectra of £8nd OCS were 2y 83562 2 986 82574
calculated by the SAC- CI generRl-method in both outer-
and inner-valence regions up to around double ionization

thresholds. In the preliminary calculations, several shake-uaes of the peaks. Both initial- and final-state correlation ef-
states in the inner-valence region of O8ere found to be fects were includéd

described by triples with considerable intensity; this feature The SAC/SAC-CI calculations were executed using the

was also pointed out in the CIPSI worlor producing the SAC96 program systeflt,which has been incorporated into

reliable spectrum in this energy region, we included . . :
R-operators up to quadruples in the gendRatalculation the development version of the Gaussian suite of progfams.

and utilized the exponentially generated GEGCI)
method®~3L for the reference-Cl. In the case of OCS, most!!l- RESULTS AND DISCUSSION
of the shake-up states were dominantly described by tha. CS,

doubles until around the double ionization threshold and,
therefore,R-operators were included up to triples. The 1
orbitals of C and O andd, 2s, and 2 orbitals of S were

The outer- and inner-valence regions of the ionization
spectra of Cgup to c.a. 28 eV were studied by the SAC-CI

kept as frozen core and all the other MOs were included i eneralR method. The valence electronic configuration of

the active space; the active space of the SAC-CI consisted o0 S is described by
8 occupied and 70 unoccupied MOs for Chd 8 occupied (cor®®(50)%(40,)*(604)*(50,)%(2m,)*(2my)*.

and 67 unoccupied MOs for OCS. As noted in the previous section, several states in the inner-

In_orﬁ%er io¥educe the.computanonal effprt, perturbatlonvalence region were found to be substantially dominated by
selection” was performed in the state-selection scheme. Th?riples; namely ionization accompanied by two-electron ex-

thresholds were determined so as to achieve the calculations
including the sufficient order dR-operators yet with appro-
priate computational cost. For €Sthe threshold of the
linked terms for the ground state was setNg=5x10"° Xng e (a) SRPES
and the unlinked terms were adopted as the products of the ' ooy cs,

6

important linked terms whose SDCI coefficients were larger
than 0.005. For ionized state, the threshold of the double
linked term was set ta,=1x10 7 and those of the triples
and quadruples wera,=1x10"% and 5<10° 8, respec-
tively. The reference-EGCI calculations were performed to
determine the primary states using small active space; triples
were generated by the exponential-generation algorfthrit. -
The threshold of the exponential generation was set,{0 i / o

=0.1. For the main peaks of GSbetter thresholds were
used. For OCS, better thresholds were adopted, namgly,
=1x10"7 for SAC and\,=1%x10 7 and 1x10°° for

10
6 11
doubles and triples of SAC-CI, respectively. The thresholds . d 2 fs/\ms
of the CI coefficients for calculating the unlinked operators VI 2 l 71 D
2 4 271

Intensity
1

in the SAC-CI method are 0.01 anck1L.0™ 8 for theR andS 9 12 15 18

operators, respectively. 1.P. (eV)

lonization crgss—gections were calculateq qsing 'thQ:IG. 1. Valence ionization spectra of £8y (a) SRPES(Ref. § and (b)
monopole approximatidii**to estimate the relative intensi- SAC-CI generaR method.
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TABLE II. lonization potential(l.P,) (in eV), monopole intensity and main configuration of the valence ionized statesof CS

Experimental |.P. SAC-CI gener&-
I.P.
SRPES PE® PES Hell' (e2e)® State (eV) Intensity Main configurations|C|>0.3)
No.
X 10.00  10.11 1, 9.70 0.841  0.89(2m ")
A 1290 12.89 1,  12.76 0.693  0.80(2m,")—0.33(2m, *3m,)
B 14.46  14.49 23k 14.38 0.804  0.86(50,; %)
1 141 14.09 141  14.06 .. a1, 1475 0.027  0.52(2m,?3m,)+0.44(2m; *3m,) —0.39(2m, *3,)
7,  15.19 0.005  0.78(2m,*3m,)+0. 56(2w*23wu)+0.39(2w52377u)
1/ 15.2 11,  15.69 0.009  0.57(2m,?3m,)—0.56(2m, 3'rru)
-0. 48(2w;23wu) +0. 42(277g 237
c 16.15  16.20 . %35 1619 0705  0.81(70,")
2 17.2 17.0 171 17.06 .. I, 18.24 0.115  0.32(2m,")+0.67(2m, *3m,) +0.43(2m, *3m,)
—0.20(2m, 3752w, ")
3 19.15 18.81 1836  18.97 191 %% 19.20 0.006 0. 48(277’2809) +0. 48(277 280y

~0.39(50, *3m2m, 1)~ 0.37(50, 37 27y ")
sy 1974 0.026  0.54(50, 137 277_1)+0 53(50, 3w 2, ")
+0.44(50, 3wu2w;1)
4 204 2017 1991 2022 202 2, 2015 0.001  0.44(2m,*3m2m,")+0. 35(2@1377“277;1)
+0.34(2m, 3727y 1) +0.31(2m, 3w 27, 1)
—0.60(2m, 337'ru)
g 2023  0.0002 0.46(2m, 137 2, 1) +0.43(2m; 3w 2, t)
-0. 42(2% 37 2my ") +0. 38(277u 3w 2myh)
+0.38(2m, 13%277*1) 0.36(27, 37 2m, Y
+0.39(2m, %37 )+0 22(277*3377%)
5 20.8 20.96 23k 20.88 0.005  0.53(50, 1377 27, ) +0.51(50, 3727, Y
+0.50(70 32, 1) +0.50(7oy 3w 2m, ")
I, 2097 0.001 039(277*237ru)+o 38(2m, 2377u)+o 92(277*13772% 2)
+0.29(2m, 3752, %) +0.25(2m, 137#277 2
2y 2110 0.003  0.49(2m, 1377“70;1) 0.46(2m, 1377“709;1) 0.45(27; %37,
+0.44(7y '3 277*1) 0.44(50, 137 277*1)
~0.41(70, 3w 2m, ") +0.41(2m; 37,50, ")
+0.39(50, 137 2wu) 030(2779237725%1)
6 2135 21.25 21.34 21.35 213 2xF 2123 0.170  0.39(40, ) +0.56(2m, *70,) —0.39(2m, 8o 2, *
3y 2127 0.039 061(277;27%) 037(277;1809277;1)
2l_Ig 21.35 0.004 0.38(2m, 3711.277'g h+o. 37(2my 37Tu277u h
+0.48(2m, °37) +0.38(2m, °377)

T

My 21.93 0.002  0.44(2m, 1377 2y ) +0. 36(277 Bm2myt)
+0. 66(277’3317 ) +0.22(2m, °377)
7 21.6 216 2176  21.56 w0 2227 0.052  0.21(40, ) 0.50(2m, 18%277*1
8 22.4 224 2269 w2277 0.180  0.40(40, ") —0.34(2m,*70,) —0.33(50, 3w 27, ")

~0.32(2m, *70,) — 0. 21(2my *37350, ")
s, 2333 0.010 060(277’2909)-%0 60(2m, 2gag)
9 23.3 23.0 23.05 sy 2360 0.077  0.53(2r, ‘37 50‘1)+0 53(277_1377 S5a,h
M, 2372 0.010  0.39(2m,'3m2m,")+0. 45(277‘3377u)+0 43(277_3377u)
23y 2372 0.035  0.30(50, '3 277_1)+1 00(2m, *37350, ")
+0.33(2m, *37350, 1) +0. 32(277‘2377250
+0. 30(217g 237250, %)
M, 2417 0.008  0.69(2r,*3m,)+0.34(2m, *3m,)
+0.25(2m, *3m52m, 1) —0.23(2m, *3mi2m, 1)
10 24.1 240 2391 23.96 239 237 2419 0.270  0.49(6o, l)+o 47(7oy 137Tu27'r l)+o 45(70y ‘3w 27, ")
+033(2'TT 37'ru70' )+033(27'r 137 70'9)
23 2459 0.009  0.41(50, ‘3w 2m, ") —0.35(70, 37 2m, ")
—0.35(2m, *60,) — 0.45(2m, 2377”50 1
—0.30(2m, *3750, )

11 24.6 24.3 o 2477 0.025  0.46(2m, 17%277 1) +0.34(2m, 7o 27 Y

22* 24.81 0.011  0.40(2m,%60,) 70.35(277526%) —0.32(2my 3w, 7oy ")
12 2525 252 22; 25.25 0.026  0.38(2m, 3w 50, %) —0.34(50, 3w 27, Y)
13 26.35 262 5 2583 0.101  0.30(60, ") —0.35(70, 3727, ") —0.32(70, 3w 2m, ")

s, 2631 0.004 0. 64(27752159) +0.55(2m, 218,)
+0.38(2m, 165 — 0. 30(277*2159)

2S5 2646 0.010  0.41(2m, 2809) +0. 32(277 280y
—0.31(2m, 7o 2m, ") +0.30(2m, *15,)

3y 2662 0.011 0. 61(277"2159) +0.41(2m,*15,)
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TABLE II. (Continued)

lonization spectra of CS, and OCS
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Experimental I.P.

SAC-CI gener&-

.P.
SRPES PE® PES Hel' (e2)® State (eV) Intensity Main configurations|C|>0.3)
No.
14 27.4 271 =)k 27.02 0.073 0.25(40, 1) +0.31(27, 37,50, 1) +0.31(2r, 3w 50, Y
—0.34(2m, *37250, 1) +0.34(2m, *3750, 1)
D 27.17 0.017 0.60(2m, *15,) +0.47(2m; *18,) +0.41(2m; *15,)
25y 27.27 0.005 0.46(2m, *60 27, ') —0.33(2rm, ‘6027, ")
M 27.40 0.013 0.45(2m; *15;) —0.33(2m, *15,)
S, 27.94 0.021 0.62(50, *80)
D 28.15 0.007 0.60(2mg 23m350, 1) —0.32(2m; 9o 2, ")
—0.31(2my "90 2, 1) +0.30(2m, 3750, 1)
15 28.7 288 &7 28.22 0.089 0.35(40513%277;1)+o.33(27r§215%)
D 28.28 0.009 0.42(2m; ?15,) +0.41(2my 1627, ")
—0.40(2m, "162m; 1) —0.37(2m; *15,)
+0.36(2m, '162m, ")
D 28.47 0.007 0.47(2mg 15,2, ") +0.45(2m, *15,)
+0.38(2m, '162m; 1) —0.36(2m, 15,27, ")
—0.24(2m, *37350, 1)
D 28.67 0.042 0.42(2m, 9027, ") +0.41(2r, 9o 2, ")

+0.40(2my 902, ) +0.35(2m, 9o 2, ")

®Reference 7.
PReference 8: experiment was due to the SRPES and He Il PES.
‘Reference 6.
dReference 2.
*Reference 5.

citation, therefore the EGCI including up to triples was per-the second onél’) was recently observed at the foot of the
formed for the reference-Cl. The calculational dimensionsmain peakB.® Accordingly, the present calculation gave four
for the reference-EGCI and resultant SAC-Cl gen®&atere 211, states in this energy region at 14(¥5 15.19, 15.601'),
summarized in Table I. The former dimensions were arouncénd 18.242) eV. These outer-valence satellites were calcu-
5600 and the latter’s after perturbation selection were almodated in the higher energy region in the previous SAC-CI SD-
85000 for each symmetry d..,. In Fig. 1, the SAC-Cl R study® They are characterized aS’7('g237Tu) and have the
generalR spectrum convoluting with Gaussian envelope forintensity mainly through the final-state correlation interac-
describing the Frank—Condon width and the resolution otion with (277u_1) state. The shake-up states at 15.19 and
spectrometer was compared with the experimental PBS; 15.69 eV split when including an extensive basis set. The
FWHM of Gaussian was adopted as G:0E (in eV). In
Table 11, the results of IPs, monopole intensities, and detailed
ionization characters for the valence ionized states, which
have large intensity greater than 0.005, were presented with 2
several experimental IPs 8
Four main peaks in the outer-valence region were domi- Al ¢
nantly described by the single electron process and the pre- I ocs
vious SAC-CI SDR? calculation has already given accurate [
results. In the present work, their IPs were calculated as 9.70, ‘
12.76, 14.38, and 16.19 eV fot’Il,, A’Il,, B®S;, and i
C?3, states, respectively, which were compared with the
experimental vertical IPs 10.080, 12.698, 14.477, and 16.190 X e (b) SAC-Cl general-R
eV by the high-resolution He | PES The intensities of the I
A’Il, andC?% states were considerably distributed to the
shake-up states: the monopole intensities were calculated as
0.693 and 0.705 for these states. The relative intensities of
the main peaks are almost the same as those of other theo- (- 2
retical calculations by the CIPSand simplified ADG4).8 I ‘u1\/\3 4 3
Next, we discuss the spectrum of the shake-up states L= |J| RS l. —
comparing with the high-resolution spectrum by the § 12 16 20 24 28 32 36 40
SRPES%® and He Il PES So far, three satellite peaks were I-P. (eV)

experimentally identiﬁeq in the outer-valence region (?szS FIG. 2. Valence ionization spectra of OCS &) SRPES(Ref. 15 and (b)
These peaks were assigned®id, state$® and, especially, SAC-CI generaR method.

(a) SRPES

Intensity
L
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TABLE Ill. lonization potential(l.P.) (in eV), monopole intensity and main configuration of the valence ionized states of OCS.

Experimental I.P. SAC-CI gener&l-
I.P.
SRPES State (eV) Intensity Main configurations|C|>0.3)
HelP X-rayP -
PES PES €2)° (e20)% No.
11.19 K1 11.02 0.857 0.90(3 1)
15.08 Al 15.39 0.669 0.79(2 %) —0.33(37 Y4m27 1)
16.04 B 1575 0.809 0.86(8° %)
10 17.40 0.019 0.79(3 247)+0.40(37 241r)
17.96 &t 1770 0.708 0.81(6° Y
20.5 20.2 1 19.9 237 20.89 0.033 0.54(8 2100) + 0.54(372100)
21 20.99 0.079 0.26(2" 1) +0.67(3m 247)+0.50(37 %4 )
21.7 1 22.07 0.005 0.61(2 4737 1) +0.47(2r 4737~ 1)

+0.43(37 M4m27 1) +0.40(37 4727 Y)
DX 22.35 0.033 0.55(8 *4mw37 1) +0.55(% 4w37 1)
+0.48(% 4737 1)+ 0.48(% 4737 1)
23.0 235 22.8 2 23.0 2x° 23.69 0.174 0.38(@ ') +0.45(8 4737~ 1) +0.45(8 4 w37 1)
—0.32(8 4737 1) —0.31(37 47807 1)
+0.31(37 47807 %)
DX 24.13 0.098 0.33(3 2110) +0.33(37 2110)
25.0 24.1 S 24.85 0.132 0.35(F 1)—0.38(% 4727w 1)—0.38(w 4m27w 1)
+0.31(37 %110) +0.31(37 ?110)
10 25.41 0.009 0.59(2 Y4737 1) +0.55(2r 4737 1)
26.0 3 263 21 25.83 0.061 0.25(2 1) —0.56(3r Y4727 1)
—0.49(3r Y4727 1)~ 0.32(% 1100277 1)
23t 26.24 0.014 0.40(3 *10027 1) +0.40(37 10027 1)
+0.33(27 10037 1)+ 0.33(27 1100377 1)
DX 26.60 0.026 0.35(2 *10037 1)+ 0.35(27 110037 1)
27.4 27.1 27.9 4 278 2x° 27.48 0.068 0.34(3 4790 1)+ 0.34(3r Y4790 Y)
1 27.73 0.005 0.65(8257) + 0.45(37 257) — 0.34(37 2100)
3t 27.78 0.012 0.43(3%120) +0.43(37?120)
—0.34(37 %110) — 0.34(37 ?110)
D 28.06 0.004 0.35(2 11037 1) +0.35(27 11037 1)
29.0 D 28.67 0.062 0.33(83 4780 1) +0.33(3r Y4780 Y)
D 29.68 0.014 0.46(83 1027 1)+ 0.46(3r Y1027 1)
+0.33(2r 116377
3t 30.20 0.035 0.30(8216) +0.30(37 216)
31.0 30.0 30.9 5 304 237 30.49 0.041 0.38(2 4790 1) +0.38(2r 47951
+0.37(% ?100)
D 30.89 0.031 0.45(32130) + 0.45(37?130)
—0.37(8 47907 1)
1 31.14 0.005 0.46(8 24m)—0.38(8 4790 1)
—0.38(% 14780 1)—0.32(27 24m)
3t 31.15 0.104 0.30(@ ) —0.45(8s 110090 ")
3t 31.72 0.042 0.49(8 4m2m 1) +0.49(8 4m2m 1)
1 31.89 0.007 0.31(3 26m)—0.31(3r 5727 1)
3t 32.13 0.007 0.53(8 5w37 1)+0.53(% 5w37 1Y)
1 32.41 0.005 0.45(8 11037 1) —0.39(% 112037 1)
—0.32(0 10027 1) —0.32(8 1120377 1)
D 32.71 0.004 0.51(8 5790 1)+ 0.51(3r 5790 1)
+0.40(37 15780 1)+ 0.40(37 5780 1)
32.6 DX 33.11 0.019 0.35(8 2100)—0.33(8 5737 1)
—0.33(8 5737 1) —0.32(8 110090 1)
5t 33.33 0.076 0.26(6)—0.28(70 *4w37 1) —0.28(70 *4m37 1)
5t 33.54 0.006 0.34(8 100807 1)
3t 33.58 0.016 0.39(8 110080 1) +0.31(37 112027 1)
+0.31(3r 20277 1)
D 33.81 0.029 0.28(# 4mw3m 1)
D 33.82 0.012 0.27(2 11637 1)
D 33.93 0.018 0.38(2 1837 1) —0.32(27 1637 1)
D 34.08 0.014 0.30(2 11637 1)
D 34.08 0.009 0.33(8 %140) +0.30(2r 116377 1)
34.2 D 34.27 0.033 0.38(8 ?110)+0.33(8 110090 1)
D 34.40 0.029 0.45(8 '6m3m 1)+ 0.45(% 6m37 1)
D 34.53 0.010 0.37(8 2140) +0.37(37 ?140)
D 34.58 0.018 0.46(8 11090~ 1) —0.32(%2100)
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TABLE Ill. (Continued)

Experimental I.P. SAC-CI gener&l-
I.P.
SRPES State (eV) Intensity Main configurations|C|>0.3)
HelP X-ray® -
PES PES €.2¢)¢ (e,2¢)¢ No.
35.7 35.8 35.8 6 357 =7 35.30 0.141 0.36(6 %)

25+ 35.42 0.018 0.42(22100) + 0.42(27 2100)
D 35.94 0.015 0.50(8 11080 1)
23+ 36.21 0.007 0.41(2 13037 1) +0.41(2r 113037 %)
3 36.41 0.009 0.32(82120)—0.31(8 116907 1)

—0.31(w 110807 Y)

aReference 10.
PReference 1.

‘Reference 12.
YReference 13.
®Reference 15.

present calculation still overestimated the IPs of these corraiating in (Gzrg)*l. The previous SAC-CI SIR calculatior!
lation peaks, especially for pedR). also reproduced the positions of the prominent péékand

Third to fifth correlation peaks were observed at 19.15(10) and, hence, the qualitative picture of the spectrum. As
(3), 20.4(4), and 20.8(5) eV in SRPES. The peak(3) was the shoulder of the pealt0), peak(11) was observed at 24.6
assigned tOZEJ state in the recent two SRPES worl%; eV. For this shoulder, we obtained three shake-up states; one
however, the assignment of the pgdkwas contradictory as 22* state at 24.77 eV and twi& | states at 24.59 and 24.81
1, (Ref. 7 or 2% (Ref. 8. The former assignment was eV
based on the angular distribution and the latter was due to the Above the peak11), 23 and 22+ states were calcu-
angle dependence of the cross section relative to the incidetdated at 25.25 and 25.83 eV, which are the candidates of the
radiation with the help of ADC calculation. In Ref. 8, it was peaks (12) and (13) observed at 25.25 and 26.35 eV,
also proposed that the pe#&k) is composed by more-than- respectively. The intensity of the former state was calculated
one shake-up states since it has unusual vibrational progresmaller than the latter, which accords with the feature of the
sion and the peakb) was not observed. In the present cal- experimental spectrum. Around and above the double ioniza-
culation, twoZEJ states were calculated at 19.20 and 19.74tion threshold determined at 27.3 &\nany shake-up states
eV, which were attributed to the pedB), two 2Hg states were calculated and some of them were characterized as
were obtained at 20.15 and 20.23 eV for the pédk and triple electron processes. The prominent states with relatively
one?s; state at 20.88 eV for the pek). Therefore, for the large intensity aré3 | and?S states calculated at 27.02,
peak(4), we support the assignment of Reyal” and pro- 28.22, and 28.67 eV. They are assigned to the p&ksand
posed that the overlapping states, which were observed &%5), which were observed at 27.4 and 28.7’eMany con-
two components at least by Baltzeral.® were interpreted tinuous shake-up states around this energy region were also
as the2H and 23 states. Note that the contribution of attributed to these peaks. Above this energy, no significant
triples was found to be considerably large for ﬂﬂag states peaks which have considerable intensity were calculated and
of the peak(4). the peaks above 30 eV observed in SRPERy be attrib-

The prominent peak6) was observed at 21.35 eV and uted to the doubly ionized states.
assigned tds | state’ Correspondingly, the generRi-cal-
culation gave’s, states with considerable intensity at 21.23
and 21.27 eV and these states were characterized & OCS

(2my *70,) interacting with (4r,") state. We also found The ground state electronic configuration of OCS is writ-
two 21'[ states in this region. In the energy r\§g|on frgm peakien as
(7) observed at 21.6 eV to pedR) at 23.3 eV, many?3}
and?s.; states were predicted | states were calculated at (€018 (60)(70)%(80)*(2m)*(90)*(3m)*.
22.27, 22.77, and 23.72 eV ar"rd;+ states were also ob- The valence-ionization spectrum up te36 eV, whose en-
tained at 23.33 and 23.60 eV. We attrlbute these states to thexgy region has been measured by the SRPE&Ss exam-
peaks from(7) to (9). It should be noted that the spectrum in ined by the SAC-CI generaR method; 80°S " states and
this energy region was calculated very differently betweerd0 ?I1 states were solved for calculating the spectrum. The
the SDTR and SDTQR methods. This is because the triples photoion-photoion coincidend@®IPICO and double charge
have large weights for some shake-up states and the quaansfer experiments with the CIPSI calculation showed that
druple R-operators become important in such case. several double-ionized states exist in the energy region of
The peak(10) observed at 24.1 eV again has large inten-31.8—40.4 eV From the preliminary calculation, the shape
sity in SRPES. This peak was clearly attributed to tﬁE;r of the theoretical spectrum was found to be less dependent
state calculated at 24.19 eV with large intensity of 0.27 origi-on the inclusion of higher-than-triplR-operators and, there-
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TABLE IV. lonization potential(I.P) (in eV) and monopole intensity for the low-lying valence ionized states of
OCS calculated with the augmented basis sets.

VTZ+2d (present VTZ+ 2d+ diffuse® VTZ+3d"
State I.P. Intensity I.P. Intensity I.P. Intensity
Z3 15.75 0.809 15.85 0.808 15.89 0.808
17.70 0.708 17.87 0.706 17.89 0.703
20.89 0.033 21.04 0.031 20.97 0.030
22.35 0.033 22.44 0.031 22.47 0.030
211 11.02 0.857 11.08 0.859 11.21 0.857
15.39 0.669 15.54 0.662 15.56 0.662
17.40 0.019 17.45 0.020 17.44 0.019
20.99 0.079 21.00 0.082 21.07 0.074

@Diffuse function of[1s1pld] are added on each atom.
POne polarization function witlfy=1.25 is added on S atom.

fore, we exploited the generR-calculations up to triple ond peak at 23.0 eV, foutS ' states calculated at 22.35,
R-operators with the SD-CI reference states. The resultar?23.69, 24.13, and 24.85 eV and oflé state at 22.07 eV are
SAC-CI dimensions were 97 117 and 83 5623Br" and?I1 attributed. Whiteet al® observed detailed spectrum in this
states, respectively, as shown in Table I. In Fig. 2, the theoenergy region using the dipolee,Qe); three peaks at 21.7,
retical spectrum was presented with the latest SRPE®a-  22.8, and 24.1 eV. We assighl state calculated at 22.07 eV
sured at a photon energy of 60 eV. The peaks of the theoreto the peak 21.7 eV, thre€&S* states obtained at 22.35,
ical spectrum were convoluted by Gaussians with FWHM 0f23.69, and 24.13 eV to the peak at 22.8 eV, 4nd state at
0.08"AE (in eV). The calculated IPs, intensities, and the 24.85 eV to the peak at 24.1 eV.
characterization of the ionized states were summarized in The complex and continuous spectrum was observed in
Table 11l in comparison with the IPs determined by the He Ithe energy region of 25—40 éVIn the theoretical works?!?
PES!® x-ray PES! dipole (e,2e),?**and SRPES® many shake-up states associated with the ionizationoof 6

High-resolution He | PE® reported the outermost four and % MOs were predicted, however, it was criticized that
main peaks at 11.185, 15.078, 16.042, and 17.957 eV, fahese calculated states were separately clustered at around 25
X2II, AIT, B2 ", andC23 " states, respectively. T®II  and 36 eV against the experimental observatiihe
andB?3, " states exist very close in energy and the orderingpresent calculation gave continuous band of the satellite
of these states was not reproduced in the previous SAC-Glpectrum as seen in Fig. 2. Since numerous states were cal-
SDR calculation? In the present work, the genef@l- culated, one-to-one assignment of the observed peaks would
method gave the correct ordering of the main peaks: foube difficult; however, we proposed our assignment with the
peaks were calculated at 11.09( 15.392), 15.758), and  shake-up states whose intensity was calculated to be larger
17.70(C) eV, In parallel, we also executed the $Dealcu-  than 0.01. For the peald) observed at 26.3 e¥, two 2I1
lation with the same basis set and found that the inclusion oftates at 25.41 and 25.83 eV and ti%" states at 26.24 and
the higher-ordeR-operators was important for the ordering 26.60 eV are attributed. Next pe##) observed at around
of A andB states. Comparing the SAC-CI coefficients be-27.8 e\*® is assigned to théS " states calculated at 27.48
tween the generdk and SDR methods, weights of doubles and 27.78 eV. For the peak observed by dipae2¢)*? at
for A state by the former method were found to be larger29.0 eV, two?S * states calculated at 28.67 and 29.68 eV are
than those by the latter. The monopole intensities ofAhe candidates. Numerous states were calculated from 30 to 32
and C states were considerably distributed to the satellitesV, which were attributed to the baril) measured around
peaks as found in their intensities, 0.669 and 0.708, respe80.4 eV.
tively, which also shows the contribution of doubles is sig- Dipole (e,2e)*® observed two bands at 32.6 and 34.2 eV,
nificant for these two states. for which the SAC-CI generdR method gave 153" states

The characterization of the inner-valence spectrum ofrom 32.13 to 34.58 eV. This energy region is above the
OCS is still not definitive as pointed out in the SRPESdouble ionization thresholdand, therefore, these states may
study!® Though there are extensive experimentalbe observed as the auto-ionizing states with the continuum
works #1235 gnly two theoretical works, namely SAC-CI background. Finally, for the peak at 35.7 23" state
SD-R method and the 2ph-TDA methotf, have examined with large intensity of 0.141 was calculated at 35.30 eV. In
the inner-valence region. First two correlation peaks werghe previous SAC-CI stufmany shake-up states associated
clearly observed in the SRPES at 19.9 and 23.8%dX.the  with (6¢) ! were calculated at around this energy region.
present results, both tif& * and?Il states were calculated
at 20.89 and 20.99 eV, respectively. They are the candidat
for the first peak and are characterized asr(3100) and . concLusion
(37 247). We also obtained thé&ll state(17.40 eV} with The valence ionization spectra of £8nd OCS were
considerable intensity at the foot of main peakwhich has studied by the SAC-CI gener&-method in both outer- and
never been reported in the experimental work. For the sednner-valence regions. The present calculations finely simu-
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lated the shapes of the experimental spectra and gave tlirg entire valence ionization spectra with the moderate com-
detailed and quantitative assignments of the satellite peaksputational cost.
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