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High-resolution photoabsorption spectra of CO and NO below thes @dization threshold are presented.
The vibrational fine structure of the Gs& 7* and O ™! Rydberg excitations could be resolved for both
molecules, allowing a determination of the vibrational energies and intramolecular distances of the core-
excitation states in CO and NO from Franck-Condon analy&ksnitio calculations are performed for the O
1s— «* excitation in CO to give an independent confirmation of the spectroscopic parameters derived from
the Franck-Condon analysis. The spectral features of the @ Rydberg region in CO are reassigned on the
basis of the experimental results. The results obtained for the @3k Rydberg state in NO support the idea
of a weakening of the molecular bond upon an © Y ionization procesd.S1050-29479)06205-4

PACS numbes): 33.20.Rm, 33.20.Tp, 33.15.Dj, 33.15.Ry

I. INTRODUCTION sion spectroscopyand electron electron-energy-loss spec-

M ts of medi luti hot . troscopy(EELS)] excitation was not sufficient until recently
easurements of medium-resolution pnotoemission SpeGy, paiy complete information on the vibrational fine struc-

tra of core-ionized molecules in the 1970s revealed an asymy, o Therefore, a number of earlier measurements below the
metric line shape, indicating the presence of vibrational fin€; 1 jonization threshold were not able to resolve the vibra-
structure[1]. Thesg experlmgnta! findings stlmulatgd a largegional fine structure of CQ13,14 and NO[15,16. Only
number of theoretical investigations on the potential-energyecent experiments were able to obtain partial information
surfaces of C, N, and OsI* core-ionized states of small ahout the vibrational fine structure of Gs1* core-excited
molecules[2-5], and resulted in the conclusion that C and core-ionized states of N{12] and CO[8,17]. These
1s/N 1s (O 1s) core ionization leads to a strengthening recent photoabsorptidi8] and photoemissiofil 7] spectra of
(weakening of the molecular bondi6]. These effects on the CO exhibited an increase of the equilibrium distance and a
molecular bond are also expected for core-to-Rydberg excidecrease of the vibrational energy, i.e., a weakening of the
tations according to their similar valence-electron distribu-bond and, therefore, gave a first support of the theoretical
tion. predictions.

Recent improvements in synchrotron light sources and Here we report on photoabsorption measurements of CO
beamlines have made it possible to resolve the vibrationadnd NO below the O 4 ionization threshold with substan-
fine structure of numerous core-excited molecules using phaially improved resolution AE=65 meV), compared to re-
ton energies up thry=400 eV. Extensive studies have beencent measurements performed at the SX700/1l monochro-
performed using photoabsorption and photoemission speenator at BESSY in Berlin, Germany with a resolution of
troscopy to obtain information about the potential-energyAE=120 meV[8,12]. This improved resolution results in
surfaces of core-excited molecules; see, e.g., 5i2in  completely resolved vibrational fine structures, and allows
SiX, (X=H,D,F,CH;,CI,Br) [7], C 1s"*in CO[8,9] and  Franck-Condon analysis of the spectra, providing informa-
CH, [10,11], and N 1s~ 1 in NO[12], and references therein. tion on the potential-energy surfaces of the core-excited
These measurements confirmed the predicted strengthenisgates. To compare the experimental results derived for the O
of the molecular bond, i.e., an increase of the vibrationalls— #* excitations in both molecules, accurateinitio cal-
energy and a decrease of the equilibrium distance upououlations for CO similar to those published earlier for NO
ionization/excitation for C 4! and N 1s™! core-ionized [19] were performed, and good agreement was obtained. On
states as well as the corresponding Rydberg excitationshe basis of the Franck-Condon analysis a reassignment of
However, at even higher energies, the instrumental resolitthe Rydberg region in CO is given. The vibrational fine
tion achieved with photoriphotoabsorption and photoemis- structure of the lowest Rydberg state in NO reveals a lower

vibrational energy and a larger equilibrium distance com-
pared to the ground state, supporting the general conclusion
*Present address: Department of Physical Sciences, University af Ref.[6] of a weakening of the molecular bond upon © 1
Oulu, Linnanmaa, 90570 Oulu, Finland. core ionization.
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II. EXPERIMENTAL AND DATA ANALYSIS ' ' ' '

The measurements were performed at the 7.0.1 undulator
beamline of the Advanced Light Source in Berkeley, Cali-
fornia, which is equipped with a spherical-grating monochro-
mator. The built-in photoionization cell consisting of two %
parallel plates with an active length of 20 cm for collecting
the charged particles was used. The photoionization cell was
separated from the UHV of the monochromator by a 1000-
A-thick Al (1% Si window; it was filled with 10 to 5Qubar '
of CO or NO. The spectra were measured with the 925
lines/mm grating using &m entrance and exit slits, result-
ing in a spectral resolution AfE=65 meV.

Two calibration points are necessary for an exact calibra-
tion of a spherical-grating monochromator. For the energy 533 534 535 536
range of the grating used, no high-accuracy energy values for
calibration are available. Therefore, the present spectra were
calibrated in a linear way to the value of the @ 13so FIG. 1. O 1s~1#* excitation in CO. The solid line through the
Rydberg state for NO given by Remmegsal. [12]. The data points represents the results of a Franck-Condon analysis.
energy of the largest photoionization yield of the © 17*
excitation in CO obtained in this way agrees within the erroran algorithm that is based on the publications of Halman and
bars with the EELS values of 534@&) eV achieved by So- Laulich [24] and Ref.[25]; it uses the complete Morse po-
dhi and Brion[18]. The absolute error bars in energy aretential to calculate the vibrational substates and leads to
estimated to be- 50 meV on the basis of the described cali- highly improved fit results.
bration; the relative error bars are distinctly smallabout
+10 meV), and are given in the tables.

The spectral features were described with Voigt profiles . CO O 1s EXCITATIONS
in the least-squares fit analyses, i.e., with Lorentzians convo-
luted by a Gaussian, to simulate the spectrometer function. o o
The linewidth of the Gaussian was used as a free parameter The photoionization spectrum of the @ 1'7* excitation
in the fit procedure of all Spectra, y|e|d|ng a Spectra| reso|ujn CO, with Completely resolved vibrational fine structure, is
tion of AE=65+10 meV. shown in Fig. 1. This improved spectrum allowed a Franck-

The potential-energy surfaces of a nondissociative moCondon analysis of this excitation, resulting in an increase of
lecular state can be described with a Morse potential, whickhe equilibrium distance fromn”=1.1283 A in the elec-
is characterized by the equilibrium distancehe vibrational ~ tronic ground state to’=1.291(3) A in the core-excited
energyf o, and the anharmonicity% w. In this paper double State. In addition, a decrease of the vibrational energy from
and single primes denote the valuesrpfiw, andxfiw for ~ f©”=269.025 meV in the ground state fow'=166(1)
the ground and core-excited states, respectively. To obtaiff€V in the core-excited state as well as a slight increase of
information about the values, #w’, andx%w’ of the core- the anharmonicity fromxiw”=1.647 meV to xfiw’
excited states, Franck-Condon analyses were performed. fi1.8(1) meV were derived. We obtain a decrease of the
these analyses the intensity distribution of the vibrationadissociation energy frord,=11.0 eV in the ground state to
substates of the core-excited states are calculated by usif},=3.9 eV in the core-excited state according [,
the overlap of the vibrational wave function of the ground = (% w)?/4x% w. The resulting parameters of the core-excited
and core-excited states. For this purpose, the vibrationatate agree fairly well with calculations of Corraiaal.[26],
wave functions of the ground state are calculated on the basigith #w’'=176.8 meVxiw’'=2.3 meV, and’'=1.280 A .
of r", hw", andxfh w”; these values are taken from the lit- The parameters agree also very well with the values of the
erature[20]. The vibrational wave functions of the core- Z+1 molecule CF, withhw’'=162 meV,xhiw’'=1.4 meV,
excited states are calculated by varying of the fit parameterand r'=1.2718 A [20]. The increase of the equilibrium
r', ho', andxfio'. distance as well as the decrease of the vibrational energy and

Two different algorithms were used to calculate the vibra-the dissociation energy upon excitation can readily be under-
tional wave functions and the intensity distributions of thestood on the basis of an excitation into an antibonditig
vibrational substates of the core-excited state: The Franclorbital. In addition to the above results, the lifetime width of
Condon analyses of the Rydberg states in CO and NO arhe O Is™1#* excitation was determined to be ¥88meV.
performed with the simple and fast algorithm of Hutchisson Ab initio calculations similar to the approach described in
[21,22. However, this considers only the ternRr)? and  Ref.[19] were performed for the spectroscopic parameters
(R—r)2 in the development of the potential-energy surfacefi», andx#w in order to check the reliability of the experi-
V(R), with R being the internuclear distance; it underesti-mental values of the parameters for the & i7* excited
mates the intensity of the higher vibrational substg®83. It  state of CO. For the carbon atom we employed the
turned out that this approximation was not sufficient to de-11s7p/9s7p basis set of Huzinag27], augmented by ong
scribe the O &— 7* excitations, which reveal a large num- set (exponent 28.) four d sets (exponents 20.0, 1.848,
ber of vibrational substates. The latter states were fitted witl0.649, and 0.228and two f sets (exponents 1.419 and
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TABLE I. Calculated and experimental spectroscopic parameters for the ground state, ghé+#* &nd
O 1s™a* core-excited state of CO. Given are the energigshe equilibrium distances, the vibrational
energiesi w, and the anharmonicitiesi w. For the energy of the O 1s™1#* excitation, the absolute error

is given.

CO (XI=™) CO(C 1s™17* 2I) CO (O 1s™*#* 2I)
State calc. expt. calc. expt. calc. expt.
E (eV) 287.61 287.41 533.48 533.5(5)°
r (&) 1.1298 1.1283 1.1555 1.1529 1.2874 1.291B)°
fiw (MmeV) 259.39 269.02 249 258 161 1661)°
xfhw (MeV) 1.386 1.64% 1.6 1.4 15 1.81)°
3Referencd29].
bThis work.
‘Referencd20].
dreferencd 30].

0.485. The basis set used for the oxygen atom was given ils™13p state was transferred to the higher Rydberg states
Ref.[19], and contains the same number of basis functionso describe their line shapes in the fit analysis of the com-
as for the carbon atom. This rather large and strongly decorplete spectrum. The result of this fit analysis is presented by
tracted basis set allows us to describe the relaxation of thiéhe solid line through the data points of Fig. 2. The derived
core orbitals and the correlation energy of both the core andnergy positions of the resonances, together with the quan-
valence orbitals. As in the preceding work of Fink on thetum defectss and the assignment, are given in Table Il. For
core excited states of NQ19], all energies were calculated comparison, the energy positions and quantum defects calcu-
with the multi configuration reference coupled electron pairlated by in Ref[31] are also given. By presupposing ther
approach(MCCEPA) [28] using reference wave functions states to be more intense then thlr states, which is in
from complete active space self-consistent-field calculationagreement with calculations in R¢B81] and by Padiakt al.
with active spaces including therl () and 2= (7*) or-  [32], there remains only one small uncertainty in the assign-
bitals. The core orbital was included additionally in the ac-ment. The assumption of constant quantum defects for the
tive space for the core-excited states. Throughout, excitationRydberg series leads to the assignment<D#so for the
from all occupied orbitals were included in the MCCEPA resonance at 540.980 eV with a quantum defebt
configuration space. =1.05 (6=1.06 for O 1s"!3s0). As a consequence, the
The calculations were performed for the ground state, theesonance at 540.777 eV has to be assigned te G3do.
C 1s !'7* and O I~ !#* excited states of CO at different However, calculations in Ref31] predicted an increase of
geometries between 0.9 andl 2 . The resulting potential- the guantum defect for the series fromé$§=1.07 for O

energy surfaces were used to obtain the excitation endigies1s 13sgo to §=1.18 for O Is '4s¢ state(see also Table
(including the zero-point vibration the equilibrium dis-

tancesr, the vibrational energiesw, and the anharmonici- 3s0 ' 450 5so 6so '
ties X% w. The theoretical and experimental results are sum- T e " apn " Ispr
marized in Table |. The excitation energies agree to within ™ g ' 7 T
0.2 eV, the equilibrium distances deviate by less than 0.005 3dk__adk b %
A, the theoretical calculated vibrational energies are under-2 Cco
estimated by less than 4%, and the calculated values for the>=' O1s
anharmonicity are generalls£0.3 meV too small. The de- -(%
viations are due to the particular choice of the wave func- 2
tions and possibly also to relativistic effects. Altogether, the .2
theoretical results given in the present paper agree bettelg
with the experimental results than earlier calculatip2§], o
and show the same quality as the calculations performed in
Ref. [19] for NO (see below. The good agreement, espe-
cially for the ground state and the Gs1'7* core-excited , , . , ,
state, confirm the calculations and the validity of the fitting 539 540 541 542 543
procedure performed. Photon Energy (eV)
B. Rydberg region FIG. 2. Rydberg region of CO below the O 1s ionization thresh-

) o old. The solid line through the data points represents the results of
The Rydberg region of the Oslcore-excitation spectrum 4 fit analysis. The subspectra below the spectrum represent the re-
of CO is shown in Fig. 2 together with the assignment. Forsyits of a Franck-Condon analysis of the Rydberg states O
the two lowest Rydberg statestat=539 (0 1s !3sc) and 15 !3s¢ and O I~ 3pw. The assignment is given by the vertical
540 eV (O 1s™'3pmr), Franck-Condon analyses has beenbar diagrams above the spectrum. The first bar for each resonance
performed, resulting in different values for the equilibrium represents the”=0—uv'=0 excitation, while the other bars rep-
distance (see below. The equilibrium distance of the O resent higher vibrational substates.
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TABLE II. The energie€ and quantum defeci§ of the Rydberg states in CO below the ® ibnization
threshold, as obtained from the fit analysis. The relative errors for the energies are estimatHdl neeV.
For comparison, the theoretical results of R&fL] are also given. For the values in brackets see text.

PRA 59

This work Ref.[31]

E (eV) ) E (eV) )
3so 538.912 1.06 538.910 1.07
4so (3do) 540.777 1.20.22 540.829541.10) 1.18-0.09
5s0 541.547 1.30
6so 541.961 1.34
3po 540.175 0.61
3pm 539.906 0.73 540.012 0.68
4p 541.279 0.72 541.318 0.67
Spm 541.819 0.67
6pm 542.009 0.95
3do (4s0) 540.980 0.061.05 541.101540.829 —-0.071.18
4do 541.547 0.30 541.727 -0.09
5do 541.961 0.34
3dw 541.049 —-0.02 541.074 —-0.04
4dm 541.694 0.00 541.714 —0.05
5d 541.976 0.10
6dw 542.170 —-0.04
7dw 542.266 —0.01
8dw 542.329 0.02
I 542.543

I1). A similar increase of the quantum defect was calculated=62% s andd character for their respective cagéd]. We
for NO by Kosugiet al.[16], in agreement with the experi- performed a detailed theoretical analysis similar to that given
mental findings of Remmeset al.[12] and the results of the by Kaufmann[34], and found the mixing of then(+ 1)so
present work(see below. On the basis of the arguments andndo Rydberg orbitals is even larger for the G tore-
given supported by our calculatiofsee below, the assign-  excited states in CO, i.e., the contribution of the dominant
ment O I '4so for the resonance at 540.777 eV and Ocharacter is only about 55%. The partial-wave analysis for
1s~'3do for the resonance at 540.980 eV is preferred. Thighe Rydberg state at 540.777 eVs@ resulted in 50%s
does not influence the assignment of the higher Rydbergharacter, 4%p character, and 46% character; and for the
states, since the splitting of thedo and (W+1)so states Rydberg state at 540.980 eV {8) resulted in 46%s char-
cannot be resolved far=3. acter, 1%p character, and 549% character. These results
Furthermore, fon=3 thendo and (W+ 1)so orbitals are  support the assignment given above based on the convention
generally strongly mixed in linear molecules. This has, e.g.of labeling states according to their dominant partial-wave
been observed experimentall§3] and theoreticallf34] for  contribution. These results indicate as well that, in the case
the Rydberg orbitals of the* — Rydberg excited NO. These given, the assignment in terms oo or ndo is only of
states of NO are isovalence-electronic to @ 1 core-  minor significance.
excited CO. A partial-wave analysis of the+{1)so and The assignment presented leads to good agreement with
ndo Rydberg orbitals in valence-excited NO showed onlythe energies and intensities of theoretical results given in

TABLE Ill. The results of the Franck-Condon analyses for the<0*Bso and O 15~ '3p states in CO.
For comparison, the results of Domkeal.[8] and the values for thE+ 1 molecule CH20] are also given.
The vibrational energies of the molecule CF are multiplied with0725 according to the different reduced

masses.
Ground state This work Domket al. CF
r’ ho r’ ho' r’ ho' r’ how'
A) (meV) A) (meV) A) (meV) A) (meV)
1.12832 269.025
3so 1.1692) 2233) 1.1679) 227(8) 1.154 229

3pm 1.1582) 223(3) 1.1599) 2249) 1.151 232
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TABLE IV. Electronic configurations and molecular states of NO in the electronic ground state, in O
1s '=10"" core-excited states, and G1' core-ionized stateG@dapted from Ref[15]). The numbers in
parentheses refer to the numbers of states of this symmmetrandns denote Rydberg orbitals withk and
7 symmetries, respectively.

Electronic configuration

lo 20 30 40 17 50 2w no nw Molecular state
NO 2 2 2 2 4 2 1 X211
NOK* 1 2 2 2 4 2 2 437,257 %A, 3
NOK* 1 2 2 2 4 2 1 1 41, 211, 211
NOK* 1 2 2 2 4 2 1 1 457, 4A, 45T, 257(2), 2A(2), 2212
NOK™ 1 2 2 2 4 2 1 I, I

Ref. [31]. The main difference between experiment andcupancy of ther* orbital in its electronic ground state, NO
theory is an inversion of the orbital order of thd states due is an open-shell molecule. Upon core excitation, the single
to the small ndo-ndw splitting: 3do-3d7 (expt)=69  z* electron can interact with the core hole and the excited
meV and 3lo-3d7 (theor.)=—27 meV. _ electron, leading to new effects as compared to CO. The
However, the assignment obtained in this work differsfing|.state symmetries resulting from the interaction of the
from the results given by Domket al. [8], in which it was  ejectrons in the partially filled orbitals are summarized in
assumed that thep series was the most intense. This is in Tgple V. Note that a pure molecular assignment of the or-
contradiction to the latest theoretical resul®d], and leads bitals is used in Table IV, i.e., the Osl(#*) orbital is

X ) . 1
tlo _tf;i doult)n;ul .lnttﬁns”'gy rat[[?] Qf the. OslL Btp;: art1d S described with &r (2). Certain states can be observed on
jesctedpﬂ- states, theretore, their assignment has 10 be Teq pasis of spin-selection rules: the doublet states for pho-

The results of the Franck-Condon analysis of the Otoabsorption AS=0), and the singlet and triplet states for

1s~!3so and O 1~ !3pw states are summarized in Table phgtoemissiolnzlss=2 i%).' Thus, e.g,, three OHtlc.)f the four O

lll. For comparison, the results of Domleg al. [8] and the 1S 7 —O1s (") excitations and two O ionization

values of theZ+1 molecule CF are also given, showing thresholds are allowed. and.expec.ted to contrlbute. to the

good agreement. From the different intensity distribution forSPectrum. A more detailed discussion of the interaction be-

the vibrational substates of these states, as seen in Fig. 2, W&een the electrons in the partially filled orbitals and its in-

estimate from Franck-Condon analysis that the change of th@uence on the spectral features is given by Wight and Brion

equilibrium distances is larger by approximately 25% for the[15] and Kosugiet al. [16].

O 1s~ 13so state. We conclude that the lowest Rydberg state

is a mixed state, i.e., a Rydberg state with some valence B. Valence region

character. Valence contributions for the lowest Rydberg state

were observed previously in SiF35] and SiH,/SiD, [36].
Although the equilibrium distances in the @1'3s¢ and

O 1s '3pw states clearly differ, differences in the vibra- . . .
tional energy were not observed. This is in contradiction tol N€ assignment of the states is adopted from the calculations

the expectation that a larger change in the equilibrium disPerformed by Kosuget al.[16], Wight and Brion[15], and

tance upon excitation results in a larger change of the vibra-
tional energy. The deviation from the expected results can be ' ' ' ' '
explained with the calculations in R¢B1]; they predicted a
small contribution of the O 4 13po state to the spectrum, ') 182(75*) .
which may influence the energy region between dhe 0 )
and 1 vibrational substates of the @ 13p state. In ac- O 1s(m*)
cordance with its small predicted intensity, the ® 13po
state is not resolved; however, its possible presence in the
spectrum may cause a slightly incorrect value for the vibra- |
tional energy of the O 4 13pr state.

An increase of the equilibrium distance and a decrease of
the vibrational energy is found, in agreement with Domke
et al.[8] and Kempgenst al.[17] for the O 1s™* Rydberg
states in CO. A lifetime width for the Rydberg states of
1358) meV was observed.

Figure 3 shows the O sf#* —Ol1s7*? excitations in
NO, including the three different electronic states due to the
interaction between the core hole and the twb electrons.

by
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IV. NO O 15 EXCITATIONS Photon Energy (V)

A. Open-shell molecules FIG. 3. The O 5 '#* excitation in NO. The solid line through
NO has one additional electron compared to CO, which ishe data points represents the result of a Franck-Condon analysis.
located in the antibonding™* orbital. Due to the single oc- The three subspectra describe the three different electronic states.
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TABLE V. Results of the Franck-Condon analysis of the € 17*? excitations in NO: Given are the
vibrational energieé w, the equilibrium distances the energie&, the normalized intensities with respect to
the 23" statef/f(°= "), and the lifetime widthd" for the electronic ground statg.s) and the core-excited
states?3,~, 2A, and 23 ". For comparison, the results of Remmaetsal. [12], the values for theZ+1
molecule NF, and the theoretical calculation of Firil9] are also given. The vibrational energies for the
states in thez+1 molecule NF are multiplied witk/1.0795 according to the different reduced masses. For
the energieg, the relative errors are given.

This work Remmerst al. NF Fink
fiw (meV): g.s. 235.9
23" 1373) 157(15) 147 139
2A 154(3) 168(15) 152 159
3t 1573) 22920) 154 162
r (A): g.s. 1.151
23" 1.3483) 1.3017) 1.317 1.339
2A 1.3113) 1.2839) 1.308 1.295
23t 1.3063) 1.2678) 1.300 1.290
E (eV): 23~ 531.481) 531.463) 531.30
2A 532.6@1) 532.363) 532.30
3t 533.521) 533.134) 533.38
fIE(2S7): 5 2.92 1.04 3.52
2A 1.95 1.14 2.13
3t 1.00 1.00 1.00
T (meV): 23~ 170(10) =200 174
2A 170(10) =200 175
3t 17010) =350 173

Fink [19]; all authors agree with the sequené® ", 2A, sonable agreement of the results of the present work with the
23, *. Contrary to previous high-resolution photoabsorptionvalues for theZz+ 1 molecule is found, especially for the\
measurementf12,16, the vibrational fine structures of the and 23" states; however, the differences for thB~ state
states are completely resolved and allow a more reliablare larger. This behavior can be understood on the basis that
Franck-Condon analysis. The results of this analysis are reghe energies of the potential-energy surfaces of the states in
resented by the solid line through the data and the threthe core-excited molecule and tEe-1 molecule differ by
subspectra. The results obtained for the equilibrium distancesvo terms: The first term describes the influence of the dif-
r', the vibrational energiekw’, the energieg, the intensity  ferent charges of the nuclei in the core-excited ahd1l
ratios (normalized to the’S, ™ statd, and the lifetime width molecules. This term is equal for all states of the © 4r* 2

I" for the core-excited states are summarized in Table V. Foconfiguration of NO, and leads to a higher equilibrium dis-
comparison, the results of the Franck-Condon analysis petance in the core-excited molecule as compared tozhe
formed by Remmerst al.[12], the values of th&+1 mol- 41 molecule NF. The second term is the exchange integral
ecule NF, and the theoretical results obtained by Fit K,c between the core hole and the" electrons that exist
are also given. It can be seen that for all three states, thenly in NO, but not in thez+1 molecule NFK,. contrib-
vibrational energies decrease frofiw’=235.9 meV to utes with a positive sign to the energy of the potential-energy
fiw’ =150 meV and the equilibrium distances increase fromsurface of the’S, ™ state, leading to a further increase of the
r'=1.151 A tor'=1.32 A . Again, this can be understood equilibrium distance as compared to t@et1 molecule.

by excitation into an antibonding orbital. A more detailed However, in the’?A and 23" statesK,. with a negative sign
consideration of the O &~ #* excitations shows that the leads to a decrease which compensates for the increase
equilibrium distance of théX ~ state is larger by=30 mA,  caused by the first term. These effects on the geometry of
and the vibrational energy smaller by20 meV than for the core-excited molecules as compared to Fel molecule

2A and 23" states. will be discussed in a more general way elsewH&&.

The results obtained from the Franck-Condon analysis The experimental results are also compared with the the-
differ considerably from the values given by Remmetsl.  oretical calculation of Finj19]. The experimental vibra-
[12]. This is especially true for the vibrational energy of thetional energies were found to be5 meV smaller and the
25" state. The differences can be explained by the fact thaquilibrium distances to be slightly larger than the calculated
a distinct vibrational fine structure is missing in the spectrunvalues, as Fink expected on the basis of his calculation. By
of Remmerset al, and that they used the algorithm of performing the Franck-Condon analysis, the values of the
Hutchisson[21,22, which is not appropriate to describe anharmonicityxz’ were kept constant to the values calcu-
transitions with a large number of vibrational substates. Reaated by Fink, withxw’(?S " )=1.2 meV,xfiw'(?A)=1.1
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' s ' ' ' ' distribution (normalized to the’> " state of the three sub-
| % 4 5 307':»I g states are similar. The experimental and theoretical lifetime

3s 4s WS P widths agree within the errors. Altogether, excellent agree-
o ™ 3p ' 4p__p 6p7p o mgnt betwegn the experimental results and the recent calcu-
g 3l adsd 11 lations by Fink[19] was found.
S NO .
E O 1s C. Rydberg region
IS The Rydberg region of NO below the Oslonization
2 threshold is shown in Fig. 4. The vertical-bar diagrams above
o the spectrum represent the assignments of the Rydberg states

converging toward the Oslionization thresholds’IT and
‘ ’ 1. This splitting of the thresholds is due to an interaction
s | |||- l between the O 4 core hole and ther* electron. Three Ry-

539 5210 541 5212 5;13 5214 dberg series with quantum defects & 1.10 (hs Rydberg
Photon Energy (eV) series, 6=0.75 (np), and5=0.00 (nd) are identified. The

. o energies and quantum defects obtained from the fit analysis
FIG. 4. The Rydberg region of NO below the & Ionization are summarized in Table VI. Note that, for NO, similar to

threshold. The solid line through the data points represents the re-o b o b d
sult of a fit analysis. The subspectrum below the spectrum describeg (see above a strong mixing betweenn(t1)so an

the result of a Franck-Condon analysis of the © 13ss Rydberg ~ Ndo Rydberg orbitalswith n=3) is expected; however, this
state. The assignments are given by the vertical bar diagrams aboi® Of minor importance for the assignment in NO, since no
the spectrum. The first bar for thes 3esonance represents the  experimental evidence for a splitting of the nd Rydberg
=0—uv'=0 excitation, while the other bars describe higher vibra-states intar, 7r, and§ components is found. The assignment
tional substates. The thifbold) vertical bars below the spectrum given in this work is similar to the results of Remmetsal.
represent the intensities of the weakly overlapping Rydberg state] 2]; however, some previously unobserved resonances were
converging toward thél (*I1) ionization threshold. resolved. The improved spectrum allowed determination of
the 3II-I1 splitting of the O & ionization threshold to
meV, andx% o’ (%% ")=1.2 meV; the good fit result of the A|pzlp(3H)—Ip(1H)=456(l5) meV. This value is more

spectrum with these values indicates that the experimentg)ecise and significantly smaller than previous results of 510
values should be very similar to the theoretical values. Th?lz] and 550 me\[38].

experimental energies are200 meV larger than the calcu- ~ The vertical-bar diagram in Fig. 4 represents the intensity

lated values, and the experimental and theoretical intensitys o weakly overlapping Rydberg states. The ttiold)
_ bars represent the intensity of the states converging toward
TABLE V1. The energiest and quantum defects of the Ryd- ynq 317 (1[7) jonization threshold. For the triplet and singlet
berg states in NO below the CsJonization threshold as obtained core-ionized states, an intensity ratio of 3:1 is expected: this
from the fit analysis. The relative errors for the energies are esti-I holds for th h', her Rvdb tat C i i th'1 th
mated to+10 meV. also holds for the higher Rydberg states. Contrary to this, the

intensity ratio of the two components of the G 13so

31 1y state exhibit an intensity ratio gE15.5:1.
E (eV) P E (eV) P A lifetime width of _F=150(10) meV was obt:_;lined for
the well-resolved and intense Rydberg states. This value was
3so 539.540 1.10 539.930 111 transferred to the overlapping Gs1'3p states, and made it
4so 541.551 1.21 necessary to describe this part of the spectrum with seven
ifferent resonances. This large number pf i
3pm 540 463 0.81 different resonances s large number pfs}ates is due to

the interaction of thenl = Rydberg states with the* elec-

3pm 540.624 0.74 540.981 0.78 tron and the O & core hole, and will be discussed in more
3pm 540.711 0.70 541.095 0.74 detail.
3po 540.933 0.65 541.220 0.68 By considering the B states in a simple way, a symmetry
4pm 542.000 0.76 542.455 0.76 splitting into 3po and 7 as well as the splitting of the
Spm 542.539 0.76 542.994 0.76  jonization threshold leads to four different final states; this is
6pm 542.800 0.76 543.255 0.76  not appropriate to describe the measured spectrum, and dem-
Spm 542.946 0.76 543.501 0.76  onstrates the presence of a more complicated coupling
6pm 543.035 0.77 543.490 0.78  scheme in a convincing way. The coupling scheme given in
3d 541.788 001 542 243 0.00 TaE)Ile Y regultg in nine Qiﬁgrent final states 2for the O
4d 542 447 0.00 542 902 0.00 %s 3pw exc@atlons. The six final states wlﬂi , A! and
54 542 752 0.00 543.207 0.00 3" symmetries are allowed on the basis of selection rules.
' ' ' ' Therefore, the seven observed structures can only be ex-
6d 542918 0.00 543.373 0.00 plained with a symmetry splitting of thep3states intopo
7d 543.018 0.00 543.473 0.00

and p7 components, as well as with a coupling of the73
I 543.295 543.751 electron with the electrons in the* and O Is orbitals. An
exact assignment of thep3region on the basis of the present
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data is not possible. We, therefore, want to give some argurom #«”"=235.9 meV tohiw’'=218(2) meV, and an in-
ments and a preliminary assignment. crease of the equilibrium distances frari=1.151 A to
The observed splitting o100 meV between the differ- r’=1.190(2) A . The values obtained agree with those of the
ent O 1s™13p states is smaller than thd1-11 splitting of Z+1 molecule NF with Aw=195(5) meV andr
the ionization thresholds of 4686) meV. It can, therefore, =1.180(6) A [39]. This experimental result on the O
be concluded that the interaction between the core hole antls™*(3I1)3s state in NO is similar to the results in CO at the
the * electron is stronger than the interaction between the 1s ionization threshold. It is in agreement with the con-
3p electron and the core hole or the* electron. This is  clusion of Muler and Agren[6], and supports the idea of a
considered in the assignment of the @ 13p excitations  weakening of the molecular bond upon @1 core excita-
and, in a first step, the Oslcore hole and ther* electron tions into Rydberg states or core ionization. This effect can
are coupled to the OsL 17* (3M1I) core-ionized states. In a be understood for CO and NO in a simple way using Zhe
second step, the Rydberg electron is coupled with the Or1 approximation, and it will be explained on the basis of
1s~17* (3UI) ionic states, i.e., we consider the influence ofthe C 1s~* and O 1s~* core-ionization process in CO: After
the 3p electrons as a small perturbation. This leads to the G C 1s™ ! ionization, CO can be compared with tiZet+ 1
1s 17* CUD)3po(®ll) and O B '#*(3UI)3p#(’S~, molecule NO. In NO*, the difference of the electronega-
2A, 23 71) final states that are allowed on the basis of thetivity of the atoms is smaller than in CO. However, an O
selection rules for the spin component of the wave functionls™* ionization of CO leads to th2+ 1 molecule CF and
In this way the first(last three observed resonances can bea larger difference of the electronegativity of the atoms. This
assigned as states converging toward e (1II) ioniza-  results in a stronger polarization of the valence shell toward
tion threshold. The peak in the middlé=540.933 ev) the O 1s™*or F atom, and a weakening of the multiple bond

cannot clearly be assigned to belong to one specific ionizastructure. o
tion threshold. For the higher Rydberg states, no vibrational substates

Assuming the interaction of thep@r electron with the O Were found. This is probably due to the_strong overlap of the_
1s~17* (3HT) configuration to be small is in full agreement h!gher Ryd_berg_ states, and may be rel_nforced by the possi-
with calculations by Kosugét al.[16]. These authors calcu- bility that vibrational substatelssfor the higher Rydberg s'gates
lated the spliting between the lowest and highest OA'€ Smaller than for the OsI“(*11)3s Rydberg state. This
1s~17* (3I)3p# and O &~ L#* (MI)3p state to be 220 po§?lgle effect can be .un.derstood by _assuming .the (0]
and 100 meV, respectively. Due to the distinctly smallerlS ~(*11)3s Rydberg e_xlcltauon to be a_rrllxed state; it was
splitting of the O &~ 1a*(}1)3pw states, it can be ex- observ_ed for the O 4 *3s¢g and O I “3pm Rydberg
pected that the three components are not completely rét@tes in CQsee above
solved. The symmetry-resolved photoabsorption spectra of
Kosugiet al.[16] allow thenlo andnl s states to be distin- V. CONCLUSIONS
guished, and show that thep@ contributions to the spec-
trum are more intense than th@@ contributions, in agree-
ment with their calculations.

We suggest the following preliminary sequence for tipe 3
states: The first three states are assigned to
1s~17* (3I1)3pr, the fourth state to O 4 *#* (°I1)3po,
the fifth and sixth state to OsL 1#* (*I1)3pr, and the sev-
enth state to O 4™ *#* (*11)3po. This assignment results in

The significantly improved energy resolution of the
present work allows an experimental observation of the com-
plete vibrational fine structure, and thus Franck-Condon
analyses, resulting in detailed information on the potential-
%nergy surfaces, i.e., on the vibrational energies and equilib-
rium distances of molecules after G tore excitations. The
vibrational fine structure of the Ost- 7* excitations in CO
: - . 3 and NO are completely resolved, allowing Franck-Condon
an_n;tensllty ratio for the O “#* (*I1)3p7 states to the O 5p51yses. The values obtained by these analyses are com-
1s™"a*("l)3p7 states of 5.5:1, which differs distinctly hareq with calculations, and reveal good agreement between
from the expected value of 3:1. The mean energy of @ 3 oxheriment and theory. For this purpose the spectroscopic
states is=200 meV lower than of the 8o states; this split-  parameters for the Ost» 7* excitations in CO are obtained
ting is twice the calculated splitting of thepd/# splitting in from accurateab initio calculations. A new assignment is
CO below the O &~ ionization threshold31]. given for the O 5! Rydberg excitations in CO. The O

For a more reliable assignment of the © 13p region of 1s~1(311)3s Rydberg state in NO is shown to have a lower
the spectrum, further measurements are necessary; .9., Brational energy and a larger equilibrium distance than the
using high-resolution symmetry-resolved photoionizationgjectronic ground state; this supports the idea of a weakening
spectroscopy, which can clearly distinguish between the Qs the molecular bond upon OsI' excitations.
1s™13po and O I 13p states. In principle, this splitting
of the O Is™Inlw excitations into different states is also
present for the higher Rydberg states. However, according to
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