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Abstract

Angle-resolved energetic-ion yield spectra have been measured in the O 1s excitation region of N,O. Franck—Condon analysis based
on ab initio two-dimensional potential energy surfaces of the core-excited Rydberg states reproduces well the observed vibrational exci-
tations specific to the individual Rydberg states. The irregular Rydberg behavior in the Z-symmetry absorption spectrum is attributed the

valence-Rydberg coupling in light of the second moment analysis.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Inner-shell absorption spectroscopy is often performed
today at high-flux and high-resolution synchrotron radia-
tion beam lines in succession to the original electron-
energy-loss spectroscopy (EELS) technique [1]. It gives
important information on the electronic structure and
nuclear dynamics of core-excited species [2]. In the case
of randomly-oriented free molecules, the drawback of tra-
ditional, i.e. angle-integrated, EELS and photoabsorption
spectroscopy is that they are insensitive to the symmetries
of the excited electronic states, which information is often
vital for making unambiguous assignments, in particular
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if several electronic states overlap or even coincide. A
breakthrough for gas phase soft X-ray absorption spectro-
scopy in this respect has been the introduction of angle-
resolved yield measurements of fragment ions of inner-shell
excited linear molecules [3-6]. Within the validity of the
axial-recoil approximation [7,8], which assumes the dissoci-
ation rate to be much faster than the molecular rotational
period, symmetry information can be extracted for linear
molecules from this technique according to following prin-
ciple: for absorption transitions of AA=0 (ie. £ — Z,
IT—TII, etc.), fragment ions are preferentially detected
parallel to the direction of the electric field vector of the lin-
ear polarized light, whereas for absorption transitions of
AA =41 (ie. £ =TI, [T - Z, etc.), fragment ions are
preferentially detected perpendicular to the direction of
the electric field vector. This method is therefore often
referred to ‘symmetry-resolved’ absorption spectroscopy
[6,9].

The N,O molecule studied here has two inequivalent
nitrogen atoms, the terminal N, and the center N, in a
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linear geometry in the neutral ground state, and its elec-
tronic configuration can be denoted as

(16)*(20)*(30)*(40)*(50)(60)’(1n)" (70)* 2m)*('2"),

where 1o, 20 and 3o correspond to the O 1s, N 1s, and N;
Is core orbitals, respectively. The N,O molecule has four
vibrational modes, two stretching modes (v},0,0) and
(0,0,¢}) and a doubly-degenerate bending mode (0, v, 0).
(v,0,0) and (0,0,v}) are similar to symmetric and anti-
symmetric vibrations, respectively, in CO,, and thus are
often called quasi-symmetric and quasi-antisymmetric
stretching vibrations, respectively.

Adachi et al. [10] presented the first angle-resolved ener-
getic-ion yield (ARIY) spectra of N 1s and O 1s excited
N0, and investigated them with the help of ab initio quan-
tum mechanical calculations. They paid special attention to
the O 1s, N, 1s, and N; Is — " excitations and showed
that Renner—Teller coupling via the (0, v5,0) mode is pres-
ent in all three of them, which breaks the degeneracy of
these states by bending the linear molecule. More recently,
Tanaka et al. [11] found that the Renner-Teller effect in
these three IT states is even more pronounced in a hot tar-
get gas compared to N,O molecules at room-temperature.
The work of Adachi et al. [10] further showed that no Ren-
ner-Teller effect is present in any of the 1s — Rydberg
excited states, which suggests that the axial-recoil approxi-
mation is fully valid in these cases, and which allows one to
obtain reliable symmetry information from ARIY mea-
surements in the corresponding spectral regions. Prince
et al. [12] recorded recently near-edge total yield X-ray
absorption fine structure spectra, without symmetry-reso-
lution, but at high energy resolution near both the N 1s
and O 1s edges of N,O: several new Rydberg states con-
verging to the oxygen K-edge including some overlapping
vibrational structures were revealed in their study.

In the present work, we applied symmetry-resolved
X-ray absorption spectroscopy to the O 1s — Rydberg
excitation in the N,O molecule. Utilizing both high energy
resolution and symmetry resolution allow us to observe
state-specific vibrational structures for the individual sym-
metry-resolved electronic states. The vibrational structures
are theoretically examined based on a Franck-Condon
(FC) analysis using ab initio two-dimensional (2D) poten-
tial energy surfaces (PES). For the calculation of the 2D
PES of core-excited states, the symmetry-adapted-cluster
configuration-interaction (SAC-CI) method [13-17] is
adopted within the equivalent core model (ECM). The
ECM has been used previously for the analysis and simula-
tions of the vibrational spectra that appear in the core-hole
states [18-21].

2. Experimental

The experiments were performed at the c-branch of the
photochemistry beam line 27SU [22] at SPring-8, Japan,
which is equipped with a high-resolution varied-line space
soft X-ray monochromator [23]. The radiation source is a

figure-8 undulator which can provide either horizontally
or vertically linear polarized light by setting the undulator
gap appropriately [24]. Two ion detectors, to each of which
a retarding potential of +6 V is applied for detecting ions
with kinetic energies higher than 6 ¢V, are mounted at 0°
and 90° with respect to the electric field vector of the syn-
chrotron light [2,25]. They were used for recording the sym-
metry-resolved near-edge X-ray absorption fine structure
spectra. The acceptance angle for fragment ions in the
detectors is about +9°, and the ratio of the detection effi-
ciencies of the two detectors, needed for calibrating them
identically, was determined by comparing the ARIY
spectra recorded using horizontally and vertically linear
polarized light. A 4zn-sr ion detector is placed 250 mm away
from the other two detectors and has been used to record
the total ion yield (TIY) simultaneously with the ARIYs.
The photon energy bandwidth of the monochromator
was set to 50 meV for the O 1s excitation region. The mon-
itor of the photon flux for the normalization was made by a
drain current after the gas sample. All spectra are normal-
ized to the data acquisition time, the gas pressure and the
photon flux. The photon energy scale was calibrated using
the TIY spectra of Prince et al. [12] as reference. N,O gas
was commercially obtained with a stated purity of
>99.99%.

3. Theoretical

2D PESs of the ground and O 1s core-excited states
were calculated along the direction of the normal coordi-
nates ¢; and ¢; corresponding to the quasi-symmetric
(v}) and quasi-antisymmetric (v;) stretching vibrational
motions, respectively, in the regions of Rnn=1.00-
1.30 A and Rno = 1.05-1.55 A. The ground-state geome-
try is calculated to be Ryn=1.122 and Ryo =1.184 A,
in good agreement with the experimental values [26] of
1.127 and 1.185 A, respectively. To calculate the 2D PES
of the core-excited states, the ECM was adopted. For
the O 1s excited state, the excited states of NNF were cal-
culated by the SAC-CI method. The basis sets were corre-
lation consistent polarized valence triple zeta (cc-pVTZ)
basis sets proposed by Dunning, namely [4s3p2d] [27] plus
Rydberg functions [5s5p5d] [28] placed on the center N
atom for describing n = 3,4,5 (s,p,d). SAC-CI SD-R cal-
culations were performed and the excited states of the neu-
tral radical NNF were calculated by electron attachment
to NNF'. The SAC-CI SD-R method, in which single
(S) and double (D) excitations are adopted for R-opera-
tors, is useful for calculating one-electron processes. We
employed the algorithm calculating o-vectors directly,
which includes all the non-linear terms [29]. All the R-
operators were included without selection in the SAC-CI
calculations, while the perturbation selection procedure
was adopted for the SAC calculations with the energy
threshold of 7, = 107 au to reduce the computational
requirements [30].
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Fig. 1. High resolution oxygen K-edge total ion yield (TIY) and angle-
resolved energetic-ion yield (ARIY) spectra of N,O recorded in the
photon energy range between 533 and 542eV. Upper panel: TIY
spectrum; middle panel: ARIY spectrum of the X-symmetry channel
(A4 =0); lower panel: ARIY spectrum of the Il-symmetry channel
(AA=1). Teeth of the comb represent the vibrational components
experimentally observed and are listed in Table 1.

The calculated PESs were fitted with two dimensional
Morse functions and a vibrational analysis was performed.
For calculating the spectrum, vibrational wave functions
and the FC factors (FCF) were obtained by the grid
method, in which Lanczos algorithm was adopted for the
diagonalization. The SAC-CI calculations were performed
with the development version of the GaussianN 03 suite of
programs [31].

4. Results and discussion

In Fig. 1 we present the TIY (upper panel) and ARIY
(I(0°) middle panel; 1(90°) lower panel) spectra of N,O
recorded in the photon energy region between 533 and
542eV. The O 1s ionization threshold, located at
541.4 eV [12], serves as a reference mark for the assign-
ments of the various spectral features discernable in this
figure. The assignments are summarized in Table 1 together
with the results of Adachi et al. [10] and Prince et al. [12]
for comparison.

The broad features centered around 534.8eV and
536.8 eV photon energies in the TIY spectrum are the O
Is''t* and O 1s7!'3sc resonances [9-12], respectively.
The former one is also present in the 0° measurements
where its maximum is shifted by about 0.1 eV towards
lower photon energy due to the Renner—Teller effect as dis-
cussed in detail by Adachi et al. [9,10].

Table 1

Energies, assignments and quantum defects 6 for the Rydberg states identified in the angle-resolved energetic-ion yield spectra of Fig. 1
Experiment Theory Assignment 0 Prince Adachi
(eV) (eV) [12] [10]
534.66 n* bent A,

534.76 n* linear B, " "
536.71 3sc 3sc 3sc
538.38 538.38 4sc 1.88 4sc

538.52 538.52 4s55(100) 4s5(001)

538.66 538.66, 538.67 4s5(200)/(001) 4s55(100)

538.78 538.78 3pn 0.72 3pn+4so(101) 3pn
538.82 538.79, 538.81 456(300)/(1 01)

538.94 538.91 3pn(100)

538.98 538.92, 538.95, 538.96 4s5(400)/(201)/(002) 3pn(001) +4s5(200)

539.08 539.03, 539.08 3pn(200)/(001)

539.10 539.05, 539.08, 539.10 4s5(500)/(301)/(102) 450(201) + 3pm(002) 4sc
539.24 539.21 3pn(101) 455(202) + 3pn(002)

539.25 539.21, 539.24, 539.25 4s5(401)/(202)/(003) 455(202) + 3pn(002)

539.38 539.34, 539.38 3pn(201)/(002)

539.40 539.34, 539.37, 539.39 4s56(501)/(302)/(103)

539.52 539.46, 539.50, 539.53 4s56(601)/(402)/(004)

539.72 3do 0.15 3do

539.90 3dn —0.01 3dn 3dn
540.10 5sc 1.77 4pn/5sc 4pr
540.16 4pn 0.69

540.26 5s6(100) 5sc(001) 5so
540.32 4pn(100)

540.40 5s6(100)/4doc 556(100)

540.64 Spn 0.77 Spr+ 5s6(200) Spn
540.66 6sc 1.71 Sprt+ 5s5(200)

540.96 Tso 1.44 5s0(300)

540.98 6pn 0.31

Theoretical values are given for the peaks of the 4s¢ and 3pr states whose FCF is larger than 0.015.
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The TIY recording shows a comparatively broad feature
around 539 eV photon energy, with two distinct peaks on
top of it at 538.80 and 539.10 eV. As can be seen from
the middle and lower panel of Fig. 1, the peak at
538.80 eV belongs to a state of II-symmetry and the other
one at 539.10 eV to a state of X-symmetry. Adachi et al.
assigned the state at 538.80 eV to the O 1s~'3pn Rydberg
state [9,10]. In the ARTY (I(90°)) recording, we can see well
resolved vibrational fine structure, with spacings of 0.14—
0.16 eV, of this state. The non-Poisson intensity distribu-
tion suggests two vibrational modes (v;,0,v3) to be active.
The state centered around 539.10 eV photon energy corre-
sponds to a broad band in the ARIY (I(0°)) recording. This
band is associated with the O 1s~'4sc Rydberg state [10],
and it shows also some vibrational fine structure, with
spacings of 0.12-0.16 ¢V, as shown in Fig. 1. Again the
non-Poisson intensity distribution suggests two vibrational
modes (v1,0,v3) to be active.

The sharp spectral features observed above 540 eV pho-
ton energy in the TIY recording decompose into states of
2- and II-symmetry channels, as revealed in the ARIY
(I(0°)) and ARIY (I(90°)) recordings, and can be assigned
to higher members of the nsc and npr Rydberg series,
respectively, according to their apparent quantum defects.
For the 7sc and 6pm states the quantum defects deviate
somewhat from the values of their respective series. This
behaviour does not influence the interpretations but is
rather a result of low accuracy in the energy measurements.

It is of particular interest to notice that vibrational fine
structures are state-specific. The 3sc state exhibits no
vibrational structure indicating the dissociative nature of
the state. A long vibrational progression of the 4sc state
illustrates large geometry relaxation of this state. The
vibrations are less excited in the 5so state, indicating the
small geometry relaxation of this state. The IT-channel,
on the other hand, does not show such distinct vibrational
excitations.

In order to understand this state-specificity of vibra-
tional excitations, we have performed FC analysis based
on ab initio 2D PESs, using the SAC-CI-ECM method
described in Section 3. Fig. 2a and b illustrate the cut of
2D PESs with Ryn = 1.10 A for the core-excited states
belonging to the X-, A- and II-symmetry channels, respec-
tively. The 2D PESs of n/n Rydberg states are nearly par-
allel to the ionized state. The FC analysis of the 3pr state
reproduces well the vibrational structure observed in the O
Is — 3prn excitation spectrum, as shown in Fig. 3b, and
confirms the reliability of the calculated 2D PESs. The
assignments of the individual bars in Fig. 3b are also given
in Table 1, where the scale of the theoretical energies is
shifted so that the energy of the vibrational ground state
(0,0,0) coincides with the experimental one. It is clear
from the calculations that the observed vibrational struc-
ture consists of the progressions (v1,0,0) and (v1,0,1).
The 2D PES of the 3sc state appears to be dissociative
and thus explains the fact that there is no vibrational
structure in the excitation spectrum in Fig. 1. The 2D
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Fig. 2. Adiabatic potential energy curves of the low-lying O Is excited
states in (a) X-, A- and (b) II-symmetry with the cut of Ryn = 1.10 A.

PES of the 4sc state shows large geometry relaxation rel-
ative to the neutral ground state and hence can explain the
observed long vibrational progression. Indeed, the FC
analysis of the 4sc state reasonably reproduces the
observed vibrational structure, as shown in Fig. 3a. In
the calculation in Fig. 3a, only the 4sc band is included.
According to the potential curves in Fig. 2a, the 3pc band
may overlap with the higher energy side of the 4sc band.
The assignments of the individual bars in Fig. 3a are also
given in Table 1. According to the calculations, not only
the (v1,0,0) components but also all the (v,0,v3) compo-
nents are excited. For higher nlc members, the 2D PESs
are nearly parallel to the ionized state, and therefore
explain the observation that the vibrational excitations
are similar to that of 3pn.

The origin of the significant change of the vibrational
structures observed in the X-symmetry channel can be
found in the valence-Rydberg coupling in this channel.
We expect that the 6™ valence state is strongly mixed in
the nso Rydberg states [10] and perturbs the regular Ryd-
berg behavior of the PESs. In order to estimate the effect of
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Fig. 3. Vibrationally resolved spectra of the (a) O 1s”'4sc and (b) O
1s~'3pn state of N»,O in comparison to our numerical results. Teeth of the
comb represent the vibrational components experimentally observed (cf.
Table 1). The theoretical spectra are shown as vertical solid lines (cf. Table
1); only the 4sc spectrum is included in (a). The solid curve corresponds to
the sum of the individual components after convolution with a Voigt
function with a Lorentzian width of 160 meV and a Gaussian width of
50 meV.

the valence mixing, we have calculated the electronic part
of the second moments (r?) = (x?) + ()*) + (z?). The (*)
values represent the distributions of total electrons and
therefore sensitively reflect the character of the excited
states discussed here. The values obtained for the states
of interest are plotted in Fig. 4. The values for nlr represent
the unperturbed Rydberg character and thus can be used as
reference. We notice that the values are very similar for ©*
and 3so, indicating that 3sc is very much valence-like. We
also notice that the value of 4sc varies rapidly as a function
of NO distances and becomes much smaller than those for
unperturbed 3po and 3pr, illustrating that the valence
character enhances at NO distances above ~1.15 A where
the excitation takes place (~1.185 A). 3do is also perturbed
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Fig. 4. Second moments of the low-lying O 1s exocited states in (a) X-, A-
and (b) IT-symmetry with the cut of Ryn = 1.10 A. Curves are shown for
the diabatic states.

but the valence mixing is less significant and localized at
~1.15 A.

5. Summary

We have measured angle-resolved energetic-ion yield
spectra in the region of the O 1s excitation of N,O and
obtained absorption spectra of - and I1-symmetries. The
vibrational excitations are found to be specific to the indi-
vidual Rydberg states in the X-symmetry spectrum. We
have carried out ab initio calculations for two-dimensional
potential energy surfaces of the ground and O 1s core-
excited states. The Franck—Condon analysis based on the
ab initio potential energy surfaces reproduces well
the observed state-specificity of vibrational excitations.
The irregular vibrational excitations along the same nsc
Rydberg series are attributed the valence-Rydberg coupling
in light of the second moment analysis.
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