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Probing doubly excited ionic states of N* via a triple excitation above the N 1s threshold
in the N, molecule
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Angle-resolved resonant Auger-electron spectroscopy has been carried out on the nitrogen molecule at
selected photon energies around 419 eV, whers eote electron and two valence electrons are promoted into
the lowest unoccupied molecular orbitairgl Significant enhancement of a specific band, which cannot be
disentangled in direct photoionization, is observed at a binding energy of 37.6 eV, with a value of the anisot-
ropy parametep much smaller than 2. We assign this new band to the transition to a doubly excited cationic
state of N, in which two of the excited valence electrons remain in the, brbital, proposing a “double
spectator” type decay mechanism. This observation shows how to preferentially probe multiply excited con-
figurations of cations using multiple resonant excitation.
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Doubly excited electron configurations, in which two va- They assigned resonances close to the & idnization
lence electrons from one orbital are promoted to another orthreshold at-410 eV and~415 eV to doubly excited states
bital, are known to be important for proper descriptions ofand the one at~419 eV, which appears only in the
electron correlation in single-hole ionic states as well as in'Il -symmetry spectrum, to a triply excited state with an
the neutral ground state of molecules. On the other handis— 1, core-hole ground configuration and two valence
doubly excited ionic states in three-holes two-particles conelectrons promoted into ther, lowest unoccupied molecu-
figurations, which were theoretically predicted more than 2Qar orbital. The resonance at419 eV is embedded in the
years agd1], have never been experimentally identified: aswell-known broad N $— 30, shape resonand®&-11] lo-
such doubly-excited configurations cannot be disentangledated between- 416 eV and~422 eV and thus has not been
from spectra recorded by means of conventional, nonreswbserved earlier in any ordinary absorption measurement.
nant photoelectron spectroscopy. In this paper, we will show that highly correlated ionic

During the last decades, a large number of spectroscopigtates can be probed efficiently by resonant Auger spectros-
studies, both experimental and theoretical, have focussed @bpy via triple excitation above the core threshold. By using
states near the Nslionization threshold in molecular nitro- 419 eV photons, we excite two valence electrons simulta-
gen. High-resolution absorption measurements made byjeously wih a N 1s core electron into the #, orbital bor-
Chenet al.identified Rydberg states and broad resonances irowing intensity via initial and/or final state correlation thus
N, [2], and shortly afterwards symmetry resolved measurereaching a triply excited neutral intermediate state. This tri-
ments by Shigemaset al. [3] made a more precise identifi- ply excited intermediate state will predominantly decay via
cation of the features in this spectrum. More recently, studiesn Auger process to three-holes two-particles ionic state con-
of electronic decay of resonant states at excitation energigggurations in the broad a;l inner valence band.
around 410 eV above the Nslionization threshold were The experimental spectra were recorded at the undulator
made and a strongly resonating feature observed at 384 eleamline 27SU12,13 at SPring-8, an 8-GeV-synchrotron-
kinetic energy could be assigned to core-hole double excitaradiation facility in Japan. The polarization vectérof the
tions[4,5]. Neebet al. [4] suggested that the observed elec-undulator light may be set to horizontélrst harmonig or
tronic decay corresponds to the atomic Auger decay followvertical (0.5 th harmonig [14]. The electron spectra were
ing ultrafast dissociation, whereas a very recent high-measured using a hemispherical electron-energy analyzer
resolution electron spectroscopy study of the same regiofGammadata Scienta SES-2Q0GRted with a gas cell. The
proposed that these resonant states rather decay to moleculans axis is in the horizontal direction, at right angles to the
levels [6]. Very recently, Shigemasat al. [7] investigated photon beam directiofil5]. In this arrangement, the electron
multiply excited states of Nusing a symmetry-resolved ab- spectra recorded with horizontal and vertical polarization
sorption techniqgue combined withb initio calculations. correspond to the photoemission parallel and vertical t&€the

vector, respectively. Thus the photoelectron asymmetry pa-

rameterB can be extracted from the normalized intensities
*Email address: raimund.feifel@fysik.uu.se I(0°) andl (90°) measured for horizontal and vertical polar-
TEmail address: ueda@tagen.tohoku.ac.jp izations, respectively. The monochromator bandpass was set
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FIG. 1. N, K-shell photoabsorption spectrum recorded with an 0° 419eV
ion yield detector positioned perpendicular to the electric-field vec- v
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sample molecules is estimated tob&0 meV, resulting in a Binding Energy (eV)

total experimental linewidth for the electron spectra of
~140 meV. The absorption measurements were performed FIG. 2. Angle-resolved electron spectra recorded across the N
by measuring the ion yield with a long time-of-flightOF) 1s— 30, shape resonance for five different photon energies indi-
spectrometef16] placed between the monochromator andcated by arrows in Fig. 1. A vibrational progression in the 38 eV
the electron spectrometer. The TOF spectrometer is equippeenge is marked by bars.
with a microsphere-plate detector at the end of a 690-mm-
long drift tube mounted perpendicular to ti§evector, in ~ €rgy resolution[20-22 in a series of earlier papers.
order to efficiently detect fragment ions arising from states ofSchirmeret al. [18] first investigated strong correlation ef-
1, symmetry. The absorption spectrum is energy calibratedects for this band, which lead to a splitting of the-ion-
to the values given in Ref2]. The energy scale of the elec- ization band into various subbands and Krummadteal.
tron spectra is calibrated relative to valence state energies i?0] confirmed experimentally the breakdown of the inde-
Ref.[17]. In order to absolutely calibrate the photon energiespendent particle model for thes * band in N. Neebet al.
used for the Auger experiments, absorption measurementg1] and Kiviméki et al.[22] investigated electron emission
were performed before recording the electron spectra. The the vicinity of the N Jsoc— 30, shape resonance as well
nominal value of the photon energy was controlled duringas at some discrete resonances. In all these previous works,
the measurements by recording te A, and B valence the band in the 34—42 eV binding energy region is identified
bands of N*. N, gas was commercially obtained with a as the direct 2}51 photoionization band, where the photo-
stated purity 0f>99.99%. electron intensity reflects directly thezrgl single-hole pole
In Fig. 1 we present, for the purpose of orientation, thestrength. The so-called polarization configuration interaction
ion yield spectrum measured as described above. In thisalculations(cf. Ref. [1]) predict the presence of several
spectrum the resonance regions discussed above are cleattiyee-holes two-particles states in this binding energy region.
visible. A similar spectrum was measured recently by ShigeThese highly correlated configurations have, however, never
masaet al. [7] in the photon energy region around 419 eV, been experimentally disentangled.
where the 3, shape resonance is located. They found a Looking more closely at Fig. 2, we see fine structures
weak band, which is assigned to a triply excited statéldf  covering the entire binding energy region between 35.5 and
symmetry. We focus on this photon energy region. 39.5 eVin the 0° measuremerite., £ vector parallel to the
Figure 2 contains a series of electron spectra from thexis of the electron lens of the electron spectromefEne
decay of core-excited states with energies close to 419 eVWinding energy of these peaks is constant for all photon en-
The measurements were made at five different photon eneergies. The peaks show-a200 meV separation indicating
gies indicated by arrows in Fig. 1, at angles both parallel andhat these structures arise from vibrational excitations of the
perpendicular to the& vector. The spectral features in the molecular cation. The vibrational intensity distribution,
34-42 eV hinding energy region have been studied theoretiwhich is reminiscent of the intensity distribution of the
cally [1,18,19 and experimentally with somewhat lower en- valence-band spectrum recorded 7ab=60 eV (see Ref.
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[23]), remains nearly constant thl’OUQhOUt theru3shape Triple excitation scheme Observed deexcitation scheme
resonance region. In contrast, the spectra measured with th

£ vector perpendicular to the electron spectrometer lens .. e 30,

(90°), are nearly featureless with very little signal with the —e—e—e— —e—e—— 1ix

exception of the 419 eV excited spectrum. Thus, all of the 99— ——o- ‘1*"9

_states in this particular binding energy region are character oo oo 2:

ized by aB value close to 2, which is the case for photo- oo oo 20,

emission from a pure atomis orbital. The 2ry molecular e > e 1o,

orbital is mainly composed of N<orbitals and, therefore, a - - 1o,

high 8 value is expected. However, at the isolated photon short large

energy of 419 eV a band marked by the dashed line at the internuclear distance 3-h 2-p final state

blhnd”.]g en<e2rgfy ?;.32'6 gVCappears (;n tTetﬁO _;petgtrurr, FIG. 3. The triple_ excitation_sc_hemes as proposed in REf.
showing/s or ',S and. Lorrespon 'n:q y, the \(/)' rational 54 one of the possible deexcitation channels leading to a three-
feature at 37.6 eV is strongly enhanced in the 0° spectrum,gjes two-particles final state of the catitouble spectator” de-
This band has a width of- 300 meV(FWHM). No signifi-  ¢ay).
cant resonant enhancement is observed for any other photo-
electron bands in the entire binding energy region between This question can be answered by taking into account the
15 eV and 35 eV for all photon energies used in the preserffhotoabsorption process as well as possible deexcitation
study. How can such a peculiar behavior of the band at 37.6hannels. Two triply excited configurations &, symme-
eV be understood? try are proposed by Shigemasaal. [7], 1o, ‘30, %17,

For the sake of argument, we first assume that in the phc@nd 1o *1m, 21 (cf. Fig. 3. The triple excitation is for-
ton energy region of interest only ther3 shape resonance is bidden within an independent particle approximatiof].
present. Molecular shape resonances are conventionally déhus the excitation process becomes possible only via
scribed as one-electron phenomena associated either withitial-state correlations, wheredg ?175 and/or 1, *1m;
temporary trapping of the photoelectron by the molecularconfigurations are mixed into the ground-state configuration,
potential[8,9,24,25 or with the promotion of a core electron and/or final-state correlations, where the singly-excited con-
to an unoccupied molecular orbit§P6]. These resonant figuration lcrallwl is mixed into the final-state configura-
structures are quite broad in energypically 5-10 eV due  tions[7]. The decay from the triply excited state is expected
to a short lifetime of such states of the order-010 ® sec.  to be governed by the main configuration. Note that the Au-
It has been shown previously that multielectron excitationgger decay is a two electron transition. Thus, the most favor-
play an important role in the shape resonance region, thuable decay channels should be such that one electron from
putting the general validity of an one-electron descriptionthe outermost orbitals fills the created core hole whilst an-
into question[27-31]. The shape resonance enhances thether electron from one of the outermost orbitals is released
photocurrent but may also influence the angular distributiorinto the continuum leaving the system in a three-holes two-
of the outgoing electrons. In previous studies of Blgho-  particles final-state configuration. Such a decay process
toelectrons from B, a continuous change in the asymmetry would be referred as double spectator within the independent
parameteyd has been found over the entire shape resonangearticle modelcf. Fig. 3. From Table Ill in Ref[1], we can
region for electrons with kinetic energies between 5 and 3@ndeed see that such configurations exist in the binding en-
eV (cf. Ref.[8]). ergy range of interest. Promising candidates for our Auger

However, as was pointed out above, the,2 band nei- final state are 8, *1m,*17g of 2 symmetry calculated
ther resonates nor exhibits successive intensity changes binding energies of 36.26 eV and 37.19 eV, as well as
through the 3r, shape resonance. Rather, both the reIativéoJllwljzlwg of 23} symmetry calculated at 38.08 eV
intensity and theB value remain essentially constant for all and 39.42 eV binding energy. Please note from Fig. 2 that
photon energies used in the present experiment except for tlenall traces of resonant enhancement can be seen as well in
structure at 37.6 eV in the 419 eV spectrum. The deviatinghe photoelectron band around 38.9 eV binding energy sup-
response of the 37.6 eV peak at 419 eV photon energy witporting these possibilites. A further candidate for our Auger
respect to both relative intensity and angular distribution isfinal state is the 4, *30, 2172 configuration of?II, sym-
indicative of the presence of a much narrower intermediatenetry, calculated at binding energies of 35.43 eV and 36.22
state than the 3, shape resonance. Indeed, the presengV. The fact that we could not identify the latter bands in our
dataset shows that the resonance linewidth must be smallefeasurements suggests that the leading configuration of the
than 1.5 eMsee Fig. 2, which corresponds to a long lifetime triply excited state is most likely &, *1, *17:. Other de-
compared to the shape resonance. The sharp resonant gay channels may also be possible, but would involve more
hancement of this photoelectron band agrees with the resghan two electrons, thus they are much less probable. More-
nant 11, state associated with a triply excited configurationover, the fact that we cannot observe a significant enhance-
assigned by Shigemas al. [7]. The key question is why ment of the single-hole main band or the two-hole one-
only the narrow band at 37.6 eV binding energy is markedlyelectron bands strongly suggests that the triply excited state
influenced ath w=419 eV photon energy, and not the entire decays into three-holes two-particles configurations.
20&1 photoelectron band? The decrease i of the subband at binding energy of
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37.6 eV by triple excitation may be explained either by anfor most of the shape resonance region. A strong resonance
enhancement of a parity unfavored compori{&2{ or by an  enhancement of the subband at 37.6 eV binding energy is
enhancement of high components. However, since the observed at the discrete resonance state energy at 419 eV,
triply-excited state is assigned to a singlet state, the possibilowering the value for this subband substantially. We con-
ity of contributions from the parity unfavored component cancjude that at 419 eV photon energy, the new pathway via a
be excludedsee, e.g., Ref.33]), leaving the interpretation triply excited resonant state enhances strongly the population
in terms of highl components as the only reasonable alterf gouply excited cationic states. This observation shows
native. Contributions frondy andf, waves is negligible in oy 1o preferentially probe multiply excited configurations

direct photoionization from @, N 2s-like orbital but can be ¢ cations by means of resonant Auger-electron spectroscopy
significant in decay processes from a triply excited state;, multiple resonant excitation.

since this decay enhances the photoemission from a valence
orbital with N 2p character. Then eithedy or f, waves This experiment was carried out with the approval of the
become allowed, depending on the symmelry,or 2. SPring-8 program advisory committee. The authors would
In conclusion, the inner valence cationic states of the nidike to thank N. Kosugi and E. Shigemasa for fruitful discus-
trogen molecule in the 35—42 eV binding energy range, comsions and staff members at SPring-8 for their help in the
monly assigned to @, band, have been studied by angle- cause of the experiment. The authors are also grateful to the
resolved resonant Auger-electron spectroscopy, performed dapan Society for the Promotion of Science, the Matsuo
selected photon energies in the 3shape resonance region. Foundation, the Swedish Research Cour¢iR), and the
The B parameter of the @, band is found to be close to 2 Foundation for Strategic Resear(®SH for support.
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