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Double and triple excitations near theK-shell ionization threshold of N, revealed
by symmetry-resolved spectroscopy
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High-resolution photoion yield spectra of,dre measured near theshell ionization threshold. Previously
unresolved multiple excitations are distinguished in Hieand II-symmetry-resolved spectra, which were
obtained from the ion yield spectra recorded at 0° and 90° relative to the polarization direction. Thi Ipree
and two'3, doubly excited states are clearly identified. Furthermore, a Wieakmmetry feature just at the
o* -shape resonance positior419 eV is definitely resolved and assigned to the lowHs, triple excitation
with the help of quantum chemical calculations.
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Soft x rays can excite the deep core electron. Moleculawidths of 25 and 15um for the entrance and exit slits, re-
K-shell excitations have been important subjects since thepectively, provide an energy resolution 860 meV over
high-resolution soft-x-ray absorption spectrum of Was the photon energy region of interest. The symmetry-resolved
first measured using synchrotron radiatid, resulting in ~ Spectra were measured with the same method as previously
numerous experimental and theoretical studies of free, corfeported 7,8]. Fragment ions emitted following the photoex-
densed, and chemisorbed molecu[@s3]. The molecular Citation and Auger decay were detected using two identical

K-shell excitation spectra have been interpreted primarily ifon detectors. The ion detectors ona plane Perpendicular to
terms of single electron excitationg) strong bound-state the incident radiation were set at 0° and 90° relative to the

resonances to low-lying vacant valence orbitals in the photo'€ctric \I/_e((:jtor Or_ the light. The_retardir(;g Ivoltr:c\ge o2V
energy region ofE<Ey, (inner-shell ionization threshold was applied to eliminate parent ions and slow fragment ions,
which slightly degrade the degree of symmetry decomposi-

(i) weak bound-state excitations to Rydberg orbitals con-. . o
verging 1oy, and (i) o*-shape resonances in the Ccm_t|on. Thp acceptance angle qf each ion Qetector wae .

. th - . . The calibration for the detection efficiencies of the two ion
tinuum (E>Ey). In addition, however, multiple excitations etectors and the correction for the imperfection in the an-
are significant features of these spectra. It is of fundamentagmar resolution were dealt with using the same procedure as
importance to reveal what types of multielectron excitationsp,q previous work7,8]. The 3- and IT-symmetry-resolved
are accessible through the single photon excitation and Wh%‘bectra correspond to the 0° and 90° ion yields after these
dynamics follows the multielectron excitation in free, con-corrections, respectively.

densed, and chemisorbed molecules. An important aspect of Figure 1 shows our high-resolutidt-shell photoabsorp-
the multiply excited states in adsorbed molecules is the lotion spectrum of N which is very similar to that published
calization of positive charges after the subsequent Augerby Chen and co-workef8]. The 415-eV features are already
type decay, which may lead to particularly efficient ion de-assigned to some double excitations with fiesymmetry
sorption from the solid surfacp4]. The doubly or triply  [5]. The symmetry assignment can be easily obtained from
excited state is more repulsive than the ionized state angngle-resolved photoion-yield spectroscdgyRPIS), where
singly excited state, since the excited electrons in antibond-
ing orbitals can increase dissociative character. However, it o

is generally hard to identify the multiple excitations embed- I—»R dber N
ded in the ionization continuum. In the present work, we L series 2
focus on the observation of previously unknown double and

triple excitations involving the N 4 electron of N and their
experimental and theoretical characterization. Although a
similar experiment has already been perforrfigll poor sta-
tistics and energy resolution have prevented us from observ-
ing the multiply excited states in detail.

The present experiments were carried out at the 750-MeV
electron storage ring of the UVSOR facility in IMS. A newly
constructed bending magnet beamline BL4B, employing a
varied-line spacing plane grating monochromator with an
800 I/mm laminar grating, was usd®]. Asymmetric slit
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' ' ' ' tiple excitations, are clearly seen in the andII-symmetry
spectra. Further statistics are required to identify some fea-
tures abové- and it remains undiscussed here. A very strong
and broad enhancement is found at about 419 eV only in the
3-symmetry spectrum, and is definitely assigned to the
o*-shape resonance. Furthermore, in Bieymmetry spec-
trum, a very weak featurB just aboveE;, and a low-energy
shoulder structuree of the shape resonance are distinctly
observed. On the other hand, thé&symmetry spectrum
shows featurd\ just abovekEy, and clear enhancemehtjust
at the o™ -shape resonance position, in addition to the well-
known double-excitation feature€ and D at ~415 eV
[20,21]. It should be noticed that the415-eV feature in the
photoabsorption spectrum of Fig. 1 is composed of not only
the II-symmetry componentsC and D but also the

FIG. 2. Symmetry-resolved photoion vyield spectra near theX-Symmetry componenE. In the 384-eV electron yield
K-shell ionization threshold of N Solid line and dots represent the spectrum[18], the three broad peaks assigned to the doubly
partial cross section for théX,—X 'Sy (AA=0) and 'II,  excited states show intensity maxima-a#10.5, 414, and
—X 13 (AA=+1) transitions, respectively. 416 eV. The energy positions of th&symmetry featureg,

C, andD are in good agreement with them. In addition, we

the AA=0 (paralle) and AA==+1 (perpendiculartransi- have distinguished two weak and broad features withXhe

tions are clearly distinguishable in the case of the diatomiGymmetry,B andE, which have been predicted theoretically
molecule[5,10—-15. Furthermore, Neelet al. noticed that [18] but not experimentally found before.
the photoabsorption cross section closeEtg (N 1s) con- The excited states using the outer valence molecular or-
tains a significant contribution from double excitatiqas].  bitals (2o, 30y, and 1) into the lowest unoccupiedr,
The double excitation is essential from the viewpoint of elec{7*) orbital consist of one single, three double, and seven
tron correlation in moleculefl7]. Recently, Neelet al. dis-  triple excitations for the'Il, states, and no single, two
tinctly found a double-excitation feature at only 0.6 eV double, and four triple excitations for thkS, states. The
aboveEy, (N 1s)=409.9 eV in addition to the well-known X '=; ground state and the one single, three double, and
double excitations at-415 eV as shown in Fig. 1. They lowest triple excitations for thell,, states are described as
initiated the constant-final-stat€FS spectroscopy applied follows:
to repulsive states not easily accessible in conventional pho- - 5 5 5 5 5
toabsorption; that is, they have measured the partial electro®(X "2g)=(10og)“(1oy)(20¢)*(20)*(307)
yield spectra for the electron kinetic energy of around 384 X (X)2(y)2(x*)O(y*)°
eV to identify the doubly excited state in,Nl18]. However, '
in the CFS spectroscopy the excited states with differen (1 M) =10, .X*)
symmetries cannot be distinguished, the spectral resolution ux wn
depends on the electron energy resolution in addition to th 1 _S *1S(y, y*)_S *\S(y y*
incident photon-energy resolution, and the Auger-like peak isa)(2 M) =1,y x") = A 1o, X™)*X.x),
sometimes disturbed by Fhe photoeleptron peak. o ®(3 1HUX):S(1% VS, V%),

The 384-eV band, which was assigned to the atomiclike
Auger decz_ay after ultrafast fragmentation in a dissociativqb(4 1HUX)S(1ag,x*){s(y,y*)—s(x,x*)},
doubly excited state by Needt al. [16], has been very re-
cent_ly assigned to the molg_cu!ar Auger decay during the vi¢(5 U0 =S(ay,x*)
bration around a long equilibrium bond length of a weakly
bound, doubly excited state by Naves de Britoal. [19]. X(y*)%(30y)? for the shorter distance,
The atomic or molecular decay is dependent on the relative
energy position between the vertical excitation energy and =3(o,,x*)S(y,x*)S(x,y*) for the longer distance,
the dissociation limit as well as on the dissociation speed;
that is, the atomic and molecular Auger decays take place iwherex, y, x*, andy* denote the 4, 1m,,, 17y, and
the case of the excitation energy that is higher and lower thah gy Orbitals, respectively, and th1,, states are degener-
the dissociation limit, respectively. In either case, it is obvi-ate with the'll,, states. Note that
ous that the CFS spectrum of the 384-eV band provides in-
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formation on the doubly excited states. S(a,b)=ablaB—Bal=|(a;)(b))|—|(a) (b))
Figure 2 shows th&- andII-symmetry-resolved spectra _ b))l +1(b

near theK-shell ionization threshold of N(E>405eV), ICUCH G

excluding the &-#* energy region E=401 eV) in the pho- T(a.b)=ab _ =l(a.) (b)) +(a ) (b

toabsorption spectrum shown in Fig. 1. Features labeled (a.b) [af=pal=|(@)(b)I+|@) b))

from A to F near and abov&y, which may arise from mul- =|(a;)(b)|—[(by)(a))l,
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TABLE I. Energy of observed features in the symmetry-resolieshell photoabsorption spectra of N
along with calculated energy and proposed assignments for them. An asterisk denotes relative energy to the
1s electron ionization potential of 409.9 eV.

Photon energyeV), Relative energyeV), Proposed

Peaks expt. theory assignments
A 410.6(0.7f 0.7 logtm, =177 (M11,)
B 410.60.7 0.7 lo, 30y —1mg (*2,)
C 414.04.1) 3.2 logtim, = 1my (11,)
D 415.25.3) 6.3 log'lm, t=1m (M)
E 415.65.7) 7.2 log 20, = 1mg (*2,)

F 419.29.3 9.3 1o, 30y~ 1m,
1o, m,? =173 (M11,)

S(a,c)S(b,c)=—"T(a,c)T(b,c)=—3(a,b)(c)? The present calculations have shown that all the double

and the lowest triple excitations involving therg, 3oy,
where the superscripsandS denote triplet and singlet spin  and 17, electrons are converging to the same dissociation
couplings, respectively, and the normalization has not Yefimit, 2D and 2D (1s hole), and have the minimum potential
been carried out. The two double excitations for #%,  energies below the dissociation limit. The dissociation limit
states are described as follows: is located at 1.8 eV above the vertical ionization threshold
1e+\_ S 12 12 from the ground state; therefore, the lowgkand, doubly
P(1720)=Hou 3o LX)+ ()], excited state®\ and B, which have vertical transition ener-
15 +y_ S *)2 *12 gies of 0.7 eV and minimum potential energieRat1.4 and
P(2 2y) =g 20) )+ (Y], ~1.3, respectively, are not dissociative. On the other hand,
where these configurations are strongly mixed with eacfhe other doubly and triply excited states have much shal-
other. Thus, the three 61-*)(7m— 7*) doubly excited lower potential-energy curves and are dissociative after the
statesd (2 11,), ®(3 11,), and®(4 11,) are assigned to Vertical excitation. The uppermost stakegives the most
A, C, andD, and the two (sg)(ggg/zgu)e(w*)Z doubly efficient repulsive force to the N—N bond.
excited statesb(1 '3 ) and®(2 '3) are assigned t® The existence of the triple excitation is also discussed in
and E. There is no other doubly excited state involving therecent photon-stimulated ion desorptigRSID) of atomic
20y, 30y, and 1m, electrons, and the doubly excited state and molecular ions from diatomic molecules chemisorbed on
involving the 2o electron is very high in energy. Then what metal surface$22]. PSID is a very sensitive tool to identify
is the featureF? The lowest ir,-174 shake-up state with dissociative states, that is, multiply excited states, with small
the threshold around 420 eV might get some intensityphotoabsorption cross sections. Feulereal. [22] reported
through the conjugate shake-up mechanism and be contribthat the N* and N* PSID signals from chemisorbed,N
tive to bandF. However, the intensity oF seems to be too molecules on R@01) rise up at about 20 eV above the
strong to come only from the conjugate process. The lowestesonance, where there is no corresponding feature in the
triply excited state®(5 11,), {1s— 7* }{{(m)%—(7*)?2, total electron yield spectrum which is thought to be equiva-
or {1s— 77*}{(30'9)2—>(7T*)2} is a more probable candi- lent to the photoabsorption spectrum. The rise in the atomic
date. PSID signals is interpreted as the onset of the formation of a
In order to identify the triple excitation theoretically, we three-hole state, on the basis of the previous results for CO/
have carried ouab initio configuration-interactioiCl) cal-  Ru(001) and CO/C11]) in the O Is ionization region ob-
culations, where most single and double substitutions are atained by the same research grd@3]. Considering a pos-
lowed from the full valence reference space involving all thesible core-level energy shift in the chemisorbed system, it is
valence orbitals &, 20, 30y, 17, 17y, and 3r,. We  plausible that the enhancement of the atomic PSID yields is
used the symmetry-adapted, i.e., delocalized orbitals, and olattributed to the triple excitations of the featdrdaving the
tained almost the same results in the potential-energy curved1, symmetry found in the present work, which is about 18
(not shown in the present workeven when starting from the eV away from ther* resonance.
localized core-hole orbitals. This indicates that the present It should be noted that multiple-peak structures@oand
configuration space is reasonably stable for the orbitaD in theIl-symmetry-resolved spectrum are observed in Fig.
choice. In the previous ClI calculatioft8], the triply excited 2. The repulsive state cannot give fine structures such as
states showed a small dependence on the orbital choicejolecular vibrations. As discussed by using the potential-
since the reference space was not fully constructed. The bastmergy curve§l8] and by comparing with the optical data of
functions used and other computational details are the sanmre-equivalent molecule N{®], the vibrational sidebands
as in the previous workl8]. The vertical transition energies of the Rydberg shake-up states converging to the lowest
calculated are summarized in Table I. The feattiris defi-  shake-up ionized state at around 419 eV are the most prob-
nitely assigned to the lowest triply excited state. able candidate for the fine structures. Based on the potential-
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energy curve$18], the lowest shake-up state associated withtrum just at the shape resonance position is attributable to the
the N 1s ionization and simultaneous— 7* excitation has lowest triple excitation, which involves the simultaneous ex-
an equilibrium bond length of~1.3, and the Rydberg Ccitation of two valence electronspg or 1, into the )
shake-up states involving the Ns3-Rydberg and simulta- - orpjtal accompanying the N sbr,—1w transition. The
neousw— 7* excitation can be mixed with the double ex- yresent result supports the interpretation that the rise of
citations involving the N $—=* and simultaneousm  5iomic PSID signals from chemisorbed Molecules is re-

—* excitation to gain their intensities. _ _lated to the onset of a triple excitation with heavily repulsive
In conclusion, high-resolution angle-resolved ion-yield -n5racter.

spectra of N have been measured near shell ionization

threshold. TheX- and II-symmetry spectra have realized  The authors would like to express their special thanks to
complete symmetry decomposition of the excited states othe staff of UVSOR for their support and stable operation of
interest and revealed previously unresolved multiple excitathe storage ring. The present work was partly supported by a
tions in the continuum. Based on the theoretical considerGrant-in-Aid for Scientific ResearctB) from the Japan So-
ation, it can be concluded that the featlirén the Il spec- ciety for the Promotion of Science.

[1] M. Nakamura, M. Sasanuma, S. Sato, M. Watanabe, H. Yaf13] A. Yagishita, E. Shigemasa, and N. Kosugi, Phys. Rev. Lett.
mashita, T. Iguchi, A. Ejiri, S. Nakai, S. Yamaguchi, T. Sa- 72, 3961(1994).

gawa, Y. Nakai, and T. Oshio, Phys. R&v.8 80 (1969. [14] K. Lee, D. Y. Kim, C. I. Ma, and D. M. Hanson, J. Chem.
[2] J. Stdr, NEXAFS Spectroscopyspringer Series in Surface Phys.100, 8550(1994.

Sciences Vol. 28Springer-Verlag, Berlin, 1992 [15] J. Adachi, N. Kosugi, E. Shigemasa, and A. Yagishita, Chem.
[3] A. P. Hitchcock and D. C. Mancini, J. Electron Spectrosc. Phys. Lett.309, 427 (1999.

Relat. Phenom67, 1(1994. [16] M. Neeb, A. Kivimi, B. Kempgens, H. M. Kppe, and A. M.
[4] W. Wurth and D. Menzel, ilApplications of Synchrotron Ra- Bradshaw, Phys. Rev. Lef6, 2250(1996.

diation, edited by W. Eberhardt, Springer Series in Surface[17] s Bodeu} P. Millie. and |‘ Nenner, Phys. Rev.44, 252

Science Vol. 35Springer, Berlin, 1995 (1'990 o ' ' ’ ' T

[5] E. Shigemasa, K. Ueda, Y. Sato, T. Sasaki, and A. Yagishita
Phys. Rev. A45, 2915(1992.
[6] T. Gejo, Y. Takata, T. Hatsui, M. Nagasono, H. Qji, N. Kosugi,

[18] M. Neeb, A. Kivim&i, B. Kempgens, H. M. Kppe, K. Maier,
A. M. Bradshaw, and N. Kosugi, Chem. Phys. L&20, 217

. . 2000.
and E. Shigemasa, Chem. Phyte. be published ( ) . . . .
[7] J. Adachi, N. Kosugi, E. Shigemasa, and A. Yagishita, J_[19] A. Naves de Brito, I. Hjelte, K. Wiesner, R. Feifel, M. 8sler,
Chem. Phys102 7369(1995. S. L. Sorensen, O. Bjaeholm, M. N. Piancastelli, L. Karls-
[8] J. Adachi, N. Kosugi, E. Shigemasa, and A. Yagishita, J. _ SON and S. Svensson, Phys. Re\64) 054702(2003).
Chem. Phys107, 4919(1997. [20] G. R. Wight, C. E. Brion, and M. J. Van der Wiel, J. Electron
[9] C. T. Chen, Y. Ma, and F. Sette, Phys. Revi@ 6737(1989. Spectrosc. Relat. Phenor. 457 (1973.
[10] N. Kosugi, E. Shigemasa, and A. Yagishita, Chem. Phys. Lett[21] A. P. Hitchcock and C. E. Brion, J. Electron Spectrosc. Relat.
190 481(1992. Phenom 19, 231(1980.
[11] N. Kosugi, J. Adachi, E. Shigemasa, and A. Yagishita, J.[22] P. Feulner, R. Romberg, S. P. Frigo, R. Weimar, M. Gsell, A.
Chem. Phys97, 8842(1992. Ogurtsov, and D. Menzel, Surf. Sei51, 41 (2000.
[12] E. Shigemasa, T. Hayaishi, T. Sasaki, and A. Yagishita, Phyg.23] R. Treichler, W. Wurth, E. Riedl, P. Feulner, and D. Menzel,
Rev. A47, 1824(1993. Chem. Phys153 259(1991).

022508-4



