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Abstract

The inner-valence (20-736eV) photoelectron spectrum of
M> 1% 1nterpreted by comparing with various spectra (such as
absorption, N*-yield, tluorescence-vield, and core-level
chotoelectron spectra) and with theoretical calculations.
The bands al U502, 29.0, IZ.6, 2i.3wsharp and weak), and
GSeViwealk) are attributed to the 2L, (Zog i, ing) .
et (200 flw,, tlwg), FLL A0 IM M R,) . FNL(Z0g Y0,

Vingl . and =g (30 *l7, <17, states. respectively.
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1. Introduction

The photoelectron spectrum (FES) by Myholim et at. L1,
the lower spectrum in Figure 1, clearly shows four bands
around 25eV(L), 29eV(F), 33eV(E), and 38eVi(H), and probably
a weak band around ISeV(i5). The recent measurement by
Erummacher et al. (21, the upper spectrum 1n Figure 1,
confirms the presence ot these bands. H band, the strongest
and broadest band among the five bands, 1s known to consist
of several #Lg* states that borrow their i1ntensities +rom
205~ configuration. In this letter, we assiqgn symmetries

and dominant electronic configurations to the L, F, E, and G

bands.

First, we obtain symmetries and dominant contigurations

from experimnents by comparing the FES with other wpectra,

such as the abcorption spectrum, the N s1e30 spectrum, the
core-level vES, and a valence: level tLH of & ditferent
photun energy. Then, we compare the ubtalined symmetries and

configurations with published theorstical caloculations.

There 1s « close relationship between an ovocerved (that
1s, tipole—allowed) Rydberg state anad the 1nversion svmmetry
of its ion-core state. FRydberg states that are eicited from
the Nz ground state, 'Eg*, by Jdipole transitions shoutd have

“u” symmetry because the dipole ocperator has "u" symmetry.

e v leecar . al
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I¥f a Rvdberg state 1-ns or [I-nd 1s observed, 1ls 1on—core
state [ should have "u" symuetrvy because Rydberg orbital ns
or nd has "g9" symmetry. I+ a Rydberg state 1L-np 1s

observed, its ion-core state | should have "g" symmetry

pecause Rydberq orbital np has "u" symmetry.

Figure » shows how we identify the C-3d, F~-3p, F-4p,
and tE-Tlg Rydberg states in the absorption (ABS) and N*-yield
spectra. ihe spiid bars 1n the middlie of the figqure denote
the Rydberg-electron binding energies that are estimated
trom the Rvidpera states converging to the one-hole (1h)
states. Mote that the tand widths of the C and C-3id states
stz @amllar and that those ot the F and F~Jp states are also
S1mllAar. talred vibrational progressions are i1dentified for
the C-2d <tate, bDetorls of ttas r1dentification will be

publi«hied wloewhere.

the ovbrervation ot the C-id, F~3p (or F-4p), and E-Is

bydberg states 1mplies that the L, F, and E 10nired states ;

" . "

nty o', and

fidve? u" symmetries, respectivelyvy.

L. thoton-energy variation of FES

Ionization 1nto two-hole, one-electron 12h-le) states
or three-hole. two-electron (Ih-2Je) states 1% +orbidden,
because 1t 1navaulves a two~ or three-electron-iump
transition. ‘h-le or Ih-Ze states gain their i1ntensity
thr ouah contiguration-interaction (€1) mixing with 1lh

states. In a confiquration interaction, only the states




(2}

that have the same svmmetrv can mix with each other.
Therefore., the bands thot are clearly observed 1n FES (such
as the C. F, E, and 5 bands) should have either 2Lg* (the
svmmetrv af the 205 ' and Ilog ! states), *2E.,* (the svmmetry
ot the oo ' state), or =, (the symmetry of the 1z, ?

state).

tirgqure  compares FES s of different photon snerqies.
Whern the photon 2nerqy 15 decreased from 1487eV to S0, "eV,
the Jo, * and ix,., * int2nsities increase relative to the
dog b antencaty and afso the F ointensity increases relative
to the ., B, 3, and H intencities. These relative 1ncreases
are depicted by shatded areac 1n the ti1gure. The
asimul taneous 1ncreases of the "o~ *, 17, ', and F
intensities suggest that the + state w1 tes with erther the
T0q "' Or tx, ' state and also that the L., E. and G states do
not mix with these ztates (that is, the C, £, and G states

m1x with either the log ' or Lou ? =s=tate).

In the preceding section, we have concluded that the F
state should have "a" symmetry. Combininag this and the
above conclusion that the F state must mix with ei1ther the
T0e~* Or ix,7* state, we conclude that the F state mixes
with the Jo0,7* and 2o, * states. Since the € and E states
should have "' symmetrv and must mix with eirther the Zog~?!

or Zo. ' states, we conclude that the C and E states mix

with the 2o, * state. In summary, the [ state hag the 2Lg*




symmetr v

the L and E states have the =2,.,* symmetry:; and the

G state has the =L symmetrvy.

4., the =L*ino "*ix, "*17g) shake-up states

The

tler e pie

no ~tlx,, 'Lz, contiquration oirves two 2L* states.

*hot their energires relative to the <E°(np )

ztate tthat 1. the TI*vo Yin, tlxg)-“L*tne ' enerqies)

are approiimately independent o+ the no "' hole. Here, the

no” ' hote may bhe to 'y Uow 's or log t. The tollowing

analver1=

thises

1% batre! on thls assumption,

“Ltvdotix,, Ylx,r 3tates have been 1dentified as

the lowest two ahalbe-up peals 1n the core-level FES (the

middle »rid bottom spectra ot Fiqure ) L2J. The second-

]l owest

zhak--up

state-up peak 1s much stronger than the lowest

peral ., as seen 1in Figure 5, 1ndicating that the

hiraher =U*7ju *lx, *ilx,!) state mines more stronagly with the

“L*vlo %)

Wtien

state,

the to~-* peak of the core-level FES (the middle)

15 wliined with the 3og~* peak of the valence~lievel FES (the

top), the FL*(lo " *1%x, " *1%ga) shake-up peaks nearly align with

the C and E bands, as shown in the figure. This agreement

suggests
shale—~up
section,

have the

that the C and E bands are the 2L.,*(Tog~ *171u"t*1xng)
states from the 3o0g7* hole. In the preceding
we have concluded that the € and E bands should

2L, svmmetry. This conclusion confirms the above




statement. In sumnary, the C and E bands should have the

2. symmetry and the Zog *17%. '17g contiqgquration.

When the lo~* peak of the core—-level Ft4% (the bottom)
is aligned with the Z2o,,”* peak ot the valence-level PES (the
top?), the ZL*{lg~*l1a,"t1l7y) shake—-up peaks nearly atlign with
the F and G bands (see Figure 3j. fhis agreement would
suggest that the F and b bands are the <Lg* (20, *la,, *1ixg)
states aof the 2o0."* hole. However, the core-level FES also
suggests that the G band should be stronager than the F band,
contrary to Figure 3. We atiraibute the H° band, which 19
indicated in Figure 1, to the tingher =2Lg* (2o, "*1%. *17g)
state. This assignment will be dilcscussed elsewhere, in the
prec~ding section, we concluded that the + band should have
the ®Lg* symmetry. Thise concluzion cuntirms the Flg* (Lo

1, " lng) assianment of the b band.
9. bBand wiaths of FES

Eased on their bonding (log and lx,,) and antibonding
(20., and 17%5) characters, we wipect that the rlWHM ¢ ot the
two *L,,"(log 1%, "%1%,) states are similar to each ather and
are larger than the FWH1 s of the <Lg* (lo,, 1%, '1ixg)
states, Schirmer et «al. 141 calculated the tWHE ¢« tour theswe
states and contirmed the above e:pectation: LevoevV and

2.1ZeV tor the 2LL*(Jgq Y12, '17y) states and L. 24eV tor the

lower =2Lg*(20. %1%, *i%yq) state.




The observed FWHM s ((2Z2.2eV) ot the C and & bands are
similar to each other and are larger than the observed FWHM(x
1.46eV) ot the F band. lhese observed band widths support
the C <L, ' (Zga " ta"*1rg)« E =L "(Jog 17, ""17q), and F
‘L' tio tlx,, *lxg assignments. ftie C 2L.,* (J0og " *ix."1%g)
wesignment has been weil established through studies on the

L=—-x transition L9610,

o, fhearetioal calcul ations

Figure 4 cunpares the experimental results (the firct
columr) with published theoretical calculations (the
remalnlng columnis) ., Itie shaded bars depict the band-peak
eneragles trom S, The symmetries and the dominant
cwuntiguraticons 1n the ti1rst column are those determined 1n
the proviouw. 0 1100, the 1% andiw«tes the presence of

Loth 2o, * and LG, 2 mixing, and the -5 1ndicates the

AbSEnCe ut the Hg 2 miing.

Iheor etical caloculations shown are the lowest i

.
astates that have erther 2ilg*, “fl., or “I.* symmetry, L
escluding the X =Lg*{(30q %2, A =, vlx, ) anag & 2E,"(do,, )
states. Solid vars show the rmalculated vertical lomization
potentials, and the numbers above or helow rhe bars give the
pne-hole mi: tng 1ntencities. the =L, <tate mixes with two
one-hole states, the .oy * and Joga * statest th. upper
number denotes the log * mixing intensity. ihe symmetries
and the dominant configurations i1n the last column are
determined from calculations, é
4
1
]
{
I
i
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lhe caomputational methods used were the partitiorming C1
ttosuglr et al. L71), the polarization C1 (Langhott et al.
81, the multiconfigurational Green’'s function (Nichols et
al. L?)), and the equation-of-motion Lreen’ s function
tHerman et al., (19)). Fnosuar s, Langhott s and Nichols’
talculations include the th, h-le, and *h-_Le
contrgurations, but Herman's calculation includes only the
1th 3nd <Jh-tle confiraurations, Lalcuwl atrions that are not
shown 1 Fragure 4, such as those by Schirmer et al. td,111).
and the single-excrtation LI and 2ph—-TDA Green s tunctinn
calculations 1n Ref. t81, also include onlv the th and Zh-le
corntfigurations and give results similar to Herman s
caloculation, 1t has been demunstrated [(7.81 that the
incluzion ot the Sh-Yde configurations s essential to

provide acouracy for the hiagher states above SoeV.

For the . and F bands, the theoretical calculations
almost reproduce the experimental results tor the band
ernergies, the band intensities, the svmmetries, and the
dominant electronic confiqurations, The theoretical
calculations except Nichols ™ calculation agree on the amount
of log~* mixing i1n the F state. The calculated i1ntensity

for the =N, state around 28eV is tono weak to be observed.

For the E band, tosugi s and Lanahoff s calculations
agree with the experimental results for the band eneraies,
the band 1ntensities, the svmmetries. and the dominant

electronic confiquration. Note that the calculated

- .
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intensity tor the =M, state around 3IZeV 1s too weab to

assi1gn to the E band.

Four the O band, the theoretical calculations agree with
the orvperimental results for the band energy, band
tntens1 v, the symmetry, and the near absence of Zon !
M1l the thearelical dominant confiauration Jo, *1x,,”
“1xa¥ i vz roansietent with the experimental evidence that
e Mlay, Yin, 1 niot & dominant confirauration. Based on
trr-s aagrecment | we aszsian the <5 (Jog 1%, Plxg?) state to

the 'S band,

Ine above tompariaons suagest that Fosugr s and
lLanghntt - zaloulations are reliable. These two
calcelations predict a low-intensity <L (Zog *20. *11g) band
aronnd e, fhis band is expected to be sharper than the F
band oudging trom 175 contiquration? and to show the
ohiaton-enerngy varration similar to that of the F band (see
Faa. 10, s Fagure 2 of Reterence [21, we can recognize &

sharp 1trw-aintensity band at

eV, which seems to show the
corpe ted photon-energy variation, Furthermore, a 31.5eV
peal 1n the fluorescence spectrum [12) can be attributed to
“He Td or 4 Ryrbera state converaing *o this ionized state
At U eV, Based on these evidence, we identify the sharp
low-1ntengity band at 23, %eV 1n the FES as the #MN,(Z0g™t*20u"

‘1z, state.

e e
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“igure taption

i

Fig. 1. Comparison of photoelectron spectra taken at two
different incident photon energies. The shaded
areas indicate the }elative increase 1n the bana
1intensities at the 50.3eV photon enerqgy in
comparison with those at the 1487eV photon enerqy.

Fig. = tndentitication of the Rydberg states converging to
the L, +, and £ ionized states.

F1Q. . [he <2E*(no"*la."*17g) shake-up states observed in
the valence-level and core-level FES.

Fig. 4. Lomparison ot the experimental results with

published thearetical calcutations.
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