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O 1s single-hole ionization cross sections of CO have been measured$®—2. The O & 'o* shape
resonance moves up in energy with an increase’inopposite to the C 4 1¢* shape resonance observed
previously. Theoretical calculations beyond the fixed-nuclei approximation reproduce these experimental re-
sults. The relationship between thé-dependent characteristic internuclear distance in the residual ion and the
shape resonance energy is discussed.
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[. INTRODUCTION where g and i, are the electronic wave functions of the
photoelectron and the core electron, respectively. The photo-

Shape resonances, often described as a temporal trappietectron wave functionjg in the shape resonance region
of the photoelectron by the molecular potential box, are thevaries significantly when the nuclear distarRevaries, and
most intriguing features in molecular photoionizatiph].  results in the dependence of the resonance energy on the
Recent progress of the soft x-ray monochromators invokedhternuclear distanc®. The R dependence of the resonance
renewal of interest in the shape resonance phenomena émergy is a natural consequence of the intramolecular inter-
core-level photoemission and indeed vibrationally resolvederence, i.e., the interference of the photoelectron waves
core-level photoelectron spectroscopy studies of small molwithin the molecular potential box. It is clear from E(.)
ecules revealed complex nuclear dynamics at the shape redtrat a different vibrational component samples a different
nance(see, for example Ref2]). A typical example can be range of the internuclar distancé® within the Franck-
seen in the carbon monoxide molecule C&4|. Koppe Condon region where the zero-point vibrational motion is
et al. [3] found that the broad CsL *o* shape resonance, confined. As a resulty,! ,(E) for different v’ exhibits a
which appears ahy~305 eV in the photoabsorption spec- shape resonance at different energy. Although the prescrip-
trum, is present also in the Gskingle-hole ionizatiofSHI)  tion described above is rather straightforward, the depen-
cross sections for the individual vibrational components  dence of the shape resonance energy on the final vibrational
but the energy of the shape resonance varies anomalousdyates have never been examined in the core-level photo-
from ~307 eV forv’=0 to ~302 eV forv’=3. emission. Indeed most of the elaborated theories published

Previously, Dehmer and co-workelrs] predicted, for di-  so far use the fixed-nuclei approximati¢see, for example,
atomic molecules, that the energy of the shape resonance [is g]).
dependent on the vibrational states of the residual ion core. |n the present work, we investigate the relationship be-
The reason is as follows. The SHI cross sections for theween the shape resonance in the core-level photoemission
individual vibrational states of the molecular ion can be ex-and the vibrational excitation in the residual ion core. For
pressed, within the independent-particle and Bornthat purpose, we first describe new measurements for the

Oppenheimer approximations, as Ccross sectionsrglsv,(E) of the individual vibrational com-
ponents in the O 4 photoelectron mainline of CO. This
. . 2 measurement confirms an important role of the vibrational
Uiur(E)Nj X, (RIDe(R)Xo(R)AR) , (1)  excitations in the spectral dependence of molecular photo-

ionization and reveals new site-selective properties of the
vibrational effect on ther* shape resonance. To rationalize
where E is the kinetic energy of the photoelectron aXg  this effect, the intramolecular interference is examined be-
andX;,  are the wave functions of the nuclear motion in theyond the fixed-nuclei approximation. Strong dependence of
ground ¢ =0) and ionic (v') states, respectively. The elec- the shape resonance energy on the internuclear distance
tronic transition dipole momerdg is given by found through the present work casts some doubts on the use
of the conventional fixed-nuclei approximation in the de-
scription of the shape resonance phenomena.

DE(R):J' wE(raR)rl/lcorér7R)dra (2)
Il. EXPERIMENT AND RESULTS
The experiment was carried out on the C branch of the
*Email address: ueda@tagen.tohoku.ac.jp soft x-ray photochemistry beam line 27$U8] at SPring-8,
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FIG. 1. Angle-integrated O 4 photoemission spectra of CO 8
recorded at 551.5 eYat the peak of the shape resongnaed 559 O 51
eV (above the shape resonancghe thick lines represent the least ©
x? fits, whereas the thin lines are the individual components. >
?
the 8-GeV synchrotron radiation facility in Japan. The radia- € ]
tion source is a figure-8 undulator, whose emitted radiation isO 0
linearly polarized either in the horizontal plane of the storage " é ) 1'0 S 1'5 '
ring (1st ordef or in the vertical plane perpendicular to it L.
(0.5th ordey [9]. The degree of linear polarization was mea- Kinetic energy (eV)

sured by observing Nes2and 2o photoline and confirmed to ) o ] )

be larger than 0.98 with the present setting of optics. In the FIG: 2. Single-hole ionization cross sectiong, for the vibra-
analysis, we thus assume the complete polarization. Angleional components’=0, 1, and 2, fofa) present measurement and
resolved electron emission measurements were performé:alcu'at'on fori =0 1s, (b) measurement by ’W’eet al.[3] and
only by changing the undulator gap, without rotations of thePresent cal<_:u|at|on fOF:C 1s. .The.cross sections Computed be-
electron analyzer. The electron spectroscopy apparatus co}ﬁ?ndd the fixed-nuclei approximatiofq. (9)] and within the
sists of a hemispherical electron analyzggammadata- v ep.endent flxed_m.mle' approx'mat'{ﬁq'(lm are shown with

. . . the solid and dotted lines, respectively.

Scienta SES-2002a gas cell, and a differentially pumped

chambel{10]. The transmission function of the analyzer WaSihe O 151
measured by observing the Amp2ine at kinetic energies
concerned.

The O Is photoelectron spectra are recorded at photo
energies across the* shape resonance region. Figure 1
shows an example of the spectra, where the spectra are p
sented in the angle-integrated forha 1 (0)+2X1(90) with
[(0) andl(90) being spectra recorded for parallel and per-
pendicular polarizations. The spectra exhibit a vibrational Iil. THEORY AND DISCUSSION

progression with the separation ©f =226 meV[4]. To ex- To understand the site selectivity of tle shape reso-
tract the Intensity of each vibrational component, we carmyyance, we pay our attention to the influence of the vibrational
out the leasty” fit to all the recorded spectra similar to the gy itations accompanying théshell photoionization on the

ones in Fig. 1, describing each vibrational component as g ramolecular interference. For that purpose, Eq.is re-
convolution between a profile distorted by the post-collisionitten by exchanging the order of integration for and
interaction[11], with the lifetime width of ~165 meV[4], g4R.

and the measured Gaussian profile corresponding to the ex-

perimental resolution, with the width of 80 meV. The fit- . . 2

ted functions are also included in Fig. 1. The ©3HI cross Uiu/r(E)’Vj g, (s heord 1)dr| 3
sections thus extracted for the individual vibrational compo-

nentsv’=0, 1, and 2 are plotted in Fig(&. The energy of where

o* shape resonance increases with an increase in
v'. The C Is SHI cross sections,,, for v’=0, 1, and 2
r{'neasured by Kapeet al. are included in Fig. &) for com-
parison. We find that the shape resonance energy exhibits the
r%ppositev’ dependence for the Csland O 1s SHI cross
sections.

022508-2
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lﬁiufr=J X5 (R)¢er(r,R) X, (R)AR (4)

PHYSICAL REVIEW A 68, 022508 (2003

equilibrium internuclear distances for the neutral ground, O
and C Is ionized statesR,=1.128 A, R};,=1.167 A, and
R&=1.079 A, and the vibrational spacingswg

describes the primary photoelectron leaving the residual i0r=269 meV, wc;s=302 meV, and wo;s=226 meV are

core in the vibrational state’ andI’ labels the irreducible

taken from Ref[4]. The cross sections are calculated only

representation of the symmetry group for the continuum stateor the S — 3. transition where ther* shape resonance ap-
consisting of a residual ion core and a photoelectrdn ( pears.B;,s(R) of Eq. (8) is determined within the quasi-

=3 or II). The function;,  is a superposition of the

partial wavese;,- outgoing from and incoming to the core-

ionized atom:

bior=2 Clir(Ev") ier(EN)

+ 2 Clur(Ew" ) ier(Er). (5)
Here the coefficient€;,-(E,v’) can be written as
C§F<E,v'>=;0 SO UEv), (6)
where
Ot )= f X5 (R)BF “Xo(R)dR, (7)

S andB are the scattering and reflection matricasgdesig-
nates multiplicity of the scattering, ardis 0 for C;,; and 1
for C;,r. The elements of the reflection matrix,

Bir(R)=|Bj,r(R)|e'2kR* ¢ier(R] ®)

atomic model[12,13. We take a summation ovex in Eq.
(6) up to umax=7 as it is found that the terms with highgr
do not contribute noticeably to the result of the calculation.

The cross sections;,, s and o, s thus calculated
forv’=0, 1, and 2 are plotted by solid lines in FiggaPand
2(b), respectively. The results of the calculations show that
the spectral behavior of the cross sections strongly depends
on the final vibrational state, illustrating that the intramolecu-
lar interference is significantly influenced by the vibrational
excitation of the residual ion core. The calculations repro-
duce well the observed upward and downward energy shifts,
with an increase im’, of the o* shape resonance above the
O 1s and C s thresholds, respectively.

To rationalize the vibrational effect on the shape reso-
nance energy in more detail, we analyze the linkage between
the intramolecular interference and the nuclear distée
CO. We notice that bothB;,r| and ¢;,r vary only slightly
with R within the zero-point vibrational motion. Neglecting
this minor variation leads to

Off (01 =B R [ X, 2 Mxe,
(11

whereu is the displacement of the nuclear separation from

describe the &-photoelectron waves backscattered by thethe equilibrium distanc®;" of the ionic statd (O 1s or C
neighboring atom and can be obtained by solving the varids). Expandinge'?#" for small displacements, we have

able phase equatidi2,13. Examining the flux of the pho-

toelectrons through the sphere surrounding the core-ionized O D=Fh T BLLY(R) ekt akul), (12)
molecule, the SHI cross section is expressed as
N . where
Tiprr™ T Mi[‘(E,U’), (9)
whereo;" is the atomic cross section and FOv':f X, (RIXo(R)AR (13
MiFZE [1CHr(Ew")2=|Cir(E,v)|?] (10) and the effective displacemeuni(v’) is defined as
(R4 ! i 1
€
N1
describes the intramolecular interference beyond the fixed- ui(v ):Fowf X (U)uXo(u—A;)du, (14)
nuclei approximation. Because the functieh; depends on
v', the SHI cross section for each vibrational channel exhibwith
its a different spectral behavior. To simplify our study on the
vibrational effects, we adopted an independent particle de- Ai=Ry,—R/ (15

scription of the SHI cross sections. Besides, we neglected the

coupling between the photoelectron and vibrations of the rebeing the difference in the equilibrium distance between the
sidual ion core, which could be significant for the low-energyneutral ground and ionic states. Comparison between Egs.
photoelectron scattering. (7) and (8) and (11)—(14) leads toB; ;s (R)=B;;s (R (v"))

To demonstrate the vibrational effect on the shape resowithin the zero-point vibrational motion. Hence we can de-
nance energy, the;,F(E) cross sections of CO are com- scribe the vibrational effect on the SHI cross section by in-
puted using Eq(9) for differentv’ components above the C troducing thev’-dependent fixed nuclear distance:
and O Is thresholds. In the calculations, harmonic-oscillator

wave functions are used for the functioXs, andX,. The Ri(v) =R’ +ui(v"). (16)
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Within this v’-dependent fixed-nuclei approximation, the whereEq, andE,, are kinetic energies of the’ =0 andv’

()'i_: /s Cross section of Eq9) can be rewritten as #0 components of the main photoline. Equati@8) shows
that the energy shife,— E, . is directly related to the change

1+B;,'S an of the effective displacement

1‘Biv’s>ewn AU (") =ui(0)— U (v"). (19

where|F,, |2 is the Franck-Condon factor and the element
of B;,. are determined within the’-dependent fixed-nuclei
approximation. The SHI cross sections thus calculated an
plotted by dotted lines in Figs. &) and 2b) are in good . )
agreement with the ones obtained beyond the fixed-nuclei In the present an_alysus, multielectron e.ﬁeCtS were ne-
approximation(solid lines glected. In the experimental SHI cross sections, characteris-
. . +

According to Eq.(14) for the O Is photoionization, the !C structures appear at 8:3 ev a_”d >.8 E\_/ Q15,1 -0 @Nd
displacementsig(v') from the equilibrium valuR,, are  Fcisyr—o- respectively, illustrating multielectron effects
—0.020, —0.074, and—0.109 A forv’'=0, 1, and 2, re- [14].
spectively. These numbers clearly indicate that thes@Ho-

U;;EZU{F|F0U!|2R%

SThe compressiohugs<0 and elongatiouc1s>0 result
W upward and downward shifts of the* shape resonance,
respectively.

toelectron is trapped by the compressed ion and that the IV. CONCLUDING REMARK
compression increases with an increase in An opposite o
situation is observed for the GsJphotoionization. The com- ~ We have measured the vibrationally resolved © SHI

puted displacementsic;s(v’) are +0.025, +0.068, and cross section of CO in the region of tio¢ shape resonance
+0.111 A forv’=0, 1, and 2, respectively. These valuesand found that the resonance energy moves up from 7 eV for
show that the C 4 photoelectron is trapped by the elongatedv’ =0 to 9 eV forv’=2. This shift is in the direction oppo-
ion and that the elongation increases with an increase in  Site to that observed previously for the GTo* shape
Once we establish the relationship between the vibrationdiesonance in CO. Our theoretical analysis has shown that
excitation of the residual ion core and the characteristic inthese site-selective’ dependencies stem from the compres-
ternuclear distanc®;’ (v'), it is straightforward to under- Sion(or elongation of the characteristic internuclear distance
stand thev’ dependence of the* shape resonance energy. in the O(or C) 1s-ionized molecule that traps the photoelec-
From the quasiatomic viefd3], the energy of the* shape tron. The character|st|c mtgrngclear distarR¢v ') varies
resonance decreases and the energy ofitheesonance in-  Significantly withv’. These findings cast some doubts on the
creases, toward the atomic(6r C) 1s~'2p resonance, with Use of the conventionaly(-independent fixed-nuclei ap-
increasingR. Hence the compressidalongation of R* (v’) ~ Proximation in the description of the shape resonance phe-
results in the upwarddownward energy shift of theo* nomena in the molecular core-level photoionization.
shape resonance. This explains why the © “* shape
resonance energy increases, while thesC-* shape reso- ACKNOWLEDGMENTS
nance energy decreases, with an increase' in
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