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Electron-energy-loss spectra of € the region of C $ and O Is excitations have been recorded over a
wide range of momentum transféK), (2 a.u-?><K?<70a.u.?). The dipole-forbidden transition to the
(C1s 0'51,0';) 123 state in CQ is detected for the first time, to our knowledge. A detailed analysis, with
careful consideration of minimization of systematic experimental errors, has been used to convert the measured
relative cross sections to absolute, momentum-transfer-dependent, generalized oscillator &@8g{iro-
files for all resolved C & and O Is transitions of CQ. Theoretical results for the GOS, computed within the
first Born approximation, were obtained wid initio configuration interaction wave functions for the G 1
transitions and withab initio generalized multistructural wave functions for the ®tlansitions. These wave
functions include relaxation, correlation, and hole localization effects. Theory predicts large quadrupole con-
tributions to the GOS for O 4 excitations. In addition the computed GOS for ®-21nso andnpo Rydberg
states clearly show oscillations arising from interference between localized core excitations. Overall there is
good agreement between the experimental and theoretical results, indicating that the first Born approximation
holds to a surprisingly large momentum transfer for the core excitations studied.

PACS numbgs): 33.70.Ca, 34.80.Gs, 33.26t, 31.15—p

[. INTRODUCTION fer, andky(k,) are the incidenfoutgoing electron momenta.
Within the Born-Oppenheimer approximation for the target
We have used electron-energy-loss spectros¢&ftS)  wave functions, the vertical approximation for the excitation
andab initio configuration interaction and generalized mul- process, and the first Born approximation for the collision
tistructural calculations to study inner-shell electronic transiprocess, the GOS can be written[8s-5]
tions in CQ. Under small-momentum-transfer conditions
[small scattering angléd), large impact energyH;)] elec- 2E g,
tron scattering is dominated by the same electric dipole tran- fo_n(K,E)= KZan
sitions observed in photoabsorption. As the momentum
transfer increaseslarger 0, lower E;) the probability of , _
higher-order electric multipole transition increases, allowingVhereRe is the equilibrium geometry the transferred mo-
electron-energy-loss spectroscopy to study quadrupole arf@entum.g, the degeneracy of the final stef for %, 2 for
higher-order electric multipole transitions which are notlD: @ndE the transition energy. The integration ov@rin
readily detected by photoabsorption spectrosciy The Eq. (2) result.s frpm averaging over the orientation of the
overall inelastic scattering properties of a molecule can b&nolecular axis with respect t, i.e., the classical average.
described in terms of its generalized oscillator strengttfon iS the electronic scattering amplitude for-( excitation
(GOS, which is an extension of the optical oscillator In the first Born approximatiof2—4].
strength to the regime of finite momentum transfer electron
scattering. The GOS concept was introduced by Bé#ie N
and was discussed in detail by Inok({i]. The so-called 8On(KaRcQ):_J’ WE(ry, o,y Re)| 2 e'K'r‘)
Bethe-Born theonyf3] provides a unified description of in- =1
elastic scattering cross sections in terms of a single XWo(rq,ro,....n,Re)dridr,...dry,
momentum-transfer-dependent GOS, which is valid for any
combination of scattering angle and impact energy, at least 3
under weak interaction conditions where the first Born ap-
proximation holds. According to this theoretical description, Where¥, and¥, are, respectively, the ground- and excited-
EELS cross-sectionsdfo/dE d) are related to GOS state electronic wave functions, angdr,,...,ry are the co-

J leon(K,ReQ)?dQ,  (2)

f(K,E) by ordinates of theN electrons of the molecule. In the limit of
zero transferred momentum, the generalized oscillator
¢ Eko, , d’o strength becomes the optical oscillator strenifth),
(KB)=3 le dE dQ’ @)
lim f(K,E)=f(E)=2/3g,E|e1nd? 4
whereE is the transition energyK is the momentum trans- K—0 '
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where g, is the usual dipole transition moment in the that positions of continuum shape resonances in small mol-
length form[5]. More generally, the GOS can be expressedecules can be correlated in various ways with bond lengths
as a power series iK? where the coefficients involve the [27-30. In this regard, the™ resonances of C{have been

various electric multipole matrix elemer(t3]. a controversial subject. The positions of the features initially
Experimental GOS studies have been reported for specifigttributed too¢, resonances in CO(312 eV in C I and

core excitation transitions of N6,7], CO, [8—10Q], SR;[11- 559 eV in O 1) were anomalous with respect to an empiri-

15], and various chlorofluorocarbof$6]. Theoretical stud- cal correlation of bond length and resonance posif28i.

ies of core excitation GOS have been performed gilN—  This was used as a central point in the critique of Piancastelli

22], C0O, [8,23], C,H, [24], and HO [25]. The present work et al. [31] of the empirical correlation. Latef32] it was

has determined experimental and theoretical generalized osoted that in CQ@ and several other unsaturated linear tri-
cillator strengths of all resolved discrete core level excita-atomic molecules, the short bond length leads to strong in-
tions of CQ up toK?=70a.u: 2 The study of GOS up to teraction ofogo(L) andogo(R) functions(theL andR refer
such largeK? values gives new insight into spectral assign-to left- and right-localizedo g functions, which must be
ments for CQ and the nature of GOS surfaces for core ex-mixed to generate correctly symmetry adapted funcjions
citation. The theoretical GOS profiles were determinedThis interaction causes a large energy separation between the
within the framework of the first Born approximation. In two o, resonances, roughly corresponding to that between
order to take into account of the strong relaxation that occurghe 55* and 4% molecular energy levels. The average po-
when an inner-shell electron is promoted to a valence orbitakition of core excitation to those twe* levels was postu-
independent configuration-interaction target electronic wavested to be the appropriate parameter to use in the empirical
functions were calculated for the ground state and each of thgond-length correlatiofid2]. Results from low-energy elec-
excited states._The matrix eleme_nts bereen _the nonorthog@mn scattering33] and valence photoemissi¢84] indicate

nal wave functions were determined with a biorthogonalizathat the 5% and 40 levels are separated by16 eV in the

tion procedure [21,23. The conventional nonlocalized grqung state. Calculatiori85] suggested there should be a
molecular-orbital picture leads to theoretical results forO 1 g io¢ separation between the Gs(lLlo,—507%) and O

excitation which are in poor agreement with experiment. An 5(10_94)40_:) core excited states. Re-examination of the

Improvement can be thamed by qon5|der|ng the' excite 1s spectrum showed that there are features attributable to
electron in an electronic structure with a hole localized on

o " .
one of the O atom§l7]. This approach leads to excitation O 1s excitation to bothor I(_avels[32]. The Iocatlo*n of the
energies and optical oscillator strengths in better agreemer“‘fe.alk feature at 542 eV attributed to @ Lo, —507) tran-

with the experimental results but still with considerable er-S'ONS iS consistent with the calculatigBs]. However, for

ror. This approach has the additional disadvantage of breallYMMetry reasons, only the G (20— 40y) transition can

ing the molecular symmetry. In order to restore the molecuP€ observed in photoabsorption or dipole-regime inner-shell
lar symmetry while still considering strong core-hole €IECtron energy loss spectroscdf§EELS. In order to have
localization, we use the generalized multistructural wave® more complete understanding of how positions of con-
function, where the excited state is built with different non-tinuium resonances relate to molecular strucf@@32 and
orthogonal structure21,23. This work is part of a broader also to have a better understanding of the core level spectros-

theoretical8,21,23,24 and experimentdl12—15 investiga- COPY of CQ, we have carried out extensive nondipole

tion of inner shell GOS surfaces. ISEELS measurements with the goal of identifying the loca-
The ground state of carbon dioxide is linear and can bdion of the electric dipole forbidden Cs{204—507) tran-
described by the electron configuration sition.

(109)2(10)?(20¢)%(304)A(20,) (40 *(30,)? - EXPERIMENT

4 4 N . . 1ot The measurements were made with a variable-impact-
X (1) (Lmg)*(2my)* (50g)* (4ow)*, "2y energy, variable-angle electron-energy-loss spectrometer op-
erated with an unmonochromated beam. A collision cell was
where (2m,)*, (504)*, and (4r,)* are unoccupied orbitals used to achieve higher target gas pressures and thus to enable
of antibonding character. Thes] and 1o, orbitals are lin-  detection of the weak signals at large momentum transfer.
ear combinations of oxygenslatomic orbitals, while 2y is  The pass energy for the analyzer was 50 eV, and the final
the carbon & atomic orbital. electron energy was 1300 eV. The spectrometer and its op-
Within 20 eV above the core ionization threshold, shapeerating procedures have been described in detail elsewhere
resonances are characteristically found in the photoabsorpi5].
tion spectra of small molecules. This type of resonance is a Two different acquisition methods, called energy scan and
one-electron phenomenon, and is due to the temporary trajngle scan modes, were uddd)]. In the energy scan mode,
ping of the outgoing photoelectron by a centrifugal potential“cell,” “noncell,” and “nongas” spectra are recorded at a
barrier, or alternatively, due to a transition into an antibond-small number of scattering angles. In the cell measurements,
ing molecular orbital in the continuufi26]. In this work we  the sample is introduced in the collision cell to a presstye
have used molecular-orbital language to discuss these comich is typically 4—8 times larger than the main chamber
tinuum features while recognizing that there is a strong dypressureP,,.. The cell spectra originate mainly from the
namical aspect to these features. Many groups have notdtdgh density of gas inside the cell. In the noncell measure-

042505-2



EXPERIMENTAL AND THEORETICAL STUDY CF ... PHYSICAL REVIEW A 61 042505

ELELELE BN BLELE BLBLELELES BUELELEL BURLELELEN BLAM files obtained matched the literature resyiB§—38 within
mutual experimental uncertainties.

1600
Ill. DATA ANALYSIS

The energy scales of all spectra were calibrated internally,
using the well known values of the* transitions of CQ
[39]. All intensities are the difference of cell and noncell
spectral signals, representing the contribution from a fixed
volume inside the gas cell, independent of scattering angle.
Spectra acquired at different scattering angles are normalized
to beam current, gas pressure, and acquisition time.

The relative cross sections for each resolved electronic
transition were derived from the spectra acquired in the
energy-scan mode as follows. The underlying ionization con-
tinuum background was first removed by subtracting a
smooth curve determined from a curve fit of a binomial func-
tion (a(E-c)Y) to the continuum structure below the onset of
anglescan @ core excitation. These background-subtracted spectra were
ol b then fit to a combination of Gaussian peak shapes and an
e b b b b e ada error function to represent theslionization threshold. The

290 300 310 320 330 4° spectrum, where the signal intensity is high and thus the
Energy Loss (eV) statistics are very good, was used to establish the number and

, positions of the fit features. The spectra taken at all other

FIG. 1. Comparison of C d energy-loss spectra of GOe-  gnqieq were subsequently fit simultaneously to this fit model,

o 2_ —2 o 2_ —
.Corded. af@) 4° (K°=1.6a.u.”) and(b) 32° (K°=34.2 a'u'z). us- using a constrained multiparameter optimization procedure
ing a final electron energy of 1300 eV. Signals recorded in energt 0
e

scan and angle scan modes are superimposed. The data have b .ext a geometrical correctioB(6) [15] was applied to
normalized to gas pressure, incident beam current, and acquisition 9 PP

time. A background from extrapolation of the pre-edge signal ha§he peak areas of each feature at each scattering angle, de-

been subtracted, but the geometric correction has not been appliertj:l\./ed from the multispectra curve fit. This gives the relative

Note the X5 vertical expansion at 294 eV and the 500-fold scaleCr0SS-section needed to evaluate the relative GOS. The geo-

factor between the 4° and 32° data. The hatched line indicates the Eetrical correction takes into accoutl) the angle depen-
1s IP as determined by x-ray photoelectron spectrosddgy. dence of the overlap of incident beam, target gas and ana-
lyzer viewing cone, caused by the change in the size or shape
ments, the sample is introduced outside of the collision celPf the interaction region with scattering angtae collision
to the same main chamber press@g. as was used in the Path length is appreciably longer at small andl&3]); and
cell measurements. The noncell spectra are acquired to suf?) the gas distribution inside the collision cell, which is
tract the signal coming from scattering by gas outside thépproximated as a Gaussian distribution. Further details are
collision cell. In the nongas measurements, no sample is irgiven in Ref.[15].
troduced. This signal, which originates from scattering by Relative GOS profiles were then evaluated from the
residual gas, the gas cell, and other parts of the apparatus @80ometry-corrected relative cross sections and the experi-
well as detector background, is present in both the cell anénentally determined momentum transfer variables, using the
noncell spectra. It is important to measure nongas spectf@€the-Born kinematic correctiofEq. (1)] [3]. The relative
regularly to check the spectrometer tuning. If the spectromGOS profiles were converted to absolute GOS profiles using
eter is tuned correctly this signal is less than 1% of the celp scaling factor obtained by exponential extrapolation of the
signal. In the angle scan mode, the signal at a number delative GOS toK*=0 followed by normalization of that
carefully selected energy loss values is measured with @xtrapolated value to the literature optical oscillator strength
dense sampling of the scattering angle in order to derivéOOS for the strong C $(204—2m) (taken as 0.16and
relative scattering cross-section curves for selected state® 1s(loy—2m) (taken as 0.115 The scaling factor for
We acquire multiple energy losses at each angle since thihe 7* OOS was used to derive the absolute GOS from the
energy-loss scanning is much faster than angle scanning. Thelative GOS for all other features. For the ® GOS, nor-
results obtained from the two methods are in excellent agreamalization to the present theoretical results was also consid-
ment(see Figs. 1 and)3 ered since theory predicts a very large quadrupole compo-
To confirm the validity of our data treatment methodology nent at lowK? which leads to a rapid variation of the GOS
and to ensure that the experimental GOS’s were correctlpetweenK?=0 and 2.9 a.u?, which was the minimuniK?
measured without distortion by various possible instrumentalalue measuretsee below for further detajls
artifacts, we used the same procedures to record the well- While the high point density of energy scan spectra gives
known GOS profiles for excitation to the §1',2s) and precise integrated signals for each peak, energy scan spectra
(1s™1,2p) states at 20.6 and 21.2 eV of He. The GOS pro-can only be obtained over a spaié& mesh in a reasonable

1200

800

400

Intensity [counts/(second pA 1x107 torr)]
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time. In order to sample the GOS profiles at mirevalues,  suggests that for inner shell GOS, the FBA may be valid to
we have also carried out measurements in the alternativeuch largeik? values(see below.

angle scan modgl5]. Integrated relative cross sections were

derived from the angle scan data by the following procedure. IV. COMPUTATIONAL DETAILS

For the background subtracted (ecefloncell) data, at each

angle the maximum intensity and the weighted sum of inten- We have calculated the optic@DOS and generalized
sities (typically 3—5 points per peakvere determined for all ~ oscillator strengtiGOS for the excitation from the ground
resolved features. For each spectral feature these two valu¥s®, electronic state to the following inner-shell electronic
were scaled separately to the energy-scan cross sections, @xcited states:

ing the ratio of the energy and angle-scan intensities at 4° as

the scaling factor, and then averaged. The relative GOS val- O(1s). 204—2m,, 204—3S0y, 204—3pm,

ues were obtained by applying the geometric and kinematic

corrections. Finally absolute GOS values were set by nor- 204—3poy,

malization of the relative GOS extrapolatedké=0 to the

literature OOS. This method for obtaining relative cross sec-  O(1s): 1loy—2m,, lo,—2m,, log—3say,

tions from the angle-scan data differs from that described

elsewhere[15] because, for the work on GQvery few loy,—3soy, log—3poy,, loy—3poy,
energy-loss points were measured at each angle, and thus
curve fitting was not practical. log—3pm,, lo,—3pm,, log—4say,

The absolute GOS profiles were fit to the modified Las-
settre serie$41,42 to provide a semiempirical analysis of
the measured GOS profiles in terms of a power series expan-
sion.

lo,—4soy.

The electronic wave functions for the grourﬁdig) and

C 1s excited states were determined with the configuration-
n interaction (CI) method expanded on a
' ©) (12s,6p,1d)/[ 10s,4p,1d] Gaussian basis sE23]. Occupied

and improved virtual orbitals were determined independently
) o for the ground state and each excited state and, as a conse-
wherex=K?/[(21)">+ (2|1 —E[)¥?)?, I is the ionization po-  quence, are not orthogonal. This means that the molecular
tential, andE is the excitation energy of a particular transi- pasis for the Cl calculation was optimized for each molecular

tion [15]. o _ state and includes, for the excited states, the strong relaxation
Experimental uncertainties for the derived GOS valueshat takes place in the formation of an inner-shell excited
were determined from the energy scan data, taking into aGstate. Configuration-interaction calculations were performed
count contributions from the uncertainties in the momentungr each molecular state allowing single and double excita-
2 H i i . - N .
transfer K) and in the peak area. The uncertaintykifiis  tions for the reference configuration to a virtual space com-

determined from the uncertainty in the scattering angleposed of three virtual orbitals for each symmetoy,, g,
+0.25°. This gives an uncertainty K? of 4% at 4°(2% for oy, OF ). ’

O 1s) and 1.5% at 3271.4% for O Is). The uncertainty in For the O ¥ excitations generalized multistructural
the peak area includes uncertainty in the gas pre¢st2&),  (GMS) wave functions[21,23 were used, since they take
and the incident beam currefit1%), along with contribu- jnto account core-hole localization effects without breaking

tions from the statistical precision of the data, all added inhe full molecular symmetry. The GMS wave function is
quadrature. The total uncertainty in the GOS for e#h  defined as

value is then determined by addition in quadrature of the
uncertainty in the peak area and the uncertainty in relative Nstruct Nsar
GOS arising from the uncertainty 2. Vons= >, >, Cld!, (6)

It should be noted that significant systematic errors could I=1 i=1
be associated with various aspects of the data treatment. A | _ ) _
proper geometrical correction is important since, if the geoWhere®; represents theth spin-adapted functio(SAF) of
metrical correction is not applied, the intensity of the signaltheith bonding structure, and its weight in the expansion
at low scattering angles is substantially overestimated. Thehown in Eq(6) and is calculated variationally. Ead!i is a
kinematic correction relating relative cross section and relaHartree-Fock or Cl wave function. We have considered the
tive GOS is a further possible source of systematic error ifollowing three structurefNg, .= 3 in Eq.(6)] for each ex-
there is undetected bias in the conversion of experimentalited state:
parameters to momentum and momentum transfer. Finally, Structure lis a Hartree-Fock wave function with molecu-
application of Eq.(1) and the whole GOS concept assumeslar orbitals optimized in the presence of a hole localized
that the first Born approximatiofFBA) is valid [3]. From  upon the first oxygen atom.
valence shell GOS measurements this is expected to break Structure 2is a Hartree-Fock wave function with molecu-
down in the range oK? we have studied. However, com- lar orbitals optimized in the presence of a hole localized
parison to the theoretical results computed within the FBAupon the second oxygen atom.

3
X

1+Xx

fn

n=0 1:o

f(K,E)::(;q?ISEfO
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TABLE |. Calculated and observed energie¥) of C 1s spectral features of CO

Energy(eV)

This work Literature  Term value  Widtttype)?®

Expt. (eV) Theory(eV) (eV) (eV) Assignment

290.74 290.89 290.77 6.7 1.20(G) 204— 2

292.7 291.98 292.74 4.8 1.20(G) 204—3s0y

294.7 294.8 294.96 2.8 1.30(G) 204—3pm,

295.1 296.0 24 1.30(G) 204—3poy

296.6 296.38 0.9 1.30(G) 204— (4p+other Rydberg)
297.5 1.25(F) P

298.0(sharp 2e

298 (broad 5.83(G) 20-g—>50-§

300 (sharp 2e

303.3 ~30F 3.64(G) 2e

312.3 ~31% 8.72(G) 209H40"J

3G, Gaussian profileE, error function edge shape.

bAll energies were established by calibrating the € (Roy—27})) transition to this well-established value
[39].

‘Referencd43].

dReferencd 65].

®This value may be overestimated, as it is the second Cl root.

Referencd44].

Structure 3is a SD-CI wave functiofSD means single 1s—3po, excitation energy is probably too large because
and doublgwith molecular occupied and virtual orbitals op- this state is the second root of this symmetry in the CI cal-
timized in the presence of asldelocalized hole. culations.

This approach considers relaxation, valence correlation, The intense peak at 290.74 eV is the(Eg
and localization effects, and retains the full molecular 3ym'—>1Hu(Cls,2<r§1,21-rj) transition. The other discrete peaks

metry [21,23. The wave functions for the groun@l) and the C 1s spectrun43] are associated with theszand 3
excited statesCl or GMS), in spite of being a suitable de- pygperg states which converge to the carbsnidnization
scription for the states involved in the transition, have thelimit [ionization potentiallP) of 297.5 eV[44]]. They are
disadvantage of being mutually nonorthogonal. This requires, ,ch weaker features since thé state involves C & ex-

a considerable computational effort for calculating the traniiation to a valence molecular orbitgbrincipal quantum
sition matrix elements. The matrix elements for the scatter, , per n=2), while the higher energy Rydberg states are
ing amplitude between the nonorthogonal wave functiong,ggqciated with excitation to more diffuse Rydberg orbitals
were calculated using a biorthogonalization proced@®. (n=3 and 4. The weak structures indicated*byn Fig. 1

For this purpose, unitary transformations are applie(_j to thﬁjst above the C 4IP and the relatively strong signal at 303
two sets ofN nonorthogonal molecular orbitals, turnifg  ‘o\/ are double-electron excitations—Gs-% 7* excitation

—1 of them orthogonal. and a simultaneous valence electron excitation.
At both large and small momentum transfers the spectrum
V. RESULTS AND DISCUSSION is dominated by the intense* peak at 290.74 eV and by the
broad continuum resonance at 312 eV. However, there is a
A. Spectroscopy dramatic falloff in scattering intensity as the scattering angle

increases—the as-recorded 32° spectrum is about 500-fold
weaker than that at 4°. This is partly due to the rapid de-
Figure 1 presents experimental G §pectra recorded un- crease of the excitation cross section with increasing angle,
der small(#=4°, K?=1.6a.u.?) and large §=32°, K? but it also reflects reduced overlap of the incident electron
=34.2a.u.?) momentum-transfer conditions. The spectrabeam and analyzer acceptance cone. The geometry-corrected
plotted have been normalized to the beam current, gas presross section varies by a factor of 360, while the GOS varies
sure, and acquisition time, and background subtracted, bty a factor of 15 between these two angles.
they have not been subjected to the geometric or kinematic Although the spectra at 4° and 32Fig. 1) seem quite
corrections. Table | summarizes the experimental and theaimilar, the ratio of the intensity of thes2* /40, transitions
retical energies and assignments of the €spectral fea- differs by 30%, and there are significant changes in the 294—
tures. The theoretical and experimental excitation energie305-eV region. Figure 2 presents this latter region in greater
agree within 1 eV and there is an excellent match for the Gletail, in comparison to the optical spectriidb] (Note that
1s(20;1,27-r3) transition. The calculated value for the C the higher resolution optical data has been smoothed to

1. C 1s excitation
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T ) 1 T 1 I
Angle (deg) =200 |- J
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2 g & T
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: < 150
£ 3
& ) I
c
2 optical (smoothed) §
@ — 8100
o Additional b
= -
] Ia'rge angle c i
ot signal 3
Q S, X 58
L;‘ Aangle (deg) 5, 50
o 36-4 &
£ 2
2 26-4 g - A
16-4 - anglescan e
’/\‘.’_/‘\w_\/\,\/_ 0|||l||||I||||I|||||||||I||||I
8-4
TN 530 540 550 560 570 580
295 300 305 Energy Loss (eV)
Energy Loss (eV) FIG. 3. Comparison of the Oslenergy-loss spectra of GO

) , , recorded ata) 4° (K>=3.8a.u.?) and (b) 28° (K?=30.7 a.u.?),
FIG. 2. Detail of the 294-305-eV region. A linear background \isjng 4 final electron energy of 1300 eV. The signals recorded in
has been subtracted from 294 to 306 eV in order to isolate th%nergy scan and angle scan modes are superimposed on the same

features of interest. The upper panel presents the data at 4° and 3416 The data have been normalized to gas pressure, incident cur-
along with the optical spectruff5]. The optical data have been ron and acquisition time. A background from extrapolation of the

smoothed to approximate our lower energy resolution. The loweh e _eqge signal has been subtracted but the geometric correction
panel presents a number of higher scattering angle spectra aftghs not peen applied. The hatched line indicates thes@Plas
subtraction of the 4° spectrum, scaled to match the 295- and 304'eyetermined by x-ray photoelectron spectroscppd].

peak intensities. The broad intensity centered around 298 eV, which

increases with increasing momentum transfer, is that assigned to “%‘?milar to theo,— o, energy difference in the Oslspectrum
P . i g u
C 18(204—507) dipole-forbidden transition. (16 eV) and that derived from other techniqu@2—34. To

match our lower resolution energy-loss daareful exami-  Our knowledge this is the first reported observation of the
nation of Figs. 1 and 2 shows that a sharp peak appears €ipole-forbidden C $— o™ (50y) transition.

298.2, while the intensity of the sharp peak at 300 eV in- o

creases at highe¢. The sharp features at 296.5, 298.2, 300, 2. O 1s excitation

and 303 eV are multielectron excitations superimposed on a Figure 3 shows examples of Gs Energy-loss spectra of
broad continuum resonance. In addition to the changes in the, recorded under small and large momentum-transfer con-
relative intensities of the sharp features, a broad structurgitions. The experimental and theoretical energies and as-
develops between 296 and 300 eV with increasing momersignments for the O 4 spectral features are presented in
tum transfer. The latter feature is absent at small scatteringable 1. The energies and GOS profiles for excitations from
angles, and becomes much stronger at large angles-the 1o and 1o, orbitals to 27, 3say, 3poy,, 3pm,, and
characteristic of a dipole-forbidden excitation. In order t045(7gl orbitals, were calculated within the generalized muilti-
better reveal the shape of this additional nondipole signal, wetructural method. For each final state the energy difference
have subtracted the 4° signal from each of the spectra &etween excitations from theo}, and 1o, orbitals are less
higher scattering angles. The difference spectra, smoothed {Ran 0.3 eV, except for thesd, final state where it is equal
reduce noise, are shown in the lower panel of Fig. 2. Theg 1.2 eV(the reason for this large value is not understood at
mean energy position of the broad signati298 eV and its  present. The calculations have been checked extensively, and
width is ~4-eV full width at half maximum. We assign this are considered reliableAs for the C X region, the theoret-
broad signal to the electric-dipole-forbidden, electric-jca] and experimental Oslenergy values agree within 1 eV
quadrupole-allowed, X 'S 5 —(C 1so, *,505)'S; transi-  except for the 40, final states. The do is the second ClI

tion. The residual sharp signal in the difference spectra isoot with o, symmetry and therefore the excitation energy
believed to be incompletely subtracted double excitation sigmay be less precise.

nal because of variations in théd® dependence. The second  The spectroscopic interpretation of the ® dpectrum of
C 1s—o™* transition, the dipole-allowed Cs{204—0a))  CO, has been described in detail elsewhgt® 45—49. The
transition occurs around 312 el¢ee Fig. 1 Thus the dif- O 1s spectra at large and small momentum transfers are
ference in the energies of the CSGZO'QHE)O';) and C  quite similar, aside from the change in intensity. Between 4°
18(20'ga40';) excitations is~14 eV. This value is very and 28° the as-recorded intensity drops by a factor of 58, the
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TABLE Il. Calculated and observed energiey) of O 1s spectral features of CO

Energy(eV) Term value  Width(type)? Assignment
This work (eV) (eV)
Expt. (eV)  Theory(eV) Literature (eV)°
535.4 535.5 535.4 54 1.81G) 10'g—>27'r:j
535.7 loy—2m)
d 535.7 lo4—3say
536.9 10, 3s0y
538.8 538.0 538.7 2.0 0.1G) log—3poy
“ 538.0 lo,—3poy,
538.8 539.3 r,—3pm,
* 539.6 log—3pm,
538.8 540.3 by—4soy
“ 540.3 lo,—4soy
540.3 0.5 1.63G) higher Rydberg
540.8 1.75(E) IP
541.6 541.9 3.88G) log—50% , lo,—507
553.2 553.0 1.96G) 2e
558.9 558.0 9.68G) logﬂ4(r: , loy—4o}

3G, Gaussian profileE, error function edge shape.

bReferencd 43].

°All spectra were calibrated to the Gs1(1o4— 27, ) transition at 535.4 e\39].

9f the assignment of the 539-eV peak is correnginly 4say) then the position of the S, transition is as
yet unknown. It may be masked by the high-energy side of the strarjgfature.

geometry-corrected cross-section varies by a factor of 25are weak contributions from double excitations around 553
and the GOS ratio is~3, after the kinematic correction. eV followed by the strong &;; shape resonance at 559 eV.
(Note that the relative decline in the Gs kignal with in-  The oy and o, continuum resonances are observed at all
creasing momentum transfer is much less than that observedattering angles since Os(llo,—50y) and O I(1loy

in the C 1s case) At both small and large angle, the 1 _,44%) transitions are electric dipole allowed. It is interest-
spectrum is dominated by excitations to the2feature at ing that the higher energy Osl(1o,—4a7) resonance is
535.4 eV. Initially, the second peak at 539 eV was attribUtedstronger than the lower energys (10, —50%) resonance.

to overlap of the po, and Jm, Rydberg statefd]. Later,  nNormally the lowest energy core excitation in a given mani-
this feature was reassigned to the overlap of te@8d 3 fo|q is the strongest on account of core-hole relaxation. In-

Rydberg stateg46]. Symmetry-resolved ion-yield studies qgtigation of the spatial distributions of therd and 4o
[48] have shown that the 539 eV peak results mainly from .

excitations to orbitals ofr symmetry. Based on a combina- orbitals may explain this anomaly.
tion of theory and x-ray emission spectroscopy, Gunnelin
et al. [45] confirmed that the 539 eV peak corresponds to ) _
excitation to states of mainly symmetry, and they have Examples of the curve fits used to extract integrated peak
assigned it to a combination ofpd, and 4o, Rydberg areas from the experimental G &ind O I spectra are pre- -
states. They suggested thato4, makes the stronger contri- sented in Fig. 4_Wh|Ie the fit parameters are summquzed in
bution, and that the 8, transition occurs at slightly lower the spectral assu_;n_ment Ta_bles | and II._The curve f|t_s at all
energy than the g transition. The present theoretical 0OS angles were of similar quality to those displayed in Fig. 4.
values of the o, 3pm,, and 4oy optically allowed ex-
citations are 0.0020, 0.0016 and 0.0039, respectively, con-
firming that the 40 is the strongest among the three opti- GOS profiles up toK?=65a.u. 2> were derived for all
cally allowed excitations that contribute to the 539 eV bandresolved C % spectral features using curve fits to the mea-
The theoretical multiconfigurational configuration-inter- sured spectra and the procedures outlined in Sec. Ill. Figure
action OOS values of Gunneliet al. [45] are 0.0006, 5 compares the experimental and theoretical GOS profiles
0.0001, and 0.0047, respectively. The agreement between tifier the C Is (20,—2;) transition fork? values between
present result and that of Gunnek al. [45] for the 4so 1.5 and 65 a.u? Figure 6 plots the experimental and theo-
process is good, but for the other two processes our calculaetical GOS profiles for the Csl (204—3s0y) transition.
tion predicts larger OOS values. Figure 7 plots the experimental and theoretical GOS profiles
The 50; shape resonance occurs at 541.6 eV, just abovéor the C Is (20;—3pm,) and C I (204—3po,) tran-
the ionization limit(540.8 eV[44]). At higher energies there sitions, and the experimental GOS profile for the C

B. Generalized oscillator strengths(GOS's)

1. C 1s GOS profiles
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0.8 -

292.7 eV

{ C 1s—3sc
0.4 .

A energy scan
® angle scan
— scaled 2n,* GOS

102 Generalized oscillator strength

Intensity [counts/(second pA 1 x 107 torr)]

0-0 T L) Ll ] T ) Ll ) Ll L) T ] Ll
530 540 550 560 570 0 20 40 60

Energy Loss (eV) K (a.u.?)

FIG. 4. Curve fits to the Cdand O Is spectra recorded at 12°  FIG. 6. Experimental GOS profile for the Cs(Rog— 3sag)
with a final electron energy of 1300 eV, using the standardizedtransition. The horizontal error bars indicate the uncertainty in the
multifile curve-fit approach described in the text. The line throughK® value. Similar values apply for all GOS profiles. The inset plots
the data points is the result of the least-squares fit, with each pedke computed GOS profile for the direct quadrupole transition in
(lighter lineg represented by a Gaussian function. An error functioncomparison to an estimate of the nondipole component of the C
is used to represent the G &nd O I continua. Tables | and Il list 1S (203—3s) GOS generated by subtracting a scaled version of
the peak energies used in these fits. These same energies were u@GOS for the C & (20— 2) transition, as an estimate of the
in the constrained multifile fit of all energy scan data. dipole vibronic component.

1s (209—>5(r;) excitation. Figure 8 presents the experi-
mental GOS profiles for Cd (20— higher Rydberg exci-
tationg, for C 1s (20,—double electron excitation for

L L continuum C 5 (204—40}) shape resonance, and for the
J nonresonant C 4 continuum integrated from 326 to 330 eV.
J In most cases Lassettre fits to the GOS are also plotted. The

c . !
? 15 C1s—2r* i Lassettre parameters are summarized in Table 11l
2 290.7 eV T LIN B S BN B N B N B S R R
b - -
@ . 0.5 1 | C 15— 3p(9as eV)l
2 T ) A experiment - energy scan: B A exporiment (energy scan)
®© . —®— experiment - angle scan S & theory (apx, + 3po,)
% 10 ¥ experiment (ref. 9) = | sttt
3 —&— theory - present result 2
o 4 O theory (ref. 23) 4 =]
T =
% i i 2 00
§ . . § ] C 15— 50," (208 ev)

- ] o 05— @®
o 5
= T . G
- o 7 L

] ] e

0 ] T 0-0 T L) L] l T T T l ) L L} ' T
0 0 20 40 60
K2 (a.u.?)

FIG. 7. (Uppen Experimental and computed GOS profiles for
FIG. 5. Experimental and computed GOS profiles for the Cthe C Is (204—3pm,/3po,) transition. (Lower) Experimental
1s (204—2m) transition, in comparison to previously reported GOS profile for the broad signal at 298 eV, assigned as the C
experimenta[9] and computed valud®3]. The GOS was derived 1s (ZO'gHSO'é) resonance. The lines correspond to semiempirical
from the energy-loss intensities as described in the text. fits using Lassettre series.
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L R LN B events. For valence excitation with high-energy electron im-
C 1s—= higher Rydberg

04\ L4 206.6 oV pact, the FBA result agrees with experimental results only
02 ] 4 for small values of the transferred momentitypically up
. to K?<2—5 a.u-?) [50]. For larger values of the transferred
0.0 2N momentum and scattering angles the agreement between the
048 o 355:1 2%2::;?::{' " e —20 experimental and the FBA result is generally poor because it
- issettre fi! [

corresponds to a situation where classically the incident elec-
tron penetrates further into the molecule, which means that
the interaction is stronger. Theoretical GOS’s for valence
excitation in the higher momentum transfer regime must
consider higher-order terms in the Born expansion or
through other methods such as close-coupling or distorted-
wave calculations.

102 Generalized oscillator strength

AL A previous theoretical and experimental study of the GOS

for inner-shell excitation of ¢H, [24] also found unexpect-
. edly good agreement, up #?~13a.u.? It is surprising to
observe in such good agreement Fig. 5 and 7 between the
0 20 40 60 experimental and theoretical results for even higher values of

2 -2
K* (a.u.”) K?, that is, up toK?=60a.u.? This suggests that the dy-

FIG. 8. Experimental GOS profiles for the Cs (20, namics pf t.he coll?sion process for inner-shell excitati(_)n may
—higher Rydberg), C 4 (2c,— double excitation), C 4 (20, be qualitatively different from those for valence excitation.
—4¢?), and C & continua integrated from 326 to 330 eV. The 1he GOS for inner-shell excitation of other molecules should
lines correspond to semiempirical fits using Lassettre series. be measured and compared to the GOS computed within the

first Born approximation to see if this is a general phenom-

Figure 5 shows that there is good agreement between tHhon.
present and previoU®] experimental results, as well as the ~ The experimental and theoretical GOS profiles for the C
present and previou$23] theoretical results for the C 1s (204—3soy) transition(Fig. 6) are in strong disagree-
1s (204—2m}) transition. It is surprising that the experi- ment. This is because, although the & 2oy—3soy)
mental and theoretical results for the GOS are in such gootfansition is electronically dipole forbidden, there is strong
agreement to such high momentum transfer. There is alsgbronic coupling to the intense nearby G ¥20y—2;)
reasonable agreement between theory and experiment for €citation[51]. The vibronic channel has not been included
1s (204—3pm,) excitation to largeK values(Fig. 7). This in the present calculation, which only reports the GOS for
is surprising since, although the target wave functions weréhe direct quadrupole excitation which has a predicted value
carefully constructed considering relaxation and correlatiordf zero atk =0, increases to a maximumigf~8 a.u?, and
effects, the first Born approximation was used to describe théhen decreases—a behavior typical of an optically forbidden
collision process between the incident electron and the tarocesg12,13, rather than the observed monotonically de-
get. The FBA considers only the first order term in the Borncreasing GOS, which is typical of a dipole allowed process.
expansion for the interaction potential between the incidenBince the main intensity of the Cs1(204— 3soy) transi-
electron and the molecule. For this reason, it should notion comes from the vibronic coupling to the G 1(20
properly describe situations where the interaction is strong,~2m};) excitation, the GOS shape for the 8ibronic com-
which is the situation expected for large scattering anglgponent might be similar to that for thes? GOS. Making

TABLE lll. Lassettre parameters for GOS for G &nd O Is core excitations of CQ

10°f, fq f, 10, 107, /g 10 %,/f, 107 3f,/f,

Cils 3pmy, 0.4 -0.2 5.1 -52 -5.1 13.0 -18
3poy, 0.2 —-0.02 0.1 -34 -1.0 0.5 -0.2

50 0.03 0.6 —-15 11 180 —470 350

R 0.5 -0.4 13 -12 -8.1 24 —52

2e” 0.5 -0.3 8.1 -6.8 -6.7 17 -14

4ot 9.3 -5.8 150 —140 —-6.2 16 -15

O1ls 2zt 11 —8.4 300 —410 -7.6 28 —-38
R 1.7 -1.6 63 -8.1 -9.4 37 —47

5075 0.8 -0.8 34 —43 -10 43 —55

2e” 0.4 -0.3 9.7 -9.8 -7.9 25 -25

4ot 4.9 -3.9 120 —-130 -7.9 25 —26
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TABLE IV. Optical oscillator strength§O0S for 1s— 7* ex-

12 1 (a) 2px, citations in CQ.
Method Ref. 00s
Cl1s O 1s
Theory HFFC? [23] 0.257 0.125
CI-FCP [23] 0.233 0.147
HF-R° [23] 0.169 0.092
CI-R [23] 0.164 0.12
GMS-25° [23] 0.088
GMS-35° [23] 0.084
GMS-CF [23] 0.093
(¢) 3po, o . GMS-CI (present work 0.115
Expt. EELS [63] 0.160 0.12-0.13
] : K Photoabsorption [64] 0.14  0.062
- Photoabsorption [65] 0.1153)

@Hartree-Fock frozen-core approximation.

PConfiguration interaction frozen-core approximation.
‘Hartree-Fock approximation allowing all the atomic or molecular
orbits to relax.

dConfiguration-interaction approximation allowing all the atomic or
molecular orbits to relax.

€Generalized multistructural wave functions of differing qualities.
"Direct optical measurements; the OOS was measured from the
peak area in Fig. 2 of Ref64]; comparison of the spectral inten-
sities to those from atomic calculations indicate problems with
these data, possibly due to absorption saturation.

102 Generalized oscillator strength

292.7-eV band. These results have been presented in detail

| . ; = elsewherd52].
0 20 40 60 The upper panel of Fig. 7 compares the G o,
K2 (a.u.'z) —3pm,) theoretical GOS profile to the experimental GOS

profile for the feature at 294.7 eV. There is good agreement
FIG. 9. Theoretical results for the Os1GOS profiles:(a)  UP t0 very high values of momentum transfer. Both theoret-
(Loglo,)—2m excitations, (b) (1ogl0,)—3sc, excitations, |Qal and expenmgntal results show that the major contribu-
(©) (Loglo,)—3po, excitations,(d) (Loglo,)—3pm, excita- tion to the intensity of the C4(20,— 3p) tranS|t.|on comes
tions, and(e) (1o4,10,) —4sa, excitations, together with the sum from the C I (204—3pm,) channel, while the C
of the (loy+10,) for each final orbital. The inset in each panel 1s (204—3pm,) channel has a significant smaller contri-
shows the low K region. bution (middle panel of Fig. ¥ The lower panel of Fig. 7
shows the experimental GOS derived for the broad signal

this assumption, we estimated the GOS for the direct round 298 eV, assigned to 31(209—5_09)12; excita-
1s (204—3sa,) quadrupole component by subtracting the tion. The dipole forbidden character of this quadrupole exci-
GOS for the C 3 (204—2m}) excitation scaled to that of tation is clearly indicated by the shape of its GOS profile
the 3s in the low-momentum-transfer region, as an estimateVNich extrapolates to zero for sme_t! momentum transfer, in-
of the vibronic signal. The results of this treatment are showrfréasestoa maximiim m.z”_ 10a.u.*, then decreases again
in the inset to Fig. 6. Although the agreement is by no meang! higher values oK. This is the expected behavior for the
perfect, the residual has a similar intensity and roughly simiGOS of an electric dipole forbidden, electric-quadrupole-
lar shape to that calculated for the direct quadrupole cdllowed transition. Twar-shape resonances have been pre-
1s (204—3say) transition. dicted for core ionization of 09[35]: Thg well known C
We have recently developed theoretical meth@® that 1S (204—407;) shape resonance is dipole allowed. The
take vibronic coupling into account in computing optical os-second one is the Csl (20— 50) shape resonance which
cillator strengths. Preliminary results for the optical oscilla-we have observed at 298 eV for the first time in the present
tor strength for the C 4 (20,—3so,) excitation process, Work, to our knowledge.
calculated including the strong vibronic coupling, show ex- Figure 8 shows the experimental GOS for G Qo
cellent agreement between the theoretical v&ue13 and  — higher Rydberg excitationsfor C 1s (20— double ex-
the present extrapolated experimental val@e012, con-  citation), for continuum C ¥ (20,—40y;) shape reso-
firming the present interpretation of the GOS for thenance, and for the Cslcontinuum integrated from 326 to
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FIG. 10. Experimental GOS profiles for the Os 1o, > 2
—2,) transition normalized in two different waysee text, com- K (a.u.™)
pared to the calculated GOS. The theory profile includes the sum of FIG. 11. Momentum-transfer dependence of the GOS profiles of

the computed GOS for the Gslloy— 2, and lo,— 2, tran- " * " . g
sitions. The inset shows the components and the sum for the thec(J2 1s—2m, and C I—2m, transitions and their ratiqupper,

. - . . . experimental; lower, theoretigal
retical values in the low-K region. The lines correspond to semi- P 9

empirical fits using Lassettre series. .
P g We note that the computed GOS profiles for thearg,

330 eV. Each of these GOS profiles decreases smoothly fror%p(r”’ and &g processes each show pronounced oscilla-

a maximum value aK2=0, consistent with dipole-allowed tions, which have the same periodicity. In addition, there is a

transitions. There are no calculated values for the GOS fo%80 phase shift between the oscillations in the O (1.7,)

these features since they correspond either to unresolvead1d O & (1og) channels. These oscillations may be the

. . . -fesult of interference between inelastic excitation at the two
high-n Rydberg transitions or to continuum processes, nei-

ther of which our theoretical methodology is currently 2 Y9€" atoms in each molecule, rather like a two pinhole
. 9y Y diffraction pattern[54]. In the early 1960s Karle and co-
equipped to handle.

workers[55,56 proposed this could be a diagnostic of the
symmetry of transitions, especially for those with a large
Rydberg character. They, along with others, made extensive
Figure 9 presents the theoretical GOS profiles for all commeasurements of the angular dependence of bound-state ex-
puted O k excitations of CQ. For each final orbital the citation peaks in valence-shell electron-impact spel@t-
individual components and the sum of theo(t- 1o) com-  60] in attempts to see this, although with inconclusive re-
ponents are plotted. Both experiment and theory indicate thatults, some of which were later shown to be the result of
the GOS for the 535-eV peak—the sum of ther(} 1o) intermolecular scattering at the high pressures used in the
contributions—has the overall form of an optically allowed electron-diffraction apparatug61]. The proposed inelastic
process. Our calculations predict that the dipole forbidden @liffraction should have a periodicity ikspace which should
1s (loy,—2m,) channel makes contributions of similar reflect the molecular structure, particularly the distance be-
magnitude to the dipole-allowed G1(104—2,) channel tween the two O atom$2.32 A which are the proposed
at all except very low momentum transfeK{<2 a.u:?), interference sourcd$2]. In fact, Fourier analysis of the pe-
where there is a small drop in intensity as the quadrupolgiodicity in the computed O 4— o (Rydberg GOS indicates
channel turns off. The energy difference between the Ghat it corresponds to a distance around 1.1 A, rather closer
1s (loy,—2m,) and O ¥ (loy—2m,) transitions is to the O-C distance than the O-O distance in,CO
small, 0.2 eV according to the present calculations, as re- Table IV summarizes the theoretical and experimental
ported previously53], and thus they are not resolved. The OOS’s for the O  (loy—2m) transition. The present
existence of strong quadrupole contributions and overlasMS theoretical result for the2* OOS matches the values
with the dipole partner is predicted not only for the @ 1 derived from small-angle EEL$62] and a recent optical
—a* transition, but also for all of the Rydberg states of O measurement63]. The early report by Sivkoet al. [64] is
1s-excited CQ, except for o, . clearly in error, possibly due to absorption saturation. Figure

2. O 1s GOS profiles
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FIG. 12. Experimental GOS profile of the 538.8-eV band com-
pared to the sum of the GOS calculated for the ® (ILoy
—3poy), O 1s (lo,—3poy), O 1s (log—3pwm,), O

1s (loy—3pm,), O 1s (log—4soy), and O 5 (loy —40%) shape resonand®59 eV}, and the O % continuum inte-

—4soy) transitions. See text for discussion of the spectroscopicy ated between 576 and 580 eV. The GOS values are based on a
assignment for this feature. The GOS values are based on normaly malization of the GOS for the Os1(Log,—2m,) transition to

ization of the GOS for the O 4 (1og—2m,) transition to the  {he computed GOS at 3.6 6. The lines correspond to semi-
computed GOS at 3.6 a:if. empirical fits using Lassettre series.

FIG. 13. Experimental GOS profiles for Osl(loy,
—Rydberg) (540.3 eV, O 1s (loy,—50y) (541.6 eV}, and O
1s double excitation(553.2 eV transitions, the O 4 (log,

10 plots the experimental GOS of therg band at 535.4 eV

compared with the sum of the theoretical values for the Cexperimental and computational results show good agree-
1s (1gg_>27-rfj) and O k (lo,—2m}) processes. The ment in the overall shape of the GOS profile for the 2
present theoretical results show that the © (lloy— ) state. If we consider the GOS derived by normalization by
excitation is the major contribution to spectra obtained athe theoretical results, the experimental and computed GOS
very low K but for K2>3 a_ufz, the contribution of the O agree within~10%. As for C I excitation, the shapes of the
1s (lo,— m}) quadrupole transition is similar to that of the experimental and calculated & GOS profiles agree to very

0 1s (log— ) dipole transition. The very rapid turn-on !arge K? values, in apparent contradiction to an anticipated
of strong quadrupole contributions at smi# complicates Preakdown of the first Born approximatidsee the discus-
the derivation of accurate GOS from our experimental meaSion presented in Sec. VB.1 _

surements. Normally absolute GOS scales are set by extrapo- EXperimental evidence for the predicted large quadrupole
lating the relative GOS t&2=0 and normalizing to experi- contribution is provided by a comparison of the relative
mental OOS values for the strongest process, the band ~ Shapes of the Cd.and O s2m; GOS profiles. Even the

in this case. However, according to our calculations, the opas-recorded datéFigs. 1 and B show that the decrease in
tically forbidden O ®(lo,—2w") contributes strongly signal to large momentum transfer is much gentler in the O
even below the minimuniK? measured experimentally-3 1s spectrum than t_he Cslspectrum, suggesting there may
a.u?). This leads to rapid variation of the GOS in the low- be addltlc_)na}l cont_rlbutlons at larger mome_ntum transfer for
K2 region, and casts doubt on the validity of normalization© 1S excitation. F|gur§ 11 presents the ratio of the GOS for
via extrapolation of the measured relative GOKXfo=0. To  the O 1s—27* transition to that for the C 4—27" tran-
resolve this issue, lowc measurements between 1 and 3Sition for both experiment and theory. A€ increases, the
a.u_2 are needed, but we cannot make these owing to volttatio increases, indicating that the @-%2#* transition be-
age limitations of our apparatus. Instead, normalization t¢OmMes relatively stronger at largf. ForK?=0 both the C
the theoretical results was also considered. In addition to th&s and the O 3 GOS’s have only the allowed;— 27
GOS derived by the normal extrapolation procedure, Fig. 1@omponent. Ask? increases, the optically forbidden O
plots the GOS derived by normalizing to the theoreticalls (o,—2}) component also contributes to the experi-
value atk?=3.6 a.u. 2 Irrespective of the absolute scale, the mental GOS for the O 4~27}; band and, thus, the ratio
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between the O 4 {(04—27}])+(0,—2m;)} and C and 580 eV. All five of these features have similar GOS
1s (0q—2m;) GOS's increases. The increase in the ratioshapes. In fact, the GOS’s for all GsExcitation and ion-
between the O 4 and the C § GOS'’s as a function dt? is ization channels decrease continuously with increasing mo-
a manifestation of the contribution of the optically forbidden mentum transfer, with a similar shape in each case. The pa-
O 1s (lo,—27?) process. This is perhaps the most directrameters derived from fits of the GOS for @ &xcitation to

experimental evidence for the strong electric quadrupole dhe Lassettre formulgEq. (5)] are summarized in Table I1l.

1s excitations predicted by the calculations. For each state, the signs of_th_e coefficients are those ex-
Figure 12 compares the experimentally derived GOS proPected for dipole allowed excitations.

file of the 538.8-eV band with the sum of the theoretical

results for the O & (1o4—3po,), O1s (lo,—3pa,), O VI. SUMMARY

1s (log—3pm), O 1s (lo,—3pm,), O 1s (loy ] 5 S

—4say), and O & (lo,—4soy), processes. The caicu- Absolute GOS profiles up t§“=70 a.u. < have been de-

lated contributions to the overall GOS at this energy comdived experimentally for all resolved Csland O Is excita-

from six different excitation processes, three Optica”y a|_ti0n and ionization features. Absolute GOS profiles have

lowed and three optically forbidden. Our calculatidif$g. bee'n qomputed over the sarké range for all discrete core

9) show that the optically forbiddengr, and 4, excita- ~ €xcitations of CQ. These results greatly extend previously

tions contribute significantly at nonzero momentum transferavailable GOS data for COIn the C Is regime there is

and suggest that all three final stat@po,, 3pm,, and gooq agreement between experimgnt and theory, aside from

4so) are present in the unresolved signal. Even though it i@ discrepancy of the GOS profile for the Cs X204

the sum of six channels, with out-of-phase contributions of—3soy) transition which has a vibronic contribution not

similar intensity, the sum of the computed GOS plotted inconsidered in these calculations. In the ©r&gime there is

Fig. 12 still has a residual of the oscillations which arealso reasonable agreement between experiment and theory

clearly seen in the individual channels in Fig. 9. This sug-for the shape of the GOS profile for the @-%2#* transi-

gests that it might be possible for these to be detected estion, but the absolute magnitude is somewhat uncertain, as

perimentally. Indeed, close examination of the angle-discussed above. Comparison of experimental and theoretical

dependent data for the 539-eV band suggests there may E£OS results over an extended range of transferred momen-

some oscillations with an amplitude similar to the residualtum has indicated that the first Born approximation may hold

seen in Fig. 12. However, this amplitude is well below ourto much largerk? values for inner-shell than for valence-

estimated experimental error bars, so that more precise dashell excitation. To our knowledge, the feature at 298 eV is

must be acquired before further analysis can be performedthe first reported observation of the Cs X20y—507y)
Figure 13 shows the experimental GOS profiles for the Celectric-quadrupole-allowed, dipole-forbidden transition.

1s (lo,—Rydberg resonange at 540.3 eV, the O

1s (1ag—>50§) and O B (1cru—>5(r§) resonances at

541.6 eV, the O & double excitation at 553.2 eV, the O

1s (log—40y) and O 5 (lo,—40,) resonances at 559 This research was supported financially by NSERC

eV, and the O & continuum GOS integrated between 576 (Canady CAPES, FAPERJ, FUJB, and CNRBrazil).

ACKNOWLEDGEMENTS

[1] A. P. Hitchcock, Phys. SciT31, 159(1990. [10] I. Harrison and G. C. King, J. Electron Spectrosc. Relat. Phe-
[2] H. Bethe, Ann. Phys(Leipzig) 5, 325 (1930. nom. 43, 155(1987.
[3] M. Inokuti, Rev. Mod. Phys43, 297 (1971. [11] J. F. Ying, C. P. Mathers and K. T. Leung, Phys. Rev4A
[4] S. Chung, C. C. Lin, and E. T. P. Lee, Phys. Revi& 1340 R5 (1993.

(1979. _ [12] C. C. Turci, J. T. Francis, T. Tyliszczak, G. G. B. de Souza,
[5] g/l3 (Iggl;gtl, Y. ltikawa, and J. E. Turner, Rev. Mod. Phy#), and A. P. Hitchcock, Phys. Rev. B2, 4678(1995.

[13] J. T. Francis, C. C. Turci, T. Tyliszczak, G. G. B. de Souza, N.
Kosugi, and A. P. Hitchcock, Phys. Rev. 32, 4665(1995.

[14] 1. G. Eustatiu, T. Tyliszczak, and A. P. Hitchcock, Chem.
Phys. Lett.300 676 (1999.

[15] I. G. Eustatiu, J. T. Francis, T. Tyliszczak, C. C. Turci, A. L.
D. Kilcoyne, and A. P. Hitchcock, Chem. Phy$o be pub-

[6] D. A. Shaw, G. C. King, F. H. Read, and D. Cvejanovic, J.
Phys. B15, 1785(1982.

[7] R. Camilloni, E. Fainelli, G. Petracelli, and G. Stefani,BX-
AFS and Near Edge Structu(8pringer, Berlin, 1988 p. 174;
R. Camilloni, E. Fainelli, G. Petracelli, G. Stefani, F. Moracci,
and R. Platania, Lect. Notes Che§, 172(1984; R. Camil-

loni, E. Fainelli, G. Petracelli, and G. Stefani, J. Phys2® lished.
1839(1987). [16] J. F. Ying and K. T. Leung, J. Chem. Phy€1, 7311(1994.
[8] D. A. Shaw, G. C. King, F. H. Read, J. Eichler, W. Fritsel, 1. [17] T. N. Rescigno and A. E. Orel, J. Chem. Phy4, 3390
V. Hertel, N. Stolterfoht, and U. WillieProceedings of the (1979.
13" ICPEAC, Berlin(Springer, Heidelberg, 1983p. 278. [18] A. Barth and J. Schirmer, J. Phys.18, 867 (1985.
[9] H. M. B. Roberty, C. E. Bielschowsky, and G. G. B. de Souza,[19] T. N. Rescigno and A. E. Orel, Lect. Notes Che®s, 215
Phys. Rev. Ad4, 1694(1991. (1985.

042505-13



I. G. EUSTATIU et al. PHYSICAL REVIEW A 61 042505

[20] R. S. Barbieri and R. A. Bonham, Phys. Rev.4&, 7929 [42] M. A. Dillon and E. N. Lassettre, J. Chem. Phy&2, 2373

(1992. (1975.
[21] C. E. Bielschowsky, M. A. C. Nascimento, and E. Hollauer, [43] G. R. Wight and C. E. Brion, J. Electron Spectrosc. Relat.
Phys. Rev. A45, 7942(1992. Phenom3, 191(1974).
[22] R. A. Bonham, M. Inokuti, and R. S. Barbieri, J. Phys28  [44] W. L. Jolly, K. D. Bomben, and C. J. Eyermann, At. Data
3363(1993. Nucl. Data Tables81, 7 (1984.
[23] M. P. de Miranda and C. E. Bielschowsky, J. Mol. Struct.: [45] K. Gunnelin, P. Glans, P. Skytt, J.-H. Guo, J. Nordgren, and H.
THEOCHEM 282 71 (1993_ Agren, PhyS. Rev. A7, 864 (1.998.
[24] M. P. de Miranda, C. E. Bielschowsky, H. M. Boechat- [46] T- K. Sham, B. X.vang, J. Kirz, and J. S. Tse, Phys. Rev. A
Roberty, and G. G. B. de Souza, Phys. Rev.48, 2399 40, 652(1_989' ) ;
(1994 [47] M. Schmidtbauer, A. L. D. Kilcoyne, H.-M. Kape, J.
' . Feldhaus, and A. M. Bradshaw, Phys. Rev52 2095(1995.
[25] (Al'ggg Rocha and C. E. Bielschowsky, Chem. Phga3 9 1, 3 "y 5o 6k N. Saito, and I. H. Suzuki, Phys. RevsA 4563

(1995.

{49] N. Watanabe, J. Adachi, K. Soejima, E. Shigemasa, A. Yag-
ishita, N. G. Fominykh, and A. A. Pavlychev, Phys. Rev. Lett.
78, 4910(1997).

[50] A. B. da Rocha, I. Borges, Jr., and C. E. Bielschowsky, Phys.

[26] F. A. Gianturco, C. Guidotti, and U. Lamanna, J. Chem. Phys
57, 840(1972.

[27] C. R. Natoli, InEXAFS and Near Edge Structyredited by A.
Bianconi, L. Incoccia, and S. Stipci¢Springer, Berlin, 1983

pp. 43-56. Rev. A 57, 4394 (1998; C. E. Bielschowsky, G. G. B. de
[28] F. Sette, J. Stw, and A. P. Hitchcock, J. Chem. Phyal, Souza, C. A. Lucas, and H. M. Boechat Roberty, Phys. Rev. A
4906 (1984. 38, 3405(1988.
[29] J. A. Sheehy, T. J. Gill, C. L. Winstead, R. E. Farren, and P.[51] N. Kosugi, J. Electron Spectrosc. Relat. Phendf,. 351
W. Langhoff, J. Chem. Phy®1, 1796(1989. (1996.
[30] V. L. Schneerson, D. K. Saldin, and W. T. Tysoe, Surf. Sci.[52] A. B. Rocha and C. E. Bielschowsky, Chem. Phyt be
375 340(1997). published.
[31] M. N. Piancastelli, D. W. Lindle, T. A. Ferret, and D. A. [53] M. P. de Miranda, C. E. Bielschowsky, and M. A. C. Nasci-
Shirley, J. Chem. Phy®7, 3255(1987). mento, J. Phys. B8, L15 (1995.
[32] A. P. Hitchcock and J. Stw, J. Chem. Phys37, 3253(1987). [54] H. S. Massey and C. B. O. Mohr, Proc. R. Soc. London, Ser. A
[33] M. Tronc, R. Azria, and R. Paineau, J. Ph{Barig 40, L323 135 258(1932.
(1979. [55] D. A. Swick, Rev. Sci. Instrum31, 525 (1960.
[34] J.-H. Fock, H.-J. Lau, and E. E. Koch, Chem. Ph83. 377 [56] J. Karle, J. Chem. Phy85, 963 (1961).
(1984. [57] D. A. Swick and J. Karle, J. Chem. Phy&5, 2257 (1961).
[35] W. R. Daasch, E. R. Davidson, and A. U. Hazi, J. Chem. Phys[58] F. H. Read and G. L. Whiterod, Proc. Phys. Soc. Lon86n
76, 6031(1982; N. Padial, G. Csanak, B. V. McKoy and P. 71 (1965.
W. Langhoff, Phys. Rev. &£3, 218(1981); R. R. Luchese and [59] M. Matsuzawa, J. Chem. Phys1, 4705(1969.
V. McKaoy, ibid. 26, 1406(1982. [60] R. A. Bonham, J. Electron Spectrosc. Relat. PhendnB5

[36] E. N. Lassettre, M. E. Krasnow, and S. Silverman, J. Chem. (1974.
Phys.40, 1242(1964); S. M. Silverman and E. N. Lassettre, [61] J. S. Lee, T. C. Wong, and R. A. Bonham, J. Chem. PHys.

ibid. 40, 1265(1964). 1609(1975.
[37] Y. K. Kim and M. Inokuti, Phys. Revl75 176(1968. [62] R. McLaren, S. A. C. Clark, I. Ishii, and A. P. Hitchcock,
[38] E. N. Lassettre, A. Skerbele, and M. A. Dillon, J. Chem. Phys. Phys. Rev. A36, 1683(1987).

52, 2797(1970. [63] A. P. Hitchcock, M. Weinelt, A. Nilsson, and J. ®to(unpub-
[39] R. N. S. Sodhi and C. E. Brion, J. Electron Spectrosc. Relat. lished.

Phenom 34, 363(1984. [64] V. N. Sivkov, V. N. Akimov, A. S. Vinogradov, and T. M.
[40] P. Aebi, T. Tyliszczak, A. P. Hitchcock, K. M. Baines, T. K. Zimkina, Opt. Specktrosks7, 265(1984 [Opt. Spectrosds7,

Sham, T. E. Jackman, J.-M. Baribeau, and D. J. Lockwood, 160(19849].

Phys. Rev. B45, 13 579(1992. [65] Y. Ma, C. T. Chen, G. Meigs, K. Randall, and F. Sette, Phys.
[41] E. N. Lassettre, J. Chem. Phy&3, 4479(1965. Rev. A44, 1848(199)).

042505-14



