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Influence of chemical environment on resonant core excitation of C„1s… in CO2, OCS,
and CS2 by electron impact
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In this work, we report a theoretical study of the role played by chemical environment on the electron-impact
resonant core excitations in OCS, CO2, and CS2 molecules. Calculated differential and integral cross sections
for the promotion of a carbon 1s electron to the lowest unfilledpp orbital of these molecules, or more
specifically, the ratios of these cross sections for the corresponding transitions leading to the singlet and the
triplet core-excited states in the 300–800 eV incident energy range, are reported. The distorted-wave approxi-
mation was applied to these calculations. Our study revealed resonance structures in the calculated ratios for
CO2, in good agreement with the available experimental observation, which is very encouraging. On the other
hand, no resonance structure is clearly seen in the calculated ratios for OCS and CS2 molecules. The possible
reason for the nonappearance of resonance for these two targets is discussed.

DOI: 10.1103/PhysRevA.68.012701 PACS number~s!: 34.80.Gs
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I. INTRODUCTION

The occurrence of shape resonance is commonly obse
in low-energy electron collisions, photoabsorption, a
photoionization processes involving molecules both isola
and/or adsorbed on surfaces. Typically, this phenomenon
be characterized by an enhancement of the cross sec
about the energy region where the resonance happens. I
past 20 years, almost miraculous capacities were attribute
shape resonances@1#, in particular the application on the de
termination of bond lengths of molecules adsorbed on s
faces by extended x-ray-absorption fine-structure~EXAFS!
like techniques@2,3#. Physically speaking, this enhanceme
of the cross sections can be well described by the trappin
an outgoing electron by a potential barrier through which
electron eventually tunnels and emerges in the continu
@4–6#. In this qualitative picture, the details of the molecu
potential, formed by interplay of attractive and repulsi
forces, are shaped in such a way as to support a tempo
bound electronic state. Therefore, it is typically a on
electron phenomenon. If the model based on a potential
rier is used to explain the occurrence of shape resonanc
would be very difficult to correlate directly the complicate
details of the molecular potential and bond lengths. Nev
theless, such a correlation does exist and can be clearly
when one plots the energy dependence of electron-molec
scattering eigenphase sums as a function of internuclear
tances@7#.

An alternative model treats shape resonance as ari
from scattering process by neighboring atoms. Indeed,
latter model is supported by an empirical linear relations
which correlates the energy position of the resonance and
molecular bond lengths between a determined atom an
neighbors@8,9#. The existence of such a one-to-one relatio
ship would allow, in fact, the determination of bond lengt
of adsorbed molecules via the so-called bond-length-with
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ruler method. However, for molecules such as CO, CO2, and
H2CO, etc., more than oneK edge is observed. The shap
resonance distance from the threshold is not necessarily
same at both edges, thus it is not clear which value to cho
in the correlation with bond lengths. Usually, an average
sition has been chosen in the NEXAFS literature with qu
tionable physical meaning@1#.

Moreover, the structure determination of molecules a
sorbed on surface requires a correct assignment of the r
nance positions. Nevertheless, such assignment remai
difficult task, not only because of the broadness of the re
nance but also due to the fact that the shape resonance i
the only physical phenomenon leading to a visible enhan
ment in the cross sections. In fact, the enhancements of c
sections can also originate from multielectron processes s
as double-excited states and satellite thresholds, which
actually nonresonant phenomena.

An interesting aspect is that the shape resonance can
occur in electron-impact core-excitation processes of m
ecules. In this case, the low-energy outgoing electron can
trapped by the potential barrier of the excited target, wh
leads to the formation of temporary negative ions associa
with inner-shell-excited molecules. Such resonances w
observed for several molecules as structures in the pos
ion yields, resulting from electron impact on molecule
They were also observed by Zeiselet al. @10# and Teillet-
Billy and Zeisel@11# in investigations on individual positive
ion decay channels by mass-spectroscopic analysis of
reaction products. More recently, the formation of an inn
shell-excited negative temporary ion was also attributed
Harrison and King@12# to explain the observed resonanc
like structure in the measured ratios of the total excitat
intensities for singlet and triplet (C1ss→2pp) transitions in
CO. A similar structure was also observed by Blount a
Dickinson @13# in the ratio of differential excitation intensi
ties of the (C1s)

21(2ppu), 1,3Pu states of CO2 by electron
©2003 The American Physical Society01-1
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impact at incident energies near 313 eV. The existence
such structures in electron-impact core excitation of m
ecules would be interesting, in particular, if an empirical on
to-one~resonance position!/~bond length! relationship could
also be verified. Although a direct application such as
adsorbed molecule structure determination using inner-s
electron energy-loss spectroscopy~EELS! is unlikely due to
the weakness of the core loss inelastic scattering signa
may have some practical application in the gas-phase in
shell EELS studies.

From a chemical point of view, the highly localized ca
bon K-shell electrons in all small molecules are essentia
atomic, and therefore their wave functions are expected t
very similar to each other. On the other hand, the format
of theK shell excited temporary negative ions would depe
on the outer valence electronic structure, in particular
height and shape of the potential barrier of each molec
Indeed, the bond-length correlation has shown that C-S
C-O bonds give rise to different resonance behavior: wh
the former is in the discrete, the latter is situated in the c
tinuum @14#. Therefore, investigations on the influences
chemical environment on resonant electron-impact co
excitation processes of molecules are certainly v
interesting.

Despite the increasing experimental interest in electr
impact core excitation of molecules, very few theoretic
studies on this field were reported in the literature. Althou
a solid-basedab initio multichannel study on this matter i
desirable, computationally, the coupling between the hi
energy incident electron and the low-energy exit electron
very difficult to deal with. For this reason, the distorted-wa
approximation~DWA! is presently the most reliable theore
ical method for such studies. Although the interchannel c
pling effects are not taken into account by this theoreti
formulation, the shape resonance phenomenon, i.e., the
porary trapping of the low-energy scattering electron by
potential barrier of the excited target, is represented in
collisional dynamics. Therefore, a comparison between
culated and experimental resonance line shape may pro
an indication of the importance of interchannel couplin
Recently, the DWA was applied in the studies of carb
K-shell core-excitation processes of CO2 @15# and CO@16#
by electron impact. The comparison between the calcula
results and the available experimental data is encouragin
the present work, we extend the application of the DWA
study the electron-impact excitation of carbonK-shell elec-
trons in OCS, CO2, and CS2 molecules to the lowest unfilled
pp orbitals. A comparison of the calculated excitation cro
sections for the singlet and triplet (C1ss)21(pp) transitions
in these molecules, or more specifically, the ratios of
differential cross sections, RD~1:3!, and the integral cross
sections, RI~1:3!, for these transitions as a function of inc
dent energies would provide insight into the dynamics
core-excitation processes.

The organization of the present paper is as follows.
Sec. II, an outline of the theory used is presented in wh
we also give some details of the calculations. In Sec. III,
present our calculated data and summarize our conclusi
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II. THEORY AND CALCULATION

Since the detail of the basic theory used has already b
presented elsewhere@17–20#, it will only be briefly de-
scribed here. The differential excitation cross sectio
~DCS’s! for electron-molecule scattering averaged over m
lecular orientations are given by

ds

dV
5

1

8p2E da sinbdbdgu f ~ k̂f8!u2, ~1!

wherek̂f8 is the direction of the scattered electron linear m
mentum in the laboratory frame~LF!, whereas the direction
of the incident electron linear momentum is taken as ze
The (a,b,g) are the Euler angles, which define the directi
of the molecular principal axis in the LF. The body-fram
~BF! amplitudef ( k̂i ,k̂f) is related to theT-matrix elements
by the formula

f ~ k̂i ,k̂f !522p2Ti f . ~2!

Within the DWA framework, the transitionT matrix is given
by

Ti f 5^w1Ckf

(2)uUseuw0Cki

(1)&, ~3!

wherew0 and w1 are the initial and final target wave func
tions, respectively. These wave functions are Slater dete
nants with appropriate symmetries.Cki

(1) and Ckf

(2) are the

initial and final distorted continuum wave functions with th
outgoing- (1) and incoming-wave~-! boundary conditions,
respectively.Use is the static-exchange potential operat
The distorted wave functions are solutions of the Lippma
Schwinger equation,

C i , f
(6)5F i , f1G0

(6)Ui , fC i , f
(6) , ~4!

whereG0
(6) is the free-particle Green’s operator with appr

priate boundary condition, andF i , f are the plane-wave func
tions associated with the initiali and the finalf states, respec
tively. For the calculation of the initial and the fina
distorted-wave functionsC i , f , the static-exchange field
generated from the ground-state and the excited-state ta
wave functions, respectively, were used. The Schwin
variational iterative method~SVIM! @21# was applied to
solve the corresponding Lippmann-Schwinger scatter
equation. Although the continuum orbitals of the incomi
electron are known to be orthogonal to all orbitals of t
ground-state target, it is not true for the wave functions of
scattered electron since they are calculated in the sta
exchange field of an open-shell target. For simplicity of t
calculation, these outgoing orbitals were constrained to
orthogonal to all occupied orbitals in the final-state targ
wave functions. The same procedure was also applied in
previous study for CO@16#.

The ground-state configuration of the molecules is rep
sented by a single-determinant near-Hartree-Fock wave fu
tion. This wave function is generated by a self-consiste
field ~SCF! calculation using a standard@11s6p#/@5s3p#
1-2



re
fu
fo
ta
n

l-
s

w
ua

o

ith

ca
ra
o
e
li

er
se

d
sed
-
ich
pty

F

fin

e,
sults
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contracted Gaussian basis of Dunning@22# for carbon and
oxygen atoms, and a standard@11s7p#/@6s4p# contracted
basis of Huzinaga@23# for sulfur atom. These basis sets we
augmented by some uncontracted Cartesian Gaussian
tions in the SCF calculations. The additional functions
each molecule are shown in Table I. At the experimen
equilibrium geometries, these basis sets provide SCF e
gies of 2187.707 a.u.,2510.2988 a.u., and2832.85 a.u.
for CO2, OCS, and CS2 molecules, respectively. These va
ues are in good agreement with calculated SCF energie
ported in the literature@24–26#.

The same basis sets are also used to generate the
functions of the excited states using the improved virt
orbital ~IVO! approximation@27# by diagonalizing theVN21

potential of the core in the SCF basis. A brief comparison
our calculated vertical excitation energies for the C1s→1,3P
transitions as well as the singlet-triplet energy splitting w
the available calculated@28# and experimental data@12,29#
are shown in Table II. It is seen that the calculated verti
excitation energies by the IVO approximation are in gene
7–10 eV above the experimental values for these three m
ecules, which is quite reasonable. The agreement betw
the calculated and experimental singlet-triplet energy sp
ting is also fair. The experimental excitation thresholds w
used in the calculation of the cross sections in the pre
study.

TABLE I. Additional basis functions used in the SC
calculations.

Molecule Center Basis functions Exponents

CO2 C s 0.0453, 0.0157, 0.005 37
p 0.0323, 0.007 34
d 1.373, 0.523

O s 0.0853, 0.0287, 0.004 73
p 0.0551, 0.0183, 0.003 111
d 1.471, 0.671

OCS C s 0.0453, 0.0157, 0.0051
p 0.032 37, 0.009 31
d 1.373, 0.433

O s 0.0433, 0.0151, 0.0073
p 0.091 16, 0.032 32, 0.008 33
d 1.433, 0.311

S s 0.0459, 0.0171, 0.0087
p 0.0502, 0.0173
d 1.539, 0.344

CS2 C s 0.0537, 0.0157, 0.004 53
p 0.032 37, 0.009 34
d 1.673

S s 0.0459, 0.0178
p 0.0502, 0.0153
d 1.533

aCartesian Gaussian basis functions are used. They are de
as fa,l ,m,n,A(r )5N(x2Ax)

l (y2Ay)
m(z2Az)

nexp(2aur2Au2),
with N a normalization constant.
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III. RESULTS AND DISCUSSION

In Fig. 1, we compare our calculated RI~1:3! in the 300–
800-eV energy range for the electron-impact (2sg→2pg)
singlet and triplet transitions in CO2 with the experimental
ratios of Almeidaet al. @29#. Instead of detecting scattere
electrons as in conventional EELS, the new technique u
in the studies of Almeidaet al. detects electrons that origi
nated from the decay of autoionizing excited states, wh
are formed by promotion of a core electron to an em

ed

TABLE II. Vertical excitation energies (DE) and singlet/triplet
energy shifts (d).

Molecule DE for C1s→1P (eV) DE for C1s→3P (eV) d ~eV!

CO2 298.57 296.36 2.21
290.75a 289.33a 1.47b

301.7c

OCS 296.86 294.86 2.00
288.23a 287.10a 1.13a

CS2 295.52 293.65 1.87
286.10a 285.20a 0.90a

aExperimental results of Harrison and King@12#.
bExperimental results of Almeidaet al. @29#.
cCalculated data of Robertyet al. @28#.

FIG. 1. RI~1:3! for electron-impact core excitations of CO2 in
the ~a! 300–800-eV and~b! 300–400-eV energy ranges. Solid lin
present calculated results; open triangles, measured relative re
of Almeida et al. @29#, normalized to our results at 350 eV.
1-3
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KROIN et al. PHYSICAL REVIEW A 68, 012701 ~2003!
valence orbital by electron impact. This technique brou
some advantages, one of which was that high-resolu
ejected electrons can be observed without an energy-sele
electron gun, since their energies are well defined. Never
less, the intensity of ejected electrons that originated fr
autoionizing processes depends on two transition proba
ties, namely that from the formation of excited states
electron impact and that from their subsequent decay.
though it is expected that the contribution arising from t
decay is independent of impact energies, the efficiency
this process may depend on the spin nature~multiplicity! of
the excited state. Therefore, their measured RI~1:3! are, in
fact, not absolute and are proportional to the ratios betw
the electron-impact excitation cross sections leading to
3P and 1P states. For this reason, their RI~1:3! are normal-
ized to our calculated data at 350 eV. It is seen in Fig. 1~a!
that there is a generally good agreement between the ca
lated and measured results. At energies below 350 eV, s
resonancelike structures are seen in the theoretical res
These structures can be better visualized in Fig. 1~b!, where
we have limited the impact energy up to 400 eV. Two sh
resonance peaks, located at incident energies around 31
and 340 eV, respectively, are clearly seen. Nevertheless
structures show up in the experimental data due to the
that the energy mesh of their experiment is too sparse in
region. Indeed, only two experimental values of RI~1:3! are
presented in the 300–350-eV energy range. This sparse
ergy spacing in the experimental data precludes the poss
ity of verifying the calculation.

In Fig. 2~a!, we present our RD~1:3! in the 300–400-eV
energy range, calculated at a scattering angle of 6° for
electron-impact (2sg→2pg) singlet and triplet transitions in
CO2. The corresponding experimental ratios of Blount a
Dickinson @13# are shown as well for comparison. The
results were taken at a determined small scattering angle
ing EELS. The RD~1:3! ratios were obtained directly by di
viding intensities of the inelastically scattered electrons a
ing from the excitation to the singlet state by tho
corresponding quantities to the triplet state. In this sen
their measured RD~1:3! values are absolute and can be
rectly compared with our calculated data. Unfortunate
these authors did not reveal the scattering angle at which
data were taken. Since our calculation has shown no se
tive variation of the calculated RD~1:3! for scattering angles
below 30°, the ratios calculated at 6° are arbitrarily chos
for comparison. It is seen that there is a very good qualita
agreement between our calculated ratios and the experim
tal results of Blount and Dickinson@13#. In particular, the
resonance in the experimental data, located at incident
ergy of about 312 eV, is well reproduced in our calculatio
The quantitative agreement between the calculated and
perimental ratios is also fair, which is encouraging. In F
2~b!, a comparison between the calculated and experime
line shape of this resonance is shown. Although our re
nance is slightly shifted toward lower incident energies,
two line shapes are quite similar, which may indicate that
singlet-triplet interchannel coupling is not very importan
Also, it is interesting to note that the resonance appearin
our calculated RI~1:3! @Fig. 1~b!# at around 340 eV cannot b
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clearly identified in both theoretical and experimen
RD~1:3!. In order to understand this discrepancy, in Fig.
we present RD~1:3! in the 300–400 eV range, calculated fo
several scattering angles. In this figure, one observes
although the resonance feature at around 312 eV is very c
for all scattering angles, the one around 340 eV only
comes evident with increasing scattering angles. In orde
understand the physical origin of these resonances, in Fi
we present the partial integral cross sections~ICS’s! for the
four lowest, namely2Sg , 2Su , 2Pg , and 2Pu scattering
channels, as a function of incident electron energy for tr
sitions leading to the singlet and triplet excited states in C2.
Resonance structures are present in the partial ICS’s for
singlet and triplet excitations. The sharp resonances~located
at about 309 eV for triplet excitation and 312 eV for sing
excitation! are due to the2Pu scattering channel while thos
located at about 340 eV are of the2Su nature. An
eigenphase-sum analysis~not shown! of these channels ha
also confirmed the above assignment. Therefore, the
served structure in the experimental RD~1:3! located at an
impact energy of 312 eV can probably be associated with
2Pu resonance. On the other hand, it is expected that
resonance structure in RD~1:3! near 340 eV, associated wit
the 2Su resonance, would only be observed at larger scat
ing angles.

Figure 5 compares the calculated RI~1:3! for electron-

FIG. 2. RD~1:3! for electron-impact core excitations of CO2 in
the ~a! 300–400 and~b! 305–320-eV energy range. Solid line
present results calculated at a scattering angle of 6°; open cir
measured ratios of Blount and Dickinson@13#.
1-4
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impact excitation of a carbonK-shell electron to the lowes
unoccupiedp orbitals in CO2, OCS, and CS2 molecules in
the 300–410-eV incident energy range. It is very interest
to note that, in the energy regions where no shape resona
are observed, the calculated ratios for these targets a
very well with each other, both qualitatively and quantit
tively. This good agreement seems to indicate that the n
resonant electron-impact excitation of coreC(1s) electrons
is practically independent of the valence-shell chemical
vironment of these molecules. On the other hand, the re
nant core-excitation behavior of these molecules is very
ferent. For CO2, two sharp shape resonances at around
eV and 340 eV incident energies are clearly seen. For O
only a small bump near 342 eV incident energy is observ
which may indicate the existence of a shape resonance, w
for CS2 there is no evidence of resonance in the entire ene
range. In order to understand the nonappearance of reso
celike structures in the calculated RI~1:3! for these two tar-
gets, in Figs. 6 and 7 we present the singlet and triplet pa
excitation ICS’s for some dominant scattering symmetries
a function of impact energy, fore2-OCS ande2-CS2 scat-
terings, respectively. These figures show in common a w
and very broad structure, located at about 317 eV, in
ICS’s of 2P scattering channels in OCS and2Pu channels in
CS2. Also, broad structures located at about 340 eV in

FIG. 3. Calculated RD~1:3! for electron-impact core excitation
of CO2 in the 300–400-eV energy range. In~a!, solid line, present
results at a scattering angle of 30°; open circles, at 60°. In~b!, solid
line, present results at a scattering angle of 120°; open circle
180°.
01270
g
ces
ree
-
n-

-
o-
f-
2
S,
d,
ile
y

an-

al
s

k
e

e

2S partial ICS’s of OCS and located at about 337 eV in t
2Su partial ICS’s of CS2 can be easily identified. Thes
structures are much weaker in magnitude than the co
sponding ones in CO2. Although the weakness of these stru
tures can explain in part the different behavior of the RI~1:3!
seen in CO2 relative to the other two molecules, more im
portantly we have noticed that fore2-CO2, the positions of
the corresponding resonances for the singlet and triplet e

at

FIG. 4. Calculated partial ICS’s for the four loweste2-CO2

scattering channels leading to~a! the singlet and~b! triplet excited
states. Solid line, results for the2Sg ; dashed-line, for the2Su ;
short-dashed line, for the2Pg ; and dotted line, for the2Pu scat-
tering channels.

FIG. 5. Calculated RI~1:3! for electron-impact core excitation
in the 300–410 eV energy range. Solid line, results for CO2; dashed
line, results for OCS; short-dashed line, results for CS2.
1-5
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tations are shifted with each other. The singlet-triplet ene
split is probably responsible for the shift. In contrast,
clear shift of the corresponding resonance positions is id
tified for singlet and triplet excitations in OCS and CS2 due
to the broadness of these structures in the calculated IC
Probably for this reason, no resonance structures are ex
ited in the calculation of the RI~1:3! of the latter targets since
the characteristic of resonances can be washed out by d
ing the ICS’s of the singlet excitation by those of the trip
excitation.

In summary, the present work reports a theoretical inv
tigation on core-level (C1ss→p) singlet and triplet transi-
tions in CO2, OCS, and CS2 molecules. It is verified that the
non-resonant excitations of these molecules are quite sim
and are pratically independent of the excited valence orb
to which the core electron is promoted. This observation s
ports the expectation that the C(1s) electrons are in fac
essentiallyatomic for these molecules. On the other han
the resonant core-excitation processes of these targets
highly dependent on the chemical environment, i.e.,
height and shape of the potential barrier of each target. T

FIG. 6. Calculated partial ICS’s for the two loweste2-OCS
scattering channels leading to~a! the singlet and~b! triplet excited
states. Solid line, results for the2S; dashed line, for the2P scat-
tering channels.
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fact is evident by the width and intensity of the resonance
the calculated ICS’s of the three target molecules stud
here. In addition, the present work has shown that the oc
rence of shape resonance, by itself, shall not ensure the
hibition of the resonance features in the RD~1:3! and RI~1:3!.
Instead, the width and the position shift of the correspond
resonances for singlet and triplet excitations are more d
sive for their appearance in the experimental or calcula
ratios. Based on this aspect, one might suspect that s
resonances in electron-impact core-excitation proces
could be missed in the measured ratios. Unfortunately, th
are no experimental studies for CS2 and OCS molecules re
ported in the literature.

Moreover, it is expected that the interesting features
electron-impact core excitation of the molecules studied h
can also happen to other targets with at least one com
atomic constituent. Efforts in this direction are underway.
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FIG. 7. Same as Fig. 4, but fore2-CS2 scattering.
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