Experimental and theoretical studies of the (C 1s~,7%)°II state of CO:
Momentum transfer dependence and vibrational structure
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The intensity of the X 'S*—(C 1s~!,w*)[I transition of CO has been measured by electron
energy loss spectroscopy using a range of scattering angles (0°-45°) and impact energies (376 to
1806 eV) in order to investigate the momentum transfer dependence of a spin forbidden inner-shell
excitation. A Franck—Condon factor analysis of the vibrational structure of the singlet and triplet
(C 1s™1,7*) states was used to quantify differences in the potential energy curves of these states.
Ab initio self-consistent field configuration interaction (SCF-CI) calculations were carried out to
generate the potential curves of the 11 and 3I"I(C 1S_1,1T*) states. The electronic and vibrational
energies and Franck-Condon factors are in good agreement with the experimental results. The
calculations indicate that the difference in the 'TI and *IT potential curves are related to differences
in relaxation of both the (active) #* and other (passive) valence electrons. © 1994 American

Institute of Physics.

I. INTRODUCTION

The vast majority of all work in the field of inner shell
excitation via electron impact techniques has been conducted
under conditions of small momentum transfer, which effec-
tively simulates photoabsorption. (A bibliography of atomic
and inner shell excitation studies has been published
recently.’) Such conditions are achieved experimentally by
employing small scattering angles (6<<2°) and “‘fast” elec-
trons, typically using impact energies of more than five times
the excitation energy of the core level transition. As the mo-
mentum transfer becomes significant (large 6 and/or small
impact energy), the probability of nondipole transitions in-
creases. The ability to excite electric dipole forbidden pro-
cesses represents a distinct advantage of electron impact
techniques, specifically electron energy loss spectroscopy
(EELS), over photoabsorption.

Dipole forbidden spin exchange excitations to inner shell
excited states are difficult to study on account of their intrin-
sically small cross sections. The first reported observation
was that of Shaw et al. in 1982 who detected the vibra-
tionally resolved X 'Eg—>( 1 a'g'l ,1)3T1, transition in N,.?
Such spin forbidden transitions are induced by lowering the
impact energy close to the energy of excitation. Under these
slow collision conditions the probability of exchange of in-
cident and target electrons becomes appreciable. The
(C 15", 7*)II state of CO has been studied previously by
Ungier and ’l"homas,3 Shaw et al.,* and Harrison and King.5
Recently we have investigated the (C 1s™',7*) triplet state
spectroscopy of CO, benzene, ethylene and acetylene.’

To date there has been no systematic study of the angular
dependence of inelastic cross sections for a spin-forbidden
inner-shell excitation. Harrison and King investigated the im-
pact energy dependence of the singlet—triplet intensity ratio
of CO but mainly using a fixed 90° scattering angle and
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impact energies less than 40 eV above threshold.>” In order
to explore more fully the spin exchange scattering mecha-
nism we have measured the energy loss spectrum of CO in
the region of the (C 1s~!,#*)*IT and 'TI states using a wide
range of angles (2°-45°) and impact energies (3761806
eV). These results have been analyzed to examine the mo-
mentum transfer dependence of the triplet/singlet intensity
ratios.

In addition, the vibrational band structure of both the 1
and *II(C 1s~!,7*) states has been measured and analyzed.
High quality ab initio calculations have been carried out to
determine the potential curves and thus Franck—Condon
overlap factors for the (C 1s~',7*)°IT and 'IT states. The
theoretical calculations are in good agreement with the
present experimental results, with high resolution photoab-
sorption studies of the C 1s—'II transition,*~'* and with an
earlier EELS experimental study of the C 1s—>IT transition®
in CO. Small differences in the potential curves of the m
and *TI(C 1s~',7*) states are explained in terms of differ-
ences in the relaxation of both the active 7* and passive
valence electrons in the core excited states.

. EXPERIMENT

The inner shell electron energy loss spectra (ISEELS)
were recorded using a newly developed, variable impact en-
ergy, variable angle, high-resolution electron spectrometer
which will be described in detail in a future publication.
Briefly, a monochromated electron beam impinges on the gas
target. Electrons inelastically scattered at a mechanically de-
termined scattering angle (—10° to 110°) are dispersed using
a lens system and a hemispherical electron energy analyzer.
The signal is detected using a channel electron multiplier and
standard pulse counting electronics. In this study, spectra
were recorded using a jet formed by expansion through a
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capillary array (100:1 aspect ratio of the channels). The jet
was found to eliminate background contributions from sec-
ondary electron scattering which had been a problem when a
gas cell was used.

Constant residual energy (90 to 1520 eV above thresh-
old) scanning was used which is advantageous since it elimi-
nates chromatic aberrations at the analyzer exit lens as the
spectrum is scanned. A resolution of 0.18 ¢V was used to
study the vibrational band structure. The resolution was de-
graded to 0.40 eV to study the angle and impact energy de-
pendence of the *IT and 'IT intensity in order to improve
signal statistics. Count rates were as little as 2 cps at higher
scattering angles (45°) which necessitated long acquisition
times (24-48 h).

lll. CALCULATIONS

The calculations were carried out using the GSCF3
code'** on a MIPS RS3330 UNIX workstation. The core-
ionized and core-excited self-consistent field Hartree—Fock
(SCF-HF) solutions were obtained with explicit consider-
ation of the core hole. Potential energy curves for the '3*
ground state, the 25*(C 15!, 7*) ionized state, and the 'TI
and *TI(C 1s,7*) core excited states were obtained with the
configuration interaction (CI) method using the SCF orbitals
as in Ref. 15. The vibrational states and the Franck—Condon
factors were obtained from numerical solutions of the
nuclear Schrédinger equation.'® Cooley’s method!” was used
in the numerical integration.

The CI calculations allow double substitution to the
virtual-orbital space from the valence—orbital space (C 2s,
C 2p, O 2s, and O 2p). The valence space is described
with single substitution within the sr-electron subspace and
the core space is frozen. The virtual and vacant valence or-
bitals were obtained with the hole (V¥~!) potential
method.'® Primitive basis functions were taken from (73/6)
contracted Gaussian-type functions of Huzinaga et al.’® They
were augmented with single polarization functions
(£;=0.600 for C, 1.154 for O). The contraction schemes
were (51121/411/1*) and (721/51/1%) for carbon and oxygen
atoms, respectively.

IV. RESULTS AND DISCUSSION

A. Momentum transfer dependence of the
triplet—singlet intensity ratio

Figure 1 presents C s spectra of CO in the region of
excitation to the (C 1s~!,#*)°IT and (C 15~ !,7*)'II states,
recorded at small scattering angles (<4°) and residual elec-
tron energies of 90, 105, and 1520 eV, corresponding to im-
pact energies at the 31 excitation of 376, 391, and 1806 eV.
The solid lines passing through the experimental data points
in Fig. 1 are the results of curve fits using Voigt lineshapes
for each of the vibrational components. The Lorentzian
width was set to 60 meV (the natural linewidth'''2) while the
Gaussian width was optimized, yielding a value of 180 meV
which was the same as the experimental resolution deter-
mined from the fwhm of the 'Sy—!P, transition in He at
21.22 eV. Figure 1 also plots the ratio of the triplet to the
singlet intensity, determined from spectra recorded at angles
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FIG. 1. Electron energy loss spectra of CO in the region of the (C 15~} 4%)
3IT and ' states recorded at residual energies of 90, 105, and 1520 eV and
scattering angles of 4°, 4°, and 2°, respectively. The resolution was 0.18 eV
(FWHM). The insert plots the ratio of the triplet/singlet intensities as a
function of fractional energy above threshold [(E— Eg)/E).

below 5°, as a function of fractional energy above threshold,
(E—Ey)/Ey,, where E is the impact energy and E, is the
threshold energy. Figure 1 illustrates the ‘“‘turning on” of the
exchange between the incident and the target electron and
thus excitation of the °IT state as the impact energy ap-
proaches threshold.

Figure 2 plots C 1s spectra of CO recorded with 140 eV
residual energy at scattering angles of 4°, 26°, and 45°. The
insert to Fig. 2 presents a larger sampling of the variation of
the triplet—singlet intensity ratio as a function of scattering
angle. The peak areas used to evaluate the intensity ratios
plotted in Figs. 1 and 2 were obtained from the curve fit
procedure described above. The error bars were estimated
from the counting statistics.

While the relative probability of triplet state excitation
increases relatively rapidly above 10°, there is very little
variation in the triplet/singlet intensity ratio at small angles
(2° to 10°), at the impact energy used (426 eV). This behav-
ior contrasts that found for many valence excited states,
where large variations in the inelastic cross sections often
occur in the 2°-10° range of scattering angles. The angle
independence of the core excitation spectrum in the small
angle regime is associated with the fact that K? is almost
independent of angle whenever <6y (where 6,=AE/2E,
in radians). 6 is 20° for E=400 eV and AE =286 eV. Thus
it is not surprising that K? increases by only a small amount
for angles between 2°~10° (6.4 to 6.9 a.u.”%) but by a much
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FIG. 2. Electron energy loss spectra of CO recorded using 140 eV residual
energy and the indicated scattering angles. The insert plots the ratio of the
(C 1s~".7*) triplet/singlet intensities over 2°—45° scattering angle.

larger amount for a similar variation in angle at a larger
average angle—for example, K> varies from 7.3 to 10.6
a.u.”2 between 20°-30° at 400 eV impact energy.

Figure 3 combines the angle and impact energy depen-
dence of the singlet—triplet intensity ratio by plotting this
ratio as a function of momentum transfer. In addition to our
data, results from Harrison and King® and Ungier and
Thomas® are also plotted. Note that the four sets of results do
not form a single smooth curve. Of particular note is the
systematic deviation in the K? variation of the triplet-singlet
intensity ratio when K? is changed by varying the impact
energy rather than varying the scattering angle.

At impact energies near threshold the interaction be-
tween the incident electron and the target is large. Under
these conditions the weak interaction assumption that is the
basis of the first Born approximation®®?! is likely to fail. A
standard experimental test for the validity of the Born ap-
proximation is to measure the dependence on impact energy
of the spectral intensities or intensity ratios at a fixed K% A
necessary condition for applicability of the Born approxima-
tion is that the result is independent of impact energy. The
data shown in Fig. 3 indicates that the transition intensity at
a given K*? does depend on the impact energy in the near
threshold regime. Thus we conclude that the generalized os-
cillator strength concept®®?' is inapplicable under near-
threshold electron scattering conditions.
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FIG. 3. Momentum transfer dependence of the (C 1s™',7*) triplet/singlet
intensity ratio derived from both variable impact energy and variable angle
measurements. Literature data from Ungier and Thomas (Ref. 3) and Harri-
son and King (Ref. 5) are also included.

The intensity of the I signal, and thus the exchange
probability, increases rather dramatically as the impact en-
ergy approaches the excitation threshold (see Fig. 1). Harri-
son and King have determined triplet—singlet intensity ratios
of greater than 2 for impact energies less than 40 eV above
threshold.” The measurements of Ungier and Thomas were
carried out at an even larger K? (60 a.u.”?) but, even at this
very large momentum transfer, the triplet—singlet intensity
ratio is only 0.80. Clearly, it is extremely low impact ener-
gies and not large scattering angles which are most important
in spin forbidden excitations.

A naive view of the origin of the triplet spin-exchange
signal is that at low energies the incident or outgoing elec-
tron can physically exchange with one of the target electrons.
If this exchange is a completely random event with equal
probability for exchanging electrons of the same or opposite
spin, then the largest possible triplet—singlet intensity ratio
would be 1.0. The observation of low impact energy spectra
with a *TI/'IT intensity ratio much greater than 1 (Ref. 7)
clearly rules out this picture. The exchange process involved
in the triplet excitation cannot be described by a simple 1:1
statistical exchange. Rather there must be selectivity in the
interaction which favors exchange of unlike electrons when
low energy electrons are involved. Alternatively, if one
adopts a more state-oriented viewpoint, the limiting *TI/'TI
intensity ratio might be expected to be 3, reflecting the in-
herent state degeneracies. The Harrison and King results do

not rule out this situation.
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states are summarized in Table I, in comparison with the
theoretical results. These results probe the differences in the
energy surfaces of the triplet and singlet
(C 1571 7%) excited states. The calculated equilibrium bond
length of 1.1539 A for the 'II state is similar to the value of
1.1527 A estimated from our experimental Franck—Condon
factor and the value of 1.153 A reported by Domke e al.®
Shaw et al. analyzed their results* to indicate a reduction of
0.024 A in the equilibrium bond length of the 'II state rela-
tive io that of the X 'S ™ ground state. We believe this is not
consistent with the antibonding character of the 7™ orbital.
The triplet state is predicted by the calculation to be
slightly elongated at 1.1595 A, somewhat less than the ex-
perimental estimate of 1.1639 A. The calculated vibrational
spacings are 268 meV (2162 cm™!) and 245 meV (1980
cm™!) for the singlet and triplet states, respectively, in rea-
sonable agreement with experiment (250 and 242 meV). Ex-
perimentally, there are not enough resolved vibrational bands
to make a reliable estimate of the anharmonicity of the po-
tential curve of either state. Thus, the experimental observa-
tions have been represented in Fig. 5 by harmonic estima-
tions of the true potential curves. The favorable agreement
with theory supports our assumption that the bond length in
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FIG. 4. Curve fit analysis of the vibrational band structure of the
X'3*=(C 157 7*) 3 and X 'S —(C ts~ ', 7w*) 'II transitions re-
corded at 140 eV residual energy, 8° scattering angle and 0.18 eV FWHM
resolution. Details of the curve fit procedure are given in the text.

B. Vibrational structure of the (C 1s™',7*) singlet and
triplet states

Figure 4 presents a detailed lineshape analysis of the
vibrational structure of the singlet and triplet features re-
corded at 0.18 eV FWHM energy resolution. The insert plots
the intensities of the v=1 and v =2 components ratioed to
that of the v =0 component. The peak intensities and posi-
tions derived from curve fitting are summarized in Table I in
comparison to the results of the ab initio calculations.

Figure 5 presents the calculated anharmonic potential
curve, in comparison to that derived from the experimental
energies and Franck—Condon factors in an harmonic ap-
proximation. (Note that each of the theoretical curves have
been shifted 0.5 eV to lower energy). The bond length of the
core excited states are assumed to be longer than that in the
ground state since the character of these transitions is essen-
tially nonbonding to antibonding. Relative to the ground
state, the shift in the equilibrium bond length derived from
the Franck—Condon factors is 0.036 A for the *IT state and
0.024 A for the IT state.

The separation of the adiabatic (v=0) transitions is
1.47(3) eV, in good agreement with the values reported by
others.’® Analysis of the areas of the vibrational features
reveals a difference in the Franck—Condon factors between
the triplet and singlet states. This difference was also found
in the high resolution study of Shaw et al.? The Franck—
Condon factors and vibrational spacings for the >II and 'TT

the 'TT and *IT states is larger than in the ground state as was
also concluded by Domke et al.® for the 'TI state.

The situation for the lowest valence A IT and a °II
states is different than that just described for the core excited
states. Ab initio SCF-CI calculations of the potential curves
for the A 'Il and a’IT states reported by Cooper and
Langhoff*® predict a slight contraction of the triplet state
bond length (by ca. 0.03 A) relative to the singlet state. The
difference in the valence excitation energies (T ), from both
theory and experiment??~2 is ca. 2.1 eV compared to 1.47(3)
eV for the core excited states. The larger triplet—singlet split-
ting in the valence w—* excitation may be associated with
better overlap between the initial and final states in the va-
lence transition matrix element relative to that for the
1s—a* core excitation matrix element.

The general trends in the experimental observations are
reproduced by the theoretical calculations although there are
quantitative differences between experiment and theory. The
equilibrium bond length and harmonic vibrational frequency
calculated for the ground state are in agreement with the
experimental results?® within the errors in the doubly excited
CI calculations using the double ¢ plus polarization basis set.
However they are worse than the result of a sophisticated
calculation based on the complete active space (CAS) mul-
ticonfigurational SCF and contracted CI methods (1.129 A,
273 meV).?® The calculated 1s—7* excitation energies are
about 0.45 eV larger than the experimental values, but the
singlet—triplet separation and the calculated ionization en-
ergy are in good agreement with the experimental values.
The equilibrium bond length of the (C 1s7!) jonized state
calculated in the present work (1.0906 A) is slightly larger
than the experimental estimate from (C 1s~!, Rydberg) pho-
toabsorption [1.073-1.083 A (Ref. 8)]; (C 1s~!) photoion-
ization [1.077 A (Ref. 9)]; and the theoretical result by Cor-
reia et al. [1.073 A (Ref. 26)]. Agren et al.?’ calculated the
potential energy curve of the (C 15 ") ionized state based on
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TABLE 1. Experimental and theoretical results for potential curves and vibrational parameters.

X '3* (ground) state Theory Experiment Expt. (Ref. 25)
Bond length (r, , A) 1.1362 1.12832 1.1283
w, {eV) 0.281 0.269* 0.269
(€ 1s71,7%) T state Theory Experiment® Expt. (Ref. 4)
To.o €V) 286.37 28595 (5) 285.945 (5)
w, (eV) 0.245 0.242 (6) 0.249(10)
R. (A) 1.1595 1.1639
A(w0-vl) (eV) 0.2549 0.242 (6)° 0.249(10)
A(w0-v2) (eV) 0.5191 0.474(16)
A(w0-0v3) (eV) 0.7714
Franck—Condon factors:
v0 0.726 0.778(16) 0.80
vl 0.218 0.177(16) 0.20
v2 0.047 0.045 (6)
v3 0.009
(C 1s7',7%) ' state Theory Experiment® Expt. (Ref. 4) Expt. (Ref. 8)
To.o €V) 287.87 287.40¢ 28740 (3) 287.400(2)
w, (eV) 0.268 0.248 (7) 0.258 (4) 0.256(2)
R, (A) 1.1539 1.1527 1.104 (2) 1.153
A(wO-vl) (eV) 0.2700 0.248 (7) 0.258 0.256(4)
A(w0-v2) (eV) 0.5418 0.500(19) 0.510 0.512(4)
A(w0-v3) (eV) 0.8068 0.768
Franck-Condon factors:
v0 0.850 0.881 0.875
vl 0.128 0.100 (3) 0.111 (3)
v2 0.020 0.019 (9) 0.014 (1)
v3 0.003
(C 157" 23" ion state Theory Experiment Expt. (Ref. 9)
Too (€V) 296.21 296.24° 296.13 (3)
w, (eV) 0.292 0.309(17)
R, (A) 1.0906 1.077 (5)
A(w0-vl) (eV) 0.3084 0.320 (6)
A(w0-02) (eV) 0.6335 0.670 (6)
A(v0-v3) (eV) 0.9490 0.940 (6)
Franck-Condon factors:
v0 0.601 0.535
vl 0.316 0.337
v2 0.073 0.112
v3 0.010 0.016

*Reference 25.
5This work.

“Errors estimated from the results of several fits with different starting parameters.

dAssumed for calibration.
“Reference 25.
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the equivalent-core and SCF (Hartree~Fock) approxima-
tions, but did not report the Franck—Condon factors. Gelius
et al.®® calculated the Franck—Condon factors of the ionized
state using the empirical potential energy curves of ground
state CO and NO*, where the closed-shell NO™ species is
core equivalent to the (C ls") ionized state of CO. How-
ever there is poor agreement with results from vibrationally
resolved C s photoelectron spectra.9’1° On the other hand,
the present Franck—Condon factors for the (C 1s~') ionized
state based on the CI potential energy are in good agreement
with the recent experimental analysis.” The calculated vibra-
tional spacing of 308 meV between the v'=0 and v'=1
states is also in good agreement with the photoelectron spec-
tra [309 meV (Ref. 9), 301 meV (Ref. 10)] and the (C 157},

Rydberg) photoabsorption spectra [292-307 meV (Ref. 8)].
It is marginally better than the result of the CASSCF and
subsequent contracted CI calculations (322 meV)? and sig-
nificantly better than the value of 330 meV based on the
equivalent-core and SCF approximations.?

The difference in the singlet and triplet (C 1s~',7%)
states arises from the exchange interaction of the unpaired
electrons in the C 1s and 7™ orbitals. Why should this give
rise to a difference in potential curves? The smaller vibra-
tional spacing in the *IT state implies a less tightly bound
potential, consistent with the larger equilibrium bond dis-
tance and the larger Franck—Condon factors for the higher
vibrational states. In CO, the 7* orbital is relatively strongly
localized on the carbon atom. The greater ability of the trip-
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FIG. 5. Calculated anharmonic potential curves for the (C 1s™',#*) [T and
"1 states compared to those estimated from the experimental results using
an harmonic approximation. Each of the theoretical curves have been shifted
0.50 eV to lower energy. The vertical bars indicate the limits of the Franck—
Condon region (the turning points of the v =0 level of the X '3* ground
state) according to calculation (this work) and experiment (Ref. 25).

let electron configuration to allow the 7* and C 1s electron
to share the same region of space could lead to relatively
greater 7* electron density at the carbon atom.

While it is dangerous to discuss bond length differences
of 0.01 A solely within a one-electron picture, in this case
the Mulliken population and orbital contour analyses carried
out in the one-electron (SCF) approximation which are sum-
marized in Table II do give results consistent with the above.
In particular they emphasize the importance of orbital relax-
ation in establishing the properties of the core excited states.
While a more sophisticated CI analysis would likely make
quantitative changes, the qualitative picture from the one-

TABLE II. Mulliken population analysis of charge and charge transfer cal-
culated using the SCF orbitals for R=1.160 A. The orbital relaxation is
analyzed in the passive (closed-shell) and active (w*) parts.

Mulliken population

State/charge transfer C (0]
Ground state 5.727 8.273
* orbital 0.809 0.191
Triplet state 5.894 8.106
7* electron (active) 0.777 0.223
relaxation (passive) +0.390 -0.390
total change (+1.167—1.0) -0.167
Singlet state 5.978 8.022
7* electron (active) 0.604 0.396
relaxation (passive) +0.648 —0.648
total change (+1.251—1.0) —-0.251
Ionized state 5.327 7.673
relaxation (passive) (+0.600—1.0) -0.600

(total change)
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electron analysis appears reasonable. In the triplet state the
“active charge transfer” (i.e., charge transfer to the core ex-
cited carbon atom involving the #* electron) is twice as
large as the “passive charge transfer” (i.e., rearrangement of
the closed shell 7 and o electrons) (see Table II). On the
other hand, the active charge transfer by the 7™* electron is
smaller in the singlet state than in the triplet state so that the
passive reorganization is relatively more important for the
singlet state. Overall the relative effect of relaxation is that
the unpaired #* electron has more probability to be located
at the carbon atom in the triplet state than in the singlet state.
The ionized state has a shorter bond length because of
greater Coulomb attraction between the C and O atoms rela-
tive to the ground state. The singlet excited state has nearly
the same passive charge transfer as the ionized state. It is
only the antibonding nature of the 7™ orbital that elongates
the bond in the singlet excited state. On the other hand, even
though the antibonding nature of the 7* orbital is weaker in
the triplet than the singlet excited state, the passive charge
transfer is smaller in the triplet state (0.390) than in the ion-
ized and singlet states (0.600, 0.648 respectively) and the
Coulomb attraction arising in the passive charge transfer is
weaker. This difference in relaxation is critical to establish-
ing the difference between the potential energy curves in the
singlet and triplet excited states.

V. SUMMARY

In this work we have documented for the first time the
angular dependence of a spin-forbidden core excitation. In
addition, we have greatly extended the variable impact en-
ergy results of Harrison and King.>’ This study has given
additional insight into the scattering mechanism and it has
illustrated the breakdown of the Bethe—~Born theory for slow
collisional processes. High quality ab initio SCF-CI theoreti-
cal results have been reported and found to be in good agree-
ment with the potential energy curves for the singlet and
triplet (C 1s~',7r%) states derived from the experimental vi-
brational structure. The calculations illustrate the importance
of orbital relaxation in establishing the details of core excited
state potential curves.
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