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Distorted Wave Effects of the 1b3, Orbital in Ethylene *
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We study the unexpected distorted wave effects of the 1bsy orbital in ethylene using a high resolution binary
(e,2e) electron momentum spectrometer, at an impact energy of 800 eV plus the binding energy (8 — 22 eV) with
symmetric non-coplanar kinematics. The experimental momentum profile of the 1bs, orbital is obtained and
compared with the data previously measured at an impact energy of 1200 eV plus the binding energy. Also, the
experimental momentum profiles of the 1bsy orbital are compared with the theoretical momentum distributions
calculated by using Hartree—Fock and density functional theory methods. The experimental momentum profiles
of the 1bs, orbital of ethylene at different impact energies show that the cross section of the orbital below the

momentum p~1 a.u. is higher for lower impact energies.

PACS: 34.80.Gs, 34.50. Gb

Electron momentum spectroscopy (EMS) is an ef-
fective technique for investigating the electronic struc-
ture of atoms, molecules, biomolecules and condensed
matter. A detailed study of the kinematics of the in-
come electron and two outgoing electrons in the bi-
nary (e,2e) scattering experiment allows additional in-
formation to be obtained from EMS. Not only can
a binding energy spectrum be obtained in this man-
ner, but also the triple-differential cross section for
each peak in the binding energy spectrum can be de-
termined. In particular, the EMS technique provides
straight tests for quantum chemical calculations. The
details of EMS experimental techniques and the asso-
ciated theoretical analysis have been reviewed in de-
tail elsewhere.'=3] Under the conditions of high im-
pact energy and high momentum transfer, the tar-
get electron essentially undergoes a clean “knock-out”
collision and the distorted-wave impulse approxima-
tion (DWIA) provides a very good description of the
collision.] In the DWIA, the binary (e,2e) cross sec-
tion for randomly oriented gas-phase targets reads

OEMS = (27F)4 <p;f2> OMott
: |<X_ ()X~ (Pz)T/’fVﬂ‘ : T/’iNX+ (P0)>2(>1)

where p,, p; and p, are the momenta for the incident
and two outgoing electrons, respectively. 1/;5\[ ! and
¥ are the total electronic wavefunctions for the final
ion state and target molecule ground (initial) state,
respectively; x™ (p1), X~ (py) and x (p,) are the dis-
torted waves for the two outgoing and one incoming
electron, respectively; and ope4 is the Mott scattering
cross section. The momentum of the orbital (ionized)

electron, p, is given by
bP=Pyg—P1— P2

The momentum distribution can be well described
by DWIA for atoms, but for molecules the calcula-
tion will be difficult due to the multi-centre poten-
tial problem. It is proven that, at reasonably high
total energies, the distortion effects on the electron
waves are apparently negligible and the plane-wave
impulse approximation (PWIA) generally provides an
adequate description of the binary (e,2e) cross sec-
tions. In the PWIA| the distorted waves are replaced
by plane waves for the incoming and outgoing elec-
trons and the cross section is given by!!]

OEMS X sz/d9|<p?/1fvfl\1/)ijv>‘2- (2)

Equation (2) can be greatly simplified by using the
target Hartree—Fock approximation (THFA). Within
the THFA, only the final (ion) state correlation is al-
lowed and the many-body wavefunctions wé\] 1 and
¥ are approximated as independent particle deter-
minants of the ground-state target Hartree-Fock (HF)

orbitals in which Eq. (2) reduces to

OEMS X ij-/dﬂ v; (p)I°, (3)

where 1;(p) is the one-electron momentum space
canonical HF orbital wavefunction for the jth elec-
tron that corresponds to the orbital from which the
electron is ionized, and ij is the spectrum factor. The
integral in Eq.(3) is known as the spherically averaged
one-electron momentum distribution. To this extent,
EMS has the ability to image the electron density in
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an individual orbital selected according to their bind-
ing energies.
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Fig. 1. Valence shell binding energy spectrum of ethylene

for summation over all ¢ angles at an impact energy of

800eV.
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Fig. 2. Experimental momentum profiles of the 1b34 or-
bital of ethylene at an impact energy of 800eV, and the
theoretical calculations.

Equation (2) has been re-interpreted(¥ in the con-
text of Kohn—Sham density functional theory (DFT).
The target Kohn-Sham Approximation (TKSA) sup-
plies a result similar to Eq.(3) but with the canoni-
cal HF orbital replaced by a momentum space Kohn—
Sham orbital z[);(S (p)
|2

OEMS X /dQ 145 (p) (4)

It should be noted that the electron correlation
effects on the target ground state is included in the
TKSA via the exchange correlation potential. A more
detailed description of the TKSA-DFT method can
be found elsewhere.[¥l In the PWIA, the results of
the momentum spectrum, using the HF and DFT
methods, are in agreement with the experimental re-
sults. However, unexpected effects in the binary (e,2e)
cross sections at low momenta have recently been ob-
served in EMS experiments with some molecules.!®-!

There is an obvious discrepancy between the experi-
mental results and the theoretical calculations for or-
bital 7* (pseudo-7) of several molecules. The exper-
imental cross sections have a significant turn up be-
low the momentum p~1 a.u. One of the explana-
tions for this phenomenon is due to distorted wave
effects.l8] The reason why the distortion effect could
arise at low momentum region, i.e. larger r, has been
discussed in Ref. [6]. However, the calculation of dis-
torted wave effects could not be applied to molecules
at present. Further investigation for this explanation,
i.e. the “turn up” of the experimental data caused
by the distortion effect, can be carried out in an ex-
perimental manner. If the incident energy decreases,
as we know, the interaction between the target and
incoming electrons and the interaction between the
target and the outgoing electrons increase, thus the
distorted wave effects are enhanced. Inversely, the dis-
torted wave effects decrease with the increasing impact
energy. In this letter, we have investigated experimen-
tally the distorted wave effects for the ethylene 1b3,
orbital at the impact energy of 800eV plus the bind-
ing energy, which is different from the impact energy
of 1200 eV used by other previous experiments.

The point group symmetry of ethylene is Doj,. Ac-
cording to the molecular orbital theory, the ground-
state electronic configuration can be written as

la21b3,2a2b7, 163, 3a21b3 163, .

In the experiment, electron impact ionization was
carried out at an impact energy of 800eV plus the
binding energy (8 — 22eV) under a symmetric non-
coplanar geometry. Details of the spectrometer con-
structed at Tsinghua University have been reported
previously!”) and only a brief description is given in
this letter. Two hemispherical electron energy analy-
sers, each having a five-element cylindrical retarding
lens system, were mounted inside a p-metal shielded
vacuum system. The polar angles of both the analy-
sers were fixed at 45°. One analyser turntable was
fixed while the other was rotated to vary the rel-
ative azimuth angle. FEach energy analyser had a
position sensitive detector consisting of microchannel
plates and a resistive anode in their energy disperse
exit plane. The energy range of each analyser was
set at 600 &= 4eV with a pass energy of 50eV. The
base pressure of the main vacuum chamber was about
4 x 10~° Pa. The gaseous sample was introduced into
the collision chamber located at the centre of the main
chamber under the control of a variable leak valve.
Under normal operation conditions, the ambient pres-
sure was in the range lower than 1072 Pa while the
pressure in the collision region was estimated to be
two orders of magnitude higher. The energy resolu-
tion of the spectroscopy, 0.95 €V in the full width at
half maximum (FWHM), was measured directly by
using helium as a calibration gas. The experimental
momentum resolution is estimated to be better than
0.1 a.u. in consideration of the argon 3p angular cor-
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relation. The purification of the sample of ethylene
was better than 99.9%, and no evidence of impurities
was found in the binding energy spectra.

To obtain the experimental momentum profiles,
fourteen binding energy spectra over the energy range
of 8 — 22eV were collected at the out-of-plane az-
imuthal angles ¢ = —1°, 0°, 1°, 2°, 3°, 4°, 5°, 7°,
9°, 11°, 13°, 16°, 21° and 26° in a series of sequen-
tial repetitive scans. The valence shell binding energy
spectrum of ethylene in the range of 8 — 22 eV for the
summation over all the ¢ angles at the impact energy
of 800eV plus the binding energy is shown in Fig. 1.
The spectra in Fig. 1 were fitted with a set of individ-
ual Gaussian peaks whose widths are a combination of
the EMS instrumental energy resolution and the cor-
responding Franck—Condon widths derived from high-
resolution PES data.(5] The dashed lines indicate the
fitted Gaussians for individual peaks while the solid
line represents the sum. The band located at 12.75eV
corresponds to the ionization of the 1b3, orbital. For
comparison, the valence shell binding energy spectrum
of ethylene from 5eV to 35eV obtained in the (e,2e)
reaction for summation over all the ¢ angles at the
impact energy of 1200 eV plus the binding energy can
be seen in Fig.2(a) of Ref.[5], which was obtained
by using a spectrometer with an energy resolution of
1.6eV in FWHM. The use of a high-resolution spec-
trometer is favourable to recognize the experimental
momentum profiles of the 1b3, orbital specifically.

The theoretical calculations of the momentum pro-
files were carried out, based on Egs.(3) and (4) by
the HF and DFT methods with the basis set of 6-
311++G** and 6-31G and HF /STO-3G. The keyword
of the DFT calculation is BSLYP. The optimized ge-
ometry of ethylene has been used for all calculations.
In order to compare the calculated cross sections with
the experimental electron momentum profiles, the ef-
fects of the finite spectrometer acceptance angles in
both 6 and ¢ (Af = £0.6° and A¢p = +1.2°) were
included by using the Gaussian-weighted planar grid
method.[®!

The experimental momentum profiles (XMPs) of
ethylene have been extracted by deconvolution of the
sequentially obtained angular-correlated binding en-
ergy spectra. The XMPs of the orbital 1bs,, which
is interesting due to the fact that it is a 7* orbital,
are shown in Fig.2 with the theoretical momentum
profiles (TMPs) calculated by using the DFT-B3LYP
(curves 1 and 3) and HF (curves 2 and 4) methods
with the 6-3114++G** and 6-31G basis sets, respec-
tively. Curve 5 is the result calculated by HF/STO-
3G. A “p-type” momentum distribution with a node
at zero momentum is predicted by all of the calcula-
tions, due to the symmetry of this predominantly C—
H bonding orbital. As can be seen from Fig. 2, in the
momentum region from 1.0 to 2.0 a.u., the better the
quality of the wavefunction, the closer the agreement
with the obtained experimental data. Curves 1 — 4
describe the experimental data well, in both intensity
and shape, and model the experimental momentum

profile very well. However, there is a significant dis-
crepancy between experiment and theory in the low
momentum region. The experimental data have a sig-
nificant “turn up” below the momentum p ~ 1a.u.
and all calculations underestimate the experimental
intensity in the momentum range. A similar “turn-
up” phenomenon in the experimental momentum pro-
files of the 1b3, orbital of ethylene in the low momen-
tum region was also observed at the impact energy of
1200 eV.[®! For comparison, the momentum profile of
the orbital 1b3, in ethylene at the incident energy of
1200 eV plus the binding energy can be seen in Fig.5
of Ref.[5]. The inadequacies in the peak fitting and
deconvolution procedure are excluded by comparing
the theoretical and experimental results of the sum-
mation over all the outer valences, as discussed in
Ref. [5]. The impossibility of a symmetry breaking
due to the vibrational coupling is also discussed in the
literature.l’/ The discrepancy between the experimen-
tal results and the theoretical calculations could be
considered due to the distorted wave effects. Unfortu-
nately, the distorted wave effects could not be calcu-
lated for molecules until now, although the possibility
of applying distorted wave calculations to molecules
using static exchange potentials has been discussed
recently.[%19] However, the results of DWIA calcula-
tions for atoms Cr 3d and Mo 4d at 1200 eV supported
the possibility that the “turn up” of intensity at low
momentum for orbital 7* of the molecules is caused
by the distortion effect.lf! According to the molecular
collision theory, the lower the energy of the incident
electron, the stronger the interaction of the electron
and the target, and then the greater the magnitude of
the distorted wave effect. The experimental data in
Fig. 2 of this letter and Fig. 5 of Ref. [5] show that the
cross section at the low momentum region is higher at
an impact energy of 800 eV than that at 1200eV. The
distorted phenomenon is more evident with the inten-
sity of the interaction, that is, with the decrease of the
incident energy. The comparison of the experimental
momentum profiles in this letter with those published
previously!® support the theoretical predictions.
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