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Abstract

Results of an experimental study of the valence electronic structure of difluoromethane employing high-resolution Electron Momen-
tum Spectroscopy with various impact energies are reported. One-particle Green’s Function theory is utilized, for the first time, for
computing accurate spherically averaged electron momentum distributions. These are derived from Dyson orbitals obtained using the
third-order Algebraic Diagrammatic Construction (ADC(3)) scheme. The corresponding eigen-energies also accurately reproduce the
(e,2e) ionization spectrum. Shortcomings of empirical analyses of (e,2e) experiments based on Kohn–Sham orbitals and eigen-energies
are comparatively discussed. A failure of the target Hartree-Fock approximation is noted for the momentum distribution pertaining to
the 1b1 + 3b2 + 5a1 levels.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Electron Momentum Spectroscopy (EMS) is a unique
technique for experimentally investigating the electronic
structure of atoms and molecules in the gas phase, and of sol-
ids [1]. EMS is based on kinematically complete electron
impact ionization experiments focusing on (e,2e) reactions
(M + e� !M+ + 2e�). In such experiments, the energies
and momenta of the impinging and outgoing electrons are
fully determined in coincidence. Under the assumptions of
the Born, binary encounter, and plane wave impulse approx-
imations, analysis of the angular dependence of differential
cross sections at high impact energies and within a symmetric
non-coplanar kinematical set up enables a mapping [1] of the
ionization spectrum of the molecular target M with electron
distributions derived from the Fourier Transforms in
momentum (p) space of Dyson (spin-) orbitals, gf(x, r):
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rf ¼ K
Z

dXjgfðx; pÞj2; ð1Þ

with x the spin variable (a or b). In Eq. (1),
R

dX denotes
integration over all molecular orientations in the gas phase
(spherical averaging). Using spin-space coordinates x =
(x, r), Dyson orbitals are defined [1,2] as partial overlaps
between the neutral ground state and ionized states:

gf ðxÞ ¼
ffiffiffiffi
N
p Z

WN�1
f ðx1; x2; � � � ; xN�1Þ

�WN
0 ðx1; x2; � � � ; xN�1; xÞdx1 dx2 � � � dxN�1; ð2Þ

with N the number of electrons. Under the target Hartree–
Fock (HF) [3] or Kohn–Sham (KS) [4] approximations, the
measured electron momentum distributions (MDs) reduce
to [5] structure factors derived as the square of HF or
KS orbitals in their momentum representation. EMS is
therefore very commonly regarded as a powerful orbital-
imaging technique.

Comparisons between MDs relating to KS orbitals and
to Dyson orbitals derived from benchmark Configuration
Interaction [CI] calculations are too rare [6–11] to conclude
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that electronic correlation is always correctly accounted for
by the target KS approximation. Density Functional The-
ory (DFT) suffers of fundamental limitations, among which
the incorrect behavior [12–14] of most currently used

exchange–correlation potentials in the asymptotic region

(r!1,p! 0), due to the unavoidable self-interaction
error. The latter error is known to yield systematic underes-
timations, by several eVs, of ionization energies [5,15]. KS
orbitals have been nonetheless very extensively used as an
empirical tool for accurately simulating electron MDs,
and this often with the help of quantitative calculations of
the related ionization spectra [5,15,16] by means of one-
particle Green’s Function (1p-GF) theory [2,17,18], in
conjunction with the third-order algebraic diagrammatic
construction (ADC(3)) scheme [19,20]. The main scope of
this work is to demonstrate that such 1p-GF/ADC(3) calcu-
lations enable also straightforwardly accurate computa-
tions of Dyson orbitals in momentum space, in support to
a high-resolution EMS study of the valence electronic struc-
ture of difluoromethane (CH2F2). The quality of HF and
KS orbitals is comparatively assessed.

2. Theory

As EMS, 1p-GF theory enables also a mapping, and this
within an exact many-body framework, of vertical ioniza-
tion energies and Dyson orbitals. In its energy representa-
tion, the advanced (A) component of the one-particle
Green’s Function (1p-GF) has indeed the following defini-
tion [21]:

GAðx2; x1; xÞ ¼
X

f

gf ðx2Þg�f ðx1Þ
x� ðEN

0 � EN�1
f Þ � i0þ

; ð3Þ

where the sum over f runs over all the electronic configura-
tions of the molecular radical cation M+. It is immediately
apparent that the poles of this component of the 1p-GF
give access to ionization energies, whereas the correspond-
ing residues relate to products of Dyson orbitals and to
ionization intensities [17] therefore.

Employing the formalism of second quantization,
Dyson orbitals can be expanded as linear combinations of
canonical (i.e. orthonormal) occupied and unoccupied
HF orbitals, /i(x), with Feynman–Dyson transition ampli-
tudes, Xfi, as weight coefficients:

gfðxÞ ¼
X

i

/iðxÞhWN�1
f jaijWN

0 i ¼
X

i

X fi/iðxÞ. ð4Þ

The norms, Cf, of Dyson orbitals define spectroscopic
pole strengths, which provide a straightforward estimate
of relative ionization intensities, regardless of cross section
effects.

Cf ¼
X

i

jX fij2 ð5Þ

At the ADC(3) level, one-electron and shake-up ioniza-
tion energies are obtained as eigenvalues (E) of a secular
matrix (H) cast over the one-hole (1h) and two-hole/one-
particle (2h1p) excited (shake-up) configurations of the rad-
ical cation M+, as well as 1p and 2p1h (shake-on) anionic
configurations produced by electron attachment processes
on M [19]. The sets of Feynman–Dyson transition ampli-
tudes (X) required to expand Dyson orbitals derive [2,5]
from the 1h and 1p components of the associated eigenvec-
tors (HX = XE, X� X = 1). By virtue of its treatment of
static and dynamic self-energies, through fourth- and
third-order in correlation, respectively, the 1p-GF/
ADC(3) approach predicts vertical one-electron ionization
energies within accuracies of �0.2 eV [15,16]. In contrast
with comparable MR-SDCI (Multi-Reference Single and
Double CI) treatments [11], the 1p-GF/ADC(3) scheme is
size-consistent [22] and applicable therefore to extremely
large systems [23]. Unlike DFT calculations employing
standard functionals, a charge-consistent ADC(3) scheme
guarantees that the associated scattering potentials have
the correct scaling in the asymptotic region [22].

We wish to note that in a quasi-particle depiction (such
as the Outer Valence Green’s Function scheme [17]), the
1p-GF is assumed to be diagonal, and Dyson orbitals
become proportional to HF orbitals, with

ffiffiffiffiffi
Cf

p
as weight

coefficient. At zeroth-order in correlation (Koopmans theo-
rem), Dyson orbitals are equal to HF orbitals (Cf = 1). Sim-
ilarly, KS orbitals used to expand the electron density of a
N-electron interacting system can be mapped onto the
Dyson orbitals of a (hypothetical) non-interacting system
[24]. However, no theory so far ever proved that a formal
relationship exists between the Kohn–Sham and Dyson
orbitals of a correlated system in its neutral ground state.
Even DFT calculations employing an exact functional
would not provide the Dyson orbitals of such a system!
These calculations are not suited for coping with configura-
tion interactions in the cation and with the dispersion of the
ionization intensity into a formally infinite number of
shake-up satellites. It is therefore improper to repeatedly
suggest [25] that Dyson orbitals can be generated from

DFT calculations employing exact or, worst, approximate

functionals!

3. Computational details

To assess the influence of the basis set in computations
of orbital MDs, we compare HF or DFT results obtained
using Dunning’s correlation consistent polarized valence
basis sets of double [or triple] zeta quality (aug-cc-pVXZ,
X = D[T]) and augmented by a set of s, p, [d] and s, p, d,
[f] diffuse functions on hydrogens, and carbons or fluorines,
respectively [26]; as well as Dunning’s cc-pVTZ basis [26]
augmented by a set of s, p and s, p, d diffuse functions only
on hydrogens, and carbons or fluorines, respectively (cc-
pVTZ++). The ADC(3) calculations have been completed
by means of the original code interfaced to the GAMESS92
package of programs [27]. KS and HF orbital MDs have
been generated from DFT or HF calculations employing
GAUSSIAN98 [28]. The DFT calculations have been per-
formed using the standard gradient-corrected Becke–Per-
dew (BP86) functional, and its extension, the hybrid



Fig. 1. (a) Angular resolved and (b) summed experimental ionization
spectra of CH2F2 (Ei = 1600 eV). The dashed and full lines represent
Gaussian fits and their sum, respectively. (c) ADC(3)/cc-pVTZ++ spike
and convolved ionization spectra (FWHM = 1.6 eV).
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Becke–Perdew-3-parameters-Lee–Yang–Parr (B3LYP)
functional [28]. All spherically averaged orbital MDs have
been obtained using the HEMS program [29] and convolved
according to the experimental momentum resolution [30].

4. Experiment

The employed EMS spectrometer has been described in
detail elsewhere [31]. This spectrometer employs a symmet-
ric non-coplanar geometrical set up, and a kinematics which
ensures therefore clean ‘knockout’ collision events. A dou-
ble toroidal analyzer equipped with a series of conical
retarding lenses is used for electron energy and angle ana-
lyzing, and the electron position detection and data acquisi-
tion are realized by using a pair of wedge strip anode
position sensitive detectors with a Universal Serial Bus mul-
tiparameter data-acquisition system [32]. According to tests
on argon and helium, the energy and time resolutions are
around 1.2 eV and 2 ns, respectively. Improvements of the
employed multi-angle and multi-energy detection tech-
niques greatly increased the detection rate of (e, 2e) events
in coincidence, by two orders of magnitude higher com-
pared with our previous spectrometer [33]. In order to
identify possible failures of the PWIA approximation, the
electron MDs of CH2F2 have been measured at impact
energies (Ei) of 600, 1200 and 1600 eV (+ electron binding
energy). At these energies, the resolution on momenta
correspondingly amounts to 0.11, 0.17 and 0.20 a.u.
(1 a.u. ¼ �ha�1

0 with a0 the Bohr radius).

5. Results and discussion

The experimental electron density distribution map of
CH2F2 at Ei = 1600 eV is illustrated in Fig. 1a. An average
ionization spectrum is obtained from this map (Fig. 1b) by
summing measurements over all / angles. This spectrum is
assigned by comparison with a simulation drawn from
our best ADC(3)/cc-pVTZ++ theoretical results (Fig. 1c;
averaged accuracy on one-electron ionization energies:
�0.2 eV, to compare with errors of �3 to �4 eV for
B3LYP or BP86 orbital estimates). Only 1h states
(Cf > 0.8) produced by the removal of an electron from
the 2b1 or 4a1 orbitals can be individually resolved at
�13.3 and �24.9 eV, respectively. In the outer-valence
region, two further bands at �15.4 and 19.1 eV relate to
unresolved 1h states associated to the {4b2, 6a1, 1a2} and
{1b1, 3b2, 5a1} sets of orbitals, respectively. A severe break-
down of the orbital picture of ionization is noticed at the
ADC(3)/cc-pVTZ++ level for the innermost 2b2 and 3a1

levels, in the form (Fig. 1c) of a dispersion of the related
ionization intensity over many shake-up lines with very
limited intensity (Cf < 0.17). More specifically, at this level,
77 (71)% of the 2b2 (3a1) ionization intensity is recovered at
binding energies comprised between 36 and 43 eV in the
form of 27 (33) lines with Cf > 0.005. Very significant band
broadening is correspondingly observed on the experimen-
tal side (Fig. 1b).
Analysis of the angular dependence of the (e,2e) intensi-
ties for the identified ionization channels provide straight-
forward access to the related MDs (Eq. (1)). We refer to
[32] for a description of the procedure used for extracting
the experimental MDs. These are compared in Figs. 2
and 3 with theoretical HF, KS, or ADC(3) Dyson orbital
MDs. These theoretical MDs are overall similar and in gen-
eral very faithfully reproduce the experimental measure-
ments. Noteworthy differences are nonetheless observed
at electron momenta smaller than 1 a.u. – with the
ADC(3) results enabling overall the best description of
experiment. Note that the BP86 and B3LYP functionals
produce also excellent and essentially identical results for
CH2F2.

The HF/aug-cc-pVTZ level fails to qualitatively describe
the MD associated to the {1b1, 3b2, 5a1} set (Fig. 2c), a
failure which reflects very significant electronic correlation

and relaxation effects. Indeed, in contrast, the ADC(3)
MDs very correctly reproduce the experimental results
for this orbital set. Such a difference between the HF and
ADC(3) results for momentum distributions demonstrates
that, although the corresponding ADC(3) eigenvectors



Fig. 2. Measured and calculated momentum distributions for the resolved 2b1, {4b2 + 6a1 + 1a2}, {1b1 + 3b2 + 5a1} and 4a1 sets of orbitals
(Ei = 1600 eV).

Fig. 3. Measured and ADC(3)/cc-pVTZ++ momentum distributions for
the 2b1 and {1b1 + 3b2 + 5a1} orbital sets (Ei = 600 eV).
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have one dominant 1h component relating to the 1b1, 3b2,
or 5a1 HF orbitals, the contributions of many other and
individually small 1h or 1p components, due to electronic
relaxation in the final state or ground state correlation,
respectively, may altogether significantly alter the shape
of the associated Dyson orbitals, by virtue of Eq. (4). A
comparison of ADC(3) results obtained using the aug-cc-
pVDZ and cc-pVTZ++ basis sets confirms that the latter
is large enough to ensure the convergence of the computed
MDs with respect to incorporations of further atomic
orbitals.

All employed models fail to reproduce the ‘turn up’ of
the experimental MD at low electron momenta for the
2b1 orbital. With regards to the p*-like topology of this
orbital, which exhibits two perpendicular nodal planes
(Fig. 4), this discrepancy is typically due to distorted wave
effects [6,34]: indeed, its extent strongly increases upon a
lowering of Ei down to 1200 and 600 eV (compare
Fig. 2a (1600 eV) with Fig. 3a (600 eV)). For all other orbi-
tals the related experimental MDs are insensitive to Ei

(compare e.g. Fig. 2c with Fig. 3b for the {1b1, 3b2, 5a1}
set), and the plane wave impulse approximation seems
therefore valid. Note that, according to He(II) measure-
ments [35], vibrational broadening of the 2b1 ionization
line does not exceed 0.68 eV (FWHM).

The summed ADC(3) MDs for the {1b1, 3b2, 5a1} set
slightly underestimate the experimental ones at low
momenta: since this set corresponds to localized (F2p) lone
pairs, this underestimation may be ascribed to nuclear
dynamical complications. With regards to the phase rela-
tionships between their AO (atomic orbital) components,
a stretching of the CF bonds, or a strong increase of the
FCF bond angles are indeed expected upon ionization of



Fig. 4. Contour plot for the 2b1 orbital of CH2F2.
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an electron from orbital 3b2, and from orbitals 1b1 or 5a1,
respectively. Since in all three cases the distance between
fluorine atoms increases, these distortions will result into
an enhancement of the related orbital densities at large r

(low p). Thus, it appears that the excellent agreement that
is most usually reported between KS and experimental
MDs may partly stem from a cancellation of errors (a too
rapid decay of the employed exchange–correlation poten-
tials at large distances versus the neglect of the relaxation
of the electron density and of the molecular geometry).

The MD displayed at the ADC(3)/cc-pVTZ++ level for
the innermost 2b2 and 3a1 valence bands (Fig. 5) has been
Fig. 5. Measured and calculated momentum distributions for the
2b2 + 3a1 shake-up bands (Ei = 1600 eV), along with (insert) the
ADC(3)/cc-pVTZ++ Dyson orbital momentum distributions for the 10
most intense shake-up lines (ionization energies in eV; pole strengths in
parenthesis).
calculated by summing the contributions from the 60
shake-up lines found at binding energies between 36 and
43 eV. For these bands, the agreement between the total
ADC(3) and experimentally measured MDs is remarkable,
as is the agreement of the ADC(3) MDs with the HF and
KS results. This, as well as further inserts in Fig. 5 providing
on an individual basis the Dyson orbital MDs associated to
the 10 most intense shake-up lines, reflect the fact that
Dyson orbitals for satellites related to the same electronic
level have the same composition in a MO or AO basis.
6. Conclusions

A link between one-particle Green’s Function theory
and Electron Momentum Spectroscopy has been estab-
lished using Dyson orbitals derived from the ADC(3)
scheme. This formalism has been applied for the first time
to study the electron momentum distributions associated to
the one-electron and shake-up ionization channels of diflu-
oromethane. A comparison of ADC(3) Dyson orbital MDs
with experimental or HF and KS results demonstrate the
importance of static and dynamic correlation effects in
(e,2e) processes, and the advantages of a treatment of these
effects by means of a many-body scattering potential that
has the right asymptotic behavior. Besides recommending
ADC(3) for quantitatively deciphering ionization spectra,
this work advocates therefore a systematic use of ADC(3)
Dyson orbitals in analyses of EMS experiments, in order
to safely identify complications such as distorted wave
effects, nuclear dynamics, or a dispersion of the ionization
intensities into shake-up processes.
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