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Electron momentum spectroscopy of NF3
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The electronic structure of nitrogen trifluoride was investigated by combining the high-resolution electron momentum
spectroscopy with the high-level calculations. The experimental binding energy spectra and the momentum distributions
of each orbital were compared with the results of Hartree–Fock, density functional theory (DFT), and symmetry-adapted-
cluster configuration-interaction (SAC-CI) methods. SAC-CI and DFT-B3LYP with the aug-cc-pVTZ basis set can well
reproduce the binding energy spectra and the observed momentum distributions of the valence orbitals except 1a2 and 4e
orbitals. It was found that the calculated momentum distributions using DFT-B3LYP are even better than those using the
high-level SAC-CI method.

Keywords: electron momentum spectroscopy, Dyson orbital, NF3, symmetry-adapted-cluster configuration-
interaction (SAC-CI) method

PACS: 34.80.Gs, 31.15.V– DOI: 10.1088/1674-1056/23/11/113403

1. Introduction
Nowadays, nitrogen trifluoride (NF3) is predominantly

used in the plasma etching and cleaning of semiconductors.
The simple and symmetric structure makes NF3 become one of
the benchmark systems for many experimental and theoretical
methods. The electronic structure of NF3 has been previously
investigated using photoelectron spectroscopy[1] and electron
energy-loss spectroscopy.[2] Recently, the electron impact ion-
ization and dissociation, and the dissociative electron attach-
ment of NF3 were reported.[3–6] The electron momentum dis-
tribution of the highest occupied molecular orbital (HOMO)
of NF3 was reported by Brion et al.[7] However, there is no
detailed electron-momentum spectroscopy (EMS) result and
theoretical explanations for the whole valence region of NF3.
Especially, so far, no detailed interpretation of the ionization
of NF3 based on high-level many-body theories has been re-
ported.

In the present work, we report the high resolution elec-
tron momentum spectroscopy of the whole valence orbitals of
NF3. The high-level symmetry-adapted-cluster configuration-
interaction (SAC-CI) method is employed to interpret the
binding energy spectra and the electron momentum distribu-
tions. The theoretical results using the Hartree–Fock (HF)
method and the density functional theory (DFT) are also pre-
sented for comparison.

2. Experimental and theoretical methods
Electron momentum spectroscopy is based on the kineti-

cally complete (e, 2e) reaction.[8–21] A bound electron of the

target molecule is knocked out by an impact electron, and
the impact electron itself is scattered off. The energy E0

and momentum p0 of the incoming electron are predefined,
and the energies and momenta of the two outgoing electrons
can be precisely measured through the coincidental measure-
ment. For the one-electron process, the binding energy ε of
the bound electron is given by

ε = E0−E1−E2, (1)

where E1 and E2 are the energies of the two outgoing elec-
trons. The spectrometer used in the present work takes the
non-coplanar symmetric geometry.[8–10] Under the high im-
pact energy and the large momentum transfer, the binary-
encountering approximation can be used. The magnitude of
the momentum (p) of the bound electron before being struck
out is obtained through measuring the relative azimuthal angle
φ between the two outgoing electrons, i.e.,

p =

{
(2p1cosθ1− p0)

2 +

[
2p1sinθ1sin

(
φ

2

)]2}1/2

, (2)

where p0 stands for the momentum of the incident electron,
p1 is the momentum of one of the two outgoing electrons
(p1 = p2), and θ1 = θ2 = 45◦ are the polar angles of the outgo-
ing electrons relative to the incident electron beam. Within the
plane wave impulsive approximation (PWIA), the differential
(e, 2e) cross section can be written as[8–10]

σEMS ∝ Sf
i

∫
dΩ

∣∣∣〈e−i pr
Ψ

N−1
f /Ψ N

i

〉∣∣∣2 , (3)

where Sf
i represents the spectroscopic factor, e−i pr stands

for the plane wave, Ψ N
i and Ψ

N−1
f are the wave functions

of the ground state and the ionized state of the molecule,
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respectively, N is the total electron number of the neutral
molecule, and

∫
dΩ represents the spherical average for the

randomly oriented molecules in gas phase. The overlap in-
tegral 〈Ψ N−1

f |Ψ N
i 〉 is called the Dyson orbital,[12–25] which

can be calculated using high-level many-body computational
methods, such as the configuration interaction method and
Green’s function theory. With the frozen orbital approxima-
tion, the Dyson orbital can be simplified as a Hartree–Fock
orbital or a Kohn–Sham orbital,[24,25] i.e.,

σEMS ∝ Sf
i

∫
dΩ
∣∣ϕ j(p)

∣∣2 , (4)

where ϕ j(p) is the j-th Hartree–Fock or Kohn–Sham orbital
in the momentum space.

In the present experiment, the instrumental energy resolu-
tion is 0.7 eV (full width at half maximum, FWHM), which is
obtained through the calibration experiment of an Ar sample.
The finite acceptance angle of θ is ±0.84◦ (one standard er-
ror), and the resolution of azimuthal angle φ is ±0.53◦ (one
standard error).[26,27] The gas sample NF3 with a purity of
99.9% is used directly. No impurities are evidently observed
in the binding energy spectra. To check the PWIA, the ex-
periment is conducted at the impact energies of 1200 eV and
600 eV.

The SAC-CI method, which was developed by Nakat-
suji and his co-workers,[28–30] was recently introduced for
interpreting the electron momentum spectroscopy by our
group.[31–34] There are two options, SD-R and general-R,
in SAC-CI calculations. In the SAC-CI general-R method,
quadruple or even higher excitation operators R can be cho-
sen to include the higher-order electron correlation, which is
necessary for interpreting the ionization of the inner valence
orbitals. The SAC-CI combines the merits of the size consis-
tency of the cluster expansion and the energy upper boundary
of the CI. In the present work, the SAC-CI general-R method
with the correlation consistent basis set cc-pVDZ[35] is used
for interpreting the electron binding energy spectra of NF3.
The active space includes all HF reference orbitals except the
four core orbitals (one N1s, three F1s). The excitation opera-
tors R up to quadruples are included. Perturbation selections
are done to reduce the computational cost. The threshold of
the linked terms for the ground state is 1.0×10−6, and the un-
linked terms are included as the products of the linked terms
whose single- and double-configuration-interaction (SDCI)
coefficients are greater than 5.0× 10−6. In total, 500 final
states are calculated for reproducing the experimental bind-
ing energy spectrum. The SAC-CI calculations with the more
complete basis sets cc-pVTZ and aug-cc-pVTZ[28] are also
conducted for better describing the experimental momentum
distributions. Only the Dyson orbitals in the outer valence re-
gion are constructed using aug-cc-pVTZ due to the very high
computational cost.

The SAC-CI, HF, and DFT calculations are conducted
with G03 program.[36] In the present work, aug-cc-pVTZ is
used as the default basis set if not explicit specification else-
where. Fourier transformations and the spherical average of
the momentum distributions for the molecular orbitals are cal-
culated with our home-compiled NEMS program.[37]

3. Results and discussion
3.1. Binding energy spectra of NF3

The geometry structure of NF3 is shown in the inset of
Fig. 1(b). It has the C3v symmetry at equilibrium. The elec-
tronic configuration of the ground state can be written as

(core)8 (1a1)
2(1e)4(2a1)

2(2e)4︸ ︷︷ ︸
inner valence

(3a1)
2(3e)4(4e)4(1a2)

2(4a1)
2︸ ︷︷ ︸

outer valence

.

The 4a1 is the highest occupied molecular orbital. The bind-
ing energy spectra of NF3 in the region of 9–53 eV are shown
in Fig. 1. To obtain the experimental momentum distribution
for each orbital, the experimental binding energy spectrum at
each azimuthal angle is fitted by twelve Gaussian functions.
The widths of the Gaussian functions have considered the
spectrometer energy resolution and the Frank–Condon widths
estimated from the photoelectron spectra.[1] Figure 1(b) shows
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Fig. 1. (color online) Binding energy spectra of NF3. (a) (e, 2e) ion-
ization spectra summed over all φ angles obtained at impact energy of
1200 eV plus binding energies. The dashed line represent the individual
fitting Gaussian peak and the solid line is their summation. (b) Simu-
lated ionization spectrum using the SAC-CI general-R method with cc-
pVDZ basis set. The heights of the sticks under the curve represent the
spectroscopic factors. The inset is the molecular structure of NF3.
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the simulated ionization spectrum using the SAC-CI general-R
method with the cc-pVDZ basis set. The vertical bars under
the curve represent the spectroscopic factors for each Dyson
orbital. In general, the simulation is in excellent agreement
with the experimental binding energy spectrum.

In the outer valence regions (< 22 eV), each Dyson or-
bital has one dominant HF orbital component. The main lines
at 13.71 eV, 15.77 eV, 16.36 eV, 17.45 eV, 19.77 eV, and
21.09 eV can be considered as the ionization from 4a1, 1a2, 4e,
3e, 3a1, and 2e orbitals, respectively. The origin of the inten-
sity at around 23.5 eV in Fig. 1(a) is not clear. It may be due to
some higher-order excitations or dissociation–excitation pro-
cesses, which have not been included in the SAC-CI/cc-pVDZ
calculation. As Fig. 1 shows, in the region of 25–30 eV, the
2a1 orbital mainly split into three satellite lines according to
the prediction of the SAC-CI calculation. In the region of 30–
38 eV, a broad band labeled as band B is observed. SAC-
CI/cc-pVDZ predicts more than 100 weak lines in this re-
gion, and their summed spectroscopic factor is only 0.3. In
the region of 38–50 eV, two resolvable features are observed,
which are the results of ionization from 1e and 1a1 orbitals,
respectively. The experimental spectra do not have the pre-

dicted additional splitting at 27 eV and 44 eV, which might
be due to some broadening effects which are not considered
in the calculations. The experimental ionization potentials and
spectroscopic factors of these peaks and the calculated val-
ues are compared in details in Table 1. The ionization poten-
tials in the outer valence region predicted using the SAC-CI
general-R method with cc-pVTZ and aug-cc-pVTZ basis sets
are also listed for comparison. As can be seen, the differences
among the predicted ionization potentials by SAC-CI with dif-
ferent basis sets are very small. For example, the predicted
ionization potential of the HOMO is 13.20 eV by cc-pVDZ,
13.24 eV by cc-pVTZ, and 13.55 eV by aug-cc-pVTZ, which
are very close to the experimental value 13.71 eV. This in-
dicates that cc-pVDZ is good enough for interpreting the ex-
perimental binding energy spectra. However, as shown later,
cc-pVDZ is too limited to describe the experimental momen-
tum distributions. In Table 1, the shifted B3LYP method also
predicts very accurate ionization potentials. Here, the shift
B3LYP means a global shift of the negatives of the orbital en-
ergies obtained with the B3LYP/aug-cc-pVTZ method to align
the HOMO with the first experimental peak.

Table 1. Ionization potentials (eV) and spectroscopic factors (in parentheses) of NF3.

EMSa) PESb) SAC-CIc)
Shifted B3LYPd)

cc-pVDZ cc-pVTZ aug-cc-pVTZ
4a1 13.71 (0.82) 13.71 13.20 (0.84) 13.24 (0.84) 13.55 (0.85) 13.71
1a2 15.77 (0.82) 15.81 15.98 (0.83) 16.04 (0.83) 16.27 (0.84) 15.89
4e 16.36 (0.82) 16.32 16.18 (0.83) 16.27 (0.83) 16.48 (0.84) 16.31
3e 17.45 (0.82) 17.44 17.50 (0.82) 17.49 (0.82) 17.81 (0.83) 17.53
3a1 19.77 (0.82) 19.74 20.02 (0.79) 20.03 (0.80) 20.37 (0.81) 20.00
2e 21.09 (0.82) 21.09 21.33 (0.81) 21.20 (0.82) 21.55 (0.84) 21.35
2a1 26.37 (0.82) 26.37 25.82 (0.36) 26.54

28.6 (0.25) 27.16 (0.15)
27.89 (0.17)

B 34.6 (0.81) 34–38 (0.30)
1e 39.4 (0.37) 38.94 (0.08) 38.03

39.09 (0.27)
39.23 (0.23)
39.74 (0.08)
39.80 (0.06)
39.98 (0.05)
41.02 (0.07)
41.39 (0.04)

1a1 42.7 (0.27) 42.26 (0.08) 41.59
42.31 (0.06)
42.40 (0.09)
42.59 (0.05)
42.60 (0.07)
42.61 (0.11)
44.12 (0.07)
44.32 (0.09)
44.55 (0.24)
47.24 (0.04)

a)Present work. The ionization energies determined by the high resolution PES are directly used as the initial values in fitting EMS binding energy spectra,
and then a slight adjustment is made for best fitting the experimental spectra.

b)Ref. [1].
c)Only the ionization potentials for the outer valence orbitals are calculated due to the extremely high computational cost with cc-pVTZ and aug-cc-pVTZ

basis sets. Only those Dyson orbitals with spectroscopic factors greater than 0.04 are listed here.
d)The negatives of the orbital energies are shifted to align the ionization from 4a1 orbital (HOMO) with the first experimental peak.
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3.2. Momentum distributions of NF3

The experimental momentum distributions of the HOMO
are compared with the theoretical calculations using various
methods in Fig. 2. Since the experimental intensity is in a rel-
ative scale, a normalization procedure is needed to rescale the
experimental momentum distributions. Here we compare the
summed experimental momentum distributions of all outer va-
lence orbitals with those of the summed B3LYP calculations to
determine the global normalization constant (see Fig. 3). The
global constant is directly used to normalize the experimental
momentum distributions of the outer valence orbitals, and to
determine the experimental spectroscopic factors of the inner
valence orbitals. The averaged pole strength 0.82 of the outer-
valence orbitals predicted by SAC-CI/cc-pVDZ is uniformly
assigned as the pole strength of the outer-valence orbitals. The
experimental momentum distributions of the HOMO in Fig. 2
agree with those reported by Brion et al.[7] It can be seen that
HF, B3LYP, and SAC-CI methods with aug-cc-pVTZ (curves
1, 2, 5) can well reproduce the experimental momentum distri-
butions. However, SAC-CI with cc-pVDZ and cc-pVTZ cal-
culations significantly underestimate the experimental inten-
sity in the low momentum region although their predictions
for the ionization potentials are quite accurate. The reason
for the phenomenon is that the intensity in the low momen-
tum region is mainly contributed from the diffuse part of the
molecular orbitals, which are usually far away from the nuclei
in real space according to the Fourier transform theorem. Aug-
cc-pVTZ includes more diffuse and polar basis functions than
cc-pVDZ and cc-pVTZ. The diffuse part usually contributes
much less to the total energy of the molecule than the part
near the nuclei, but it is important to describe the momentum
distribution in the low momentum region. It should be noted
that the HOMO of NF3 is not a classic N2p lone pair orbital
as generally believed. With the B3LYP/aug-cc-pVTZ method,
the Mulliken population analysis indicates that the HOMO is
composed of 49% F2p, 28% N2p, and 21% N2s. There is a no-
table intensity distributed between N atom and F atoms. As a
contrast, 1a2, 4e, and 3e are dominantly composed of F2p elec-
trons (see Fig. 4). Their binding energies are very close. The
momentum distributions of these orbitals are shown in Fig. 5.

In Fig. 5(a), HF, B3LYP, and SAC-CI predict almost the
same momentum distributions for the 1a2 orbital. They all
significantly underestimate the experimental intensity in the
low momentum region. In Fig. 5(b), the three methods can
roughly reproduce the experimental profiles of the 4e orbital,
however there is a notable discrepancy around p = 1.5 a.u. By
considering that the two ionized states overlap significantly
(see Fig. 1), the summed momentum distributions of 1a2 and
4e orbitals are plotted in Fig. 5(c). However, the discrepancies
still exist in the low momentum region. Therefore, the dis-
crepancies are not likely due to the overlap of the two orbitals.

The discrepancies may be due to the distorted wave effects,
which have been observed before.[38–41] There is a perceptible
difference between the experimental momentum distributions
at 1200 eV and those at 600 eV, which partly confirms the ex-
planation. To check the possibility of nuclear dynamics[42,43]

and the Jahn–Teller distortion on the momentum distributions,
some approximated calculations have been conducted accord-
ing to the methods by Watanabe et al.[44] and our work on
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Fig. 2. (color online) Spherically averaged momentum distributions of
the HOMO of NF3. The instrumental resolution has been convoluted in
the theoretical calculations.
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NH3.[45] No evident effect on the momentum distributions is
found. In Fig. 5(d), the HF method cannot well describe the
experimental momentum distribution of the 3e orbital in the

low momentum region, and SAC-CI improves. Unexpectedly,
the B3LYP method best reproduces the experimental distribu-
tions.
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Fig. 5. (color online) Spherically averaged momentum distributions of (a) 1a2, (b) 4e, (c) 1a2 + 4e, and (d) 3e orbitals of NF3.

The similar situations are also observed for 3a1 and 2e
orbitals in Fig. 6. The prediction of the B3LYP method fits
with the experimental distributions of the 3a1 orbital perfectly.
The HF method significantly underestimates the experimen-
tal intensity in the low momentum region. The SAC-CI/aug-
cc-pVTZ method can describe the overall profiles of the ex-
perimental distributions. However, the details of the predicted
shape are different from those of the experimental distributions
in the low momentum region. The calculated momentum dis-
tributions using the SAC-CI method with smaller basis sets cc-
pVDZ and cc-pVTZ are also plotted for comparison. Again,
we see that SAC-CI with the two smaller basis sets cannot re-
produce the experimental momentum distributions of 3a1 al-
though they predict accurate ionization potentials for the 3a1

orbital. For the 2e orbital, the calculated momentum distribu-
tions by HF and SAC-CI are narrower than the experimental
distribution, and the calculated maximum intensity is higher
than the observed one. The agreement between the theoretical
distributions using the B3LYP method and the experimental
distributions is much better. It can be seen that the discrep-
ancies between experimental and theoretical distributions are
more remarkable in the low momentum region. There are two
reasons. One is that our spectrometer is more sensitive for the

small angle scattering, and the other is that the intensity in the
high momentum region decreases as p−4. Recently, we ob-
served similar effects in the highly symmetric molecules, such
as CX4 (X = F, Cl, Br).[46]

In the inner valence region, the 2a1 orbital mainly splits
into three lines located at 25.82 eV, 27.16 eV, and 27.89 eV,
respectively, according to the SAC-CI predictions. Two Gaus-
sian functions (2a1 and A) are used to extract their experimen-
tal momentum distributions. In Figs. 7(a) and 7(b), the exper-
imental momentum distributions are compared with HF and
B3LYP theoretical results. Apparently, HF significantly un-
derestimates the experimental intensity in the low momentum
region, and B3LYP can describe the overall profiles of the ex-
perimental distributions. However, there are notable discrep-
ancies in the low momentum region in Figs. 7(a) and 7(b).
The discrepancies decrease as the impact energy increases
from 600 eV to 1200 eV. It might be due to the distorted
wave effect.[34–37] To interpret the experimental momentum
distributions of band B, all satellite lines between 30 eV and
38 eV predicted by SAC-CI/cc-pVDZ are summed up. The
calculated intensity is much lower than the experimental inten-
sity. However, the calculated momentum distribution agrees
with the experimental one well if multiplying it by 2.7. The
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summed spectroscopic factor predicted by SAC-CI/cc-pVDZ
is 0.30, so the experimental spectroscopic factor is estimated
as 0.81. The experimental momentum distributions of 1e and
1a1 orbitals are shown in Figs. 7(d) and 7(e), which can be
described by B3LYP and HF methods. In contrast to the re-
markable difference between the momentum distributions for
other orbitals obtained by HF and B3LYP, there are no differ-
ences between the two methods for 1e and 1a1 orbitals. These

two orbitals are mainly composed of F2s and N2s electrons.

The deviations of the theoretical profiles from the experimen-

tal momentum distributions in the high momentum region are

mainly due to the congested satellite lines in the inner valence

region, and the inner valence orbitals are closer to the nuclei,

thus the incoming and the out-going electrons represented by

the plane waves are influenced more by the nuclear potential.
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Fig. 7. (color online) Spherically averaged momentum distributions of (a) 2a1 orbital, (b) A and (c) B bands, (d) 1e and (e) 1a1 orbitals of NF3.

It is interesting to note that the B3LYP method can pre-

dict very accurate the ionization potentials with a simple shift

and describe the experimental momentum distributions even

better than the high-level SAC-CI method. It may be due

to some error cancellation. For example, most of the cur-

rently used exchange–correlation potentials have asymptotic
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errors.[47] Such an error cancellation is unusual since it can-
cels the calculation errors for the ionization potentials and the
electron momentum distributions simultaneously.

4. Summary
The electronic structure of NF3 was extensively studied

by electron momentum spectroscopy in combination with the
high-level calculations. The SAC-CI method can well repro-
duce the experimental binding energy spectra in the range of
10–50 eV. The calculated momentum distributions using the
SAC-CI/aug-cc-pVTZ method agree well with the experimen-
tal results for most molecular orbitals of NF3 except the 1a2

and 4e orbitals. It was found that the calculated ionization
potentials using the DFT-B3YP method with a simple shift
fit with the experimental binding energies very well and the
predicted electron momentum distributions using the DFT-
B3LYP method are even better than that using the high-level
SAC-CI method.
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