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The binding energy spectrum and electron momentum proﬁles of the inner orbitals of methyl
iodide have been measured using an electron momentum spectrometer at the impact energy
of 1200 eV plus binding energy. Two peaks in the binding energy spectrum, arising from
the spin-orbit splitting, are observed and the corresponding electron momentum proﬁles
are obtained. Relativistic density functional calculations are performed to elucidate the
experimental electron momentum proﬁles of two spin-orbit splitting components, showing
agreement with each other except for the intensity in low momentum region. The measured
high intensity in the low momentum region can be further explained by the distorted wave
calculation.
Key words: Electron momentum spectroscopy, Relativistic eﬀect, Spin-orbit coupling,
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tivistic eﬀect on the highest occupied molecular orbital
(HOMO) of CF3 I for the ﬁrst time. Subsequently, Ning
and co-workers reported the relativistic EMS studies
for I2 molecule [17, 18] and Wang et al. discussed the
relativist eﬀect on the HOMO of n-propyl iodide [19].
Recently, Niu et al. [20] presented the detailed EMS
study on the valence orbitals of methyl iodide (CH3 I),
in which the relativistic eﬀects were revealed not only
for the SO components (2e3/2 and 2e1/2 ) and the C−I
bonding orbital (3a1 ), but also for the inner valence
orbitals (2a1 ). However, relativistic EMS studies for
the inner or core orbitals of atoms and molecules are
very scarce. The main diﬃculty or obstacle may lie
in two aspects: one is the extremely low cross sections
of electron-impact ionization for inner orbitals and the
other is the complexities for theoretical treatments.
In this work, we report an EMS experiment on the inner orbitals of CH3 I using a high-sensitivity EMS spectrometer [21]. The experimental EMPs of two SO splitting components are obtained. For comparison, the calculations have been performed by using the relativistic
density functional theory [22, 23] and the distorted wave
approximation method [24].

I. INTRODUCTION

In atoms or molecules, especially for those containing high-Z elements, the relativistic eﬀect is noticeable,
not only causing the energy of electronic states to shift
or split, but also aﬀecting the electronic wavefunctions,
which plays a vital role in understanding the physical
and chemical properties of matter [1−3]. Photoelectron spectroscopy (PES) is the most widely used experimental technique to study the relativistic eﬀect by
measuring the spin-orbit (SO) splitting energy and the
branching ratio for SO splitting components as a function of photon energy [4−8]. Electron momentum spectroscopy (EMS) [9−11] provides an alternative experimental method to directly evaluate the relativistic eﬀect
on the electronic wavefunctions of atoms and molecules
due to its unique ability in measuring the electron momentum proﬁle (EMP) of individual orbitals. In the
pioneer work of Cook et al. [12, 13], they observed
the inﬂuence of the relativistic eﬀect on the electronic
wavefunctions of two SO splitting components, 5p3/2
and 5p1/2 , from Xe 5p electron ionization. The similar results were achieved for 6p3/2 and 6p1/2 doublet
of lead by Frost et al. [14]. For inner shell 4d orbital
of xenon, the relativistic eﬀects on the EMPs for the
SO components 4d3/2 and 4d5/2 were investigated by
Ren et al. at diﬀerent electron collision energies [15].
For molecular systems, Li et al. [16] reported the rela-

II. EXPERIMENTAL AND THEORETICAL
BACKGROUND

EMS is based on an electron-impact-induced single
ionization process, also called (e, 2e) reaction, in which
the incident electron with a certain energy (typically
1200 eV) collides with atomic or molecular targets and
is scattered, and an electron is knocked out in the single
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ionization of the target. The conservation of energy and
momentum enable us to derive the binding energy ε and
the momentum p of the target orbital electron as
ε = E0 − E1 − E2
p = p1 + p2 − p0

(1)
(2)

where E0 , E1 and E2 are energies, and p0 , p1 and p2 are
momenta for the incident, scattered and ejected electrons, respectively.
In EMS experiments, non-coplanar symmetric kinematics arrangement is mostly employed where the energies and polar angles of two outgoing electrons are equal
(E1 =E2 , θ1 =θ2 =θ=45◦ ) and the relative azimuthal angle between two outgoing electrons, ϕ=π−(ϕ2 − ϕ1 ) , is
varied. Under these conditions the magnitude of target
electron momentum is given by
√
2
2
p = (p0 − 2p1 cos θ) + [2p1 sin θ sin (ϕ/2)]
(3)
A detailed description of the spectrometer used in
the CH3 I experiment can be found in Ref.[21]. Here
only a brief introduction is presented. The incident
electron beam generated by an electron gun is accelerated by a lens system to the desired energy of 1200 eV
plus the binding energy and transferred to the reaction region where the incident electron impacts with
the gas-phase target molecule injected by a nozzle. The
scattered and ejected electrons with ∼600 eV energies
outgoing from the reaction region along 45◦ polar angle
enter into the ﬁve-element conical lens to retard their
energies being 200 eV, then pass through a 90◦ sector,
2π spherical electrostatic analyzer to disperse diﬀerent
exit positions, and immediately are detected in coincidence by a position sensitive detector placed at the exit
plane of the analyzer. Before CH3 I experiments, the
instrumental energy and momentum resolutions were
calibrated to be ∼1.5 eV and ∼0.20 a.u., respectively,
by measuring the ionization energy spectrum and the
EMP of Ar 3p orbital.
For the theoretical treatment, under a series of
approximations including the binary encounter, the
weak-coupling, the plane wave impulse approximations
(PWIA), and the target Hartree-Fock approximation or
Kohn-Sham approximation, the triple diﬀerential cross
section (TDCS) of EMS can be expressed as [9, 25]:
∫
1
2
σEMS ∝
|φi (p)| dΩ
(4)
4π
where φi (p) represents the canonical Hartree-Fock (HF)
or Kohn-Sham (KS) orbital. It can be seen from the
Eq.(4) that EMS measurement is directly linked with
the spherically averaged modulus square of the orbital
wavefunction in momentum space, i.e., electron momentum proﬁle.
For the case of CH3 I molecule containing heavy element, the theoretical calculations should take the relativistic eﬀect into account. However, four-component
DOI:10.1063/1674-0068/cjcp2010187

FIG. 1 Orbital maps of 10a1 , 6e, and 7e of CH3 I calculated
by B3LYP/aug-cc-pVTZ-PP.

all-electron relativistic calculations for molecules are
still diﬃcult. Relativistic pseudo-potential basis sets
employed usually presents an alternative approach [16,
20], but invalid for spin-orbit coupling eﬀects. Recently,
Amsterdam density functional method (ADF) [22, 23]
was introduced to the EMS studies [17−20], which can
calculate two-component (SO coupling) and scalar relativistic wavefunctions. The orbital wavefunction in
position space generated by SO coupling relativistic
method in ADF program can be described as
φi (r) = φα (r)α + φβ (r)β

(5)

where α and β are the spin variables which are orthogonal with each other, and φα (r) and φβ (r) are the
relevant position space wavefunctions. Then, through
Fourier transform, the cross section of EMS can be given
by
σEMS ∝

1
4π

∫
2

2

(|φα (p)| + |φβ (p)| )dΩ

(6)

where φα (p) and φβ (p) are the momentum space electron wave-functions for the spin α and β components.
In the present calculations, molecular geometry of
CH3 I on the ground state is optimized by Gaussian 09 program [26] using the nonrelativistic B3LYP
method and aug-cc-pVTZ-PP basis set which includes small-core energy-consistent relativistic pseudopotentials (PP) for I [27] and augmented correlation
consistent polarized valence triple-zeta basis functions
for C and H. The ground state electronic conﬁguration
and the corresponding orbital maps are calculated at
the same theoretical level. For the relativistic calculations, two-component orbital wavefunctions in position
space are obtained by the ADF program [22, 23] using the relativistic B3LYP functional method and the
quadruple zeta basis sets with four polarization functions (QZ4P). According to the Eqs. (5) and (6), the
theoretical EMPs for two SO components are achieved.

III. RESULTS AND DISCUSSION

CH3 I molecule including 62 electrons belongs to C3v
point group, and its ground state electronic conﬁgurac
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tion can be written as:
2

2

2

2

2

4

2

2

4

2

(1a1 ) (2a1 ) (3a1 ) (1e) (4a1 ) (5a1 ) (2e) (6a1 )
4
2
(3e)4 (4e) (7a1 )
|
{z
}
4

core
2

4

4

(8a1 ) (9a1 ) (5e) (10a1 ) (6e) (7e)
|
{z
}
2

inner orbitals
2
4

2

(7)

4

(11a1 ) (12a1 ) (8e) (13a1 ) (9e)
|
{z
}
valence orbitals

The above orbital sequence is referred from the calculation of B3LYP/aug-cc-pVTZ-PP. Since the valence orbitals of CH3 I have been studied in detail by Niu et
al. [20], in this work, we focus on the inner orbitals
10a1 , 6e and 7e. Their orbital maps in position space
are calculated by B3LYP/aug-cc-pVTZ-PP, as shown
in FIG. 1, indicating that they are essentially iodine
atomic 4d lone pair orbitals. These three orbitals will
energetically degenerate and can be approximated as
one.
The ionization energy spectra for 10a1 , 6e, and 7e inner orbitals of CH3 I have been extensively investigated
by photoelectron spectroscopy experiments [28−31].
Due to the SO coupling eﬀect, the ionic state from their
ionizations is split into two components (hereafter SO-1
and SO-2, also noted as d5/2 and d3/2 in the literatures
[28−31]) whose energies were determined by the photoelectron spectroscopy to be about 56.7 eV and 58.3 eV,
respectively.
FIG. 2 shows the binding energy spectrum (BES)
measured by present EMS experiment for 10a1 , 6e, and
7e inner orbitals of CH3 I. It can be seen that two SO
splitting components are observed clearly, very similar
to the structural features of photoelectron spectroscopy
experiments [28−31]. In order to extract experimental EMPs for individual SO components, two Gaussian
peaks are used to ﬁt the BES at diﬀerent azimuthal angles. The peak positions of these Gaussian functions
are referred to the high-resolution photoelectron spectroscopy results [28]. The peak widths represent our instrumental energy resolution together with the FranckCondon widths from the ionizations.
The experimental EMPs for 10a1 , 6e, and 7e inner orbitals, as well as for two SO splitting components (SO-1
and SO-2) are shown in FIG.3, FIG.4 and FIG.5, respectively. The error bars of experimental data include
the uncertainties from the statistics and deconvolution
processes. For comparison, the theoretical EMPs calculated by the two-component relativistic B3LYP/QZ4P
are also shown in the ﬁgures. The theoretical EMPs are
folded with the instrumental momentum resolution (angular resolution: ∆θ≈1.0◦ , ∆ϕ≈3.0◦ ) using the Gaussian weighted planar grid method [32]. In addition,
the experimental and calculated EMPs are placed on a
common intensity scale by normalizing the experimental EMP for these three orbitals to the corresponding
theoretical one in the momentum range from 1.0 a.u.
to 3.5 a.u.
DOI:10.1063/1674-0068/cjcp2010187

FIG. 2 The binding energy spectrum of 10a1 , 6e, and 7e inner orbitals of CH3 I. The dash lines represent two Gaussian
peaks used to fit the BES, and the solid line is their sum.

FIG. 3 Experimental and theoretical EMPs for 10a1 , 6e
and 7e inner orbitals of CH3 I. The solid line represents the
relativistic B3LYP/QZ4P calculation for molecular orbitals
while the dash line is the distorted wave calculation for
atomic I 4d orbital.

FIG. 3 presents the experimental and theoretical
EMPs of 10a1 , 6e and 7e orbitals of CH3 I. The calculation predicts a p-type momentum proﬁle with a maximum at the momentum p≈2.0 a.u. agreeing with the
measurement except for the intensity in the low momentum region of p<1.0 a.u. The similar high intensities at
the low momentum have been also observed in previous studies for atomic d orbitals or molecular π ∗ -like
orbitals [33−36], which were ascribed to the distorted
wave eﬀects. However, for molecular systems, it is diﬃcult to accomplish the distorted wave calculations due
to the multi-center feature of molecules. In the present
case, 10a1 , 6e and 7e orbitals of CH3 I are primarily
consisted of atomic I 4d lone pair orbital. Therefore
the calculation for I 4d orbital is performed by the distorted wave approximation method of McCarthy which
is widely used to calculate the ionization cross sections
for atomic systems [24]. Under this approximation, the
c
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FIG. 4 Experimental and theoretical EMPs for the SO-1
component for 10a1 , 6e, and 7e orbitals of CH3 I.

Min-fu Zhao et al.

FIG. 6 The branching ratio of the EMPs for SO-1 and SO-2
components. The solid line represents the result of relativistic B3LYP/QZ4P calculations while the dashed line is the
statistical ratio.

As shown in FIG. 3, a good accordance is found between the experiment and the distorted wave calculation at the low momentum region, indicating the result of the distorted wave eﬀect on the inner orbitals of
CH3 I.

FIG. 5 Experimental and theoretical EMPs for the SO-2
component of 10a1 , 6e and 7e orbitals of CH3 I.

TDCS is written as
d3 σ
p1 p2 ∑
2
2
= (2π)4
(|f | + |g| − Re(f ∗ g)) (8)
dΩ1 dΩ2 dE1
p0 av
⟨
⟩
f ≡ χ(−) (p1 , r1 )χ(−) (p2 , r2 ) V12 χ(+) (p0 , r1 )ψnl (9)
⟨
⟩
g ≡ χ(−) (p1 , r2 )χ(−) (p2 , r1 ) V12 χ(+) (p0 , r1 )ψnl (10)
∑
where
represents the sum over ﬁnal and average over
initial magnetic and spin degeneracy. r1 and r2 are the
coordinates of two outgoing electrons. V12 =1/|r1 − r2 |
is the interaction potential between the incident and
target electrons responsible for the ionization. ψnl represents the nl orbital of the target. χ(+) is the distorted
wavefunction for the incident electron generated in the
equivalent local ground state potential of the initial
state, and χ(−) denotes the distorted wavefunctions for
two outgoing electrons generated in the equivalent local
ground state potential of the ﬁnal state. The detailed
description about theoretical calculations has been presented in Ref.[24].
DOI:10.1063/1674-0068/cjcp2010187

FIG. 4 and FIG. 5 show the experimental and
theoretical EMPs for SO-1 and SO-2, respectively.
It is noted that the two-component relativistic
B3LYP/QZ4P calculation is under the PWIA approximation. Here the distorted wave eﬀect cannot be taken
into account. It can be seen from the ﬁgures that the
experimental and theoretical EMPs of SO-1 and SO-2
components display a good agreement with each other
except for the intensities at p<1.0 a.u.
FIG. 6 shows the branching ratios of SO-1 and SO-2.
The diﬀerence between the momentum proﬁles of SO1 and SO-2 can be clearly seen from the ﬁgure. The
dashed line represents the statistical ratio of 3:2 while
the prediction of relativistic calculations obviously deviates from the value of 3:2 as the solid line shown in FIG.
6 which is the result of relativistic eﬀects on the wavefunctions for diﬀerent SO components. For the experimental data, though the intensity ratio of the measured
EMPs for SO-1 and SO-2 is generally consistent with
the theoretical predictions, it is very hard to directly
judge the diﬀerence of relativistic eﬀects on the wavefunctions for two SO components. Similar phenomena
were also observed for two SO components, 4d5/2 and
4d3/2 , from the ionization of atomic Xe 4d inner-shell
orbitals [15]. Some possible reasons may result in the
diﬃculty of observing the SO coupling eﬀect on the inner orbitals from EMS experiments. One is the distorted wave eﬀect and the multi-electron eﬀect which
maybe contaminate the SO eﬀect on the wavefunctions.
Another is very low cross sections of electron impact
ionization for the inner orbitals which maybe bring out
large error bars of the experimental data.
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IV. CONCLUSION

The EMS study on the binding energy spectrum and
electron momentum proﬁles for two SO splitting components arising from the ionization of 10a1 , 6e and 7e inner
orbitals of methyl iodide have been reported for the ﬁrst
time. Relativistic density functional calculations are
carried out to elucidate the experimental EMPs of these
two components, showing agreement except for the intensity in low momentum region which is explained by
the distorted wave calculation. The present study indicates that the relativistic eﬀect plays a noticeable role
in ionization energy splitting and wavefunctions for the
inner orbitals of molecules.
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