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Vibrational effects on electron momentum distributions
of outer valence orbitals of benzene*
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The outer valence electron momentum distributions of benzene are reinvestigated with theoretical calculations in-
volving the vibrational effects. The results are compared with recent experimental measurements [Phys. Rev. A 98 042705
(2018)]. The significant discrepancies between theories and experiments in previous works have now been interpreted quan-
titatively, indicating that the vibrational motion in benzene molecule has noticeable influence on its electron momentum

distributions.
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1. Introduction

Since the pioneering works of McCarthy, Weigold, and

co-workers!!=3]

several decades ago, electron momentum
spectroscopy (EMS) has been regarded as one of the robust
tools to investigate the electronic structures of atoms and
molecules. EMS is based on the high energy electron im-
pact binary (e, 2¢) reaction near the Bethe ridge condition. =5
Within the framework of plane wave impulse approximation
(PWIA) theory, ! the measured (e, 2e) triple differential cross
section (TDCS) is proportional to the modulus square of the
electron wave function of the ionized orbital in momentum
space, or the electron momentum distribution (EMD), which
is kinematically independent. The PWIA is not always valid.
An intensity higher than PWIA prediction in low momen-
tum region (usually referred to as turn-up effect) was ob-
served for Xe 4d atomic orbital, which can only be inter-
preted when considering the distorted wave (DW) effect.[®7]
For some 7* like molecular orbitals,®°! the observed turn-
up effect was also ascribed to the DW effect based on the fact
that the EMD intensity in low momentum region changed with
the incident energy.!%!!] But the DW effect is not the only
factor leading to this turn-up. For the molecular target, ear-
lier EMS studies"'>13] on Hy and H,O showed that the in-
fluence of molecular vibration on EMDs was usually negligi-
ble. Thus, the equilibrium-geometry-approximation is com-
monly used in EMS studies. However, recent works have
shown that for polyatomic molecules, the vibrational motion
can also have noticeable influence on EMDs.!!%24] Watanabe
et al.''%17] developed a harmonic analytical quantum mechan-
ical (HAQM) approach to fully estimate vibrational effects on
EMDs theoretically. It was demonstrated that not only the low-
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frequency vibrational modes!?!~?4 but also the high-frequency
ones!'??1 play important roles in interpreting the experimen-
tal EMDs. The influence of nuclear dynamics on EMDs can
alternatively be analyzed using the Born—Oppenheimer molec-
ular dynamics simulations. [23-23-2]

Benzene, the simplest aromatic hydrocarbon, has a fun-
damental significance in organic chemistry. As a molecule
with high order of Dgj;, symmetry, it is also one of the simplest
molecules to contain multi-center 7 orbitals. A great deal of
theoretical works have been carried out on!>’3% benzene to
explain the vibrational spectra. Its electronic structures have
been extensively studied by photoelectron spectroscopy em-
ploying He I, He II radiation*'-33! and x-ray,[**! as well as by
theoretical calculations.>>=7] Early EMS studies on the va-
lence shells of benzene were carried out by Fuss et al.[*8 and
Samardzic et al.3°! at 1200 eV collision energy. In spite of
the poor data statistics, these works did show large discrepan-
cies between experiments and PWIA calculations in the low
momentum region for some molecular orbitals (MOs). In or-
der to investigate the reason for the discrepancies, Huang et
al.'* conducted a high-resolution EMS study on benzene re-
cently. They examined the influence of the DW effect by per-
forming the experiments at two impact energies of 600 eV and
1200 eV. Part of the discrepancies can be ascribed to the DW
effect, while significant disagreement still remains.

In this work, we conduct a comprehensive investigation
of vibrational effects on EMDs of benzene using HAQM ap-
proach. The result shows that the C-H stretching and C-H
bending modes play a crucial role in reproducing the electron
momentum profiles of 3esg, 1byy, and 2by, molecular orbital.
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2. Theoretical background

EMS is an (e, 2e) experiment in which an incident elec-
tron is scattered by a target atom or molecule, and a target
electron is ionized simultaneously. Within a series of ap-
proximations, including binary encounter and plane wave im-
pulse, the triple differential cross-section for randomly ori-

ented molecules can be expressed as!¥!

d’o 4 P1P2 .
OEMS = 10.d0,dE; = (27) 7][6623\, (pfli)
= @n)* P2 M (p), )
Po

where fe. is the e—e collision factor and ) ,, represents an av-
erage over initial |/) and a sum over final |f) degenerate states.
M(p) is usually referred to as the structure factor, which is the
spherically averaged EMD or electron momentum profile. For
a molecular target, the Born—Oppenheimer approximation is
commonly applied, in which the total wave function is sep-
arated as a product of electronic, vibrational, and rotational
wave functions. By ignoring the rotational motions and ap-
plying closure relation to the final vibrational eigenstates, the

structure factor can be simplified as!*!
P=Yo® [1@Pp(n@uQ. @

where p,(T) is the Boltzmann’s statistical population of the
eigenstate v in the ground state at temperature 7 and x;, (Q)
is the vibrational wave function in the initial state. ps(p; Q) is
the spherically averaged EMD at a given geometry (), which
reads!¥!

1 .
prQ =25 [l @ a2, @

where the weak-coupling approximation has been used. S;} is
the pole strength or spectroscopic factor and ¢¢(p; Q) denotes
the momentum space representation of the normalized Dyson
orbital.

The vibrational effect can be taking into account using
the HAQM approach developed by Watanabe e al.['%17] In
this approach, the vibrational wave function is approximated
as the product of harmonic oscillator functions x;, (Q) =
[Tz &, (QL), where Qp denotes the displacement from the
equilibrium geometry Qo along the normal coordinate of the
L-th vibrational mode. Then the vibrational effects on the elec-
tron momentum profiles can be written as a sum of the contri-
bution of each vibrational mode if the cross-terms between the

vibrational modes are neglected, which reads(16:17]

+ L AML(p)
7 (P:Qo) +Z |:Zp\1 /|§vL Q)

X pr(p;Qo+Qrdr) dQr — py (P;Qo)} ., @

M(p) p?QO

where AM; (p) is the contribution to the momentum profile
through a distortion of the equilibrium geometry along the
L-th vibrational mode, and §, is the unit vector along the nor-
mal coordinate. The first term is the conventional momentum
profile at equilibrium geometry.

Table 1. Vibrational frequencies of benzene: present calculation versus the observation in Ref. [42].

Mode Main description Calculated/cm ™! Observed/cm™!
1 C-H out-of-plane bending 1023 993.071
2 C-H stretching in-phase (beat mode) 3193 3073.942
3 C-H in-phase bending 1388 1350
4 C—-C-C in-phase puckering (ring deforming) 721 707
5 breathing (ring stretching) 1014 990
6 C-C—C in-phase bending (ring deforming) 623 608.13
7 C—H stretching 3158 3056.7
8 C—C stretching (ring stretching) 1634 1600.9764
9 C-H in-plane bending 1198 1177.776
10 C—H out-of-plane bending (Cg libration) 871 847.1
11 C-H out-of-plane bending 693 673.97465
12 C—C—C trigonal bending (ring deforming) 1031 1010
13 C—H trigonal stretching 3168 3057
14 C—C stretching (ring stretching) 1334 1309.4
15 C-H in-plane trigonal bending 1173 1149.7
16 C—C-C out-of-plane bending (ring deforming) 412 398
17 C-H out-of-plane bending 996 967
18 C-H in-plane bending 1060 1038.2670
19 C-C stretching (ring stretching) 1516 1483.9854
20 C-H stretching 3183 3064.3674
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The Dyson orbital can further be approximated by neu-
tral canonical Hartree—Fock (HF)?! or Kohn—Sham (KS)“!!
orbital. The electron momentum profiles can thus be cal-
culated considering thermally induced nuclear motions using
the Boltzmann distribution of vibrational eigenstates at room
temperature (298 K). In the present work, the corresponding
position-space KS orbital wave functions are calculated by
the density functional theory (DFT) method employing Becke
three-parameter Lee—Yang—Parr (B3LYP) functional with aug-
cc-pVTZ basis sets. The optimized equilibrium geometry, nor-
mal coordinates, as well as vibrational frequencies of benzene
are also calculated by the same method. There are 30 vibra-
tional modes for benzene molecule, but due to its conspicuous
symmetry, 10 vibrational modes are degenerated. The calcu-
lated vibrational frequencies are listed in Table 1. As shown in
Table 1, the computed frequencies are in good agreement with
the observed data.[*?! All the calculations are performed using
GAUSSIAN 09 program. [43]

For comparison with the experimental data, the finite
spectrometer acceptance angles (AG = £0.53°, A¢ = +0.84°)
are folded into the calculations.

3. Results and discussion

Benzene molecule contains 12 atoms and 42 electrons.
B3LYP/aug-cc-pVTZ theory gives its ground state electronic
configuration as

(Core)22(3alg)2(2b1u)2(1b2u)2(3elu)4(132u)2(362g)4(1elg)4-

Huang et al.'*" recently conducted a high-resolution EMS
study on benzene to examine the influence of the DW effect
on EMDs by performing the experiments at two incident ener-
gies of 600 eV and 1200 eV. Part of the discrepancies can be
ascribed to the DW effect, while significant disagreement still
remains for most of the valence orbitals, especially in the low
momentum region. In the present work, theoretical electron
momentum profiles (TMPs) for the valence orbitals of benzene
are calculated by B3LYP method with aug-cc-pVTZ basis set
both at equilibrium geometry (Dg; symmetry) and consider-
ing the vibrational effects. In order to simplify the discussion,
only the experimental electron momentum profiles (XMPs) at
higher incident energy of 1200 eV %! will be invoked for com-
parison. In Ref. [40], a global normalization factor was deter-
mined by fitting the summed experimental distributions of all
the valence orbitals to the corresponding PWIA calculations
at B3LYP/aug-cc-pVTZ level. The same normalization fac-
tor will be used in the present work when comparing with the
experiment. The results are shown in Figs. 1-5.

Figure 1 shows the TMPs for the highest occupied molec-
ular orbital lejg calculated at equilibrium geometry (Dgj, Sym-
metry) and considering the vibrational effect. The XMP shows

a typical p-type character with distinct turn-up in the low mo-
mentum region. Huang et al. remarked that this turn-up should
be ascribed to the DW effect. This can be questioned because
there was only unremarkable difference in XMPs when the
incident energy changed from 600 eV to 1200 eV. It is worth-
while to explore if the vibrational effect should be responsible
for this observed turn-up. However, as can be seen in Fig. 1,
the present calculation considering the vibrational effect only
predicts a slight non-zero intensity at low momentum, fails to
reproduce the significant turn-up at p < 0.5 a.u. Other factors
such as vibronic coupling need to be explored in the future.
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o ? lelg
| ® experiment 1200 eV
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3
Pt |
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> |
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Fig. 1. Theoretical and experimental momentum profiles of le, orbital.

The TMP of 3es orbital based on the equilibrium
geometry exhibits a double-hump feature as shown in
Fig. 2(a).
sition of the first hump but significantly underestimates

The calculated result correctly predicts the po-

the experimental intensities in the low momentum re-
gion. Huang et al.'*9) demonstrated that high level cal-
culations like B3LYP/aug-cc-pVTZ and symmetry-adapted-
cluster configuration-interaction (SAC-CI)/aug-cc-pVTZ do
not have notable improvement in reproducing the XMP as
compared to the calculation using SCF wavefunction employ-
ing (9s5p/4slp)/[4s2p/2s1p] Gaussian basis set in the early
works.3831 The experimental intensity of the first hump
became lower when the incident energy was changed from
600 eV to 1200 eV, %I more consistent with the TMPs at equi-
librium geometry. This undoubtedly illustrates that the DW
effect is surely one of the factors contributing to the turn-up
at low momentum in the XMP of this orbital. The large dis-
crepancy between XMP and TMP can further be reduced by
including the vibrational effect in the calculation. As shown
by the solid red curve in Fig. 2(a), although there is still some
discrepancy, the HAQM TMP reproduces the XMP quite well.
Contributions from individual vibrational modes (the second
term in Eq. (4)) have been analyzed and shown in Fig. 2(b).
It can be seen from the figure that the C—H stretching (v7)
and C-H out-of-plane bending (v17) modes dominate the en-
hancement of the hump at p ~ 0.5 a.u., while the C—H trigonal
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stretching (v13) breaks the symmetry and leads to the non-
zero intensity at the origin.
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Fig. 2. (a) Theoretical and experimental momentum profiles of 3es, or-
bital. (b) Contributions from each vibrational mode to the theoretical
momentum profile of 3ey, orbital.

For the next two orbitals la, and 3ey,, all the TMPs
roughly reproduce the shape of the XMPs with some distinct
discrepancies in both low and high momentum regions. The
TMPs considering the vibrational effect slightly improve the
agreement in the maximum regions at p ~ 0.5 a.u. for lay,
and at p ~ 0.3 a.u. for 3eqy.
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'g 0.10 P -
% L
< 0.05 i
A L
0 1 1
0 0.5 1.0 1.5 2.0 2.5

Momentum/a.u.

Fig. 3. Theoretical and experimental momentum profiles of (a) lay, and
(b) 3eyy orbitals.

Although the energy separations between the ionization
peaks of 1by,, 2by, and neighboring orbitals are quite small,

Huang et al.'*”) had attempted to resolve the overlapping
peaks by Gaussian-function fitting and obtained individual
XMPs for 1by, and 2bj,. The results at 1200 eV incident
energy are shown in Figs. 4(a) and 4(b). The TMPs calcu-
lated by B3LYP/aug-cc-pVTZ at equilibrium geometry show
smooth p-type character with maximum at p ~ 1.1 a.u. and
p ~ 0.9 a.u. for 1by, and 2by,, respectively, showing large de-
viations from the relevant XMPs. Both XMPs have significant
non-zero intensity at origin (the turn-up effect). The HAQM
TMP for 1by, roughly reproduces both the shape and intensity
of the experiment, while the HAQM TMP for 2by,, reproduces
the shape, especially the distinct turn-up in the low momen-
tum region, but obviously underestimates the intensity in the
momentum less than about 1.2 a.u. region. Contributions from
individual vibrational modes to the HAQM TMP for these two
orbitals have also been analyzed and shown in Figs. 4(c) and
4(d). It can be seen from Fig. 4(c) that the non-zero intensity at
p = 0 originates from the C—H in-plane trigonal bending mode
(v15). The C-C stretching mode (v8) dominates the weak
hump at p ~ 0.3 a.u., while the strong hump at higher mo-
mentum can mainly be ascribed to the C—H in-phase stretch-
ing (v2) and C-H in-phase bending (v3) modes. For 2byy,
interestingly, the total vibrational effect leads to the intensity
enhancement in the low momentum region and attenuation at
momentum around 0.8 a.u. The non-zero intensity at p =0
originates from the C—H stretching mode (v7) and the attenu-
ation at momentum around 0.8 a.u. is mainly contributed by
the C—H in-phase stretching (v2), C—H in-phase bending (v3)
as well as breathing (ring stretching) (v5) modes. In Ref. [40],
Huang er al. showed that the intensity of XMP in the low mo-
mentum region became lower when the incident energy was
increased from 600 eV to 1200 eV,*% more consistent with
the TMPs. This indicates that the DW effect plays an impor-
tant role in the turn-up effect in XMP of this orbital. The re-
maining discrepancy between XMP and HAQM TMP at low
momentum may be due to that PWIA is still not satisfied even
at 1200 eV incident energy. Higher energy experiment or dis-
torted wave calculation*+4%1 is expected.

The XMP of the innermost outer valence orbital 3a;, ex-
hibits a typical sp-type character as shown in Fig. 5. The TMP
calculated at equilibrium geometry shows no distinctive differ-
ence from the one calculated considering vibrational motion.
This indicates that, for this orbital, the vibrational effect on the
electron momentum profile is negligible. By multiplying a fac-
tor of 0.8, the TMPs roughly reproduce the XMP both in shape
and in intensity. This factor can be regarded as the relative pole
strength for this ionization band, in consistent with the pole
strength calculated by SAC-CI“?! and ADC(3)*! methods.
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Fig. 4. Theoretical and experimental momentum profiles of (a) 1by,, (b) 2by, orbitals and contributions from each vibrational mode to the

theoretical momentum profiles of (c) 1byy, (d) 2by, orbitals.
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Fig. 5. Theoretical and experimental momentum profiles of 3a; orbital.

4. Summary

The electron momentum distributions for the outer va-
lence orbitals of benzene molecule have been reinvestigated
by theoretical calculations considering vibrational motion us-
ing harmonic analytical quantum mechanical approach. The
results are compared with the calculations at equilibrium ge-
ometry and recent experiment[4’ at 1200 eV incident electron
energy. The significant discrepancies between TMPs calcu-
lated at equilibrium geometry and XMPs in previous works
have now been interpreted quantitatively, indicating that the
vibrational motion in benzene molecule has noticeable influ-
ence on its electron momentum distributions. The detailed
analysis of the contributions from individual vibrational mode
to the TMPs shows that the C-H stretching and C—H bending
modes play a crucial role in reproducing the electron momen-

tum profiles of 3esg, 1byy, and 2by, molecular orbitals.
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