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ABSTRACT
Absolute grand-total cross section (TCS) for electron scattering from a tin tetrachloride, SnCl4, molecule was measured at electron-impact
energies ranging from 0.6 to 300 eV, in the linear electron-transmission experiment. The measured TCS energy dependence shows two very
pronounced enhancements peaking near 1.2 eV and around 9.5 eV, separated with a deep minimum centered close to 3 eV. The low energy
structure is attributed to the formation of two short-living negative ion states. Additional weak structures in the TCS curve are also perceptible.
We also calculated the integral elastic and ionization cross sections for SnCl4 up to 4 keV within the additivity rule approximation and the
binary-encounter-Bethe approach, respectively. To examine the role of the central atom of tetrachloride target molecules in collisions with
electrons, we compared the experimental TCS energy functions for XCl4 molecules (X = C, Si, Ge, Sn).

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116307., s

I. INTRODUCTION

Accurate experimental data concerning electron interactions,
including scattering cross sections, with molecules in gas, liquid,
and condensed phases, are very important for understanding vari-
ety of natural and technological processes occurring and carried on
in complex environments. Such data are strongly desirable in stud-
ies of ionizing radiation to the biomolecules,1–4 astrobiology,5 and
astrochemistry.6–8 They are also of great importance for modern
technologies including focused electron beam induced deposition
(FEBID).9,10

Tin tetrachloride (SnCl4) is one of the simplest molecular
compounds which can be used as a precursor in nanostructure
composition during FEBID. Despite the importance and potential
applications of SnCl4 in electron-beam based technologies, the
knowledge of electron interactions with that compound is rather
scarce and fragmentary. Experiments concerned mainly the inves-
tigation of electron-induced formation of positive11 and negative
ions.12,13 For positive ions, relative abundances and appearance

potentials were determined.11 Low-energy spectra of anion frag-
ments provided information on the resonant channel in the
electron-SnCl4 scattering.12,13 Weak resonantlike features were
observed13 in the electron current transmitted through the SnCl4
vapor, both measured and calculated. Unfortunately, intensities of
investigated phenomena were presented in arbitrary units only, what
makes difficulties in their applications for modeling the physico-
chemical electron-assisted processes. From the theoretical point of
view, most of electron-scattering data for SnCl4 are available for
intermediate and high energies; for very low energies, theoretical
results remain sparse. Within 5–40 eV energy range, differential,
integral, and momentum transfer cross sections for electron scatter-
ing from SnCl4 were calculated employing the Schwinger multichan-
nel method with pseudopotentials at the fixed-nuclei static-exchange
approximation.14 In the same work,14 the ionization cross section
calculated with the binary-encounter-Bethe method was reported
from the threshold up to 500 eV. Inelastic and ionization cross sec-
tions were computed up to 5000 eV using the modified additivity
rule (MAR) with the spherical complex optical potential (SCOP)
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formalism and the complex scattering potential-ionization contri-
bution (CSP-ic) approach, respectively.15 Quite recently, the elastic
and total cross sections calculated with the SCOP formalism were
reported,16 for energies from 20 to 5000 eV. Electron beams were
also used to the molecular structure determination of tin tetrachlo-
ride in a few vapor-phase electron diffraction experiments (Ref. 17
and references therein).

The objective of the present work is to study electron inter-
actions with the SnCl4 molecule in collisions with energies rang-
ing from low, where the possible resonant processes can domi-
nate the scattering, to intermediate, at which all scattering channels
are opened although two of them (elastic and ionization) domi-
nate. Especially, we would like to provide reliable absolute electron-
scattering total cross section (TCS) for the SnCl4 molecule. For the
explanation of the origin of the features visible in the measured
TCS energy dependence, experimental data concerning particular
e−–SnCl4 scattering events (available in the literature) as well as
our calculations are employed. The measured TCS energy curve for
SnCl4 is then compared to TCS data for a series of tetrachloride
XCl4 (C, Si, Ge) molecules. Such comparison can reveal some reg-
ularities in the TCS behavior when going across this target family
and give an insight into the role of a molecular structure in the
scattering dynamics. Finally, we also calculated the integral elastic
(ECS) and ionization cross sections (ICSs) up to 4 keV within the
additivity rule (AR) approximation and the binary-encounter-Bethe
(BEB) approach, respectively. Present calculations are confronted
with other available computational results.

II. EXPERIMENTAL
Measurements of the absolute TCS for the electron scattering

with tin tetrachloride molecules have been carried out using the
electron spectrometer working in the linear transmission configu-
ration under single collision conditions. The monoenergetic elec-
tron beam (ΔE ≃ 80 meV) produced with an electron gun and
a 127○ cylindrical electrostatic condenser is directed with a sys-
tem of electrostatic lenses into a scattering cell, which is filled
with the studied target vapor. The electrons passing through the
cell and getting across up to the exit orifice are energetically dis-
criminated with the retarding-field analyzer unit, and finally, the
transmitted electrons are collected with the Faraday cup detector.
The Bouguer–Lambert attenuation formula (BL) allows us to deter-
mine the absolute total cross section, Q(E), at each selected collision
energy, E,

Ig(E) = I0(E) exp[−nLQ(E)],

where Ig(E) and I0(E) are the intensities of the electron beam trans-
mitted across the scattering cell taken with and without the target
in the cell, respectively. L (=30.5 mm) is a path length of elec-
trons in the reaction cell, while n is the number density of the
target determined from the measurements of the gas target pres-
sure and temperatures of the scattering cell and manometer head.
As the temperature of the cell (310–320 K) differs slightly from
the temperature of the capacitance manometer head (322 K), the
correction due to the thermal transpiration effect18,19 was taken
into account. To ensure the absolute energy values, the experi-
mental energy scale was calibrated against the well-known reso-
nant oscillatory structure around 2.3 eV in molecular nitrogen;20

overall inaccuracy of the electron energy scale is about 0.1 eV. The
tin tetrachloride vapor has been obtained from a liquid sample
(Aldrich) of 99.0% purity. Before the use, it was degassed in several
freeze-pump-thaw cycles.

The electron spectrometer optics is maintained at a base pres-
sure of 10−5 Pa. The magnetic field in the electron optics and interac-
tion region is reduced by Helmholtz coils to the value below 0.1 μT.
The temperature of the sample supplying line is kept at about 315 K
to establish the thermal conditions near those in the reaction region.
After opening/closing the gas valve, a relatively long delay was nec-
essary to stabilize the target conditions in the scattering cell. This
may generate some TCS uncertainty related to the target pressure
determination. Further details of the measuring setup, experimen-
tal procedures, and data processing employed can be found in our
earlier works.21,22

The final TCS value for each energy studied is an average
of a large number of data measured in independent series (6–14)
of individual runs (usually 10 in a series). Statistical uncertainties
(one standard deviation of weighted mean values) are below 1%
over the entire energy range used. The direct sum of all potential
individual systematic errors, related to determination of quantities
necessary to TCS derivation, has been estimated to be up to 10%
at the lowest energies applied, decreasing gradually to about 5%
between 10 and 100 eV and increasing to 6% at the highest col-
lision energies we operated. The reported data are not corrected
for the forward-scattering effect (cf. Ref. 23); however, the poten-
tial lowering of the TCS values related to that effect (estimated based
on results of our calculations) is included in the overall systematic
error.

III. COMPUTATIONAL METHODS
Theoretical methods and computational procedures applied

in the present work are similar to those we used in previous cal-
culations24–26 including also studies on electron collisions with
targets of tetrahedral symmetry.27,28 Thus, only a brief descrip-
tion of the theoretical and numerical issues will be provided
here.

To investigate the problem of elastic electron collisions with
studied molecules, the additivity rule29 based on the independent
atom method (IAM)30 was used. The integral elastic cross section
(ECS) within the IAM method is given by

σ(E) =
N

∑
i=1

σAi (E), (1)

where E is an energy of the incident electron and N is the number of
atoms within the investigated molecule. The elastic cross section of
the ith atom of the target molecule, σAi (E), was computed according
to

σA = 4π
k2

⎛
⎝

lmax

∑
l=0
(2l + 1) sin2 δl +

∞
∑

l=lmax+1

(2l + 1) sin2 δ(B)l

⎞
⎠

, (2)

where k =
√

2E is the wave number of the incident electron.
To obtain phase shifts, δl, partial wave analysis was employed

and the radial Schrödinger equation
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[ d2

dr2 −
l(l + 1)

r2 − 2(Vstat(r) + Vpolar(r)) + k2]ul(r) = 0 (3)

was solved numerically.
The electron-atom interaction was represented by the static,

Vstat(r),31 and polarization, Vpolar(r),32 potentials. In the present
calculations, the exact phase shifts were calculated for up to
lmax = 50, while those remaining, δ(B)l , were included through the
Born approximation.

The electron-impact ionization cross section was computed
using the binary-encounter-Bethe (BEB) method.33,34 Within this
formalism, the electron-impact ionization cross section per molec-
ular orbital is given by

σBEB = S
t + u + 1

[ ln t
2
(1 − 1

t2 ) + 1 − 1
t
− ln t
t + 1
], (4)

where u = U/B, t = T/B, S = 4πa2
0NR

2/B2, a0 = 0.5292 Å,
R = 13.61 eV, and T is the energy of the impinging electron.

The electron binding energy, B, kinetic energy of the orbital,
U, and orbital occupation number, N, were obtained for the
ground states of the molecules with the Hartree-Fock method
using the GAUSSIAN code35 and the augmented correlation-
consistent polarized valence-triple-zeta (aug-cc-pVTZ) basis set.36

For Sn atom, the small-core, relativistic energy-consistent pseu-
dopotential37 with corresponding aug-cc-pVTZ-pp basis set38 were
used.

Because energies of the highest occupied molecular orbitals
(HOMOs) obtained in this way usually differ slightly from experi-
mental ones, we performed also outer valence Green function calcu-
lations of correlated electron affinities and ionization potentials39,40

with the GAUSSIAN code.35 The experimental value11 of the first
ionization potential (11.5 eV) was inserted in the calculation, instead
of that calculated (12.35 eV), to fix the threshold behavior of the
ionization cross section at the experimental value. The calculated
values of B, U, and N for selected molecular orbitals are presented in
Table I. Since orbitals with high binding energies do not contribute
much to total ionization cross section, they were omitted in Table I
although we included them in calculations.

TABLE I. Electron binding energies B, kinetic energies of the orbitals U, and orbital
occupation number N for molecular orbitals of the SnCl4 molecule.

Orbital symmetry B (eV) U (eV) N

a1 162.7 69.63 2
t2 113.5 102.1 6
t2 39.31 139.8 6
e 39.07 142.5 4
a1 30.88 72.16 2
t2 29.90 87.77 6
a1 17.58 49.29 2
t2 14.36 53.55 6
e 12.89 58.52 4
t2 12.56 62.51 6
t1 12.35 62.04 6

The cross section for electron-impact ionization of the
molecule (ICS) can be obtained as the sum of σBEB for all molecular
orbitals nMO,

σIon =
nMO

∑
i=1

σBEBi . (5)

The sum of the computed elastic (ECS) and ionization (ICS)
cross sections can represent the theoretical total electron-scattering
cross section for molecule; ECS+ICS is used for comparison with
present experimental TCS data and other calculations.

IV. RESULTS AND DISCUSSION
In this section, we present our absolute grand-total electron-

scattering cross sections (TCSs) for the SnCl4 molecule measured
in the electron-transmission experiment over the incident energy
ranging from 0.6 to 300 eV. Observed TCS features are explained
based on the electron-scattering data available for the considered
compound. To examine how the central atom in the tetrachloride
molecule influences the electron-molecule scattering, we compare
TCS energy dependence for the SnCl4 molecule with present exper-
imental TCS data for the family of XCl4 (X = C, Si, Ge) targets:
CCl4,41 SiCl4,42 and GeCl4.43 Similarities and differences of the com-
pared TCS energy functions are pointed out. Finally, we also present
our calculated integral elastic (ECS) and ionization (ICS) cross sec-
tions for electron collision with the SnCl4 molecules, for energies up
to 4 keV. The sum, ECS+ICS, is then compared with the measured
TCS.

A. Cross sections for tin tetrachloride [SnCl4]
Figure 1 shows absolute total cross section (TCS) as a function

of the incident electron energy measured for the SnCl4 molecule
in the range 0.6–300 eV; numerical TCS values are collected in

FIG. 1. Experimental total cross section, full (red) circles, for the electron scattering
from the SnCl4 molecule; line added to guide the eyes. Error bars correspond
to overall experimental uncertainties. The inset shows decomposition of the first
TCS enhancement into two Gaussian curves; please note that the estimated direct
scattering contribution is subtracted here from the TCS.
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Table II. No experimental absolute electron-scattering TCS data
for the investigated molecule are available in the literature for
comparison.

The characteristic feature of the measured TCS for the SnCl4
molecule is its relatively high magnitude over the whole energy range
investigated. The TCS value varies between 101 × 10−20 m2 in its
maximum around 10 eV and almost 26 × 10−20 m2 at 300 eV. Such
high TCS reflects in part the large geometrical size of the target
molecule; the gas kinetic cross section, σgk, for SnCl4 amounts of
20.2 × 10−20 m2 (see Table IV).

With respect to the general shape, the TCS energy func-
tion is dominated by two prominent enhancements separated with
a narrow deep minimum centered near 3 eV. The first, narrow
(ΔE ≃ 1 eV, FWHM) TCS enhancement has a maximum of the
value about 90 × 10−20 m2 located around 1.2 eV. On the right from
this maximum, near 1.7 eV, a weak shoulder is visible leading to
distinct flattening of the peak. Such appearance of the low-energy
TCS enhancement suggests that it can be composed of two narrow
structures. In fact, this enhancement can be reproduced with two
Gaussian curves (see inset in Fig. 1) peaking at 0.94 and 1.64 eV
(the width of 0.5 and 1.1 eV, FWHM), respectively. The presence
of two features in this energy regime (localized at 0.9 and 1.6 eV)
was also noticed by Modelli et al.13 in the derivative of the elec-
tron current transmitted through SnCl4 as a function of the incident
energy (ET spectrum). On the other hand, the derivative of the calcu-
lated total cross section13 shows only a single feature, located within
0.9 and 1.6 eV.

The second TCS enhancement is very broad and highly asym-
metric. Starting from the minimum value of about 60 × 10−20 m2

near 3.1 eV, the TCS energy function rises sharply, peaking in the
vicinity of 5.6 eV with an intensity of about 94 × 10−20 m2. The
amplitude of this narrow structure, against a smoothly increas-
ing TCS background, is quite remarkable and amounts to about

TABLE II. Absolute experimental electron-scattering total cross sections (TCSs),
at impact energy E (in eV), for the tin tetrachloride (SnCl4) molecule; in units of
10−20 m2.

E TCS E TCS E TCS E TCS

0.6 80.2 2.3 73.0 8.1 98.2 40 68.3
0.7 80.8 2.4 72.2 8.6 99.7 45 66.4
0.8 82.6 2.5 66.8 9.1 100.8 50 64.2
0.9 85.2 2.6 66.5 9.6 101.4 60 60.2
1.0 88.7 2.8 62.3 10 99.7 70 57.2
1.1 89.6 3.0 60.6 10.5 100.7 80 55.4
1.2 90.8 3.2 60.9 11.5 99.9 90 53.2
1.3 90.2 3.4 60.2 12.5 96.6 100 50.7
1.4 89.6 3.6 61.9 15 92.9 110 48.5
1.5 89.4 4.1 66.9 17 89.9 120 46.6
1.6 88.1 4.6 73.5 19 87.0 140 44.0
1.7 88.4 5.1 85.1 21 85.0 160 41.4
1.8 87.2 5.6 94.4 23 83.0 180 39.9
1.9 85.6 6.1 94.1 26 80.2 200 36.8
2.0 81.2 6.6 90.9 28 77.3 220 34.1
2.1 79.3 7.1 93.5 30 74.2 250 30.2
2.2 75.3 7.6 95.0 35 71.3 300 25.7

10 × 10−20 m2. On the right from the TCS peak at 5.6 eV, a weak
minimum appears near 6.5 eV. With a further increase in the elec-
tron impact energy, the TCS energy function increases again and
reaches its maximum value of nearly 101 × 10−20 m2 close to
9.5 eV. Above 10 eV, the TCS decreases rather smoothly to about
26 × 10−20 m2 at the highest energy used, 300 eV; only around 25 eV,
some change in the slope of the curve is discernible.

Considering the shape of the low-energy TCS dependence, we
can state that below 10 eV resonant processes are involved in the
electron–SnCl4 scattering. The resonant electron scattering proceeds
via creation of the temporary compound of the impinging electron
of appropriate energy and the target molecule. The resulting par-
ent negative-ion state (resonance) can decompose either through the
simple autodetachment of the extra electron44 and/or via dissocia-
tion to negative and neutral fragments.45 The electron detachment
leads to structures visible in the elastic and vibrational cross sec-
tions, while the dissociative (DA) channel manifests in the negative
ion spectra.

Evidences on the resonant electron–SnCl4 scattering character
at low impact energies are rather scarce. Below 2 eV, the only support
for the appearance of a low-energy resonant phenomenon comes
from experiments and calculations of Modelli et al.13 In the electron
transmission spectrum (ET), Modelli and co-workers observed two
features located at 0.9 and 1.6 eV. Based on MS-Xα calculations, they
related these features to formation of resonances associated with two
empty SnCl4 orbitals, both of t2 symmetry. In the DA spectrum,
around 0.7 eV, Modelli et al. observed a weak SnCl−3 fragment signal
and associated it with the t2 resonance visible at 0.9 eV in the ET
spectrum. Present computations carried out with the Partial Third
Order (P3) propagator35 reveal two low-energy unoccupied molec-
ular orbitals of a1 and t2 symmetry located at 0.717 and 1.026 eV,
respectively (cf. Fig. 2). We suggest that both orbitals can be involved
in the resonances responsible for the structures observed around
1.2 eV in the experimental TCS (Fig. 1). The spatial character of these
orbitals (see Fig. 2) suggests that the first resonance can decompose
via electron autodetachment, while the second can be dissociative. It
is interesting that no negative ion was detected within 0 and 2 eV
electron impact energy by Pabst et al.12 It should be noted that
according to present P3 calculations, the lowest unoccupied molec-
ular orbital of a1 symmetry lies below zero energy, at −1.021 eV;
this corresponds to the value of −0.8 eV obtained with the MS-Xα
calculations.13 Both theoretical results predict that the ground state
of the SnCl−4 anion should be stable.

FIG. 2. The second and the third lowest unoccupied molecular orbital of the SnCl4
molecule.
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Beyond 3 eV, the resonant contribution to the electron-SnCl4
scattering is better documented. In the vicinity of 4.5 eV, frag-
ment anions (SnCl−3 and Cl−) were observed in experiments of
Pabst et al.12 and Modelli et al.13 In addition, Pabst and co-workers
detected also SnCl−2 and Cl−2 fragments around 4 eV and 5.5 eV,
respectively. A narrow resonant feature centered at 5.24 eV was
visible in the TE spectrum of SnCl4 taken by Modelli et al.13 In
this energy regime, they also detected the occurrence of the parent
molecular anion, SnCl−4 . All aforementioned resonant features are
located in the range of the distinct structure visible in the present
TCS energy curve, peaking in the vicinity of 5.6 eV (see Fig. 1).
Modelli et al. suggested that within 4–6 eV the temporary molec-
ular anion state is formed when the electron capture is accompanied
by electronic excitation of the target molecule through a core-excited
resonance.13

To complement the presented low-energy e−–SnCl4 scatter-
ing data, it is worth mentioning that the integral elastic cross sec-
tion (IECS) calculated by Joucoski and Bettega14 (see in Fig. 3)
shows a maximum (∼66 × 10−20 m2) near 7 eV followed with a
broad enhancement peaking near 16 eV with the value of about
70 × 10−20 m2.

Figure 3 confronts present measured TCS with calculated total
and partial (elastic, ionization, and inelastic) cross sections available
in the literature for the electron scattering from the SnCl4 molecule.
Present computed elastic (ECS) and ionization (ICS) cross sections
(see Table III) along with their sum ECS+ICS are also depicted for
the comparison.

From Fig. 3, it is clear that in the range of 30–300 eV, where
energies of measurements and computations overlap, both curves
representing theoretical total cross section (the present one and that
of Ref. 16) lie systematically below the experimental TCS values.
However, present calculated total cross sections are closer to the

FIG. 3. Comparison of the absolute total cross sections (TCSs) for electron–SnCl4
scattering obtained in the present experiment, full (red) circles, with calculated
cross sections. Elastic (ECS): long dash (red) line, present; dashed-double dot-
ted (olive) line;16 short dotted (purple) line.14 Ionization (ICS) computed: dotted
(red) line, present; dashed-double dotted (purple) line;14 full (olive) line with +.15

Inelastic, computed: full (olive) line with ×.15 Total, computed: heavy (red) line,
ECS+ICS, present; short dashed (olive) line.16

experimental findings than those calculated in Ref. 16. The differ-
ences between present measured TCS and calculated values reach
about 20% around 50 eV and 15% near 200 eV. The lowering of
present calculated ECS+ICS values with respect to the experimen-
tal TCS is associated with the neglection in our calculations of
the multiple and dissociative ionization as well as the excitation of

TABLE III. Calculated ionization (ICS) and elastic (ECS) cross sections for electron scattering from the SnCl4 molecule in
units of 10−20 m2.

E ICS ECS E ICS ECS E ICS ECS

11.5 0.0 55 11.70 275 9.522
12.0 0.0898 60 12.03 38.56 300 9.136 16.41
13.0 0.354 65 12.28 350 8.448 15.16
14.0 0.799 74.33 70 12.46 35.54 400 7.856 14.14
15.0 1.325 75 12.59 450 7.343 13.28
16.0 1.891 67.73 80 12.66 33.06 500 6.896 12.55
17.0 2.443 85 12.71 600 6.154 11.34
18.0 2.985 63.30 90 12.72 30.96 700 5.564 10.40
19.0 3.517 95 12.71 800 5.084 9.633
20.0 4.023 60.26 100 12.68 29.17 900 4.684 8.996
22.5 5.169 110 12.58 27.63 1000 4.347 8.456
25.0 6.154 55.8 120 12.44 26.30 1500 3.221
27.5 6.996 140 12.08 24.16 2000 2.579 5.597
30.0 7.717 52.77 160 11.68 22.51 2500 2.161 4.932
35.0 8.960 49.93 180 11.27 21.19 3000 1.865 4.495
40.0 9.910 47.16 200 10.87 20.09 3500 1.645 4.215
45.0 10.67 44.61 225 10.39 4000 1.473 4.058
50.0 11.26 42.34 250 9.939 17.98
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molecules induced in the scattering. Calculations of Verma et al.15

show (cf. Fig. 3) that in the energy range 50–300 eV, their total
ionization cross sections distinctly exceed (by 10%–25%) ICS val-
ues obtained in the present calculations and those of Joucoski and
Bettega14 with the BEB model, in which multiple and dissociative
ionization processes are neglected. In the same work,15 Verma et al.
demonstrated also a significant role of the excitation processes in
the electron–SnCl4 scattering; their calculated cross sections for the
inelastic scattering are higher than those for the total ionization by
12%–25%.

B. Comparison of TCSs for XCl4 molecules
(X == C, Si, Ge, Sn)

In this section, we compare experimental TCSs energy curves
for a series of tetrachloride molecules with the central atom from the
carbonic (14) group: C, Si, Ge, and Sn (see Fig. 4).

Figure 4 shows that the general energy dependence of all com-
pared TCS functions is very similar. Each TCS curve depicted in
Fig. 4 has two pronounced enhancements separated with a deep
minimum centered within 2.9–3.3 eV. The first, narrow low-energy
TCS peak is centered at 1.2 eV for CCl4, near 1.9 eV for SiCl4 and
GeCl4 and close to 1.2 eV for the SnCl4 molecule (cf. Table IV). For
each compared molecule, these peaks were associated13 with short-
lived resonant states created when the incident electron is captured
into an unoccupied molecular orbital of the t2 symmetry. Recently,
the dissociative character of these resonant states was confirmed; the
formation of CCl−3 and CCl−2 fragment anions from CCl4 (between
1.2 eV and 1.8 eV), SiCl−2 and Cl− from SiCl4 (between 1.8 eV
and 2.1 eV) and GeCl−3 and Cl−2 from GeCl4 (around 1.4 eV) was
observed in a crossed electron-molecule beam experiment.46 The
second, very broad enhancement peaks at 7.5 eV for CCl4, within
9.5–10 eV for SiCl4 and GeCl4 and at 9.5 eV for SnCl4 (see Table IV).
Some differences between compared TCS curves appear on both
slopes of the broad enhancement. On the right-hand side from the
TCS maximum for CCl4, near 10 eV, a distinct shoulder is visi-
ble. In contrary, for SiCl4, a small peak appears on the low-energy
slope of the enhancement, near 5.5 eV. The TCS for GeCl4 shows
a weak shoulder near 7.5 eV, and the SnCl4 curve has a peak close
to 5.6 eV.

More distinct differences are visible in the magnitude of com-
pared TCSs. From Fig. 4, it is clear that the magnitude of TCS for

FIG. 4. Comparison of experimental total cross sections for the electron scattering
from the XCl4 molecules (X == C, Si, Ge, Sn): full (red) circles, SnCl4, present; open
(magenta) diamonds, GeCl4, from Ref. 43; open (olive) stars, SiCl4, from Ref. 42;
open (blue) triangles, CCl4, from Ref. 41; lines are added to guide the eyes.

SnCl4 distinctly exceeds other depicted TCSs over the whole inves-
tigated energy range. Below 10 eV, where resonant processes pre-
dominate the scattering, for all molecules examined, except SnCl4,
there is no clear relationship between physico-chemical molec-
ular parameters and the TCS magnitude. For example, around
1.5 eV, the TCS magnitude for the smallest molecule, CCl4, lies
distinctly above those for SiCl4 and GeCl4. On the other hand,
TCS curves for the two last-mentioned molecules do not dif-
fer too much in the shape and magnitude. Such similarity in
TCSs was also noticed for permethylated compounds Si(CH3)4 and
Ge(CH3)4.28

Figure 5 shows that above 10 eV, where the role of resonant
processes in the electron scattering is not significant, the higher TCS
corresponds to the larger molecular size (see Table IV). It is inter-
esting that in the vicinity of 3 eV, where each TCS has its local
minimum, the order of the TCS magnitudes is also related to the
size of molecule. This indicates that in this energy regime, reso-
nant contributions are less important. Very similar trend of TCS

TABLE IV. Location of the low-energy features, ETCS and EETS, perceptible in the TCS energy dependences taken in our
laboratory for considered molecules and in the ET spectra of Modelli et al.,13 respectively. Gas kinetic cross sections, σgk,
are calculated from van der Waals’ constant, b;48 the static polarizabilities of molecules, α, are from Ref. 49.

Molecule ETCS (eV) EETS (eV) σgk 10−20 m2 α 10−30 m3

SnCl4 (1.1−1.3; 1.7; 5.6)a (0.9; 1.6; 5.2) 20.2 18.1
GeCl4 (1.7−2; 10)b (1.7; 5.6) 18.9 15.1
SiCl4 (1.9; 5.5; 9.5)c (1.15; 2.1; 5.4) 18.7 12.9
CCl4 (1.2; 7.5)d (0.94) 17.1 11.2

aPresent work.
bReference 43.
cReference 42.
dReference 41.
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FIG. 5. Experimental total cross sections (TCSs) for the electron scattering from
the XCl4 molecules (X = C, Si, Ge, Sn) vs gas kinetic cross sections, σgk (cf.
Table IV): full (red) circles, SnCl4, present; open (magenta) diamonds, GeCl4, from
Ref. 43; open (olive) stars, SiCl4, from Ref. 42; open (blue) triangles, CCl4, from
Ref. 41.

magnitude for considered compounds with their electric polarizabil-
ity is also observed. The latter is consistent with recent findings on
the correlation of TCS magnitude with molecular polarizability for
the linear primary alcohols.47

It is worth noting that our observation on general increase in
the TCS magnitude with the size of the tetrachloride molecule is in
some conflict with the conclusion of Joucoski and Bettega based on
their calculations.14 They found that a change in the central atom
for tetrachlorides increases the integral elastic cross section (IECS)
by a small amount. In fact, their IECSs between 25 and 30 eV nearly
coincide, however, at 40 eV the IECS for SnCl4 is about 15% lower
then those for SiCl4 and GeCl4.

V. CONCLUSIONS
We have presented our experimental absolute total cross sec-

tions for electron scattering from SnCl4 molecules measured over
an energy range from 0.6 to 300 eV. The most characteristic fea-
tures of the measured TCS are (i) relatively high magnitude over
whole energy range used. At the maximum, around 9.5 eV, the
value of TCS slightly exceeds 100 × 10−20 m2; (ii) two very pro-
nounced enhancements. They peak near 1.2 eV and around 9.5 eV
and are separated with the deep minimum located close to 3 eV.
Additional weak structures in the TCS curve are also visible. Anal-
ysis reveals that the first low energy structure can be attributed
to the formation of two resonant states located at around 0.94 eV
and 1.64 eV. Based on available electron scattering data for the
SnCl4 molecule and present calculations, we attributed the TCS
low-energy features to the formation of short-living negative ion
states. However, for better understanding the role of different pro-
cesses that may occur in the electron–SnCl4 scattering, further stud-
ies are highly desirable, especially those concerning the vibrational
excitation.

To examine the role of the central atom of tetrachloride target
molecules in the electron scattering, we compared the measured TCS

energy functions for XCl4 molecules (X = C, Si, Ge, Sn). While going
across the XCl4 series, at impact energies where resonant processes
are negligible, the TCS increases with the molecular size of the target
molecule.

In addition, for the SnCl4 molecule, the integral elastic (ECS)
and ionization (ICS) cross sections have been calculated at inter-
mediate and high electron-impact energies in the additivity rule
approximation and the binary-encounter-Bethe approach, respec-
tively. The sum ECS+ICS appears to be systematically lower than
the measured TCS.
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REFERENCES
1L. Sanche, Nature 461, 358 (2009).
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M. Piotrowicz, and G. Kasperski, Phys. Rev. A 70, 032707 (2004).
26Cz. Szmytkowski, A. Domaracka, P. Możejko, E. Ptasińska-Denga, and
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