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Electron-impact vibrational excitation of polyatomic gases:
Exploratory calculations
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We present model calculations for the inelastic cross sections of electron collisions with tetrahedral
molecules XH4 ~X5C, Si, Ge! when only the molecular ‘‘breathing’’ mode,n1 , is being excited.
The collision energy range is well above the excited thresholds and up to 12 eV, where the adiabatic
approximation for the inelasticT matrix is expected to hold. The results show the efficiency of the
t2 shape resonance in enhancing the inelastic process and the appearance, in the two heavier targets,
of a furthera1 resonance in the inelastic channels of both molecules. The corresponding excitation
rates are also computed together with estimates of the vibrational excitation functions. ©2001
American Institute of Physics.@DOI: 10.1063/1.1336567#
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I. INTRODUCTION

Recent years have witnessed a marked increase of i
est in understanding fairly complicated, multicomponent m
lecular mixtures evolving under strongly nonequilibriu
conditions, which are in turn created by the action of elec
cal fields, laser fields, and shock waves.1,2 In all the above-
mentioned cases the often numerous molecular spe
which are composing the gaseous mixture become ener
cally excited up to several levels of their vibrational ladd
be it within their ground electronic states or in one of th
electronically excited states.3 The necessary efforts hav
been fueled by the clear technological interest in such s
ies, which have been directed to the development of spe
particle beams, of selected molecular lasers, and to desig
low-temperature multicomponent molecular plasmas
chemical vapor deposition technology.4

Electron collisions within the molecular mixtures are o
ten responsible for creating such nonequilibrium enviro
ments and yet knowledge of the distributions of t
excitation/deexcitation probabilities~the particle inelastic
cross sections! for even the simpler polyatomic gases lik
CO2, H2O, CH4, etc., is still very scant despite the importa
role which such species have in making up the relevant m
tures that often initiate the technological process.

The reasons for this marked lack of data of technolog
interest are both experimental and theoretical, in the se
that the direct measurement of state-to-state excitation c
sections from electron–molecule scattering processe
fairly hard to carry out in the low-energy regimes which a

a!Electronic mail: fagiant@caspur.it
1980021-9606/2001/114(5)/1989/12/$18.00
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of more direct interest5 and, at the same time, the comput
tional development ofab initio methods for treating the ex
citation of vibrational and electronic excitations of nonlinea
polyatomic targets is still in its infancy.6

In the present study we are interested in the developm
of nonempirical models that describe the electron–molec
interactions and the coupling between the kinetic energy
the impinging electron and one of the target vibration
modes. This exploratory study will deal with the simplest
them, i.e., the totally symmetric breathing mode of tetra
dral molecules. We intend to show that, under the phys
conditions where the modeling is applicable, the present
proach provides a strong reduction of the computational t
while yielding rather reasonable values for the state-to-s
cross sections and/or the rates.

The work is organized as follows. Section II briefly d
scribes the interaction forces and the scattering equation
are using for treating the quantum electron–molecule
namics. In Sec. III we add the coupling with the nucle
motion and describe the adiabatic simplification that we sh
use here. Section IV describes our exploratory computati
for the cross sections of the three molecules we are exam
ing, i.e., CH4, SiH4, and GeH4. Finally, Sec. V will present
our conclusions.

II. THE SCATTERING EQUATIONS

A. Single center expansions

Resonant and nonresonant low-energy scattering of e
trons from polyatomic targets can be studied theoretica
~and computationally! at various levels of sophistication fo
the description of:~i! the electronuclear structure of the ta
9 © 2001 American Institute of Physics
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get molecule,~ii ! the interaction forces between the bou
particles and the impinging electron, and~iii ! the dynamical
formulation of the quantum scattering equations.7

Within an ab initio, parameter-free approach one cou
start with the target nuclei being kept fixed at their equil
rium geometry and their motion during the scattering proc
could then be decoupled from the other variables. This s
plifying scheme goes under the name of the fixed nu
approximation8 and it strongly reduces the dimensionality
the coupled scattering equations for the dynamics. Furt
more, the targetN electrons bound in a specific molecul
electronic state~which, for the present purpose, is taken
unchanged during the scattering! can be described within a
near-Hartree–Fock, self-consistent field~SCF! approxima-
tion by using the single-determinant~SD! description of the
N occupied molecular orbitals~MOs!. In our implementation
of the scattering equations the occupied MOs of the targ
are again expanded on a set of symmetry-adapted ang
functions with their corresponding radial coefficients rep
sented on a numerical grid.9–11 In this approach, any arbi
trary three-dimensional function describing a given electr
either one of theN bound electrons or the scattering electro
is expanded around a single center~SCE! usually taken to be
the center of mass of the global (N11) electron molecular
structure

Fpm~r , r̂ uR!5(
l ,h

r 21f lh
pm~r uR!Xlh

pm~ r̂ !. ~1!

The above SCE representation refers to themth element
of the pth irreducible representation~IR! of the point group
of the molecule at the nuclear geometryR. The angular func-
tions Xlh

pm( r̂ ) are symmetry adapted angular functions giv
by proper combination of spherical harmonicsYlm( r̂ ),

Xlh
pm~ r̂ !5(

m
blmh

pm Ylm~ r̂ !. ~2!

The quantum scattering equations then evaluate the
known radial coefficients of Eq.~1! for the (N11)th con-
tinuum electron scattered off the molecular target

F d2

dr2
2

l ~ l 11!

r 2
12~E2ea!G f lh

pma~r uR!

52 (
l 8h8b8

E dr8Vlh,l 8h8
pm,ab

~r ,r 8uRW ! f l 8h8
pm,b

~r 8uR!, ~3!

whereE is the collision energyE5k2/2 andea is the elec-
tronic eigenvalue for theath asymptotic state. Thepm indi-
ces now label the specificmth component of thepth IR that
belongs to theath electronic target state~initial state!
coupled with the infinity of excited state IRs labeled colle
tively by b. The coupled partial integrodifferential equatio
~3! contain the kernel of the integral operatorV, which is
thus a sum of diagonal and nondiagonal terms that in p
ciple can fully describe the electron–molecule interact
during the collision. The zeroth-order treatment yields
exact-static-exchange~ESE! representation of the electron
molecule interaction for the chosen target state~usually the
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ground state! at a given nuclear geometryR. Introducing the
assumption of having only a locale2 –molecule interaction
one can further simplify Eq.~3! by writing

F d2

dr2
2

l i~ l i11!

r 2
1k2G f i j

pm~r uR!

5(
n

Vin
pm~r uR! f n j

pm~r uR!, ~4!

where the indicesi, j, or n represent the ‘‘angular channel
u lh& and the potential coupling elements are given as

Vin
pm~r uR!5^Xi

pm~ r̂ !uV~r uR!uXn
pm~ r̂ !&

5E dr̂ Xi
pm~ r̂ !V~r uR!Xn

pm~ r̂ !. ~5!

The numerical solutions of the coupled equation~4! will
produce the relevantK-matrix elements, which will in turn
yield the necessary expression for the elastic~rotationally
summed! differential cross sections, obtained for scatteri
by randomly oriented molecules by averaging the scatte
amplitudef ( k̂• r̂ ua,b,g) over all the angular values.7

B. Interaction forces

For a target which has a closed-shell electronic structu
as in the present examples, withnocc doubly occupied orbit-
als w i , the potential can be written, for the case of electr
scattering, as first given by its exact static1exchange contri-
butions

VESE~r !5 (
g51

M
Zg

ur2Rgu
1(

i 51

nocc

~2Ĵi2K̂ i !, ~6!

where Ĵi and K̂ i are the usual local static potential and t
nonlocal exchange potential operators, respectively. The
dexg labels one of theM nuclei located at the coordinateRg

in the center-of-mass, molecular~body! frame of reference
~BF!. Electron–molecule scattering cross sections~integral
and differential! which are computed using theVESE poten-
tial of above usually only give some agreement with expe
mental data of elastic scattering at energies away from re
nant features but turn out to be not at all realistic when u
for resonant scattering.7

We have therefore employed a further correction that
have already used for electron scattering from large po
atomic nonlinear targets with a good degree of success.12,13

In particular, we will try to show how the combined effec
of simplifying the exchange interaction between the bou
electrons and the continuum projectile via a modified se
classical ~local! approach and of treating the correlatio
polarization forces using a global functional model can
deed help us to deal with vibrationally inelastic collisions,
least for the present set of tetrahedral molecules, wit
markedly reduced computational effort and with an acce
able reduction of accuracy.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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C. Modeling the interaction

In order to include the long-range polarization term a
the short-range dynamical correlation effects we have im
mented a local, energy-independent model potential,Vecp(r )
for electron collisions which has already been discusse
our earlier work.9–11 Briefly, the Vecp model potential con-
tains a short-range correlation contribution,Vcorr, which is
smoothly connected to a long-range polarization contri
tion, Vpol , both terms being specific for electron projecti
The short-range term is obtained by defining an average
namical correlation energy of a single electron within t
formalism of the Kohn and Sham variational orbitals rep
senting the bound electrons. The functional derivative
such a quantity with respect to the SCFN-electron density of
the molecular target provides a density functional descrip
of the required short-range correlation term~for a general
description of density functional theory methods see Parr
Yang14!. The long-range part ofVecp is obtained by first con-
structing a model polarization potential,Vpol , which
asymptotically agrees with the potential obtained from
static dipole polarizability of the target in its ground ele
tronic state. This corresponds to including the dipole term
the second-order perturbation expansion of the polariza
potential.

The new, full interaction now corresponds to carryi
out the scattering equations using the static-exchan
correlation-polarization~SECP! description of the electron–
molecule interaction.

In the present treatment of electron scattering from
nonlinear, polyatomic molecule we further employed a si
pler form of exchange interaction in order to further redu
the computational complexity. Thus, we replaced the non
cal contributions in Eq.~3! with a semiclassical approximat
model, already employed and discussed by us in our ea
work ~see, e.g., Refs. 15–17!, which we called the semiclas
sical exchange~SMCE!. It treats the bound-continuum ex
change interaction more realistically than other simplifi
schemes~see, e.g., Ref. 18! in the sense that the local mo
mentum of the bound electrons is initially disregarded w
respect to that of the impinging particle thereby leading
the neglect of the gradients of molecular orbitals with resp
to the gradient of the wave function for the projectile.15–17

Hence, the final expression of the exchange forc
Vex

SMCE(r uk2) is given by an energy-dependent function of t
static interaction,Vst, and the target total electron density
terms of its molecular orbitals~MOs!, ws(r ),

Vex
SMCE~r uk2!5 1

2 $E2Vst~r !%

2
1

2 H @E2Vst~r !#218p(
s51

N

uws~r !u2J 1/2

,

~7!

whereE is the asymptotic collision energyE5 1
2k

2 and the
index s runs over the occupied MOs of the target.Vst is the
static interaction with the target electronuclear structure.

The coupled equation~3! can now be recast in an inte
gral form by using19,20 the potential coupling elements de
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fined before,Vin
pm(r uR), and employing standard Green

function techniques to obtain for the radial functions of t
continuum electron

f i j
pm~r uR!

5d i j j l i ~kr !1(
n
E

0

r

dr8 gli ~r ,r 8!Vin~r 8uR! f i j
pm~r 8uR!,

~8!

where the integral on the right-hand side of Eq.~8! termi-
nates atr 85r ~integral equations with this property ar
called Volterra equations!.

The numerical implementation and stabilization corre
tions for the equations given by Eq.~8! have been discusse
for diatomics before21–23 and we have recently19,20 carried
out its obvious generalization for polyatomic systems. S
fice it to say here that the combined use of a local form
exchange interaction~like the SMCE outlined before! with
the integral formulation for the continuum solutions allow
us to obtain the requiredK-matrix elements for each selecte
nuclear geometry with a substantial reduction of the com
tational time, a key element when dealing with vibrationa
inelastic scattering calculations, even for very large par
wave expansions for Eq.~1!.

III. THE VIBRATIONAL EXCITATION DYNAMICS

The crucial question when formulating a theoretical a
proach to the study of low-energy inelastic vibrational ex
tation of polyatomic molecules by electron impact is how
correctly include the effect of nuclear kinetic energy ope
tors on the continuum wave functions for the scattered e
tron. From the earlier studies which went beyond some s
of weak-scattering approximations~clearly reviewed in Ref.
24! two types of approaches have been favored for diato
targets:~i! one possibility rigorously takes into account th
effects of the vibrational Hamiltonian by expanding the (N
11) electron1M-nuclei system in a complete set of eige
functions of that Hamiltonian25–27 thereby carrying out the
vibrational close-coupling calculations, and~ii ! another op-
tion is to approximate the above-mentioned effects by tre
ing the internuclear coordinates as a set of parameters
which the scattering attributes will finally depend.28–30 This
approach constitutes the foundation of the adiabatic nuc
vibration ~ANV ! approximation and effectively extends th
conventional Born–Oppenheimer~BO! theory of bound mo-
lecular states within a given electronic state to the continu
states of the whole electron–molecule system.

The latter formulation is computationally less deman
ing than the former but, at least in the case of diatom
targets,31 and from our previous experience on a polyatom
molecule,32 is known to introduce significant errors into th
vibrationally inelastic cross sections for scattering energ
near and within a few eV above the relevant excitati
threshold, while turning out to be more realistic at high
collision energies.32 As a result, very little experience ha
been gathered thus far on polyatomic targets’ vibrational
citations by collision with electrons.

If one therefore starts by first making the observati
that, at the collision energies of interest in most studies,
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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molecular rotations can be considered as slower than
speed of the impinging electron, the rotational degrees
freedom can be eliminated from the scattering proble
which can then be formulated within a body-fixed~BF!
frame of reference. In such an approximation, called
fixed-nuclear-orientation~FNO! scheme,24,28 the reduced
system wave function depends on two sets of coordin
only: the internal nuclear coordinates and the three coo
nates of the continuum electron,r ~mentioned earlier!,
C(r ,R,n0uE). The quantum numbern0 collectively signifies
the initial vibrational population which gives the molecul
vibrational energy content by energy conservation as

E5 1
2kn0

2 1E05 1
2kn

21En . ~9!

Herekn0

2 /2 andkn
2/2 are the projectile kinetic energies in th

entrance and exit channels. If the zero energy is selecte
be the vibrational ground state of the molecule, then the
ergy lost by an electron during the excitation process,Den ,
is equal toEn .

If one now imposes further the continuum BO appro
mation on C(r ,R,n0uE0), then one obtains the ANV ap
proximation and the corresponding asymptotic behavior
the solutions is obtained by choosing the BF energy to be
incident kinetic energy of the projectile:1

2k0
25E0 . One then

applies the~real! K-matrix boundary conditions for each s
of uRu coordinates within each IR that contributes to t
scattering33–36

upm
l l 0~r ;Ri !r→̃` ĵ l~k0r !d l l 0

1Kll 0

pm~R!n̂l~k0r !, ~10!

where ĵ and n̂ are Riccati–Bessel and Riccati–Neum
functions.37 The T matrix can then be obtained from th
above-mentionedK matrix by writing ~we disregard the ex
plicit indication of theR dependence to simplify notation!

TO 5KO ~1O2 iKO !21. ~11!

The approximate FNO–ANV transition matrices c
then be obtained by numerical quadratures over the rele
nuclear coordinates

Tn0l 0 ,n l
pn 5^xuTl 0 ,l~R!uxn0

&R , ~12!

where thex’s are the vibrational wave functions for the v
brational mode under consideration.

In the present exploratory study we will limit our anal
sis to the treatment of the totally symmetric breathing mo
of some tetrahedral molecular targets.

IV. COMPUTED INTEGRAL CROSS SECTIONS

A. The elastic scattering results

As we discussed in the previous sections, the implem
tation of our model treatment of the electron–molecule
teraction within the quantum coupled equations which
scribe the electron scattering process strongly reduces
computational effort but should be tested for its reliability
describing the relevant physics. In the following we w
therefore show that the SCME potential and the CP poten
models are able to reproduce reasonably well the elastic~ro-
Downloaded 16 Mar 2003 to 155.101.15.253. Redistribution subject to A
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tationally summed! integral cross sections from the low en
ergy regions of the Ramsauer–Townsend~RT! minima to the
broad resonance features at higher energies.

In Fig. 1 we show, as an example, the computatio
results for the CH4 molecule compared with experiment
The target electronic wave function was described by a S
near-HF expansion which employed 1.082 Å as the equi
rium bond distance and the D95* basis set expansion. W
used a dipole polarizability value of 17.5a0

3. The total elec-
tronic energy was found to be of240.201 hartrees. The par
tial wave expansion of the potential was carried out up
lmax536 and the continuum electron partial waves went
to lmax536. These expansion values led to 20 coupled eq
tions in theA1 IR, 50 equations inT2 , and 30 in theE IR,
respectively.

The top panel in Fig. 1 shows the energy dependenc
the various IRs which contribute to the total elastic cro
sections and they all exhibit the expected behavior, as
already found in earlier calculations on methane using
exact exchange interaction:38 ~i! the broad resonance featu
before about 10 eV is mainly due to thet2 symmetry of the
continuum electron;~ii ! the totally symmetrica1 component

FIG. 1. Computed integral elastic cross sections~rotationally summed! us-
ing the SECP interaction modeling described in the main text. Top pa
Partial contributions from four different irreducible representations for
CH4 target. Lower panel: Total computed values and experiments f
Ref. 39.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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is responsible for the low energy RT minimum feature; a
~iii ! both thee and t1 partial symmetries contribute the lea
to the size of the total elastic cross sections.

The bottom panel in Fig. 1 shows a direct comparis
on the same absolute scale, between our computed total
tic cross sections and the experimental values for the s
observable.39 One clearly sees that the present calculatio
follow very closely the experimental points and that the el
tic cross sections are reproduced well by the model inte
tions we employ in this study. The computational effort f
solving the coupled equations at one energy forall the con-
tributing irreps was only of 200 s on a medium-size wo
station.

Similar calculations were also carried out for the sila
and the germane molecules to further test the reliability
our modelistic approach.

The basis set expansion for the target molecular orbi
~MOs! was at the D95* level, with a Si–H bond distance o
1.478a0 and a total electronic energy of2291.225 hartrees
The potential multipolar expansion went up tolmax540,
which led to 24 coupled equations for thea1 , 60 for thet2 ,
and 37 for thel components, respectively. Thea0 value em-
ployed was 30.4a0

3.
For the GeH4 molecule we employed a 6-311G (6d,10f )

basis set expansion, with a Ge–H bond distance of 1.52
and a total electronic energy of22007.606 hartrees. Th
potential expansion went up tolmax550, which led to 35
coupled equations for theA1 , 56 for theE, and 91 for theT2

irreps. Thea0 value employed was 34.4a0
3.

The results of the present calculations, in the same fa
ion as those shown in Fig. 1, are now given in Fig. 2 for t
silane target and in Fig. 3 for the germane case.

We see in Figs. 2 and 3 that the agreement for the S4

calculation is nearly as good as that found for CH4, while the
computed results for GeH4 turn out to have the same shap
as the experiments but yield integral cross sections which
about 20% larger than the measurements, with the lar
differences being below 4 eV of energy.40

The experimental data for the latter molecule are, ho
ever, much fewer and therefore, in contrast with the be
known situations of CH4 and SiH4, the comparison with our
calculations could not be carried out as extensively as in
other two examples. Specifically, our earlier calculations45,46

on the elastic differential cross sections for GeH4 used the
model treatment of exchange forces and found very g
agreement in the comparison between computed and m
sured angular distributions. Thus, we feel that the use
model exchange treatment for integral cross sections wo
require a more extensive comparison with other experime
before being declared not realistic for the germane syst
On the whole, however, we see that our modeling of
interaction forces is providing here an acceptable descrip
of the elastic scattering for the three molecules examine

The computed cross sections for the elastic integral c
sections of all of them are reported, for completeness
Table I at the collision energies of the present study.
results are considered to be converged within 5%. Each
ergy calculation required around 100 s on a Digital works
tion with a single processor, thus underlining once more
Downloaded 16 Mar 2003 to 155.101.15.253. Redistribution subject to A
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appealing computational simplicity of the present SMCE-
modeling of the interaction forces.

Because of this marked reduction of the computatio
effort when using the present model of exchange–correla
forces, it seems reasonable to now extend it to the treatm
of vibrationally inelastic processes.

B. The vibrationally inelastic cross sections

As discussed in the earlier sections, the ANV approa
to the evaluation of vibrational inelasticity by electron im
pact requires the solution of the scattering problem ove
broad range of nuclear coordinates and the correspon
quadrature of theT-matrix values over the initial and fina
vibrational wave functions@see Eq.~12!#. In the present, ex-
ploratory calculations we have considered first the tota
symmetric breathing modes of each tetrahedral molec
since this vibration usually requires a large amount of ene
transfer by electron impact. We have already seen for
case of the CH4 target32 that the four normal-mode excitatio
cross sections are comparable with each other in size and
our earlier computed values compared well with experim
tal findings.39 Furthermore, our more recent study on t
ANV approach for all four normal modes of CH4 ~Ref. 47!

FIG. 2. Same as in Fig. 1 but for the silane molecular targets. The exp
mental data are from Refs. 41–43.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1994 J. Chem. Phys., Vol. 114, No. 5, 1 February 2001 Cascella et al.
employed both the exact exchange and the present SM
model and found between them differences in size of
more than 20% and an improved accord with the exist
experiments. Thus, to start with then1-mode excitation could
also provide realistic estimates of the total excitation cr
sections for the other two tetrahedral molecules we
studying here. The calculations were carried out over a ra
of 15 values of the internuclear distances, going fromRmin

50.9 Å to Rmax51.35 Å for CH4, from 1.25 to 1.75 Å for
SiH4, and from 1.30 to 1.80 Å for GeH4. The corresponding

TABLE I. Elastic scattering. Integral cross section~Å2!.

E ~eV! CH4 SiH4 GeH4

1.00 1.231 11.166 8.330
2.00 25.165 48.372 44.805
3.00 9.828 69.552 66.620
4.00 14.537 65.293 64.127
5.00 18.870 60.326 60.359
6.00 22.322 56.530 58.374
7.00 24.602 53.629 55.206
8.00 25.769 51.152 52.492
9.00 26.095 48.702 49.687

10.00 25.880 46.223 47.018
11.00 25.349 43.856 44.564
12.00 24.657 41.670 42.325

FIG. 3. Same as in Figs. 1 and 2 but now for the germane molecule.
experiments are from Ref. 44.
Downloaded 16 Mar 2003 to 155.101.15.253. Redistribution subject to A
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potential energy curves were interpolated numerically a
employed to numerically generate the quantum vibratio
wave functions for the first four vibrational levels of th
three molecules. The energy separations between the b
states are shown in Table II. The numerical quadrature of
~12! was carried out to convergence down to less than
variations. Figures 4 and 5 report our calculations for
(0→1) inelastic cross sections compared for CH4, SiH4, and
GeH4 over the range of collision energy discussed befo
The contributions from the various symmetry compone
are also shown for each target molecule. The following co
ments could be readily made.

~i! The resonance supported by thet2 component con-
tributes the most to the vibrationally inelastic process in
molecules, in agreement with the relevant physics of the
citation.

~ii ! The totally symmetrica1 component provides siz
able contributions to the inelastic process beyond the m
resonance region and, for silane and germane, suggests
second, higher-energy resonant feature can exist in this
elastic channel.

~iii ! As expected, the two other symmetry components
the continuum electron,e and t1 , yield negligible contribu-
tions to the excitation mode of then1 .

~iv! All ANV cross sections do not correctly vanish a
threshold because of the energy mismatch inherent to
method. Hence, as already discussed before, we canno

TABLE II. Computed energy spacings between the bound vibrational le
of then1-mode vibrations for the target molecules. The harmonic oscilla
values are shown at the bottom.~All values are in cm21!.

CH4 SiH4 GeH4

De01 3125.95 2314.88 2267.24
De02 6230.61 4615.59 4519.32
De03 9313.58 6902.54 6755.59
De12 3104.66 2300.71 2252.08
Deharmonic 3147.39 2328.62 2283.20

he

FIG. 4. Vibrationally inelastic cross sections for the~0→1! excitation of the
n1 mode of CH4. The partial contributions from two IRs and the total cro
section are shown.
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computed values below about 2.0 eV~see our earlier tests in
Ref. 32!.

~v! The scattering process yields fairly small cross s
tions for all systems, although it markedly increases wh
going from CH4 (;0.15310216 cm2) to SiH4 (;0.40
310216 cm2) to GeH4 (;0.9310216 cm2) at the reso-
nances.

Given the limited decrease of the energy spacings fr
methane to germane~see Table II!, these results are in keep
ing with physical expectations and suggest that the elec
collision excitation mechanisms require the coupling w
the bound electrons as the chief driving force. Hence,
larger number of such electrons in going from CH4 to GeH4

causes stronger couplings and more efficient dynamical
tortions of the target molecules.

In the excitation processes that play an important r
when modeling molecular plasmas the presence of ‘‘h
molecules and of multiple quantum excitations has b
found to be significant in simpler diatomics like H2, N2, and
O2.

2,48 It therefore becomes of interest to see what would
the role of such inelastic processes in the present case.
ures 5–7 therefore report the behavior of the inelastic p
cesses fromn51 ~top panels! and that of the multiple quan
tum transitions~lower panels!. In the insets of the lower

FIG. 5. Same as in Fig. 4 but for the SiH4 molecule~top panel! and for the
GeH4 molecule~lower panel!.
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panels theDn53 excitation cross sections are also show
Here again the following comments could be made.

~i! The excitations of ‘‘hot’’ molecules turn out to occu
with larger probabilities than the excitations of molecules
their n50 initial vibrational state. We see, in fact, that th
corresponding cross sections of methane, silane, and
mane for the (1→2) excitations are about 50% larger tha
their counterparts for the~0→1! excitations. This result is in
keeping with what was found to occur for H2 and N2 excita-
tion by electron impact.1–3

~ii ! The multiple excitation cross sections shown in t
lower panels~and in the insets! of Figs. 5–7 clearly indicate
that their corresponding probability is markedly reduced
one or more orders of magnitude: the weak coupling indu
by the potential is not able to overcome the strong ortho
nality between vibrational functions that therefore reduc
the size of the integral in Eq.~14!.

~iii ! The additionala1-type resonant enhancement, se
in the inelastic channels for theDn51 excitations from the
n50 initial states, persists in the case of excitation fro
vibrationally hot targets and becomes even more impor
for the multiple quantum excitations. We see, in fact, fro
the insets that theDn53 excitations show larger contribu

FIG. 6. ‘‘Hot’’ band excitation cross section~top panel! and multiple quan-
tum excitations~lower panels! for the CH4 molecule. The partial contribu-
tions shown refer to thet2 IR ~dashed lines!, to thea1 IR ~dotted lines!, and
to thee IR ~long dashes!.
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tions from this higher-energy resonance than from thet2 type
of resonance.

To be more specific, we finally report in Tables III an
IV all the present computed values for all the excitation cr
sections considered.

In conclusion, we have seen for all three systems that
dominant contribution to then1 excitation comes from
single-quantum energy transfers and that an initially
creased population of higher vibrational levels in the tar
molecule enhances the probability of transferring energy
electron impact. We will therefore analyze a bit more
detail in Sec. IV C the actual behavior of some indicators
collisional excitation efficiency that could be obtained fro
the computed state-to-state cross sections.

C. Excitation efficiency and excitation rates

One of the simplest quantities to evaluate from the
elastic cross sections is the average energy transfer,^DE&0 ,
from the initial vibrational leveln50, usually considered the
dominantly populated level in the low-temperature molecu
plasmas:

^DE&05
(nÞ0

` s~0→n!De i

(n50
` s~0→n!

, ~13!

FIG. 7. Same as in Fig. 6 but for the target molecule SiH4. All the symbols
used have the same meaning as before.
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a quantity given in units of meV over the range of conside
collision energies~Fig. 8!.

The results are shown in the upper panel of Fig. 9 a
we clearly see there the effects of the different resonant
tures exhibited by corresponding cross sections.

~i! In the energy range from 2.0 to about 6.0 eV t
resonant cross sections of the germane system provide
largest energy transfer values since both CH4 and SiH4 be-
come more efficient only at the higher collision energies.

~ii ! The methane molecule shows the smallest efficie
in the low energy range since its resonant behavior begin
play a role only from 8 eV and beyond.

~iii ! At the higher collision energies the energy exa
ined, transfer values for the methane target are the larges
the three systems, with SiH4 and GeH4 becoming similar to
each other~and much smaller than CH4) beyond 8 eV.

The numerical values of the computedDE of Fig. 9 are
reported in Table V.

Another quantity of interest in this context is the col
sional heating function, CHF, which is defined as the ra
between a chosen inelastic process and the overall flux
the ~elastic1inelastic! channels.49 In the case of the vibra-
tional excitation of then1 mode only, its definition become

CHF~T,n!5E CHF~E,n! f ~E,T!dE ~14!

and

CHF~E,n!5
(nÞ0

` s~0→nuE!

(n50
` s~0→nuE!

, ~15!

where f (E,T) is a Boltzmann energy distribution functio
for the beam of impinging electrons and a given numb
density,d, of the molecule in units of mol cm23.

TABLE III. CH 4, vibrational excitation (n1). Integral cross section~Å2).

E ~eV! s0→1 s0→2 s0→3 s1→2

0.4 0.036 ¯ ¯ 0.0855
0.6 0.023 ¯ ¯ 0.0537
0.8 0.017 0.0002 ¯ 0.0405
1.0 0.015 0.0002 ¯ 0.0344
2.0 0.016 0.0001 5.7~205! 0.0352
3.0 0.029 0.0001 5.6~205! 0.0625
4.0 0.055 0.0003 8.0~205! 0.1177
5.0 0.087 0.0008 1.05~204! 0.1861
6.0 0.114 0.0015 1.0~204! 0.2374
7.0 0.126 0.0023 7.6~205! 0.2564
8.0 0.125 0.0029 6.2~205! 0.2497
9.0 0.116 0.0030 6.3~205! 0.2305

10.0 0.105 0.0030 7.0~205! 0.2082
11.0 0.095 0.0028 7.8~205! 0.1876
12.0 0.087 0.0026 8.3~205! 0.1704
13.0 0.080 0.0024 8.6~205! 0.1563
14.0 0.074 0.0023 8.7~205! 0.1446
15.0 0.070 0.0021 8.7~205! 0.1345
16.0 0.066 0.0020 8.7~205! 0.1254
17.0 0.062 0.0020 8.6~205! 0.1168
18.0 0.058 0.0019 8.5~205! 0.1084
19.0 0.054 0.0018 8.3~205! 0.1003
20.0 0.5 0.0017 8.1~205! 0.0924
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The temperature dependence of such quantities for
n1 mode of each molecule is shown in the lower two pan
of Fig. 9, where on the left-hand side we report the range
values from 1000 to 4000 K and on the right-hand side
values from 4000 to 10 000 K. In all cases we consider
citation from then50 level only. The germane gas clear
shows the largest excitation function which becomes e
more so in the higher interval of temperature. All values a
however, fairly small and become significant for an electr
‘‘heating’’ of the ambient gas only above about 5000 K. A
expected, the CH4 molecule exhibits the smallest efficienc
due both to its vibrational force constant being the larges
them all~see Table II! and to its smaller dipole polarizability

One should keep in mind, however, that the energies
the electrons at the above-mentioned temperatures are b
the region where the ANV is expected to be valid and the
fore it is difficult to assess here the level of reliability fo
such quantities. It is, on the other hand, still useful to anal
each behavior relative to the other for the three systems

The next global quantities of interest are the individu
state-to-state, excitation rates, this time as a function of
ambient gas temperature

Kn→n8~T!54pS 1

2pkBT
D 3/2

3dE
0

`

sn→n8 expS 2
v2

2kBT
D v3dv, ~16!

TABLE IV. ~a! SiH4, vibrational excitation (n1). Integral cross section
~Å2!. ~b! GeH4, vibrational excitation (n1). Integral cross section~Å2!.

E ~eV! s0→1 s0→2 s0→3 s1→2

~a! 0.30 0.0508 ¯ ¯ 0.109
0.50 0.035 ¯ ¯ 0.074
0.75 0.031 0.0007 ¯ 0.067
1.00 0.402 0.0011 0.0003 0.084
2.00 0.3544 0.0117 0.0002 0.660
3.00 0.3816 0.0247 0.0006 0.644
4.00 0.2047 0.0136 0.0004 0.374
5.00 0.1744 0.0101 0.0006 0.339
6.00 0.2102 0.0118 0.0013 0.387
7.00 0.2454 0.0148 0.0019 0.409
8.00 0.2370 0.0154 0.0020 0.377
9.00 0.1934 0.0130 0.0016 0.314

10.00 0.1441 0.0097 0.0010 0.245
11.00 0.1050 0.0068 0.0006 0.188
12.00 0.0785 0.0047 0.0004 0.146

~b! 0.30 0.751 ¯ ¯ 1.746
0.50 0.378 ¯ ¯ 0.883
0.75 0.238 0.0111 ¯ 0.556
1.00 0.205 0.0082 0.0006 0.474
2.00 0.809 0.0255 0.0037 1.665
3.00 0.875 0.0228 0.0028 1.631
4.00 0.555 0.0163 0.0023 1.056
5.00 0.476 0.0216 0.0041 0.846
6.00 0.445 0.0252 0.0051 0.746
7.00 0.360 0.0215 0.0039 0.563
8.00 0.252 0.0143 0.0021 0.414
9.00 0.167 0.0085 0.0010 0.293

10.00 0.114 0.0052 0.0005 0.202
11.00 0.083 0.0030 0.0003 0.155
12.00 0.065 0.0020 0.0002 0.127
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wherekB is the Boltzmann constant andv the electron rela-
tive velocity in the gas. Hered is the molecular numbe
density.

The computed values for the three systems studied h
are presented in Figs. 10~a!, 10~b!, and 10~c! for the excita-
tion rates from then50 level, the most probable of the mo
lecular states being populated at the temperatures of inte
We should also note here again that, although the rangeT
being shown is that of interest in the plasma deposit
processes,2 the corresponding electron impact energies
still below the expected range of full validity of the ANV
reduction. Hence, the absolute level of reliability of the
results is hard to evaluate.

~i! All rates, as expected, are remarkably small and
variably show the ones associated with theDn51 excita-
tions to be the largest.

~ii ! The size of the rates clearly increases from meth
@Fig. 10~a!# to germane@Fig. 10~c!# although they all tend to
essentially the same high-T limiting values of
;10237 cm3 s21.

~iii ! All the multiple excitation processes are muc
smaller and remain so even at their highest ‘‘saturatio
temperatures shown. There one sees that theDn52 excita-
tions are more than one order of magnitude smaller t

FIG. 8. Same as in Figs. 6 and 7 but for the target molecule GeH4. See their
captions for the meaning of symbols.
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1998 J. Chem. Phys., Vol. 114, No. 5, 1 February 2001 Cascella et al.
Dn51 and theDn53 excitations are about three orders
magnitude smaller.

V. PRESENT CONCLUSIONS

In the present work we have explored the computatio
feasibility of modeling via nonempirical approximations th
vibrational excitation cross sections by collision with ele
trons of three tetrahedral molecules.

In particular, we have tried to show that the combin
use of simplified interaction potentials and adiabatic dyna
ics is capable of providing a rather realistic description
electron scattering total elastic cross sections~integral! at

TABLE V. Computed average energy transfer values~meV!.

E ~eV! CH4 SiH4 GeH4

2.0 1.261 2.299 5.366
3.0 1.171 1.775 3.871
4.0 1.475 1.021 2.584
5.0 1.820 0.932 2.458
6.0 2.029 1.202 2.441
7.0 2.057 1.495 2.098
8.0 1.962 1.528 1.480
9.0 1.815 1.316 1.059

10.0 1.666 1.032 0.752
11.0 1.539 0.788 0.568
12.0 1.442 0.613 0.466

FIG. 9. Computed average energy transfers~upper panel! as a function of
collision energy for the three molecules discussed in this work. The lo
panels show, over two different ranges of temperature, the behavior o
computed collisional heating efficiency, CHF, defined in the main text.
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low collision energies with considerable savings of comp
tational time. For the excitation processes, however, the o
possible comparison, given the scant experimental data,
been for the case of CH4, where the ANV and the off-shel
results already reported in our earlier work32 were compared
with the same experiments.47 The more approximate ANV
dynamical coupling was found to be rather realistic, wh
compared with off-shell results, above about 2 eV of elect

r
he

FIG. 10. Computed state-to-state excitation rates for the CH4, SiH4, and
GeH4 molecules as a function of temperature. The rates shown in~a! corre-
spond toDn51, 2, and 3 excitations from then50 initial level of then1

mode of methane. The results shown in~b! refer to the calculations for the
SiH4 molecule.~c! The same calculations for the GeH4 molecule.
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collision energy. We have also found that exact excha
and SMCE exchange yielded cross sections for all f
modes at most about 20% smaller for the latter than for
former. Because of the large errors on the experimental d
however, both calculations fitted well the existing data.47

The present study, albeit still preliminary, allows us
make the following comments.

~i! The use of the SMCE exchange interaction and of
Vcp modeling of the correlation-polarization forces h
shown that one can obtain, at least for CH4 and SiH4, a
realistic description of the elastic scattering process
rather good accord with the experimentally measured in
gral cross sections. Furthermore, the earlier calculations46 of
the germane elastic angular distributions with model
change turned out to be very close to experiments and
vided integral cross sections very similar to the ones fr
the present calculations with the SMCE model exchange

~ii ! The ANV calculations for CH4 had been shown by
us32,39 to be in good agreement with the more accurate o
shell method once one is away from the~0→1! excitation
threshold. Hence, the CH4 results with exact exchange47 gave
us some level of confidence on the reliability of approxim
exchange models, at least for hydrates. It also encourage
to use their extension to other polyatomic targets with a b
ter confidence on their reliability, in spite of its being not y
directly tested with experiments because of the lack of th

~iii ! The computed cross sections are all fairly small
size, with more marked contributions appearing in the ene
range of the shape resonances oft2 symmetry which exist,
for all three molecules, in both the elastic and the inela
channels. The heavier systems like SiH4 and GeH4 show in
the n1-mode inelastic channels~at higher collision energies!
the additional presence of a broad resonance ofa1 symmetry.

~iv! The heating efficiency and the energy loss efficie
cies, at the temperatures of interest in molecular plasm
turn out to be fairly small for then1 vibrational mode and for
all three molecules. The present calculations also indic
that the excitation efficiency is larger for silane and germa
the latter molecule being the most efficient energy ‘‘sin
for the electrons in the beam, as seen from the state-to-
excitation rates of Figs. 10~a!, 10~b!, and 10~c!.

The general features shown by the excitation of then1

mode in the three target molecules are not expected to
very different when the other modes will be considered,
we have recently found for CH4.

47 From those findings,47 in
fact, we can qualitatively predict that the total energy-lo
values coming from the global excitations of the four mod
of the tetrahedral targets should yield^DE& estimates for
each molecule which are about six to eight times larger t
those coming only from then1 excitation.

In conclusion, we think that the present data are alre
telling us that our proposed modeling of thee2 – molecule
interaction and of the ANV vibrationally inelastic dynamic
markedly reduces the computational requirements and m
it possible for us to obtain the range of microscopic d
needed to explore the physics of electron-impact vibratio
excitations in polyatomic molecular gases. Although its le
of reliability has only been checked on the methane tar
and on the elastic collision processes of all three molecu
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we would still be able to employ this modeling for a mo
detailed analysis of the interplay between structural prop
ties of a given molecular target gas and the dynamics o
interaction with electron beams of energy well above
vibrational thresholds, thereby providing further possib
comparisons with experiments on other systems.
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