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Overtone spectrum of SiH stretching in H,SiCly’
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The overtone spectra of H2SiCly molecule in the regions of 2000-9000cm ™! and 12000-12900cm ™! at room tem-
peratures have been studied by use of high-resolution Fourier transform spectroscopy and sensitive-intracavity-laser
absorption spectroscopy, respectively. The variations of vibrational quantum numbers AVg;y=1, 2, 3, 4 and 6 for the
overtones of the SiH stretching have been analysed and assigned with the local mode model and the normal mode
model. The values of harmonic frequency wpm, anharmonicity constant xm, bond coupling constant A, the Morse oscil-
lator parameters De, o, and interaction force constant f,.,, are derived from the experimental spectrum with nonlinear
least-squares fitting. The most striking feature of the SiH2Cly is that the larger the vibrational energy, the smaller
the energy difference between a couple of lowest stretching states of a given manifold, and finally, the couple of lowest
stretching states are degenerated within the experimental error for AVgiyy >4 vibrational manifolds. The degenerate
energy level structure resembles that of a diatomic Morse oscillator; the transition energies show a remarkable fit to
the Birge—Sponer relation. The high vibrational states can be described straightforward with a SiH diatomic Morse
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oscillator wavefunction, this is an indication of vibrational bond localization.
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1. Introduction

Overtone  spectroscopy  of the polyatomic
molecule is important to the fields of chemistry
and physics in which are involved, for example,
highly vibrationally excited molecules,[!! thermally in-
duced chemical reactions, spectroscopy of astrophysi-
cal molecules, and multi-photon infrared photochem-
istry. Many investigations of overtone transitions have
been concerned mainly with the molecules contain-
ing O-H or C-H bonds.!?! It is of interest to extend
the overtone work to other X—H moieties:[34] for ex-
ample, the Si—H vibrations. The fundamental vi-
brations of SiH3Cl; in the gaseous phase have been
recorded by Hawkins and Wilson,®! and Christensen
and Nielsen;[® the vibrational assignment, description
of the vibrational modes, species, and the rotational
contours were given by the normal mode model. The
Si—H stretching yields the values of vy (A;)=2224cm*
and vy (B1)=2237cm ™!, where v is mainly for an

symmetric SiH stretching mode, and v, for an anti-

symmetric SiH stretching mode. The high overtones of
H,SiCl; for AVgig=6—-9, which are in the near-IR and
visible spectral regions, were recorded by Bernheim et
al with a photoacoustic detection.[”] In this high vi-
brational energy region, the molecule exhibits simple
progression of weak absorption features which are de-
scribed as excitations of the vibrational overtones of
individual Si-H stretching oscillators. The B/C hy-
brid of the band contours indicates the degenerate of
the Si—H vibrations, which have different modes. The
intermediate cases, which cover the absorption spec-
tra of HySiCly for AVsijm=1-4 and 6, interest us be-
cause they will show the transition of the couple lowest
stretching states from separation to degenerate within
the given V' (vibrational quantum number) vibrational
manifolds as the quantum number increases, and are
expected to provide insight into the possible cou-
pling mechanisms between identical Si—-H bonds. For
these reasons we measured the infrared spectrum of
H,SiCl, in the regions of 2000-9000cm ™! and 12000~
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12900cm~! by use of high-resolution Fourier trans-
form spectroscopy (FTS) and sensitive-intracavity-
laser absorption spectroscopy (ICLAS), respectively.
In this spectrum region, we have observed not only
the expected Si—H stretching overtones but also weak
absorption features which we assigned as combinations
of the Si—H stretching vibration.

The H,SiCl; molecule has Coy-symmetry. Be-
cause the fundamental frequency of the Si—Cl bond
(<530cm 1) is much smaller than that of Si-H
stretching, which is found at 2224cm™1!, there is no
obvious feature of coupling between SiCl and SiH at
high excitation. Thus in the case of the SiH bond,
the SiH vibrations in SiH,Cl; are analogous to the vi-
brations in XHy (X=0.,S, and Se) systems.!®* The
fundamental frequency of SiH-bending is 954cm™1,
which is also smaller than half of the frequency of
SiHo-stretching, hence the coupling between the SiH-
stretching and the bending is negligible. Under this
circumstance, the SiH stretching vibrations in HySiCly
can be investigated with two equivalent models es-
tablished respectively by Child, Halone, Lehmann,
and Mills and Robiette for XH,-type molecules: 3~

the local mode model and the normal mode model

with Darling-Dennison resonance included (NMDD).
Based on the two models, we have determined the
location and assignment of the overtone and combi-
nation bands of the SiH stretching vibrations, and
can calculate the spectral parameters and analyse the
wavefunctions in relation to their local mode or nor-
mal coordinate character. The present work shows
that the two models can provide a satisfactory de-
scription of the observed spectrum, and interpret why
the lowest energy components of a stretching manifold

are degenerate at high vibrational excitation.
2.Experimental details

Dichlorosilane gas of purity 98% was purchased
from Nanjing special gas factory. The absorption
spectra from 2000cm~' to 9000cm~!, which cover
SiH stretching quantum numbers AVgy=1-4, were
recorded by a Bruker IFS 120HR Fourier transform
(FT) spectrometer equipped with a multipass cell.
The maximum path length is 105m. Since the spec-
tra cover a wide range and the absorption intensities
decrease with the increment of vibrational quantum
number, the FT spectra were recorded under different

experimental conditions, listed in Table 1.

Table 1. Experimental conditions used to record the absorption spectrum of HySiCls.

Region/cm ™1 Gas pressure/Pa Detector Absorption length/m Beamsplitter Source
1500-3000 157 InSb 0.1 GaFy Globar
1000-5000 151 MCT 33 KBr Globar
1800-7000 8027 InSb 15 GaFs Tungsten
5000—9000 8027 Ge-Diode 87 GaF» Tungsten

T
delay < E?rm

The AVgg=6 SiH overtone absorption, which is
around 12345cm™!, is rather weak; therefore it was
recorded with high ICLAS in combination with FTS.
The cell is filled with 20.3kPa H3SiCly sample gas,
the optical absorption length is 4.5km. The vibra-
tional band we obtained is the same as that in Ref.[7].
Figure 1 depicts the experimental configuration of the
FTS-ICLAS developed in our laboratory. A detailed
discussion on this experimental set-up can be found in

Ref.[12]. A brief description is given here.

FTS (Bruker IFS 120 HR)
L

Fig.1l. Configuration of the FTS-ICLAS set-up.OC:
output coupler, AOM: acousto-optical modulator,Ti—
Sa: Ti: sapphire crystal.
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The Bruker IFS 120HR FTS with a quartz beam-
splitter and a Si-diode detector is used to record
the interferogram of the laser emission from a home-
made 162cm long standing wave Ti:sapphire laser.
The pumping laser is a coherent Verdi-5 single-mode
(532nm) diode-pumped solid state laser. A 82cm long
sample cell is placed inside the 151cm long Ti:sapphire
laser cavity. The pumping laser beam is chopped by an
acousto-optical modulator (AOM). The broad band
Ti:sapphire laser emission is focused and sent into
the FT interferometer. A transistor—transistor logic
(TTL) signal, laser digitization (LASD) given by the
FTS is used as a clock for the timing system. This
signal is used to trigger a home-made function genera-
tor. The output rectangular wave from the generator,
which has an adjustable delay and duration with re-
spect to the trigger, then drives an AOM to chop the
pumping laser. Thus the data acquisition of FTS and
the laser emission of the ICLAS are synchronized.

The interleaved rapid-scan method implemented
on the Bruker IFS 120HR FTS is used. The
Blackman—Harris-3-Term is adopted as apodization
function in FTS. The resolution of all the spectra is 0.2
cm~ 1. The spectra obtained are shown in Figs.2(a),
2(b), 2(c), 2(d) and 2(e) for Vsip=1, 2, 3, 4 and 6,

respectively.

3. Theoretical treatment

3.1. Local mode model

The local mode model, introduced by Henry and
Siebrand!*®! and developed in more detail by Child
and Halonen,® and Mills and Robiette, ' treats a
molecule containing X — Y bonds as a set of loosely
coupled anharmonic oscillators localized on the indi-
vidual X — Y bonds. The coupling arises from cross
terms in both kinetic and potential energies. Using
curvilinear internal coordinates and keeping the bond
bending to its equilibrium configurations, the stretch-

ing Hamiltonian for XHy type takes the form

H=H"+H, (1)
1

H® =2 g0z + P}) + De(vz + 1), (2)

Hl =Grr'PaPb + frr’TaTbv (3)

where the subscripts denote individual bonds to avoid
confusion with conventional normal coordinate labels;
Morse variable y = 1 — exp(—ar), in which « is
the Morse parameter determining the harmonic force

constant around equilibrium, and r is the displace-

ment from equilibrium in the bond stretching coor-
dinate; the momentum operator p = —ihd/9r (as
bond a and bond b are equivalent, the subscripts a
and b are omitted here); D, is the dissociation energy

from equilibrium; g, is the g matrix element given

1
by grr = — + — = where ¢°, = cosa./m,,
H

m,(mp) is ghe mass of the X(H) atom, and o, is
the equilibrium SiHs bond angle; f,. is the f matrix
coupling term. H° is the sum of Morse bond oscil-
lator terms, and H' is the interbond coupling term.
The present formula covers a harmonic momentum
and potential coupling between identical anharmonic

oscillators. Expanding potential terms in H gives

H® = HY + H}, (4)
0 1 2 2 1 2 2
H) = §gw(pa +pi) + §f7‘r('ra +75), (5)
and
1 1
H(l) = Efrrr("'g + Tl?)’) + ﬂf””(ri + Té) +- (6)

where f,., frrr, and f,.,... are defined in a usual way
as derivatives of the potential energy functions with
respect to internal coordinates in the equilibrium con-
figuration. The operator H{ is the harmonic oscillator
Hamiltonian for the SiH stretching vibrations. The
eigenfunctions of HY), in the form of product of har-
monic oscillator functions of r, and ry,, are taken as
the local mode basis functions |m,n), corresponding
to m quanta of excitation in bond a and n quanta in
bond b. These singly excited bond oscillator functions
[n0) and |Om) are called local mode states. Treat-
ing the H| term by use of perturbation theory and
eliminating the off-diagonal elements with AV 0,
where V.= m + n, an effective Hamiltonian matrix
is obtained for which the diagonal matrix elements of
H? within each V manifold are below (in wavenumber

units):
(m,n|H [he|m, n)
=w(m +n) + zn(m? +n? +m +n), (7)

where the energies are measured from the zero point

1
level wy, + =xm. H' gives the matrix elements in

Egs.(8a) and (8b) (in wavenumber units):
(m +1,n— 1|H/he|m,n) = A[(m + 1)n]"/?, (8a)
(m —1,n + 1|/H /hejm,n) = A[m(n + 1)]'/?, (8b)

a (2D, 3
et an-
2mc \ u ’
——, and bond coupling
4mep

where harmonic frequency w,, =

2
harmonicity constant z,, =
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constant \ — 2™ <g'rr i frr > This is the harmon- Eigenfunctions of H"” are the basis functions of

2 \ grr frr harmonic oscillator normal mode. The second-order

ically coupled anharmonic-oscillator model (HCAO).
In this approximation, the non-zero coupling matrix
elements couple states within the same (V = m + n)
manifold. The spectroscopic parameters of this model
are wy,, Xm and A, as shown in Eqgs.(7) and (8). The
extension to couple states within different manifolds
is achieved by using the products of the eigenfunc-
tions of HY as basis set. This more precise Hamilto-
nian matrix includes all off-diagonal elements; in other
words, it includes the intermanifold and intramanifold
coupling, and is named the anharmonically coupled
anharmonic-oscillator model (ACAQ).I"=16] All the
matrix elements are calculated analytically using the
known formulae. The three parameters in this model
are D, o and f,.,/; their meanings are outlined above.
The eigenvalues and eigenvectors of the Hamiltonian
(1) can be obtained variationally by using a harmonic
oscillator basis set for the HCAO or a Morse oscilla-
tor basis set for the ACAO. By fitting the eigenvalues
of Hamiltonian (1) with the experimental spectra, the

parameters are deduced.
3.2. NMDD model

The NMDD model is the normal mode model
with Darling—Dennison resonance included. It is de-
veloped by Lehmann['%! and Mills and Robiettel*!] in
a study of local mode and normal model vibrational
behaviours of molecules. In this model, the Hamilto-
nian (Egs.(1)—(3)) of SiH; stretching was transformed
from curvilinear internal coordinate (r) and momenta
(pa, Pb) to normal coordinate (¢) and momenta (p).
This gives

H=H"+H| + H), (9)

) 1 1
H®[he = Swm(ai +p1) + Jwm(as +23),  (10)

A 1
Hj/he =é¢111(lﬁ + 3(11‘12)

1
+ ﬂ@suu(‘ff +6qiqg +qg),  (11)

2 1 Grr! frr’
Hy/he = Gom | (Pt —p3) + 7

where the subscript figures 1 and 6 respectively de-

(¢ —gq3)|, (12)

note symmetric stretching and antisymmetric stretch-
ing modes in the customary normal mode labelling

scheme.

perturbation is used for treating the cubic terms in
Eq.(11) and the first order for treating Eq.(12) and the
quartic terms in Eq.(11) to obtain an effective Hamil-
tonian matrix diagonal in AV=0, and the matrix el-
ements off-diagonal in AV #0 were neglected. The
Darling—Dennison resonance term kjig¢ contributes
off-diagonal matrix elements according to the selec-
tion rules Av; = £2 and Awvg = F2. The non-zero
matrix elements (taking out the zero point energy)

are given by the formulae

(v1,v6|H|v1,v6)

1
=wnv + A(v; —vg) + §xm(v2 + 3v + 2vyv5), (13)

<’Ul + 2,1)6 - 2|H"U1,’UG>

1
=1 + V(o + 2vs(vs — )'/2, (142)
<’U1 — 2,’06 + 2|H"Ul,’06>
1
=5 @m[o1(vr = 1)(vs +1)(vs +2)]'/%, (14b)
where
W) =wWm + A, Wg=wnm — A, (15)
k m
T11 = Tes = s = T ° (16)

4 4 27
Here, v; and wvg are vibrational quantum numbers
of symmetrical stretching vibration and asymmetri-
cal stretching vibration, respectively, and v = vy + vg;
the meaning of w,,, ,, and X is the same as that in
local mode model respectively. Equation (13) is of
diagonal elements of matrix, which is the customary
expression for the anharmonic corrections to the en-
ergy levels in a polyatomic molecule with two normal
modes of vibration. Equations (14a) and (14b) are of
off-diagonal elements of the H matrix, which describe
the Darling—Dennison resonance interaction between
overtones of v; and vg. That NMDD model and the
HCAO model are exactly equivalent has been proved
by Lehmann.!'®) and Mills and Robiette.[!1]

4.Results and discussion

4.1. Vibrational energy levels

Figure 2 shows gas phase infrared absorption
spectra for HySiCl; in the regions of various SiH over-

tone absorptions.
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Fig.2. Vibrational spectra of H2SiCly for the couple of lowest SiHs stretching states. (a), (b), (c), (d) and
(e) are for AVgip=1, 2, 3, 4 and 6 respectively. A is the difference between vibrational frequencies of the

couple of lowest stretching states of a given manifold.

The band contour appears to be of a B/C hy-
brid, because the SiH stretching causes B;-vibration
and A;i-vibration, which correspond to a C-type band
and a B-type band, respectively,[ arising from tran-
sitions to states belonging to A; and B; representa-
tions of Cyy. From the figure we can see that the
larger the vibrational energy is, the smaller the gaps
between the C-type and the B-type bands is, and fi-
nally, they are degenerate within the experimental er-
ror as AVg;g >4. The latter is consistent with the

behaviour for AVgp=6-9 observed by Bernheim et

al.l”]

The two models discussed in Section 3 are used
for analysing the SiH stretching overtone. The basis
set size used for both local mode and normal mode are
such that m + n <6 and v; + vg <6, where m and n
are quantum numbers for the stretching vibrations in
the internal coordinate representation, v; and vg are
quantum numbers for the stretching vibrations in the
normal coordinate representation. Hamiltonian ma-
trices of both models are diagonalized to give rise to

the eigenvalues and eigenvectors. The spectroscopic
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parameters, Wy, Xm and A in NMDD and HCAO, D.,
a and f,.,» in ACAQO, are optimized by the nonlinear
least-squares fitting using vibrational band origins as
data in the fit. The observed SiH stretching vibra-
tional band origins, the vibrational assignment with

normal mode and local mode model models, and the

fits, are given in Table 2. The spectroscopic param-
eters are presented in Table 3. Table 2 also gives a
comparison between the observed and the calculated
level positions by use of the NMDD, HCAO, ACAO
models, and shows clearly that the present models re-

produce the experimental levels well.

Table 2. Observed and calculated band centres (in cm™1) of HySiCly stretch
vibration by use of NMDD, HCAO and ACAO modes.

Normal Local Obs. Ref. Obs—Cal.
v1V6 mn* NMDD HCAO ACAO
10 10F 2224.82 2224P 0.1000 0.1000 —-0.2000
01 10— 2236.5% 2237 0 0 —-0.1000
20 20t 4389.1* 4389°¢ —-1.1000 —1.0000 —-1.1000
11 20~ 4392.2* 4395°¢ 0.1000 0.2000 —-0.1000
02 11+ 4463.3* 4463° 0.1000 0.2000 —0.6000
30 30t 6482.1 —14.000 —1.3000 —1.3000
21 307 6483.92 0.3000 0.3000 0.3000
12 21t 6610.7 —1.1000 —1.0000 —2.9000
03 21~ 6634.5 —-0.6000 —0.5000 —1.2000
40 40t 8506.0 —0.7000 —0.6000 —0.1000
31 40~ 8506.0 —0.7000 —0.6000 —-0.1000
22 31t
13 317 8715.1 —-0.5000 —0.4000 —2.4000
04 22+
60 60t 12345.4 12345°¢ 0.2000 0.2000 2.3000
51 60~ 12345.4* 12345°¢ 0.2000 0.2000 2.3000
2 One of eight band centres is used in the fitting of the parameters in Table 3.
b From Ref.[6].
¢ From Ref.[7].
Table 3. Effective spectroscopic constants of H2SiCls.
NMDD HCAO ACAO
wm /em ™1 2299.85(24)2 2299.78 (24)*
T /em ™! —34.60(4)> —34.59(8)
A/ecm~1! -5.85(2) -5.87(17)
De/ecm™1! - - 38109.67 (54.61)*
a/nm~1 - - 14.2(0)2
frprJem™Inm™2 - - 111681(28.35)>
SDP/cm~! 0.333 0.311 0.915

2 Uncertainties are given in parentheses in the unit of last significant digit

b Root mean-square of the fitting residual

The two important quantities are the Morse an-
harmonicity parameter x,,, which determines the di-
agonal energy differences, and the coupling strength
A, which determines the observed frequency splitting
between vibrations associated with the identical XH
bonds. According to Eqgs.(7) and (8), for the v = n

manifold, the local mode states |n0) and |On) are cou-

pled with |n — 1,1) and |1,n — 1), respectively. The
energy difference between their diagonal elements is
2(n — 1)Xm, while that between the off-diagonal ele-
ments is y/n\. Therefore, when the vibrational quan-
tum number v = n increases with the cooperation
of xm > A, the states |n0) and |On) become progres-

sively decoupled from the rest of the manifolds as n in-
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creases, and finally the coupling diminishes and the lo-
cal mode states tend to be the eigenstates. This is why
the local mode doublet splitting decreases with the in-
creasing of energy for a molecule with non-negligible
A/Xm. From the above discussion, we see that the
strong vibrational anharmonicity and the high vibra-
tional energy are key factors to the vibrational bond

localization.
4.2. Coupling intensity A

There exist the various contributions to the
strength of interbond coupling A, the momentum
terms from which g,,» and g,.. may be deduced based
on the knowledge of the valence-coordinate G matrix
for a symmetrical XY, molecule with bond length r
and interbond angle . : g,,» = cos ae/m,, where m,
is the effective mass of fragment SiCly,”) and its value
is 75, and g,.=1/p, where p denotes the X—H reduced
mass with an approximate value of 1. The interbond
angle a, in SiHy is 111.3°, then the momentum cou-

pling contribution of % to A is —5.57, which may
Irr
be compared with the full value of -5.8cm™!. The po-

wfrr’

2frr

~0.5cm ™1, using the derived parameter values given

tential term, namely , where f,., = 2a%D,, gives

in Table 3. So it makes only a small amount of con-
tribution to A, and the potential coupling is relatively
unimportant. Thus the dominant interbond coupling

comes from the kinetic energy.
4.3. Vibrational wavefunction

The vibrational eigenfunctions of the two low-
est energy levels of V=4 manifold obtained from the
NMDD and HCAO models are compared. The NMDD
gives rise to the eigenfunctions of the couple of the

lowest eigenstates:

@40 = 0.3147|40) — 0.5355|22) — 0.7837|04), (17)
@31 = —0.6653|13) — 0.7466/31). (18)

Although the normal mode model is highly suc-
cessful in describing the low vibrational states of most
polyatomic molecules, we can see that the description
of the V=4 vibration is complicated using a normal
mode representation. The reason for this is that at
high excitation the effect of the anharmonic terms in
potential increases considerably, and then results in
the coupling between the different vibrational modes;
thus the traditional picture of multiple mode vibration
becomes very complicated.

With the HCAO model, the couple of the lowest

eigenstates for V=4 manifold are

$40 =0.7059(]40) + [04)) + 0.04032(|31) — |13))
+ 0.00808|22), (
P04 =0.7059(]40) — |04)) + 0.04032(|31) + [13))
+ 0.00808|22). (

19)

20)

Because the two lowest energy levels of V=4 man-
ifold are near-degenerate, the linear combination of
¢a0 With ¢4 is also the vibration eigenstate. Thus,
by adding ¢4 to ¢p4 or subtracting ¢o4 frome, and
neglecting the terms with small coefficients, the eigen-
functions for the near-degenerate energy level take the

forms of

a0 = Pao + Pos = |40), (21)
o4 = Pa0 — Pos = |04). (22)

This result shows that the singly excited bond oscil-
lator function |40) or |04) gives a more compact de-
scription of the molecule at high vibrational excita-
tion than does the traditional picture of multiple ex-
citation of the normal vibrations. That is to say, the
molecule can be viewed as a single-bond oscillator, and
the vibrational state with a single-bond oscillation is
a molecular eigenstate. The success of the local mode
model stems from its ability to include the more real-
istic anharmonic potential function for the highly ex-
cited Si—H oscillators by using an internal coordinate
system centred on the individual Si-H bonds. The
bond oscillator quantum 4 or 0 is a ‘good’ quantum
number.

The functions |n0) and |0n) are degenerate eigen-
functions of H®. The fact that |n0) is a molecular
eigenstate shows that the H° is approximately the
Hamiltonian for SiH stretching motion in H3SiCls,
and the kinetic and potential interaction term H’ can
be neglected at high vibration. The term value expan-
sion for H° is
E(m,n)

hc
=wn(m+n+1)

+xm[<m+;>2+ <n+;>2]. (23)

Transitions from the ground state to |n0) state occur

G(m,n) =

with energies
v =G(n,0) — G(0,0) = An + Bn?, (24)

where A = wy, + Xm, and B = x». This is just the

(18]

one-dimensional Birge—Sponer equation. Equation
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(26) provides a satisfactory fit for AVgim=4, 6-9 high
overtones of HySiCly, as shown in Table 4. This fact
makes it clear that as the stretching vibrations be-
come more highly excited, the singly excited bond os-
cillator functions |[n0) or |0m) approach closer to the
eigenstates.

Table 4. Fitting result by “Birge-Sponer” relation for SiH

single-bond oscillator.

Vibrational states Obs./cm™1 (Obs.—Cal.)/cm~1

40 8506.0 —0.13
60 12345.4 0.46
70 14161.8 0.81
80 15913.0 —2.46
90 17588.4 1.25

wm/cm ™! 2298.5

T /cm ™! -34.4

o/cm™?! 1.30

5. Conclusion

In this work the level spacing was observed to de-

crease with the increasing of excitation in the lowest
local-mode states in H5SiCl, and it is revealed that
the variations in level spacing can be interpreted as an
indication of incipient decoupling between symmetry
related bond vibrations in certain states. The cause of
this decoupling was shown to be strong bond anhar-
monicity which can quench interbond coupling terms
arising either from potential- or kinetic-energy terms
in the Hamiltonian. Analysis of the origin of the in-
terbond coupling shows that in HySiCl; the dominant
mechanism was momentum coupling. The potential
coupling was relatively unimportant.

The two models are found to give a much bet-
ter fit to the spectrum of H,ySiCls.

level structure, the two models lead to identical re-

For the energy
sults. However, at high vibrational excitation, the
Morse oscillator wavefunctions, i.e. local mode wave-
functions, are approximately the eigenstates, and the

molecule can be viewed as a single-bond oscillator.

References

[1] West G A, Barrett J J, Siebert D R and Reddy K V 1983
Rev. Sci. Instrum. 54 797

[2] Zhu J and Gou Q Q 2001 Chin. Phys. 10 286

[3] Chen X R, Gou Q Q and Pan X F 1998 Acta Phys. Sin.
(Overseas Edition) 7 327

[4] Chen X R, Chen Y, Luo J, Gou Q Q and Pan X F 1999
Acta Phys. Sin. (Overseas Edition) 8 131

[5] Hawkins J A and Wilson M K 1953 J. Chem. Phys. 21
360

[6] Christensen D H and Nielsen O F 1968 J. Mol. Spectrosc.
27 489

[7] Bernheim R A, Lampe F W and Okeefe J F 1983 Chem.
Phys. Lett. 100 45

Child M S and Halonen L 1984 Adv. Chem. Phys. 57 1
Halone L 1988 J. Chem. Phys. 88 7599

Lehmann K K 1983 J. Chem. Phys. 79 1098

Mills I M and Robiette A G 1985 Mol. Phys. 56 743
Cheng J X, Lin H, Hu S M, He S G and Zhu Q S 2000
Appl. Opt. 39 2221

Henry B R and Siebrand W 1968 J. Chem. Phys. 49 5369
Child M S and Halonen L 1984 Adv. Chem. Phys. 57 1
Halonen L and Child M S 1982 Mol. Phys. 46 239
Halonen L and Child M S 1988 Comput. Phys. Commun.
51 173

[17] Chen P, Zheng J J, Liu A W, He S G, Hu S M and Hao
L Y 2003 Chin. J. Chem. Phys. 16 167

[18] Birge R T and Sponer H 1926 Phys. Rev. 28 259

— =
=) N =S O X

— =
SRS



