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Stretching vibrational band intensities of XHmolecules were investigated employing
four-dimensionalab initio (X=C and Sn and effective(X=C and S) dipole moment surfaces
(DMS) in combination with the local mode potential energy surfaces. dhaitio DMS of CH,

and SnH calculated at the coupled cluster CG3D level of theory reproduced most of the
observed intensities within a factor of 1.5. TeffectiveDMS of CH, and SiH, were obtained by
adjusting some selected high-order terms inahanitio DMS to fit the observed intensities. They
were applied to the corresponding deuterated isotopomers yielding better results taanrihio

DMS. The intensities of the combination bands are mainly due to the interbond cross terms in the
DMS for SiH,, GeH,, and SnH, while for CH,, both diagonal and cross terms are important. The
relatively strong combination band that has comparable intensity with the pure overtone was
predicted at the fourth local mode manifold for ShHO 2002 American Institute of Physics.

[DOI: 10.1063/1.1520130

I. INTRODUCTION method has been adopted to get dffilectivestretching DMS
of SiHF;* and GeH’ with improved results.

The quantum chemistry calculations have shed light on  |n the present study, we extend our previous intensity
the area of molecular overtone intensity. Many interestingstudies by applying bothab initio and effective four-
observations have been successfully rationalized using ddimensional(4-D) stretching DMS to three group IV hy-
pole moment surfacé€dMS) from ab initio or density func-  drides (CH, SiH,, and SnH), which will provide us an-
tional calculations. Some examples &t¢ the more intense other angle of view of the local mode feature about the
of the first overtone than the fundamental in CEl®©Figi-  vibrations in the XH species, in addition to energy levels. It
nates from the nonlinearity of the DMS near molecularis a fact that Silj, GeH,, and SnH are good local mode
equilibrium®? (2) the cancellation of transition moments molecules whose stretching vibrational energy levels are
from linear and quadratic terms in the DMS leads to a rapidvell described by the local mode theory, for instance, the
intensity decrease of Si—H stretching overtones in SjHD anharmonically coupled anharmonic oscillat¢ACAO)
SiHF;,% and SiHC};® and(3) large cross terms in the DMS model**~81t is not the case for Clibecause of the strong
in combination with the cancellation effect result in unusu-Fermi resonance between the bending and stretching vibra-
ally strong combination bands in the third and fourth stretchtions. However, it is still instructive to apply the crude local
ing manifolds for PH® and GeH,” respectively. mode picture to Cilso as to compare it with the other %H

However, it has also been found that the DMS fromspecies. Moreover, a very simple local mode model involv-
quantum chemistry calculations often gives poor predictiongng only C—H stretching motions has been successfully ap-
for intensities of high overtones1°About 3—10 times over- Plied to predict the overtone intensities for €employing a
or underestimation of the observed intensities is commonPMS calculated from QCISRquadratic configuration inter-
This is mainly due to inaccurate high-order terms in theaction including single and double excitatipnsethod?’
DMS, which would make a significant contribution to the ThiS implies a good zeroth-order approximation that the
transitions in highly excited energy regiéf® On the C—H stretching modes carry the intrinsic intensity in this

other hand, the calculated intensities are found to be leg@olecule. This is also consistent with the findings in the
sensitive to the potential energy surfdBES. 18113 There- study of the C—H chromophore intensities of CHEf

. . . ~19 .
fore, it is attractive to adjust some selected high-order terms 1 he experimental intensities of GH and SiH, _
in theoretical DMS to fit the observed intensities. ThisC@n Pe found in the literature up to the eighth stretching

overtone region. For SnHl the experimental intensities in

the fundamental and low overtone regions have been
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DMS from an analysis of thab initio calculated electronic X 10 1° cm? Debye 2, and M, is the dipole moment com-
structure and a direct adjustment to the experimental data fggonent(in Debyé along one of thes,-symmetry axes in the
the overtone intensities of the CH chromophore inXH, molecule.

CHD;.?4?® |t is somehow questionable to neglect the In an earlier study’® M, was expanded with the
stretching—stretching coupling terms in the 9-D DMS model.symmetry-adapted polynomials in terms of the four bond
Mourbat, Aboumajd, and Lade determined the linear and length displacements{(, i=1,2,3,4),

quadratic dipole moment derivatives of ¢Cih terms of the

symmetric |r_1ternal coordlnat_es by use of the _experlmental M,(ry,fo.f3,l2)= >, ngzcdozgzcd(rlirz'r&u)* (3
spectroscopic parametéfsThis low-order DMS is not ex- abcd

pected to give a good description for high overtone intensi- L F
ties of CH,. We will computeab initio 4-D stretching DMS wherea., b, ¢, ar.1d.d are zeroFor positive integers,
of CH, and SnH in this work. TheeffectiveDMS for CH, ~ €Xpansion coefficients, an@_ gt (r1,r2,r5,r4) are polyno-

and SiH, will be determined based on tlad initio ones(this ~ Mials with F5, symmetry. The method to construct the
work for CH, and Ref. 10 for Sik)). symmetry-adapted polynomials was described in the original

reference® We derive the necessary terms used in this work.
They are listed below:

2z
bed &ré

Il. HAMILTONIAN AND DIPOLE MOMENT MODELS

F
O 22 (ry,ry,r3,r)=rd+r3—r5-r)/2, a=1,2,34,
The ACAO Il modef® will be adopted in this work for a00d [1:72:15:4) = (1 #1215 1g)

. k 4
all the XH, molecules. The Hamiltonian takes the form @
4 g Offé()(rl,rz,r3,r4)=(r1r2—r3r4)/\f2, (5)
H:E (_Grrp‘2+Dey2)
=112 l | Ogﬁl(rl,rz,rs.r4)=[r3r4(r1+rz)—rlrz(r3+r4)]l2,
4 1 (6)
+ 20| Gy pipi+ =5 F Y1V (1) 1F
=\ TR g2t g 02153(r1,r2,r3,r4)=[(r§+r%)(r3+r4)—(r§+f3)
Herey;=1—exp(-ar), r; is thei-th X—H stretching dis- x(r1+r2)]/\/§, (7)
placementG,, = 1/my+ 1/my, my (my) is the mass of the
H (X) atom,G,,,= —1/3my, p; is the momentum conjugate nggé(rl,r2,r3,r4):[rlr2(r1+rz)—r3r4(r3+r4)]/2.
tor;, D, anda are Morse parameters, afq, is the inter- (8)
bond potential coupling coefficient. Replaciygy;/a® by
rir; yields the ACAO | model. Since earlier wofks®have ||| DETERMINATION OE DIPOLE MOMENT

demonstrated that ACAO | and Il models gave very similarCOEFFICIENTS
intensity results, we will exclusively use the ACAO Il model
in this work. First, ab initio calculations were adopted to determine
The PES parameters of Sjtnd SnH can be found in the dipole moment coefficients of GHand SnH. The
Refs. 10, 29. For Ck} the PES parameters were determinedCCSIOT) (coupled cluster theory with all single and double
in this work by least-squares fitting to the observed bandubstitutions from the Hartree—Fock reference determifnant
centers in Ref. 19\(=6 and 7, Refs. 30, 31Y=4 and 5, augmented by a perturbative treatment of connected triple
and Ref. 32 Y<3), whereV is the total stretching vibra- €XCitationg®*** method was used. For GH the cc-pvQZ
tional quantum number and= n; +n,+ns+n, [in the local (correlation-consistent polarized valence quadruple) zsa
mode notation ii,n,nsny), N; is the quantum number of the Sis set®*" was used. For SnH the Hay and WadtHW)*®
ith X—H bond stretchint?® The observed values below and effective core potential was adopted for the heavy Sn atom
above 10000 cm! were assigned the weights of 1.0 and 0.5,and accordingly a smaller cc-pVTZorrelation-consistent
respectively. In the least-squares fittitgnd other calcula- Polarized valence triple zetdasis set for H atom was cho-
tions throughout this wok the vibrational eigen-values and Sen. The valence shell basis set used with the HW pseudo-
eigen-functions were calculated variationdfiyy setting the ~ Potential was taken from Table 3 of Ref. 39, where it was
maximum value ofV to 12. The determined parameters is deduced from a universal Gaussian basig's&t.
D,=40212(246) cr’, a=1.82517(679) A, and F,,. The calculations employed theaussiAN 98 packag&’
=2242(279) cm® A2, where the value in the parenthesesWhiCh ran on a PC-cluster in our laboratory. The dipole mo-
is one standard error in the last significant digit. The root-Mment expansion coefficients were determined in this work
mean-squares of the fitting residual is 11.6 ¢mThis large via central differences of the dipole momefitsntered about
value is due to the Fermi resonance which is not included ithe optimized geometyy The optimized equilibrium C-H

the adopted ACAO model, as expected. and Sn—H bond lengths are 1.0879 and 1.7030 A, respec-
The absolute intensity can be calculated as tiVer, which are close to the experimental délf:O858 and
~ 1.701 A).***The single point dipole moment was calculated
1 =3K7|(N|M_|0)|2. 2 as

Here |0) denotes the wave function of the ground state and _ e
[N) the one of the excited state wikfp, symmetry of theT M2=[E(po) ~E(=P)]/2p,, ©
point group,? is the band center in cit, K=4.1623755 where E(p,) and E(—p,) are, respectively, the CCSD)
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TABLE I. Four-dimensional stretching vibrational DMS coefficién$é XH, (X=C, Si, and Sh

CH, SiH, SnH,

Ab initio Effectiv® Ref. 24 Ref. 2% Ref. 26 Ab initio® Effective Ab initio
chz, ~0.71752 ~0.71752 ~0.7110 ~0.8070 ~0.737 ~1.50938 —1.50938 ~2.10264
chz —0.89943 ~1.198(22) —1.2001 —1.2597 —121 —0.51240 —0.51240 —0.18071
chz 0.32339 0.22681) 0.23161) - - 0.27126 0.27126 0.18425
chz 0.30066 0.1929) 0.3286 0.5169 o 0.5207 0.41016) 0.67315
Coz —0.57491 —0.179(44) -0.17018 ~0.180(53) ~0.18465
c¥a 0.12704 0.12704 o e o 0.09808 0.09808 0.08726
cla 0.06987 0.06987 e e - 0.06434 0.06434 0.08947
cha 0.18324)

4000

@The units are defined such that the dipole moment is in Deby®.33564< 10 3° C m), and the bond length displacement in A.

The coefficient with no parentheses is constrained toathénitio value, the value in the parentheses is one standard error in last significant digit in the
least-squares fitting.

“The “Set I" 9-D dipole moment function in Ref. 24 and the 9-D function in Ref. 25 were used to calculate the DMS expansion coefficients up to third order
by a finite-difference method, and the steps were set to 0.05 A.

9The DMS expansion coefficients in this work are related to the dipole moment derivatives in Ref. 26 as fﬁqgg(gs:M3, and C;géo=(M33+ M12)/2,

whereM ;3 was constrained to zero in the reference.

fTaken from Ref. 10.

fcffgo was determined by fitting the experimental intensities \mﬂggo (n=1,2,3) being constrained to the reference’s valisez the text for details
energies of the molecule in the electric field with positive mine the terms up to third order, 14 single point dipole mo-
and negative strength @f, along the molecular fixed axis = ments were calculated for each molecule. The data are avail-
(see Ref. 10 for definitign andp, was chosen to be 0.005 able from the authors upon request. The obtaiabdnitio
atomic units. DMS coefficients of Cl{ and SnH in this work and those of

The formula of the central differences were deduced acSiH, taken from Ref. 10 are, respectively, listed as columns
cording to the dipole moment expansion in E@~—(8). The 2,9, and 7 in Table I. They will be used to calculate the band
steps in the central differences were set to 0.1 A. To deterintensities according to Eq2) in the next section.

TABLE II. Observed and calculated stretching vibrational band intengitie$0~?? cm) for CH,, SiH,, and SnH.

CH, SiH, SnH,?

band’ I obsF | cal. ld I cal. Ze I cal. 3f I cal. 4g I ob;1 | cal. ld I cal. Ze | cald

(1000 1.11E+5 1.27E+5 1.35E+5 1.34Et+5 1.33E+5 4.20E+5 4.94E+5 4.96E+5 9.05E+5
(2000 6.55E+2 1.96E+1 5.88Et+2 7.57Et+2 5.75E+2 2.69E+3 2.57Et+3 2.57E+3 1.20E+4
(1100 6.64E+2 4.66E+2 6.31E+2 1.56E+2 5.66E+2 2.49E+2 1.99E+2 1.99E+2 1.72E+2
(3000 9.81E+1 2.30E+2 2.82E+2 2.72E+2 8.33E-1 3.84E+0 8.44E-1 6.25E+1
(2100 6.69E+1 5.58E+1 2.97E+1 5.42E+1 1.36E+1 5.46E+0 5.50E+0 4.28E+0
(4000 2.37E+1 1.93E+1 3.27E+1 4.10E+1 4.09E+1 2.53E+0 6.22E+0 2.30E+0 4.83E-1
(3100 3.24E+0 5.17E+0 3.53E+0 2.44E+0 3.68E+0 1.28E-1 2.53E-1 2.33E-1 2.00E-1
(5000 3.07E+0 3.00E+0 4.40E+0 5.63E+0 5.67E+0 5.77E-1 1.16E+0 3.44E-1 5.27E-1
(4100 257E-1 4.29E-1 2.60E-1 2.15E-1 2.84E-1 1.66E-2 1.40E-2 1.26E-2
(6000 5.32E-1 4.77E-1 6.41E-1 8.36E-1 8.45E-1 2.07E-2 1.72E-1 4.08E-2 1.21E-1
(5100 2.31E-2 4.24E-2 2.34E-2 1.97E-2 2.50E-2 1.38E-3 1.07E-3 1.00E-3
(7000 1.09E-1 8.27TE-2 1.05E-1 1.39E-1 1.41E-1 4.32E-3 2.57TE-2 4.88E-3 2.23E-2
(6100 2.60E-3 4.86E-3 2.46E-3 2.04E-3 2.57E-3 1.38E-4 9.86E-5 9.76E-5
(8000 2.60E-2 1.59E-2 1.94E-2 2.60E-2 2.63E-2 4.95E-4 4.07E-3 6.26E-4 4.05E-3
(7100 6.32E-4 2.87E-4 2.31E-4 2.93E-4 1.61E-5 1.07E-5 1.13E-5
(9000 5.96E-3 3.43E-3 4.04E-3 5.47E-3 5.54E-3 1.36E-4 6.98E-4 8.78E-5 7.68E-4
(8100 9.01E-5 3.52E-5 2.60E-5 3.42E-5 2.17E-6 1.35E-6 1.53E-6

A 1.08 0.21 0.50 0.32 1.28 0.43 0.36

aThe respective observed intensiti@s 1022 cm) for the(1000, (2000, and(3000 bands are 7.37E5, 1.83E+4, and 9.508 1 (see the text for details
"The summed intensity of two close-lying bands in eashQQ) manifold is given when>1.

‘Taken from Refs. 17-19.

4Ab initio DMS used.

*EffectiveDMS used.

fonly CES;O (n=1,2,3) termgcalculated from the 9-D DMS in Ref. 24n column 4 of Table | used.
9All four terms in column 4 of Table | usetsee the text for details

"Taken from Refs. 10, 20, 21.

IA=0.41 if the (2000 band intensity is excluded.

JA=0.26 if the (1100) band intensities are excluded.
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TABLE lIl. Transition momentgin Debye from the vibrational ground state to the excited state calculated with different termsab thiio DMS of CH,.

(1000 (2000 (1100 (3000 (2100, F,,) (2100, F,,)
Cfééo —5.569E-2 —5.379E-3 —1.904E-3 8.935E-4 2.630E-4 —1.383E-4
C;Séo —3.764E-3 6.587E-3 2.565E-3 —1.679E-3 —5.198E-4 2.463E-4
Cfféo 5.583E-4 —5.790E-4 1.827E-3 4.311E-5 —2.563E-4 —4.285E-5
clz 4.787E-4 —2.197E-4 —8.738E-5 —2.444E-4 —7.922E-5 5.075E-5
cifz 3.529E-4 1.325E-4 4.970E-5 4.357E-5 —7.153E-5 3.599E-4
cgfgg 6.780E-5 —2.750E-5 5.017E-5 —1.383E-5 6.405E-5 1.430E-5
Cgﬁl —7.878E-7 2.936E-6 —8.630E-6 9.600E- 7 —7.818E-6 —3.863E-6
TotaP —5.800E-2 5.172E-4 2.492E-3 —9.558E-4 —6.076E-4 4.862E-4
Expt? 5.423E-2 3.011E-3 2.976E-3

*Calculated total transition moment.
PTransition moment calculated with= \/1/3K7, wherel is the observed intensity in Refs. 17, 8is the band center in Refs. 14, 32, ads the same as
in Eq. (2).

Second, theffectiveDMS coefficients of Cl{ and SiH, IV. RESULTS
were determined in a least-squares procedure, in which A. CH,

1 "Gaar (cal)
"i(obs

is minimized. HereA is the logarithmic deviatioh? N, is

2
A?=

(10) In this work, the experimental intensity of tH2000
band for CH was obtained by a summation of the individual
line intensities measured by Margdfisin the range of

_l . . .
the number of experimental dafg(cal) andl,;(obs) are cal- 5500-6180 cm*. The intensity of the1100 band in the

culated and observed band intensities, respectively. For eadi?Me region has been determitfeahd was removed simply
(n100) manifold withn> 1, there are two close-lying bands. PY subtraction. Except th¢1100 band centered around

The summed intensity for the whole manifold is used in this8005 cm *,* the structure of other bands in this region is
case as justified in Ref. 7. complicated. Some of them have been assighé®iAs men-

In the least-squares procedure, some selected high-ord@ned in Sec. I, the stretching modes are assumed to carry
DMS coefficients were optimized and all others were conthe intrinsic intensity in Ch. Thus, we attributed the
strained to theab initio values(PES parameters kept to the summed intensity for these bands to 2000 local mode
values in this work for Clj and Ref. 10 for Sif). The overtone whose predicted band center is 5856 it
effectiveDMS coefficients are collected in columns 3 and 8  The observed and calculated intensities fromabeni-
of Table | for CH, and SiH,, respectively. The justification tio DMS are listed as columns 2 and 3 in Table Il for CH
to optimize the specific terms in thab initio DMS will be It can be seen that the CCED DMS obtained in this work
discussed in the next section. reproduced most of the observed intensities within a factor of

Ngatai=1

TABLE V. Observed and calculated C—H stretching vibrational band intengities02? cm) of CH,D,_,, (n=1,2,3).

Band I obs(CHD3)" l car, { CHD3)® I cal, 2(CHDs)GI I ca( CH,D,)¢ I ca( CH3D)®
(100 3.74E+4 3.59E+4 3.39E+4 7.08E+4 1.04E+5
(200 2.43E+2 2.60E+2 4.00E+1 4.54E+ 2 5.80E+2
(110 9.16E+1 2.76E+2
(300 7.04E+1 7.00E+1 3.81E+1 1.34E+2 1.90E+2
(210 6.13E+0 2.22E+1
(400 8.43E+0 8.73E+0 5.94E+0 1.72E+1 2.52E+1
(310 3.81E-1 1.38E+0
(500 1.14E+0 1.06E+0 8.09E-1 2.08E+0 3.14E+0
(410 2.86E-2 1.03E-1
(600 5.83E-2 1.35E-1 1.11E-1 2.69E-1 4.14E-1
(510 2.48E-3 8.93E-3
(700 1.54E-2 1.37E-2 4.96E-2 7.83E-2
(800 2.76E-3 2.28E-3 5.38E-3 8.68E-3
(900 2.84E-4 2.35E-4 1.56E-3 1.55E-3

&(nyn,ng) for CH3D, (nyn,) for CH,D,, and () for CHD;. The summed intensity is given for each manifold.

PExperimental data are taken from Ref. 24 and the band stre@tlis(converted to intensityl§ by | =G%, where¥ is the observed band cent@ef. 47.
The intensities of individual components within a polyad are summed.

‘EffectiveDMS used.

9Ab initio DMS used.
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1.5. The large logarithmic deviatiofil.052 is due to the 10° 10°
(2000 band whose intensity is about 25 times under- F@ ®) (000)
estimated by the calculation. This is caused by the DMS L P o —o—CH, | |

. --o-- SiH,
B - - GeH, )
- - su,| 110

cancellation effect!

In Table 1ll, one finds that thé:fgéo term plays a domi-
nant role in the fundamental transition moment of CH
which yields a good agreement with observed intensity. As to

the (2000 band, the prominent contributions fro@fgéo and

—
o—\
————
ey
N,
o

(cross) / U(diag.) |

U

C;Séo terms cancel significantly, resulting in a small total ==10"} | (100 10"
transition moment. This implies that it is reasonable to con- —o—CH,

. Fu, . I . . Foy [ |--o--SiH,
strain theC, £ to its ab initio value, while toFadJusCZOOOto F|a e,
achieve improvements. We also fixed tﬁélgg because of L |7 v sH, ,
3 . . 1F F . . n 1 1 1 1 1 1 n .
its strong correlation withC;, 22 and C, 2, because of its 10 2 4 6 8 2 4 6 8 0

small contribution to the transition moment. Other coeffi-
cients up to third order in the DMS were refined to get theFIG. 1. Calculated ratigabsolute valugof the transition moment from the
effectivevalues, and the corresponding intensity results ar&"ss terms to that from the diagonal terms in the DMS fat00) (&) and

. . . . . .(n000) (b) bands of XH molecules. TheffectiveDMS of CH,, SiH,, and
listed as column 4 in Table II. The improvement is ewdent.GeHd (4-D DMS, in Ref. 7 and theab initio DMS of SnH, were used. For

the logarithmic deviation decreased from 1.05 to 0.21. the (n100) manifold withn>1, because there are two close-lying bands, the
We note that theb initio andeffectiveDMS coefficients  transiton moment is computed as(e)= vu;(a)2+u,(a)2, where a

of CH, are close to each other fazg(z)o’ CEJZ.(Z)O' and ng(z)o' ="cross" or “diagonal,” and u; («) andus(«) are the transition moments
. 1E L h . of the two bands calculated from theterms in the DMS.

while for C;. 22, the ab initio value is about three times as

2100°
large as theeffectiveone. It is interesting to compare oab

initio and effectiveDMS of CH, with those in the literature.

Because there are no bond—bond stretching coupling tern¥ith those measured in the experimeft'* (column 7

in the analytical 9-D DMS derived by Quack’s group, we and calculated from thab initio DMS? (column 8.

only list the stretching—stretching diagonal terms from Refs. It can be seen from Table(tolumns 7 and Bthat the
24226 in Table I, where the values in columns 4 and 5 aréffective G2%,andC;; 2 values are close to the correspond-
calculated from the analytical 9-D dipole moment functionsing ab initio ones and an additional fourth-order term
by the finite-difference method. It can be seen that the first(ngéo, not determined fromab initio calculationd®) was
order term CES&) determined by thab initio method in this  well determined in the least-squares procedure.

work is close to values in Refs. 24 and 26. Téfective The effectiveDMS of SiH, was also used to compute the
second-order termC(Séé is close to all the values in the Si—H stretching intensities for the deuterated isotopomers.

literature. This implies that it is important to have a very We found that the ratios of the calculated intensities satisfy

accurateC, 2, value for predicting overtone intensities of almost exactly the following relationslnogo:lnoo:no:!n

CH, =4:3:2:1 andl ,100:lh10:1,1=6:3:1, where the subscripts

The effective DMS of CH, was used to compute the N1NoN3Ns, NiNaNg, NiNy, andn, denote the excited Si-H
fretching quantum numbers in SiHSiH;D, SiH,D,, and

intensities for the deuterated isotopomers. The results a%’HD tively. Th its reflect a local mode feat
listed in Table IV. The available experimental intensities are InDs, respectively. The results refiect a local mode feature

given for CHD;.2**" It is noticeable that all the C—H chro- qf ;he S.'_F': ?trle(';chmg, which are consistent with an earlier
mophore intensities for each Fermi resonance polyad ilgm Ing n Ret. 10.

CHD; are reproduced quite well. This corroborates our ap_S-ngcalljsel thﬁ fband rl]nt?fnsltlleSDi;SSB'l St')HZDZ’.landd
proximation that the stretching modes of CEarry the in- dl é fca cu ?]te r?rg.t € hecr?ve b ca:'l e easrlly e
trinsic intensity (Sec. 1). On the other hand, thab initio uced from those of Siktwith the above relations, they are

DMS gives a poor prediction again for the first C—H stretch-Not listed in this work. We found that faffectiveDMS, the

ing overtone(see column ¥4 indicating that theeffective cr?lculateq 'menT't'e;‘:’ of Fhe;ef Sn?:’soltgpo.rrkl](.ers s;gree Wlfth
DMS is superior to theb initio one in this work. the experimental values in Refs. 3, 10 within a factoca

2 for all bands with the total stretching vibrational quantum
numberV=4. One can find from Ref. 10 that f@b initio
B. SiH, DMS, the agreement =3 and 4 is much less satisfactory.
_ o _ _ It is noticeable that the intensity ofi7 in SiH,?! was
The same considerations in the previous subsection werg caned to be only one-third of that in Si[% in contrast
applied to SiH in selecting the DMS coefficients for opti- (4 the prediction of being 4 times as large. This discrepancy
mization. The logarithmic deviation decreases now frompyay pe introduced by experimental uncertainties in intensity
1.28 to 0.43. InFthe optimization, an additional fourth-order ,,aasurement for high overtones. So we tried to exclude the
diagonal term C,55) was included, which reduced the loga- (n000) (n=7,8,9) experimental data in theffectiveDMS
rithmic deviation significantly 4 =0.64 if ngéo is con-  optimization for SiH, but the result was little changed. The
strained to zerp The intensities calculated from tleéfective  calculated intensities employirgffectiveDMS are closer to
DMS are presented in Table Il as column 9, in comparisorobservations for Silithan for SiHD; in high overtones. The
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TABLE V. Calculated transition momentin Debye between the basis of lower and upper states fo280 and (1100 bands of CH and SiH, .2

CH, SiH,
Lower basis Upper basis u Lower basis Upper basis
(2000
diag. 1 3.50E-3 [0000]4(99.96) [2000],(87.93) 6.84E- 3 [0000]5(99.98) [2000]5(99.78)
2 —1.70E-4 [1100]4(4.0E-2) [1100]p(11.94) 3.72E-4 [1000]4(1.5E-3) [200014(99.78)
3 —1.58E-4 [1000]4(1.0E-3) [2000](87.93) —3.67E-4 [0000]5(99.98) [1000]o(7.4E-4)
cross 1 —4.78E-4 [0000]4(99.96) [1100]o(11.94) —9.70E-5 [0000]5(99.98) [2000]4(99.78)
2 6.94E-5 [0000]4(99.96) [200010(87.93) 8.95E-5 [0000]5(99.98) [1100]o(1.7E-1)
3 2.18E-5 [1100]4(4.0E-2) [2000],(87.93) —2.32E-5 [1100/4(1.8E-2) [2000]5(99.78)
(1100
diag. 1 1.29E-3 [0000]4(99.96) [2000]4(11.97) —5.86E-4 [0000]5(99.98) [1000]o(1.9E-3)
2 4.61E-4 [1100]4(4.0E-2) [110010(87.95) 4.47E-4 [1100/4(1.8E-2) [110014(99.78)
3 —2.19E-4 [0000]4(99.96) [1000)(1.3E-3) 3.65E-4 [1000]4(1.5E-3) [1100]4(99.78)
cross 1 1.30E3 [0000]4(99.96) [110014(87.95) 2.16E-3 [0000]5(99.98) [110014(99.78)
2 2.56E-5 [0000]4(99.96) [20001(11.97) —5.53E-6 [1000]4(1.5E-3) [1100]4(99.78)
3 8.06E-6 [1100]4(4.0E-2) [200010(11.97) 4.03E-6 [0000],(99.98) [20001o(1.7E-1)

#The effectiveDMS of CH, and SiH, was used in the calculation. The factor in the parenthesis is the absolute square of the coefficient of the basis state in

the eigenstate of the total Hamiltonian. Only the top three transition moments calculated, respectively, from the diagonal and cross terms iaréhe DMS

listed.

discrepancy may also be due to sofa@knowr) contribu-
tions excluded in the models in this work.

C. SnH,

In this work, the experimental absolute intensities of

(n000) (n=1,2,3) bands for SniHwere determined from the

from the bond—bond cross terms in the DMS. The DMS in
the present study enables us to examine the contributions
from diagonal and cross terms in a systematic manner for
XH, (X=C, Si, Ge, Shmolecules. For Cl, we can also
check whether the neglect of the stretching coupling terms in

the

9-D DM$*?5is reasonable or not. The ratio of the tran-

relative intensities of Ref. 23 using the absolute intensity ofition moment from the Cross ter-ms to that from the diagonal
terms in the DMS is plotted in Fig.(&) for (n100) and 1b)

for (n000) bands. ThesffectiveDMS of CH,, SiH,, and
—1, 2, and 3, respectively. It can be seen from column 10 if2€H (4D-DMS; in Ref. 7) and theab initio DMS of SnH,
Table Il that the three observed intensities are well predicted/e'® used, respectively. The following three points can be
(A=0.36) by theab initio DMS. Therefore, it is not neces- concluded from the figure:

the fundamental in Ref. 22 as a reference. The valires
10" %2 cm) are 7.3k 10°, 1.83x10%, and 9.5 10" for n

sary to determine theffectiveDMS for SnH, at the moment.

V. DISCUSSION

An earlier worK has demonstrated that some strong lo-

cal mode combination band intensities of GaHainly arise

5[ L
10°F 5 (a) CH, F (b) SiH,
4 o~ 10 Eoo
o[ o, L el
L N E oo
10 F n=2 0, N 102E * \Q\\E\D\D
F L o E .

g F R c n=3 e \o:‘j
8 10° ' + 2| 407E ' —~
o 4 8 8
— F E
= o'f (c) GeH, .- (d) SnH,

F o 4
107 E fh\g’\‘j\u\ 102 E § D\D\D\
c n=4 o ~. " c n= ©
10°E L1 | 4p7E N
4 8 n 4 8

FIG. 2. Calculated intensities 0hQ00) (hollow squares with solid lineand
(n—1100) (hollow circles with a dashed linebands for XH molecules.
The effectiveDMS of CH,, SiH,, and GeH (4-D DMS; in Ref. 7) and the
ab initio DMS of SnH, were used. The summed intensity of two close-lying
bands in eachr(100) manifold withn>1 is shown.

@

@)

)

For all the four group IV hydrides, the cross terms in the
DMS are not important for then000) overtone transi-
tion moments. The transition moments from cross terms
are 5-10 times smaller than those from diagonal terms in
the cases where the DMS cancellation effect is
significanf'® (n=2, 3, 4 for X=C, Si, Ge, respec-
tively), and more than about 20 times smaller in other
cases. It is consistent with the well known simple bond
dipole modef®*®which neglects the bond—bond stretch-
ing coupling terms in the DMS.

For local mode molecules (Siil GeH,, and SnH), the
cross terms in the DMS are much more important than
the diagonal ones for then(00) combination transition
moments. The transition moments from the former are
6—20, 20-200, and 6-150 times larger than those from
the latter for SiH, GeH,, and SnH, respectively. It can

be used to explain why the bond dipole model under-
estimates the combinational band intensities by several
orders of magnitude for local mode molecules, for ex-
ample, AsH,%° SiH,, and GeH.?°

For the (1200) combination bands of CH the ratio of
transition moment from the DMS cross terms to that
from the diagonal terms varies from 1/3 to 1, so diagonal
terms are more important but the cross terms cannot be
neglected. Column 5 of Table Il lists the intensities of
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