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Vibrational energies for the  X*A,, A'B,, and B'A, states of SiH ,/SiD,
and related transition probabilities based on global potential
energy surfaces
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Transition probabilities were evaluated for tK¢A,-A 'B, and A 'B,-B'A, systems of Siki and

SiD, to analyze theX —A—B photoexcitation. The Franck—Condon fact@FCF9 and Einstein’s
B coefficients were computed by quantum vibrational calculations using the three-dimensional

potential energy surfacé®ES$ of the Sil—b(?(lAl,'AlBl,ElAl) electronic states and the electronic

transition moments for th&-A, X-B, andA-B system. The global PESs were determined by the
multireference configuration interaction calculations with the Davidson correction and the
interpolant moving least-squares method combined with the Shepard interpolation. The obtained

FCFs for theX-A and A-B systems exhibit that the bending mode is strongly enhanced in the
excitation since the equilibrium bond angle greatly varies with the three states; the barrier to

linearity is evaluated to be 21900 chnfor the X state, 6400 cnt for the A state, and
230-240 crm! for the B state. The theoretical lifetimes for the pure bending levels oftlaad B

states were calculated from the fluorescence decay rates férXpeB-A, andB-X emissions.
© 2005 American Institute of Physid©OI: 10.1063/1.187611]2

I. INTRODUCTION and double$CISD) energies. Koseki and Gordbealculated

the vibrational structure of the-A absorption spectrum

The silylene radical is one of the simplest moleculesb d d ional MCSCF/6-31GPESs of th
containing silicon. Interest in silylene became greater reXaS€d on two-dimensiona ) s of the

. 9 . .
cently because of the important role of silicon hydride m0|_lc.)wes.t three states. Gabrlei al. obia;ned the rotational-
ecules in fabricating amorphous silicon. Very many data ar&/ibrational spectrum of th& “A; anda B, states based on
accumulated on th& ‘A, and A B, states by both experi- the three-dimensional PES and electric dipole moment func-

mental and theoretical methods, whereas there has been orfigns. _ . o
a little amount of information about the state? Very re- Unfortunately, the published data regarding vibrational

cently, thehAlBl—E 1A1 absorption spectrum of SiHand energies have been found to be inadequate especially for the

SiD, has been analyzed in the 9500—12 000 tmsing IR B state. We therefore obtained these data by a three-
double resonance spectra of $iSiD, prepared by photo- dimensional calculation in the present study. Three-
dissociation of phenyl silan&To analyze these spectra we dimensional PESs of Siif)X,A, B) ions were obtained by an
need several spectroscopic constants that depend on the wb initio molecular orbital(MO) configuration interaction
brotational state for both electronic states. (Cl) method, and three-dimensional transition moments were
Many theoretical studies_ treateql %{I-Which repr_esents obtained for theX-A, X-B, andA-B systems. Next, we car-
the strong Renner—Tell¢RT) interaction. We would like to g oyt quantum vibrational calculations on these PESs to
review here only some of the important studies related t0 thg,in the vibrational eigenvalues and eigenfunctions and ac-

grisi‘ltial;]rtiuvr\;orlsft.ruRcitCuerezngnganc?t}:r:l(ijalGeor:g?ﬁ riE?nggEtge quired the Franck—Condon facto{iSCF9 and the transition
d b gy probabilities for theX-A, X-B, andA-B excitations. We also

for several electronic states of Sitbbtained by multicon- ; , , ,
figuration self-consistent fielMCSCBH calculations. Bala- obtained those for Sip The present paper outlines first the
ab initio MO CI calculations used in our determination of the

subramanian and McLedrand Yamaguchet al? calculated ) ] ¢
the equilibrium structures and a singlet-triplet splitting in PESS: as well as quantum vibrational calculations. Subse-
SiH, by complete active space self-consistent field-seconguently, we describe the PESs for tiéA,, A 'B,, andB 'A;
order configuration interactiofCASSCF-SOCI method. states and also vibrational states for each electronic state.
Allen and Schaefer Ifl obtained the harmonic vibrational Finally, the obtained FCFs and Einsteifscoefficients are
frequencies based on the configuration interaction singlesummarized and the fluorescence lifetimes evaluated from
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both Einstein’sB coefficients and the transition frequencies were finally obtained in th€; symmetry. The transition di-
are compared with other data. pole moments between these states were evaluated from the
Cl wave functions. All calculations were carried out with the
MOLPRO program packag¥. The computer was an SGI Ori-
Il. THEORETICAL CALCULATIONS gin 2800 owned by the Research Center for Computational
A. Ab initio MO CI calculations Science at Okazaki. _
Jacobi coordinates were employed to describe the rela-
Determination of the global PES is quite important for tive positions of the three nuclei in the body fixed planés
calculations of the higher vibrational states, as it is necessampe distance between the two H atonf,is the distance
to take into account the anharmonicity of the PES, especiallpetween the Si atom and the center of mass of two H atoms,
for the electronic excited states. Details in calculation ofand ¢ is the angle between the vectdRsand r. Potential
PESs and vibrational energies were reported previddsly. energies and transition dipole moments for Sikere calcu-
The basis set used in the present work was the aug-cc-pVQidted at 6500 geometries and were interpolated by the inter-
(diffusion-function-augmented, correlation consistent, polarpolant moving least-squares method combined with the
ized valence, quadruple zgtaf Woon and Dunning: The  Shepard methd§°to carry out a quantum vibrational cal-
MOs were determined by CASSCEF calculations. After deter-cu|ati0n on the PESs. The parameters to determine the
mining the MOs, multireference configuration interactionweight functiongsee Eq(6) of Ref. 18 were chosen to be
(MRCI) calculations were carried out. a=0.03 andp=4.
SiH, is a 16-electron system, and the ground state for the
valence is approximated by a two-configuration wave

functiorf B. Quantum vibrational calculations
Cy[corel(4a,)%(2b,)4(5a,)2 - C,[core] Since some of the highly vibrational excited states could
B be characterized with the unlocalized wave function that
X (4ay)(2b,)%(2by)?X A, does not look like the zero-point vibrational wave function,

where|C,|>[C)| we performed a quantum vibrational calculation based on the
The flirst ejc.ited singlet state is an open shell and may pAiscrete variable representatidiis?* The Hamiltonian ma-
Written as 9 P Y O%ix and associated wave functions are represented with
evenly spaced grids iR and r, and associated Legendre
[core](4a,)2(2b,)4(5a.)%(2b;) A 1B,. polynominals to describe cas The grid parameters were

] . . ~suitable for the radial part:(Ng=109 Ry,=0.089,Ryax
The second and final excited singlet state studied in this 8.08) and (N, =79 in=2.080, I'max=8.08p), where N is
work is again a closed shell and may be written as

C;[corel(4a;)*(2b,)*(5a,)? + Cy[core]

X (4a7)%(2b,)%(20)) B 'A,.

The two lowesfX andA states are derived frofl,, from
the RT interaction, and correlate with the (M 13")

+Si(1Dg) system in the dissociation limit. TH& state corre-
lates with the same X lE+)+Si(1Dg) system. Moreover,

the X andA states correlate with the SiX 2T) + H(2S) chan-
nel, which is 1.7 eV higher than the ;b '3*)+Si('D,)

channel, whereas the state correlates with the S{l 2A)
+H(?S) channel. To obtain the MOs necessary to describe
these electronic states, the state-averaged CASSCF calcula-
tions were carried out with inclusion of a full valence as the
active space orbitals. The active space of the MRCI calcula-
tions is the same as that of CASSCF, and the configuration
state functions were generated by single and double excita-
tions with respect to the reference configurations used in the
CASSCEF calculation, except for the frozen-core orbitats, 1

2s, and 2 (Si). Moreover, the Davidson correction for the ob o~ |~
MRCI calculation was employed to include the correlation 30 60 90 120 150 180
energy due to higher excitatioh$** The total number of a / degrees

configurations for the final internally contracted MRCI cal- o B
culations was typically around 523 000 for tAe symmetry ~ FIG. 1. Potential energies for the'A;, A'A2 andB'A, states in eV as a

" 5,16 function of a; rg, is fixed at the equilibrium length of 1.5187 A for the
and 262 000 for theX symmetry? In the present work, ground state, and the solid and dashed curves represeft drelA” states,

the potential energies for _the el?CtroniC ground statie&’l respectively. The vertical line near 92° represents the equilibrium angle for
and the next two electronic excited statesA1 and 2'A’,  the ground state.
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TABLE I. Equilibrium geometries of Sikland electronic energies; the Si—H bond length is in angstrom, the
H—Si—H anglex in degrees, and the energy difference from X, state(AE,) in eV.

State rsiy (A) a (deg AE, (eV) Method

XA, 1.5187 92.27 MRCI, Present
1.5148 92.42 CISD/B2
1.5168 92.04 CEPA
1.5124 92.74 cisb
1.5141 92.08 IR absorptién
1.5140 91.98 IR absorptibn

AlB, 1.4904 122.70 1.9218 MRCI, Present
1.4833 12253 2.0372 CISD/B2
1.4814 122.87 1.9936 cisb
1.4853 122.44 IR absorptibn

1.9256 LIF9

BlA, 1.4690 164.83 3.3480 MRCI, Present
1.4577 162.27 3.5556 cisb

B, 1.4825 117.77 0.9121 MRCI, Present
1.4768 118.30 0.8478 CISD/B2
1.4793 118.43 0.8626 CEPA
1.4760 118.24 0.8856 cisb

0.91+0.08 PIMS"
3A, 1.6486 180.0 3.1818 MRCI, Present
*AE, value.

PReference 7.
‘Reference 9.
9Reference 2.
°Reference 27.
‘Reference 28.
9Reference 29.
"Reference 30.

the number of grid points ané, is the Bohr radius. The Renner—Teller pair of th& 'A, and A'B, states at around
number of Legendre functions was 60 for the angular partihe finear conformation. Potential energy surfaces of,SiH
The method adopted for the diagonalization of the Hamil-gptained by the present study are very similar to those ob-
tonian matrix is the implicitly restricted Lanczos mettod. tained for SiH calculated by the SOCI method reported by
In the present work, assuming the total angular momentuni ot et a3 despite of the different spin state. Although the

J=0 and 1, the lowest 200 vibrational states were obtainet;\ 18. and A. states cross each other at arourrd70°. these
1 2 ’

for the three electronic states of Sildnd SiD,. The FCFs . .
) tates avoid crossing due to the same symm&tripecause
were then evaluated as the square of the overlap mtegraf

o , ~~ ~~ ~ Re molecular symmetry comes to the lowest symmely
between the initial and final states for theA, X-B, and A

5 4 the ol _ o babilities for|1US: the vibrational states of the'B, and’A, states can be
-B systems, an the electronic transition probabilities fof,;, oy qye to the nonadiabatic transitions. Furthermore, the
photoabsorptlo?ﬁ3 were also evaluated as the square of the

. .. 1 1
transition moments that depend on both the initial and ﬁna[owbratlonal mixing of the>§ Al, andA "B, state_s can oceur
vibrational states due to the RT coupling, which is also a nonadiabatic process.

However, in the present work, keeping the adiabaticity of the
electronic states, we applied the Franck—Condon analysis to
lll. RESULTS AND DISCUSSION this system for understanding the photoexcitation mecha-

A. Potential energy surfaces nism.

The equilibrium geometry of each state was calculated Figure 2 shows the PESs of theA, andB states, where

via polynomial fit for the potential energy data. Table | sum-! 1S fixed at the equilibrium for each state. The energy zero of

marizes the geometries thus determined compared with theeaCh electronic state is taken to be at the global energy mini-

H vl AL R1
published data. Theoretical geometries obtained in this stugf?um of the corresponding staté;’A;, A“B,, andB “A, are
are in good agreement with both the experiméitiiand ~290.183 908, —290.113 285, and -290.060 &f0respec-

recent theoretical dafa® and our excitation energies to the fively. The equilibriumR distances for the excited states are
A'B, and @°B, states agree with the observedlE,  Shorter than that for th¥ state as shown in Fig. 2, indicating

value$®*° petter than the other theoretical valdds Figure ~ that the bending progression should be dominant in the ex-
1 shows the potential energy curves for the five lowest statesitation from theX state according to the Franck—Condon
in SiH,, wherergy, is fixed at the equilibrium length of principle.

1.5187 A for theX state. It is clearly seen that there is a The values for the electric dipole moment of e A,
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FIG. 3. Electric dipole(dashed curvyeand transition dipolgsolid curve
moments as a function af, with 6=90° andrs;;=1.5187 A; theM)™, Mj*,

and M?B are the electric dipole moments for the A, andB states, respec-
tively, and theM}* and M2® are the transition moments for theA and
A-B systems, respectively.

0/ degrees

60 r

180

region around the intersection region, vibrational energies
with J=0 and 1 were calculated up to 10 000 ¢rfrom the

potential minimum of theA state. Those energies for i

state were calculated up to 9000 ¢nsince theB state cor-
relates to the dissociating (8D)+H, channel. For all the
states of SiH and SiD,, the vibrational quantum numbers
(v1, 15, v3) have been assigned up to 80 levels. To certify the
assignment, a least-square analysis was applied to the vibra-
RIA tional frequencies of the levels with,+wv;<4 using the
well-known formula for three normal vibrations including
FIG. 2. Potential energy surfaces for tt®@ X, (b) A, and(c) B statesy is  anharmonicity constants; the vibrational frequency in refer-

fixed at the equilibrium distance for each state. The asterisk represents thence to the vibrational ground state is giver?zoy
potential minimum. Narrow and thick contours are shown in the interval of

0.2 and 1.0 eV, respectively.

120

60 T

3 3 3
e el e = O .+ 0 -y
andB states at the equilibrium geometry for the ground state Glvy, vz,v3) glw. Y Eé. kit (@)

are 0.0762, —0.1888, and —0.3736 a.u., respectively. Figure 3

shows the dependence of the electronic dipole and transition ~ )
dipole momentsM on « with re=1.5187 A, which is the For theB state, the degenerate formula was applied for the

equilibrium length for theX state;Mjfx, MQA, andMSB are bgnding modess,. For all the states the vibrational levels
o ~ ~ with »;+0.5 v,+v3<2 were successfully analyzed, whereas

the electric dipole moments for the, A, andB states, re-  the ;105 ,+1,=3 levels were deviated definitely from

spectively, andM;* and M;® are the transition dipole mo- this formula. Therefore, we added the third-order anharmo-

ments for theX-A andA-B systems, respectively. The depen- nicity constantsy,,, to Eq. (1) and considered Fermi and

dence of the electric dipole moments am and their  Darling-Dennison-type resonanc&s: The vibrational lev-

magnitude are mainly originated in the contribution of theyq tor thex, A, andB states of Sikand SiD, up to 80 levels

5a orbital. MJ® suddenly changes at<70° because of the \ ore successfully fitted by the analysis.

avoided crossing as shown in Fig.NI;* andM;® decrease We should take Coriolis coupling into account for the

o — o XA
at «=80° and become zero at=180°. AlthoughM;™ and  jg5rous analysis since the calculated vibrational energies of

M;" increase with decreasesinthe contribution from these e states withJ=1 include the Coriolis interaction. For
areas to the pure bending transitions is expected to be sm IiH (;O vamadaet al?’ derived that the interaction matrix
since the potential energies for all the states increase SteepeYerilen,t between an.d is 0.7 cni® and that betweem
with deviatingr from the equilibrium distance. 2 Y3 is U L

andvs is 9 cni't. Although we did not find any experimental

data of the Coriolis coupling constants for thendB states,

_ the interaction may not be large especially betweerand
The A state exhibits a conical intersection aroungl, v3. Therefore, we neglected the effect of Coriolis interaction

=15 A, a=68°, 3.6 eV above th& state minimum. Since in the vibrational analysis because our goal of this study is to

there is considerable mixing between the diabatic state in describe the feature of thé— A— B excitation as a whole.

B. Vibrational analysis

Downloaded 04 Jul 2007 to 133.41.149.135. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



144307-5 Vibrational energies of SiH, J. Chem. Phys. 122, 144307 (2005)

TABLE Il. Comparison of calculated and observed vibrational energies ift ton the nonrotatin&( lA1 state
of SiH, and SiD;; the symmetric stretching,, bendingw,, and antisymmetric stretching; modes.

SiH, SiD,

(v1,v2,v3) Present Expt. Obs.-Calc. Théor.  Present Expt. Obs.-Calc.
0,1,0 987 998.6 12 997 719 719.8 1
0,2,0 1954 1987.% 34 1992 1423 1444.6 22
0,3,0 2911 2998.6 88 3023 2122
0,4,0 3855 3997.% 143 4043 2814
0,50 4786 3499
0,6,0 5708 4177
0,7.0 6625 4847
0,8,0 7536 5513
0,9,0 8441 6178
(0,10,0 9338 6840
(0,0, 1987 1992.8 -6 1449 1439.1 -10
(1,0,0 1999 1995.9 -3 2015 1454 1426.9 -27
(1,1,0 2972 2952.7 -19 2973 2165
1,2,0 3927 3923.3 -4 3960 2865
(1,3.0 4876 3549
(1,4,0 5816 4228
1,50 6712 4908
(1,6,0 7631 5582
1,7.0 8547 6246
(1,8,0 9458 6908
0,0,2 3908 3952.B 44 2855
(1,0, 3918 2866
(2,0,0 3986 3976.8 -7 4008 2900

“Reference 27.
PReference 34.
‘Reference 35.
YReference 9.

°Reference 36.

To examine the accuracy of the PESs, especially conerously neglected, whereas the RT interaction should be in-
cerning the bending mode, the vibrational frequencies obeluded in the states with> 0 in the rigorous treatment of the
tained in this study are compared with other data. Table Ivibrational energy and the transition probability. Duxbety
summarizes the vibrational energies for the ground state withl.* successfully reproduced the observed vibronic energies
J=0 of Sif, and Siy compared with data obtained by for the A state including the RT coupling and the spin-orbit
experiments” and the other theoretical stulyThe coupling with thea ®B, state. In preliminary calculation with
present result reproduces the conditign>2v, established  the same method reported by Goldfieldal,*® the RT effect

. . 4 . "

by Hirota and Ishikawd! Although the difference between on the vibronic energies was estimated for the states duith
our results and the observed result for the bending statesq f SiH,. Table IV lists the results including the RT cou-
seems to incrgase with the viprgtional energy, the differencgjing compared with those neglecting the RT effect and the
is roughly estimated to be within 10% up to t@10,0  gpserved dat&****The RT coupling is found to be not large
level. These differences may not cause serious problem bes, the states withv, <2, while the agreement with the ob-
cause we are interested in the FCF from the lower vibrationaleryed vibrational states with, = 3 is improved by includ-
levels of theX state. ing the RT interaction. This feature may originate in their

Table Il summarizes the vibronic energies for héB,  geometry. TheA state is characterized with the bend struc-
state withJ=0 comparing with observed data; we did not ture (=123 as seen in Fig. 1. Although the RT effect is
find any theoretical value except harmonic frequentieBe  small for low bending states, the effect cannot be neglected
term valueT, calculated for theA state seems to be slightly with increasing the quantum number for the bending mode.
larger than the observe®, value?® For the T. value, we The difference of the vibrational energy spaces for the lower
should mention that we have adopted 15 400%grnwhich  states might be due to spin-orbit coupling, which should be
was subtracted by 100 ¢mfrom the calculated values to mixed with the RT effect.
compare the vibronic energies with the observed &t4® Although such a complex problem is one of the chal-
The present vibronic energies are in fairly good agreemenenging systems which should be solved, our interest is a bit
with the observed values despite of the deviation to thelifferent from such a viewpoint; our purpose is to analyze
higher side. The deviation does not seem to be accumulatatie spectra related with the highly vibrational states and not
for higher levels. Wherd=0 (K=0), the RT coupling is rig- to concentrate on the lower states. Of course, it should be
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TABLE Ill. Comparison of calculated and experimental vibronic energies intdor the nonrotatingNA lBl
state of SiH and SiD.

SiH, SiD,

(v1,v9,v3) Present Expt. Obs.-Calc. Present EXpt. Obs.-Calc.
(0,0,0 15454 155460 92 15425 15 550 125
0,1,0 16 390 16 4057 16 16 124 16 168 44
(0,2,0 17 307 1724738 -60 16 794 16 778 -16
0,3,0 18 202 18 09535 -107 17 458 17 390 -68
0,4,0 19 070 1893538 -134 18 112 18 001 -111
(0,5,0 19901 197769 -125 18 751 18 608 -142
(0,6,0 20678 2061838 =59 19 375 19 206 -169
0,7,0 21384 214689 84 19 980 19 808 =172
(0,8,0 22071 223289 257 20562 20 406 -156
(0,9,0 22834 21099 21003 -96

(0,10,0 23 647 21582 21604 22
0,11,0 24510 22 097
(1,0,0 17 487 16 901
(0,0, 17 634 17 045
(1,1,0 18411 17 593
(1,2,0 19 315 19203.23 -112 18 260
(1,3,0 20193 20 036.37 -157 18 919
(1,4,0 21041 20 867.83 =173 19 565
(1,5,0 21846 21 699.46 -147 20194
(1,6,0 22609 20 806
(1,7,0 23325 21394
(2,0,0 19 444 18 337
(1,0, 19538 18 446
(0,0,2 19721 18 623

“Reference 37.
PReference 38.
‘Reference 29.

needed to calculate the vibrational energies untii much Tables V and VI summarize the vibronic energies for the
) : o _ o
higher states both to make sure such an explanation and fgyels withJ=0 and 1, respectively, of tHg *A, states com-

calculate the transition probabilities more accurately on thispared with observed dafaAlthough there is not enough of
convenient approximation for the RT effect. Unfortunately,the observed vibrational levels to compare the energy with

the (0, 4, O level for theA state corresponds to the 515th o hresent data, the accuracy of the vibronic energies for the

state in the calculation and then the calculation includingg b ffici 15 i thi
much higher states may exceed our available computation state seems to be sufficient up to 15,0 state in this

resource. Therefore, we neglected the RT effect in the calcifalculation.

lation for the J=1 state since the difference between the  The barrier to linearity, which is the difference between
vibronic energy neglected the RT effect and the observedhe electronic energy for the equilibrium geometry and that
does not seem to increase above (he4, O state. for the optimized under linear constraint, is evaluated to be

TABLE IV. Calculated and observed rovibronic energigsof the states withl=1 andK=0 for the SiH(A)

state.
No RT? RT® Obs*
(v1,V2,V3) To Obs.-Calc. To Obs.-Calc. To

(0,0,0 15570 15542

0,1,0 16 506 -94 16 500 —-88 16 412
0,2,0 17 424 -167 17 411 -154 17 257
(0,3,0 18 321 -214 18 198 -91 18 107
(0,4,0 19193 -249 18 931 13 18 944
(0,5,0 20030 —245 19 785
(0,6,0 20825 -195 20630

Calculation neglecting the RT effect.
PCalculation including the RT effect.
“Jkake= 110 State; Refs. 4, 40, and 41.
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TABLE V. Comparison of calculated vibronic energies inérfor the 3, levels withJ=0 of theB 1A1 state of
SiH, and SiD, with experimenty,=2 5*"™+K.

SiH, SiD,

(v1,v2,v3) Present Present Expt. Obs.-Calc.
(0,0,0 27 055 27 015 27214 199
(0,2,0 28114 27780 27 865 85
(0,4,0 30204 28561 28 631 70
(0,6,0 30330 30361
0,8,0 31488 30179
(0,10,0 32678 31017
(0,12,0 33890 31872
0,14,0 35120 32743
(0,16,0 33625
(1,0,0 30095 28 500
0,0, 30 220 28 603
(12,0 30 169 30273
(1,4,0 31259 30 057
(1,6,0 32373 30 855
(1,8,0 33515 31668
(1,20,0 34684 32498
(1,12,0 35873 33343
(2,0,0 30979 30910
(1,0, 31097 30014
0,0,2 31393 30233

*Reference 3.

21 9004170 crmt for the X state, 6400+170 c for theA  C. Franck—Condon factors and transition probabilities
state, and 230—240 cifor the B states. The barrier for the for the X-A system

B state is about twice as that of 125 chobtained from the

. : . - To evaluate the vibrational distribution of tﬁelBl state
spectroscopic analysis of SjlgThIS difference suggests that

in the photoexcitation of the ground state of Sighd SiD,

the dou_ble minimum fo_r th® state is overestimated in this 1o EcEs were calculated for the band from thetate with
calculation. The theoretical term value for 0,0 level of v

SiD, is remarkably lower than the observed compared with{ V1 V2 ¥3) o then state_wnh@,l, v2,v3) Of the X— A exci-
those for the excited bending levels. This deviation is evi-tation. Moreover, the EinsteinB coefficients for the same

dently caused by the overestimation of the barrier to lineariransition were calculated based on the three-dimensional
ity.

TABLE VI. Same as Table V but for thH levels withJ=1.

SiH, SiD,

(v1,v5,v5) Present Expl. Obs.-Calc Present Extbt Obs.-Calc.
(0,1,0 27 585 27 650 65 27 397 27 455 58
(0,3,0 28 657 28 745 88 28168 28219 51
(0,50 30 763 *30 896 133 28 957 30033 76
07,0 30 904 30 764
(0,9,0 32078 30591
(0,110 33279 31436
(0,13,0 34 499 32307
(0,15,0 35733 33172
(0,17,0 34 058
(1,1,0 30636 30785 149 28 887
(1,3,0 30715 30 664
(1,5,0 31815 30453
(1,7,0 33042 31 256
(1,9,0 34093 32076
(1,11,0 35274 33012
(1,13,0 33762

“Reference 3; the number with the asterisk represents the mixed state.
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transition dipole moment. In this study, Einsteilscoeffi-  (0.23%0. 021e2a0 which agrees reasonably with the value of
cients for them—n band in n? J'! s72 units is given by 0.262%a2 deduced by Fukushimet al,*” and that of 0.36%a2
_ 0 2 calculated by Duxburet al,, “ put is fairly smaller than that
Bum=1.216 67X 10°Mpi*, @ of 0.40¢%a2 calculated by Koseki and Gorddn.
where the transition momemM,, is in atomic units. Einstein'sA coefficientsA,, for the n—m band of the

Since theX-A excitation is of a type C witAK=+1, the A— X emission, which are proportional to the cube power of
FCFs and Einstein'® coefficients are calculated for tie  the transition energy, were calculated from Einste®’so-
=0—1 (K=0—1) band from the(0,75=0-9,0 levels for efficients and the differences of the vibronic energies be-
SiH,. The results are listed in TabIeA lin the Append®bin  tween the two statesee Tables A-l and AJI** The Ay,
the same manner Table A-Il in the Appendix lists those fromsummed up withm of the X state corresponds the fluores-

the (0,14=0-10,0Q for SiD,. In the X-A transition the cence decay rate of thelevel of theA state; for theJ=0
change irrg;, in equilibrium is only 0.028 A, while thatim  statem was summed up to 200, and for the 1 statemup to

is 30°. Therefore, the main band is ti& progression. The 180. Figure 4 shows the theoretical lifetimes for Sighd
bands to thg1,»,=0-8,0 levels are next important espe- SiD,, which are the inverse of the fluorescence decay rate
cially in the excitation from the higher bending levels. The compared with the observed lifetin#éS2 and the calculated
FCFs to the(vy, v5, v3=0dd states are zero since their wave lifetimes: The agreement of the theoretical lifetimes with the
functions have a node on tiier plane at9=90°. The FCFs experimental data is very satisfactory except those vfor
and Einstein'8 coefficients of the)J=1—-0 (K=1—-0) band <1. The observed lifetime for SiHdecreases rapidly for
coincide sufficiently well with the corresponding values for v,=6 compared with the theoretical value because of
the J=0—1 (K=0—1) band. In this study the transition predlssomat|oﬁ7 38 'Duxbury et al? studied the RT coupling

probabilities to the0,v;,0) levels from the(0, 0, 0 level of  pepyeen thék andA states and the spin-orbit coupling with
the X state has a peak aroung=3-4, which is slightly  the lowest triplet state, which cause strong rotational pertur-
shifted to the higher side than those calculated by Koseki andations and anomalous fluorescence lifetimes. There is no
Gordon® The transition dipole moment depends on the mo-RT effect for levels withk =0. Our lifetimes for levels with
lecular geometry as described at Sec. Il A, and then max =1 neglecting the RT interaction are rather shifted to lower
depend on the vibrational bands. Nevertheless, we found thaide than those witiK=0 at higherv,. This tendency is
the dependence is not so serious and then estimated teentrary to those obtained by Duxbueyal? It is concluded
transition probabilities averaged over the pure bendinghat the RT interaction considerably increases the fluores-
states (0,1,=0-10,0. The averaged|M[?> value is cence lifetimes of th&=1 levels for SiH with ,=6. Nev-
ertheless, the effect to those for $Siith v,=8 seems to be

2.5 — T not so serious.
2.0F . " -
s . D. Franck—Condon factors and transition probabilities
1.5} 3 for the A-B system
(2] F 1 ~
Z 1.0F e To evaluate the vibrational distribution of tBe'A, state
- E ] in the photoexcitation of thé 1B1 state of SiH and SiD,
0.5¢ B the FCFs and the EinsteinB coefficients were calculated
0.0 ] for the (v7, 14, 14) — (v1, v5, v3) band of theA— B transition.
0 12 For SiH,, Table A-lll in the Appendi#’ lists the calculated
2'5; FCFs and Einstein'8 coefficients of theJ=0—1 (K=0
2_03 —1) band from the(0,/5,=0-10,0 level, and Table A-IV
; . lists those of thel=1—0 (K=1—0) band. Those for Sip
1.5F 3 are summarized in Tables A-V and A-¥A.In this transition
9 1 the change ingy, in equilibrium is only 0.021 A, while that
< 1.0¢ E in « is 42°. Therefore, the main band is thé progression.
L 1 The bands to thél,»,=1-11,0 and(1,r,=1-12,0 levels
0-5: E are next important for the excitation withK=1 and -1,
0.0 T R respectively. The transition probability was found to strongly

0 2 4 6 8 10 12 depend on the vibrational state.
V2 Einstein’sA coefficients for pure bending levels of tBe

FIG. 4. Theoretical and experlmental lifetimes for the pure bending states?tate were evaluated for IPB?A emission from Einstein's

(0,1,,0) of (a) SIHZ(A) and (b) SIDZ(A). the open circles and squares are coefficients and transition energles TAW“ summed witm
theoretical values for thé=0 and 1(K=1) levels, respectively, obtained in up to 200 forJ=0 and up to 180 fod=1 of theA state. In

this study, the filled circles with error bar are the observed for fadedel the same manner, Einsteimscoefficients for pure bending
taken from Fukushimat al. (Ref. 37, the filled diamonds are those taken
from Francisccet al. (Ref. 38, and the solid and broken curves are calcu- I€Vels were calculated for te-X system, which has a tran-

lated values foKk =0 and 1, respectively, taken from Duxbweyal. (Ref. 4. sition moment in the molecular plane. Figure 5 shows the

Downloaded 04 Jul 2007 to 133.41.149.135. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



144307-9 Vibrational energies of SiH, J. Chem. Phys. 122, 144307 (2005)

2r—p—r———T—— 1718 the calculated value for the barrier to linearity is about twice
i (a) 4 the observed value. Nevertheless, we believe that the accu-
46 racy for the vibronic energies is adequate for calculating the
I — FCFs and the transition probability for theA, X-B, andA
:‘” 1+ 14 -B systems.
§ 1 2 In the X— A excitation, the peak of EinsteinB coeffi-
< 42 © cients among the same vibrational level for the state

7 shifted to lower levels of th& state than the corresponding
FCFs. This originates in that the transition moment decreases
with the increase ofx and that the higher bending levels
have largera in average. In the same way, the peak of Ein-
stein’s B coefficients for theA— B excitation among the
same vibrational level for thB state shifts to lower levels of
the A state than the corresponding FCFs. On the other hand,
the peak among the same vibrational level for khestate
shifts to higher levels of th& state than the corresponding
FCF. Fluorescence decay rates for #heand B states are
evaluated from Einstein'8 coefficients and the transition
energies calculated in this study. The inverse of the sum of
fluorescence decay rates for the pure bending levels oAthe
FIG. 5. Theoretical decay rates and radiative lifetimes for the pure bendingtgte agrees well with the observed lifetimes. This agreement
St_ates(_o 172,0) of (a) S'HZ_(B) anf‘(b) SID(B); open circles and squares are 14 result in that the predicted lifetime for tiBstate is
Einstein’s A coefficients in 10s™ for the B-A and B-X emission, respec- liable. C d bl di h ib
tively, and filled diamonds are the radiative lifetimes in microseconds. Ther.e lable. u'rlrent procedures are able to p_re ict the vi .ra'
values of the states witl,= even are for theJ=0 level and those with ~ tional transitions among the three electronic states of, SiH
vo= odd are for the)=1 (K=1) level. and SiD, with a sufficient accuracy.
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