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A rotation-vibration line list for the electronic ground state (X'A;) of SiH, is presented. The line list,
named CATS, is suitable for temperatures up to 2000 K and covers the wavenumber range 0-10 000 cm~!
(wavelengths > 1.0um) for states with rotational excitation up to J = 52. Over 310 million transitions be-
tween 593 804 energy levels have been computed variationally with a new empirically refined potential
energy surface, determined by refining to 75 empirical term values with <5 and a newly computed
high-level ab initio dipole moment surface. This is the first, comprehensive high-temperature line list to
be reported for SiH, and it is expected to aid the study of silylene in plasma physics, industrial pro-
cesses and possible astronomical detection. Furthermore, we investigate the phenomenon of rotational
energy level clustering in the spectrum of SiH,. The CATS line list is available from the ExoMol database
(www.exomol.com) and the CDS database.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The spectrum of SiH,, known as silylene or silicon dihydride,
was first observed in the late 1960s [1] and, since then, nu-
merous experimental and theoretical studies have followed (see
Ref. [2] and references within). Its importance in silicon chemistry
is largely owing to it being an intermediate in many chemical re-
actions involving silane (SiH,4). For example, the formation of SiH,
is used to monitor the decomposition of SiH4 into silylene and hy-
drogen; and the loss of SiH, can be used to track the formation of
disilane (SiHg) [3-5]. Given the widespread use of silane plasmas
in industry, detailed spectroscopic information on SiH, can signifi-
cantly help the detection and monitoring of certain processes, such
as the deposition of hydrogenated amorphous silicon (a-Si:H) films,
the chemistry of which is not fully understood [6]. Silylene is yet to
be conclusively detected astronomically with unsuccessful searches
in the circumstellar envelope of the carbon star IRC+10216 [7,8],
despite speculation of its presence in these environments [9].

Theoretical work on SiH, has primarily focused on ab initio pre-
dictions of the electronic state ordering relative to the isovalent
methylene (CH,), which interestingly has a triplet ground state
(see Refs. [10,11] and references within). More closely related to
this study are the full-dimensional variational calculations of the
ro-vibrational and ro-vibronic spectra of the ground and excited
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singlet states, X1A;, A'B; and B'A; [12-14]. Nowadays, variational
approaches are more robust and can offer high-accuracy predic-
tions of line positions and intensities over extended wavenumber
ranges, capable of supporting high-resolution spectroscopic mea-
surements [15]. In particular, they have found widespread applica-
tion in exoplanetary science through the ExoMol database [16,17],
which provides molecular line lists on a large variety of small
molecules relevant to the atmospheric characterization of exoplan-
ets and other hot bodies. In particular the ExoMol database al-
ready contains line lists for a number of silicon-bearing molecules:
SiH4 [18], SiH [19], SiO [20] and SiS [21]. It is within the ExoMol
computational framework [22] that we treat silylene.

In this paper, we present a comprehensive molecular line list
for the ground electronic state X'A; of SiH,. The line list, named
CATS, has been computed using robust first-principles methodolo-
gies with a degree of empirical tuning to the available spectro-
scopic data, namely the refinement of a newly computed high-level
ab initio potential energy surface (PES) to experimentally deter-
mined ro-vibrational term values. The CATS line list is applicable
for temperatures up to T = 2000 K and contains over 254 million
transitions between states with rotational excitation up to J = 51.

Interestingly, triatomic symmetrical hydrides of the form XH,
with a heavy central nuclei X and an interbond angle close to
90° exhibit well separated, near-degenerate rotational energy level
clusters at high rotational excitation [23]. This effect arises in local-
mode molecules when the bonds are nearly orthogonal to each
other such that the rotation of the molecule is not destabilized
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by Coriolis-type interactions with the vibrational modes. The new
CATS line list is used to explore this phenomenon in SiH,, which
has an interbond angle oe = 92.04° [2] and is expected to form ro-
tational cluster states at high rotational excitation.

The paper is structured as follows: In Section 2 we describe
the theoretical approach including the construction of the PES
and subsequent empirical refinement, the dipole moment surface
(DMS) and the variational calculations used to produce the line
list. In Section 3, the line list is presented and evaluated along
with analysis of the temperature-dependent partition function. In
Section 4, rotational energy level clustering in SiH, is investigated.
Conclusions are offered in Section 5.

2. Theoretical approach
2.1. Potential energy surface

The initial ab initio PES was computed using the explicitly cor-
related coupled cluster method CCSD(T)-F12c [24] with the F12-
optimized correlation consistent basis set, cc-pVQZ-F12 [25] in
the frozen core approximation. Calculations employed the diago-
nal fixed amplitude ansatz 3C(FIX) [26] and a Slater geminal ex-
ponent value of §=1.0 a()] [27]. The auxiliary basis sets were
chosen to be the resolution of the identity OptRI [28] basis and
the cc-pV5Z/JKFIT [29] and aug-cc-pwCV5Z/MP2FIT [30] basis sets
for density fitting. MOLPRO2015 [31] was used for all electronic
structure calculations. The PES was computed on a uniformly-
spaced grid of 1898 nuclear geometries with energies up to
hc-19300 cm~! (h is the Planck constant and c is the speed of
light). The grid was built in terms of three internal coordinates:
the two Si-H bond lengths 1.2 < rgy, , rsiy, < 2.0 A and the inter-
bond angle 30 < «(H;SiH,) < 160°.

The three coordinates of the PES were chosen to be,

y1=1-exp(=b(r; —r1e)), (1)
Y2 =T1-exp(=b(ry —r1e)), (2)
Y3 = COS O — COS e, (3)

where ry and r, are the bond lengths Si-H; and Si-H,, respectively,
b is the Morse parameter, « is the interbond angle ~(H-Si-H), and
re and «. are the corresponding equilibrium parameters. The PES
was represented using the analytical function [32],

V =Vo +Vun, (4)

where

Vo= > fadhyivk (5)
O<i+j+k<6

and

Vi = By eXp(—gi7n) + By exp(—gariiy)- (6)

The fjj expansion parameters obey the symmetric relation fij =
fji owing to the identical properties of the hydrogen atoms 1 and
2. The distance between the hydrogen nuclei

Tan = /12 + 12 — 2rir cosa, (7)

and the numerical parameters By, By, g; and g, are taken as in
Ref. [32] (see supplementary material for values). The contribution
Vun is to prevent holes appearing in the PES at geometries where
ryy is small. The ab initio data was weighted with factors of the
form [33]

(tanh [-0.0008 x (E; — 12000)] + 1.002002002) ®
w; = .

2.002002002

Watson’s robust fitting scheme [34] was also utilized to reduce
the weights of outliers and improve the description at lower ener-
gies. A total of 53 parameters were varied (46 expansion parame-
ters + 2 equilibrium parameters + 1 Morse parameter + 4 damping
parameters) in a least-squares fitting to the ab initio data which
were reproduced with a weighted root-mean-square (rms) error of
0.0048 cm~.

2.2. Dipole moment surface

To represent the instantaneous dipole moment vector g of SiH,,
we employed the so-called pq axis system [35]. The p and q axes
were defined in the plane of the three nuclei with origin at the
Si atom. The q axis bisects the interbond angle and the p axis
lies perpendicular to the g axis. In electronic structure calculations,
an external electric field with components +0.005 a.u. was ap-
plied along each axis and the respective dipole moment compo-
nent wp and pg determined using central finite differences. Cal-
culations were at the same level of theory as the PES, namely
CCSD(T)-F12¢/cc-pVQZ-F12 and used the same grid of 1898 nuclear
geometries.

In order to represent the two dipole components analytically
the following expansions were used [36] (see also Ref. [37]),

p@=sina 37 FPEEES (9)
i+j+k<5
wt= 3 EREEE. (10)
i+j+k<5

where the coordinates

§1=r1—Te, (11)
&y=ry—Te, (12)
&3 = cosao — Cos . (13)

The dipole expansion parameters Fljz) and Fl.;.}:) are subject to the

conditions that the function w(® is unchanged under the inter-
change of the identical protons, whereas the function u(P) is anti-
symmetric under this operation. The same analytic representation
of the DMS was first used for CH, [35] and also previously for SiH;
[13].

The dipole expansion parameters were determined through a
least-squares fitting to the ab initio data. The same weight factors
as given in Eq. (8) were used along with Watson’s robust fitting
scheme and the equilibrium parameters fixed to re = 1.514 A and
ae = 92.0°. The pp component required 20 parameters (including
the 2 equilibrium parameters) and reproduced the ab initio data
with a weighted rms error of 1.5 x 104 D with the g compo-
nent using 26 parameters (including the 2 equilibrium parameters)
giving a weighted rms error of 1 x 10~3 D. The DMSs of SiH, are
provided in the supplementary material. Our ab initio dipole mo-
ment at the equilibrium (0.066 D) is in a good agreement with
the ab initio equilibrium dipole moment reported by Gabriel et al.
[12] (0.075 D) and slightly smaller than the equilibrium dipole mo-
ment from Ref. [13] (0.14 D).

2.3. Variational calculations

Variational calculations were performed with the nuclear mo-
tion program TROVE [38] and details of its methodology are dis-
cussed extensively elsewhere [22,38-40]. Here, we summarise the
main calculation steps.
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The TROVE Kkinetic energy operator was constructed as a sixth-
order Taylor expansion around the SiH, equilibrium geometry in
terms of the following linearized coordinates,

xi"=n" - re, (14)
X" =13t — e, (15)
Xéin — alin — Oe. (16)

where rli" and «!" are the linearized versions of r; and «, respec-
tively (see Ref. [38]). The PES was also re-expanded to sixth-order
in terms of the coordinates

olin =1 — exp(~b(ri" —re)), (17)
£ =1 — exp(~b(ri" — o)), (18)
glin = glin _ g, (19)

For the primitive basis set, TROVE uses 1D numerical basis
functions ¢n, (x1). @n,(x2) and ¢n,(x3) constructed with the
Numerov-Cooley approach [41,42]. The eigenfunctions of the 1D
stretching and bending Hamiltonian operators I:Ii(lD) were obtained
by freezing all other degrees of freedom at their equilibrium val-
ues. In order to improve the primitive basis set by making it more
compact, a two-step contraction scheme is used. At step 1, the
1D basis functions are combined into two subgroups, one for the
stretches

D (X1, X2) = bn, (X)) bm, (X2), (20)
and the other for the bending mode,
D> (X1) = bu, (x3) (21)

and these are used to solve the respective reduced Hamiltonian op-
erators (stretching AP and bending AD)). The reduced Hamil-
tonians are constructed by averaging the total vibrational Hamilto-
nian operator AU=9 over the other ground vibrational basis func-
tions [43,44]. The resulting eigenfunctions of the two reduced
problems, wﬁa)z and 1/’):0)~ are contracted and classified accord-
ing to the Cy,(M) symmetry group [45] using an optimized sym-
metrization procedure [40] to form a symmetry-adapted 3D vi-

brational basis set as a product w/{f?z wgD). This vibrational ba-

sis set is then used for the | = 0 eigenproblem at step 2, with the
eigenfunctions contracted again and used to form the symmetry-
adapted ] > 0 ro-vibrational basis set.

In steps 1 and 2 an additional basis set cut-off was applied
based on the polyad number,

P =2(ny +ny) +n3 < Pnax (22)

which used the polyad cutoff Pyax = 24. The maximal values of ny,
n, and ns that define the size of the primitive basis set were 12,
12 and 24, respectively. The contracted | = 0 basis set contained
192 and 143 basis functions with energies up to 16 000 cm~! for
the A; and B, symmetries, respectively. For the rotational basis set,
symmetrized spherical harmonics were used [40].

Line list calculations employed the empirically refined PES (dis-
cussed below) and ab initio DMS. All transitions and correspond-
ing line strengths were computed for the 0-10 000 cm~! range
with a lower state energy threshold of 10 000 cm~! and upper
state threshold of 18 000 cm~!. States were computed up to ] = 60
but only those below J =51 contributed to the line list with the
J> 51 energies lying above 10 000 cm~!. The nuclear spin statisti-
cal weights of 28Si'H, are g, = {1,1, 3, 3} for states of symmetry
{A1, Ay, By, By}, respectively. Atomic mass values were used for the
TROVE calculations.

2.4. Potential energy surface refinement

To improve the accuracy of the computed line list the initial ab
initio PES was empirically refined using an efficient least-squares
fitting procedure [46] implemented in TROVE. Experimental term
values up to | =5 were extracted from the literature [47-50] and
these are listed in Table 1. Since spectroscopic data for the ground
electronic state is very limited, additional term values of the v,
bending mode were generated using the spectroscopic constants
from Ref. [47] with the PGOPHER program [51]. Pure rotational en-
ergies up to J =5 were generated in a similar manner using the
spectroscopic constants of Ref. [47]. We mention that in some in-
stances we have extracted the ‘perturbed’ band origins, i.e. those
directly observed in experiment and not the ‘unperturbed’ val-
ues fitted in the analysis along with resonance/coupling parame-
ters. For example, in Ref. [49] the perturbed v; fundamental is at
2005.4692 cm~!, while the unperturbed band origin is given as
1995.9280 cm~1.

During the refinement we noticed an inconsistency in the ex-
perimental energy levels from Ref. [50]. For example, their term
value 1014.14 cm~! (0,1,0), Jka. k. = 111 can be compared to a more
accurate value 1010.6389 cm~! from Ref. [47]. Here K, and K¢ are
the asymmetric top quantum numbers representing the projections
of J along the principal axes a and c, respectively. In fact, after
a preliminary fitting to the high resolution data from Refs. [47-
49] we noticed a systematic shift of around 3.5 cm~! for all term
values from Ref. [50], with the only explanation being miscal-
ibrated experimental energies. We therefore corrected all these
term values from Ref. [50] by a constant shift of -3.5 cm~! (the
values in Table 1 have been shifted). This improved the quality of
the refinement immediately.

In the refinement, the ro-vibrational eigenfunctions of the
Hamiltonian constructed with the ab initio potential V act as a ba-
sis set for solving the ‘perturbed’ ro-vibrational Hamiltonian with
the refined potential V' =V + AV. The latter is represented us-
ing the same expansion as in Eq. (4) so the refined parameters
fi/jk = fijk + Afijk. where the corrections Afj, are determined in
the fitting. The stability of the refinement is controlled by simulta-
neously fitting to the original ab initio dataset [52], ensuring that
the shape of the PES remains reasonable.

Only 7 expansion parameters were varied in the refinement:
the linear parameters figg, foo1; the quadratic parameters f9, fio1,
f110, fooz; and one cubic parameter fyg3. The quality of the final PES
refinement is detailed in Table 1 and illustrated in Fig. 1. The dif-
ferent weights used in the refinement reflect the experimental un-
certainty. Also shown in Table 1 are the variationally computed en-
ergy levels using the ab initio and refined PESs and the correspond-
ing residuals (observed - calculated), all in cm~!. From Fig. 1 we
can clearly see that the refined PES calculations have far smaller
residuals compared to the ab initio results and that the accuracy
of the computed term values has improved. The 100 energy levels
used in the refinement were reproduced with an unweighted rms
error of 0.73 cm~! compared to the rms error of 3.43 cm~! for the
ab initio PES. The rotational and v, term values from Ref. [47] were
reproduced with an rms error of 0.074 cm~!, the vibrational band
centers reported in Ref. [48] were reproduced with an rms error of
0.73 cm~! and the corrected ro-vibrational Jk,.x, term values from
Ref. [50] were reproduced with an rms error of 1.45 cm~1.

The equilibrium geometry was refined to the ground state rota-
tional energy levels up to J = 5, yielding the values re = 1.51440 A
and «e = 92.005°. These are almost identical to the experimental
values rexp = 1.5137 + 0.0003 A and Oexp = 92.04 + 0.05°, derived
in a combined analysis of high-resolution spectroscopic data of
SiH,, SiHD and SiD, [2]. Both the ab initio and refined PESs of SiH,
are provided as part of the supplementary material along with a
Fortran routine to construct the surfaces.
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Table 1

Results of the potential energy surface (PES) refinement. Observed term values are compared against those computed with
the ab initio and refined PESs. Each energy level is described by seven (standard) quantum numbers and has been assigned
a weight in the refinement (see text). The TROVE assignment of the three entries marked with an ¢ disagree with the exper-
imental assignment. The term values marked with a ?, referenced by [49], are from an unpublished work. Term values from
Ref. [47] were generated with their spectroscopic constants using the program PGOPHER [51]. The experimental term values
from Ref. [50] were shifted by -3.5 cm~! (see text).

Observed Ab initio Refined A abinit Aref Wt. ] r Ko K. v vy vz  Ref.
998.6241 998.177 998.608 0.447 0016 1.000 0 A; O 0 0 1 0 [47]
1992.816 1996.464 1993.000 —3.648 -0.184 0.100 0 B, 0 0 0 0 1 [49]°

2005.4692 2008.831 2005.357 -3.361 0.112 0.100 0 Aq 0 0 1 0 0 [49]

2952.7 2953.933 2951.678 -1.233 1.022 0.010 0 Aq 0 0 0 3 0 [48]®

2998.6 3001.685 2998.785 -3.085 -0.185 0.010 0 Aq 0 0 1 1 0 [48]¢
3907.4 3914.162 3907.789 —6.762 -0.389 0.010 0 Aq 0 0 1 2 0 [48]
39233 3930.305 3923.642 —7.005 —-0.342 0.010 0 Ay 0 0 2 0 0 [48]

3976.8 3981.070 3975.988 —4.270 0.812 0.010 0 B, 0 0 1 0 1 [48]a
3997.5 4004.096 3996.334 —6.596 1.166 0.010 0 Aq 0 0 0 0 2 [48]
1010.64 1010.205 1010.627 0.433 0.011 1.000 1 A 1 1 0 1 0 [50]
1990.12  1992.097  1990.346 -1.978 -0.228 0010 1 A, 1 1 0 2 0 [50]
2017.32 2020.688 2017.434 -3.369 -0.115 0.010 1 Ay 1 1 1 0 0 [50]
2964.02 2966.188 2963.896 -2.169 0.122 0.010 1 A 1 1 0 3 0 [50]
3010.78 3013.822 3010.941 -3.043 -0.162 0.010 1 A, 1 1 1 1 0 [50]
3919.02 3926.280 3919.667 -7.261 —0.648 0.010 1 Ay 1 1 2 0 0 [50]
3935.95 3942.153 3935.672 —6.204 0.277 0.002 1 Ay 1 1 0 0 2 [50]
3987.83 3993.210 3987.986 -5.381 -0.157 0.002 1 A 1 1 1 0 0 [50]
4008.23 4015.819 4008.194 —7.590 0.035 0.002 1 A; 1 1 0 0 1 [50]
4873.99 4880.069 4873.381 —6.080 0.608 0.001 1 Ay 1 1 1 3 0 [50]
4901.48 4908.368 4901.882 —6.889 —0.403 0.001 1 A 1 1 2 1 0 [50]
4953.24  4959.496  4953.837 -6.257 -0.598  0.001 1 A 1 1 1 1 1 [50]
4989.73 4996.392 4990.789 —6.663 —1.060 0.001 1 Ay 1 1 1 1 1 [50]
5819.86 5826.200 5818.389 —-6.341 1.470 0.001 1 A 1 1 1 4 0 [50]
5859.73 5867.706 5860.959 -7.977 —1.230 0.001 1 A, 1 1 2 2 0 [50]
5967.03 5974.871 5969.095 —7.842 -2.067 0.001 1 Ay 1 1 0 4 1 [50]
6756.18 6764.534 6755.532 -8.355 0.647 0.001 1 Ay 1 1 1 5 0 [50]
6808.93 6819.310 6812.410 -10.381 —3.481 0.001 1 A 1 1 2 3 0 [50]
6842.27 6854.335 6842.308 -12.066 —-0.039 0.000 1 A; 1 1 1 3 1 [50]
6883.65 6895.644 6883.496 -11.995 0.153 0.000 1 Ay 1 1 2 1 1 [50]
6935.53 6944.916 6940.619 -9.387 -5.090 0.000 1 A 1 1 0 5 1 [50]
11.8007 11.809 11.793 —0.008 0008 5.000 1 A, 1 1 0 0 0 [47]
1010.6389 1010.205 1010.627 0.433 0.011 1.000 1 Ay 1 1 0 1 0 [47]
10.7248 10.666 10.721 0.059 0.004 5.000 1 By 0 1 0 0 0 [47]
1009.4191 1008.914 1009.393 0.505 0.026 1.000 1 By 0 1 0 1 0 [47]
15.1206 15.100 15.123 0.020 —-0.003 5.000 1 B, 1 0 0 0 0 [47]
1014.1412 1013.679 1014.134 0.462 0.007 1.000 1 B, 1 0 0 1 0 [47]
29.7005 29.592 29.677 0.109 0.023 5.000 2 Ay 0 2 0 0 0 [47]
45.5642 45.530 45.569 0.034 —0.005 5.000 2 Ay 2 0 0 0 0 [47]
1028.4507 1027.900 1028.411 0.551 0.040 1.000 2 Aq 0 2 0 1 0 [47]
1045.4185 1044.956 1045.436 0.462 -0.018 1.000 2 Ay 2 0 0 1 0 [47]
39.8798 39.714 39.886 0.166 -0.006 5000 2 A, 1 1 0 0 0 [47]
1039.2223 1038.615 1039.202 0.607 0.020 1.000 2 Ay 1 1 0 1 0 [47]
43.1013 43.135 43.093 -0.033 0.008 5.000 2 By 2 1 0 0 0 [47]
1042.8724 1042.479 1042.894 0.393 —0.022 1.000 2 By 2 1 0 1 0 [47]
29.9299 29.849 29.904 0.081 0.026 5.000 2 B, 1 2 0 0 0 [47]
1028.7264 1028.206 1028.692 0.520 0.034 1.000 2 B, 1 2 0 1 0 [47]
75.2653 75.124 75.248 0.142 0.018 5.000 3 Ay 2 2 0 0 0 [47]
1075.2480 1074.682 1075.243 0.566 0.005 1.000 3 Ay 2 2 0 1 0 [47]
55.8620 55.680 55.804 0.182 0.058 5.000 3 Ay 1 3 0 0 0 [47]
90.1214 90.206 90.111 —0.085 0.010 5.000 3 A 3 1 0 0 0 [47]
1054.5509  1053.935  1054.484 0.616 0.067 1.000 3 A, 1 3 0 1 0 [47]
1091.3028 1090.985 1091.377 0.317 -0.074 1.000 3 Ay 3 1 0 1 0 [47]
55.8286 55.641 55.771 0.187 0.058 5.000 3 By 0 3 0 0 0 [47]
83.7307 83.426 83.750 0.305 —0.020 5.000 3 By 2 1 0 0 0 [47]
1054.5083 1053.885 1054.440 0.623 0.068 1.000 3 B 0 3 0 1 0 [47]
1084.0720 1083.337 1084.064 0.735 0.008 1.000 3 B 2 1 0 1 0 [47]
74.1789 73.914 74.172 0.265 0.007 5.000 3 B, 1 2 0 0 0 [47]
91.6751 91.675 91.678 0.000 —0.003 5.000 3 B, 3 0 0 0 0 [47]
1073.9511 1073.248 1073.922 0.703 0.029 1.000 3 B, 1 2 0 1 0 [47]
1092.8609 1092.458 1092.926 0.403 —0.065 1.000 3 B, 3 0 0 1 0 [47]
89.2630 88.958 89.158 0.305 0105 5.000 4 Ay O 4 0 0 0 [47]
132.8721 132.366 132.890 0.507 -0.018 5.000 4 A 2 2 0 0 0 [47]
153.7492 153.848 153.744 —0.099 0.006 5.000 4 Ay 4 0 0 0 0 [47]

1087.7457 1087.013 1087.634 0.733 0.111 1.000 4 Aq 0 4 0 1 0 [47]

1133.9208 1132.984 1133.900 0.937 0.021 1.000 4 A 2 2 0 1 0 [47]

1156.7943 1156.528 1156.931 0.266 -0.137 1.000 4 A 4 0 0 1 0 [47]
115.6727 115.331 115.633 0.342 0.039 5.000 4 A 1 3 0 0 0 [47]
142.4629 142.020 142.497 0.443 -0.034 5.000 4 A; 3 1 0 0 0 [47]

1115.8104 1115.042 1115.768 0.769 0.043 1.000 4 A, 1 3 0 1 0 [47]

1144.1973 1143.347 1144.215 0.851 -0.018 1.000 4 A 3 1 0 1 0 [47]

(continued on next page)
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Table 1 (continued)

Observed Ab initio Refined A abinit Aref Wt. ] r K K- Vi vy V3 Ref.
115.8995 115.597 115.856 0.303 0043 5000 4 B 2 3 0 0 0 [47]
152.9005 153.073 152.884  -0.173 0.017 5000 4 B 4 1 0 0 0 [47]

1116.0978 1115.375 1116.062 0.722 0035 1.000 4 B 2 3 0 1 0 [47]

1155.9731 1155.777 1156.119 0.196 -0.145 1.000 4 B 4 1 0 1 0 [47]

89.2674 88.964 89.162 0.304 0.105 5000 4 B, 1 4 0 0 0 [47]
135.8151 135.614 135.806 0.201 0009 5000 4 B, 3 2 0 0 0 [47]

1087.7515  1087.020  1087.640 0.732 0.111 1.000 4 B, 1 4 0 1 0 [47]

1137.3989  1136.796  1137.437 0603 -0.038 1.000 4 B, 3 2 0 1 0 [47]
164.2316 163.770 164.147 0.462 0.084 5000 5 A 2 4 0 0 0 [47]
211.6531 211.413 211.654 0.240 0.000 5000 5 A 4 2 0 0 0 [47]

1164.5892  1163.715  1164.517 0.874 0.073 1.000 5 A 2 4 0 1 0 [47]

12152686  1214.656  1215.365 0613 -0.097 1.000 5 A 4 2 0 1 0 [47]
130.0721 129.618 129.906 0.454 0.166 5000 5 A 1 5 0 0 0 [47]
190.7850 190.336 190.760 0.449 0.025 5000 5 A, 3 3 0 0 0 [47]
231.4354 231.741 231410  -0.305 0025 5000 5 A, 5 1 0 0 0 [47]

1128.2434 1127.370 1128.075 0.874 0.169 1.000 5 A 1 5 0 1 0 [47]

1192.8474  1192.000 1192.853 0.847 -0.006 1.000 5 A, 3 3 0 1 0 [47]

1236.8763  1236.852  1237.110 0.024 -0234 1000 5 A, 5 1 0 1 0 [47]
130.0715 129.617 129.906 0.454 0.166 5000 5 B 0 5 0 0 0 [47]
189.9302 189.340 189.919 0.590 0.012 5000 5 B 2 3 0 0 0 [47]
216.3755 215.847 216.421 0529 -0.045 5.000 5 B 4 1 0 0 0 [47]

1128.2426  1127.369  1128.074 0.874 0.169 1.000 5 B 0 5 0 1 0 [47]

1191.7737 1190.762 1191.752 1.012 0.021 1.000 5 By 2 3 0 1 0 [47]

1219.9643  1219.063  1220.030 0.901 -0.066 1.000 5 B 4 1 0 1 0 [47]
164.1932 163.723 164.110 0.470 0.083 5000 5 B, 1 4 0 0 0 [47]
205.7064 204.907 205.755 0799 -0.048 5000 5 B, 3 2 0 0 0 [47]
231.8532 232.109 231.835 -0.256 0.018 5000 5 B, 5 0 0 0 0 [47]

1164.5381 1163.653  1164.464 0.885 0.074 1.000 5 B, 1 4 0 1 0 [47]

12083132  1207.099  1208.305 1.214 0009 1000 5 B, 3 2 0 1 0 [47]

1237.2663  1237.196  1237.494 0.070 -0.228 1.000 5 B, 5 0 0 1 0 [47]

3. The CATS line list

The CATS line list contains 254 061 207 transitions connect-
ing 369 973 ro-vibrational states and is provided in the ExoMol
data format [17]. Extracts from the .states and .trans files are
given in Tables 2 and 3, respectively. The . states file contains all
the computed ro-vibrational energy levels (in cm~1). Each level has
a unique state counting number, symmetry and quantum number

labelling and the contribution C; from the largest eigen-coefficient
used to assign the ro-vibrational state in TROVE. The .trans files
are split into ten 1000 cm~! wavenumber windows and contain all
the computed transitions with upper and lower state ID labels and
Einstein A coefficients.

The normal mode quantum numbers v;-v3 were first recon-
structed for / = 0 and then propagated to all ro-vibrational states.
These are related to the TROVE (local mode) vibrational quantum
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b ‘ o o
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¥ . o} ® °
-2 1 o) o
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A . °
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© o o
Y -61
0 % O
S %
o 8 ® o
< (@]
-10 1 5
O Abinitio
—-1241 @ Refined o)
0 1000 2000 3000 4000 5000 6000 7000

Wavenumber / cm™1

Fig. 1. Residuals (observed-calculated) for the ab initio (empty circles) and the refined (full circles) term values from Table 1.
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Table 2

Extract from the .states file of the CATS line list.
i E g& J Tw vi va vz Ty K K T G ng onp N3
1527  19978.952397 3 1 A2 2 8 5 B2 0 1 B1 098 2 5 8
1528  19982.538080 3 1 A2 0 20 1 B2 0 1 B1 098 0 1 20
1529  19986.504561 3 1 A2 10 2 1 B2 0 1 B1 -099 0 11 2
1530  19988.143253 3 1 A2 11 2 0 Al 1 1 A2 099 O 11 2
1531 10.721260 9 1 B1 1] 0 o0 Al 0 1 B1 1.00 0 0 0
1532 1009.393331 9 1 B1 0 1 0 Al 0 1 B1 -1.00 0 0 1
1533 1989.081019 9 1 B1 0 2 0 Al 0 1 B1 1.00 0 0 2
1534 2004.596674 9 1 B1 0 0 1 B2 1 1 A2 -1.00 0 1 0
1535 2016.232068 9 1 B1 1 0 o0 Al 0 1 B1 1.00 1 0 0
1536 2962.467155 9 1 B1 0 3.0 Al 0 1 B1 -1.00 0 0 3

i: State counting number; E;: State energy in cm~!; g;: State degeneracy; J: Total angular momentum quantum number;
Ttor: Overall symmetry of state in Cy,(M); vi-v3: Vibrational (normal mode) quantum numbers; I'y;,: Vibrational symme-
try in Cyy(M); K,: Asymmetric top quantum number; K.: Asymmetric top quantum number; I";oc: Rotational symmetry in
Coy(M); G;: Largest coefficient used in the TROVE assignment; ny-n3: Vibrational (TROVE) quantum numbers.

Table 3

Extract from the .trans file of the

CATS line list.
f i Ag
149895 153613  1.0606e-06
24599 22431 1.0490e-01
284830 306093  6.3416e-10
74616 84147 6.5034e-08
186408 165765  1.1144e-07
84280 100878  4.1022e-07
224529 228578  2.8423e-04
54609 46478 1.4376e-02
142008 130207 3.6173e-10

f: Upper state ID counting number;
i: Lower state ID counting number;
Ag: Einstein A coefficient in s~

numbers nq-n3 as follows:

V1 4+v3 =ny +n, (stretching), (23)
v3 (odd) < (n1,1m2)B, (24)
v, =n3 (bending). (25)

In correlating the normal mode (v, v3) and local mode (nq, ny)
pairs we also assumed that the energy increases with v3. The
asymmetric top quantum number K, coincides with the TROVE

Wavelength (um)
5.0 2.5 1.7 1.0

L L L L L

10—19 4

10-21 4

10723

10—25 4

10-27 4

Cross-section (cm?2/molecule)

4000 6000 8000 10000

Wavenumber (cm~1)

0 2000

Table 4
Symmetry properties of the Ji, k. states of SiH, in the
Coy(M) symmetry group [45].

Kﬂ KC r rot Kﬂ I(C F rot
Even Even A 0dd Even B,
Even  0Odd By 0dd 0dd A,

rotational quantum number K. The corresponding quantum num-
ber K. was obtained using the symmetry properties of the oblate
rotor [45], see Table 4. Because of the way TROVE builds the
symmetrized ro-vibrational basis set [40], the connection between
the assignment and the primitive basis functions is not always
straightforward and in cases of very small values of |C;|, the as-
signment should be regarded as indicative.

To illustrate the CATS line list, absorption cross-sections have
been generated at 300, 700, 1000, 1500 and 2000 K and the results
are shown in Figs. 2 and 3. Spectral simulations used a Gaussian
line profile and were performed with the ExoCross program [53].
In Fig. 2, the entire computed spectrum of SiH, is displayed at log-
arithmic scale and the linear scale is displayed up to 4000 cm.
The strongest bands of SiH, are 10 um (v,) and 5 pm (2v,, v; and
v3), followed by the 2.5 pm (2v; and 2v3) bands, which agrees
with the ro-vibrational spectrum from Ref. [12]. The pure rotational
band is weak owing to the small equilibrium dipole moment of
SiH,. The corresponding values of the transition dipole moments
are listed in Table 5. As the temperature increases, weaker band

Wavelength (um)
20.0 10.0 6.7 5.0 4.0 3.3 2.9

(=]

300K
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1500 K
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1000 1500 2000 2500 3000 3500

Wavenumber (cm™1)

0 500 4000

Fig. 2. Absorption cross-sections of SiH, for various temperatures. Left: 0-10 000 cm~! range (logarithmic scale); Right: 0-4000 cm~' range (linear scale). Spectral simula-

tions used a Gaussian line profile with HWHM of 1 cm~" at a resolution of 1 cm~'.
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Fig. 3. Absorption cross-sections of SiH, for various temperatures, focusing on the
vy band. Spectral simulations used a Gaussian line profile with HWHM of 0.1 cm~!
at a resolution of 0.1 cm~!.

Table 5

Vibrational transition dipole moments
(TDM) for the strongest absorption bands
of SiH, (Debye). The band centers (BC) are
theoretical (TROVE) values (cm™).

features become more prominent and the spectrum flattens. This
can be seen in closer detail in Figs. 2 and 3.

The first excited triplet state (a°B;) of SiH, is around
7000 cm~! [54] while the first excited singlet state (A1B;) lies at
15 500 cm~! [55]. The presence of these states would have had an
effect on the accuracy of the computed ab initio PES and DMS, due
to Renner-Teller and spin-orbit interactions between these elec-
tronic states, which were not taken into account here. Furthermore,
the PES was only refined to term values below 7000 cm~!. Use of
the CATS line list above 7000 cm~!, or for transitions originating
from states above 7000 cm~!, should therefore be treated with a
degree of caution. That said, the associated transition intensities
will be very weak and this should not overly affect the quality of
the line list.

3.1. Partition function of silylene

The temperature-dependent partition function,
E.
0N =Y gew (~%r): (26)

where g; = glfns) (2J; + 1) is the degeneracy of a state i with energy
E; and rotational quantum number J;, has been evaluated at 1 K
intervals in the range 0-2000 K. The convergence of Q(T) is illus-
trated in Fig. 4 for T = 300, 1000, 1500 and 2000 K. The flattening
of all four lines indicates that convergence has been achieved after
approximately J = 10, 30, 40 and 50, respectively.

4. Rotational energy level clustering

The equilibrium interbond angle of SiH, is close to 90° with
the masses of the hydrogen atoms significantly smaller than that
of Si. These properties are known to lead to so-called rotational
cluster states [56], where a group of rotational energy levels be-
come quasi-degenerate at high rotational excitation. Dorney and
Watson [57] were the first to explain cluster formation in terms
of classical rotation about symmetrically equivalent axes associated

Band BC (cm™')  TDM (Debye)
g.S. 0.00 0.1093
vy 998.61 0.1752
2v, 1978.35 0.1352
V3 1993.00 0.2240
V1 2005.54 0.1444
3v, 2951.68 0.0029
Vo + V3 2974.73 0.0036
Vi 4y 299878  0.0076
2v3 3907.79 0.0102
Vi +v3 3913.39 0.0145
2V, 3923.64 0.0092
20,4V 395247  0.0055
40000 A
30000 -
—
I~
S
S 20000
10000 -
o e

30 40 50 60

Fig. 4. Convergence of the temperature-dependent partition function Q(T) of SiH, against the rotational angular momentum quantum number J at 300, 1000, 1500 and

2000 K.
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Fig. 5. Rotational energy level clustering in the ground vibrational state of SiH,. In the top panel, the energy difference Eji —E]{‘;“X, see Eq. (27), has been plotted for each

rotational state, with energy Ej,,v relative to the maximum energy I::Jf‘;“ in its J multiplet. After a certain critical J value the energy difference begins to decrease leading to the
formation of four-fold rotational cluster states. A close up of the first cluster state being formed is shown in the bottom panel.

with “stable” axes of rotation, about which the molecule prefers
to rotate. Subsequently, Harter and co-workers (see, for example,
Refs. [58,59]) developed classical models for the description of
cluster formation in XYy molecules and introduced the concept
of a rotational energy surface (RES), which defines the pattern of
the rotational energy levels. The clustering of two or four quasi-
degenerate energy levels corresponds classically to the appearance
of two or four stable rotation axes, where clockwise and anticlock-
wise rotations are regarded independently. The two-fold degener-
acy is the well known K-type doubling [60], while four-fold cluster
states in XH,-type molecules were predicted [23,61-67] and first
observed in the H,Se molecule [68-70].

In SiH,, we have found that the rotational energies display typ-
ical four-fold clustering behaviour, illustrated in Fig. 5, where we
have plotted the reduced rotational energy difference,
Efed = B — Ex. (27)
Here, E]f‘l?ax is the maximal energy level for a given J-manifold,
which for SiH, corresponds to K; =J. As J increases the sepa-
ration between the two pairs of levels with K; =] (K. =0 and

c=1)and K; =] — 1 (K; = 1 and K. = 2) increases, which is com-
mon in asymmetric-top molecules. However, after a critical J value
of Jor ~ 17, this separation starts decreasing until four-fold cluster
states form. For example, at | = 40 in the top cluster (shown in the
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Fig. 6. The rotational energy surface of SiH, calculated at ] = 40. The four equivalent maxima corresponding to the four-fold rotational clusters are indicted with crosses.

The colour (red to blue) represents the energy scale (high to low).

bottom panel of Fig. 5), the separation between the two pairs is
only 0.2 cm~! but at J = 50 this gap is reduced to 0.006 cm~!. The
pattern of the rotational energy levels in Fig. 5 is typical of most
XH,-type molecules [64,66,67,69,71].

As mentioned above, the four-fold clusters at high J can be
associated with the formation of stable rotation axes around the
molecular bonds Si-H; and Si-H, with four equivalent rotational
motions: clockwise/anticlockwise around the Si-H; and Si-H,
bonds. These rotation axes are approximately at 45° relative to the
principal axes of the molecule x axis (along the bisector) and z
axis (in plane). The other stable rotational direction is around the
axis associated with the x axis. The rotational motion is commonly
illustrated using the rotational energy surface Eg 4 [58,59], con-
structed as the minimum ro-vibrational energy for each orientation
of the angular momentum vector J considered in the molecule-
fixed axis system, where the orientation is described by a polar
angle 6 and an azimuthal angle ¢. Here 6 < [0, w] is the angle
between J and the molecule-fixed z axis and ¢ e [0, 27] is the
angle between the x axis and the projection of J'in the xy plane,
measured in the usual positive sense. In this picture, the RES is a
manifestation of the pure rotational motion of a molecule with the
vibrational motion completely frozen to the corresponding opti-
mized geometry. If the rotational motion is classically represented
by trajectories on the RES, the stationary points (zero-dimensional
trajectories) represent rotation about the stabilization axes.

For SiH,, we have constructed the RES from a classical ro-
vibrational Hamiltonian Hy, with the xyz components of the
quantum-mechanical angular momentum operator J substituted by
their classical analogues,

Jx=+/JJ+1) sinf cos¢ (28)
Jy=+JJ+1) sinf sing (29)

J:=+JJ+1)cosh, (30)

with the generalized momenta p, = dT/dq, set to zero [68]. Here,
T is the classical kinetic energy and the momentum p, for n=
1, 2,3 is conjugate to the generalized coordinate g, < {rq, ry, o}
The classical Hamiltonian Hy, was defined as the same Hamiltonian
used in variational TROVE calculations. The RES Ej(6, ¢) is then
given by [72,73]

E0.¢) =Hn(.1i =1, a = 2", 6, ¢), (31)

where the classical Hamiltonian function Hy is calculated at the
optimized geometries r,f’pt,oz"Pt for each orientation of the angu-
lar momentum defined by the polar and azimuthal angles (6, ¢).
The RES was computed on a regular grid of angular points 6,
¢m. The bond lengths ry and r, and the bond angle « were op-
timized at each grid point by minimizing the classical energy E =
Hrv(rl-, o, 9m, ¢m)

The RES of SiH, at J=40 is shown in Figs. 6 and 7, com-
puted on a 40 x 80 grid (6, ¢) of points. The two minima (68 =0
and 180°) and four maxima (@ =36° and 6 = 144°, ¢ = 0° and
180°) form the stationary points of the semi-classical description
of the rotation of SiH, and can be used to interpret the rotational
clustering in the quantum-mechanical description: n-fold degener-
ate energy clusters [58,74]| correspond to a RES with n symmet-
rically equivalent stationary points. Coriolis-type effects break the
Cyy symmetry of the molecule in the cluster states. For example,
the optimized geometry corresponding to the stationary point at
0 =36° ¢ =0 (J =40) was found to be r; =1.519 A, r, = 1.648 A
and o« = 87°. See also Ref. [71] on the bifurcation of stationary
points and how it affects the formation of rotational energy clus-
ters.

5. Conclusion

The first, comprehensive high-temperature rotation-vibration
line list, named CATS, has been calculated for the electronic ground
state of SiH, using a refined PES and a high level ab initio DMS.
The line list covers the wavenumber range 0-10 000 cm~! and
is applicable for temperatures up to T =2000 K and represent
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Fig. 7. A one-dimensional slice at ¢ = 0° of the rotational energy surface (RES) of SiH, calculated at J = 40 (cm™). The two equivalent maxima are found at & = 36 and 144°.

an improvement for the ro-vibrational spectra of SiH, predicted
in Refs. [12,13]. The CATS line list is available from the ExoMol
database [16,17] at www.exomol.com which already contains line
lists for SiH4 [18] and SiH [19]. There are also recent experimen-
tal studies on SiH3 [6]. These line lists will facilitate spectroscopic
studies on silane plasmas. It is also hoped that our work will stim-
ulate more investigations into SiH, to enable our theoretical spec-
troscopic model to be benchmarked and improved upon.

We have demonstrated that SiH, forms rotational energy level
clusters at high rotational excitation and established the crit-
ical J value of J-~17 when the effect first becomes notica-
ble. Cluster states are intimately linked to the phenomenon
of rotationally-induced chirality in the motion of small poly-
atomic molecules [75] and the use of techniques from strong-field
laser physics [76] can be utilised to produce dynamically chiral
molecules through extreme rotational excitation [77].

The CATS line list should find use in plasma physics and the
monitoring of SiH, in different processes and reactions. Since sily-
lene is a radical and highly reactive, whether it can accumulate
in large enough quantities to be detected astronomically is debat-
able. As discussed above, given the complicated electronic struc-
ture of SiH, and the relatively low-lying @B; and A!B; excited
states, some caution should be exercised when using the line list
above 7000 cm~!, or for transitions originating from states above
7000 cm~1. That said, the associated transition intensities will be
very weak and we do not expect the quality of the CATS line list
to be significantly affected.
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