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a b s t r a c t

The infrared spectrum of GeH4 (88.1% of 76GeH4, 11.5% of 74GeH4, and minor amounts of
three other stable isotopic species in the sample) was measured in the 700–1080 cm�1

region with a Bruker IFS 125HR Fourier transform interferometer (Nizhny Novgorod,
Russia) and analyzed. 1922 transitions with Jmax: ¼ 26 were assigned to the ν4 and ν2 bands
of 76GeH4 (ν2 is a symmetry forbidden absorption band, and its transitions appear in the
spectrum only because of strong Coriolis interaction with the ν4 band). Rotational,
centrifugal distortion, tetrahedral splitting, and interaction parameters for the ground,
(0100) and (0001) vibrational states were determined from the fit of experimental line
positions. The obtained set of parameters reproduces the initial experimental data with an
accuracy close to experimental uncertainties. The result of analogous analysis of the
74GeH4 isotopologue (the number of assigned transitions is 788) is also presented.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Germane in a natural isotopic composition is used for
producing high-purity germanium. Various physical devices
(e.g., high-sensitivity detectors of nuclear radiation) are
manufactured on its base [1]. Germane is one of the
important components of the atmospheres of giant
gas-planets, such as Jupiter and Saturn [2–4], and its
presence should be taken into account when studying their
atmospheric composition and chemistry. In particular, in
the atmospheres of Jupiter and Saturn germane was
detected at abundances orders of magnitude greater than
their thermochemical equilibrium values in the upper

tropospheres [5]. For that reason, laboratory investigations
of high resolution spectra of germane are interesting and
important.

Germane in a natural isotopic composition produces
complex infrared spectra, first of all because of the
existence of five stable isotopologues with mass numbers
70 (20.55%), 72 (27.37%), 73 (7.67%), 74 (36.74%), and 76
(7.67%). Additional complexity of the germane spectra
arises from the presence of very strong Coriolis interaction
between its two deformational fundamentals ν2 and ν4.
GeH4 is a spherical top molecule, hence, it has no perma-
nent dipole moment, and capabilities of the Ground State
Combination Differences method (which is very efficient
for studying the molecules of other type) are very limited
as applied to germane.

Spectra of different MGeH4 (M¼70, 72, 73, 74, 76)
isotopologues of germane were the objects of study for
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many years (see, e.g., Refs. [6–40]). Up to 1972 the spectra
were recorded with low or medium resolution. Starting
with 1973, Oka with co-authors extensively studied pure
rotational spectra of the XH4 (Td symmetry) molecules
(X¼C, Ge, Si) by the method of infrared-microwave double
resonance [17–21]. The first high resolution infrared spec-
trum of germane (ν3 and 2ν3 bands of all five isotopolo-
gues) was studied in Ref.[25]. High resolution spectra of
high excited overtone stretching bands of germane were
extensively discussed in a number of papers by Zhu and
co-authors [34–40], in the frame of the local mode model.
As to the bending bands, only the ν2 and ν4 fundamentals
were analyzed earlier with high resolution [27,29,31,32].
Besides, only spectra in separate narrow regions of the ν2
and ν4 bands were discussed even for the mostly abundant
germane species. For that reason, high resolution analysis
of the ν2 and ν4 bands of any isotopic species of germane in
a wide spectral region is suitable and timely.

In this paper we present results of the analysis of the
high resolution Fourier transformed spectrum of MGeH4

(M¼74, 76) in the 700–1080 cm�1 region where the ν2
and ν4 bands are located. The experimental details are
given in Section 2. The theoretical background of our study
is briefly discussed in Section 3. Results and discussion are
presented in Section 4.

2. Experimental details

A sample of germane containing 76GeH4 (88.1%), 74GeH4

(11.5%), 73GeH4 (0.07%), 72GeH4 (0.17%), and 70GeH4 (0.12%)
was used in the present study. First, the sample of
germane in natural abundance was synthesized at the
Institute of Chemistry of High-Purity Substances of the
Russian Academy of Sciences by a reaction between GeCl4
and sodium borohydride with subsequent purification by
the rectification method. Then the sample was enriched
with the 76Ge isotope using the centrifugal method at the
Joint Stock Company “Production Association Electroche-
mical Plant”, Zelenogorsk, Russia. The enriched sample
was repeatedly purified by the rectification method.
Finally, the amount of hydrocarbon, carbon dioxide, di-,
and tri-germane impurities in the sample enriched with
76Ge was less than 10�5 mol%, 10�4 mol%, 10�1–10�3 mol
%, respectively. The amount of the other impurities was
less than 3�10�5 mol%

The high-resolution spectra of GeH4 were recorded at
room temperature in the 700–1080 cm�1 wavenumber
range with a Bruker IFS125HR Fourier transform spectro-
meter (Institute of Chemistry of High-Purity Substances,
Nizhny Novgorod, Russia) equipped with a Globar source, a
KBr beamsplitter and a liquid nitrogen cooled mercury–
cadmium–telluride detector. The aperture size was
1.7 mm. The resolution due to the maximum optical path
difference was 0.003 cm�1 and the Norton-Beer (weak)
apodization function was applied. A single-pass 20-cm cell
equipped with ZnSe windows was permanently connected
to the vacuum system with a gas sample vacuum system, a
turbo-molecular pump, and pressure gauges covering the
10�3–100 Torr pressure range. The optical compartment of
the spectrometer was evacuated by a mechanical pump

down to 0.02 Torr and remained at that pressure during
the experiment.

Experimental spectra (see Fig. 1) were obtained by
averaging 1000 scans. The spectra were recorded at signifi-
cantly different pressures, 0.4 (spectrum W) and 10 (spec-
trum S) Torr, to cover a wider range of J numbers and to
estimate the value of possible systematic errors in the line
positions caused by pressure shifts. Comparison of the
positions of unsaturated unblended lines in two spectra
recorded at a pressure of 0.4 and 10 Torr shows a good
agreement between the pairs of lines within 7 10�5 cm�1,
which demonstrates a negligible effect of the pressure shift.
The spectra were calibrated with 400 OCS peaks of the ν1
and 2ν2 bands (centered at 860 cm�1 and 1047 cm�1,
respectively), and NIST calibration tables [41], based on
heterodyne frequency measurements. After calibration the
standard deviation of the difference between the measured
and tabulated peak positions was less than 10�4 cm�1.

3. Irreducible tensorial sets and effective Hamiltonian of
the XY4 (Td) molecule

Germane is a spherical top molecule of the Td symmetry.
This molecule has a tetrahedral structure resulting in one
nondegenerate (q1, A1), one doubly degenerate (q2, E), and
two triply degenerate (q3 and q4, F2) vibrational modes. In
this case, the ν2 and ν4 fundamentals are connected by a very
strong Coriolis interaction. As a consequence, the spectrum
of the ν2 and ν4 bands may be described only in the frame of
the effective Hamiltonian model which takes into account
the interaction between the ð0100; EÞ and ð0001; F2Þ states.
On the other hand, high symmetry of the molecule necessi-
tates using a special mathematical formalism (the theory of
Irreducible Tensorial Sets, see, e.g., Refs. [45–48] and recent
review in Ref. [54]) for description of its spectra. Application
of the mentioned formalism to the XY4 (Td) molecules was
discussed in the spectroscopic literature many times (see,
e.g., Refs. [42–44]). For that reason we present here very
briefly only the main points necessary for understanding the
structure of the Fortran code discussed in Section 3.
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Fig. 1. Survey spectrum of 76GeH4 and 74GeH4 in the region of the dyad.
Experimental conditions: absorption path length is 20 cm; room tem-
perature; number of scans is 1000; sample pressure is 0.4 Torr for the
“black” spectrum and 10 Torr for the “grey” spectrum.
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3.1. Irreducible rotational operators

(a) Irreducible rotational operators of the SO(3) group: In
accordance with general statements of the Irreducible
Tensorial Sets Theory [45–47], the basic first-rank irredu-
cible rotational operators RΩðKÞ

m (m¼ 0; 71;…; 7K) can be
chosen in the following form:

R1ð1Þ
1 ¼ � 1ffiffi

2
p Jx� iJy
� �

� � Jþ ;

R1ð1Þ
�1 ¼ 1ffiffi

2
p Jxþ iJy
� �

� J� ;

R1ð1Þ
0 ¼ Jz � J0: ð1Þ

In the operators RΩðKÞ
m the following notation is used: Ω is

the total degree of rotational operators Jα, α¼x, y, z (for
example, for Ω¼ 1, R1ð…Þ

… � Jα; for Ω¼ 2, R2ð…Þ
… � JαJβ; etc.);

the indices K and m indicate the irreducible representation
DðKÞ of the SOð3Þ symmetry group and its line; the
operators Jα are conventional angular momentum compo-
nents related to the molecular fixed coordinate system:

Jx ¼ i
cos φ

sin θ

∂
∂ψ

� cos θ
∂
∂φ

� �
� i sin φ

∂
∂θ
;

Jy ¼ � i
sin φ

sin θ

∂
∂ψ

� cos θ
∂
∂φ

� �
� i cos φ

∂
∂θ
; ð2Þ

and

Jz ¼ � i
∂
∂φ

: ð3Þ

The irreducible rotational operators RΩþ1ðKþ1Þ
~m may be

constructed from the corresponding irreducible rotational
operators RΩðKÞ

m (n¼ 0; 71;…7K) and R1ð1Þ
l (l¼ 0; 71) of

lower degrees and ranks in accordance with the general
rule [49,50],

RΩþ1ðKþ1Þ
~m ¼ ∑

l ¼ �1;0;1
CKþ1 ~m
K ~m� l;1 lR

ΩðKÞ
~m� l R

1ð1Þ
l ; ð4Þ

where CKþ1 ~m
K ~m� l;1 l are known Clebsh–Gordan coefficients,

Ref. [47]. The irreducible rotational operators RΩðKÞ
m with

KoΩ (in this case, the parity of both Ω and K must be the
same [49]) are constructed as

RΩðKÞ
m ¼ RΩ ¼ KðKÞ

m ðR2ð0ÞÞðΩ�KÞ=2; ð5Þ
where we use the notation R2ð0Þ ¼ ðJ2x þ J2yþ J2z Þ. As an
illustration, Appendix A presents the operators RΩðKÞ

m for
Ωr3.

(b) Irreducible rotational operators of the Td group:
Different rotational operators RΩðK;nΓÞ

s , that are symme-
trized in accordance with irreducible representations
Γ ¼ A1, A2, E, F1, or F2 of the Td symmetry group, can be
easily constructed from the above discussed operators
RΩðKÞ
m by using the following general relations [49]:

RΩðK;nΓÞ
s ¼∑

m

ðKÞGm
nΓsR

ΩðKÞ
m : ð6Þ

The reduction matrix elements ðKÞGm
nΓs , which are presented

in Eq. (6), are determined by a concrete point symmetry
group. Speaking about molecules of the Td symmetry, only
numerical representation of the ðKÞGm

nΓs values was used (see,
e.g., Refs. [43,51,52]). In our case, we used a much more
convenient analytical representation of G-matrix elements.
For convenience of the reader, they are reproduced from
Refs. [53,54] in Appendix B. We do not discuss here why the

index n is defined in the formulas of Appendix B in such a
form. This issue was discussed in detail in the original papers
[53,54], and we think that the reproduction of all arguments
in the present paper is excessive. We will mention only that
the definition of the index n for the ðJÞGm

nΓs matrix elements
in the formulas of Appendix B differs from the definition
used, e.g., in Refs. [43,51,52]. In the mentioned works the
index n takes on the values 1, 2, 3,…, and the increase of the
value n follows the increase of the energy values of states of
the same symmetry. In our case, the value of n is defined
exclusively by the value of the corresponding index in the
right hand sides of Eqs. (14)–(18). At the same time, we
would like to note that there is no contradiction between
these two definitions of G-matrix elements. One should
remember that the main reason for introducing the index
n is to distinguish between different wave functions (or
operators) of the same symmetry. From this point of view
both definitions of n are equivalent. Moreover, for small
values of quantum number J both definitions of G-matrix
elements coincide completely. For large values of quantum
number J there may appear a difference between the values
of G-matrix elements. However, it does not contradict the
general theory of symmetry because even different defini-
tions of G-matrices are nothing but different reductions of
irreducible representations of the SO(3) group to irreducible
representations of the Td symmetry group. As a consequence,
it should not influence the final result.

We would like to make here one more minor remark. In
spite of the fact that the analytical presentation of
G-matrix elements with n-index definition from
Appendix B (as a consequence, analytical presentation of
numerous intermediate results) is considerably more sui-
table than a numerical one, namely the n-index definition
from [43,51,52] is most convenient and simple for a final
description of ro-vibrational energy levels and transitions.
For that reason, the analysis and all calculations in the
present paper have been made with the G-matrix defined
in Appendix B, but the notation of indices n=n0 in the final
results (Tables 2 and 8, and Supplementary materials)
follows Refs. [43,51,52], i.e., indices n and n0 take on the
values 1, 2, 3,…, and for any vibrational state increase with
increasing energy values of states of the same symmetry.

3.2. Ro-vibrational functions in the symmetrized form

As the Td symmetry group has five irreducible repre-
sentations A1, A2, E (E1 or E2), F1 (F1x, F1y, F1z) and F2 (F2x,
F2y, F2z), any vibrational–rotational wave function should
be totally symmetric (A1), antisymmetric (A2), or be
transformed under symmetry operations according to
one of the two (E1 or E2), or three (F1x, F1y, F1z), (F2x, F2y,
F2z) lines of the irreducible representations E, F1, F2. In a
general case, any vibrational–rotational function can be
constructed in the following form [49,55]:

jvγv; JnJγr ;mγs〉� ðjvγv〉 � jJnJγr〉Þγs

¼
ffiffiffiffiffi
½γ�

p
∑
svsr

γ γv γr
s sv sr

 !
jvγvsv〉jJnJγrsr〉; ð7Þ

where the set of indices vγv, JnJγr , and mγs unambiguously
determines any vibrational–rotational function symmetrized
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in the Td group, and the indices γv, γr, and γ are the symmetry
of vibrational, rotational, and vibrational–rotational functions,
respectively. The jvγvsv〉 and jJnJγrsr〉 in Eq. (7) are pure
vibrational and rotational wave functions symmetrized in the
Td group; the symbols � and ½γ� denote direct tensorial
product and dimension of the irreducible representation γ,
respectively; the values

γ γv γr
s sv sr

 !

are the so-called 3Γ-symbols of the Td symmetry group
(nonzero 3Γ-symbols are presented in Appendix C).

The pure rotational functions, jJnJγrsr〉, being the func-
tions symmetrized in the Td symmetry group, can be
constructed in accordance with the general equation
analogous to Eq. (6):

jJnJγrsr〉¼∑
k

ðJÞGk
nJγrsr

jJk〉: ð8Þ

Here the coefficients ðJÞGk
nJγrsr

can be determined in accor-
dance with formulas of Appendix B; the jJk〉 (� Jrkr J)
are the conventional rotational functions for which the
relations, Eq. (11) of Appendix A, are valid.

3.3. Effective Hamiltonian of a molecule in the presence of
resonance interactions

As is known from the general vibration-rotation theory
[56,57], the Hamiltonian of an arbitrary polyatomic mole-
cule can be reduced to a set of the so-called effective
Hamiltonians, or, in a more general case, to a set of
effective operator matrices of the form

Hvib:� rot: ¼∑
a;b
ja〉〈bjHa;b: ð9Þ

Here ja〉 and 〈bj are the basic vibrational functions; the
operators Ha;b depend on the rotational operators Jα only;
and summation in Eq. (9) is performed in all degenerate
and/or interacting vibrational states. When, as in our case,
a molecule possesses a symmetry, Eq. (9) can be rewritten
in the following form:

Hvib:� rot: ¼ ∑
vγ;v0γ0

∑
nΓ
½ðjvγ〉 � 〈v0γ0jÞnΓ � HnΓ

vγ;v0γ0 �A1

� ∑
vγ;v0γ0

∑
nΓ
∑
ΩK

½ðjvγ〉 � 〈v0γ0jÞnΓ � RΩðK;nΓÞ�A1YΩðK;nΓÞ
vγ;v0γ0 :

ð10Þ
Here jvγ〉 are the above discussed symmetrized vibrational
functions; the operators RΩðK;nΓÞ

s are determined in Section
3.1; and YΩðK;nΓÞ

vγ;v0γ0 are spectroscopic parameters. When v¼ v0

and γ ¼ γ0, the parameters YΩðK ;nΓÞ
vγ;vγ describe the rotational

structure of the vibrational state ðvγÞ. If γ ¼ γ0, but vav0,
the parameters YΩðK ;nΓÞ

vγ;v0γ describe the Fermi-type interac-
tions. If γaγ0 (v and v0 are arbitrary), the parameters
YΩðK ;nΓÞ
vγ;v0γ0 describe the Coriolis-type interactions.
The general formula, Eq. (10), is valid for an arbitrary

polyatomic molecule (the forms of the operators HnΓ
vγ;v0γ0 for

different asymmetric and symmetric top molecules are
presented, e.g., in [58–61] and [62-69], respectively). If we
use the information from Sections 3.1 and 3.2 and Appen-
dices A–C for the spherical top XY4 (Td) molecule, then it can

be readily shown that the parameters (operators) describing
the rotational structure of the ground vibrational state and
the parameters (operators) responsible for description of the
ro-vibrational structure of the dyad ð0100; EÞ=ð0001; F2Þ,
have the form presented in Table 1 (in Table 1 only
parameters (operators) with Ωr6 are presented).

Knowledge of the rotational operators in the effective
Hamiltonian, Eq. (10), and of the basic wave functions, Eqs.
(7) and (8), permitted us to create an efficient Fortran code
SPHETOM (SPHErical TOp Molecules) which allows both
assigning ro-vibrational transitions and fitting spectro-
scopic parameters YΩðK;nΓÞ

vγ;v0γ0 of the Hamiltonian, Eq. (10). In
the next section we will present results of the analysis of
the high resolution spectrum of 76GeH4/74GeH4 in the
spectral region of the dyad of strongly interacting bands
ν4 and ν2 which was made with the SPHETOM code.

Some words should be said concerning the code used in
the present study for the analysis of experimental data.
Presently, the mostly efficient software for ro-vibrational
analysis of high resolution spectra of spherical top mole-
cules is the XTDS program package, Ref. [70], equipped
with graphical user interface, Ref. [71]. Unfortunately, for
users it is a “black box”. Sometimes it is not too

Table 1

Parameters YΩðK;nΓÞ
vγ;v0γ0 of effective Hamiltonian of the XY4 (Td) molecule.

ðvγÞ ðv0γ0Þ ΩðK ;nΓÞ ðvγÞ ðv0γ0Þ ΩðK;nΓÞ

ð0000;A1Þ ð0000;A1Þ 2ð0;A1Þ ð0001; F2Þ ð0001; F2Þ 4ð4; EÞ
ð0000;A1Þ ð0000;A1Þ 4ð0;A1Þ ð0001; F2Þ ð0001; F2Þ 4ð4; F2Þ
ð0000;A1Þ ð0000;A1Þ 4ð4;A1Þ ð0001; F2Þ ð0001; F2Þ 5ð1; F1Þ
ð0000;A1Þ ð0000;A1Þ 6ð0;A1Þ ð0001; F2Þ ð0001; F2Þ 5ð3; F1Þ
ð0000;A1Þ ð0000;A1Þ 6ð4;A1Þ ð0001; F2Þ ð0001; F2Þ 5ð5; F1Þ
ð0000;A1Þ ð0000;A1Þ 6ð6;A1Þ ð0001; F2Þ ð0001; F2Þ 5ð5; F1Þ
ð0000;A1Þ ð0000;A1Þ 8ð0;A1Þ ð0001; F2Þ ð0001; F2Þ 6ð0;A1Þ
ð0000;A1Þ ð0000;A1Þ 8ð4;A1Þ ð0001; F2Þ ð0001; F2Þ 6ð2; EÞ
ð0000;A1Þ ð0000;A1Þ 8ð6;A1Þ ð0001; F2Þ ð0001; F2Þ 6ð2; F2Þ
ð0000;A1Þ ð0000;A1Þ 8ð8;A1Þ ð0001; F2Þ ð0001; F2Þ 6ð4;A1Þ
ð0100; EÞ ð0100; EÞ 0ð0;A1Þ ð0001; F2Þ ð0001; F2Þ 6ð4; EÞ
ð0100; EÞ ð0100; EÞ 2ð0;A1Þ ð0001; F2Þ ð0001; F2Þ 6ð4; F2Þ
ð0100; EÞ ð0100; EÞ 2ð2; EÞ ð0001; F2Þ ð0001; F2Þ 6ð6;A1Þ
ð0100; EÞ ð0100; EÞ 3ð3;A2Þ ð0001; F2Þ ð0001; F2Þ 6ð6; EÞ
ð0100; EÞ ð0100; EÞ 4ð0;A1Þ ð0001; F2Þ ð0001; F2Þ 6ð6; F2Þ
ð0100; EÞ ð0100; EÞ 4ð2; EÞ ð0001; F2Þ ð0001; F2Þ 6ð6; F2Þ
ð0100; EÞ ð0100; EÞ 4ð4;A1Þ ð0100; EÞ ð0001; F2Þ 1ð1; F1Þ
ð0100; EÞ ð0100; EÞ 4ð4; EÞ ð0100; EÞ ð0001; F2Þ 2ð2; F2Þ
ð0100; EÞ ð0100; EÞ 5ð3;A2Þ ð0100; EÞ ð0001; F2Þ 3ð1; F1Þ
ð0100; EÞ ð0100; EÞ 6ð0;A1Þ ð0100; EÞ ð0001; F2Þ 3ð3; F1Þ
ð0100; EÞ ð0100; EÞ 6ð2; EÞ ð0100; EÞ ð0001; F2Þ 3ð3; F2Þ
ð0100; EÞ ð0100; EÞ 6ð4;A1Þ ð0100; EÞ ð0001; F2Þ 4ð2; F2Þ
ð0100; EÞ ð0100; EÞ 6ð4; EÞ ð0100; EÞ ð0001; F2Þ 4ð4; F1Þ
ð0100; EÞ ð0100; EÞ 6ð6;A1Þ ð0100; EÞ ð0001; F2Þ 4ð4; F2Þ
ð0100; EÞ ð0100; EÞ 6ð6; EÞ ð0100; EÞ ð0001; F2Þ 5ð1; F1Þ
ð0001; F2Þ ð0001; F2Þ 0ð2;A1Þ ð0100; EÞ ð0001; F2Þ 5ð3; F1Þ
ð0001; F2Þ ð0001; F2Þ 1ð1; F1Þ ð0100; EÞ ð0001; F2Þ 5ð3; F2Þ
ð0001; F2Þ ð0001; F2Þ 2ð0;A1Þ ð0100; EÞ ð0001; F2Þ 5ð5; F1Þ
ð0001; F2Þ ð0001; F2Þ 2ð2; EÞ ð0100; EÞ ð0001; F2Þ 5ð5; F1Þ
ð0001; F2Þ ð0001; F2Þ 2ð2; F2Þ ð0100; EÞ ð0001; F2Þ 5ð5; F2Þ
ð0001; F2Þ ð0001; F2Þ 3ð1; F1Þ ð0100; EÞ ð0001; F2Þ 6ð2; F2Þ
ð0001; F2Þ ð0001; F2Þ 3ð3; F1Þ ð0100; EÞ ð0001; F2Þ 6ð4; F1Þ
ð0001; F2Þ ð0001; F2Þ 4ð0;A1Þ ð0100; EÞ ð0001; F2Þ 6ð4; F2Þ
ð0001; F2Þ ð0001; F2Þ 4ð2; EÞ ð0100; EÞ ð0001; F2Þ 6ð6; F1Þ
ð0001; F2Þ ð0001; F2Þ 4ð2; F2Þ ð0100; EÞ ð0001; F2Þ 6ð6; F2Þ
ð0001; F2Þ ð0001; F2Þ 4ð4;A1Þ ð0100; EÞ ð0001; F2Þ 6ð6; F2Þ
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convenient, especially when one would like to make some
or other changes in the codes. For example, it would be
reasonable to have a possibility to analyze spectra not only
“polyad by polyad” as it is provided in the XTDS program
package, but (as for any other type of molecules consid-
ered in high resolution spectroscopy) for separate state (or
sets of states) in higher wave length regions. In that case,
of course, it is good to have an opportunity for code
corrections. With the XTDS program package it is not
possible just because it is a “black box”. As a consequence,
the SPHETOM code was made which is free of such
limitation.

4. Analysis of experimental data in the dyad region

GeH4 is a spherical top molecule. As a consequence,
only transitions from the ground to the F2-symmetry
vibrational states are allowed in absorption by the sym-
metry of the molecule. The ν2 is the band of E-symmetry,
and its ro-vibrational transitions appear in absorption only
because of strong Coriolis interaction with the allowed
band, ν4. For that reason (as is seen in Fig. 1), the irregular
structure of the ν2 band contrasts with the regular struc-
ture of the ν4 band. In Fig. 2 one can see a small part of the
experimental high resolution spectrum in the region of the
R-branch of the ν4 band. The transitions assigned to the
76GeH4 isotopologue are marked by dark circles. One can
see also weaker lines belonging to the 74GeH4 isotopologue
which are located about 0.4 cm�1 from the corresponding
lines of the 76GeH4 isotopologue towards the blue part of
the spectrum. It should be mentioned that, as can be seen
from Fig. 2, the experimental spectrum contains numerous
very weak lines. To answer the question “what can it be?”,
we made a special set of measurements with different

sample pressures. As a result we saw that the intensities of
the above-mentioned very weak lines had increased pro-
portionally to the pressure. This undoubtedly indicates
that the lines belong to the sample used. We believe that
they cannot be lines of the other (M¼73, 72, 70) isotopo-
logues of MGeH4, because there are no characteristic line
clusters in the spectrum. So, one can expect that they are
lines corresponding to the “hot” dyad–pentad transitions
of 76GeH4 (the ratio of populations of the “dyad”
vibrational states to the population of the ground vibra-
tional state at room temperature changed from 0.019 for
the (0001) state to 0.011 for the (0100) one). However, the
correct answer to that question can be given only after the
corresponding analysis of the spectra in the pentad region.

Assignments of the transitions were made simulta-
neously with the fit of parameters of the ground vibra-
tional state and of the upper vibrational states, ð0100; EÞ
and ð0001; F2Þ. As a result, we were able to assign 1922
transitions with Jmax: ¼ 26 to the 76GeH4 isotopologue and
788 transitions with Jmax: ¼ 24 to the 74GeH4 isotopologue.
As an illustration, a small part of experimentally recorded
transitions is shown in column 1 of Table 2 together with
the values of absorbance (column 4) and assignment of
transitions (columns 2 and 3). Columns 6 and 7 show to
which band and isotopologue (76GeH4 or 74GeH4) the line
belongs. Values of Δ¼ νexp:�νcalc: are listed in column 5.
The recorded spectrum (“W” or “S”) to which the transi-
tion belongs is specified in column 8. A complete list of
assigned transitions is given in the Supplementary materi-
als to the present paper.

As was noted above, the fit of the parameters of the
effective Hamiltonian was made with the SPHETOM For-
tran code. The weighted least square fit procedure was
used. In this case, weights of isolated (unblended) not very
weak and unsaturated lines have been taken as 100.

avenumber, v (cm-1)

Fig. 2. Small portion of the high resolution spectrum of 76GeH4 and 74GeH4 in the region of the R-branch of the ν4 band (“black” spectrum). The transitions
assigned to the 76GeH4 and 74GeH4 isotopologues are marked by dark triangles and circles, respectively. Numerous very weak lines belong probably to the
“hot” dyad–pentad bands.
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Table 2
Small part of the observed transition wavenumbers of MGeH4 (M¼ 76;74) in the dyad region.

Wavenumber, cm�1 J n γ J0 n0 γ0 Absorb. Δ, in 10�4 cm�1 Band Species Spectrum

1 2 3 4 5 6 7 8

781.42018 11 3 A1 12 1 A2 18.4 0.5 ν4 74 W
781.64008 12 3 A2 13 1 A1 42.5 �0.3 ν4 76 W
781.89355 12 9 F2 13 2 F1 31.2 �0.3 ν4 76 W
781.96851 12 3 A2 13 1 A1 15.5 �0.0 ν4 74 W
781.99308 12 6 E 13 1 E 27.1 �0.4 ν4 76 W
782.22325 12 9 F2 13 2 F1 13.5 0.4 ν4 74 W
782.32310 12 6 E 13 1 E 8.5 �1.0 ν4 74 W
782.70904 11 8 F1 12 2 F2 38.9 0.0 ν4 76 W
782.81368 13 3 A1 14 1 A2 35.5 0.1 ν4 76 W
782.82592 13 10 F1 14 1 F2 30.4 �0.4 ν4 76 W
782.83204 13 7 E 14 1 E 16.9 0.3 ν4 76 W
782.96638 11 5 E 12 2 E 27.9 �0.5 ν4 76 W
783.03556 11 8 F1 12 2 F2 14.0 0.2 ν4 74 W
783.15113 13 3 A1 14 1 A2 14.9 �0.2 ν4 74 W
783.16344 13 10 F1 14 1 F2 10.3 �0.5 ν4 74 W
783.16947 13 7 E 14 1 E 4.0 �1.0 ν4 74 W
783.29417 11 5 E 12 2 E 12.2 0.5 ν4 74 W
783.32624 11 1 A1 11 1 A2 9.2 �1.4 ν4 74 S
783.34058 11 3 F1 11 2 F2 4.4 �1.7 ν4 74 S
783.58539 5 2 F2 6 1 F1 12.8 1.2 ν4 76 S
783.87914 5 2 F1 6 2 F2 26.5 1.1 ν4 76 S
784.14727 10 6 F2 11 3 F1 41.9 0.3 ν4 76 W
784.36405 10 4 E 11 2 E 31.3 �0.1 ν4 76 W
784.47003 10 6 F2 11 3 F1 15.4 �0.3 ν4 74 W
784.60230 11 7 F2 12 2 F1 37.6 �0.0 ν4 76 W
784.68802 10 4 E 11 2 E 14.5 �0.3 ν4 74 W
784.80961 10 6 F1 11 3 F2 38.5 �0.5 ν4 76 W
784.90444 11 9 F1 12 1 F2 30.8 0.1 ν4 76 W
784.93603 11 7 F2 12 2 F1 13.4 �0.4 ν4 74 W
785.07487 10 1 A2 10 1 A1 28.0 �0.3 ν4 76 S
785.13570 10 6 F1 11 3 F2 18.3 0.4 ν4 74 W
785.23962 11 9 F1 12 1 F2 15.3 �0.5 ν4 74 W
785.32925 12 9 F1 13 1 F2 34.3 0.0 ν4 76 W
785.34826 12 10 F2 13 1 F1 31.3 �0.4 ν4 76 W
785.67071 12 9 F1 13 1 F2 13.9 �0.8 ν4 74 W
785.68996 12 10 F2 13 1 F1 13.7 0.3 ν4 74 W
786.19938 10 7 F2 11 2 F1 42.7 �0.2 ν4 76 W
786.53327 10 7 F2 11 2 F1 18.5 0.0 ν4 74 W
787.35952 10 5 E 11 2 E 4.6 �1.0 ν4 76 S
787.43820 10 5 E 11 1 E 29.5 �0.1 ν4 76 W
787.55322 10 7 F1 11 3 F2 5.9 0.1 ν4 76 S
787.62504 10 7 F1 11 2 F2 44.5 �1.2 ν4 76 W
787.77675 10 5 E 11 1 E 13.6 �0.5 ν4 74 W
787.82842 11 6 E 12 1 E 29.1 �0.7 ν4 76 W
787.84305 11 8 F2 12 1 F1 33.6 �0.8 ν4 76 W
787.86207 9 5 F1 10 3 F2 38.0 �0.4 ν4 76 W
787.87129 11 3 A2 12 1 A1 34.3 �0.1 ν4 76 W
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787.90787 10 3 A1 11 1 A2 37.7 0.2 ν4 76 W
787.96466 10 7 F1 11 2 F2 16.7 �0.1 ν4 74 W
788.17408 11 6 E 12 1 E 11.7 1.2 ν4 74 W
788.18893 11 8 F2 12 1 F1 18.9 2.5 ν4 74 W
788.19388 9 4 E 10 2 E 49.3 �2.0 ν4 76 W
788.21710 11 3 A2 12 1 A1 24.0 1.2 ν4 74 W
788.24869 10 3 A1 11 1 A2 24.4 �0.0 ν4 74 W
788.38981 9 1 F2 9 3 F1 6.1 3.4 ν4 76 S
788.49855 9 6 F2 10 2 F1 37.9 �1.2 ν4 76 W
788.52742 9 4 E 10 2 E 15.0 0.9 ν4 74 W
788.83348 9 6 F2 10 2 F1 19.1 0.1 ν4 74 W
789.17373 9 2 E 9 1 E 17.4 0.0 ν4 76 S
789.21956 9 1 A2 9 1 A1 22.3 �1.0 ν4 76 S
789.49558 9 3 A2 10 1 A1 42.2 �0.4 ν4 76 W
789.83609 9 3 A2 10 1 A1 23.7 �0.4 ν4 74 W
790.01257 4 2 F2 5 2 F1 12.2 1.4 ν4 74 S
790.25518 9 7 F2 10 2 F1 13.4 2.7 ν4 76 S
790.31790 10 8 F1 11 1 F2 37.6 �0.1 ν4 76 W
790.36036 10 8 F2 11 1 F1 35.4 �0.2 ν4 76 W
790.61847 9 6 F1 10 2 F2 45.3 �0.4 ν4 76 W
790.63706 9 7 F2 10 1 F1 20.8 �0.3 ν4 74 W
790.66717 10 8 F1 11 1 F2 19.5 �0.6 ν4 74 W
790.70983 10 8 F2 11 1 F1 19.4 �0.8 ν4 74 W
790.96352 9 6 F1 10 2 F2 18.7 �1.0 ν4 74 W
791.32539 8 2 A1 9 1 A2 47.9 �0.8 ν4 76 W
791.56530 8 5 F1 9 2 F2 44.0 0.0 ν4 76 W
791.66486 8 2 A1 9 1 A2 30.2 0.2 ν4 74 W
791.86704 8 5 F2 9 3 F1 38.2 �0.3 ν4 76 W
791.90593 8 5 F1 9 2 F2 19.0 �0.0 ν4 74 W
792.20922 8 5 F2 9 3 F1 23.5 �0.2 ν4 74 W
792.30902 8 2 F1 8 1 F2 16.9 1.4 ν4 76 S
792.35480 8 2 F2 8 2 F1 15.6 �0.3 ν4 76 S
792.50146 8 2 A2 9 1 A1 45.4 0.1 ν4 76 W
792.76251 9 2 A1 10 1 A2 51.1 �0.1 ν4 76 W
792.82893 9 7 F1 10 1 F2 37.6 �0.3 ν4 76 W
792.84634 8 2 A2 9 1 A1 24.4 �0.1 ν4 74 W
792.85897 9 5 E 10 1 E 33.0 �0.5 ν4 76 W
793.11543 9 2 A1 10 1 A2 27.0 �0.1 ν4 74 W
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Saturated lines were not used at all. Weak lines were used
in the fit with the weight 1. 36 parameters were fitted
(6 parameters of the ground vibrational state and 30 para-
meters of the dyad): they are the 6, 7, and 13 parameters of
the ground, ð0100; EÞ, and ð0001; F2Þ vibrational states,
respectively, and 10 parameters which describe the Cor-
iolis interaction between the ð0100; EÞ and ð0001; F2Þ
states. Obtained parameters are presented in column 2 of
Tables 3–6 together with their 1s statistical confidence
intervals. A set of 36 parameters reproduces the initial
1922 experimental line positions of the 76GeH4 isotopolo-
gue with the root-mean square deviation drms ¼ 1:81�
10�4 cm�1 (drms ¼ 1:76� 10�4 cm�1 for the ν4 band, and
drms ¼ 1:86� 10�4 cm�1 for the ν2 band), which is com-
parable with experimental uncertainties (see the statistical
information in Table 7). Values of rotational energies of the

Table 3

Spectroscopic parameters YΩðK;nΓÞ
vγ;v0γ0 of the ground vibrational state of

germane (in cm�1)a,b.

ΩðK;nΓÞ 76GeH4
74GeH4

1 2 3

2ð0;A1Þ 2.695870305(528) 2.695864734(234)

4ð0;A1Þ104 �0.3341682(330) �0.3341682

4ð4;A1Þ104 �0.24753264(156) �0.24753264

6ð0;A1Þ108 0.114368(658) 0.114368

6ð4;A1Þ108 0.1187243(333) 0.1187243

6ð6;A1Þ108 0.0577831(104) 0.0577831

a The ðvγÞ ¼ ðv0γ0Þ ¼ ð0000;A1Þ in Table 3.
b Values in parentheses are 1s statistical confidence intervals. Para-

meters of 74GeH4 presented without confidence intervals were con-
strained to the values of corresponding parameters of the 76GeH4

isotopologue and were fixed in the fit.

Table 4

Spectroscopic parameters YΩðK;nΓÞ
vγ;v0γ0 of the ð0100; EÞ vibrational state of

germane (in cm�1)a,b.

ΩðK;nΓÞ 76GeH4
74GeH4

1 2 3

0ð0;A1Þ 929.9130275(120) 929.9093056(153)
2ð0;A1Þ 2.695870305 2.695870305

2ð2; EÞ102 3.051146(154) 3.0515281(155)

3ð3;A2Þ104 1.80944(463) 1.80944

4ð0;A1Þ104 �0.3382202(928) �0.3382202

4ð2; EÞ106 �2.02994(673) �2.02994

4ð4;A1Þ105 �2.4450064(858) �2.4450064

4ð4; EÞ106 �1.49638(965) �1.49638

6ð0;A1Þ108 0.114368 0.114368

6ð4;A1Þ108 0.1187243 0.1187243

6ð6;A1Þ108 0.0577831 0.0577831

a The ðvγÞ ¼ ðv0γ0Þ ¼ ð0100; EÞ in Table 4.
b Values in parentheses are 1s statistical confidence intervals. Para-

meters presented in column 2 without confidence intervals were con-
strained to their values from the ground vibrational state and were fixed
in the fit. Analogously, parameters of 74GeH4 presented in column 3
without confidence intervals were constrained to the values of corre-
sponding parameters of the 76GeH4 isotopologue and were fixed in the fit.

Table 5

Spectroscopic parameters YΩðK;nΓÞ
vγ;v0γ0 of the ð0001; F2Þ vibrational state of

germane (in cm�1)a,b.

ΩðK;nΓÞ 76GeH4
74GeH4

1 2 3

0ð0;A1Þ 820.3270025(104) 820.7118508(732)
1ð1; F1Þ 7.38069370(334) 7.37317292(255)
2ð0;A1Þ 2.696930760(819) 2.696932024(127)

2ð2; EÞ102 0.42000477(979) 0.42387205(143)

2ð2; F2Þ102 2.469295(136) 2.2469831(125)

3ð1; F1Þ104 �1.881200(667) �1.879439(789)

3ð3; F1Þ104 �2.21249(629) �2.21249

4ð0;A1Þ104 �0.3378212(812) �0.3378212

4ð2; F2Þ106 �1.8768(130) �1.8768

4ð4;A1Þ105 �2.6203003(742) �2.6203003

5ð1; F1Þ108 1.59831(356) 1.59831

5ð3; F1Þ108 1.80981(380) 1.80981

6ð0;A1Þ108 0.118644(873) 0.118644

6ð4;A1Þ108 0.1187243 0.1187243

6ð6;A1Þ108 0.0577831 0.0577831

a The ðvγÞ ¼ ðv0γ0Þ ¼ ð0001; F2Þ in Table 5.
b See footnote (b) to Table 4.

Table 6

Spectroscopic parameters YΩðK;nΓÞ
vγ;v0γ0 of the ð0100; EÞ=ð0001; F2Þ Coriolis

interaction (in cm�1)a,b.

ΩðK;nΓÞ 76GeH4
74GeH4

1 2 3

1ð1; F1Þ �5.19969250(157) �5.20319458(664)

2ð2; F2Þ102 �4.922900(411) �4.919207(275)

3ð1; F1Þ103 �0.3144712(575) �0.3144712

3ð3; F2Þ104 0.637838(440) 0.637838

4ð2; F2Þ106 �1.1317(156) �1.1317

4ð4; F1Þ106 �1.71376(279) �1.71376

4ð4; F2Þ106 �1.938780(675) �1.938780

5ð1; F1Þ108 �1.41723(673) �1.41723

5ð3; F1Þ108 1.45888(645) 1.45888

5ð3; F2Þ109 6.2773(710) 6.2773

a The ðvγÞ ¼ ð0100; EÞ and ðv0γ0Þ ¼ ð0001; F2Þ in Table 6.
b Values in parentheses are 1s statistical confidence intervals. Para-

meters of 74GeH4 presented without confidence intervals were con-
strained to the values of corresponding parameters of the 76GeH4

isotopologue and were fixed in the fit.

Table 7
Statistical information on the studied bands of germane.

Isotopomer Band Canter
(cm�1)

Jmax Ntr.
a Nen.

b npar.
c drms (10�4

cm�1)

76GeH4 ν2 929.91303 23 805 318 30 1.86
76GeH4 ν4 820.32700 26 1117 588 1.76
76GeH4 gr. 27 6
74GeH4 ν2 929.90931 21 245 163 10 2.52
74GeH4 ν4 820.71185 24 543 457 1.79
74GeH4 gr. 25 1

a The Ntr. is the number of transitions assigned to the band.
b The Nen. is the number of energy levels of the upper vibrational

state.
c The npar. is the number of fitted parameters. For 74GeH4, the unfitted

parameters were fixed to the values of corresponding parameters of 76GeH4.
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Table 8
Rotational energies of the ground vibrational state of 76GeH4 and 74GeH4 (in cm�1).

J0 n γ EðM¼ 76Þ EðM ¼ 74Þ J0 n0 γ0 EðM¼ 76Þ EðM¼ 74Þ

1 2 3 1 2 3
0 1 A1 0.000000 0.000000 10 2 F1 296.183713 296.183100
1 1 F1 5.391607 5.391596 10 1 F2 296.077588 296.076975
2 1 E 16.173938 16.173904 10 2 F2 296.137875 296.137262
2 1 F2 16.174073 16.174040 10 3 F2 296.196851 296.196238
3 1 A2 32.346446 32.346379 11 1 A2 355.257086 355.256350
3 1 F1 32.345227 32.345160 11 1 E 355.269254 355.268519
3 1 F2 32.345769 32.345702 11 2 E 355.347845 355.347110
4 1 A1 53.902153 53.902041 11 1 F1 355.176351 355.175615
4 1 E 53.903778 53.903667 11 2 F1 355.305575 355.304839
4 1 F1 53.903101 53.902990 11 3 F1 355.352789 355.352054
4 1 F2 53.905808 53.905697 11 1 F2 355.177533 355.176798
5 1 E 80.848905 80.848738 11 2 F2 355.264496 355.263761
5 1 F1 80.842344 80.842177 11 3 F2 355.336457 355.335721
5 2 F1 80.849784 80.849617 12 1 A1 419.603508 419.602639
5 1 F2 80.844173 80.844006 12 2 A1 419.858995 419.858126
6 1 A1 113.176205 113.175971 12 1 A2 419.830815 419.829946
6 1 A2 113.163238 113.163004 12 1 E 419.604925 419.604056
6 1 E 113.159985 113.159751 12 2 E 419.782153 419.781284
6 1 F1 113.174178 113.173944 12 1 F1 419.604443 419.603574
6 1 F2 113.160793 113.160559 12 2 F1 419.726051 419.725182
6 2 F2 113.171883 113.171649 12 3 F1 419.852775 419.851906
7 1 A2 150.865528 150.865216 12 1 F2 419.717041 419.716172
7 1 E 150.873651 150.873339 12 2 F2 419.789769 419.788900
7 1 F1 150.849564 150.849252 12 3 F2 419.844743 419.843874
7 2 F1 150.878019 150.877707 13 1 A1 489.508938 489.507924
7 1 F2 150.851377 150.851065 13 1 A2 489.628297 489.627283
7 2 F2 150.870811 150.870499 13 1 E 489.496642 489.495628
8 1 A1 193.903423 193.903022 13 2 E 489.689212 489.688198
8 1 E 193.906071 193.905669 13 1 F1 489.348159 489.347146
8 2 E 193.949880 193.949479 13 2 F1 489.500208 489.499194
8 1 F1 193.905092 193.904691 13 3 F1 489.586994 489.585980
8 2 F1 193.941425 193.941024 13 4 F1 489.698156 489.697142
8 1 F2 193.931803 193.931402 13 1 F2 489.348905 489.347892
8 2 F2 193.952423 193.952022 13 2 F2 489.603369 489.602355
9 1 A1 242.374560 242.374059 13 3 F2 489.680084 489.679070
9 1 A2 242.396070 242.395568 14 1 A1 564.694825 564.693655
9 1 E 242.358292 242.357791 14 1 A2 564.397258 564.396088
9 1 F1 242.316247 242.315745 14 1 E 564.396404 564.395234
9 2 F1 242.361508 242.361007 14 2 E 564.728314 564.727144
9 3 F1 242.386903 242.386401 14 3 E 564.862565 564.861395
9 1 F2 242.317962 242.317460 14 1 F1 564.592940 564.591770
9 2 F2 242.392047 242.391546 14 2 F1 564.715350 564.714180

10 1 A1 296.164978 296.164365 14 3 F1 564.850085 564.848915
10 1 A2 296.079110 296.078497 14 1 F2 564.396687 564.395517
10 1 E 296.076885 296.076272 14 2 F2 564.586515 564.585345
10 2 E 296.189922 296.189309 14 3 F2 564.773253 564.772083
10 1 F1 296.145125 296.144512 14 4 F2 564.869800 564.868630
15 1 A1 645.335814 645.334477 18 3 E 918.421795 918.419889
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Table 8 (continued )

J0 n γ EðM¼ 76Þ EðM ¼ 74Þ J0 n0 γ0 EðM¼ 76Þ EðM¼ 74Þ

15 1 A2 644.970977 644.969640 18 1 F1 917.778534 917.776629
15 2 A2 645.366892 645.365555 18 2 F1 918.091110 918.089205
15 1 E 644.979152 644.977815 18 3 F1 918.344669 918.342764
15 2 E 645.223164 645.221827 18 4 F1 918.665042 918.663137
15 1 F1 644.735295 644.733958 18 1 F2 917.348806 917.346900
15 2 F1 645.125763 645.124426 18 2 F2 917.775678 917.773772
15 3 F1 645.237194 645.235857 18 3 F2 918.275431 918.273526
15 4 F1 645.349299 645.347962 18 4 F2 918.443862 918.441957
15 1 F2 644.735719 644.734382 18 5 F2 918.655314 918.653409
15 2 F2 644.976266 644.974929 19 1 A1 1019.924199 1019.922082
15 3 F2 645.154056 645.152719 19 1 A2 1019.203562 1019.201445
15 4 F2 645.359004 645.357667 19 2 A2 1020.092454 1020.090337
16 1 A1 730.350393 730.348877 19 1 E 1019.206860 1019.204743
16 2 A1 731.029578 731.028063 19 2 E 1019.825133 1019.823016
16 1 A2 730.880936 730.879421 19 3 E 1020.335156 1020.333039
16 1 E 730.350861 730.349346 19 1 F1 1018.698866 1018.696749
16 2 E 730.840933 730.839418 19 2 F1 1019.577535 1019.575418
16 3 E 731.158099 731.156584 19 3 F1 1019.846580 1019.844463
16 1 F1 730.350704 730.349189 19 4 F1 1020.017708 1020.015591
16 2 F1 730.648739 730.647223 19 5 F1 1020.344419 1020.342302
16 3 F1 730.999496 730.997980 19 1 F2 1018.698982 1018.696865
16 4 F1 731.147827 731.146312 19 2 F2 1019.205746 1019.203629
16 1 F2 730.644082 730.642566 19 3 F2 1019.594399 1019.592282
16 2 F2 730.851156 730.849641 19 4 F2 1020.057197 1020.055080
16 3 F2 730.971611 730.970096 19 5 F2 1020.325474 1020.323357
16 4 F2 731.167861 731.166345 20 1 A1 1125.259813 1125.257473
17 1 A1 821.588940 821.587235 20 2 A1 1126.774992 1126.772653
17 1 A2 821.967857 821.966152 20 1 A2 1126.322145 1126.319806
17 1 E 821.583353 821.581648 20 1 E 1125.259936 1125.257596
17 2 E 822.040644 822.038939 20 2 E 1126.301046 1126.298706
17 3 E 822.264838 822.263134 20 3 E 1126.914542 1126.912202
17 1 F1 821.227019 821.225314 20 4 E 1127.277972 1127.275633
17 2 F1 821.585161 821.583456 20 1 F1 1125.259895 1125.257555
17 3 F1 821.831848 821.830143 20 2 F1 1125.854751 1125.852412
17 4 F1 822.091787 822.090083 20 3 F1 1126.652702 1126.650362
17 5 F1 822.273266 822.271561 20 4 F1 1126.875507 1126.873167
17 1 F2 821.227246 821.225541 20 5 F1 1127.268030 1127.265690
17 2 F2 821.851314 821.849609 20 1 F2 1125.853069 1125.850729
17 3 F2 822.015217 822.013513 20 2 F2 1126.307597 1126.305257
17 4 F2 822.253080 822.251375 20 3 F2 1126.610719 1126.608379
18 1 A1 918.074155 918.072249 20 4 F2 1126.969200 1126.966860
18 2 A1 918.673467 918.671561 20 5 F2 1127.286178 1127.283838
18 1 A2 917.348969 917.347064 21 1 A1 1237.704836 1237.702262
18 2 A2 918.643570 918.641665 21 2 A1 1239.460762 1239.458188
18 1 E 917.348724 917.346819 21 1 A2 1238.590763 1238.588189
18 2 E 918.101055 918.099150 21 2 A2 1239.486503 1239.483929
21 1 E 1237.702945 1237.700371 23 2 F2 1476.931645 1476.928570
21 2 E 1238.656468 1238.653894 23 3 F2 1477.662249 1477.659174
21 3 E 1239.071932 1239.069359 23 4 F2 1478.643528 1478.640453
21 1 F1 1237.013333 1237.010759 23 5 F2 1478.966013 1478.962938
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21 2 F1 1237.703572 1237.700998 23 6 F2 1479.571893 1479.568818
21 3 F1 1238.234221 1238.231648 24 1 A1 1603.234252 1603.230909
21 4 F1 1238.847660 1238.845086 24 2 A1 1606.147713 1606.144371
21 5 F1 1239.102409 1239.099835 24 3 A1 1607.469790 1607.466447
21 6 F1 1239.470210 1239.467636 24 1 A2 1605.112387 1605.109045
21 1 F2 1237.013391 1237.010817 24 2 A2 1607.449546 1607.446203
21 2 F2 1238.245103 1238.242530 24 1 E 1603.234280 1603.230938
21 3 F2 1238.631350 1238.628776 24 2 E 1605.104132 1605.100789
21 4 F2 1238.993626 1238.991052 24 3 E 1606.280425 1606.277082
21 5 F2 1239.478721 1239.476148 24 4 E 1606.825805 1606.822463
22 1 A1 1355.354332 1355.351513 24 1 F1 1603.234271 1603.230928
22 2 A1 1356.494341 1356.491522 24 2 F1 1604.270615 1604.267273
22 1 A2 1353.940270 1353.937451 24 3 F1 1605.771944 1605.768601
22 2 A2 1356.320179 1356.317360 24 4 F1 1606.230101 1606.226759
22 1 E 1353.940210 1353.937391 24 5 F1 1606.753619 1606.750277
22 2 E 1355.367466 1355.364647 24 6 F1 1607.463398 1607.460056
22 3 E 1356.114094 1356.111275 24 1 F2 1604.270118 1604.266776
22 4 E 1356.912872 1356.910053 24 2 F2 1605.106839 1605.103496
22 1 F1 1354.736448 1354.733629 24 3 F2 1605.741723 1605.738380
22 2 F1 1355.362945 1355.360126 24 4 F2 1606.476665 1606.473322
22 3 F1 1355.856395 1355.853576 24 5 F2 1606.862701 1606.859358
22 4 F1 1356.454866 1356.452047 24 6 F2 1607.456667 1607.453324
22 5 F1 1356.904790 1356.901971 25 1 A1 1736.731639 1736.728018
22 1 F2 1353.940230 1353.937411 25 2 A1 1739.706024 1739.702403
22 2 F2 1354.735518 1354.732699 25 1 A2 1738.415565 1738.411943
22 3 F2 1355.810365 1355.807546 25 2 A2 1739.871268 1739.867647
22 4 F2 1356.150734 1356.147915 25 1 E 1736.731101 1736.727480
22 5 F2 1356.407031 1356.404212 25 2 E 1738.454045 1738.450423
22 6 F2 1356.920714 1356.917895 25 3 E 1739.327023 1739.323402
23 1 A1 1478.255439 1478.252364 25 4 E 1740.540057 1740.536436
23 1 A2 1476.930964 1476.927889 25 1 F1 1735.559822 1735.556200
23 2 A2 1478.766065 1478.762989 25 2 F1 1736.731280 1736.727659
23 1 E 1476.931987 1476.928912 25 3 F1 1737.684814 1737.681193
23 2 E 1478.195633 1478.192558 25 4 F1 1738.952857 1738.949236
23 3 E 1479.014376 1479.011301 25 5 F1 1739.381448 1739.377827
23 4 E 1479.579647 1479.576572 25 6 F1 1739.779934 1739.776313
23 1 F1 1476.020680 1476.017605 25 7 F1 1740.546116 1740.542494
23 2 F1 1477.655170 1477.652095 25 1 F2 1735.559835 1735.556214
23 3 F1 1478.212954 1478.209879 25 2 F2 1737.688991 1737.685370
23 4 F1 1478.572429 1478.569354 25 3 F2 1738.440384 1738.436763
23 5 F1 1479.069197 1479.066122 25 4 F2 1739.057576 1739.053955
23 6 F1 1479.586622 1479.583547 25 5 F2 1739.830043 1739.826422
23 1 F2 1476.020708 1476.017632 25 6 F2 1740.533886 1740.530264
26 1 A1 1875.374429 1875.370518 27 2 A1 2022.230675 2022.226463
26 2 A1 1877.546368 1877.542457 27 1 A2 2016.932865 2016.928653
26 1 A2 1872.975628 1872.971717 27 2 A2 2020.325579 2020.321367
26 2 A2 1877.002574 1876.998663 27 3 A2 2022.245447 2022.241236
26 1 E 1872.975615 1872.971704 27 1 E 2016.933141 2016.928929
26 2 E 1875.379193 1875.375282 27 2 E 2019.138566 2019.134354
26 3 E 1876.862351 1876.858441 27 3 E 2020.562508 2020.558296
26 4 E 1877.964807 1877.960897 27 4 E 2021.297403 2021.293191
26 5 E 1878.804692 1878.800781 27 1 F1 2015.459312 2015.455100
26 1 F1 1874.293008 1874.289097 27 2 F1 2018.155880 2018.151668
26 2 F1 1875.377593 1875.373682 27 3 F1 2019.147155 2019.142944
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ground vibrational state for the 76GeH4 (column 2) and
74GeH4 (column 3) isotopologues calculated using the
parameters from Table 3 are listed in Table 8.

Some words should be said concerning the procedure of
the fit. In the process of assignments of transitions we were
able to obtain from the analysis of experimental data more
than 100 ground state combination differences (GSCD) for
the 76GeH4 species and more than 20 GSCD for the 74GeH4

one. Any of the GSCD was determined on the basis of
transitions from the different ground state rotational states
to the concrete upper ro-vibrational state of the (0001) or
(0100) vibrational states. Of course, unlike the asymmetric
or symmetric top molecules, usually only one line among
transition-partners in a concrete GSCD is a strong enough
“allowed transition”. The others are weak “forbidden tran-
sitions”. However, all of them are well pronounced in the
experimental spectra, and the corresponding ground state
combination differences can be determined without doubt.
The obtained number of GSCD was more than enough for
correct determination of six ground state rotational para-
meters. When speaking about parameters of the dyad (see
Table 1), as was mentioned in Ref. [72] (see also Ref. [73]),
there are 19 quasi-linear relationships among the 62 upper
state parameters. It means that in a general case, the
number of independent parameters is 43. In the present
study the number of fitted parameters of upper states was
30 for the 76GeH4 species and only 10 for the 74GeH4 species
(that is much less than 43).

The result of the analogous fit of transitions assigned to the
74GeH4 isotopologue is shown in column 3 of Tables 3–6. As
the value of the ðM76�M74Þ=M76 ratio is very small, one can
expect that the differences between absolute values of spec-
troscopic parameters of the same type of the 76GeH4 and
74GeH4 isotopologues will be nonzero only for the largest
parameters. For that reason, values of the majority of para-
meters of the 74GeH4 isotopologue were fixed in the fit to the
values of the corresponding parameters of 76GeH4 (they are
presented in Tables 3–6 without confidence intervals). The
final set of 11 fitted parameters (1 parameter of the ground
vibrational state and 10 parameters of the dyad) is presented
in column 3 of Tables 3–6 and reproduces the initial 788
transitions (Jmax: ¼ 24) of the 74GeH4 isotopologue with
drms ¼ 2:05� 10�4 cm�1 (drms ¼ 1:79� 10�4 cm�1 for the
ν4 band, and drms ¼ 2:52� 10�4 cm�1 for the ν2 band). It
should also be mentioned that the parameters of Tables 3–6
have the same sense as the parameters used in the XTDS
program package with only one exception: the YΩðK;A1Þ

vγ;vγ para-
meters in our case are real spectroscopic parameters of the
corresponding vibrational state, but the analogous parameters
in the XTDS program package are increments to the lower
polyad parameters (see, e.g., Ref. [44]).

To give the reader a possibility to judge the quality of
the results, Fig. 3 shows the fit residuals for line positions
as a function of quantum number J. Fig. 4 presents the
diagram of calculated reduced energy levels for the dyad of
76GeH4 as defined by the equation

Ered:Jnγ =hc¼ EJnγ=hc�Bgr:JðJþ1ÞþDgr:J
2ðJþ1Þ2�⋯ ð11Þ

Fig. 5 illustrates the comparison between the experimental
spectrum for the dyad (top part of Fig. 5) and the syntheticTa
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spectrum (bottom part of Fig. 5) constrained on the base of
the parameters derived in the present study. In all of
Figs. 3–5 one can see more than satisfactory correspon-
dence between experimental and theoretical results.

5. Conclusion

We recorded the high resolution FTIR spectrum of
76GeH4 with a small amount of 74GeH4 (88.1% of 76GeH4

and 11.5% of 74GeH4 in the sample) in the region of the
dyad, ν2=ν4. As the result of assignment of the experi-
mental transitions, 1922 lines with the value of Jmax: ¼ 26

and 788 lines with the value of Jmax: ¼ 24 were assigned to
the 76GeH4 and 74GeH4 isotopologues, respectively. Analy-
sis of the assigned transitions was made on the basis of a
specially constructed Fortran code, SPHETOM. The set of
36 spectroscopic parameters reproduces the 1922 line
positions of 76GeH4 with the drms: ¼ 1:81� 10�4 cm�1.
Analogously, the additional set of 11 fitted parameters
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Fig. 3. Observed–calculated line positions and fit statistics for the ν2=ν4 dyad of the 76GeH4 and 74GeH4 isotopologues.
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Fig. 5. Experimental (I) and simulated (II) spectra of the dyad of the
76GeH4 and 74GeH4 isotopologues. Experimental conditions for the
spectrum I: absorption path length is 20 cm; room temperature; number
of scans is 1000; sample pressure is 0.4 Torr. Simulated spectrum: line
positions were calculated with the parameters obtained from the fit and
presented in Tables 3–6.
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reproduces the 788 line positions of 74GeH4 with the
drms: ¼ 2:05� 10�4 cm�1.
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Appendix A. Rotational operators symmetrized in the SO
(3) symmetry group

In accordance with Eqs. (1)–(5), the symmetrized rota-
tional operators, RΩðKÞ

n (0rΩr3, and 0rKr3), can be
obtained in the following form:

R1ð1Þ
0 ¼ J0 J0 Jk〉¼ k Jk〉

����
R1ð1Þ
þ1 ¼ � Jþ ¼ � 1ffiffi

2
p Jx� iJy
� �

Jþ Jk〉
��

¼ 1ffiffi
2

p ðJðJþ1Þ�kðkþ1ÞÞ1=2 Jkþ1〉
��

R1ð1Þ
�1 ¼ J� ¼ 1ffiffi

2
p Jxþ iJy
� �

J� Jk〉
��

¼ 1ffiffi
2

p ðJðJþ1Þ�kðk�1ÞÞ1=2 Jk�1〉;
�� ð12Þ

R2ð2Þ
0 ¼

ffiffiffi
3
2

q
J20� 1ffiffi

6
p J2

R2ð2Þ
71 ¼ 8 1ffiffi

2
p ½J0; J7 �þ

R2ð2Þ
72 ¼ J27

R2ð0Þ
0 ¼ J2; ð13Þ

R3ð3Þ
0 ¼ � 3ffiffiffiffi

10
p J2J0þ

ffiffiffi
5
2

q
J30þ 1ffiffiffiffi

10
p J0

R3ð3Þ
71 ¼ 7 3

2
ffiffiffiffi
15

p J7 J28
ffiffiffiffi
15

p
4 J7 J20þ J20J7
� �

7 3
4
ffiffiffiffi
15

p J7

R3ð3Þ
72 ¼

ffiffi
3

p
2 J0J

2
7 þ J27 J0

� �
R3ð3Þ
73 ¼ 8 J37

R3ð1Þ
71 ¼ 8 J2J7

R3ð1Þ
0 ¼ J2J0; ð14Þ

where J2 ¼∑αJ
2
α .

Appendix B. Analytical representation of the ðKÞGm
nΓs

elements for the reduction Td’SOð3Þ

As was shown in Ref. [53], the elements of the G-matrix
for Td-symmetry molecule can be determined from the
following analytical expressions:

JGm
kFλz ¼

expðiϕJÞ
2
ffiffiffi
2

p ½1�ð�1ÞJδk0�
ð1þδk0Þ3=2

1�ð�1Þλþk=2
h i

δkm�ð�1ÞJδ�km

h i
;

ð15Þ

JGm
kFλy ¼

expðiϕJÞ
2
ffiffiffi
2

p ½1�ð�1ÞJδk0�
ð1þδk0Þ3=2

1�ð�1Þλþk=2
h i

ð� iÞm 1�ð�1Þm� 	
dJkm π=2


 �
;

ð16Þ

JGm
kFλx ¼ ð�1Þλþ1expðiϕJÞ

2
ffiffiffi
2

p ½1�ð�1ÞJδk0�
ð1þδk0Þ3=2

1�ð�1Þλþk=2
h i

1�ð�1Þm� 	
dJkm π=2


 �
;

ð17Þ

JGm
kAλ

¼ ∑
k

n ¼ L
αJAλ

kn

expðiχJÞ
2
ffiffiffi
6

p 1�ð�1Þλþn=2
h i

� f½1þð�1Þm�½1�ð�1Þλþm=2�dJ
nmðπ=2Þ�ð�1Þλδnm

�ð�1Þλþ Jδ�nmg; ð18Þ
and

JGm
kEλ ¼ ð�1Þλþ1 ∑

k

n ¼ L
αJEkn

expðiχJÞ
4ð1þ2δλ1Þ1=2

1þð�1Þn=2
h i

�f½1þð�1Þm�½1�ð�1Þλþm=2�dJnmðπ=2Þ�2δλ1½δnm
þð�1ÞJδ�nm�g: ð19Þ

In Eqs. (14)–(18) λ¼ 1 or 2, and the phases expðiϕJÞ and
expðiχJÞ are chosen so that expðiϕJÞ ¼ � iexpðiχJÞ ¼ 1 for
odd J and expðiϕJÞ ¼ iexpðiχJÞ ¼ i for even J (the phases are
chosen in such a way that to satisfy the relations
JG�m

kγs ¼ ð�1Þm ðJG�m
kγs Þn; the validity of lasts is necessary if

one wants to provide the elements of the Hamiltonian
matrix to be real, see, e.g., [43]). The quantities dJkmðπ=2Þ are
known from the angular momentum theory, [47]:

dJkm π=2

 �¼ ð�1Þkþm 1

2J

ð JþkÞ!ð J�kÞ!
ð JþmÞ!ð J�mÞ!

� �1=2

∑
r
ð�1Þr Jþm

r

� � J�m
τþk�m

 !
: ð20Þ

The index k in (14)–(18) takes the values 0, 2, 4,…, J (or
J�1) only. In Eqs. (17) and (18) n¼ L; Lþ4; Lþ8;…; k and
L¼0 for Γ ¼ A1 or E, L¼2 for Γ ¼ A2. The coefficients αJΓkn
can be obtained from simple recurrence relations:

ðαJΓkkÞ�1=2 ¼ 1þδk0ð�1ÞJþ½4ð�1ÞΓ�6δΓE�dJ
kkðπ=2Þ

� ∑
k�4

l ¼ L
∑

ir l;jr l
αJΓli α

JΓ
lj ½4ð�1ÞΓ�6δΓE�2dJkiðπ=2Þd

J
kjðπ=2Þ;

ð21Þ
and

αJΓkn ¼ �αJΓkk ∑
k�4

iZn
∑
jr i

αJΓij α
JΓ
in ½4ð�1ÞΓ�6δΓE�dJkjðπ=2Þ: ð22Þ

In Eqs. (20) and (21) the numbers k;n; i; j, and l are
multiples of 4 when Γ ¼ A1 or E, and are even but not
multiples of 4 when Γ ¼ A2.

Appendix C. Nonzero 3Γ-symbols of the Td symmetry
group

The nonzero 3Γ-symbols of the Td symmetry group,
which are reproduced here from Ref. [49], have the
following form:

A1 γ γ0

s s0

� �
¼ 1ffiffiffiffiffi½γ�p δγγ0δss0 where γ and s are arbitrary;

A2 E E

1 2

� �
¼ 1ffiffiffi

2
p ;

A2 F1 F2
α β

 !
¼ 1ffiffiffi

3
p δαβ; α; β¼ x; y; z;

E E E

1 1 1

� �
¼ � E E E

1 2 2

� �
¼ �1

2
;

E F1 F1
1 z z

� �
¼ E F2 F2

1 z z

� �
¼ � 1ffiffiffi

3
p ;
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E F1 F1
1 x x

� �
¼

E F1 F1
1 y y

 !
¼ E F2 F2

1 x x

� �

¼
E F2 F2
1 y y

 !
¼ 1
2
ffiffiffi
3

p ;

E F1 F1
2 x x

� �
¼ �

E F1 F1
2 y y

 !
¼ E F2 F2

2 x x

� �

¼ �
E F2 F2
2 y y

 !
¼ �1

2
;

E F1 F2
1 x x

� �
¼ �

E F1 F2
1 y y

 !
¼ �

ffiffiffi
3

p

2
E F1 F2
2 z z

� �

¼
ffiffiffi
3

p E F1 F2
2 x x

� �
¼

ffiffiffi
3

p E F1 F2
2 y y

 !
¼ �1

2
;

F1 F1 F1
x y z

 !
¼

F2 F2 F2
x y z

 !
¼

F1 F1 F2
x y z

 !
¼

F1 F1 F2
y z x

 !

¼
F1 F1 F2
z x y

 !
¼

F2 F2 F1
x y z

 !

¼
F2 F2 F1
z x y

 !
¼ � 1ffiffiffi

6
p :

In this case, the following relations are valid for the
nonzero 3Γ-symbols:

γ1 γ2 γ3
s1 s2 s3

 !
¼

γ3 γ1 γ2
s3 s1 s2

 !
¼

γ2 γ3 γ1
s2 s3 s1

 !

¼ ð�1Þγ1 þ γ2 þ γ3
γ2 γ1 γ3
s2 s1 s3

 !
;

where ð�1ÞA1 ¼ �ð�1ÞA2 ¼ ð�1ÞE ¼ �ð�1ÞF1 ¼ ð�1ÞF2 ¼ 1.

Appendix D. Supplementary data

Supplementary data associated with this article can be
found in the online version at http://dx.doi.org/10.1016/j.
jqsrt.2014.03.025.
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