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A B S T R A C T 

New line lists for four isotopologues of nickel monohydride, 58 NiH, 60 NiH, 62 NiH, and 

58 NiD are presented co v ering the 
wavenumber range < 10000 cm 

−1 ( λ > 1 μm), J up to 37.5 for transitions within and between the three lowest lying electronic 
states, X 

2 � , W 

2 � , and V 

2 � 

+ . The line lists are applicable for temperatures up to 5000 K. The line lists calculations are 
based on a recent empirical NiH spectroscopic model [Hav alyov a et al. J. Quant. Spectrosc. Radiat. Transf. , 272 , 107800, 
(2021)] which is adapted for the variational nuclear-motion code DUO . The model consists of potential energy curves, spin–orbit 
coupling curves, electronic angular momentum curves, spin-rotation coupling curves, � -doubling correction curve for 2 � states 
and Born–Oppenheimer breakdown (BOB) rotational correction curves. New ab initio dipole moment curves, scaled to match the 
experimental dipole moment of the ground state, are used to compute Einstein A coefficients. The BYOT line lists are included 

in the ExoMol data base at www.exomol.com . 

Key words: line: profiles – molecular data – exoplanets – stars: atmospheres – stars: low-mass. 
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 I N T RO D U C T I O N  

i has a cosmic abundance similar to that of chromium or calcium,
o the nickel hydride (NiH) molecule could reasonably be considered
 target species for astrophysical observations. Its spectrum in the
isible region happens to be overlapped by strong bands of TiO,
ossibly explaining why it has not joined CrH and FeH in the list
f well-known absorbers in stellar atmospheres, but strong rotation–
ibration and ro-vibronic systems are to be expected further to the
nfrared. This paper focuses on transitions occurring within the three
ow-lying ‘supermultiplet’ states of NiH, characterized by large
ermanent dipole moments close to their equilibrium internuclear
istances. Few of these transitions have been observed directly, but
any can be predicted from term energies extracted from potential

nergy curves and coupling functions derived from the analysis of
ptical data. 
We have adjusted the model proposed by Hav alyov a et al.

 2021 ) to suit the framework of program DUO (Yurchenko et al.
016 ), and have created an NiH line list as part of the ongoing
xoMol project (Tennyson & Yurchenko 2012 ; Tennyson et al.
024 ). This entailed computation of permanent and transition
ipole moments, as well as energy levels, and then compilation
f an optimized data base where e xperimentally deriv ed energies
eplace calculated quantities wherever possible. These line lists
 E-mail: j.tennyson@ucl.ac.uk 

d  

t  

e  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
hould aid observation and assignments of NiH in cool stars and
lsewhere. 

Brown and Evenson and their co-w ork ers (Beaton et al. 1988 ; Nelis
t al. 1991 ; Brown, Beaton & Evenson 1993 ) were amongst the first
o provide spectroscopic data on NiH with the specific purpose of
upporting the search for NiH in astrophysical media. They used laser
agnetic resonance to measure pure rotation in the far IR. Around

he same time, the Urban group explored transitions within the 2D
round state manifold, and between the X 

2 � and W 

2 � states of NiH
nd NiD (Lipus et al. 1989 , 1993 ; Bachem, Urban & Nelis 1991 ),
stablishing energy levels more accurately than the earlier emission
tudies from a hollow cathode lamp (Scullman, Lofgren & Kadavathu
982 ) or absorption (Kadavathu, Lofgren & Scullman 1987 ) in a
ing furnace had done. Steimle et al. ( 1990 ) measured � -doubling

plittings in microwave spectra of the ground state of 58 NiH and
0 NiH, noting the influence of mixing between states, since ‘normal’
 states were not then expected to show significant � -doubling. In

ater years, laser excitation and fluorescence in the optical domain
ecame increasingly important in the study of NiH, with work
otably from the Field group at MIT providing a great deal of insight
nto the electronic structure of NiH. Hill & Field ( 1990 ) observed
he W 

2 � and V 

2 � 

+ states through laser-induced fluorescence,
iving further details in Kadavathu et al. ( 1990 ). Their supermultiplet
odel (Gray, Li & Field 1990 ) was published shortly afterwards,

emonstrating that atomic parameters can account for much of
he molecular structure in these three low-lying states, including
f fecti ve Land ́e factors determined from Zeeman spectroscopy (Li &
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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1 DUO is a Fortran 2003 program freely available from https://github.com/ 
ExoMol . 
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ield 1989 ; McCarthy et al. 1997 ). An intracavity laser absorption
pectroscop y approach w as used by O’Brien & O’Brien ( 2005 ) and
haji et al. ( 2008 , 2009 ) to study B 

2 � – X 

2 � transitions for the
our dominant nickel isotopes. All these studies f acilitated w ork 
rom the Lyon group, who recorded isotopically selective dispersed 
uorescence spectra on a Fourier transform instrument, both for NiH 

Vallon et al. 2009 ; Ross et al. 2012 ) and NiD (Abbasi et al. 2018 ;
oss et al. 2019 ), using a sputtering source operating around 450 K.
Theoretical studies of NiH started with Guse, Blint & Kunz ( 1977 )

ho made an early attempt to describe the potential energy curves 
PECs) of NiH. Ho we ver, this study was not successful in describing
he complex electronic structure of the molecule, as they did not 
how that PECs corresponding to the three lowest electronic states 
 

2 � , W 

2 � , V 

2 � 

+ have similar shapes and lie close to each other.
ater, Bagus & Bjorkman ( 1981 ) identified this behaviour which 
as confirmed by Blomberg, Siegbahn & Roos ( 1982 ). Further 
evelopment of theoretical methods for calculations of NiH PECs 
nd energy levels were carried out by Walch & Bauschlicher ( 1983 )
nd Ruette, Blyholder & Head ( 1984 ). A more precise description
f relativistic effects in the molecule was obtained by Marian, 
lomberg & Siegbahn ( 1989 ). Due to the similarity of PECs of the

hree lowest electronic states, a supermultiplet approach, which does 
he fitting of energy levels for all electronic states simultaneously, was 
roposed in Gray et al. ( 1991 ). Further theoretical w ork w as carried
ut by Pouamerigo et al. ( 1994 ) with a focus on chemical bonds
f NiH, by Diaconu et al. ( 2004 ) with a focus on the application
f hybrid density functional theory and by Goel & Masunov ( 2008 )
ho compared different techniques on 3d transition metal hydrides. 
ou & Liu ( 2007 ) presented probably one of the most detailed ab

nitio studies on NiH PECs, as they considered several higher lying 
lectronic states as well. 

Studies on the NiH dipole moments are less e xtensiv e. The first
xperimental study of electric dipole moment properties of NiH 

as carried out by Gray, Rice & Field ( 1985 ) who measured the
round state dipole moment, 2 . 4 ± 0 . 1 Debye. Later, Chen & Steimle
 2008 ) confirmed and refined the previous result to 2 . 44 ± 0 . 02
ebye. Different theoretical methods were used to calculate dipole 
oments by Walch, Bauschlicher & Langhoff ( 1985 ), who computed 

alues in the range 1 . 74 − 3 . 98 Debye using different techniques,
nd Bauschlicher, Langhoff & Komornicki ( 1990 ), who computed 
alues in the range 1 . 544 − 3 . 310 Debye using different techniques.
hus the agreement between experiments and theoretical techniques 

emains uncertain. 
Hav alyov a et al. ( 2021 ) presented a spectroscopic model for low-

ying electronic states of NiH. This model accurately predicts the 
nergy term values for the three lowest lying electronic states of
8 NiH, 60 NiH, and 62 NiH isotopologues. Hav alyov a et al. ( 2021 )
tted cubic spline point-wise (PECs and rele v ant couplings) curves to
 xperimentally deriv ed energies of NiH from a series of spectroscopic 
tudies by Steimle et al. ( 1990 ), Lipus, Bachem & Urban ( 1992 ),
allon et al. ( 2009 ), Ross et al. ( 2012 ), and Abbasi et al. ( 2018 ).
o we ver, Hav alyov a et al. ( 2021 ) made no mention of transition

ntensities. Abbasi et al. ( 2018 ) presents the most detailed combined
xperimental–theoretical study of the 58 NiD isotopologue up to date, 
iving the model in terms of Dunham-type parameters, again with 
o information on the intensities. Since that paper was published, 
ore low- � energy levels of NiD have been reported by Ross et al.

 2019 ), moti v ating further analysis. 
In this work, we provide comprehensive infrared ( λ > 1 μm)

ine lists for four isotopologues of nickel hydride ( 58 NiH, 60 NiH, 
2 NiH, and 58 NiD) in their three lowest electronic states ( X 

2 � ,
 

2 � , V 

2 � 

+ ), containing transition frequencies and Einstein A
oefficients, as well as data on individual energy levels, including 
heir lifetimes. To this end, we combine the spectroscopic model 
rom Hav alyov a et al. ( 2021 ) with a ne w set of ab initio dipole
oment curves (DMCs). The line lists were computed using the 

UO softw are (Yurchenk o et al. 2016 ). 1 The potential energy and
oupling curves of Hav alyov a et al. ( 2021 ) are refitted to make them
ompatible with DUO , while the ab initio DMCs are scaled to the
xperiment (Chen & Steimle 2008 ). We believe that these line lists
re robust enough to be used in astrophysical observations of spectra
nd the detection of NiH in astrophysical media. 

 SPECTROSCOPIC  M O D E L  

.1 Energy calculations 

e used the DUO (Yurchenko et al. 2016 ) program to solve the
oupled system of Schr ̈odinger equations. The grid of 301 points
ith the bond length range 0 . 75 − 4 Å and a basis set of v max = 40
ere used in conjunction with the Sinc DVR method. The details of

he DUO methodology can be found in Yurchenko et al. ( 2016 ). 
As a starting point in our calculations we used the empirical

pectroscopic model of NiH recently produced by Hav alyov a et al.
 2021 ). Their model consists of three PECs, all rele v ant spin–orbit
urves (SOCs), electronic angular momentum curves (EAMCs, also 
nown as L -uncoupling curves), spin-rotation curves (SRCs) as well 
s Born–Oppenheimer breakdown (BOB) curves. The curves are 
iven in a point-wise grid representation in conjunction with cubic 
pline interpolation. Due to functional representations of the off- 
iagonal couplings between DUO and the computational method 
sed by Hav alyov a et al. ( 2021 ), we could not port their model
irectly into DUO one-to-one. For example, DUO uses a different 
epresentation for the BOB and � -doubling effects. Hence, we 
ould not reproduce their results with DUO with sufficiently good 
ccuracy and decided to further transform their model by refitting 
o the same set of the experimental data, covering experimentally 
erived energies of 58 NiH, 60 NiH, and 62 NiH in their three lowest
lectronic states X 

2 � , W 

2 � , V 

2 � 

+ as reported in Hav alyov a et al.
 2021 ). We also include the 58 NiD isotopologue into this work and
uild and a similar empirical model for which experimental energy 
erm values from Abbasi et al. ( 2018 ) and Ross et al. ( 2019 ) were
sed. 
As far as the intensity calculations are concerned, we have 

omputed electric (transition) dipole moment curves of NiH between 
he electronic states X 

2 � , W 

2 � , V 

2 � 

+ ab initio as discussed below.

.2 Analytical description of the spectroscopic model of NiH 

n order to make the spectroscopic model by Hav alyov a et al. ( 2021 )
ompatible with DUO , we had to convert their curves from their point-
ise grid representation to an analytic representation used in DUO . In

he following, we introduce the analytic representation of the curves 
sed in the refinement of the spectroscopic model by Abbasi et al.
 2018 ) and discuss the effect of this modifications. 

An Extended Morse Oscillator (EMO) function (Lee et al. 1999 )
as used to represent PECs for all electronic states: 

 ( r) = V e + ( A e − V e ) 

[ 

1 − exp 

( 

−
N ∑ 

k= 0 

B k ξ
k 
p ( r − r e ) 

) ] 

, (1) 
MNRAS 536, 2572–2580 (2025) 
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Figure 1. Comparison of our refined PECs of NiH to those from Hav alyov a et al. ( 2021 ). Darker shades of colours correspond to the curves from Hav alyov a 
et al. ( 2021 ). Lighter shades of colours correspond to our refined curves. The horizontal dashed line shows where the first of higher lying electronic states with 
allowed transitions start according to Zou & Liu ( 2007 ). The right display zooms in on the spectroscopically important region. 

Figure 2. SOC obtained in this work (solid lines and lighter shades of 
colours) and by Hav alyov a et al. ( 2021 ) (dashed lines and darker shades 
of colours). Captions on the figure show the electronic states involved and 
corresponding values of �, the projection of the spin of electrons on the 
molecular axis. 
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here r e is an equilibrium distance, A e is a dissociation asymptote,
 e − V e is a dissociation energy, ξp is the Šurkus variable given by 

p = 

r p − r p e 

r p + r 
p 
e 

, (2) 

here p the exponent is chosen as part of the fit. 
Fig. 1 shows the original PECs by Havalyova et al. ( 2021 ) and

ompares them to our refined PECs. The horizontal dashed line at
6 500 cm 

−1 indicates the region of the strong spectroscopic presence
f NiH in the visible region due to the next family of the doublet
lectronic states of NiH, see the ab initio study by Zou & Liu
 2007 ). The differences caused by the fits are small, especially
n the spectroscopically rele v ant region below 10 000 cm 

−1 . This
s reassuring as essentially we attempt to reconstruct the same
pectroscopic model and the differences should be mainly due to
ifferent responses of our models to the ambiguities from the limited
mount of the underlying experimental information. Fig. 2 provides
 similar comparison between the SOCs, obtained in this work and
NRAS 536, 2572–2580 (2025) 
rom Hav alyov a et al. ( 2021 ). These differences, as well as analogous
ifferences between other couplings from these two studies, are a
anifestation of the strong correlation between different components

efining our models and thus are a reflection of the complexity of
he system. 

The following function was initially used to describe all the
oupling and correction curves: 

 ( r) = 

N ∑ 

k= 0 

B k z 
k (1 − ξp ) + ξp B ∞ 

, (3) 

here z is a coordinate damped at large r as given by 

 = ( r − r ref ) exp 
(−β2 ( r − r ref ) 

2 − β4 ( r − r ref ) 
4 
)
, (4) 

ee Prajapat et al. ( 2017 ) and Yurchenko et al. ( 2018a ) for more
etails. Here r ref is a reference position which equals r e by default,
2 and β4 are damping parameters, B ∞ 

is a long-range asymptote,
sually fixed to 0 or 1. The functional formed used do not provide
n y control o v er short values of r and are theretofore prone to
ivergence as a result of the refinement due to the lack of constraints
rom experimental data at high very energies specific for the short
istances. 
We therefore modified equation ( 4 ) by incorporating a short-

istance damping function based on a form proposed by Douketis
t al. ( 1982 ) as given by 

 ( r) = D 

DS ( r) 
N ∑ 

k= 0 

B k z 
k (1 − ξp ) + ξp B ∞ 

, (5) 

hich differs from the equation ( 3 ) by an additional damping term 

 

DS ( r) = 

[
1 − exp 

(−br − cr 2 
)]

. (6) 

ere, b , c , and s are short-range damping parameters, see Douketis
t al. ( 1982 ), Le Roy et al. ( 2011 ), and Le Roy ( 2017 ) for more details.
his damped formula was used for one SOC, 〈 W 

2 � | SO | X 

2 � 〉 , all
pin-rotation couplings, and all BOB-rotation corrections. Other cou-
lings and dipole moment curves were modelled using equation ( 3 ).
ig. 3 shows the final curves for the 58 NiH isotopologue. We used the
ame curves for 60 NiH and 62 NiH with the exception of the BOB-
otation correction, which was refitted due to the changed mass.
 similar approach was used for the 58 NiD isotopologue, but the
uality of the fit decreased by two orders of magnitude, mainly due
o more limited experimental coverage. Thus, for 58 NiD we also had
o refit diagonal spin–orbit coupling curves ( 〈 X 

2 � | SO | X 

2 � 〉 and
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Figure 3. Empirical coupling and correction curves for 58 NiH and diabatic coupling curves for 58 NiD. 
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Figure 4. Diagonal dipole moments curves of NiH along the z-axis. 
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 W 

2 � | SO | W 

2 � 〉 ) and add diabatic diagonal couplings for X 

2 � and
 

2 � states as a correction to their PECs (it turned out to be more
f ficient than v arying PECs themselves). The latter were modelled 
sing equation ( 3 ). The bottom-right display of Fig. 3 shows these
iabatic coupling curves of 58 NiD. 
The root mean square (rms) deviation of energy terms values 

omputed using our model from the experimental values were: 
.036 cm 

−1 for 58 NiH, 0.029 cm 

−1 for 60 NiH, 0.017 cm 

−1 for 62 NiH,
nd 0.061 cm 

−1 for 58 NiD. 60 NiH and 62 NiH had fewer experimental 
erm values ( J max = 12 . 5 and 9.5, respectively) than 58 NiH ( J max =
6 . 5). For 58 NiD, J max = 17 . 5. It is important to note that the model
resented by Hav alyov a et al. ( 2021 ) is more accurate than our
ork, as they got rms deviations in the range of 0.011–0.015 cm 

−1 ,
hich can be attributed to a more efficient fitting procedure used by
av alyov a et al. ( 2021 ). 

.3 Dipole moments 

e used the MCSCF/aug-cc-pVTZ-DK level of theory to compute 
transition) dipole moment curves between the three lowest electronic 
tates of NiH using the MOLPRO software (Werner et al. 2012 ). The
iagonal ones are shown in Fig. 4 . The non-diagonal (transition)
ipoles were two orders of magnitude smaller than the diagonal ones
 < 0 . 09 Debye). 
MNRAS 536, 2572–2580 (2025) 
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Table 1. Statistics on the line lists computed. 

Isotopologue No. of states No. of transitions 

58 NiH 11 982 644 490 
60 NiH 11 986 644 508 
62 NiH 11 995 645 386 
58 NiD 23 120 1708 460 
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Table 3. Extract from the transitions file of the line list for 58 NiH. 

f i A f i (s −1 ) ˜ νf i 

86 2 2 .5994E + 00 3507 .834917 
4557 4339 1 .1809E −01 3507 .843566 

10521 10309 1 .8971E + 00 3507 .862606 
543 728 3 .3705E + 00 3507 .902567 

4936 4722 6 .2377E −01 3507 .927960 
6952 6735 1 .1753E −01 3507 .942976 
5538 5722 1 .1704E + 00 3507 .943267 

Note. f : upper state counting number; i: lower state counting number; A f i : 
Einstein- A coefficient in s −1 ; ̃  νf i : transition wavenumber in cm 
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The study by Chen & Steimle ( 2008 ) measured the permanent
ipole moment for the ground X 

2 � state using the optical Stark
ffect, for which they obtained 2.44 Debye. This value can be
ompared to the value of the permanent moment of X 

2 � state of
.13 D at r = r e and to the vibrationally averaged value ( v = 0)
f 3.16 D computed with DUO . Increasing the ab initio level of
heory to significantly more e xpensiv e MRCI/aug-cc-pVTZ-DK only
educed it to 3.10 D, i.e had a negligible effect. We therefore
ecided to empirically adjust the DMC of X 

2 � by scaling our
CSCF curve by the factor of the ratio of the experiment over

heory (2 . 44 / 3 . 16 = 0 . 77). Unfortunately, there is no experimental
nformation on other two diagonal dipole moments, W 

2 � and
 

2 � 

+ . Considering that all three ab initio curves appear to closely
ollow each other, see Fig. 4 , we decided to apply the same scaling
f 0.77 also to these two curves. The non-diagonal (transitional)
ipoles were not scaled, as their shapes do not follow the diagonal
urves. Dipole moment curves were not changed between different
sotopologues. 

The three diagonal DMCs were then modelled using the analytic
escription of equation ( 3 ). This was important to reduce numerical
oise typical for high vibrational o v ertones leading to the so-called
o v ertone plateaus’ (Medv edev et al. 2016 ). As part of this treatment,
e also applied a threshold to vibrational transitional moments of
0 −8 Debye. 
Spectroscopic models for all isotopologues can be found in the

upplementary data in the form of input files for DUO . 

 L INE  LIST  

ine lists for four isotopologues of NiH, 58 NiH, 60 NiH, 62 NiH,
nd 58 NiD were generated using the empirical spectroscopic model
onstructed and the scaled ab initio MCSCF DMCs for X 

2 � , W 

2 � ,
nd V 

2 � 

+ states. The BYOT line lists co v er the wav enumber range
p to 10 000 cm 

−1 with rotational excitations up to J = 56 . 5 (NiH)
nd J = 78 . 5 (NiD). We used a lower state cutoff of 20 000 cm 

−1 

iming for completeness at high temperatures even for higher
NRAS 536, 2572–2580 (2025) 

able 2. Extract from the states file of the line list for 58 NiH. 

 

˜ E (cm 

−1 ) g i J unc. (cm 

−1 ) τ (s −1 ) Par

294 5689 .048000 20 4 .5 0 .010000 1 .7350E-02 + 

295 6231 .011000 20 4 .5 0 .010000 1 .3244E-02 + 

296 6850 .718132 20 4 .5 0 .943406 1 .4816E-02 + 

297 7199 .196748 20 4 .5 0 .597656 1 .2959E-02 + 

298 7364 .337000 20 4 .5 0 .010000 1 .0825E-02 + 

299 7370 .346207 20 4 .5 0 .846990 1 .1695E-02 + 

300 7870 .980410 20 4 .5 0 .880736 1 .0294E-02 + 

301 8571 .359023 20 4 .5 1 .248474 1 .1323E-02 + 

ote. i: state counting number, ˜ E : state energy term values in cm 

−1 , experimental o
ngular momentum, unc: uncertainty, cm 

−1 , τ : lifetime (s −1 ), + / −: total parity, 
umber, � : projection of the electronic angular momentum, �: projection of the 
abel: ‘Ma’ is for ‘MARVELised’ and ‘Ca’ is for Calculated, ˜ E : State energy term
requencies. Table 1 shows the number of states and transitions
omputed for each isotopologue. 

The line lists are provided in the standard ExoMol format
Tennyson, Hill & Yurchenko 2013 ; Tennyson et al. 2020 ) with States
nd Trans files. Tables 2 and 3 show examples of extracts from these
les for 58 NiH. The States file contains the following information for
ach energy term: counting numbers as state IDs, energies (cm 

−1 ,
ither experimental or calculated) and their uncertainties (cm 

−1 ),
ifetimes (s), and standard set of quantum numbers generated by
UO . The Trans file contains state counting numbers (IDs) for
pper and lower states, Einstein A coefficients (s −1 ), and transition
avenumbers (cm 

−1 ). 
The partition functions for all four isotopologues of NiH were

enerated using EXOCROSS (Yurchenk o, Al-Ref aie & Tennyson
018b ) by summing o v er the energy levels up to J = 60 . 5 (separate
tates files were compiled for this). The 58 NiH values were compared

o estimates given by Sauval & Tatum ( 1984 ) as shown in Fig. 5
or temperature up to 10 000 K. For this comparison, a factor of 2
as applied to the values of Sauval & Tatum ( 1984 ) to account for

he nuclear spin de generac y of 58 NiH. This is because ExoMol’s
onvention is to include the nuclear spin degeneracy into ExoMol
artition functions (Pavlenk o, Yurchenk o & Tennyson 2020 ). There
s a large discrepancy between us and Sauval & Tatum ( 1984 ), with
ur values being significantly larger indicating possible undercount
f states in Sauval & Tatum ( 1984 ), despite Sauval & Tatum ( 1984 )’s
laim that their partition function’s estimate should be valid for
emperatures in the range of 1000–9000 K. According to Sauval &
atum ( 1984 ), their partition functions are based on the spectroscopic
arameters from Huber & Herzberg ( 1979 ), which does not appear
o co v er the W 

2 � and V 

2 � 

+ electronic states. As a test of the
ssumption that the difference is due to the lack of the W 

2 � and
 

2 � 

+ energies, in Fig. 5 we show a partition function of 58 NiH
ity State v � � � Ma/Ca ˜ E (cm 

−1 ) 

e V2Sigma + 2 0 0 .5 0 .5 Ma 5689 .032591 
e W2Pi 2 1 0 .5 1 .5 Ma 6230 .995724 
e X2Delta 3 2 −0 .5 1 .5 Ca 6850 .718132 
e W2Pi 2 1 −0 .5 0 .5 Ca 7199 .196748 
e X2Delta 4 2 0 .5 2 .5 Ma 7364 .302361 
e V2Sigma + 3 0 0 .5 0 .5 Ca 7370 .346207 
e W2Pi 3 1 0 .5 1 .5 Ca 7870 .980410 
e X2Delta 4 2 −0 .5 1 .5 Ca 8571 .359023 

r calculated ( DUO ), g i : total statistical weight, equal to g ns (2 J + 1) , J : total 
e/f: rotation-less parity, State: electronic state, v: state vibrational quantum 

electronic spin, �: projection of the total angular momentum, � = � + �, 
 values in cm 

−1 as calculated using DUO . 
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Figure 5. Our partition function of 58 NiH (upper curve) compared to that of 
Sauval & Tatum ( 1984 ) (middle curve). The lower curve is also our partition 
function but without the W 

2 � and V 

2 � 

+ energy contributions (see the text 
for details). 

Figure 6. Comparison of our partition function of 58 NiD (upper curve) and 
58 NiH (lo wer curve) di vided by their respecti ve nuclear spin multiplicity 
factors. 
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Table 4. Parameters for uncertainties estimation using equation ( 7 ). 

Isotopologue and state a b c 

NiH, X 

2 � 0 .305 0 .00033 0 .020 
NiH, W 

2 � 0 .283 0 .00034 0 .023 
NiH, V 

2 � 

+ 0 .275 0 .00040 0 .013 
NiD, X 

2 � 0 .389 0 .00048 0 .020 
NiD, W 

2 � 0 .449 0 .00055 0 .020 
NiD, V 

2 � 

+ 0 .412 0 .00046 0 .023 

Figure 7. Uncertainties as a function of J (for fixed v = 5) and as a function 
of v (for fixed J = 10 . 5) for the X 

2 � state of NiH. 

R  

u
i  

T
t  

a
(

u

w  

c
u
e  

o  

p  

a  

w  

J  

i
U
d  

v
e  

o

4

F  

e  

n  

H  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/3/2572/7920756 by C
atherine Sharp user on 04 February 2025
roduced using the X 

2 � state only (i.e. excluding W 

2 � and V 

2 � 

+ ).
his time the agreement with Sauval & Tatum ( 1984 ) is very close
p to about 6000 K, which supports our assumption. We conclude 
hat (i) the partition function of NiH by Sauval & Tatum ( 1984 )
s severally incomplete even at moderate temperatures and should 
ot be used and (ii) our partition function should be complete at
east up to 6000 K if we believe completeness of X 

2 � of Sauval &
 atum ( 1984 ). W e note that the more recent NiH partition function
f Barklem & Collet ( 2016 ) gives results similar to ours. 
The completeness of our line list is also affected by the energy

hreshold used (20 000 cm 

−1 for the lower state), and even more so
y the absence of the upper electronic states in our model. The next
oublet electronic state of NiH lies at about 16 600 cm 

−1 (Zou & Liu
007 ), which o v erlaps with the energy co v erage in our line list. 
Fig. 6 shows the comparison of partition functions for 58 NiH and 

8 NiD computed with DUO and EXOCROSS . These partition functions 
ere divided by the respective nuclear spin multiplicity factors (2 

or 58 NiH and 3 for 58 NiD), so that the only difference between
hese partition functions is due to different number of states. 58 NiD 

ontains more states within a giv en wav enumber range compared to
8 NiH, see Table 1 , which thus leads to a larger value of the partition
unction. 

We replaced calculated energy levels of 58 NiH, 60 NiH, and 62 NiH 

ith the empirical ones of Hav alyov a et al. ( 2021 ) and the energy
alues of 58 NiD with the empirical values of Abbasi et al. ( 2018 ),
oss et al. ( 2019 ), see the Ma/Ca column in Table 2 . Experimental
ncertainties for these ‘MARVELised’ energy term values were used 
n the uncertainty column of the States file (see column 5 in the
able 2 ). For calculated energy term values, we assumed uncertainties 

o be linearly proportional to vibrational quantum numbers ( ∝ v)
nd quadratically proportional rotationa to the l quantum numbers 
 ∝ J ( J + 1)). Thus, the following equation was constructed: 

nc = av + bJ ( J + 1) + c, (7) 

here a and b are some constants of proportionality and c is some
onstant offset (can be physically interpreted as a minimal possible 
ncertainty). These coefficients were separately identified for each 
lectronic state. To do this, we looked at the distribution of Obs −Calc
f energy term values against J and v separately. We chose the data
oints with the biggest Obs −Calc values and tried to adjust a, b,
nd c in a such way that uncertainties calculated using equation ( 7 )
ere equal to or greater than the worst Obs −Calc for corresponding
 or v. Same uncertainties were used for 58 NiH, 60 NiH, and 62 NiH
sotopologues, as they used nearly identical spectroscopic models. 
ncertainties were calculated independently for 58 NiD isotopologue 
ue to larger rms errors for 58 NiD. Table 4 gives a summary of the
alues of coefficients used for uncertainties calculation. Fig. 7 shows 
xamples of uncertainties as a function of J and v for the X 

2 � state
f NiH. 

 N  i H  SPECTRA  

igs 8 –11 plot four e x emplary spectra of NiH. These were gen-
rated using the code EXOCROSS (Yurchenk o, Al-Ref aie & Ten-
yson 2018b ) with settings for a simple Gaussian line profile with
WHM = 1 cm 

−1 or HWHM = 10 cm 

−1 . Fig. 8 shows the
pectra at T = 2000 K of the four isotopologues, adjusted for their
MNRAS 536, 2572–2580 (2025) 
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M

Figure 8. NiH isotopologues absorption spectrum adjusted for natural 
abundances generated using the Gaussian profile with HWHM = 10 cm 

−1 

and T = 2000 K. 

Figure 9. 58 NiH and 58 NiD absorption spectrum not adjusted for abundances 
generated using the Gaussian profile with HWHM = 1 cm 

−1 and T = 2000 K. 

Figure 10. Temperature dependence of the 58 NiH absorption spectrum using 
the Gaussian profile with HWHM = 1 cm 

−1 . 
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Figure 11. 58 NiH absorption spectrum generated using the Gaussian profile 
with HWHM = 10 cm 

−1 at T = 2000 K and transitions to different upper 
electronic states. 
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b undances. Terrestrial ab undances of different isotopologues of NiH
ere assumed to be proportional to the ratios of atomic isotopes (e.g.

0 NiH to 58 NiH ratio is the same as 60 Ni to 58 Ni). Abundances of
ickel isotopes were extracted from National Nuclear Data Center
 2024 ). Deuterium’s abundance was assumed to be similar to that on
upiter (Hersant, Gautier & Hur ́e 2001 ). 

Fig. 9 shows the spectra of 58 NiH and 58 NiD not adjusted for their
bundances in the shorter range of 0 − 5000 cm 

−1 . While 58 NiH,
NRAS 536, 2572–2580 (2025) 
0 NiH, and 62 NiH have nearly identical spectra due to a small relative
hange in mass of nickel atom, 58 NiD gives larger shifts as the relative
hange in mass between hydrogen and deuterium is much larger.
here is a frequency shift, which is expected due to a change in
ass. Moreo v er, there is an intensity drop, which is caused by the

artition function of NiD being greater than that of NiH (as can be
een in Fig. 6 ). 

Fig. 10 shows the spectra of 58 NiH at different temperatures:
00 K, 1000 K, 2000 K, and 3000 K. Fig. 11 shows the spectra of
iH corresponding to transitions where the upper level is specifically

ither in X 

2 � or W 

2 � or V 

2 � 

+ electronic state at T = 2000 K
nd all of them summed up. There are no experimental or ob-
ervational spectra of any of the NiH isotopologues in the range
f 0–10 000 cm 

−1 , so we cannot compare our generated spectra
o anything. Ho we ver, our spectra show the exponential decay in
he intensity with the growing wavenumber, which agrees with our
xpectations. 

Fig. 12 illustrates the strongest 58 NiH features expected to appear
n absorption from 0 to 5000 cm 

−1 at T = 1500 K. Absorptions
rom the lowest spin component of the ground state X 1 

2 � 5 / 2 

re most prominent. Transitions for which both the upper and
ower states are based on the MARVELised (i.e. experimentally
eri ved) v alues are indicated with empty symbols at the top of
ach stick. One can see that the line positions for the most of
he strongest transitions in this region have been determined with
he experimental quality characterized, either through the direct

easurement or by participating as lower/upper state values. For
 xample, sev eral contributions seen in the first four panels (in order of
ncreasing wa venumber) ha ve been observed experimentally, mostly
n laser magnetic resonance (LMR) experiments, with near to room-
emperature sources. The first corresponds to pure rotation, recorded
n the far IR by Nelis et al. ( 1991 ). The second window suggests that
he strongest lines in this region would belong to the X 

2 � → V 

2 � 

+ 

lectronic system, but the LMR work by Lipus et al. ( 1992 ), with
imited wav enumber co v erage from their laser, mentioned only the
pin-forbidden X 1 

2 � 5 / 2 → X 2 
2 � 3 / 2 intercombination band around

000 cm 

−1 . The strong features in the third panel correspond to ro-
ibrational transitions from v = 0 of the lowest lying states. The
 − X contributions were seen both in LMR Nelis et al. ( 1988 )

nd as unresolved features in matrix isolation experiments (Wright,
ates & Gruen 1978 ). The X − W ( X 1 

2 � 5 / 2 → W 1 
2 � 3 / 2 ) transitions

lose to 2600 cm 

−1 , and the X–X ( X 1 
2 � 5 / 2 v = 0 → X 2 

2 � 3 / 2 ,
 = 1) contributions near 3000 cm 

−1 in panel 4 were also identified
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Figure 12. 58 NiH absorption spectra, T = 1500 K showing line intensities as heights of sticks and divided into six spectroscopic windo ws belo w 5000 cm 

−1 . 
Empty symbols indicate ‘MARVELised’ transitions, i.e. where both the upper and lower states energy values are experimentally derived (MARVEL). 
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n LMR experiments (Bachem et al. 1991 ). Although absorptions in 
he higher o v ertones and electronic bands in the last two windows
ave not been observed experimentally, their upper levels have been 
harted by optical emission spectroscopy. 

 C O N C L U S I O N S  

he IR line lists BYOT for four isotopologues of NiH are provided for
he first time in the range up to 10 000 cm 

−1 , considering transitions
nd energies from the three lowest electronic states X 

2 � , W 

2 � , and
 

2 � 

+ . We recommend using these line lists for temperatures up to
000 K. They are available online from www.exomol.com . 
More experimental data are required to impro v e the precision of

he spectroscopic model of the three states considered here, as we did
ot have any experimental values for levels with J higher than 16.5.
ore importantly, ab initio calculations of higher electronic states 

e.g. 2 � 

−, 4 
 , and others) are also required, especially considering
he importance of NiH in the visible in astrophysical applications. 
he optical region has been studied experimentally, while the theory 
s far behind. 
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ATA  AVA ILA BILITY  

he states, transition, and partitions function files for NiH BYOT line
ists can be downloaded from www.exomol.com . The open access
rograms DUO , EXOCROSS , and PYEXOCROSS are available from
ithub.com/exomol . 
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