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a b s t r a c t

Besides promising implications as fertile nuclear materials, thorium carbonitrides are of great interest
owing to their peculiar physical and chemical properties, such as high density, high melting point, good
thermal conductivity. This paper reports first-principles simulation results on the structural, electronic
and magnetic properties of cubic thorium carbonitrides ThCxN(1-x) (X ¼ 0.03125, 0.0625, 0.09375, 0.125,
0.15625) employing formalism of density-functional-theory. For the simulation of physical properties, we
incorporated full-potential linearized augmented plane-wave (FPLAPW) method while the exchange-
correlation potential terms in Kohn-Sham Equation (KSE) are treated within Generalized-Gradient-
Approximation (GGA) in conjunction with Perdew-Bruke-Ernzerhof (PBE) correction. The structural
parameters were calculated by fitting total energy into the Murnaghan's equation of state. The lattice
constants, bulk moduli, total energy, electronic band structure and spin magnetic moments of the
compounds show dependence on the C/N concentration ratio. The electronic and magnetic properties
have revealed non-magnetic but metallic character of the compounds. The main contribution to density
of states at the Fermi level stems from the comparable spectral intensity of Th (6dþ5f) and (CþN) 2p
states. In comparison with spin magnetic moments of ThSb and ThBi calculated earlier with LDAþU
approach, we observed an enhancement in the spin magnetic moments after carbon-doping into ThN
monopnictide.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carbon bearing materials are of great interest owing to their
potential applications (see e.g., Ref. [1,2], and references there in).
Actinide carbides and nitrides, mainly of thorium and uranium,
have many technological advantages over actinide/oxides besides
their potential as efficient nuclear energy fuels for fourth genera-
tion nuclear power reactors [1,2]. The carbides and nitrides of ac-
tinides have also attracted considerable attention owing to their
peculiar electrical, thermal, structural, electronic and magnetic
properties [2e9]. Apart from the actinide carbides and nitrides,
metal carbonitrides (CNs), especially CNs of the d-transitionmetals,
MCxNy (xþy<1), have attracted much attention. The main motivation
lies in the hardness, high melting point, good wear resistance, and
chemical stability of CNs which play essential role in technological

applications [10]. In particular, having many properties in common
with actinide carbides and nitrides, the CNs of thorium and ura-
nium are neutron rich candidates for the emerging safe nuclear
technology in contrast to the conventional fertile materials. Phys-
ically, thorium and uranium CNs are metallic conductors with NaCl-
type cubic structure and can be described as solid solutions of
thorium and uranium mononitrides and monocarbides, ThC(1-x)Nx
and UC(1-x)Nx [11]. The phases of ternary carbonitride Th-C-N mark
number of differences from d-metals CNs of the Group IV. Thorium
CNs may undergo two structural phases in the TheCeN system
[12]. Although, the relationship between chemical composition,
physic/chemical properties, and the electronic structure for d-
metals CNs are well investigated [1,13e22], however, research is
scarce on the side of f-metals CNs, specifically that of thorium
carbonitrides (ThCN). Partly this is due to the complex electronic
structure and radioactive nature of the actinides which pose
experimental challenges.

The ThCN can be prepared from different reagents by the pro-
cess of cold or heat pressing or by heating the mixture of the spe-
cies in vacuo. The solid solution of ThC and ThN, symbolically
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represented by Th(C,N) or ThCxN(1-x) or ThC(1-x)Nx can be prepared
from mixtures of ThC and ThN, ThN and C, or from ThN, Th and C
[12,23]. The carbon-doped ThC(1-x)Nx compounds can also be pre-
pared by carbothermic reaction of graphite with ThN [24]. Another
method of ThCN preparation is by heating powder mixtures of ThN,
Th metal and carbon in vacuo [8]. Apart from the cubic ThCxN(1-x),
two other phases of ThCN were also observed, namelye the low-
temperature a-phase (a-ThCN) and the high-temperature hexago-
nal b-phase (b-ThCN) with aeb transition temperature of 1125 K
[12]. Ozaki et al. [24] confirmed, through X-ray diffraction, the
formation of ThCxN(1-x) as the main product made out from car-
bothermic reaction of thorium mono-nitride with graphite. A re-
view work on the electromagnetic, thermochemical and transport
properties of ThC(1-x)Nx was presented in Ref. [12]. Auskern and
Aronson [23] investigated electrical properties of thorium car-
bonitrides experimentally by chemical analysis method.

On theoretical side, work on ThCN is very limited. Shein et al.
[25] presented electronic structure and stability of thorium car-
bonitrides by the density functional theory (DFT). Shein et al. [26]
also extended the investigation of thorium compounds with non-
metals for electronic structure, chemical bonding and physico-
chemical properties by employing density-functional theory.
Daroca et al. [27] conducted a first-principles study of thorium
nitride for point defects.

In this work we report the ab initio investigations of the elec-
tronic structure of the thorium carbonitrides ThCxN(1-x) and
analyze the changes in the electronic and magnetic properties
depending on the change in chemical composition in view of C/N
ratio. Thorium carbonitride fuel is considered as the most prom-
ising for the fast reactors due to some advantages (e.g., higher
thermal properties and rich neutron energy spectrum) over oxide
andmetal fuels. Among actinidemetals thorium is often used as the
PueTh and UeTh mixtures [25]. Thorium-232 has attracted
attention as on the earth it is much more abundant than uranium-
233 and is far cheaper to make clean nuclear energy in contrast to
uranium. Thorium has a very long half-life of 14 billion years and if
it is bombarded with neutrons, it goes through a series of nuclear
changes and finally transforms to uranium-233. Main motivation of
the current work derives from the fact that despite their potential
fundamental and technological implications, limited work on
thorium carbonitrides has been published so far. According to our
knowledge, so far no work has been reported on structural, elec-
tronic, and magnetic properties of thorium carbonitrides with
chemical formula ThCxN(1-x) at low carbon doping and various C/N
concentration ratio: X¼0.03125, 0.0625, 0.09375, 0.125, 0.15625. The moti-
vation of low concentration of carbon doping in the ThCN in
contrast to earlier studies is to conform to the spirit of practical
doping. In particular, hardly any detailed theoretical study on
electronic and magnetic properties of ThCxN(1-x) was presented in
the past, except with few exceptions such as in Ref. [25]. On the
other hand, with exception of some earlier studies [6,8,23,24], the
complex nature of the compounds also hampered the experimental
formation and analysis of the compounds; particularly, no experi-
mental work has been published on the energy band structure and
spin magnetic moments of ThCN. Nowadays, it is more convenient
to design and investigate such compounds theoretically employing
the many-body quantum computational methods such as DFT.
Therefore, it is worthwhile to investigate theoretically the impact of
carbon doping and ratio of C/N concentration on the structural,
electronic and magnetic properties of thorium carbonitrides. In
particularly, we are interested to investigate the structural stability
and variation in metallic and magnetic character of the compounds
with carbon doping and ratio of C/N concentration. The physical
properties we have computed are the optimized lattice constants
(ao), ground state volume (vo), ground state energy, bulk modulus

(B), bond lengths, energy band structure, total and partial density of
states, and spin magnetic moments.

This paper is arranged as follows. In Section 2, we have
described the computational details and methodology. Section 3
presents results and discussion. At the end, conclusion is given in
Section 4.

2. Materials and computational methodology

For the target compounds, we doped carbon atoms from the
elements of IV group of periodic table into ThN compound ac-
cording to the generic chemical formula ThCxN(1-x) (X¼ 0.03125,

0.0625,0.09375,0.125,0.15625). For the first-principles DFTcalculations, the
cubic crystal structures of the doped ThCN compounds were
designed with space group Fm3m (225). The compounds were
investigated in B1-phase with NaCl-type structure under ambient
conditions of temperature and pressure. The atomic positions of the
species in ThN are, Th (0,0,0) and N (0.5,0.5,0.5), while in the doped
compounds only nitrogen atoms are replaced with doped carbon
atoms without any change of atomic position. The supercell
structural models of ThCxN(1-x) compounds are designed by
FPLAPW method as implemented in WIEN2k package [28]
employing the first-principles DFT [29,30] approach. Total energy
is calculated by treating the exchange-correlation potential terms
in KSE within Perdew-Bruke-Ernzerhof Generalized-Gradient-
Approximation (PBE-GGA) [31] both for spin-up and spin-down
polarization modes. The Kohn-Sham equation is given by,"
�Z2

2m
V2 þ VextðrÞ þ

ð
dr

rðrÞ
jr � r0j þ VxcðrÞ

#
4iðrÞ ¼ εi4iðrÞ;

i ¼ 1; 2; :::; N:

(1)

where the first term in bracket on the l.h.s. of Eq. (1) is K.E. of
electrons, rðrÞ ¼ PN

i j4iðrÞj2 is the electron density of noninter-
acting electrons, 4iðrÞ are Kohn-Sham orbitals, εi are the corre-
sponding eigen energies, and VextðrÞis the external or back ground
potential. The exchange potential VxcðrÞ is a functional derivative of
the exchange-correlation energy functionalExc½n�,

VxcðrÞ ¼ dExc½rðrÞ�
drðrÞ (2)

As such VxcðrÞis a unique functional of rðrÞ. Thus, the total energy
functional is given by,

E½n� ¼ T0½n� þ
ð
d3r:rðrÞ

�
VextðrÞ þ 1

2
FðrÞ

�
þ Exc½n� (3)

where T0½n� is the K.E. of electrons with density of N free electrons,
FðrÞ is the Coulomb potential of interacting electrons. Each term in
Eq. (3) is known exactly except the exchange correlation energy
Exc½n�which can be approximated by minimizing the ground state
energy of the system. The determination of ground-state energy in
a fixed external potential is a main concern of researchers to study
many-body problems in condensed matter physics and computa-
tional chemistry [32]. Theoretically, the exact form of Exc½n� must
solve the KSE equations with exactly the same ground-state energy
as obtained by solving many-body Schr€odinger equation of the
system. Therefore, the accurate prediction of the exchange-
correlation functionals warrants modern DFT with immense suc-
cess. However, any failure to obtain accurate results from DFT, that
usually happens, by no means is the actual failure of DFT, rather it
may be attributed to the wrong prediction of the functionals used
in DFT [33]. The most commonly used approximations of Exc½n�for
electron correlations are local-spin-density approximation (LSDA)
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and GGA.
The k-points mesh of 100 for ThC0.03125N0.96875 compounds was

chosen for integration in the irreducible Brillouin zone for well
convergence of energy. The chosen k-points mesh for other com-
pounds was 50. We used RMT� Kmax ¼ 7, where RMT is minimum of
the atomic sphere radii and Kmax is the maximum value of the
interstitial plane wave vector in the expansion. The lattice param-
eters can be calculated by fitting total energy into the Murnaghan's
equation of state [34],

EðVÞ ¼ E� þ 9V�B�
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To obtain the structural optimization, the computation is carried
out by using the lattice constants from experimental data of ThN
compound. The B1-phase cubic crystals of doped compounds of
thorium nitrides are modeled with carbon doping percentage of
3.125%, 6.25%, 9.375%,12.5% and 15.625%. This corresponds to the
replacement of 1,2,3,4 and 5 numbers of nitrogen atoms with car-
bon atoms, respectively. Corresponding to 32 atoms of N present in
the supercell of ThCxN(1-x) (X¼0.03125, 0.0625, 0.09375, 0.125,0.15625) there
are 64 atoms of ThN (Th ¼ 32, N ¼ 32).

3. Results and disscussions

3.1. Structural properties

The doping concentration of C atoms in each crystal is, respec-
tively, 1,2,3,4,5. The computed optimized structural parameters of
the compounds are presented in Table 1, which show considerable
changes subject to doping concentration. As shown in Table 1, the
calculated lattice parameters of ThCxN(1-x) carbonitrides are over-
estimated to a factor about 2 to that of experimental values of ThN
and ThC [12,35e37] and theoretical values calculated with various
DFT functionals [27,35,36,38,39]. The same overestimation is also
noted in contrast to earlier experimental studies on ThCN but with
different N/C concentration [8,23]. However, the increase in over-
estimation of lattice constants of ThCxN(1-x) with increasing doping
concentration of C atoms is consistent with earlier theoretical study
of ThC(1-x)Nx (X¼0.25,0.5,0.75) [25]. We observe a systematic increase
in the crystal-cell volume but a decrease in bulk modulus and total
energy with increasing doping ratio C/N. The results follow the
Mornaghan's equation of state given in Eq. (4). The computed bulk
moduli are underestimated in contrast to ThN with respect to
theory and experiment [35,36,38].

The computed bond lengths between atomic species of ThCN
compounds are shown in Table 2. Th-Th bond length for each phase
is underestimated a little in contrast to that of ThC0.5N0.5 studied in
Ref. [25]. The underestimation may stem from the lower concen-
tration of carbon doping in our case. Similarly, Th-N bond length is
underestimated to a little value, except with a surprising about

double overestimation for the phase ThC0.09375 N0.90625. Similarly,
Th-C bond length is also overestimated for the phases
ThC0.03125N0.96875 and ThC0.15625 N0.84375. The origin of over-
estimation may stem from the change in interaction nature of the
interspecies orbitals withmodification in C/N concentration ratio in
the phase ThC0.09375 N0.90625 as compared to its counterparts.

3.2. Electronic properties

Electronic interactions in solids play a vital role in the formation
of continuous energy bands, in contrast to discrete energy levels in
atoms. The energy bands structure is derived from the overlapping
of various atomic orbitlas which can be investigated from partial
density of states (PDOS) and total density of states (TDOS). For the
study of electronic properties, we have employed LSDA approxi-
mation both for spin up and down polarization states. Comparative
energy band spectra of the five samples of thorium mono-
carbonitrides ThCxN(1-x) (X¼ 0.03125, 0.0625, 0.09375, 0.125, 0.15625) are
shown in Fig. 1. As we can observe, all compounds have identical
energy bands for both up and down spin polarization, except with
change in shape of energy band formed by C orbitals with change in
doping concentration.

First valence band (VB) from �14 eV to �12.4 eV arises mainly
from N 2s states. For example, in the case of ThC0.03125N0.96875, a
thick VB from �14 to �12.4 eV (Fig. 1a) stems mainly from the
occupied N 2s orbitals. This can also be confirmed from spectral
intensity of N 2s states from PDOS (Fig. 2b). The next thin atomic-
like VB at �9.4 eV is formed from C 2s orbital. However, with in-
crease in C doping concentration, from one atom to five atoms in
the supercell of ThCxN(1-x), the atomic-like C 2s orbital transforms
gradually into band-like structure as we move from Fig. 1ae1e. A
wider VB from�5.6 eV to the Fermi level EF at 0 eV is formedmainly
from the hybridization of N and C 2p states with minute contri-
bution from Th 6d states. The conduction band (CB) above EF results
mainly from overlapping of Th unoccupied 5f states with some
contribution of Th 6d states and (CþN) 2p states. This can also be
observed from the total and partial density of states for
ThC0.03125N0.96875 as shown in Fig. 2. Thick overlapping of VB and CB
below and above the Fermi level shows that thorium carbonitrides
are good conductors which is consistent with earlier study on ThCN
carried out with various species composition [8,12,23,25]. From this
we can conclude that the main contribution to density of states N
(EF) at EF originates from the comparable contribution of Th (6dþ5f)
and (CþN) 2p states. This is in agreement with a similar study
carried out for the cubic ThC0.5N0.5 [25] and for the isoelectronic d-

Table 2
Bond length (in Angstrom Å) calculations for ThCxN(1-x).

Phase N-C Th-Th N-N Th-C Th-N
ThC0.03125N0.96875 6.34601 3.66387 3.66387 3.66387 2.59075
ThC0.0625 N0.9375 3.66818 3.66818 3.66818 2.59379 2.59379
ThC0.09375 N0.90625 3.67267 3.67267 3.67267 2.59697 4.49809
ThC0.125 N0.875 6.36830 3.67674 3.67674 4.50307 2.59985
ThC0.15625 N0.84375 3.68162 3.68162 3.68162 2.60330 2.60330

Table 1
Structural properties of doped thorium carbonitrides ThCxN(1-x).

Sr. No Phase of ThCxN(1-x) Lattice Parameters (A0) V0 (A0)3 B (GPa) Energy (eV)

1. ThC0.03125N0.96875 10.363 7510.284 173.564 �1701822.034
2. ThC0.0625N0.9375 10.375 7536.883 171.226 �1701788.540
3. ThC0.09375N0.90625 10.388 7564.754 168.701 �1701755.046
4. ThC0.125N0.875 10.399 7589.751 165.895 �1701721.551
5. ThC0.15625N0.84375 10.413 7619.988 164.282 �1701688.065
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metals carbonitrides of Group IV [21]. However, our results differ
largely from 5f metal nitrides and carbides where main contribu-
tion to N (EF) stems from 5f states [21,40,41]. Besides, our results are
also at variance to large extent with that of ThC [9], where main
contribution to N (EF) comes from C 2p states with little contribu-
tion from Th (6dþ5f) states. Electronic properties for other samples
can be explained on similar grounds. For instance, energy band
spectrum of ThC0.0625N0.9375 (Fig. 1b) is identical to that of

ThC0.03125N0.96875 compound except with awider 2nd valence band
between R and X symmetry points, formulated by C 2s orbitals with
increase in C/N doping ratio. Contribution of C 2s states in energy
bands can also be seen in PDOS plot from Fig. 2a for both up and
down spin polarization which are identical copies of each other.

The plots of partial and total density of states for other com-
pounds are shown in Figs. 3-6. Like their energy band spectra, they
have almost identical trends in density of states. In particular there

Fig. 1. Comparison between energy band spectra of thorium mono-carbonitrides in view of doping carbon concentration for spin up and down polarization. (a) ThC0.03125N0.96875,

(b) ThC0.0625N0.9375, (c) ThC0.09375N0.90625, (d) ThC0.125N0.875, (e) ThC0.15625N0.84375. As can be seen all compounds have identical energy bands for both majority and minority spin
states. However, with increase in C doping concentration the width of 2nd valence band arising from C 2s states increases.

M. Siddique et al. / Nuclear Engineering and Technology 51 (2019) 1373e13801376



Fig. 2. Energy dependent plots of total and partial density of states for ThC0.03125N0.96875. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThCN. The calculations were carried
out by treating exchange-correlation energy terms within PBE-GGA approximation. The Fermi energy level is set at 0 eV. Atomic-like C 2s orbitals can be seen in Fig. 3(a) around
-2eV and -1eV. Asymmetry of density of states between majority and minority spins of Th 5f and 6d states cause spin magnetic moment of value 0.24mB .

Fig. 3. Energydependent plots of total andpartial densityof states forThC0.0625N0.9375. (a) PDOSofC (b) PDOSofN (c)PDOSof Th (d)TDOSofThCN. Incontrast to theearlier case,widthofC
2s bands is increased with doping concentration. The mirror reflection of density of states for Th 5f and 6d states results in small spin magnetic moment of value 7.55�10�3 mB .

M. Siddique et al. / Nuclear Engineering and Technology 51 (2019) 1373e1380 1377



Fig. 4. Energy dependent plots of total and partial density of states for ThC0.09375N0.90625. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThCN. A little asymmetry exists
between Th 5f and 6d states for opposite spin plots, but magnitude of density of states is too small for any appreciable spin magnetic moment.

Fig. 5. Energy dependent plots of total and partial density of states for ThC0.125N0.875. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThC.

M. Siddique et al. / Nuclear Engineering and Technology 51 (2019) 1373e13801378



is a large contribution of 5f orbitals in the wide conduction band
located above the Fermi level. Almost asymmetric behavior of
density of states for majority and minority spin polarization
channels endows them with nonmagnetic character which can be
further confirmed from their small spin magnetic moments given
in Table 3.

Moreover we observe a strong interaction (i.e., hybridization)
between the orbitals of Th (s, p, d, & f), C (s & p) and N (s & p)
around the Fermi levels and in the conduction bands. In the TDOS/
PDOS the main contribution in the unoccupied states comes from
the Th (s, p, d, & f), C (p) and N (p). The same phenomena is
acknowledged by Li [42], and Li and Li [43] in their work on the
study of novel graphdiyne-based materials.

3.3. Magnetic properties

Magnetic properties of materials such as spin magnetic mo-
ments stem from the constituent unpaired electrons. The effective
magnetic moment is essentially zero for the diamagnetic materials
as the opposite spins of paired electrons cancel each other, whereas
paramagnetic materials possess nonzero but small magnetic
moment arising from the unpaired electrons. Owing to small
effective magnetic moments relative to ferromagnetic, these

materials are called non-magnetic. According to Hill theory [44],
the degree of overlapping of f-electrons wave functions between
adjacent f-electron atoms decide the superconducting or magnetic
fate of the materials. For instance materials with small f-electrons
atomic distance behave as superconductors while opposite is the
case for the magnetic materials. However, this criteria fails usually
in case of actinide compounds such as pnictides or carbonitrides
where 5f-electrons posit delocalized character and hybridize with p
or d states to form band like structure, as is the case in current
situation. The smallness of spin magnetic moments shows that
these compounds are non-magnetic conductors as is the case in the
earlier study [45] of ThSb and ThBi based on LDAþU approach. This
can also be seen by the mirror symmetry of density of states ob-
tained for up-spin and down-spin polarization sates. To our
knowledge, spin magnetic moments of these compounds have
been not investigated, theoretically or experimentally, in the past.
The smallness of spin magnetic moment observed in these com-
pounds may be attributed to the absence of any permanent mag-
netic structures in the compounds like other light actinides up to
Np [46].

The computed spin magnetic moments of ThCxN(1-x) carboni-
trides with doped carbon concentration percentages of 3.125%,
6.25%, 9.375%, 12.5% and 15.625% are given in Table 3. There is an
irregular change in values of the spin magnetic moments, with
maximum value of 0.24mB for the phase ThC0.03125N0.96875. In
conform to earlier experimental results [8,23], the carbon-doped
compounds of thorium nitride are paramagnetic in nature, with
the exception of ThC 0.0625 N0.9375 and ThC 0.09375 N0.90625 showing
small spin magnetic moments and appear to be diamagnetic in
nature. We also observed a considerable enhancement in the spin
magnetic moments with carbon-doping into ThN, in contrast to
spin magnetic moments of its counterparts thoriummonopnictides
ThSb and ThBi calculated earlier with LDAþU approach [45].

Fig. 6. Energy dependent plots of total and partial density of states for ThC0.15625N0.84375. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThCN.

Table 3
Spin magnetic moments of carbon doped ThN compounds.

Sr. No. Compounds Spin Magnetic Moments (in Bohr Magneton)

1. ThC 0.03125 N0.96875 0.24005
2. ThC 0.0625 N0.9375 0.00755
3. ThC 0.09375 N0.90625 0.00250
4. ThC 0.125 N0.875 0.01187
5. ThC 0.15625 N0.84375 0.03045
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4. Conclusion

We have reported on theoretical investigation of the structural,
electronic and magnetic properties of low concentration doped
thorium carbonitrides compounds with chemical formula ThCxN(1-

x) (X¼ 0.03125, 0.0625, 0.09375 0.125, 0.15625) employing first-principles DFT
formalism. For the simulation of physical properties, we incorpo-
rated full-potential linearized augmented plane-wave (FPLAPW)
method while the exchange-correlation energy functionals in
Kohn-Sham Equation (KSE) are treated within PBE-GGA correc-
tions. The optimized crystal parameters of the cubic phase com-
pounds ThCxN(1-x) were calculated and compared with earlier
studies. The computed energy band spectra, as well as total and
partial density of states reveal that ThCxN(1-x) carbonitrides are
non-magnetic and conductors in nature. The overlapping of (CþN)
2p states and Th (5fþ6d) states across the Fermi level warrants zero
band gap and thus metallic natures of the compounds. In contrast
to ThSb and ThBi monopnictides, we obtained a broad conduction
band for ThCxN(1-x) extending deep below the Fermi level EF. We
also observed an enhancement in the spin magnetic moments with
carbon-doped ThN, in contrast to spin magnetic moments of its
counterparts ThSb and ThBi calculated with LDAþU approach. The
compounds are structurally stable and nonmagnetic in nature with
paramagnetic and diamagnetic character with maximum spin
magnetic moments of 0.24mB is observed for the phase
ThC0.03125N0.96875. Our interesting results call for further research
on this end so as to clarify the unique features of these compounds.
In particular, thermoelectric properties and spin magnetic mo-
ments of these compounds are yet to be established experimentally
to explore the potential implications of these compounds both for
fundamental and technological point of view.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.03.003.
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