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ABSTRACT: Carbon, nitrogen, and oxygen are essential
components in solid-state materials. However, under-
standing their preference on the bonding to metals has not
been straightforward. Here, niobium carbide, nitride, and
oxide with simple rock-salt-based structures were analyzed
by first-principles calculations and synchrotron X-ray
diffraction. We found that an increase in the atomic
number from carbon to oxygen formed fewer and shorter
bonds to metals with better hybridization of atomic
orbitals. This can provide a simple guiding principle for
understanding the bonding and designing carbides,
nitrides, oxides, and mixed-anion compounds.

There is no doubt that carbon, nitrogen, and oxygen govern
the chemical bonds to metals in crystal structures, and

recent advances in mixed-anion chemistry are accelerated based
on the concept of controlling the chemical bonds betweenmetals
and these light elements.1 However, the preferences to
chemically combine atoms are still controverted. Anion exchange
often causes unexpected structural changes, and understanding
the covalecy and ionicity in carbide/nitride/oxide is not
straightforward. Hence, a detailed investigation of the simple
compounds should provide clues to a better understanding of the
chemical bonding. The rock-salt structure is one of the simplest
structures with formulary 1:1 compounds, and we can find many
carbides, nitrides, and oxides. This work focuses on three
niobium-based rock-salt NbX (X = C, N, O). NbC and NbN
have six-coordinated Nb−C and Nb−N bonds, respectively,2,3

while NbO shows a rock-salt structure with one-fourth of the
ordered vacancies at both the Nb and O sites (Figure 1).4 As a

result, Nb and O have four-coordination and form square planes.
Experimentally obtained NbC and NbN are most likely
somewhat far from perfect stoichiometric rock-salt structures,
but ordered vacancies have not been reported in NbC and NbN.
This unique ordered structure cannot be explained by simple
ionic models based on coulombic interactions because the
system prefers more a densely packed structure.5 In addition,
ionic models make it difficult to understand the bonding
preference because the oxidation states of niobium in NbC/
NbN/NbO are not clear and the ionic radii of Nb2+ and C4− are
not generally known.
There are a number of publications about NbX compounds.6

Onwuagba and Sundararajan calculate the density of states
(DOS) of six-coordinated NbX (X = C, N, O) and conclude that
an increase in the atomic number from carbon to oxygen induces
less hybridization of the atomic orbitals between Nb and X.7

Burdett and Hughbanks explain the origin of the ordered
vacancies in NbO by both Nb−O and Nb−Nb bonds via
theoretical calculations.5 Electron-density analysis by X-ray
diffraction is a powerful tool to visualize chemical bonding.
Electron-density distributions in NbC are visualized by single-
crystal diffraction via Mo Kα and Ag Kα radiation.2 However,
errors from Fourier synthesis cannot be ignored for further
discussion. Experimental evidence by synchrotron X-ray
diffraction is required for a better understanding of the
chemical-bonding character.
In this work, we investigated the effect of carbon, nitrogen, and

oxygen on rock-salt-based NbX structures via first-principles
calculations and synchrotron X-ray diffraction. Both computa-
tional and experimental results demonstrate that an increase in
the atomic number causes shorter and fewer bonds between Nb
and X with enhanced hybridization between Nb 4d and X 2p
orbitals.
First, we performed computational calculations to examine the

bonding features of Nb−X (X = C, N, O) with a six-coordinated
rock-salt structure (0% vacancies), a four-coordinated NbO
structure (25% vacancies), and intermediate structures having
the same amount of Nb and X vacancies. Figure 2a shows the
relationship between the concentration of the vacancy and the
refined average distance between Nb and X. The bond lengths in
six-coordinated NbC and NbN and four-coordinated NbO are
close to the experimental values2−4 (Table S1 in the Supporting
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Figure 1. Crystal structures of (a) six-coordinated NbC and NbN and
(b) four-coordinated NbO. Green and red spheres represent Nb and C/
N/O, respectively. White spheres represent ordered vacancies.
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Information, SI). NbX with vacant concentration between 6.25
and 17.75% shows local distortion after the refinement (Figures
S1 and S2 in the SI). The average bond length of all three NbX
structures tends to reduce with increasing concentrations of the
vacancies. The slope of the bond length versus concentration of
the vacancies from 0 to 25% shows the steepest drop in NbO, less
in NbN and the least in NbC. Thus, an increase in the atomic
number from carbon to oxygen tends to enhance the reduction
rate of the bond length by introducing vacancies. Figure 2b shows
the relationship between the concentrations of the vacancies and
the formation energies of the rock-salt-based structures. In the
case of carbide, no vacancymodel is themost stable. On the other
hand, oxide with 25% ordered vacancies is thermodynamically
favorable. These predictions agree with the experimental
results.2,4 The formation energies of NbN with vacancies up to
12.5% are comparable, and the structures with more vacancies
are unfavorable. This result on the Nb−N bond can be
interpreted as the intermediate feature between the six-
coordinated Nb−C and four-coordinated Nb−O bonds and
indicates that the introduction of vacancies into NbN is not
thermodynamically difficult. Nonetheless, an increase in the
vacancy reduces the number of bonding. Hence, we propose the
concept that fewer and shorter bonding is thermodynamically
favorable with increasing atomic number from carbon to oxygen.
Different energy levels of C/N/O 2p orbitals and bonding

distances should affect hybridization between the Nb 4d and X
2p orbitals. This is confirmed by the partial DOS (pDOS) and
negative crystal orbital Hamilton population (COHP) of NbX
with/without 25% ordered vacancies (Figures S3 and S4 in the
SI). All of the NbX structures exhibited dominant contributions
of Nb 4d and X 2p orbitals near the Fermi level. An increase in
the atomic number from carbon to oxygen gave a large
bandwidth for both coordinations.7 COHP plots showed orbital
mixing of the Nb 4d−X 2p and Nb 4d−Nb 4d orbitals. Table 1
summarizes the negative integrated COHP (−ICOHP). In the
structure without the vacancy, the values of Nb 4d−X 2p
decrease with increasing atomic number from carbon to oxygen,
which indicates that an increase in the atomic number brings
about less stable bonding between Nb 4d and X 2p.7 On the
other hand, an increase in the vacancy concentration enhances
the value of −ICOHP, and most enhancements are found in

four-coordinated NbO. Because little antibonding lies below the
Fermi level (Figure S4 in the SI), more stable bonds suggest
better hybridization betweenNb 4d andO 2p atomic orbitals and
compensate for the energy loss for less bonding owing to ordered
vacancies. Importantly, the value of the Nb 4d−Nb 4d
interaction in four-coordinated NbO is larger than others
(Table 1), which agrees with the finding of Burdett and
Hughbanks.5 Therefore, the most enhanced overlap of the Nb
4d−X 2p and Nb 4d−Nb 4d orbitals in the oxide is the
explanation for the four-coordinated structure with one-fourth of
the ordered vacancies.
Next, we carried out crystal structure analyses by synchrotron

powder X-ray diffraction. Chemical analyses suggested that NbC
(Nb/C = 1.02) and NbO (Nb/O = 1.00) were almost 1:1
compounds. These NbC and NbO structures can be refined by
the Rietveld method with the single-phase models of six- and
four-coordinated rock-salt structures, respectively (Table S2 in
the SI). The refined lattice parameters of six-coordinated NbC
and four-coordinated NbO are 4.47208(2) and 4.21165(1) Å,
respectively, which are close to the reported values of NbX.2,4

While the refinement of six-coordinated NbC was performed
with isothermal displacement parameters, the thermal displace-
ments for four-coordinated NbO were conducted with
anisothermal displacement parameters. Larger displacement
parameters of niobium and oxygen toward the ordered vacancies
were found in NbO (Figure S6 in the SI). The refinement of
NbN was complicated. Chemical analysis suggests nitrogen
vacancies and the existence of oxygen (Nb:N:O =
1.00:0.86:0.04). After the refinement, approximately 2 mass %
of the NbO2 phase was detected as an impurity phase. More
importantly, the peaks of NbN at high angle split into two peaks
(Figure S7 in the SI) and cannot be refined well using the single-
phase model with cubic symmetry. The double cubic phase
model of NbN0.86 with slightly different lattice parameters (ca.
0.04%) improved the refinement (Table S2 in the SI). It would
be most likely that precise X-ray diffraction could detect evidence
of the phase separation with tiny differences of the lattice
parameters. Additionally, approximately a few times larger
thermal displacement parameters of niobium were found
compared with those of constituent atoms in NbC and NbO.
It is quite natural to consider that this large value and phase
separations are caused by relatively high concentrations of
nitrogen vacancies.
The electron-density distributions of six-coordinated NbC and

four-coordinated NbO were experimentally visualized via the
maximum-entropy method (MEM) (Figure 3). While the
electron clouds in six-coordinated NbC are rather isolated,
those of four-coordinated NbO are well overlapped; the
minimum electron densities between NbC and NbO are 0.78

Figure 2. (a) Average bond length of Nb−X and (b) formation energy
difference of rock-salt-based NbX (X = C, N, O) with various vacancy
concentrations of the same amount of Nb and X calculated by the
Vienna ab initio simulation package (VASP) code. Zero energy is set to
the six-coordinated rock-salt structures. Dotted lines are eye guides.

Table 1. −ICOHP of Nb 4d−X 2p and Nb 4d−Nb 4d
Interactions in Rock-Salt NbX (X = C, N, O) with 0% and 25%
Ordered Vacancies Calculated by the All-Electron Scalar-
Relativistic TB-LMTO-ASA Program Code (eV bond−1)a

−ICOHP

Nb 4d−X 2p Nb 4d−Nb 4d

compound 0% vacancy 25% vacancy 0% vacancy 25% vacancy

NbC 1.33 (7.98) 1.56 (6.24) 0.12 (1.44) 0.13 (1.04)
NbN 1.21 (7.26) 1.58 (6.32) 0.13 (1.56) 0.14 (1.12)
NbO 0.94 (5.64) 1.42 (5.68) 0.14 (1.68) 0.21 (1.68)

aThose values per atom are shown in parentheses (eV atom−1).
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and 1.06 Å−3, respectively. This is clear evidence for enhanced
hybridization between Nb 4d and O 2p orbitals in four-
coordinated NbO, which agrees with the theoretical prediction.
Both theoretical and experimental results suggest that an

increase in the atomic number from carbon to oxygen prefers
fewer and shorter bonds with more hybridization. Our finding of
bonding with C/N/O is also useful for understanding the
bonding feature in mixed-anion compounds, such as oxynitrides.
An example is found in TaON, which is crystallized in the
monoclinic system with different crystallographic sites of
nitrogen and oxygen.8,9 In this structure, nitrogen forms NTa4
tetragons, while oxygen forms OTa3 triangles.

9 The mean bond
lengths of Ta−N and Ta−O are 2.114 and 2.065 Å, respectively.9

The average value of the minimum electron density of the Ta−N
bond (0.84 Å−3) is lower than that of the Ta−O bond (0.96
Å−3).9 Thus, the bonding number, length, and electron density in
TaON show the same trends as those of the rock-salt-based NbX
compounds, although these crystal structures are entirely
different. When one compares these findings with other
examples, such as SrO and HgO and AlF3 and AlBr3,

10 lower
bonding numbers in NbO, HgO, and AlBr3 give better
hybridization of the atomic orbitals. Nonetheless, their bonding
distances cannot be understood in a simple manner because they
rely on not only the bonding number but also occupied electron
shells of these components. Another interesting finding in this
study is the relatively high tolerance by vacancies in NbN. While
theoretical results indicate the NbN phase with a high tolerance
of both niobium and nitrogen vacancies (Figure 2b),
experimental results show NbN with vacancies of only nitrogen.
Although there are different vacancies, the origin of these
vacancies may be attributed to the intermediate bonding feature
in NbN, which locates between six-coordinated NbC and four-
coordinated NbO. The tolerance of vacancies affords a variety of
rock-salt-based niobium nitrides, including NbN with slightly
different lattice parameters,11 carbonitrides,12 and oxinitrides.13

Exact control of the composition, vacancies, and crystal structure
in NbN-based materials implies challenging problems but can be
essential in controlling their properties.
In conclusion, studies of first-principles calculations and X-ray

diffraction for rock-salt-based NbX (X = C, N, O) reveal that an
increase in the atomic number from carbon to oxygen prefers
fewer and shorter bonding. NbC shows the six-coordinated rock-
salt structure with relatively long bonds and NbO the four-
coordinated rock-salt structure with relatively short bonds. Six-
coordinated NbC exhibits less overlap of the Nb 4d and C 2p
orbitals compared with four-coordinated NbO. We theorize that
NbN contains a high concentration of vacancies in the six-

coordinated rock-salt structure owing to the intermediate
bonding feature between Nb 4d and N 2p. These investigations
unravel a fundamental problem in the bonding chemistry and
provide the concept for a better understanding of the bonding
and design of oxides, nitrides, carbides, and mixed-anion
compounds.
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Figure 3. 3D electron-density distributions at room temperature of (a)
NbC and (b) NbO deduced by the MEM from synchrotron X-ray
diffraction data. The equidensity surface level of 0.85 e Å−3 is drawn in
yellow. 2D electron-density distributions from 0.85 to 2.0 e Å−3 are
exhibited by the gradient from red to light blue on the cross sections.
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