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Abstract

We have studied the structural and electronic properties of niobium nitride and niobium carbide by means of

accurate first principle total energy calculations using the full-potential linearized augmented plane wave method. The

calculations are based on density functional theory and we have used the local density approximation as well as the

generalized gradient approximation for the exchange and correlation potential. We obtained reasonable results

comparatively with the experimental data and other calculations.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The transition-metal carbides and nitrides
(TMCNs) possess many scientifically interesting
and technologically important properties [1]. On
the microscopic level they display three different
types of bonding characteristics: metallic, ionic,
and covalent [2–7]. This unusual combination of
bonding mechanisms manifests itself in their
macroscopical properties. They exhibit ultrahard-
ness [3–5], for example, many binary carbides
have microhardness values between 2000 and
3000 kg=mm2 values which lie between those of
Al2O3 and diamond [1]. This property has resulted
in an extensive use of carbides as cutting tools and
for wear-resistant surfaces. However, the nitrides

are hard, but are not as hard as the carbides. A
second striking property of these materials is their
very high melting points as well as metallic
conductivity [8]. Perhaps the important property
of this type of compounds is their defect structure,
they often crystallize in the sodium chloride
structure [1], they are fairly simple to treat
theoretically.
In this work, we choose two compounds,

niobium carbide (NbC) and niobium nitride
(NbN). NbC is presently one of the most
important materials for hardness and corrosion
resistant coating. It is used to provide solutions to
the most demanding high temperature materials
problems. Presently interest is also developing
within the microelectronic industry for the use of
NbN as an electrically conducting barrier, since
it has a high superconducting critical temper-
ature (Tc about 20 K) [9]. The success of these
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compound process led physicists to investigate the
growth of thermally grown magnesium oxide
(MgO) as a barrier in NbN junctions and to
develop a trilayer process for fabrication of NbN/
MgO–Mg/NbN Josephson junctions [10].
The unusual combination of properties has

challenged theorists to study the chemical bonding
in these compounds [5,6] because certain features
of bonding that have been clarified are useful in
interpreting physical properties. Some of the
properties that these theories should explain, e.g.,
the extremely high melting points, the ability of
these carbides and nitrides to form extensive solid
solutions with each other and the contributions of
metallic, covalent, and ionic bonding to the
cohesive energy. Important bonds can be formed
between both metal–metal and metal–nonmetal
pairs of atoms. Most theories have attempted to
determine the relative importance of each type of
contribution to bonding and the relative impor-
tance of metal–metal versus metal–nonmetal
bonds [11,12]. Moreover, these theories have been
concerned about the direction of electron transfer
between metal and nonmetal atoms. One original
ideas was suggested by H.agg [10] about 60 years
ago. This author tried to explain the properties of
transition metal compounds involving H, C, N,
and O. He started from a crystallographic point of
view and studied the atomic radii of many known
structures of such transition metal compounds. He
observed that there is a critical value of 0.59 for
the ratio between the nonmetal (X) and metal (M)
radius. As long as the metalloid atom is sufficiently
small (rX=rM is below 0.59), simple structures are
found and the M–M distance are slightly larger to
those in the corresponding pure metals. This
observation led him to propose that these materi-
als could be regarded as interstitial alloys rather
than compounds, with the nonmetal atoms merely
filling the voids in the host lattice of transition-
metal atoms and that the M–M bonds are the
essential bonds in comparison with the M–X
bonds. But Rundle [12] gave another interpreta-
tion. He concluded from the increase of the M–M
distance that a weakening of the M–M bonds
occurs with some electrons forming M–X bonds
which are responsible for the hardness and
brittleness of these compounds. These simple ideas

have been refined and improved over the years,
and two distinct models have emerged. The first
model stresses the importance of M–M bonds in
explaining the stability and other observed proper-
ties of these material. The second model attributes
these properties to the formation of M–X bonds.
In order to test the validity of these models,

there has been some investigations using pseudo-
potential [13], APW [14], and tight binding
methods [4–7]. In this paper we present the results
of studies of the electronic structures of stoichio-
metric NbC and NbN. The calculations have been
done using the full-potential linearized augmented
plane wave (FP-LAPW) method [15–19] based on
the density functional theory.

2. Details of calculations

In our calculations, the electronic structure of
the NbC and NbN is calculated within the density
functional theory (DFT) [20–22] formalism using
the local-density approximation (LDA), parame-
trized by Hedin and Lundqvist [23,24], as well as a
gradient corrected functional (GGA-PBE), para-
metrized by Perdew et al. [25,26], for the exchange
and correlation potential. Total energies and all
derived quantities are obtained using first princi-
ples full potential linearized augmented plane wave
(FP-LAPW) method [17–19]. Extended test calcu-
lation have proven to yield sufficient accuracy in
total energy minimization of bulk NbC and NbN
using only 20k points inside the irreducible part of
the Brillouin zone, an energy cut-off of the plane
wave expansions in the interstitial region of
RKmax ¼ 8; and lmax ¼ 10 for the upper limit of
the angular momentum expansions of the wave
functions inside the nonoverlapping spheres sur-
rounding the atomic sites. The radial basis
functions within the muffin-tin spheres are linear
combinations of radial wave functions and their
energy derivatives, computed at energies appro-
priate to their site. Outside the muffin-tin spheres
the basis functions are plane waves expanded in a
Fourier series. All results represented here are
obtained with a convergence of the order of 1 mRy
in the energy eigenvalues. The ab initio calculation
of the valence and conduction band energy
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eigenvalues has been performed at 111 points
including five high symmetry points W, L, G; X,
and K.
In this work, the states treated as bands were:

Nb(4s, 4p, 4d, 5s), N(2s, 2p) and C(2s, 2p), the
muffin-tin radii chosen are 2.1, 1.8, and 1:9 a:u: for
Nb, N, and C, respectively. Self-consistently of the
band eigenvalues was achieved after seven itera-
tions. We also mentioned that the type of radial
equation used in this work is semirelativistic as
derived by Harmon and Koelling [29]. Moreover,
comparative studies on bulk NbC and NbN with
the LDA and the GGA show small differences that
do not affect the present conclusions. Therefore, in
the following only results from calculation within
the LDA scheme will be discussed.

3. Results and discussions

3.1. Structural and elastic properties

In Fig. 1 we show the total energy curve as a
function of unit cell volume for NbC and NbN.

For the determination of static equilibrium prop-
erties, we use the Murnaghan equation of states
[30].
In Table 1, we give our calculated values of the

equilibrium lattice constants, bulk modulus, and
its pressure derivative for NbC and NbN, as well
as the experimental and other theoretical values.
We notice from these tables that our LDA results
for the equilibrium lattice constants are slightly
smaller about 0.9% and 0.6% than the experi-
mental values for NbC and NbN, respectively.
However, when we use the GGA these calculated
lattice constants are slightly larger about 0.5–0.9%
of the experimental values for NbC and NbN,
respectively. For the calculated values of the bulk
modulus (B), we have noticed that the value given
by the LDA for NbC is overestimated with regards
to the experimental value by 7%, whereas the
GGA result underestimated it by 3%. For NbN,
the calculated value of B in the LDA is larger than
the experimental value about 9.5%, while the
GGA value is underestimated by 4%.
To calculate the elastic constants, we have used

the procedure of Mehl [31]. Our calculated elastic
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Fig. 1. Total energy as a function of lattice constant obtained by LDA calculations of (a) NbC and (b) NbN.
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constants are listed in Table 1. For NbC we see
that the calculated values of C11 and C44 in the
LDA are larger than the experimental values, but
C12 is underestimated. When we use GGA, these
calculated values of C11 and C12 are under-
estimated, and C44 overestimated in comparison
with the experimental data. For NbN, within
LDA, our calculated values of C11; C12 and C44

are underestimated than the experimental values,
but GGA reduced the values of C11 and C44; and
C12 remains higher than the experimental values.

3.2. Electronic structure results

3.2.1. Band structure

In Fig. 2, we show our LDA calculations of the
band structures in the rock-salt structure of NbC
and NbN compounds. The band order using the
GGA is very similar to that found by LDA, thus
we show only the LDA band structure. The band
structures and band ordering for NbC and NbN
are seen to be very similar in the region below the
Fermi energy. They are characterized by an
energetically low-lying band, which is derived
from the 2s states of the nonmetal atoms and
which do not contribute to the bonding. These
bands display a maximum dispersion between G
and L of values 0.282 and 0:198 Ry for NbC, and
NbN, respectively. This difference is due to the
energy separation between the 2s-X and 2p-X
bands. The next lowest bands originate mainly

from 2p-X in some part of the Brillouin zone and
4d-Nb in another part of the zone, as can be seen
by an overlap and a mixing between these bands
when we are going from G to XðDÞ: These results is
in qualitative agreement with X-ray emission
spectra found by Ramqvist et al. [33], and K.allne
and Pessa [34]. The niobium d-bands are further
decomposed into t2g; which originates from G250 at
the centre of the BZ and the eg bands originating
from G12: The highest band shown in these figures
originate from 5s-Nb, because in these com-
pounds, the repulsive interaction with the non-
metal 2s-band shifts this band to higher energies
above the Fermi level in both NbC and NbN.
These higher metal 5s states do not mix strongly
with the metal d-band, but rather lie (0.56 and
0:27 Ry) above the G12 level for NbC and NbN,
respectively.
In Tables 2 and 3, the values of characteristic

band separations are given. We have selected for
comparison the gap Eg between the X s-band and
the second valence-band complex at L points, the
zone-center d-band splitting DEd � EðG12Þ �
EðG250 Þ; the metal-d nonmetal-p splitting Ed �
Ep ¼ ½2

5
EðG12Þ þ 3

5
EðG250 Þ	 � EðG15Þ (which is one

measure of the relative positions of the Nb d and

X p-bands), and the X-p X-s splitting Ep � Es ¼
EðG15Þ � EðG1Þ (also defined the relative positions

of X p and X s-bands). We have also selected other
energy difference given by

EðG15Þ � EðL1Þ: width of the 2p-bands.

Table 1

Calculated and experimental lattice constant a0; bulk modulus B; their energy derivative B0; and elastic constants of NbC and NbN

NbC NbN

LDA GGA Exp. LAPW TB LDA GGA Exp.

a0( (A) 4.43 4.49 4.470a — — 4.363 4.430 4.390a

BðMbarÞ 3.28 2.93 3.02a 3.32e — 3.499 3.074 3.20a

B0 4.88 4.56 — — — 4.922 4.214 —

C11ðMbarÞ 6.27 5.46 6.2d 6.4e 8.62f 6.04 4.98 5.56b

C12ðMbarÞ 1.79 1.67 2.00c 1.8e 1.60f 2.23 2.12 1.52b

C44ðMbarÞ 2.20 2.24 1.50c 1.4e 0.51f 1.84 0.89 1.25b

aRef. [1].
bRef. [37].
cRef. [36].
dRef. [38].
eRef. [32].
fRef. [39].
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EF � EðL1Þ: width of the occupied part of the 2p
and 4d-bands in the case of overlap.

EF � EðX3Þ: width of the occupied part of the
4d-bands.
The essential features of the band structure

found in our calculations are in a good agreement

with the results reported by Klein [6] using LCAO
method, Mattheiss and Gupta [7] using the APW
method, and many others [27–40]. In comparison,
we notice that the Fermi level moves up in energy,
since the number of valence electrons increase
from eight to nine for NbC and NbN, respectively.
Therefore, the increase in EF is caused by the
additional valence electron. From Tables 2 and 3,
one can clearly see that the width of the nonmetal
p band from L1 to G15 is larger for NbC than for
NbN, because in these bands, there is a strong
hybridization of pds and pdp in NbC. It is
interesting to note that the Eg values at X-points
(in order ofE0:714 Ry) for NbN is greater than in
NbC (with Egx ¼ 0:584 Ry), indicative of the
increase of the ionicity in NbN in comparison
with NbC. However, the quantity Ed � Ep; which
is a measure of the relative positions of the Nb-4d
and X-2p bands, increases from NbC to NbN,
indicative of the decrease of the overlap and
mixing between these two bands. So we can deduce
that there is a decrease of covalency in these

Fig. 2. Electronic energy band structure obtained by the LDA calculation of (a) NbC and (b) NbN.

Table 2

Comparison of important energy gaps obtained from LAPW

and APW calculations for NbC. The entries are in Ry

LDAa GGAa APWb

EF 1.08494 1.05548 0.770

Eg 0.13815 0.17322 0.250

DEd 0.12817 0.11890 0.133

Ed-Ep �0.0321 �0.0306 0.150

Ep-Es 0.96881 0.96515 0.870

G15 � L1 0.54791 0.53120 0.429

EF � L1 0.57217 0.55396 0.579

EF �X3 0.39200 0.30644 0.270

aReference. Our results.
bRef. [7].
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compounds. Therefore, the covalent component is
strongest in the carbide and reduced in the nitride.
These covalent interactions in these compounds
occur mainly between X 2p and Nb 4d atomic
states. It is interesting to note that Ed � EF for
NbC, about �0:04 Ry; is an indication also of the
strong hybridization between metal and nonmetal
states near EF:
We have mentioned above that EF � L1 denotes

the width of the occupied part of the 2p and 4d-
bands, this last quantity increases from NbC
to NbN. Therefore, we suggest that they give
an adequate description because the extra
electron added in NbN goes primarily into filling
d-states.
There are some crucial differences like a

significant difference in the band ordering at the
G point for NbC in comparison with NbN. If we
examine, for example, the band structure of NbC,
given by Gupta and Freeman [6], and those given
by Chadi and Cohen [35], we can see that G15 lies
below G250 levels just below EF: But Schwarz [33]
obtained the opposite ordering. In order to
distinguish between these two pictures, we give in
Tables 4 and 5 further informations relevant to
our band structure at G points for NbC and NbN.
From these tables we found that, our band

ordering is very similar to those given by Schwarz
[33]. The differences that exist can be attributed to
the self-consistency, which we include and he does
not. In this situation, where we have a significant

charge transfer and band hybridization, the self-
consistent effect is very important for a reliable
band-structure picture.

3.2.2. Bonding mechanism

Referring always to Fig. 2, we can clearly
assume that there is a mixing and overlap between
nonmetal p and niobium d-bands in the G to XðDÞ
direction in the Brillouin zone. For this reason, we
have selected one k-point, namely D ¼ p=að1; 0; 0Þ
halfway between G and X, and we have noted all
possible cases for the hybridization (we have

omitted the antibonding states).
In combining the different results of Tables 6

and 7, we can deduced that in the p-band the
nonmetal p-like charge always dominates in all
compounds. However, we have noticed that in the
NbC both partial charges eg and t2g have large
values indicating the presence of strong pds and
pdp in the D1 and D5 bands, respectively. In NbN
these Nb-d partial charges are much smaller,
therefore the p–d interaction is reduced. In the
d-band of NbN unlike NbC, the Nb-dðt2gÞ charge
exceeds all other components and leads to a strong
dds bond. From these results, it is reasonable to
note that the stability and other observed proper-
ties of these materials can be explained by the
formation of M–X bonds studied by Rundle [12]
without excluding the relative importance of other
effects such as the d–d interaction especially for
NbN compound [11].

Table 3

Comparison of important energy gaps obtained from LAPW, EPM, APW, and SC-APW calculations for NbN. The entries are in Ry

LDAa GGAa APWb APW-SCc APWd EPMe

EF 1.15571 1.14618 — — — —

Eg 0.40748 0.45550 0.44000 — — —

DEd 0.13989 0.13264 0.15000 0.14470 0.13523 0.14699

Ed-Ep 0.15366 0.15147 0.16000 0.14170 0.43920 0.14258

Ep-Es 1.05024 1.04230 1.05000 0.48060 0.71070 0.47920

G15 � L1 0.43381 0.41659 — 0.41673 0.26312 0.35573

EF � L1 0.68128 0.65475 — — — 0.59827

EF �X3 0.29483 0.28804 — — — —

aReference. Our results.
bRef. [40].
cRef. [35].
dRef. [42].
eRef. [43].
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3.2.3. The density of states

In Fig. 3, we show only the total and partial
density of states (DOS) for NbX (with X denote C
and N) as obtained by means of the LDA, since
they are very similar to those obtained by the
GGA with only a slight differences in the energy
levels. The DOS of the valence and conduction
bands are characterized by two regions separated
by a gap, the lower region is of X-s character of the
nonmetal atoms, with a very small contribution of
the Nb-d component with eg manifold of metal
atoms. This band is lowered going from NbC to
NbN, following the increasing electronegativity. It
is very interesting to note the overall similarity
among all these curves in the second region,
characterized by two high-density peaks separated
by a low-density region. In this second region,
exactly in the first peak, we can see that the
nonmetal-p density of states dominates on the two

compounds, but the mixture of the dðt2g) and dðeg)
manifolds in this range of energy is considerably
higher in NbC than in NbN. An important points
to note is that the partial DOS are useful for
interpreting the bonding mechanism. In NbC and
NbN, we have two types of bonds in the region
where p-bands dominate. The first one is due to
the dðeg) symmetry which can form a pds bond
with p-orbitals of nonmetal atoms. Similarly,
dðt2g) orbitals are involved in pdp bonds (see
Table 5). We have mentioned above that the eg
and t2g manifolds are smaller in NbN than in
NbC, therefore we can deduced that this is weaker
in NbN compared to NbC. In the range between
0:85 Ry and EF; the niobium d-component of the
DOS dominates, and it can be seen that in this
energy range the t2g manifold exceeds all other
components. This t2g charge can form dds bonds
between neighboring niobium atoms because the

Table 4

LAPW partial charge in the G points for NbC

G1 G15 G250 G12

Energy (Ry) 0.09186 1.06068 0.97729 1.10545

s 8.889 — — —

Nb-sphere p — 1.803 — —

dðegÞ — — — 68.826

dðt2gÞ — — 58.353 —

s 51.403 — — —

C-sphere p — 73.861 — —

dðegÞ — — — 6.769

dðt2gÞ — — 3.647 —

Table 5

LAPW partial charge in the G points for NbN

G1 G15 G250 G12

Energy (Ry) �0.101100 0.93823 1.03596 1.175820

s 6.583 — — —

Nb-sphere p — 1.623 — —

dðegÞ — — — 69.896

dðt2gÞ — — 59.235 —

s 63.812 — — —

N-sphere p — 76.560 — —

dðegÞ — — — 5.635

dðt2gÞ — — 2.992 —

Table 6

LAPW partial charge along the D direction for NbC

D1 D1 D5 D20

Energy (Ry) 0.199200 0.67900 0.92050 0.85020

s 4.894 2.158 — —

Nb-sphere p 3.212 1.255 3.187 —

dðegÞ 2.940 20.561 — —

dðt2gÞ — — 20.955 48.642

s 56.168 1.150 — —

C-sphere p 0.120 40.079 42.913 —

dðegÞ 0.108 0.095 — —

dðt2gÞ — — 0.442 3.891

Bonding pds pdp dds

Table 7

LAPW partial charge along the D direction for NbN

D1 D1 D5 D20

Energy (ev) �0.02299 0.64230 0.86290 0.90070

s 3.096 2.541 — —

Nb-sphere p 3.320 1.449 3.275 —

dðegÞ 2.044 14.813 — —

dðt2gÞ — — 9.731 48.915

s 68.272 0.473 — —

N-sphere p 0.015 47.473 59.547 59.547

dðegÞ 0.052 0.035 — —

dðt2gÞ — — 0.153 3.141

Bonding pds pdp dds

T. Amriou et al. / Physica B 325 (2003) 46–5652



nonmetal p contributions to the DOS are small,
so not the pdp but the dds bonds are most
important.
From Fig. 3, we have observed that there is

always a shape minimum in the density of states.
When the band is filled with eight valence
electrons, as in the case of NbC, this minimum
of the density of state separated the bonding from
the antibonding bands. But in the case of NbN,
this shape minimum is further from the two states
mentioned above, because in this compound the
occupied DOS close to the Fermi level contains
more d-electrons than in NbC. Therefore, the
additional valence electrons cause the Fermi
energy to rise above this minimum. We also
suggest that the limited overlap between 2p-X
and 4d-Nb states is responsible for the sharp
decrease in the value of the density of states at this
minimum.

From Fig. 3, we can deduce the values of the
DOS at Fermi energy, obtained by the FP-LAPW
method for NbC which is 9:8527 states=Ry unit
cell, in good agreement with the experimental
values reported by Toth [1] from electronic
specific-heat measurement (9:79 states=Ry unit
cell). Furthermore, our value is much better than
that obtained by Schwarz [4] using the APW
method (8:5 states=Ry unit cell), and that given by
Klein et al. [6] using the LCAO-CPA method
(8:331 states=Ry unit cell). In the case of NbN,
our obtained value is about 11:025 states=Ry
unit cell, which is close to the experimental
value found by Toth 11:4288 states=Ry unit cell,
and it is better than those obtained by
Schawrz [36] (13:333 states=Ry) and by Gupta [7]
(8:67 states=Ry unit cell) using the APW method.
From these values, the density of states at the

Fermi level for NbN is larger than that for NbC,

0

20

40

60

80

Energy (Ryd)

E
F

 tot.NbC

D
en

si
ty

 o
f s

ta
te

s(
st

at
es

/R
yd

) 

0

10

20

30

40  d.Nb
 eg.Nb
 t2g.Nb

0.0 0.5 1.0 1.5 2.0 2.5
0

5

10

15

20
 s.C
 p.C

0

20

40

60

Energy (Ryd)

E
F

 tot.NbN

D
en

si
ty

 o
f s

ta
te

s(
st

at
es

/R
yd

) 
0

5

10

15

20

25
 d.Nb
 eg.Nb
 t2g.Nb

0.0 0.5 1.0 1.5 2.0 2.5
0

6

12

18

24

30
 s.N
 p.N

(a) (b)

Fig. 3. The density of states (DOS) obtained by the LDA calculation of (a) NbC and (b) NbN (in states per Ry unit cell).
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which may be attributed to the higher super-
conducting transition temperature found in NbN.
Furthermore, if we compare these densities with
those obtained for the transition metal niobium
(12:381 states=Ry unit cell) [1], we suggest that the
niobium nitride is a good metallic conductor with
conductivity comparable to that of the parent
transition metal.

3.2.4. Valence electron density

From Fig. 4, there seems to be no doubt that the
charge transfer is from the metal to the nonmetal
sphere. From Table 8, we have the difference in the
electronic charge inside the atomic sphere between
the crystal (LAPW) value Q

sphere
crystal and the super-

posed atomic value Qsphere
super ; which is the quantity

we define for studying charge transfer in a
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Fig. 4. Contour plot of the valence charge density in the (100) plane obtained by the LDA calculation of (a) NbC and (b) NbN.
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compound. From this table we can observe that
for both NbC and NbN there is a charge transfer
of about half an electron from the metal to
the nonmetal atoms. Our results are similar to
those given by other self-consistent band structure
calculations [7,19] and are in good agreement with
the electron-spectroscopy for chemical analysis
(ESCA) measurement done by Rumquist [41],
which shows an excess of half an electron
associated with the X-sites.
Our calculations show that the valence electron

density of NbN compound is not spherically
symmetric around the niobium although the
muffin-tin approximation is used for the potential,
while the valence electrons density is always
spherically symmetric around the nonmetal atoms.
In niobium carbide, the valence densities around C
and Nb are spherically symmetric. This point is
further emphasized by calculating the ratio
(NNb

d�t2g
=NNb

d�eg Þ with the values 1.30 and 2.14 for
NbC and NbN, respectively. We know that a
symmetric density would be obtained only if
orbitals with t2g and eg symmetry are occupied in
the ratio of 3

2
according to their degeneracies.

However, we see that for NbN, t2g charge
depletion has considerably increased this ratio,
because the extra electron in NbN goes into filling
dðt2g) states. Therefore, we note that any non
spherical environment will lead to deviation from
the 3

2
ratio.

4. Conclusion

In the present papers new results on the
electronic structure of NbC and NbN are pre-
sented and compared with experimental data and
other results obtained by different methods. The
good agreement between the experimental and
theoretical density of state at Fermi energy, and
the quantity of the charge transferred, confirms
that the present LAPW results for all compounds
present a fairly accurate picture of the occupied
part of the band structure. At this points it is
useful to discuss the general remarks that can be
made for these refractory metal carbides and
nitrides. We have shown that charge transfer from
metal to nonmetal atoms has a great influence on
the bonding in these materials, and their stability is
determined by the formation of strong metal–
nonmetal bonds (p–d). We do not exclude the
relative importance of other effects such as the d–d
interaction (metal–metal bonds), specially, for
NbN.
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