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First-principles pseudopotential calculations were performed to investigate the structural stability of various
phases of niobium nitrides NbN,. The stability of the NaCl-, NiAs-, AsNi-, and CW (anti-WC)-type NbN
phases, the substoichiometric NbgN;, NbyN3, and Nb3,N3; compounds are analyzed on the basis of the results
of electronic structure and phonon calculations. The behavior of these structures under uniaxial tensile strain
was investigated. The electronic origin of the soft phonon modes and the mechanical properties of niobium

nitrides are discussed.
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I. INTRODUCTION

Let us briefly consider the main experimental results on
NbN, since the structural and physical properties have been
amply reviewed in Refs. 1 and 2. It is known that NbN, can
be prepared as powder samples,® diffusion couples,*> and
films.® Given the recent investigations on the Nb-N
system,*° the nitrogen-rich NbN, phases could be classified
as follows: (i) &NbN,, 0.72<x<1.06, with the NaCl-type

lattice  (space  group Fm3m) exists above T,
=1070-1225 °C.*> The nitrogen atoms and vacancies are
arranged statistically; (ii) body-centered tetragonal y-NbyN;,
or y-NbN,, for 0.72<x<0.84 (space group I4/mmm).>
v-NbN, transforms into -NbN, above T.; (iii) hexagonal
€-NbN is described with an anti-WC-type lattice (CW, space
group P6m2).2 eNbN is stable below 1330 °C; (iv) hex-
agonal &'-NbN,, 0.95<<x<0.98, with an anti-NiAs-type lat-
tice (AsNi, space group P6;/mmc) (Refs. 4 and 6) is sup-
posed to occur only transiently during the formation of
e-NbN from 6-NbN,. Despite a lot of effort that has been put
in classifying and understanding the various phases of the
Nb-N system so far the mechanism of the &~y transition
remains unclear.

The cubic 6-NbN, phases exhibit relatively high super-
conducting temperature, at least for this class of materials,
that can reach a value of 17.8 K,! which makes them suitable
for application in low-temperature electronics. Besides this
remarkable property, niobium nitrides are characterized by
high chemical stability and high hardness.!> Good mechani-
cal properties together with chemical inertness and high
melting points make these nitrides suitable materials for pro-
tective and wear-resistant coatings.”8

Experimental investigation of the phonon spectra was car-
ried out only for the NaCl-type NbN,: phonon anomalies
around the X point were observed by inelastic neutron-
diffraction measurements.” The dynamical stability of vari-
ous structure types of NbN was analyzed in Ref. 10 on the
basis of first-principles pseudopotential (PP) calculations of
their phonon spectra.

The general trends in the electronic structure properties of
NbN, were summarized in Refs. 10-13. First-principles
pseudopotential calculations were carried out to examine
polymorphism and metastability in NbN.!# It was shown that
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among three structure types, namely, CW, AsNi, and NaCl,
the CW-type NbN exhibited the lowest total energy, whereas
the cubic phase was energetically the most unfavorable struc-
ture. A pseudopotential method was also used to investigate
the mechanical properties of the hexagonal and cubic phases
of NbN, 516 the electronic structure of niobium mononitride
surfaces!”-'® and the lattice dynamics of the NaCl-, NiAs-,
and WC-types of NbN.!°

Despite the substantial amount of experimental and theo-
retical information accumulated on niobium nitrides, some
important questions have not been yet addressed. Among
them it is worth mentioning the following: (1) there are no
theoretical investigations of atomic and electronic structures,
lattice dynamics, and stability of various NbN, phases within
a single ab initio approach. (2) The mechanism of the &y
structural transformation remains so far unclear. (3) In the
NiAs structure there are six Ni-As, six As-As, and two Ni-Ni
nearest-neighbor bonds; it follows from this that the NiAs
and AsNi structures are not identical although, sometimes,
these two structures are undifferentiated in the literature.!'®16
Up today, there is no comparative study on phonon-structure
and total-energy results for these two structures. (4) It was
experimentally established that NbN films with the hexago-
nal phases (e-NbN, & -NbN) exhibit higher hardness than the
films based on &-NbN,”8 and no satisfactory explanation has
been yet provided.

Therefore, it is highly motivating to focus our attention on
these questions. In this work we aim at filling these gaps in
studying the physical properties of NbN,, as well as resolv-
ing the contradictions when interpreting the theoretical re-
sults on &'-NbN. For this purpose, we calculated the atomic
and electronic structures, total energy, phonon spectra, and
stress-strain relations of various structural types of NbN:
NaCl, NiAs, AsNi, and CW using the ab initio PP method
with a plane-wave-basis set. The same procedure was ap-
plied to the study of substoichiometric NbNj¢; (Nbs,N5,
Pm3m), NbNjg75s (NbgN,, space group P4/mmm), and
NbN, 75 (Nb,N;, space groups Pm3m and I4/mmm) struc-
tures. Based on these results we analyze phase stability as a
function of structure type, composition, and temperature. The
stress-strain relation under tensile strain is computed and
analyzed, and the results are compared to other available
theoretical and experimental data.
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FIG. 1. (Color online) Unit cells of the four NbN structures
considered in the present study. Nb—Iarge circles, N—small
circles.

The paper is organized as follows. Sec. II is devoted to
computational details. The peculiarities of the calculations in
the framework of a first-principles PP method applied to the
NDN structures are described in details. In Sec. III, the re-
sults of the calculations are presented and discussed. Here
phonon spectra, total energies, lattice relaxations, electronic
spectra, and stress-strain relation of various phases of NbN,
are analyzed. Finally, Sec. IV contains the main conclusions.

II. COMPUTATIONAL DETAILS

Total energy (E7) calculations within the local-density ap-
proximation of density-functional theory were carried out us-
ing the QUANTUM-ESPRESSO first-principles code!*2? for two-
atom (NaCl- and CW-type NDN), four-atom (NiAs- and
AsNi-type NbN), seven-atom (cubic and tetragonal Nb,N3),
and 15-atom (tetragonal NbgN5) unit cells. The unit cells of
the cubic and hexagonal structures are shown in Fig. 1. The
tetragonal supercells consist of two eight-atom NaCl lattices
aligned along the z direction with one nitrogen vacancy in
the central position (NbgN-) and with two nitrogen vacancies
at the origin and in the central position (NbgNy). The latter
structure can be represented as a seven-atom tetragonal cell
(NbyN3, 14/ mmm) with “antiparalle]” vacancy ordering. The
cubic seven-atom Nb,Nj; cell (Pm3m) with one nitrogen va-
cancy in the central position represents a structure with par-
allel vacancy ordering. The 63-atom NaCl-type (2 2 2) su-
percell was used to model the Nbs,N3; structure. All these
structures were relaxed. Vanderbilt ultrasoft pseudopotentials
were used to describe the electron-ion interaction.?! In this
approach, the orbitals are allowed to be as soft as possible in
the core regions so that their plane-wave expansion con-
verges rapidly.?! The semicore states were treated as valence
states. For the niobium pseudopotential, nonlinear core cor-
rections were taken into account.'® To describe the exchange-
correlation energy, the generalized gradient approximation
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FIG. 2. Total energy versus cell volume for various structural
forms of NbN.

(GGA) (Ref. 22) was considered. The criterion of conver-
gence for the total energy was 107 Ry/f.u. To speed up
convergence, each eigenvalue was convoluted with a Gauss-
ian with a width ¢=0.02 Ry. The cut-off energy for the
plane-wave basis was set to 38 Ry. Since we dealt with dif-
ferent structures, a similar setup was used for basis set, tail
energies, and k-point mesh. The integration in the Brillouin
zone (BZ) was performed with a set of special k points de-
termined according to the Monkhorst-Pack scheme?® using a
(8,8,8) mesh. The band structure of Nb;,N3; was computed
using only the I' point. The density of states (DOSs) was
calculated with the tetrahedron method using a (12, 12, 12)
mesh. "

The equilibrium geometry of each structure under consid-
eration (except for the stoichiometric NaCl-type NbN) was
determined by considering the simultaneous relaxations of
the ions and the unit cells without preserving the symmetry
with a Parinello-Rahman method.>* Relaxation of the atomic
coordinates and of the unit cell was considered complete
when atomic forces were less than 1.0 mRy/bohr, stresses
were smaller than 0.05 GPa, and total energy during the
structural optimization iterative process was changing by less
than 0.1 mRy.

The calculations of the bulk modulus B and its pressure
derivative were achieved by changing the cell volume of the
computed structures about their equilibrium geometry, and
fitting the energy-volume data to the Murnaghan equation of
states.

The tensile stress (o,,) was found in the following way. A
unit cell was elongated along the z direction in incremental
steps. For the hexagonal structures, the z direction was
aligned with the c-basis vector. For each increment the total
energy and the relaxed cell volume (V) were calculated. The
stress was determined as the derivative of the total energy
with respect to the tensile strain (e,.), o..=(1/V)JE;/ de,..
The QUANTUM-ESPRESSO first-principles code was used to
calculate the phonon spectra of cubic and hexagonal NbN in
the framework of density-functional perturbation theory.!%>

III. RESULTS AND DISCUSSION

A. Total energy calculations

First, we calculated the total energies of the stoichiometric
cubic and hexagonal phases of NbN as functions of cell vol-
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TABLE I. Lattice parameters (a, c/a), bulk moduli (B) and their derivatives (B’) obtained in this work,
together with results from other theoretical studies (parenthesis) and experiments (curly brackets).

Symmetry A B B’
Phase (space group) (A) cla (GPa) (GPa)
NaCl Cubic 4.4222 1.00* 302 4.2¢
(Fm3m) (4.37°, 4.41°) (313¢,314f)
(4.378-4.429) (309-3544)
{4.391¢} {287,292,3544}
NiAs Hexagonal 2.939% 1.99% 300? 4.1%
(P63/mmc) (2.930°) (1.999 (310¢,311%)
AsNi Hexagonal 2.98% 1.87¢ 312¢ 3.9%
(P65/mmc) (2.953) (1.86°)
{2.968} {1.87%}
CwW Hexagonal 2.962% 0.97* 308 4.1
(WC) (P6m2) (2.928°,2.958¢2) (0.97°,0.97¢)
{2.94°} {0.95¢}
NbgN5 Tetragonal 4.410° 1.98¢ 2928 4.3%
(P4/mmm)
NbyN; Cubic 4.382% 1.00% 280° 4.4%
(Pm3m)
NbyNj3 Tetragonal 4.396* 1.97¢ 283 4.1%
(14/ mmm) {4.382M {1.97"}

4PP-GGA) This work.
5(PP-LDA) Ref. 14.
°(PP-GGA) Ref. 16.
dReview given in Ref. 10.
¢(Handbook) Ref. 3.
'PP-GGA) Ref. 7.
g(PP-GGA) Ref. 18.
h(XRD) Ref. 26.

ume. The results of these calculations are shown in Fig. 2
and the structural characteristics of the calculated phases are
summarized in Table I. One can note from Table I that the
computed lattice parameters for these structures are in fairly
good agreement with those obtained from other theoretical
and experimental investigations. Figure 2 shows that there
are two hexagonal phases of NbN, CW, and AsNi, which are
stable at various pressures at zero temperature. In Fig. 3 we
show the enthalpy and cell volume of the CW- and AsNi-
type structures of NbN as functions of pressure. It is seen
that the CW structure is stable at pressures below 13.5 GPa.
At higher pressures, this structure transforms into the AsNi
phase. Stoichiometric niobium nitride cannot be stable in the
cubic NaCl and hexagonal NiAs structures at any pressures.
The differences in the ground-state energies between the
CW-type NbN and the other three structures are 0.021,
0.153, and 0.177 eV/atom for the AsNi, NiAs, and NaCl
structural types, respectively.

B. Dynamical properties

Another way to study structural stability of crystalline
materials is to analyze the lattice dynamic properties since
the existence of soft phonon modes indicates structural insta-

bility. We calculated the phonon dispersion curves along the
symmetry directions in the BZ for the four structural types of
NbN considered above. The computed phonon spectra are
presented in Figs. 4—7. There are no phonon anomalies that
could lead to the instability of hexagonal CW and AsNi. For
NiAs, a soft mode at the M point was identified. This soft
mode approaches zero under uniaxial compression [cf. Fig.
6(b)], which indicates a dynamical instability of the NiAs
structure with respect to small distortions. In the case of the
NaCl-type structure, we find imaginary acoustic frequencies
at the X point (longitudinal, X5/, and transverse, Xs/), which
is incompatible with the dynamical stability of this phase [cf.
Fig. 7(a)]. These phonon anomalies arise because of elec-
tronic transitions between the Wj, states that strongly in-
crease a negative contribution to the dynamical matrix for
the phonon wave vector X.?’

A comparison of the phonon dispersion curves for the
NaCl- and CW-type structures of NbN with those calculated
in Ref. 10 shows that both calculations give similar results.
For the ground state of NiAs-type NbN, the phonon
spectrum'® has an imaginary frequency near the M point.
According to our results, the collapse of the acoustic mode at
the M point occurs only under uniaxial compression [cf. Fig.
6(b)]. Unfortunately, we cannot explain this discrepancy
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FIG. 3. (a) Enthalpy difference AH=H(CW)-H(AsNi), and (b)
cell volume of the CW-(solid line) and AsNi-(dashed line) type
structures of NbN as a function of pressure. The numbers refer to
the transition pressure in (a) and the cell volumes in (b).

since we have no information on the structural parameters
used in the calculations of Ref. 10.

Let us now analyze the effect of temperature and small
concentrations of nitrogen vacancies on the phonon spectrum
of 6-NDN. In NaCl-type NbN,, with small deviations from
the stoichiometry, atoms and vacancies in the nonmetal sub-
lattice are randomly distributed.! For the band-structure
study of such random systems, usually one uses the coherent
potential ~approximation (CPA). The Korringa-Kohn-
Rostoker-CPA energy band calculations of NbN, (Ref. 12)
showed that, for small vacancy composition, the dangling-
bond states are located in a minimum of the density of states,
below the Fermi energy Ef, and the main effect of disorder
on band energies around Er was a band smearing and a low-
ering of the Fermi level. It is well known also that, to a
first-order approximation, temperature effect results in a
smearing of the band energies. To account for the effects of
temperature and nitrogen vacancies on the phonon spectrum
of NbN,, we calculated the phonon-dispersion curves by us-
ing various values of band-energy smearing o. To substanti-
ate the hypothesis of an acoustic mode softening around the
X point that occurs with a decrease in temperature and an
increase in nitrogen composition, x, in NbN,, we calculated
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FIG. 4. Calculated dispersion phonon curves for CW-type
NbN.
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FIG. 5. Calculated dispersion phonon curves for AsNi-type
NbN.

the dispersion curves along high-symmetry directions for
two values of the smearing parameter, 0=0.02 and 0.16 Ry.
These phonon spectra are displayed in Fig. 7. An increase in
o, that implies an increase in temperature and nitrogen va-
cancies, leads to the disappearance of the phonon anomalies,
and a better agreement between calculated and experimental
spectra’ is achieved [cf. Fig. 7(b)]. This finding validates
fairly well our approximations. In Figs. 8(a) and 8(b), we
show the effect of band-energy smearing o on the position of
Er with respect to the W3, level and the frequencies of the
soft modes in NaCl-type NbN. As o increases, the Fermi
level gradually moves toward lower energies crossing the
W3, level. Owing to the lowering of the Fermi level and an
increase in o the frequencies of the soft X3, and X5, acoustic
phonons increase, and the cubic structures of NbN, are sta-
bilized. These results show that 6-NbN, can form with the
NaCl-type structure only at high temperatures (x=1.0) or
with a deficiency in nitrogen atoms (x<<1.0) at low tempera-
tures.

C. Structural stability and lattice relaxation

We also applied this simple approach to examine the
structural stability of various phases of NbN,. For this pur-
pose, the total energies of the CW, AsNi, NiAs, and NaCl
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FIG. 6. (a) Calculated dispersion phonon curves along the I'-M
line for NiAs-type NbN at equilibrium and (b) under uniaxial com-
pression (&,,=0.03).

054109-4



PHASE STABILITY AND MECHANICAL PROPERTIES OF...

16
ﬁl2{&©/<
=
vga:(a)
2 44
2 ]
0
% ]
4 X,
-8 X,
rrrrrrrrr1rrrrrrrrrrr 1T 1T
r A X z I A L
16 7 J %
N 5 o o 0o ©
T ]
=12
> ]
Esl(b)
g °]
g: vwWV
L
59

I~
1
o}
D

L
d

o
J

r A L

FIG. 7. Calculated dispersion phonon curves for NaCl-type NbN
for (a) 0=0.02 Ry and (b) 0=0.16 Ry. The triangles and circles in
(b) represent the experimental spectrum for NbN o3 (Ref. 9).

structure types were calculated as functions of ¢. The results
of the total-energy calculations are presented in Fig. 8(c).
They predict the following sequence of phase transforma-
tions with increasing o: € — & — 6. One should note that the
6-NbN, phases only appear after the soft X5, phonon mode
becomes positive. As a reminder, the e-NbN phase practi-
cally does not contain nitrogen vacancies, and &’-NbN, has a
very narrow homogeneity range."*° This means that the ob-
tained sequence of phase transformations will occur in NbN,,
for x~ 1.0, with increasing temperature. It is seen that the &’
phase is the intermediate one in this sequence of phase trans-
formations, which is consistent with experiment.* NiAs-type
NbN is found to be energetically unfavorable over the whole
range of o. Hence, it clearly follows that the NiAs and AsNi
structure types of NbN should not be confused, and only
AsNi-type NbN should be identified with the §’-NbN phase,
in agreement with experiment.*

We considered above the NbN, structures with negligible
concentrations of nitrogen vacancies. It is well known that
only the tetragonal y-NbN, and cubic 6-NbN, phases exist in
a wide composition range.3-% The cubic 5-NbN, to tetragonal
v-NbN, transition occurs below the transition temperature,
T,.~1070-1225 °C.5 Assuming that this transition could be
initiated by lattice relaxation around nitrogen vacancies, we
analyzed the static atomic displacements around a single ni-
trogen vacancy. We considered the cubic Nb3,Nj3; structure
for 0=0.02 Ry. It was found that the niobium atoms relax
tetragonally inward with u,=u,=0.136 A and u,=0.156 A.
We suspect that the inward lattice relaxation is related to a
predominance of the repulsive Nb-N pair interactions. Here
it should be noted that in TiC,, NbC,, and TiN,, outward
relaxations are observed,?® which speaks in favor of a pre-
dominance of attractive metal-nonmetal pair interactions.
The tetragonal character of the atomic displacements is as-
sumed to be caused by the split of the double-degenerated
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FIG. 8. (a) Energy difference AE;=EE(W3/), (b) phonon fre-
quencies of the soft modes in the NaCl-type NbN, and total energy
differences AE;=E(CW)-Ex(NaCl) (open circles), (c) AEp
=E(AsNi)-Ex(NaCl) (solid circles) and AE;=E(NiAs)-E(NaCl)
(full squares) as functions of band energy smearing o.

I'}, level that occurs in the vicinity of the Fermi level (cf.
Fig. 11 below). The reason why a tetragonal distortion can
explain a split of these levels can be easily shown by using
the invariant method.” According to this scheme,” only the
tetragonal strains are able to split the double-degenerated I'},
level. It follows that the formation of the ordered tetragonal
¥-NbN 75 structure could be caused by lattice relaxations
around the nitrogen vacancies. However, this is not the case.
As will be shown below, this structure is instead stabilized
by a specific vacancy ordering.

In substoichiometric transition-metal carbides and ni-
trides, a reduction in temperature leads, as a rule, to the
formation of ordered structures.?® In the case of NbN,, such
structures are observed for compositions close to x=0.75.32%
At such compositions, two types of vacancy ordering are
possible: parallel and antiparallel.”® The parallel type is real-
ized in NbC,75.28 To examine the possible formation of both
structures in NbNj, 5, we performed total-energy calculations
of the unrelaxed cubic (Pm3m) and tetragonal (I4/mmm)
Nb,N; phases. We found that the total energy of the cubic
phase is greater than that of the tetragonal phase by 0.025
eV/atom. The relaxation of the tetragonal structures reduces
E; only by 0.003 eV/atom. These findings show that in
NbN, 75 the antiparallel vacancy ordering is preferred, and
the small total-energy contribution related to lattice relax-
ations indicates that vacancy ordering is a driving force for
the formation of the ordered y-NbN -5 phase.

To study lattice relaxation around a nitrogen vacancy in
the tetragonal structures we calculated the atomic configura-
tions of NbN,, for x=0.875 (NbgN5) and 0.75 (NbyN;) by
allowing relaxation of the cells and atomic positions. It was
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FIG. 9. Calculated stress versus tensile strain for the (001) stress
in NaCl-type NbN (full circles), NbyN; (full triangles), and NaCl-
type NbN obtained by Wang et al. (Ref. 16) (open circles). Total
energy difference between strained and unstrained NaCl-type NbN,
SEr=E(g)-E(0), (full circles) and cell volume (open circles) as
functions of strain & (b).

found that the bulk modulus, lattice parameter (a) and ratio
c/a for NbN, decrease as x decreases (cf. Table I). These
changes reproduce fairly well the trend in the behavior of the
mechanical and structural properties of NbN, with composi-
tion x.'* In both computed tetragonal structures, two of the
six niobium atoms in the neighborhood of a nitrogen vacancy
shift toward the vacancy site along the z direction, in contrast
to other similar compounds such as, for example, TiC, and
TiN,, where in these cases the metal atoms relax
outward.?®3" For the composition x=0.875, the inward relax-
ation of 0.033 A inside the tetragonal supercell leads to the
formation of a primitive tetragonal structure (space group
P4/mmm) with c/a<1.983. For NbN,;s, although the in-
ward relaxation does not violate the symmetry of the initial
body centered tetragonal cell (space group I4/mmm), it leads
to a reduction in the c/a ratio to 1.968. In this case, the
niobium atoms shift by 0.047 A, which is close to the ex-
perimental value of 0.036 A.2° Note that the value of the
atomic shift depends on the symmetry and the composition
of the substoichiometric phases.

D. Mechanical properties

In theoretical studies, one often considers the bulk modu-
lus and the flow stress (the critical stress at which the ideal
crystal becomes structurally unstable) as indicators of the
intrinsic material strength.16 In addition, theoretical investi-
gations of the stress-strain relations give a deeper under-
standing of material behavior under large strains. We calcu-
lated the stresses of all four structures of NbN and NbyN; as
functions of uniaxial tensile strain. In Figs. 9 and 10, the
calculated stress-strain curves are displayed. To show the ef-
fect of tensile load on total energy and cell volume, in Fig.
9(b) we present these characteristics as functions of tensile
strain. The calculated stress-strain curves exhibit an elastic
behavior at small strains. At large strains, the stress exhibits
different behaviors for various NbN, structures. In particular,
for cubic NbN and tetragonal Nbs;N,, the stress reaches a
maximum value of 24 GPa and 28 GPa at a strain of about
0.1 and 0.13, respectively. The flow stress increases from the
stoichiometric cubic NbN to the substoichiometric tetragonal
NbNj ;5. In the case of the hexagonal phases, the flow
stresses, determined at € ~0.25, are about 102 GPa (NiAs-
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FIG. 10. Calculated stress versus strain for the (0001) stress in
various hexagonal structures of NbN. For the sake of comparison,
the corresponding data for NiAs-type NbN calculated by Wang et
al. (Ref. 16) are also presented.

type and AsNi-type NbN) and 107 GPa (CW-type NbN). The
flow stresses and critical strains for the hexagonal phases are
larger as compared to those for the cubic and tetragonal
phases. It was found that, for Cu,?! the relaxed structures had
lower total energies than the unrelaxed ones. Following this
finding, we expected that our values of the flow stresses
would be overestimated. However, the comparison of the
results for the relaxed and nonrelaxed 6-NbN structures pre-
sented in Fig. 9(a) clearly indicates that not only the atomic
relaxations influence the stress-strain curves but also differ-
ent conditions for the calculations in the framework of the
same approach can lead to different results. Unfortunately,
we did not find any experimental stress-strain relations for
the NbN structures to verify our calculated data. Neverthe-
less, assuming that the effect of atomic relaxations on the
mechanical behavior of various NbN phases under tensile
stress will be of the same order, a comparative analysis of the
calculated stress-strain relations would be justified. Based on
such an analysis, we predict that e-NbN and, and to a lesser
extent 6'-NbN will have the highest flow stresses among all
the NbN structures, which makes them materials with prom-
ising industrial and technological applications.

E. Electronic structure properties

It is well known that, in most cases, the peculiarities of
the electronic structure determine the mechanical properties
of materials. We calculated the electronic band structures and
densities of states of various phases of NbN, to acquire a
better understanding of the mechanical properties of these
phases. The electronic band structures of various phases of
NbN are displayed in Fig. 11. In Fig. 12 we show the calcu-
lated DOSs with comparison to the experimental x-ray pho-
toelectron spectra (XPS) (Ref. 32) and a previous theoretical
electronic spectrum for NiAs-type NbN.!® All the electronic
spectra exhibit three main bands. A detailed analysis of the
partial DOSs (not presented here) shows that the low-energy
band originates from the N 2s state. The next d-p band lo-
cated around -5 eV is mostly associated with the Nb d and
N p states. In 6-NbN, the d-p band does not split, whereas in
the case of the hexagonal structures it splits into two sub-
bands related to the (Nb d-N p)o and (Nb d-N p)7r bonds.
Because of the structural peculiarities of the hexagonal
phases, the (Nb d-N p)o bonds are directed mainly along the
¢ axis and the (Nb d-N p)r bonds are distributed mainly in
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FIG. 11. Electronic band structures of various structural forms
of NbN. For the band structure of the NaCl-type NbN, the states at
the I' point are indicated. The horizontal lines locate the Fermi
level.

the plane that is perpendicular to the ¢ axis. The band related
to the (Nb d-N p)o bonds are shown in the DOS in the low-
energy region. It is these bonds that contribute most to the
extremely high strength along the (0001) direction.'® Finally,
the high-energy metallic d band is located below and above
the Fermi level. Because of the strong Nb d-N p interaction,
this band splits into a low-energy Nb d, subband and a high-
energy Nb d, subband. In the case of NaCl-type NbN, the
Fermi level is located below the DOS minimum that sepa-
rates these subbands, whereas in the AsN-type and CW-type
NbN, Ep is locating right in this minimum of the DOS. Fur-
thermore, the states of the Nb d subbands in the hexagonal
phases are strongly localized, which indicates the high extent
of the covalent nature of the metal bonds. The latter points to
a strengthening of the metallic bonds in the hexagonal phases
compared to what is found for the cubic structure. The strong
localization of the states that form the Nb d subbands in the
CW-type NDN is also expected to be responsible for the
highest value of the flow stress among all the hexagonal
structures.

Why is NiAs-type NbN high in energy compared to other
hexagonal phases? Given the peculiarities of all the elec-
tronic spectra presented in Fig. 12, we see that the states of
the d band in NiAs-type NbN are less strongly localized than
those in AsNi- and CW-type NbN. As a result, for NiAs-type
NbN, the DOS at the Fermi level, N(Ey), is the highest, and
the covalent nature of the bonding between the metal atoms
is the smallest. Hence, we expect that these two features of
the electronic structure reduce the stability of NiAs-type
NbN compared to other hexagonal structures.

The comparison between the theoretical and experimental
photoelectron spectra for 5-NbN and &§-NbN, shown in Fig.
12, indicates a fairly good agreement. We note that the XPS
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FIG. 12. Calculated DOSs of various unrelaxed structures of
NbN,  (solid line) and NBN g75 (NbgN5) (dashed line). For com-
parison, the XPS for &-NbN and &’'-NbN (Ref. 32) and the DOS of
NiAs-type NbN calculated by Wang et al. (Ref. 16) (dotted line) are
also presented. The vertical solid and dashed lines locate the Fermi
energies in NbN; ; and NbN 475, respectively.

of &-NbN better agrees with the DOS of AsNi-type NbN
than with the electronic spectrum of NiAs-type NbN, an ob-
servation which, once again, confirms that 6’-NbN should be
identified only with AsNi-type NbN. Figure 12 shows that,
for NiAs-type NbN, the DOSs calculated in Ref. 16 and in
our work are in excellent agreement.

So far, we did not attempt to explain the various ranges of
composition of the NbN, structures under consideration. To
answer this question let us analyze the calculated DOSs of
the substoichiometric phases in comparison with those of the
stoichiometric ones. The calculated spectra are presented in
Figs. 12 and 13. All the substoichiometric phases were cal-
culated without allowing for atomic relaxations, except for
the NaCl-based NbN, structures: these phases were calcu-
lated with full relaxations of both the atomic positions and
the unit cells. It follows from Fig. 13 that the relaxations do
not change the main features of the DOS of the substoichio-
mentric phases. We note that nitrogen vacancies give rise to
additional states below the Fermi level (6-NbN,), just below
Er (8'-NbN,) and just at E (e-NbN,). These states originate
from the Nb-Nb bonds passing through a nitrogen vacancy.
Below, we will attempt to estimate the stability of the subs-
toichiometric structures, following the simple rule: the lower
the density of states at the Fermi level, the more stable the
structure is. The motivation of this is that the high DOS at E
causes the existence of soft phonon modes in the long-wave
region and their collapse leads to a structural transformation.
So, the analysis of phase stability will be done at the level of
the correlation between the DOS at Ej and phase stability.
For 6-NbN,, a reduction in x leads to a lowering of E and
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FIG. 13. Calculated DOSs for NaCl-type NbN,, x=1.0 (NbN),
x=0.875 (NbgN>), and x=0.75 (NbyN3). For the substoichiometric
compositions, the solid and dashed lines correspond to the DOSs of
the relaxed and unrelaxed structures, respectively. The vertical line
locates the Fermi energy. The DOSs of different compositions were
shifted by aligning the Fermi energies.

N(Er), which promotes a stabilization of these structures.
The decrease in these characteristics continues up to x
=0.7-0.75 (cf. Fig. 13). By further reducing x, N(Ey) in-
creases, thereby causing a decrease in the stability of the
system. This effect explains to a large extent the lower limit
for the region of homogeneity of &-NbN, and y-NbN,. Here
it should be noted that the similar band structure changes
were observed also for substoichiometric disordered NaCl-
type NbN,.'? In the case of the AsNi-type NbN,, a small
deviation from stoichiometry leads to a shift of the Fermi
level toward the peak of DOS related to “vacancy states” and
to an increase in the DOS at the Fermi level (cf. Fig. 12). As
a result, 6'-NbN is predicted to be stable only in a very
narrow homogeneity range.>* For CW-type NbN, a small
number of nitrogen vacancies will give rise to vacancy states
just at the Fermi level. Therefore even a single nitrogen va-
cancy will be able to bring this system into a metastable
state. This accounts for the absence of a homogeneity range
for £-NbN.!™

Coming back to the nature of vacancy ordering in NbN,,
let us compare the DOSs of the cubic (Pm3m) and tetragonal
(I4/mmm) NbN,, ;5 phases. The DOSs of these structures are
shown in Fig. 14. First, we note that the difference between
the band energy contributions to the total energy, AEjg
=Eg(Pm3m)-Eg(I4/ mmm), where Ejp is the integral of the
EN(E) function up to Ez=0.0 [N(E) is the DOS], is equal to
0.232 eV/atom. The comparison of this value with the total
energy difference of 0.025 eV/atom, determined in Sec.

337
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FIG. 14. Calculated DOSs of the unrelaxed NaCl-type NbN 75
structures (NbyN;) with the parallel (Pm3m) and antiparallel
(I4/mmm) vacancy ordering. The vertical line locates the Fermi
energy.
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IIT C, prompts us to conclude that the changes in the valence
band structure is responsible for the formation of the tetrag-
onal y-NbN ;5 structure caused by vacancy ordering. One
can see from Fig. 14 that there are several features in the
DOS of the I4/mmm structure that reduce Ep compared to
that of the Pm3m phase. These are the DOS peaks at ~-7,
—6, and -2 eV. The first two peaks belong to the Nb d-N p
band, whereas the latter peak is formed by the states of the
Nb d band. There are two (two) Nb atoms with two (one)
neighboring vacancies in the /4/mmm structure and three Nb
atoms with two neighboring vacancies and one Nb atoms
with an octahedral surrounding in the Pm3m structure. Based
on these data, we predict that the (Nb d-N p)o bonds in the
latter structure are weaker than those in the tetragonal phase.
The weakening of these bonds is not compensated by a
strengthening of the direct (Nb d-Nb d)o interactions. Such a
difference in chemical bonding between these structures can
be one possible reason why in the cubic phase the band en-
ergy is higher than in the tetragonal structure.

In conclusion, we note that our studies based on band-
energy smearing have a semiquantitative character since it
was possible to correlate in a phenomenological way the
smearing parameter o to temperature and vacancy composi-
tion: “an increase in ¢ implies a corresponding increase in
temperature or vacancy composition.” Of cause, the investi-
gation of phase stability at finite temperatures should be
based on a comparison of the Gibbs free energies of different
systems. Nevertheless, such an approach coupled with calcu-
lations on equilibrium atomic configurations of stoichio-
metric phases allowed us to rather correctly describe the
main features of the complex phase transformations that take
place in NbN.

IV. CONCLUSIONS

First-principles band-structure and phonon-spectrum cal-
culations were performed for various structures of NbN,.
The main results can be summarized as follows: (a) the CW
(e), AsNi (&), and NiAs, structure types of NbN are dy-
namically stable phases. The NaCl-type NbN (&) is a dy-
namically unstable phase because of imaginary phonon fre-
quencies around the X point. (b) A simple approach based on
a band-energy smearing parameter o was applied to the de-
scription of the structural transformations occurring in NbN,
as functions of temperature and nitrogen-vacancy concentra-
tion. This model predicts two phase transitions, € — & — 9,
in NbN,, for x~1.0. (c) For NbNj;s, the antiparallel va-
cancy ordering cause a reduction in the total energy by 0.025
eV/atom in comparison to that of the structure with parallel
vacancy ordering. This antiparallel vacancy ordering is re-
sponsible for the formation of the tetragonal 7y-NbNj s
phase, and the small tetragonal lattice distortion arises in the
ordered unrelaxed y-NbNj 75 structure due to the relaxation
of the stress caused by vacancy ordering. The occurrence of
this tetragonal distortion preserves the symmetry of the un-
relaxed ordered structure (I4/mmm). (d) The NiAs-type NbN
is found to be energetically unfavorable compared to other
structure types of NbN. It follows that only AsNi-type NbN
should be identified with the & -NbN phase that is experi-
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mentally observed. (e) For the calculated Nbs,N5;, NbgN-,
and NbyN; compounds, inward tetragonal relaxation of the
niobium atoms in the neighborhood of a single nitrogen va-
cancy takes place. (f) The calculated stress-strain relations
for the NbN phases indicate that e-NbN and, to a less extent
6'-NbN, will have the highest flow stresses among all the
NbN structures under consideration, and this makes them
excellent candidate materials for technological and industrial
applications. The promising mechanical characteristics of
&-NbN and &' -NbN are explained by the strong (Nb d-N p)o
bonds and the strong localization of the Nb d states in the
metal band. (g) Nitrogen vacancies in e-NbN, and &'-NbN,
give rise to “vacancy states” at the Fermi level and this leads

PHYSICAL REVIEW B 82, 054109 (2010)

to a drastic increase in the density of states at the Fermi level
and to a destabilization of these phases. Therefore the hex-
agonal phases have much narrower homogeneity ranges than
the cubic and tetragonal defected phases, for which vacancy
states appear below the Fermi level.
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