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a b s t r a c t
The static and dynamical phase stabilities of refractory nitrides based on plane wave calculation in the
framework of generalised gradient approximation (GGA) are reported in this work. The calculation
reveals that the postulated zinc blende (B3) phase is statically and dynamically stable unlike the cesium
chloride (B2) because of an appearance of imaginary modes in the phonon spectra which prevents the
formation of this crystal phase similar to the corresponding carbides. The soft modes of the phonon bands
were explored over a temperature range of 280–350 K. The indirect phase transition pressures from the
zinc blende to the cesium chloride structure are about 10-, 8-, and 7-fold lower compared with the direct
transformation from the ground state rock-salt structure to the B2 phase of TiN, ZrN and HfN respectively.
The calculated electronic partial density of states show strong hybridization at the gap region and that all
the crystal phases are metallic. Again, the phonon calculation showed an appearance of phonon gap for
the rock salt and the zinc blende phases but collapsed in the B2.
Ó 2017 Elsevier B.V. All rights reserved.

1. Background
Transition metal carbides and nitrides (carbonitrides) crystallizes into rock salt or the sodium chloride (B1) structure called
refractory compounds [1,4] and belong to the space group
 m [2,3] (No. 225) with high binding energies resulting in high
F m3
melting points [5]. The compounds physical properties are distinct
of metal, very strong like diamond and considered as high temperature ceramics. The bonding [6] of the carbonitrides is as an admixture of metallic, ionic and covalent mechanisms which determine
their unique properties. These attributes make the compounds
interesting scientifically and technological attractive. The relevance of the refractory compounds to industry is enviable and
interest in them keep growing. The use of these compounds are
found in the protective and reactive coatings of nano composites
[7], tools cutting, abrasives and even in microelectronics [8] where
they are used as conductive barrier for metals contacts and active
devices; here their electronic structures are explored in high temperature and pressure environments [9–11]. These compounds
have widely been studied both experimentally [12–16] and theoretically [6,17–19] and the research effort keeps increasing.
⇑ Corresponding author.
E-mail addresses: eabavare@yahoo.com, ekkabavare.cos@knust.edu.gh (E.K.K.
Abavare).
http://dx.doi.org/10.1016/j.commatsci.2017.04.038
0927-0256/Ó 2017 Elsevier B.V. All rights reserved.

Demkowicz et al. [20] group employed bulk diffusion couple
experiments to study the chemical reactivity of the carbonitrides
of Ti and silicon carbide relative to palladium and rhodium in the
temperature regime of 1600  C. Similarly, the chemical reactivity
of SiC-Pb coated fuel cells was previously explored by earlier workers [21,22] with respect to fuel application. Because SiC is very susceptible to degradation by palladium, the use of carbonitrides as
substitutes is seen as plausible candidates for fuel coating since
they are gentle on Pd [23–25]. In similar related application,
advanced fuels for the next generation gas-cooled fast neutronspectrum reactors have been suggested to make use of other carbonitrides ceramics instead of silicon carbide in fuel cell coating
or ‘‘inert matrix” fuel materials [25,26].
Clearly, refractory compounds are superior materials for use in
advanced industrial applications such as in optoelectronics and
aerospace and depends on how stable the materials are to hostile
conditions. The phase transition of TiC around 18 GPa from B1 to
R phase was reported by Dubrovinskaia et al. [27] while Winkler
et al. suggested that no phase transition in the B1 titanium carbide
up to 26 GPa [28] exist; meanwhile no such report has been presented for TiN. It has been conjectured that there is high probability for refractory carbonitrides to transform from the ground state
 m) [2,29] under high
NaCl(B1) to CsCl (B2) (space group P m 3
pressure. The transformation process is very similar to the
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pressure-induced phase transformation of the lanthanide and
monoantimonides with rock salt structure [30]and barium chalcogenides [31] to B2-type.
The physical properties of strength and supposedly potential
use of the carbonitrides as matrix for nuclear fuels in high temperature environments requires availability of further information on
the crystal structure and electronic properties for these crucial
materials in the B2 phase is practically lacking [31]. The reason
partly stems from the fact that the diamond evil experiments
which are usually used to study phase transformation of crystalline
materials cannot provide such high pressures needed to study the
phases of refractory compounds in the laboratory based on the fore
knowledge of their high bulk moduli. This undoubtedly has created
a vacuum of non-existing experimental knowledge of the cesium
chloride structure of the refractory compounds and which is excellently being filled reliably by the tools of computational
methodologies.
Recent investigation by Ivaschenko group showed that the carbonitrides of Ti and Zr can transform from B1 to B2 under pressure
in the range of 200–550 GPa and supported by the work of Diwan
[2,32] for only the carbides in the range of 344–572 GPa of (Ti, Zr,
Hf, V, Nb and Ta) in agreement with our recent plane wave calculations [33,35]. In a related report, the nitrides are calculated to be
in the range of 162–370 by Srivastava and collegue [34] using three
body force potential model. From our experience with carbides calculations, it seems to us that the ceramics carbides are stronger
than the corresponding nitrides of the refractory compounds. Presently, to the best of our knowledge, there is no experimental evidence demonstrating the existence of other polytypical phases
which are stoichiometric apart from the B1 [2] phase.
In recent past, Ahuja et al. [36] predicted the phase transformation of the carbonitrides of Ti compounds at an elevated pressure
based on full linear muffin-tin approach (FPLMTO) in the framework of local density approximation. Hao et al. [37], showed the
sequence of pressure-induced phase transition of the carbonitride
of Zr from B1 to B2, while Chen et al. [38], demonstrated experimentally the existence of high-pressure phonon spectra of nitrides
of Hf, Zr and Nb ceramics using Raman-scattering measurements.
Singh and collaborators [40] and Bhardwaj [41,42] have shown
that the phase transition pressure of the carbides of Zr and Hf
based on two-body and three-body inter-ionic potential model
and modified interaction potential with covalency exist accordingly. Ojha et al. [43] used two-body inter-ionic theory that
includes the effects of Coulomb screening to predict that TiX
(X = C, N, O) system can structurally transition to B2 configuration.
The stability of crystal systems should not be determined based on
static calculations studies alone, instead additional lattice dynamical calculations as an acid test is crucial. Previous workers however, have not confirmed their phase transition studies
predictions on dynamical stability to our knowledge, except in
the recent work of Ivaschenko et al. and Abavare et al. [33], who
predicted the potential existence of dynamical instability of the
phase transitions of NaCl to CsCl structures of Ti, Zr (N) [2] and
Ti, Zr and Hf (C) respectively.
In this work, the dynamical expansions of the considered
phases of the materials within the framework of quasiharmonic
approximation (QHA) are examined to investigate the temperature
dependence of the phonon dispersion band structures.We recognise that, the investigation of structural properties of these ceramic
nitrides are scientifically interesting to unravel their peculiar properties from B1 to hypothetical B2 phase via zinc blende phase. As a
consequence, we are motivated to study the electronic structure of
the static crystal phases and dynamic properties in the form of
phonon spectral analysis of the nitrides of Ti, Zr and Hf after undergoing structural phase transition to explore their stability. This is

certainly important since we do not know the structure of carbonitrides in hostile environment like nuclear reactor system.
We propose that, since the postulated zinc blende structure is
found to be stable, it maybe searched experimentally by the application of negative pressure. If this structure is found could spur
further experimental work on this new phase of the refractory
nitrides.
The paper is grouped according to the following sections: Section 2 describes the computational details, Section 3 gives discussion of the ground state properties such as the lattice constance,
bulk moduli, phase transition information parameters, and electronic and phonon spectral analysis. Finally, summary of the calculation is given in Section 4.

2. Detail calculations
The electronic structure calculation based on density functional
theory [44,45] has been performed. The generalised gradient
approximation due Perdew-Wang (PW91) [46]are used to describe
the exchange-correlation effects of the electron-electron interaction. The core ions and electrons interactions are described by Vanderbilt ultra-soft pseudopotentials (US-PP) which allow for a
considerable reduction of the number of plane waves [47].
Exchange and correlation of all species were treated with nonlinear
partial core correction. The VASP [48–51] package with it associated datasets of ultra-soft pseudopotential [47,52,53] in the library
was used. The iterative sequential band-by-band sub-space diagonalization method using residual minimisation techniques [51]
was employed to solve the Kohn-Sham equation. The Pulay prescription [54] for updating charge density was used during charge
mixing. The Vanderbilt nonlocal separable scheme for pseudo
potential treatment of the local-part of all electron potential was
used. The pseudo potentials used were generated from nonmagnetic atomic and electronic configurations. The valence electrons
are constructed for the transition metals (Ti, Zr and Hf) as d3s1
and s2p3 for N respectively.
We systematically checked for the kinetic energy cutoff of the
plane waves basis set and found that 300 eV or 22 Ry was sufficient
to assure an accuracy of 2 meV per atom in the calculation. We
sampled the k-points at gamma in the Brillouin zone with grid
mesh density of 8  8  8 in the primitive cell. The Brillouin zone
integration was done using Methfessel-Paxton scheme [55]. The
smearing width of 0.1 eV was necessary for the structural optimisation. The geometry optimisation was carried out using
conjugate-gradient method until the total energies converged to
104 eV. Atoms were relaxed until the residual forces vanished.
The lattice dynamic calculation was performed using the same
pseudo potential description above for the phonon analysis. The
phonon calculation of B1, B2 and zinc blende compounds were
done based on frozen-phonon approximation (finite difference
method) to compute the interatomic force constants with VASP
as the main calculator and PHONOPY [57] as post processing package. A cutoff energy of 600 eV or 44 Ry was used with 109 eV as
the convergence criterion for the electronic loop. The displacement
method of Parlinski [56]was employed to calculate the force constant matrix. With respect to the B1 and zinc blende structures
of the nitrides, a displacement of 0.0071 Å and similarly 0.01 Å
for B2 structures were used, which ensured the required
Hellmann-Feymann forces on all the structures. The highly symmetric nature of the cubic materials meant that only two displaced
structures were necessary for the evaluation of the force constants
matrix and using a 4  4  4 supercell gave good balance between
cost of computation and accuracy. A 16  16  16 C-centered q
mesh was sufficient to sample the phonon frequencies during

E.K.K. Abavare et al. / Computational Materials Science 137 (2017) 75–84

post-processing and to converge the vibrational density of states.
The quasiharmonic calculations were performed in stepwise displacement of 0.1 Å around the equilibrium volume (expansion
and contraction within the validity of QHA temperatures of this
calculation) of the materials which resulted in the evaluation of
required thermodynamic properties. The temperature dependence
of crystal volumes of materials were computed and then selected
few arbitrary volumes corresponding to temperature range of
28–350 K, which were found to be nearly constant. Using these
volumes further, the temperature dependent modelling of the phonons were carried out.
3. Discussion of results
The transition metals (TM) nitrides (TMN) and carbides (TMC)
exhibit interesting physical properties because they tend to adopt
the similar electronic structures. However, sometimes they can
equally form different crystal polytypes according to the ratio of
metal to non-metal RX =RM (where RM and RX are the metallic and
non-metallic radii). Hägg’s rule suggest that if the ratio
RX =RM < 0:59 then the following polytypic phases MX, M 2 X, M 4 X,
and MX 2 may be formed [58]. Again, using positron-state method,
Puska et al. [59] considered the electronic structure and positron
calculations of the transition carbides and nitrides of the following
stoichiometries M 3 X 4 and M 4 X 3 in order to study their positron
affinities and lifetimes. The early transition metal carbides exist
with several stable phases and recent report includes: Ti2C and
 m), Ti3C3 (C2/m), Ti8C5 (R3m),

Ti6C5(Hf2C with space group (Fd 3
C2/m) [3,60–63]. Recently Zeng et al. [3], have found other stable
crystal phases of Hf3C 2 and Hf6C 5 with space group of (C2=m) in
agreement with the earlier prediction by Gusev and Rempel [64].
The conclusion was that, the stable ceramics structures of the transition metals are strongly related and that their structures can be
derived from the ground state phase [2,64]. Because the carbonitrides are not stoichiometric in wide concentration range, they
can exist with several phases [65]. By using X-ray diffraction
method, Lerch et al. [67], synthesized and characterised Zr3N 4 . It
was found that Zr3N 4 and Hf3N 4 are orthorhombic with space
group Pnam and being indirect band gap semiconductor shows
dielectric behaviour [69,69] however the corresponding carbide
show weak metallic behaviour [3]. Recently, Kroll [70] carried
out theoretical assessment on the nitrides of the early transition
metals and observed new crystal phases of Th3P4-type structures
that are metastable modifications of M3N4. He noted that depending on the pressure, Hf3N 4 and Zr3N 4 can change into Th3P4-type at
9 and 6 GPa respectively. Again, Ti3N 4 polytype can change into a
CaTi2O4-type at a lower configuration and then into Zr3N 4 -type
at a pressure of 3.8 GPa, which can continue to form the Th3P4type at 15 GPa. We find this results to be consistent with report
of Ching et al. [68].
3.1. Static stability of the nitrides phases
The stable ground state structure of the nitrides and the carbides adopts the rock-salt under ambient condition and pressure
and can undergo structural phase transition when under compression. The carbonitrides uses are of interest in hostile environment
as a consequence, we study them under high pressure condition
both statically and dynamically in first principle calculations. The
calculations proceeded in two stages. The first stage involved the
investigation of the static structures of the transition metals
nitrides of Ti, Zr and Hf in the stoichichiometric phase of B1, zinc
blende and B2 by varying their structural volumes as a function
of total energy without lattice dynamics consideration. This
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method allows us to study the crystal phases stability in extreme
pressure condition. Fig. 1 is a graphical representation of the total
energy as function of volume with respect to the threes nitrides
phase and fitted to the Birch-Murnaghan equation of state(EOS)
[71] in the third-order approximation.
From the curve fitted parameters, we easily obtain equilibrium
crystal parameters such as the lattice constant, bulk modulus and
pressure derivative of the compounds and compare them with
both experimental and other theoretical values. Our calculated
structural parameters are shown in Table 1 and compared with
available experimental values of the ground state NaCl(B1) as well
as other theoretical calculations in the (GGA) and local density
approximations (LDA) methods and found to be favourable within
the estimation errors accordingly. We conclude that our calculated
values are generally consistent with theoretical trends [79]. Similarly, we obtained such values for the zinc blende and B2-type
structures. We note that the postulated zinc blende and B2-type
structural parameters are not available from experiment to be
compared with our results, except for some few calculations in
the literature which we found consistent. As a consequence, we
can only infer that the accuracy of the calculated values are subject
to the limitations of GGA.
In general, the carbonitrides with rock-salt as well as the zinc
blende crystals have lattice constants whose trends agrees with
those of their parent metals and whose structures are cubic (fcc)
and appears to increasing with d electrons. The B1 and zinc blende
structures lattice constants are comparatively larger with respect
to those of the corresponding pure transition metals [76], however
the reverse is the case of the CsCl(B2) structural phases.
The carbonitrides phases are constructed when N atoms are
placed in the octahedral sites of the corresponding (fcc) system.
As can be seen in Table 1, the calculated zinc blende lattice constants of the nitrides are comparatively larger than those of the
B1 and clearly related to the N atoms placement at the octahedral
sites of the metal structures. According to Chen and Jaing, the octahedral sites are much nearer to the neighbouring metal atoms in
comparison with the B1 phases. On the contrary, lattice constant
of B2 type is smaller compared with the B1 which means that
the inter-ionic separation decreases substantially from NaCl
(B1) ? CsCl leading to increasing number of coordination number.
Therefore, coordination number is a significant structural data
which relates the bulk modulus through the bond length [76]
(bond length inversely relates bulk modulus [37]). The predicted
bulks modulus of zinc blende was found to lie between B1 and
B2 as expected.
The total energy as a function of volume is shown in Fig. 1 in
this work, all curves have sharp minimum turning points, an indication of the stability of the phases first employed in the pioneering work of Yin and Cohen [72]. Clearly, results of stage one of the
calculations suggest that all three phases of the nitrides are stable.
The most stable structure among the three phases under investigation indicates that of the ground state B1 system, since it has the
lowest energy as expected. The ceramic nitrides TiN, ZrN and
HfN under compression can transform from B1 to B2 along their
individual common target line e ! f , referred to as the direct phase
transition because pressure involve here are so high. We observed
that, the nitrides in the zinc blende phase are also statically stable
with larger volume alone the line a ! b. The possibility to observe
this phase transformation will mean an application of negative
pressure, which maybe experimentally challenging. Again, we find
that this new zinc blende phase can also transform to B2 by compression along the line c ! d requiring far less than direct phase
transformation pressure requirements. The phase transformation
from zinc blende to the B2 phase, we call it the indirect phase transition for convenience. Among the three crystal phases, we note
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Fig. 1. Total energy as a function of volume of the three crystal structures namely zinc blende, NaCl and CsCl for (a) TiN, (b) ZrN, and (c) HfN respectively. The letters a, b, c, d
and e represents the tangents along which the phase transition occurs; for direct transition occurs along the line e ? f, indirect transition along the lines a ? b and c ? d.

that the zinc blende has the largest volume followed by the
grounds state and then the CsCl crystals which are all in favour
with their parking ratios. The percentage calculated volume
changes relative to the B1 phase are: 27.8, 26.5 and 28.0 in the zinc
blende and 5.7, 5.6 and 6.4 in the B2 structural phases respectively for the TiN, ZrN and HfN nitrides. Again, the calculated
energy differences compared with the most stable structure B1
are: 0.20, 0.28 and 0.20 eV in the zinc blende and 0.83, 0.88 and
0.90 eV in the B2 respectively. A quick look at the energy differences between the two meta-stable structures, indicates that the
B2 is approximately 4-fold greater when compared with the zinc
blende. We stress, the fact that the structures have different energies is not a caveat they may be transform to another due to kinetic
effects and perhaps high energy barrier which have not been
considered.
3.2. Induced pressure transformation
The event of applying compressive force on solid materials naturally lead to a reduction in unit volume and consequently causes
the crystal phases to become unstable. The result is that the atoms
will increase in coordination number leading to increase in transfer
of charge (three-body interaction effect) [73], the presence of distorted charge between the coinciding electron shells of the neighbouring ions will cause the phase transition to occur [34]. When
the structure details of materials are altered as a result of variation
in free energy is termed as phase transition. This means as the B1
phase is subjected to an increase in pressure, it will transform into
B2 phase. The application of negative pressure is equally plausible
to induce phase transformation of solid in the reverse manner.
Based on the knowledge of elementary thermodynamic theorem,
the stability of a structural phase transformation can be determined by the minima of the Gibbs free energy. We can easily show
that, the pressure-induced phase transformation occurs along a
tangent between any two curves of the total energy and volume
curves using the thermodynamic theorem at zero-temperature.
The minus of the slop of this tangent is equivalent to the transition
pressure P t and the associated volume is the transition volume V t
[72] as shown in Fig. 1. It is evident that, every transition pressure
is linked to two transition volumes for any two selected phases of
interest.

The direct phase transition pressure of the nitrides TiN, ZrN and
HfN have been examined from B1 to hypothetical B2 structures.
The compounds have equally been studied from the B1 to postulated zinc blende phase which we found to be stable. The zinc
blende phase can equally transform to B2 phase with moderate
pressure when compared with direct transformation pressure. This
pressure requirement is far within the present high pressure laboratories. The calculations values for the direct phase transition
pressures from B1 ? B2 as shown in Table 2(a) for the nitrides
are fairly consistent with several other previous first principles calculations when compared, except Srivastava [35] et al., whose
results appear relatively high for all the compounds considered.
From the results of Ojha et al. [78] calculations, we speculate that
the phase transition pressure cannot be accurately described by
two-body inter-ionic potential theory since their values are relatively lower compared with DFT values, however three-body force
potential model [34] results are significantly comparable with
those of DFT.
We observe from the calculation results that, the transformation pressures for the direct transition are relatively high generally
outside the reach of experiments as a consequence, realisation of
B2 phase has been a challenge experimentally until now. The likely
possibility of observing the existence of zinc blende phase we have
pointed out earlier experimentally by the application of negative
pressure would be tough practically. However, the use of lattice
mismatch, application of tensile stress at hetero-epitaxial growth
junction [86,87] and island growth techniques could be exploited
in the search of this phase. We note that pressures around
30 GPa can cause the transformation of B2 phase to occur for all
the compounds even including the carbides. When the indirect
phase transition pressures are compared with the direct phase
transition pressures, it turns out to be 10-, 8-, and 7-fold less for
TiN, ZrN and HfN compounds respectively.
3.3. Electronic structure calculation
The electronic structure calculation of the transition nitrides:
TiN, ZrN and HfN for the ground state, zinc blende and celsium
chloride structural phases in equilibrium have been performed
using GGA. The band dispersion curves are indicated in Fig. 2 for
the compounds. We observed that the band structures are closely
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Table 1
Lattice constant, bulk modulus, and its pressure derivative of the refractory
compounds in the NaCl(B1)-type, zinc blende and CsCl-type phases. We have
indicated the experimental and other calculations results of the bulk structures in the
NaCl (B1) phase for comparison.

TiN
NaCl(B1)
Zinc blende
CsCl(B2)
Other calc. NaCl (B1)

Expt. NaCl (B1)
ZrN
NaCl(B1)
Zinc blende
CsCl(B2)
Other calc. NaCl (B1)

Expt. NaCl (B1)
HfN
NaCl(B1)
Zinc blende
CsCl(B2)
Other calc. NaCl (B1)

Expt. NaCl (B1)
a
b
c
d
e
f
g
h
i
j
k
l
m
n

Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.

a0 (Å)

B0 (GPa)

B00

4.266
4.63
2.636,2.66l
4.214l, 4.239a, 4.318b

260.0
194.4
248.0,194.32l
238.65l, 286.0c,
264.0f
280.0g, 305.0e, 282.0k

4.2
3.8
4.4,3.16l
4.2k,
3.48l
–

288.0

–

4.636
5.014,4.930m, 4.950n,
4.890n
2.865, 2.88l

238.0
182.7, 158.60m,
180.0n, 201n
216.2, 193.54l

4.561l, 4.585a,
4.570c,n, 4.583f
4.592h, 4.591i, 4.52n
4.537

231.74l, 264.0c,
250.0h
247.0i, 285.0j, 248.0n,
282.0n
250.0

4.3
3.7,
3.19m
4.3,
2.79l
4.3h,
3.23l
4.2i, 4.3j

4.545
4.936,4.950m, 5.02n,
4.970n
2.802, 2.860l

243.0
180.5, 170.34m, 201n,
240n
230.9, 198.50l

4.539l, 4.520a, 4.540c,
2.540f
4.586h, 4.539m, 4.56n,
4.49n
4.52

243.82l, 269.0f,
278.0c
285n, 314n –

4.260c, 4.320d, 4.240e,
4.253g
4.240

276.0

–
4.1
3.6,
3.28m
4.2,
3.03l
3.27l

–

[80].
[2].
[79].
[81].
[82].
[65].
[83].
[84].
[37].
[39].
[85].
[74].
[75].
[76].

related to their ground state crystal phases of interest. The characteristically low lying band is derived from states 2s of the N and
very similar for all phases. There are three overlapping bands that
can be seen with lower binding energy all originating from the C
point. These states consist mainly of the nonmetal 2p in the rock
salt and B2 phases with significant contribution from the d state
which is mixed with them, but they are separated in the case of
zinc blende. A mixture of states with different symmetries are
included in the highest lying bands as well. The zero of energy
has been set for the Fermi level and that all phases show metallic
character. According to Harrison and Straub [76,88], TiN, ZrN and
HfN being early transition metal nitrides with B1 phase can equally
be applied to the B2 and zinc blende structures, each having eight
valence electron per atom pair of the stoichiometry. The electrons
occupying the nonbonding bands makes the compound metallic
but not significant to change the bonding properties of the crystals.
However, the late transition metals nitrides anti-bonding state
become occupied making them unstable with rock salt structure.
Electronic bands which show strong dispersive tendencies are an
indicative of high electron mobility, a feature of metallic character

Table 2
The direct and indirect phase transition pressures Pt and volume V t of refractory
compounds in the NaCl(B1), zinc blende and CsCl(B2) structure of TiN, ZrN and HfN
compounds (a) direct phase transition from NaCl(B1) to CsCl(B2), (b) intermediate
transition from NaCl(B1) to zinc blende and (c) indirect phase transition from zinc
blende to CsCl(B2) structures accordingly. The values are compared with previous
calculations results.
V NaCl
(Å3)
t

V CsCl
(Å3)
t

P t (GPa)

(a)
TiN

12.46

11.40

ZrN
HfN

16.98
15.80

15.71
14.61

339, 304a, 474b, 354c, 364d, 370f,h, 322g,
126i
209, 208a, 333b, 209c, 205e, 260h, 130i
381, 330a, 396b, 309h, 94i

V NaCl
(Å3)
t

V zincblende
t
(Å3)

P t (GPa)

20.79
26.32
24.42

27.55
34.09
31.39

15
13, 16j
9, 5j

V tzincblende
(Å3)

(Å3)
V CsCl
t

P t (GPa)

21.67
26.15
26.44

16.22
33.78
19.87

35
27
31

(b)
TiN
ZrN
HfN

(c)
TiN
ZrN
HfN

GGA result.
LDA result.
Other result.
a
Ref. [70].
b
Ref. [74].
c
Ref. [2].
d
Ref. [77].
e
Ref. [37].
f
Ref. [36].
g
Ref. [77].
h
Ref. [34].
i
Ref. [78].
j
Ref. [76].

which can be attributed to the structural phases of metallic compounds are evident in the B1 and B2 phases as shown in Fig. 2(a)
and (b). These two crystals phases are strong metallic compared
with the zinc blende phase. Actually the zinc blende structure of
the corresponding TiC, ZrC and HfC are semiconducting [33]. The
density of electron states are important quantity for studying the
bonding mechanism of the carbonitrides, hence we present the
results of the total and partial density of states (PDOS) of all the
equilibrium geometries of the nitrides as indicated in Fig. 3. It is
evident that strong bonding exist in the nitrides compounds similar to those of the carbides. The Fermi (EF ) energy crosses the
pseudo gap at low DOS as shown in Fig. 3(a) for the rock salt but
relatively high as in Fig. 3(b) and (c) of the B2 and zinc blende
structures respectively. The low lying structure close to 15 eV
consist mainly of N 2s with small contribution from the metal atom
is consistent with Chen and Jiang [76] results. Similarly, features
near 5 eV consist of strong N 2p with some d-states. These structures appears spiked for NaCl and zinc blende phases but relatively
spread out from the base before it spikes for the CsCl. It should be
pointed out that, rock salt and CsCl phases with states between 0
and 8 eV and zinc blende states 0–6 eV below EF are dominated
by strong hybridization of the bonding d-orbitals of eg symmetry
and N p-mixed states, with some contribution coming from the
interacting transition metal d  d t 2g r and N p  d t 2g p bonding
orbitals. The region above the pseduogap contains both the d eg N p antibonding states and most of the d t2g derived states.
3.4. Phonon dispersion spectra
The static calculation demonstrate that, by means of inducedpressure, the carbonitrides can transform to B2 phase from their
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Fig. 2. The GGA bulk band structures for the transition metal nitrides TiN, ZrN and HfN studied in (a) NaCl(B1), (b) CsCl(B2), and (c) Zinc blende structures respectively.
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ground states phase either by direct transformation or via the zinc
blende phase in the indirect transformation. It is therefore imperative we confirm that the static stable structures are dynamically
stable. For the stage two of our investigation, we performed lattice
dynamical calculations to search for phonons instability which
could prevent the formation of the predicted stable structures
through the existence of imaginary modes in the phonon spectra.
To understand the physical properties of materials such as the
thermal expansion, heat conduction, electron-phonon coupling
and specific heat capacities, the effect of the role of phonons are
crucial. We address the dynamic stability of the compounds by calculating phonon spectra along some selected high symmetry
points in the Brillouin zone. The phonon spectra are calculated
for the compounds according to their phases: ground state B1, zinc
blende and B2 are indicated in Fig. 4. There are two atoms per
primitive cell for each structural phase in the Brillouin zone as a
result six phonon bands exist for a given wave vector q, this means,
applying translational symmetry xi ðq þ RÞ ¼ xi ðqÞ with R being
translational vector, we can calculate the phonons frequency at
the first Brillouin zone. We observe in Fig. 4(a) and (b) that the dispersion curves do not contain any soft modes which means these
compounds are dynamically stable. The acoustic branches as well
as the longitudinal branches do not possess any special features
though some differences in spectra exist and are much similar to
those of noble metals having fcc lattice which are not superconducting materials [65]. The transition metals Ti, Zr and Hf with series 3d, 4d, and 5d belongs to IVA elements. They show similar
electronic properties resulting in similar physical properties such
as the elasticity of the materials. This similarity of physical properties extends to families of metallic ceramics and including carbonitrides and borides [89].
A striking feature that cannot be overlooked in the phonon
spectra is the appearance of a degenerate transverse acoustic mode
along the high symmetry points [n00] [65] in agreement with literature [90], much in the same way one can observe that the acoustic
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branches and optical branches are also separated by a frequency
gap for both the B1 and zinc blende phases. We estimate the frequency gap to be approximately 17, 11 and 18 THz for the B1 structure and 15, 15 and 17 THz for zinc blende structure in TiN, ZrN
and HfN respectively. We again notice that our estimated band
gaps are relatively higher than those predicted by Isaev et al.
[65] as they reported 6, 7 and 10 THz for TiN, ZrN and HfN accordingly to the rock salt phase. The origin of the difference might
relates to the used of different exchange-correction functions in
the two calculations. However, the dispersion spectra topologies
are comparatively similar with steep slopes in the long wavelength
region for the acoustic branches which reflects the extreme hardness and high melting point characteristics of ionic compounds
with rock-salt structure. It can be seen that the longitudinal optical
branches (LO) lie above the corresponding transverse branches
(TO) as a result of Coulomb interaction, screening effects which
are long range of nearly free s  p electrons [91,92] exist. It appears
this unique spectral characteristics are not found in the CsCl(B2)
structure because LO and TO bands are all collapsed into the acoustic branches.
The measure of instability of structural phase as a result of
deformation is determined by the appearance of imaginary frequencies along the phonons wave vectors in the brilouine zone.
The structural instability, which relates the soft frequency modes
along the sampling q-points can be seen in Fig. 4(c). Fig. 1 shows
the static calculation of the compounds with stable phases under
high pressure condition for both the ground state and postulated
phases. By comparison, the dynamic phonon calculations suggests
that the B2 phase is not dynamically stable as compared with zinc
blende and B1 phases. Clearly, the B2 compounds of both carbides
and nitrides of the early transition compounds have phonon instabilities and unambiguously prevents the hypothetical crystal
phases from forming consistent with the prediction of Kim et al.
[66] which relates to high-pressure studies of CsCl phase of
III  IV semiconductors. Chen et al. [38] reported that the spectrum
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Fig. 4. The Phonon dispersion curves for transition metal nitrides TiN, ZrN and HfN studied in (a) NaCl(B1), (b) Zinc blende structures and (c) CsCl(B2) respectively along the
high symmetry directions in the Brillouin zone.
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Fig. 5. The temperature dependent phonons dispersion and phonon density of states for transition metal nitrides TiN, ZrN and HfN with CsCl(B2) structure along the high
symmetry directions of the Brillouin zone in the range between 280 and 350 K.

of the stokes sides of Raman scattering as function of pressure for
some transition metal nitrides: HfN, ZrN and NbN exhibits two
bands which are related to the acoustic part and optical part of
their phonon spectrum. The authors concluded that increasing
pressure can lead to higher frequency phonon band shifts consistent with phonon density of states resulting from neutronscattering data shown by Christensen group [91] in HfN and that,
pressure induced phonon hardening could relate to the shifts.
This is in agreement with general knowledge that when materials are subjected to hydrostatic compression, the phonon frequency gap originating from the acoustic and optic branches
increases whiles the LO-TO splitting decreases. Again, the longitudinal acoustic (LA) modes shift to higher frequency whilst the
transverse acoustic branch decreases in frequency leading to neg€ neisen parameter ci ðqÞ ¼ @lnxi ðqÞ=@ln@V for mode i,
ative Gru
where x and V are frequency and volume respectively, and these
are clearly noticeable with the B1 and zinc blende phases and
not the B2 phase. It is suggested that Raman frequency shift due
to pressure on materials can help clarify the effect of superconductivity in transition temperature [38]. At some zone boundaries of
the B2 phase and in addition to the collapsed LO and TO branches
into the LA and TA suggest that the CsCl structure is not stable

because of the persistent presence of imaginary modes. The extend
of the instability is critical and therefore strong caveat for the plausibility of an onset of superconductivity or a phase transformation
[65]. We observed that the soft modes are not due to convergence
insufficiency problems originating from calculation parameters,
since we carefully examined them. To see if the phonon soft modes
would disappear with rising temperature, we have studied the
phonon spectrum in the temperature range of 280–350 K with corresponding partial density of states (PDOS) as shown in Fig. 5. With
the application of temperature, ions intuitively vibrate around the
mean position with finite amplitude, which consequently give rise
to quantized phonons. However, we expected to observe this tendency in the spectrum where the soft modes would disappear
owning to the applied temperature leading to a separated or distinct PDOS, rather a diffused state in the CsCl phase is observed,
an indication that the ions did not appreciably moved. We comment that, contribution from anharmonic consideration maybe
crucial in this regard. We similarly explored the thermodynamic
free energy surface of the CsCl phases as function of temperature
until 1000 K in the quasi-harmonic approximation and confirm
that no free energy crossing was observed. This clearly suggest that
the structures are not stable in this phase.
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4. Conclusion
The first principles calculations based on pseudo potential plane
wave calculation has been performed to explore the structural stability of some postulated crystal phases of zinc blende (B3) and
cesium chloride (B2) of some selected transition metal nitrides of
TiN, ZrN and HfN refractory compounds. The structural parameters
such as lattice constants and bulk moduli as well as electronic and
phonon structures of the nitrides are calculated and compared
with known experimental and theoretical results. In general, the
structural parameters are consistent with similar calculation, however for TiN in the zinc blende phase, we have predicted it in this
work. The static calculation showed that all the postulated phases
of B2 and B3 of the compounds are stable, but the dynamic calculations indicates that the B2 is not dynamically stable. The dynamic
instability is still revealed by the appearance of soft modes in the
phonon dispersion curves of the arbitrary selected temperature
range of 280–350 K. A cursory look confirmed that the free energy
surface of the structures were all-positive and could not even cross
at 1000 K. Because of the ultra hard nature of these nitrides, it is
challenging to experimentally observe the phase transformation
pressures in the laboratory. The present calculation demonstrates
that transition pressures in the range of approximately 209–
330 GPa is required to transform the nitrides compounds from
the ground state rock salt structure to cesium chloride phase in
the direct transformation. This high pressure can be overcome
when the transformation is done through the zinc blende phase
in the indirect phase transformation technique which requires
35 GPa. The electronic structure and density of state calculations
show that all the compounds exhibit strong hybridization near the
fermi region, as a consequence, it makes the refractory compounds
strongly metallic in character unlike the corresponding carbides.
The phonon dispersion spectra shows that the ground state B1
and the zinc blende phases have an opening in the gap region
which is absent in the B2 due to the collapse of the optical mode
that may relate to the structural instability.
Acknowledgement
Computations were partly carried out at the Supercomputer
Center of Institute for Solid State Physics, The University of Tokyo.
One of us, Eric, would like to thank Dr. K. Uchida for fruitful discussion and Dr. Peter Amoako-Yerenkyi, of Mathematics Department,
KNUST for technical assistance.
References
[1] L.E. Toth, Transition Metal Carbides and Nitrides, Refractory Materials, vol. 7,
Academic, New York, 1971.
[2] V.I. Ivashchenko, P.E.A. Turch, V.I. Shevchenko, Cond. Matt. Phys. 16 (2013)
33602:1–33602:9.
[3] Q. Zeng, J. Peng, A.R. Oganov, Q. Zhu, C. Xie, X. Zhang, D. Dong, L. Zhang, L.
Cheng, Phys. Rev. B 88 (2013) 214107.
[4] E.K. Storms, The Refractory Carbides, Academic, New York, 1967.
[5] K. Schwarz, A.R. Williams, J.J. Cuomo, J.H.E. Harper, H.T.G. Hentzell, Phys. Rev. B
32 (1985) 8312.
[6] A. Nickel, Int. J. Quant. Chem. 23 (1983) 1317.
[7] S. Veprek, Nanotechnology 11 (2015) 14.
[8] J.E. Sundgren, H.T.G. Hentzell, J. Vac, Sci. Technol. A 4 (1986) 2259.
[9] S. Veprek, J. Vac, Sci. Technol. A 17 (1999) 2401.
[10] A. Arya, E.A. Carter, Surf. Sci. 560 (2004) 103.
[11] S.V. Dudiy, B.I. Lundqvist, Phys. Rev. B 69 (2004) 125421.
[12] R. Kieffer, P. Ettmayer, Encyclopedia of Chemical Technology, vol. 15, JohnWiley, 1981, p. 871.
[13] D.D. Koelling, G.O. Arbman, J. Phys. F. Met. 5 (1975) 2041.
[14] B.G. Hyde, J.G. Thompson, R.L. Withers, in: R. W Cahn, P. Haasen, E.J. Kramer,
M.V. Swain (Eds.), Materials Science and Technology, vol. 11, VCH, New York,
1993, p. 1.
[15] R. Telle in R.W. Cahn, P. Haasen, E.J. Kramer, M.V. Swain (Eds.), Materials
Science and Technology, vol. 11, VCH, New York, 1993, p. 119.
[16] O.K. Anderson, Phys. Rev. B 12 (1975) 12 3060.

83

[17] J.-L. Calais, Adv. Phys. 26 (1977) 847.
[18] A. Fernändez Guillermet, J. Häglund, G. Grimvall, Phys. Rev. B 45 (1992)
11557.
[19] J. Häglund, G. Grimvall, T. Jarlborg, A.F. Guillermet, Phys. Rev. B 43 (1991)
14400.
[20] P. Demkowicz, K. Wright, J. Gan, D. Petti, Solid State Ionics 179 (2008) 2313.
[21] T. Ogawa, K. Ikawa, High Temp. Sci. 22 (1986) 179.
[22] H. Suzuki, T. Iseki, T. Imanaka, J. Nucl. Sci. Technol. 14 (1977) 438.
[23] K. Minato, T. Ogawa, K. Fukuda, H. Sekino, I. Kitagawa, N. Mita, J. Nucl. Mater.
249 (1997) 142.
[24] G.H. Raynolds, J.C. Janvier, J.L. Kaae, J.P. Morlevat, J. Nucl. Mater. 62 (1976) 9.
[25] K.D. Weaver, J. Sterbentz, M. Meyer, R. Lowden, Ed Hoffman, T.Y.C. Wei,
International Joint Meeting Cancun 2004, Idaho National Laboratory.
[26] R.A. Lowden, J.C. McLaughlin, J.R. Kelly, in: Proceedings of GLOBAL 2003, New
Orleans, Louisiana, USA, November 16–20, 2003, pp. 523–524.
[27] N.A. Dubrovinskaia, L.S. Dubrovinsky, S.K. Saxena, R. Ahuja, B. Johansson, J.
Alloys Compd. 289 (1999) 24.
[28] B. Winkler, E.A. Jaurez-Arellano, A. Friedrich, L. Bayarjargal, J. Yan, S.M. Clark, J.
Alloys Compd. 478 (2009) 392–397.
[29] J.G. Zhao, L.X. Yang, Y. Yu, S.J. You, R.C. Yu, L.C. Chen, F.Y. Li, C.Q. Jin, X.D. Li, Y.C.
Li, J. Liu, Chin. Phys. Lett. 22 (5) (2005) 1199.
[30] I. Shirotani, J. Hayashi, K. Yamanashi, N. Ishimatsu, O. Shimomura, T. Kikegawa,
Phys. Rev. B 64 (2001) 132101.
[31] B.S. Arya, M. Aynyas, S.P. Sanyal, Ind. J. Pure Appl. Phys. 46 (2008) 722.
[32] B.D. Diwan, Can. J. Phys. 92 (2014) 415.
[33] E.K.K. Abavare, S.N.A. Dodoo, K. Uchida, G.K. Nkrumah-Buandoh, A. Yaya, A.
Oshiyama, Phys. Status Solidi B 253 (2016) 1177.
[34] A. Srivastava, B.D. Divan, Can. J. Phys. 91 (2012) 27.
[35] A. Srivastava, M. Chauhan, R.K. Singh, Phase Trans. 84 (1) (2011) 58.
[36] R. Ahuja, O. Eriksson, J.M. Wills, B. Johansson, Phys. Rev. B 53 (1996) 3072.
[37] A. Hao, T. Zhou, Y. Zhu, Z. Xinyu, R. Liu, Mater. Chem. Phys. 129 (2011) 99.
[38] X.J. Chen, V.V. Struzhkin, S. Kung, H.K. Mao, R.J. Hemley, A.N. Christensen, Phys.
Rev. B 70 (2004) 014501.
[39] X.J. Chen, V.V. Struzhkin, Z. Wu, M. Somayazulu, J. Qian, S. Kung, A.N.
Christensen, Y. Zhao, R.E. Cohen, H.K. Mao, R.J. Hemley, PNAS 102 (2005) 3198.
[40] A. Signh, M. Aynyas, S.P. Sanyal, Phase Transit. 8 (2009) 576.
[41] P. Bhardwaj, Acta Physica Polonica A 122 (2012) 138.
[42] P. Bhardwaj, S. Singh, Int. J. Refract. Metals Hard Mater. 35 (2012) 115.
[43] P. Ojha, M. Aynyas, S.P. Sanyal, Opto. Adv. Mat.-Rapid Comm. 2 (2008) 50.
[44] P. Hohenberg, W. Kohn, Phys. Rev. 136 (B) (1964) 1864.
[45] W. Kohn, L.J. Sham, Phys. Rev. 140 (1965) A1133.
[46] J.P. Perdew, Y. Wang, Phys. Rev. B 45 (1992) 13 244.
[47] D. Vanderbilt, Phys. Rev. B 41 (1990) 7892.
[48] G. Kresse, J. Furthmüller, Phys. Rev. B 54 (1996) 11169.
[49] G. Kresse, J. Hafner, Phys. Rev. B 49 (1994) 14251.
[50] G. Kresse, J. Hafner, Phys. Rev. B 48 (1993) 13115.
[51] G. Kresse, J. Hafner, Phys. Rev. B 47 (1993) 558.
[52] G. Kresse, J. Furthmüller, Comput. Mater. Sci 6 (1996) 8245.
[53] G. Kresse, J. Hafner, J. Phys. Conden. Matter 49 (1994) 14251.
[54] P. Pulay, Chem. Phys. Lett. 73 (1980) 393.
[55] M. Methfessel, A.T. Paxton, Phys. Rev. B 40 (1989) 3616.
[56] K. Parlinski, Z-. Q. Li, Y. Kawazoe, Phys. Rev. Lett. 78 (1997) 4063.
[57] A. Togo, F. Oba, I. Tanaka, Phys. Rev. B 78 (2008) 134106.
[58] C.S. Barrett, T.B. Massalski, Structure of Metals, Pergamon, New York, 1980.
[59] M.J. Puska, M. S̆ob, G. Brauer, T. Korhonen, Phys. Rev. B 49 (1994) 10947.
[60] A. Jain, S.P. Ong, G. Hautier, W. Chen, W.D. Richards, S. Dacek, S. Cholia, D.
Gunter, D. Skinner, G. Ceder, K.A. Persson, APL Mater. 1 (2013) 011002.
[61] Materials Project, 2013 <http://www.materialsproject.org>.
[62] H. Goretzki, Phys. Status Solidi 20 (1967) 141.
[63] N.V. Dzhalabadze, B.G. Eritavi, N.I. Maisuradze, E. Kuteliya, Phys. Met.
Metallogr. 86 (1998) 59.
[64] A.I. Gusev, A.A. Rempel, Phys. Status Solidi A 135 (1993) 15.
[65] E.I. Isaev, S.I. Simak, I.A. Abrikosov, R. Ahuja, Yu. Kh. Vekilov, M.I. Katsnelson, A.
I. Lichtenstein, B. Jahansson, J. Appl. Phys. 101 (2007) 123519.
[66] K. Kim, V. Ozolins, A. Zunger, Phys. Rev. B 60 (1999) 8449.
[67] M. Lerch, E. Füglein, J. Wrba, Z. Anorg. Allg. Chem. 622 (1996) 367.
[68] W.Y. Ching, Y-N. Xu, L. Ouyang, Phys. Rev. B 66 (2002) 235106.
[69] D.I. Bazhanov, A.A. Knizhnik, A.A. Safonov, A.A. Bagatur’yants, M.W. Stoker, A.
A. Korkin, J. Appl. Phys. 97 (2005) 044108.
[70] P. Kroll, J. Phys. Condens. Matter 16 (2004) S1235.
[71] F. Birch, Phys. Rev. 71 (1947) 809.
[72] M.T. Yin, M.L. Cohen, Phys. Rev. B 26 (1982) 5668.
[73] R.K. Signh, Phys. Rep. 85 (1982) 259.
[74] A. Srivastava, M. Chauhan, R.K. Singh, Phys. Status Solidi B 248 (2011) 2793.
[75] A. Srivastava, B.D. Diwan, Can. J. Phys. 92 (2014) 1058.
[76] W. Chen, J.Z. Jiang, J. Alloys Comp. 499 (2010) 243.
[77] K. Liu, X. Zhou, H. Chen, L. Lu, J. Therm. Anal. Calorim. 110 (2012) 973.
[78] P. Ojha, M. Aynyas, S.K. Sanyal, J. Phys. Chem. Solids 68 (2007) 148.
[79] C. Stampfl, W. Mannstadt, R. Asahi, A.J. Freeman, Phys. Rev. B 63 (2001)
155106.
[80] P. Villars, L.D. Calvet, Pearson’s Handbook of Crystallographic Data for
Intermetallic Phases, American Society for Metals, OH, 1985.
[81] J.C. Grossman, A. Mizel, M. Cø̂té, M.L. Cohen, S.G. Louie, Phys. Rev. B 60 (1999)
6343.
[82] H. Shimizu, M. Shirai, N. Suzuki, J. Phys. Soc. Jpn. 66 (1997) 3147.
[83] D.J. Siegel, L.G. Hector Jr., J.B. Adams, Phys. Rev. B 67 (2003) 092105.

84

E.K.K. Abavare et al. / Computational Materials Science 137 (2017) 75–84

[84] A.T.A. Meenaatci, S.K. prabha, R.R. palanichamy, K. Iyakutti, AIP Conf. Proc.
1447 (2012) 859.
[85] M. Marlo, V. Milman, Phys. Rev. B 62 (2000) 2899.
[86] Y. Fujimoto, T. Koretsune, S. Saito, T. Miyake, A. Oshiyma, New J. Phys. 10
(2008) 083001.
[87] M.L. Lee, E.A. Fitzgerald, M.T. Bulsara, M.T. Currie, A. Lochtefeld, J. Appl. Phys.
97 (2005) 011101.

[88] W.A. Harrison, G.K. Straub, Phys. Rev. B 36 (1987) 2695.
[89] J. Li, D. Liao, S. Yip, R. Najafabadi, L. Ecker, J. Appl. Phys. 93 (2003) 9072.
[90] J.M. Ziman, Principles of the Theory of Solids, second ed., Cambridge Univ.
Press, New York, 1972, pp. 35–36.
[91] A.N. Christensen, W. Kress, M. Miura, N. Lehner, Phys. Rev. B 28 (1983) 977.
[92] J.C. Phillips, J. Appl. Phys. 43 (8) (1972) 3560.

