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Abstract The structural, electronic, mechanical, and

vibrational properties of 4d transition metal mononitride,

RhN, are investigated using the norm-conserving pseudo-

potentials within the local density approximation (LDA) in

the frame of density functional theory. The calculated lat-

tice parameters and the bulk modulus almost agree with the

previous theoretical values. The second-order elastic con-

stants have been calculated and the other related quantities

such as Young’s modulus, shear modulus, anisotropy fac-

tor, sound velocities, and Debye temperature also esti-

mated. Charge distributions and density of states are

reported to understand the bonding character in the stable

phases. We have also obtained the phonon dispersion

curves without LO/TO splitting.

Introduction

Transition metal mononitrides are known as refractory

compounds, and they have, relatively, high hardness, brit-

tleness, melting point, and superconducting transition

temperature, and they also have interesting optical, elec-

tronic, catalytic, and magnetic properties [1]. Due to these

properties, technological applications are applied widely on

them such as diffusion barriers, cutting tools, magnetic

storage devices, optical coatings, and hard wear-resistant

coatings [2].

Recently, a new material PtN, which is the first binary

nitride of the noble metals group, has been synthesized by

Gregoryanz et al. [3] using laser-heated diamond anvil-cell

techniques at pressures up to 50 GPa and temperatures

exceeding 2,000 K. It was found that this compound has a

remarkably high bulk modulus of 372 GPa, contrary to the

usual behavior of transition metal nitrides. This work

shows that the possibility to synthesize other nitrides with

notable properties under extreme conditions. After that a

large number of works [3–27] have been carried out on

their synthesis and on the microscopic understanding of the

structural, electronic, elastic, and vibrational properties of

them.

RhN, which is a member of the 4d-metal nitrogen

compound, has not been synthesized yet. It has been

reported only few recent theoretical works on RhN

[25–27]. Guillerment et al. [25] studied cohesive properties

in the rock-salt structure by using the linear-muffin-tin-

orbitals (LMTO) method for this compound. Yu et al. [26]

reported that, among the pyrite, rutile, fluorite and marca-

site phases, marcasite phase has lower energy for RhN2.

Paiva et al. [27] performed structural, electronic, and

magnetic calculations in the zinc-blende structure by using

the full potential linearized augmented plane wave method

(FP-LAPW) including this compound and reported that,

RhN shows a metallic behavior in B3 structure.

To our knowledge, the charge distribution, elastic, and

dynamical properties, which are the important bulk prop-

erties for solids, have not been considered theoretically for

RhN so far. Consequently, the main purpose of this work is

to provide some additional information to the existing data

on the physical properties of RhN by using the ab initio

total energy calculations. Therefore, in this work, we have

estimated elastic constants, charge density, Young’s mod-

ulus, Poisson’s ratio, anisotropy factor, sound velocities,
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Debye temperature, and phonon frequencies of RhN for the

first time. The layout of this article is given as follows:

calculations are given in ‘‘Method of calculation’’ section

and the results are presented in ‘‘Results and discussion’’

and ‘‘Summary and conclusion’’ sections, respectively.

Method of calculation

The calculations are performed using the density functional

formalism and local density approximation (LDA) through

the Ceperley and Alder functional [28] as parameterized by

Perdew and Zunger [29] for the exchange–correlation

energy in the SIESTA code [30, 31]. This code calculates

the total energies and atomic forces using a linear combi-

nation of atomic orbitals as the basis set. The basis set is

based on the finite range pseudoatomic orbitals (PAOs) of

the Sankey_Niklewsky type [32], generalized to include

multiple-zeta decays.

The interactions between electrons and core ions are

simulated with separable Troullier–Martins [33] norm-

conserving pseudopotentials. We have generated atomic

pseudopotentials separately for atoms, Rh and N by using

the 5s14d8, and 2s2 2p3 atomic configurations, respectively.

The cut-off radii are taken as 2.18 au for s, p, d, and f

channels for Rh and 1.24 au for s, p, d, and f channels au

for N. Relativistic effects are taken into account for Rh due

to its heavy mass in the pseudopotential calculations.

Siesta calculates the self-consistent potential on a grid in

real space. The fineness of this grid is determined in terms

of an energy cut-off Ec in analogy to the energy cut-off

when the basis set involves plane waves. Here, by using a

double-zeta plus polarization orbitals (DZP) basis and the

cut-off energies between 100 and 350 Ry with various

basis sets, we found its optimal value around of 300 Ry.

Atoms were allowed to relax until atomic forces were less

than 0.04 eV Å-1. For final convergence, 256 k-points in

B1 and B3 structures, 405 k-points in B2 structure, and 160

k-points in B4 structure were enough to obtain the con-

verged total energies DE to about 1 meV/atom for present

compound.

Results and discussion

Structural properties

For RhN, four structures, which are rock-salt (B1), cesium

chloride (B2), zinc-blende (B3), and wurtzite (B4), are

considered. The bulk moduli and its pressure derivative

have been computed minimizing the crystal total energy for

different values of the lattice constant by means of Mur-

naghan’s equation of state (eos) [34] as in Fig. 1. The order

of energetic stability of phase structures of RhN from high

to low is: B3 \ B4 \ B1 \ B2. These inequalities show

that the B3 phase has the lowest energy among them. Since

the total energy difference between B4 and B3 phases is

0.00446 Hartree (per atom), B3 phase can easily transform

to B4 structure for RhN.

Table 1 shows the calculated lattice constants, internal

parameter, bulk modulus, and first pressure derivative of

bulk modulus for each phase of RhN together with the

other theoretical values [25, 27]. The lattice parameters (a)

are found to be 4.58, 4.31, 2.71, and 3.27 Å for B3, B1, B2,

and B4 structures, respectively. The calculated lattice

constants are higher (1 and 5% for B3 and B1 structure,

respectively) than other theoretical findings in Refs. [25,

27]. These small deviations may be explained by using

different approximations in the density functional methods.

The B3 structure has the largest lattice constant (4.58 Å)

and B2 structure has the smallest (2.71 Å) one for this

compound. The lattice constant for the B1 structure is

slightly smaller than that for B3 structure. Because, in B3

structure the N atoms are located at the tetrahedral site of

the face-centered-cubic structure of the Rh atoms, and this

site is rather closer to neighboring transition metal atoms as

compared to the octahedral site of the N atoms in the B1

structure [27]. In all calculations we have used the com-

puted lattice parameters.

In the present case, the calculated bulk moduli are

240.78, 273.89, 269.84, and 215.86 GPa for B3, B1, B2,

and B4 structures, respectively. Therefore, the order of

compressibility from high to low is: B4 [ B3 [ B2 [ B1.

For these configurations, the largest value of bulk modulus

(273.89 GPa) is obtained for B1 structure, and this is

slightly higher than that for B2 structure (269.84 GPa). The

values of the bulk moduli indicate that RhN is the least

Fig. 1 (Color online) Energy versus volume curves of RhN (per

atom)
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compressible material in the B1 structure. The bulk mod-

ulus for B3 structure is lower (about 10%) than the other

theoretical result given in Ref. [27].

The ratio V/V0, as a function of the applied pressure, is

given in Fig. 2 for B3 structure. It is seen that, when the

pressure increases from 0 to 50 GPa, the ratio of V/V0

decreases. The reason of this changing can be attributed to

the atoms becoming closer in the interlayer and having

stronger interactions.

The cohesive energy is known as a measure of the

strength of the forces which bind atoms together in the

solid state. In this connection, the cohesive energy of RhN

is calculated. The cohesive energy (Ecoh) of a given phase

is defined as the difference in the total energy of the con-

stituent atoms at infinite separation and the total energy of

that particular phase:

Ecoh ¼ ERhN � ERh � EN2
=2 ð1Þ

The energy calculations for both pure constituent atoms

and compound have to be performed at the same level of

accuracy so as to obtain a precise value for the cohesive

energy [35]. Energy of an isolated atom is calculated by

considering a supercell containing an isolated atom. This is

achieved by using the spin dependent form of functional,

with atoms in the ground-state spin configuration. The

computed cohesive energies (Ecoh) are found to be -13.03,

-11.94, -11.80, and -12.04 eV/atom for B3, B1, B2, and

B4 structure, respectively, and they are also listed in

Table 1.

Elastic properties

The elastic constants of solids provide a link between the

mechanical and dynamical behavior of crystals, and give

important information concerning the nature of the forces

operating in solids. In particular, they provide information

on the stability and stiffness of materials, and their ab initio

calculation requires precise methods. Since the forces and

the elastic constants are functions of the first-order and

second-order derivatives of the potentials, their calculation

will provide a further check on the accuracy of the calcu-

lation of forces in solids. They also provide valuable data

for developing inter atomic potentials.

Here, to compute the elastic constants (Cij), we have

used the ‘‘volume–conserving’’ technique [36], as in our

recent works [24, 37], and the findings are shown in

Table 2. Unfortunately, there are no theoretical results for

Table 1 The calculated equilibrium lattice constant (a0), bulk modulus (B), the pressure derivative of bulk modulus (B0), internal parameter (u),

and cohesive energy (Ecoh) together with the theoretical values for RhN

Zinc-blende Rock-salt Cesium chloride Wurtzite

RhN

a (Å) 4.58 (4.51a) 4.31 (4.08b) 2.71 0.27

c (Å) – – – 5.26

u – – – 0.374

c/a – – – 1.607

B (GPa) 240.78 (267.85a) 273.89 269.84 215.86

B0 4.15 4.30 4.45 4.91

Ecoh (eV/atom) -13.03 -11.94 -11.80 -12.04

a FP-LAPW within LSDA (Ref. 27)
b LMTO within LSD (Ref. 25)

Fig. 2 The ratio V/V0 versus pressure curves in ZB structure

Table 2 Elastic constants (in GPa) for RhN

Structure C11 C12 C44

B3 293.27 258.30 19.26
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comparing with the present work. Then, our results can

serve as a prediction for future investigations.

For a stable cubic structure, the three independent elastic

constants Cij (C11, C12, and C44) should satisfy the well

known Born–Huang criteria for stability

C11 � C12ð Þ[ 0; C11 [ 0; C44 [ 0;
C11 þ 2C12ð Þ[ 0:

The present elastic constants in Table 2 obey these stability

conditions for B3 structure.

The Zener anisotropy factor (A), which is an indicator of

the degree of anisotropy in the solid structure. For a

completely isotropic material, the A factor takes the value

of 1, when the value of A smaller or greater than unity it is

a measure of the degree of elastic anisotropy. Poisson’s

ratio (t), shear modulus (G), and Young’s modulus (E),

which are the most interesting elastic properties for appli-

cations, are often measured for polycrystalline materials

when investigating their hardness. These quantities are

calculated in terms of the computed data using the

following relations [38]:

A ¼ 2C44

C11 � C12

; ð2Þ

t ¼ 1

2

B� 2
3

G
� �

Bþ 1
3

G
� �

" #

; ð3Þ

and

E ¼ 9GB

Gþ 3B
ð4Þ

where G = (GV ? GR)/2 is the isotropic shear modulus,

GV is Voigt’s shear modulus corresponding to the upper

bound of G values and GR is Reuss’s shear modulus

corresponding to the lower bound of G values; they can be

written as

GV ¼
C11 � C12 þ 3C44ð Þ

5
ð5Þ

5=GR ¼ 4= C11 � C12ð Þ þ 3=C44 ð6Þ

for the cubic system.

Another important parameter is the Kleinman parameter

(f) which describes the relative positions of the cation and

anion sublattices under volume conserving strain distor-

tions for which positions are not fixed by symmetry. We

use the following relation [39] for this purpose:

f ¼ C11 þ 8C12

7C11 þ 2C12

ð7Þ

The calculated Zener anisotropy factor, Poisson’s ratio,

Kleinman parameter, Young’s modulus, and isotropic shear

modulus for B3 structure are shown in Table 3. The cal-

culated Zener anisotropy factor is close to the value of 1.

This shows that the RhN is an elastically isotropic com-

pound. Fu et al. [40] and Yoo [41] are reported that the

large values of Zener anisotropy factor can give rise to the

driving force (tangential force) acting on screw disloca-

tions to promote the cross-slip pinning process. The

t = 0.25 and 0.5 are the lower limit and upper limit for

central force solids, respectively [40]. Our t values are

close to the value of 0.4 indicating the interatomic forces

are predominantly central forces in the RhN.

Young’s modulus is defined as the ratio of stress and

strain, and used to provide a measure of the stiffness of the

solid. The material is stiffer if the value of Young’s

modulus is high. Since the present value of Young’s

modulus (54.2 GPa) for RhN is low, this material will not

be stiffer.

It is known that isotropic shear modulus and bulk

modulus are a measure of the hardness of a solid. The bulk

modulus is a measure of resistance to volume change by

applied pressure, whereas the shear modulus is a measure

of resistance to reversible deformations upon shear stress

[42]. Therefore, isotropic shear modulus is better predictor

of hardness than the bulk modulus. The calculated isotropic

shear modulus is 18.52 GPa for B3 structure. We conclude

that RhN is a sort of highly compressible compound.

According to the criterion [42, 43], a material is brittle

(ductility) if the B/G ratio is less (high) than 1.75. The

value of the B/G is high 1.75 for RhN in B3 structure.

Hence, this material behaves in a ductility manner.

The Debye temperature is known as an important fun-

damental parameter closely related to many physical

properties such as specific heat and melting temperature. At

low temperatures the vibrational excitations arise solely

from acoustic vibrations. Hence, at low temperatures the

Debye temperature calculated from elastic constants is the

same as that determined from specific heat measurements.

We have calculated the Debye temperature, hD, from the

elastic constants data using the average sound velocity, vm,

by the following common relation given in Ref. [44]

hD ¼
�h

k

3n

4p
NAq
M

� �� �1=3

vm; ð8Þ

where �h is Planck’s constants, k is Boltzmann’s constant,

NA is Avogadro’s number, n is the number of atoms per

formula unit, M is the molecular mass per formula unit,

q(=M/V) is the density, and vm is given [45] as

Table 3 The calculated Zener anisotropy factor (A), Poisson’s ratio

(t), Kleinman parameter (f), Young’s modulus (E), and isotropic

shear modulus (G) for RhN

Structure A t f E (GPa) G (GPa)

B3 1.11 0.46 0.91 54.19 18.52

J Mater Sci (2010) 45:3720–3726 3723

123



vm ¼
1

3

2

v3
t

þ 1

v3
l

� �� ��1=3

; ð9Þ

where vl and vt, are the longitudinal and transverse elastic

wave velocity, respectively, which are obtained from

Navier’s equation [46]:

vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3q

s

; ð10Þ

and

vt ¼
ffiffiffiffi
G

q

s

: ð11Þ

The calculated values of the longitudinal, transverse,

and average sound velocities in the present formalism are

shown in Table 4 along with the Debye temperature. The

calculated Debye temperature in B3 phase is lower than

that for in B1 phase given by Ref. [23].

Electronic properties

We have also, predicted the band structure for RhN in the

zinc-blende structure along the high-symmetry directions

in the first Brillouin zone from the calculated equilibrium

lattice constant. It can be seen from the Fig. 3 that there are

three bands crossing at the Fermi level, and this band

structures exhibit a metallic character (no band gap). The

present band profiles agree well with the earlier work [25].

The total and partial density of states (DOS and PDOS)

corresponding to the band structures shown in Fig. 3 are,

also, indicated in Fig. 4 along with the Fermi energy level.

The position of the Fermi level is at 0 eV. In this figure, the

lowest valence bands occur between about -17 and

-15 eV and are essentially dominated by N-2s states. The

other valence bands are essentially dominated by Rh-4d

states. The 2p and 2s states of N atoms are also contrib-

uting to the valence bands, but the values of densities of

these states are quite small compared to Rh-4d. The energy

region just above Fermi energy level are dominated by

unoccupied Rh-4d states. These results indicate that there is

a strong hybridization between the N states and Rh states.

To visualize the nature of the bonding character, charge-

density distributions in (100) plane for zinc-blende struc-

ture is shown in Fig. 5. It can be seen that there is an

increase of the electron density around the N atoms, and a

decrease in the interstitial region between Rh atoms where

the metal–metal bonding have formed. We note that the

difference of the electro negativity between Rh and N

appears in the difference of the charge transfer. These

imply that beside the strong covalent interaction, an ionic

contribution to the bonding mechanism exists in the Rh–N

system. Therefore, the bonds are an unusual mixture of

metallic, covalent, and ionic bondings.

Phonon dispersion curves

Energy dispersion of phonons provides important infor-

mation about the dynamical properties [47] of materials. In

particular, it is an essential in calculation of specific heat,

sound velocity, thermal expansion, heat conduction,

vibrational entropy, free energy via quasiharmonic

approximation, infrared and Raman absorption, electron–

phonon interaction, etc. In addition, low frequency modes

can be associated with phase transformations, while

imaginary frequencies show that the calculated structure is

not the most stable [48].

The present ab initio code, SIESTA, and its VIBRA

package by Ordejon calculate the phonon frequencies

without LO/TO splitting by using the Hellmann–Feynman

forces on atoms in supercell. At the minimized state all

Table 4 The longitudinal, transverse, and average elastic wave velocities, together with the Debye temperature, for RhN

Structure Reference vl (m/s) vt (m/s) vm (m/s) hD (K)

B3 Present 5730.1 1513.2 1727.2 224.63

Theorya (RS structure) 392

a Ref. [25]

Fig. 3 The calculated band structures of RhN for ZB structure. The

position of the Fermi level is at 0 eV
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Hellmann–Feynman forces are desired to be vanished.

Within the same programs the Hellmann–Feynman forces

are calculated for the related configuration with single atom

displaced from equilibrium position, and in terms of the

force constants and dynamical matrix the required phonon

frequencies are evaluated in usual manner. Specifically, we

have calculated the phonon dispersion curves in high-

symmetry directions for 1 9 1 9 1 cubic supercell with

54 atoms. The displacement amplitudes are taken as

0.04 Bohr.

The present phonon dispersion curves for RhN along the

high-symmetry directions are illustrated in Fig. 6. As

expected, the large gaps occur between the optic and

acoustic modes due to the big mass ratio (mRh/mN = 7.35)

of constituent atoms (cation and anion). The value of this

gap is about 138.33 cm-1 at X point. The absence of

imaginary frequencies (soft modes) in the phonon disper-

sion curves strongly supports the dynamically stable

character of B3 phase. Also, as is expected, RhN is metallic

character in B3 structure, longitudinal optical and trans-

verse optical phonon modes are triple degenerate at the

zone center.

The corresponding one-phonon density of state (DOS) is

also depicted for RhN at the right-hand-side of the same

Fig. 6. A sharp peak near 100 cm-1 is characterized by

acoustic region due to transverse acoustic (TA) branches

crossing along the [100] and [111] symmetry directions.

Summary and conclusion

In this work, we have performed ab initio total energy

calculations on RhN in the rock-salt, cesium chloride, zinc-

blende, and wurtzite structures. We have revealed that the

Fig. 4 (Color online) The calculated total DOS and atomic projected

DOS of RhN for ZB structure. The position of the Fermi level is at

0 eV

Fig. 5 (Color online) Charge-density distributions in (100) plane for

ZB structure

Fig. 6 The phonon dispersion curves and density of state of RhN in

ZB structure
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zinc-blende phase is in the ground-state configuration and

the band structures of this phase are metallic in nature.

Beside the other contributions, the original aspects of the

present calculations concern the charge density, phonon

dispersion curves, elastic and thermodynamical findings,

which have not been considered so far. Our results for

elastic constants satisfy the traditional mechanical stability

conditions for B3 phases. Since there are no experimental

data available for this hypothetical compound, we think

that the ab initio theoretical estimation is the only rea-

sonable tool for obtaining such important information.
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