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Abstract

The structural, electronic, elastic and magnetic properties of three rare earth nitrides (RENs: RE¼Gd, Dy, Ho) are investigated by first
principles calculation using Vienna ab-initio simulation code (VASP). At ambient pressure all the three nitrides are stable in the ferromagnetic
state (FM) with cubic NaCl(B1) structure. The calculated lattice parameters are in good agreement with experimental and other theoretical values.
Electronic structure reveals that these materials are half metallic ferromagnets at normal pressure. A pressure induced structural phase transition
from NaCl to wurtzite phase in GdN at 18.2 GPa and from NaCl to CsCl phase in DyN at 104 GPa and HoN at 138 GPa is also predicted.
The half metallicity has been retained in GdN, DyN and HoN even after the phase transition but it vanishes at 73.18 GPa, 118 GPa and 141 GPa
respectively. Ferromagnetism is quenched in all the three nitrides at a pressure of 252 GPa (GdN), 242 GPa (DyN) and 236.7 GPa (HoN).
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, the mono-nitrides of rare earth (RE)
compounds have drawn considerable interest among material
scientist, due to their structural, transport, magnetic and electronic
properties [1]. An accurate description of the electronic structure
of RE compounds is a very challenging problem because of their
partially filled 4f shells [2]. These partially filled 4f shells are
responsible for many of the interesting properties in the rare earth
nitrides. The class of the rare earth nitrides (RENs), which belong
to mono-pnictide family, have a broad range of behavior, from
metallic or semi-metallic to semi-conducting. These materials have
high magnetic moment and form a wide range of magnetic
structures. There has been speculation in the literature that RENs
may form half-metallic ferromagnets [3–4]. Half metallic ferro-
magnetic materials are a class of materials that have metallic
behavior for one type of electron spin (↑) and insulating or
semiconducting behavior for the other spin (↓), which leads to
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complete (100%) spin polarization at the Fermi level.
The conductivity of these materials occurs with only one spin
channel. The actual introduction for half metallic (HM) ferro-
magnet is given by Groot et al. in 1983 [5]. Because of the half-
metallic property, these materials became strong candidates for
applications in spintronic and spin-filtering devices and provide
new interest in these materials. The HM behavior regarding the
electronic, magnetic and transport properties of these compounds
are also discussed by Duan et al. [6]. The class of rare earth
nitrides have been studied both experimentally [7–13] and
theoretically [14,15] in the past by many researchers. Abdelouahed
and Alouani [16] investigated the structural stability of GdN using
LDA+U method and also observed a structural phase transition
from cubic NaCl to hexagonal phase under high pressure.
Similarly, Sanjay Bhajanker and his co-workers [17] analyzed
the structural and thermal properties of holmium pnictides using
inter-ionic potential theory. A pioneering study of rare earth (RE)
pnictides was performed by Hasegawa and Yanase [18]. They
treated the partially filled f shells simply as core states with a
constrained approach. Larson et.al [15] investigated the electronic
structure of rare earth nitrides using the LDSA+U approach and
identified GdN, DyN and HoN as semiconductors. On the other
ghts reserved.
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Fig. 1. Cohesive energies of rare earth metals (RE) and the corresponding
nitrides in their stable structure.
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hand Aerts et.al [19] observed half-metallic behavior in GdN and
insulating behavior in DyN and HoN. From the above mentioned
literatures, it is observed that there are some contradictions in the
electronic structure of all the three rare earth nitrides. This
motivated us to investigate the structural stability, electronic and
elastic properties of rare earth nitrides REN (RE:Gd,Dy,Ho). More
over to the best of our knowledge the half-metallic to metallic
transition, magnetic phase transition and elastic properties for the
normal and high pressure phases of GdN, DyN and HoN have not
been reported yet.

In the present paper, the electronic band structure calcula-
tions at ambient and high pressures are performed using VASP
code. The structural phase transition in gadolinium nitride
(GdN), Dysprosium nitride (DyN) and holmium nitride (HoN)
are analyzed using the obtained energy and enthalpy values.
The elastic constants are calculated using energy strain
method. The half metallic to metallic transition is predicted
from the electronic structure (Band structure and Density of
states) of GdN, DyN and HoN. The charge density distribution
is also reported for all these nitrides using VASP code.

2. Theoretical framework

The total energy calculations are performed in the frame
work of density functional theory using the generalized
gradient approximation (GGA-PBE) [20–22] as implemented
in the VASP code [23–25]. Ground-state geometries are
determined by minimizing stresses and Hellman-Feynman
forces using the conjugate-gradient algorithm with force
convergence less than 10�3 eV Å�1. Birllouin zone integra-
tion is performed with a Gaussian broadening of 0.1 eV during
all relaxations. The cutoff energy for plane waves in our
calculation is 700 eV. The electronic configurations of Gd, Dy,
Ho and N atoms are [Xe] 4f7 5d1 6s2 (Z=64), [Xe] 4f10 6s2

(Z=66), [Xe] 4f11 6s2 (Z=67) and [He] 2s22p3 (Z=7) respec-
tively. The valence electronic configurations chosen in our
calculation are 4f7 5d1 6s2, 4f10 6s2, 4f11 6s2 and 2s2 2p3 for
Gd, Dy, Ho and N atoms respectively. Birllouin-zone integra-
tions are performed on the Monkhorst-Pack K-point mesh [26]
with a grid size of 17� 17� 17 for structural optimization.
Iterative relaxation of atomic positions is stopped when the
change in total energy between successive steps is less than
1 meV/cell. With this criterion, the forces on the atoms are
generally less than 0.1 eV/Å. The rare earth nitrides GdN, DyN
and HoN considered in the present work crystallize in the
NaCl structure with space group symmetry Fm3m at normal
pressure. In the unit cell of these nitrides, the rare earth atom
is positioned at (0, 0, 0) and nitrogen atom at (1/2, 1/2, 1/2).
In order to get more accurate value of the band gap energy for
the rock salt (B1) phase, we have used GGA plus on-site
coulomb self- interaction correction potential (USIC). The GGA
+USIC scheme is more appropriate for systems having strongly
correlated d or f electrons.

In the GGA+USIC method, the strong correlation between
localized d or f electrons is explicitly taken into account
through the screened effective electron–electron interaction
parameter (Ueff¼USIC�J), where USIC and J denote the
coulomb and exchange integrals respectively. To obtain the
best agreement with experiment, the present results are
obtained with the USIC¼9.20 eV, 9.32 eV and 9.57 eV and
J¼1.2, 1.21 and 1.25 for GdN, DyN and HoN respectively.
The value of USIC is determined by optimizing the band gap to
the experimental value. However, it is found that changing
USIC does not affect the value of lattice constant and bulk
modulus.
3. Results and discussion

3.1. Structural stability and ground state properties

The stability of rare earth nitrides RENs (RE¼Gd, Dy, Ho)
are analyzed by calculating the total energy using VASP code
based on density functional theory. The mechanical strength of
a solid is determined with the help of its cohesive energy,
which determines the strongness of binding between the
constituent atoms in a solid. The cohesive energy of a solid
is the difference between the total energy per atom of the bulk
material at ambient condition and the atomic energies of the
atoms belonging to the unit cell of the material

EREN
coh ¼ ½ERE

atom þ EN
atom�EREN

total � ð1Þ
where EREN

total is the total energy of the compound at the
equilibrium lattice constant and ERE

atom and EN
atom are the atomic

energies of the pure constituent atoms. The cohesive energies
for rare earth metals (REs) and their nitrides (RENs) are shown
in Fig. 1. From Fig. 1, it is observed that the cohesive energies
of these nitrides are higher than that of the host elements. It is
also observed that, GdN owing to its highest cohesive energy
is the most stable one among the considered nitrides. Valence
electron density (VED) is defined as the total number of
valence electrons divided by volume per unit cell which is
an important factor for analyzing the super hard materials.
The calculated ground state properties like lattice constants a, c
(Ǻ), cell volume V0(Ǻ

3), valence electron density ρ(electrons/
Ǻ3),bond-length RE-N (Ǻ), Cohesive energy Ecoh (eV), bulk
modulus B0 (GPa) and its derivative B0' for the normal and
high pressure structures of GdN, DyN and HoN are listed in



Table 1
Calculated lattice parameters a,c (Ǻ), cell volume V0 (Ǻ3), the shortest RE–N bond distance (Ǻ),Valence electron density ρ (electrons/Å3), Cohesive energy
Ecoh(eV), bulk modulus B0(GPa) and its derivative B0'

Work GdN DyN HoN

NaCl Wurtzite NaCl CsCl NaCl CsCl

V0 Present work 31.24 28.38 29.41 30.37 29.02 32.16
a Present work 4.997 2.97 4.901 3.12 4.878 3.18

Exp. 4.988a,4.974b 4.905b 4.874b

Theoretical 4.940c 4.874c 4.851c

c Present work 5.438
ρ Present work 0.480 0.528 0.578 0.559 0.620 0.559
RE-N Present work 2.82 2.78 2.79 2.85 2.83 2.97
Ecoh Present work 12.40 10.12 11.35 9.43 11.23 9.25
B0 Present work 201 114 123 81 138 98.5

Exp. 192735d

Theoretical 121c 138c,137.6e

B0' Present work 3.45 4.06 3.5 3.68 3.78 4.02

aExp, Ref. [8].
bExp, Ref. [11].
cGGA, Ref. [14].
dExp, Ref. [13].
einter-ionic potential theory, Ref. [17].

Fig. 2. Total energy (in eV) versus reduced volume for the normal and high pressure structures: (a) GdN, (b) DyN and (c) HoN.
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Table 1 and are compared with the available experimental
[8,11,13] and previous theoretical results [14,17]. From Table 1,
it is found that the calculated ground state properties are in good
agreement with the experimental and previous theoretical
results. From Table 1, it is observed that, among the considered
rare earth nitrides cubic HoN have the highest VED.

3.2. Structural phase transition under pressure

The total energy is calculated for the normal and high
pressure phases of gadolinium nitride (GdN), dysorbium
nitride (DyN) and holmium nitride (HoN) for different reduced
volumes. The calculated total energies are plotted as a function
of reduced volume and are given in Fig.2 (a–c). From Fig.2 (a–
c), it is observed that all the three rare earth nitrides are stable
in the NaCl phase at ambient pressure. On further reducing the
volume, GdN undergoes structural phase transition from NaCl
to wurtzite phase, whereas in DyN and HoN the structural
phase transition is from NaCl to CsCl phase.

In order to observe these transitions in a more accurate
manner, we have calculated the enthalpy using the formula

H ¼ E þ PV ð2Þ
where E is the total energy in eV and P represents the pressure
(GPa) corresponding to a particular volume V (Ǻ3). The
transition pressure value is determined by the intersection of
enthalpy versus pressure curve and is presented in Fig. 3(a–c).
From Fig. 3(a–c), it is found that the transition pressures are
Fig. 3. Enthalpy versus pressure curve for the normal and h
18.2 GPa (NaCl-wurtzite), 104 GPa (NaCl-CsCl) and
138 GPa (NaCl-CsCl) for GdN, DyN and HoN respectively.
The calculated transition pressures for GdN and HoN are
consistent with the previous results of Abdelouahed and
Alouani [16] and Bhajanker et al. [17]. So far, no experimental
work on structural phase transition has been performed in these
nitrides.
3.3. Electronic structure

The spin dependant band structures of GdN, DyN and HoN
in the NaCl phase at normal pressure is calculated along
various symmetry lines using GGA+USIC method and is given
in Fig.4. Fig. 4 shows that GdN, DyN and HoN have very
similar band structures at ambient pressure. From Fig. 4, it is
found that in the majority spin channel, the lowest band around
�5 eV is due to the 6s like states of the rare earth atom RE
(RE¼Gd,Dy, Ho) and the next lower state is due to the s-like
states of the nitrogen atom, which lies around �12 eV.
The energy bands in the valence state, just below the Fermi
level (EF) in the range of -2.98 eV to 0 eV, arise due to N-2p
like states. Also the energy bands due to the 4f state electrons
of the rare earth atom RE (RE¼Gd, Dy, Ho) is present at the
Fermi level (cluster of solid lines), which hybridize with the 2p
state electrons of the nitrogen atom. Therefore it can be
concluded that at ambient pressure, the majority spin states
are completely filled and are found to exhibit metallic
igh pressure structures: (a) GdN, (b)DyN and (c) HoN.



Fig. 4. Energy band structure along the principal high-symmetry directions in the Birllouin zone for the majority and minority spin of GdN, DyN and HoN in the
stable NaCl structure.
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character. On the other hand for the minority spin channel, a
direct band gap around the Fermi level of about 0.98 eV,
0.95 eV and 1.05 eV at the X point is observed in GdN, DyN
and HoN respectively. The estimated band gap is in good
agreement with the experimental result of Hulliger [7].Hence,
at normal pressure, all the three rare earth nitrides are half
metallic ferromagnets.

The total density of states (DOS) of GdN, DyN and HoN for
both the spin channels are given in Fig. 5(a–c). From the total
DOS, it is observed that the peak due to 2s state electrons of
the nitrogen atom is present at an energy range of � �12 eV.
In the majority spin channel, the highest spike at the Fermi
level is due to the 4f state electrons of the rare earth atom.
The spikes, just below the Fermi level are mainly due to the N-
2p states along with a small contribution from RE-4f states.
Therefore at normal pressure, the majority spin state is metallic
in nature. On the other hand, in the minority spin channel, the
rare earth 4f states are present below the Fermi level and
hybridize with the 2p states electrons of the nitrogen atom.
This hybridization leads to a semiconducting behavior for the
minority spin. Therefore it is concluded that, GdN, DyN and
HoN are half-metallic ferromagnets at ambient pressure.
Under high pressure both DyN and HoN undergoes struc-

tural phase transition from sixfold co-ordinated NaCl structure
to eight fold co-ordinated CsCl structure whereas GdN under-
goes structural phase transition from sixfold co-ordinated NaCl



Fig. 5. Spin dependant total density of states (DOS) of GdN, DyN and HoN in the stable NaCl structure.

R. Rajeswarapalanichamy et al. / Ceramics International 40 (2014) 1993–20041998
structure to hexagonal structure. Hence the high pressure band
structure and density of states are computed with the CsCl
structure as the stable structure for DyN and HoN and wurtzite
as the stable structure for GdN. The high pressure band
structure and density of states of GdN (wurtzite), DyN (CsCl)
and HoN (CsCl) at their corresponding metallization pressure
are given in Fig. 6 and Fig. 7(a–c) respectively. As pressure
increases, no visible changes are observed in the majority
spin whereas in the minority spin channel the distance of
separation between the top of the valence band and bottom of
the conduction band decreases. The main reason behind the
metallic behavior of the minority spin case is due to the
presence of energy bands at the Fermi level, which are formed
due to the 2p state electrons of the nitrogen atom. Finally we
observe half metallic to metallic transition in GdN, DyN and
HoN at a pressure of 73.18 GPa (V/V0¼0.72), 118 GPa (V/
V0¼0.58) and 141 GPa (V/V0¼0.6) respectively.
The covalent characteristics between the rare earth and N

atoms can be confirmed by the charge density distribution.
The charge density distribution for Cubic NaCl GdN,DyN and
HoN is shown in Fig. 8(a–c). It is clearly seen that charge
strongly accumulates between rare earth (RE) and N atoms,
which means that a strong directional bonding exists between
them. The bonding nature of these materials is found to be
covalent-like due to the hybridization of N and rare earth
atoms, but there is also some ionic character with electron



Fig. 6. Spin dependent band structure of GdN, DyN and HoN in the high pressure structure.
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transfer from the rare earth to nitrogen atoms. Thus, our results
demonstrate that the bonding is a mixture of covalent and ionic
in nature.
3.4. Elastic properties

Elastic constants are the measure of the resistance of a
crystal to an externally applied stress. For small strains
Hooke's law is valid and the crystal energy E is a quadratic
function of strain [27]. Thus to obtain the total minimum
energy for calculating the elastic constants to second order, a
crystal is strained and all the internal parameters are relaxed.
Consider a symmetric 3� 3 nonrotating strain tensor ε which
has matrix elements εij (i,j¼1,2 and 3) defined by Eq. (3)

ε¼
e1

e6
2

e5
2

e6
2 e2

e4
2

e5
2

e6
2 e3

0
B@

1
CA ð3Þ

such a strain transforms the three lattice vectors defining the
unstrained Bravais lattice {aK, K¼1,2 and 3) to the strained
vectors{ aK

'
, K¼1,2 and 3} as given by

a′K ¼ ðI þ εÞaK ð4Þ

where I is defined by its elements, Iij ¼1 for i¼ j and 0 for i≠
j. Each lattice vector ak or a'k is a 3� 1 matrix. The change in



Fig. 7. Spin dependant total density of states (DOS) of GdN, DyN and HoN in the stable high pressure structure.
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total energy due to the above strain (1) is

ΔE¼ E eif gð Þ�E0

V0
¼ 1� V

V0

� �
PðV0Þ þ

1
2

∑
6

1
∑
6

1
Cijeiej

� �
þ O e3i

� �� �

ð5Þ
where V0 is the volume of the unstrained lattice, E0 is the total
minimum energy at this unstrained volume of the crystal, P(V0)
is the pressure of the unstrained lattice, and V is the new volume
of the lattice due to strain in Eq. (3). In Eq. (5), Cij¼Cji due to
crystal symmetry. This reduces the elastic constants from 36 to
21. Further crystal symmetry reduces the number to 5 (C11, C12,
C44, C13, C33) for hexagonal crystals and 3(C11, C12, C44) for
cubic crystals. A proper choice of the set of strains {ei, i¼1,2,
…….,6}, in Eq. (5) leads to a parabolic relationship between
ΔE/V0 (ΔE≡E�E0) and the chosen strain. Such choices for the
set {ei} and the corresponding form for ΔE are shown in Table 2
for cubic [28] and hexagonal [29] lattices. For each lattice
structure of GdN,DyN and HoN studied, we strained the lattice
by 0%, 71%, and 72% to obtain the total minimum energies
E(V) at these strains. These energies and strains are fitted with
the corresponding parabolic equations of ΔE/V0 as given in
Table 2 to yield the required second-order elastic constants.
While computing these energies all atoms are allowed to relax
with the cell shape and volume fixed by the choice of strains
{ei}. From the calculated Cij results, the bulk modulus (B0) and
shear modulus (G) for the cubic and hexagonal crystals are
calculated using the Voigt–Reuss–Hill (VRH) averaging scheme
[30–32]. The strain energy 1/2Cijeiej of a given crystal in Eq. (5)
must always be positive for all possible values of the set
{ei}; otherwise the crystal would be mechanically unstable.



Fig. 8. Electronic charge density for: (a) GdN, (b)DyN and (c) HoN in the rocksalt structure.

Table 2
Strain combinations in the strain tensor [Eq.(5)] for calculating the elastic constants of cubic and hexagonal structures. The independent elastic constants for cubic
(NaCl and CsCl structures) and hexagonal (Wurtzite structure) are calculated from the above strains. Symmetry dictates Cij¼Cji and all unlisted Cij¼0. The strain δ
is varied in steps of 0.01 from δ¼�0.02 to 0.02. ΔE [Eq.(5)] is the difference in energy between that of the strained lattice and the unstrained lattice. The
equilibrium or unstrained lattice volume is V0.

Cubic crystals Hexagonal crystals

Strain Parameters (unlisted ei¼0) ΔE/V0 Parameters (unlisted ei¼0) ΔE/V0

1 e1¼e2¼δ, e3¼(1+δ)�2�1 3(C11-C12)δ2 e1¼δ (1/2) C11δ
2

2 e1¼e2¼e3¼δ (3/2)(C11+2C12)δ2 e3¼δ (1/2) C33δ
2

3 e6¼δ, e3¼δ2(4�δ2)�1 (1/2)C44δ2 e4¼δ (1/2)C44δ
2

4 e1¼e2¼δ (C11+C12)δ
2

5 e1¼e3¼δ (1/2) (C11+C33+2C13) δ
2
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The calculated elastic constants Cij(GPa),Young's modulus
E(GPa), Shear modulus G(GPa), B/G ratio, elastic anisotropy
factor A, Poisson's ratio (ν) and micro hardness H(GPa) are
given in Table 3. From Table 3, it is found that the calculated
elastic constants are in good agreement with the available data
[14,17].

For a stable cubic structure, the three independent elastic
constants Cij (C11,C12, C44) should satisfy the Born–Huang
criteria [33].

C4440; C114 jC12j; C11 þ 2C1240 ð6Þ
while for a hexagonal structure, the five independent elastic
constants Cij (C11,C12,C33,C13,C44) should satisfy the well
known Born–Huang criteria for stability [33].

C1240; C3340; C114C12; C4440 ð7Þ
Clearly, the calculated elastic constants for cubic NaCl, CsCl

phases and hexagonal wurtzite phase of GdN, DyN and HoN
satisfy Born–Huang criteria, suggesting that they are mechanically
stable at ambient pressure. Young's modulus (E) and Poisson's ratio
ν are the two important factors for technological and engineering
application. The Young's modulus E is calculated using the



Table 3
Calculated Elastic constants Cij(GPa), Young's modulus E(GPa), Shear modulus G(GPa), B/G ratio, Poisson's ratio ν, elastic anisotropy factor A and hardness H
(GPa) for the normal and high pressure structures of GdN, DyN and HoN.

Work GdN DyN HoN

NaCl Wurtzite NaCl CsCl NaCl CsCl

C11 Present work 365 295 218 137 270 169
Theoretical 201a 216a 399a,270b

C12 Present work 119 123 76 53 72 63
Theoretical 65a 65a 7a,71b

C44 Present work 81 148 72 49 69 51
Theoretical 83a 101a 101a,70b

C13 Present work 30
C33 Present work 310
E Present work 266 137 180 141 203 133
G Present work 104 53 72 46 81 52
ν Present work 0.24 0.3 0.25 0.27 0.21 0.29

Theoretical 0.245a 0.253a 0.018a, 0.38b

B/G Present work 1.93 2.15 1.70 2.67 1.70 1.78
A Present work 0.73 1.15 0.69
H Present work 15.34 12.0 11.42

aGGA, Ref. [14].
binter-ionic potential theory, Ref. [17].

Fig. 9. Variation of total energy with relative volume in ferromagnetic (FM) and non-magnetic (NM) states of: (a) GdN, (b) DyN and (c) HoN in the NaCl structure.

R. Rajeswarapalanichamy et al. / Ceramics International 40 (2014) 1993–20042002
following expression:

E¼ 9BG
ð3Bþ GÞ ð8Þ
The stiffness of the solid can be analyzed using the young's
modulus (E) value. The larger the value of E, stiffer the material.
The Young's modulus of GdN is higher than that of DyN and
HoN. Therefore it is concluded that GdN is the stiffest material



Table 4
Magnetic moment of RENs (RE: Gd, Dy, Ho) in units of mB.

Structure Work GdN DyN HoN

Total Present work 6.921 5.000 3.999
Exp. 7.0a

Theoretical 6.93b,7.0c 4.95b,5.0c 3.95b,4.0c

RE 6.774 4.944 3.9
N 0.147 0.117 0.189

aExp, Ref. [12].
bLSDA, Ref. [15].
cSIC-LSD, Ref. [19].

Fig. 10. Variation of magnetic moment of: (a) GdN, (b) DyN and (c) HoN in
the NaCl structure.
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among the considered rare earth nitrides. Poisson's ratio is
associated with the volume change during uniaxial deformation,
which is expressed as

ν¼ C12

C11 þ C12
ð9Þ

During elastic deformation no volume change occurs, if v¼0.5 and
this indicates that the material is incompressible. The low v value
means that a large volume change is associated with its deforma-
tion. In addition, Poisson's ratio provides more information about
the characteristics of the bonding forces than any of the other
elastic constants. Among the three rare earth nitrides, the Poisson's
ratio of HoN is lower than GdN and DyN, indicating that the Ho–
N bonding is more directional in nature.

A high B/G value is associated with ductility, while a low B/
G value represents brittleness. The critical value which
separates ductile and brittle materials is about 1.75. From
Table 3, it is found that GdN, DyN and HoN are brittle. For
cubic phase; the anisotropy factor is defined as

A¼ 2C44

C11�C12
ð10Þ

The value of A¼1 represents completely elastic isotropy,
while values smaller or larger than one measure the degree of
elastic anisotropy. It can be seen from Table 3 that GdN,DyN
and HoN are elastically anisotropic.

3.5. Magnetic phase transition

Non-spin and spin polarized calculations are performed to
obtain total energies of cubic NaCl phase of RENs (RE: Gd,
Dy,Ho) by using VASP code. The variation of total energy
(per formula unit) with relative volume in ferromagnetic (FM)
and non-magnetic (NM) state is given in Fig. 9(a–c), to check
the magnetic stability of cubic NaCl structured rare earth
nitrides RENs (RE: Gd, Dy,Ho) at normal pressure. From the
calculations it is found that all the three nitrides are stable
in the FM state in the NaCl structure at normal pressure.
The calculated magnetic moment of cubic NaCl phase of RENs
(RE: Gd, DY, Ho) are summarized in Table 4. From Table 4, it is
found that the contribution to the magnetic moment is entirely
from the rare earth atom rather than N atom. The calculated
values of magnetic moments of the rare earth nitrides are
compared with the available experimental [12] and previous
theoretical results [15,19], which reveal good agreement.
The variation of magnetic moment with pressure for GdN,
DyN and HoN is given in Fig. 10(a–c). Fig. 10(a–c) depicts a
magnetic phase transition from ferromagnetic (FM) to non-
magnetic (NM) state at a pressure of 252 GPa, 242 GPa and
236.7 GPa for GdN, DyN and HoN respectively. The main
reason behind this magnetic transition is magnetic collapse due to
band widening in lanthanide metal ions under pressure.

4. Conclusion

In conclusion, first principles calculations have been per-
formed using Vienna ab-initio simulation code to investigate
the structural, electronic, magnetic and mechanical properties
of GdN, DyN and HoN with the normal (NaCl) and high
pressure (wurtzite, CsCl) structures. The calculated ground
state properties are in good agreement with the available
experimental and previous theoretical results. Our results
suggest that cubic NaCl structure is the most stable structure
at ambient pressure. We have also predicted a structural phase
transition from NaCl to wurtzite phase in GdN and from NaCl
to CsCl phase for DyN and HoN at high pressure. Electronic
structure reveals that cubic NaCl GdN,DyN and HoN are
half-metallic ferromagnets with a direct band gap of 0.98 eV,
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0.95 eN and 1.05 eV respectively. The calculated band gap is
in good agreement with the experimental data. As pressure
increases, we observe half metallic to metallic transition in
GdN, DyN and HoN at a pressure of 73.18 GPa, 118GPa and
141GPa respectively. The bonding nature of these materials is
found to be covalent-like due to the hybridization of N and
metal atoms, but there is also some ionic character with electron
transfer from the metal to nitrogen atoms. The calculated elastic
constants obey the necessary mechanical stability conditions
suggesting that all the nitrides are mechanically stable in both
the normal (NaCl) and high pressure (wurtzite and CsCl)
structures. On further increasing the pressure, we also observe
ferromagnetic (FM) to non-magnetic (NM) transition at
252 GPa, 242 GPa and 236.7 GPa for GdN,DyN and HoN
respectively.
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