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Abstract. We present first-principles calculations on the structural, mechanical, electronic, thermodynamic, lattice
dynamic and magnetic properties of RbN in the CsCl, rocksalt (Rs) and zinc-blende (ZB) structures centred on
spin-polarised density functional theory (DFT). It was established that in all the three structures, ferromagnetic
(FM) state is more stable than the non-magnetic (NM) state. The results show that RbN exhibits half-metallic
characteristics at the equilibrium lattice parameters and have small energy gaps of 1.205, 1.092 and 1.364 eV for
CsCl, Rs and ZB structures respectively. We find that only the CsCl and Rs structures are mechanically, lattice
dynamically and thermodynamically stable. Furthermore, the structures exhibit equal integer magnetic moment of
2 μB approximately.
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1. Introduction

Few years back, various researchers carried out rigorous
studies on half-metallic (HM) ferromagnetic materials
in the area of spintronics due to their wide applica-
tions. The dual character which the HM ferromagnets
exhibit, either as metallic in one spin direction or as
semiconductor (or insulator) in the other spin direc-
tion within the Fermi level make them very relevant in
electronic industries. In the MC (M=Mg, Ca, Sr and
Ba) binary compounds, both the magnetic properties
and the electronic structures are studied in the zinc-
blende (ZB) structure [1]. It was observed that these
compounds show the character of HM ferromagnetic
materials with HM gaps up to 0.83 eV, and subjecting
the lattice constants to strain, the half-metallicities for
CaC, SrC and BaC were sustained up to 14, 13 and 9%
respectively. The electronic structures, magnetic prop-
erties and half-metallicity of Ti2IrZ (Z = B, Al, Ga and
In) Heusler alloys were investigated with AlCu2Mn- and
CuHg2Ti-type structures within local density approxi-
mation (LDA) and generalised gradient approximation
(GGA) for the exchange correlation potential [2]. It

was observed that CuHg2Ti-type structure in FM state
was energetically more favourable than AlCu2Mn-type
structure in all compounds except Ti2IrB which was sta-
ble in AlCu2Mn-type structure in NM state. Recently,
the effect of arsenic (As) composition on structural
parameters, phase transition pressure, elastic constants,
optical and acoustic phonon frequencies at high sym-
metry points �, X and L, static and electronic dielectric
constants and Born effective charge were studied in the
ternary alloys YP1−xAsx [3]. In the rocksalt (Rs) struc-
ture, employing first-principles calculations to study the
electronic and magnetic properties of MP (M = K, Rb)
[4], the results reveal that the compounds are HM fer-
romagnets by large band gaps of 0.46 and 0.74 eV at
the equilibrium lattice constants. Recently, the struc-
tural, electronic and magnetic properties of Cd1−xVxSe
in the ZB structure were investigated, using the first-
principles calculations [5], and the results confirmed
that the compound exhibits HM characteristics. Also,
the total magnetic moment of 3 μB obtained in the study
confirms their HM characteristics. Other theoretical
investigations where HM ferromagnetic characteristics
were confirmed are for Zn1−xCrxSe [6], Cd1−xCrxTe
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Figure 1. The crystal structures of RbN. (a) CsCl, (b) Rs and (c) ZB.

[7], Al1−xCrxAs alloys [8], CrM (M = P, As, Sb, Bi)
[9], CrSb [10], XY (X = V, Cr, Mn and Y = N, P,
As, Sb, S, Se, Te) [11]. The spin-polarised calculation
carried out on the RbN and CsN compounds in CsCl
structure, using the first-principles method, show that
these materials exhibit HM ferromagnetic property and
has a magnetic moment of about 2 μB [12]. Most semi-
conductors crystallise in the ZB structure. Hence, if RbN
in the ZB structures exhibits HM properties then it can
be grown epitaxially. Secondly, the material is unique
because of its low magnetic moment. And because they
are s−p electrons they have low stray fields, and also
their rate of energy loss is minimum. How stable are
these properties in other structures, especially in the
Rs and ZB structures? Are these materials mechani-
cally and thermodynamically stable? Motivated by these
questions, we present a first-principles investigation on

the structural, mechanical, electronic, thermodynamic,
lattice dynamic and magnetic properties of RbN in CsCl,
Rs and ZB structures.

2. Methods

The structural optimisation and prediction of properties
of RbN binary compound are performed by adopting
the quantum espresso (QE) code as employed in Gian-
noziet al [13]. This calculation, based on plane-wave
pseudopotential (PWPP) method within the framework
of the DFT and exchange correlation was calculated
using the GGA formalism [14]. To achieve convergence,
a plane wave basis set with kinetic energy cut-off of
55 Ry, charge density cut-off of 220 Ry, convergence
threshold of 1.0 × 108 and lattice parameters of 3.623,
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Figure 2. Total energies as functions of lattice parameters for the CsCl, Rs and Zb structures of RbN.

6.101 and 6.701 Å was applied in CsCl, Rs and ZB
structures respectively. The crystal structures used in
this calculation are presented in figure 1. The ground-
state properties of RbN in CsCl, Rs and ZB structures
were obtained by performing the structural optimisation
for the lattice parameters through energy minimisation
as presented in figure 2.

3. Results and discussions

3.1 Structural and mechanical properties

We performed spin-polarised and spin-unpolarised cal-
culations of the total energy as a function of the lattice
constant of RbN in the three structures (CsCl, Rs and
ZB). Our results and other available literature results
are summarised in table 1. We observed a fair agree-
ment between the present results and the literature report
[12]. The elastic constants are functions of the stability
and stiffness of RbN as recorded in the present calcu-
lation. The mechanical properties of RbN in the CsCl,
Rs and ZB structures are computed and presented in
table 2.

Table 1. The structural properties: the lattice constant a (Å)
and bulk modulus B (GPa).

Structure a B

CsCl 3.625 24.9
Other theoretical results 3.52a 25.5a

Rs 6.101 13.2
ZB 6.701 10.0
aRef. [12].

Table 2. The mechanical properties: the elastic constants
C11,C12 andC44 (GPa), shear modulusG (GPa), Young mod-
ulus E (GPa), Zener anisotropy A, Poisson’s ratio υ, hardness
H and the B/G ratio for the various structures of RbN.

Mechanical properties CsCl Rs ZB

C11 47.56 36.15 10.44
C12 5.97 5.41 11.34
C44 6.03 2.31 8.18
G 20.80 15.37 −0.45
E 48.81 33.22 −1.37
A 0.29 0.15 −18.18
υ 0.1733 0.08059 0.52284
H 4.53031 4.29789 0.00685
B/G 1.197 0.859 −22.222
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Figure 3. Electronic band structures of RbN in CsCl structure.

Figure 4. Electronic band structures of RbN in Rs structure.

The mechanical stability of a solid depends on
the structural features and the corresponding elastic
constants [15]. There are three independent elastic
constants for cubic phases, C11, C12 and C44. The
mechanical stability is measured by the following
conditions: C11 + 2C12 > 0, C11 − C12 > 0, C44 > 0

and C11 > 0 [16]. The structures that satisfy these
conditions are CsCl and Rs, and therefore they are
mechanically stable while the ZB structure is not stable
mechanically. The bulk modulus B, Young Modulus E
and shear modulus G are the parameters that are used
to quantify the mechanical properties of solids. They
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show the extent of resistance of the alloys to volume
and shear deformation respectively. The higher their val-
ues, the stronger the deformation resistance offered by
the alloys. From table 1, the results of the bulk, Young
and shear moduli show that the deformation resistance
decreases from CsCl to Rs to ZB structure. An empirical
relation to determine the plastic properties of materials is
given by the ratio of the bulk modulus to the shear mod-
ulus B/G. The critical threshold value of the ratio for
delineating ductile from brittle materials is about 1.75
[17]. From our results presented in table 2, it is obvi-
ous that the structures are brittle in nature because the
B/G ratios are lower than the critical threshold value.
The anisotropy factor A is a measure of the degree of
anisotropy in solid structures [18]. For anisotropic mate-
rial, the anisotropy factor = 1. If the value of A is zero,
the material is said to be isotropic. But when the val-
ues are deviating from zero and approaching unity it
indicates high elastic anisotropy. The present calculated
results of A show that the three structures are isotropic.
These results are obtained using the relation, from eq.
(1), as recorded in [19].

A = 2C44

(C11 − C12)
. (1)

The stability of the material against shear stress can
be determined from the value of the Poisson’s ratio of
the material. It also discloses the nature of the bonding
forces. The value range is of the order 0 < υ < 0.5
[18]. The low value of Poisson’s ratio indicates a large
volume compression of the material and when υ = 0.5
no volume change occurs. The higher is the Poisson’s
ratio, the better is the malleability. From the calculated
results of the Poisson’s ratio in table 2, it is clear that
the three structures of the RbN are of good plasticity.
The microhardness H is another mechanical property
that was studied. It was found that the resistance to
a localised plastic deformation depends on H . This is
given by [19,20].

H = (1 − 2υ)

6 (1 + υ)
. (2)

The microhardness results obtained for the three
structures show that the ZB structure is extremely soft
when compared with Mohs scale [21].

3.2 Electronic and magnetic properties

In discussing the origin of half-metallicity in the RbN
compound, we present the calculated spin-polarised
band structures of RbN in the CsCl, Rs and ZB structures
as shown in figures 3–5. As predicted, the minority-
spin channel is metallic whereas there is an energy gap
around the Fermi level in the majority channel which

portrays a semiconductor property. This phenomenon
shows that RbN exhibits HM properties in the three
structures studied. The calculated spin-resolved total
and partial densities of states (PDOS) of RbN at its equi-
librium lattice constants are presented in figure 6. From
the PDOS of the compound, the plot reveals that the
valence bands in the three structures are mainly dom-
inated by the N atoms. Here, both the spin-polarised
FM phase and spin-unpolarised NM phase were investi-
gated. The calculated results show that the FM states are
more stable than the NM states in the three structures
studied as presented in figure 7. Hence, RbN exhibits
FM character. The ability of these structures of RbN to
maintain steady magnetic properties makes them very
promising. It is clear from table 3 and figure 8, that
the CsCl, Rs and ZB structures exhibit similar fea-
tures and have approximately the same local magnetic
moments of 2 μB at the equilibrium lattice constant.
The total magnetic moment of RbN in the three struc-
tures mainly originate from N–p orbitals of the N atom
and with very small contribution from the Rb−s orbital
of the Rb atom. Considering the strain of the lattice
constants, the half-metallicities for RbN in CsCl, Rs
and ZB structures were sustained up to 5.4, 1.8 and
1.5% respectively. The normal electronic configuration
of Rb and N are [Kr]5s1 and [He]2s22p3. Consequently,
the existence of electronic states at the Fermi level in
majority-spin state and a band gap at the Fermi level
in minority-spin state validate the HM characteristic of
the RbN compound in the three structures investigated.
It is clear that there is a relatively strong hybridisation
between the s-orbital of the Rb and the p-orbital of the N
atoms within the Fermi level. This hybridisation results
in the splitting of the s–p-orbitals into three states: the
bonding states below the Fermi level, the non-bonding
states around the Fermi level and the antibonding states
above the Fermi level. The s–p hybridisation is the
origin of the HM band gap in the RbN compound
[22]. The negative sign of the magnetic moment of
Rb is due to a negative exchange splitting between
spin-up and spin-down electrons in the s-orbital. There-
fore, half-metallicity originates from both covalent and
s–p hybridisations in the RbN compound as shown in
figure 6.

3.3 Lattice dynamics properties

In this study we calculated the lattice dynamics curves
and the corresponding total and partial PDOS employ-
ing the GGA-PAW approximation at the equilibrium
lattice parameters for the CsCl and Rs structures of
RbN, along the high symmetry directions of the Bril-
louin zone. The present results are illustrated in figures 9
and 10 and the phonon frequencies at high symmetry
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Figure 5. Electronic band structures of RbN in ZB structure.

Figure 6. The spin-dependent partial density of states of RbN in the three structures, with positive and negative DOS corre-
sponding to the majority and minority states.
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Figure 7. Total energies as functions of lattice constants for the ferromagnetic (FM) and non-magnetic (NM) states of RbN
in the CsCl, Rs and ZB structures.

Table 3. The total and atomic magnetic moments of RbN.

Structure Mtot MRb MN Rb–s N–s Rb–p N–p Eg Mg

CsCl 2.0 −0.027 2.037 −0.025 0.025 −0.003 2.012 1.205 FM
Rs 2.0 −0.044 2.046 −0.047 0.018 0.002 2.029 1.092 FM
ZB 2.0 −0.058 2.055 −0.042 0.017 −0.016 2.039 1.364 FM

Mtot (μB): total magnetic moment per formula unit, MRb: magnetic moment of Rb, MN: magnetic moment of N, Rb–s and
N–s: the s-orbitals of Rb and N respectively, Rb–p and N–p: p-orbitals of Rb and N respectively, Eg (eV): HM band gap and
Mg: magnetic ground state for the various structures.

points of the Brillouin zone were equally investigated.
The important features observed in the calculation of
the lattice dynamics curves are: Positive frequencies
were obtained in the Brillouin zone of the CsCl and
Rs structures, while imaginary (negative) frequencies
were obtained in the ZB structure of the RbN com-
pound. This indicates that RbN is lattice dynamically
stable in the CsCl and Rs structures but is unstable in
the ZB structure. The acoustical and optical phonon
modes for the two stable structures are alienated by

frequency gaps of 21.62 cm−1 and 33.55 cm−1 for
CsCl and Rs structures respectively. At the Brillouin
zone of the first (�), the following frequencies were
obtained: 156.03 cm−1 for CsCl and 167.55 cm−1 for Rs
respectively.

3.4 Thermodynamic properties

The thermodynamic properties of RbN in the three
structures have been investigated within a temperature
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Figure 8. Total magnetic moment per formula unit as a function of lattice constants for RbN in the three structures.

Figure 9. Phonon dispersion curves along symmetry direc-
tions of RbN in the CsCl structure.

range of 0–800 K. In all the calculations, quasihar-
monic approximation (QHA) was applied to compute
the Debye temperature ΘD, vibrational entropy S, spe-
cific heat capacity at constant volume Cv, free energy
�F and internal energy �E as shown figure 11. From
the results, it is observed that the ZB structure is ther-
modynamically unstable, and so it is not presented in
this report. The heat capacity of these two structures
increases rapidly as the temperature increases and it
approaches the Dulong–Petit limit at very high tempera-
ture. It is also observed that at very low temperature, Cv

Figure 10. Phonon dispersion curves along symmetry direc-
tions of RbN in the Rs structure.

is proportional to T 3. The entropy and internal energy
graphs also show that as the temperature increases the
values of the properties increased. But, the free energy
values decrease as the temperature increases. The Debye
temperature provides information on the strength of
covalent bonds in solids, and so higher Debye tem-
perature is an indication of stronger covalent bonds in
the compounds [23]. From the present work, shown in
figure 6, the CsCl structure of RbN has the strongest
covalent bond. The zero-temperature energy of RbN in
various structures is presented in table 4.



Pramana – J. Phys. (2020) 94:83 Page 9 of 10 83

4. Conclusion

In the present work, the structural, mechanical, elec-
tronic, thermodynamic, lattice dynamic and magnetic
properties of RbN in the CsCl, Rs and ZB struc-
tures were examined, by performing first-principles
calculations. The structural optimisation for the lat-
tice parameter through the energy minimisation was
reported in this study. It was observed that the lattice
constants increase and the bulk modulus decreases from
CsCl to Rs to ZB respectively. Also, from the investi-
gation of the spin-polarised ferromagnetic (FM) and
spin-unpolarised non-magnetic (NM) phases, we found
that the FM states are more stable than the NM states,
and hence the RbN compound exhibits FM character.
Our calculations show that RbN compound in the three
structures have HM characteristic at their equilibrium

lattice parameters and have energy gaps of 1.205, 1.092
and 1.364 eV for CsCl, Rs and ZB structures respec-
tively. It was also observed that the structures exhibit
approximately equal integer magnetic moment of 2 μB.
We reported that among the three structures investigated,
only the CsCl and Rs structures are thermodynami-
cally stable, and their heat capacities approached the
Dulong–Petit limit at very high temperature. From the
phonon dispersion curves, we reported also that only
the CsCl and Rs structures are dynamically stable while
imaginary frequencies were observed in the case of ZB
structure. It was found that the CsCl and Rs structures
satisfied the mechanical stability conditions for cubic
phases. From our calculations of the shear and Young
moduli, the Poisson’s ratio and the Zener anisotropy,
we found that CsCl and Rs structures of the RbN com-
pound are mechanically stable. The B/G ratio shows

Figure 11. Variation of thermodynamic properties as a function of temperature for RbN in the CsCl and Rs structures: (a)
specific heat capacity, (b) entropy, (c) internal energy and (d) free energy.

Table 4. The specific heat capacity at constant volume Cv (J/kmol) at room temperature (300 K), zero point energy
E0 (kJ/Nmol), Debye temperature ΘD (K) and the average sound velocity Vav (m/s) for the various structures.

Structure Cv E0 ΘD Vav

CsCl 48.98 3.55 189.89 1839.62
Rs 49.49 2.54 135.76 1390.32
ZB Unstable Unstable Unstable Unstable
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that the three structures are brittle in nature as the values
are lower than the critical threshold value. Also, it was
established from table 2 that the structures are isotropic
and they are of good plasticity as observed from the
Poisson’s ratio calculations. Finally, it was reported that
the microhardness H decreases from CsCl to Rs to ZB
structure.
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