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Chapter 1
Introduction

Abstract

In this chapter we present the current scenario of environmental concerns of the

globe. The classification of energetic materials and the importance of eco-friendly

energetic materials is briefly discussed. The success of density functional theory in

handling the energetic materials especially under high pressure is presented. The

objective and the chapter wise out line of the thesis are also presented.

1
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Energetic materials are those which contain both fuel and oxidizer and reacts

readily with the release of huge chemical energy stored within their molecular

structures upon external stimulus such as heat, impact, shock, electric spark etc

[1]. The amount of energy released from an energetic material within a short time

is considerably large when compared to the normal materials. Depending upon

their behavior towards external stimuli and their burning characteristics, energetic

materials can be classified into the following four categories: Primary explosives,

secondary explosives or high explosives, propellants, and pyrotechnics [2]. Primary

explosives are substances which show a very rapid transition from burning to det-

onation. These materials are more sensitive towards heat, impact, or friction. On

detonation, primary explosives generate tremendous amount of heat and/or shock

that can be used to initiate the secondary explosive materials. Therefore primary

explosive materials can be used as initiating devices. Lead azide, lead styphnate,

tetrazene, are typical examples of primary explosives. Secondary explosives are

substances which can generate huge amounts of heat energy on detonation that is

greater than primary explosives. But, secondary explosives are less sensitive than

primary explosives as they cannot be detonated readily by heat or shock. RDX,

HMX, TNT, CL-20 are some of the prominent examples of secondary explosives.

Propellants are combustible materials containing all the oxygen needed for their

combustion. Propellants can be initiated by a flame or spark and charge. Black

powder and ammonium nitrate based explosives come under this category. Py-

rotechnics are those that can undergo self contained and self sustained chemical

reactions by themselves with the release of large amounts of gas. Oxygen candles,

heavy metals such as Barium (Ba) are the examples for this class of compounds.

For any country, it is highly recommendable to have huge amount of energetic

materials because of their wide range of applications in various sectors. For ex-

ample, energetic materials are used in agriculture, mining, building demolition,

pyrotechnics, coal blasting, tunneling, welding etc. They can be even used in

fracturing kidney and gall bladder stones. Most importantly they are used in

fire fighting in war heads and as rocket boosters in aero space applications [1–

3]. The performance characteristics of any energetic material can be assessed by

looking at its sensitivity towards detonation by external stimulus, heat of explo-

sion, detonation velocity, detonation pressure, thermal stability, crystal density
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and crystal morphology [1, 2]. It is also required to look at the nature of the deto-

nation products of the energetic material. The detonation products of most of the

energetic materials are water vapour, carbon monoxide CO, and carbon-di-oxide

CO2. These are well known green house gases and are responsible for tremendous

warming apart from other dangerous gases such as methane, nitrous oxide, sulfur

di-oxide. This scenario would lead to increase in temperature of the atmosphere

leading to the warming of the earth’s surface. According to Intergovernmental

Panel on Climate Change (IPCC), the average global temperature will rise by 0.7

F to 2.2 F by the year 2030 and by 10.4 F over the next 100 years [4, 5]. The major

threats that the human kind would meet due to the global warming are: rise in sea

levels and melting of ice at poles, floods and droughts will become more common

and acid rains will occur frequently, eco system will change, which would greatly

affect the agriculture and vegetation in a negative way. Therefore, the human

kind on this planet faces a great challenge of overcoming the problem of global

warming. Most importantly, the world requires alternate energy materials that

only generate green energy products such as N2, H2. Nitrogen rich and hydrogen

storage materials would meet these demands quite well.

Nitrogen-rich compounds in general possess a high energy content, high ther-

mal stability, and low sensitivity [6]. Most importantly, the detonation products of

the nitrogen based energetic materials are pure nitrogen gas which is environment

friendly. The high energy content of nitrogen rich energetic materials comes from

the presence of adjacent nitrogen atoms to form nitrogen molecule N≡N. These

transformations are accompanied with an enormous amount of energy release due

to the wide difference in the energies of N-N (160 kJ/mol) and N
.
=N (418 kJ/mol)

bonds when compared to N≡N (954 kJ/mol). Moreover, the nitrogen rich energetic

materials generate large volume of nitrogen gas which enables them to be used as

clean burning gas generators. In addition, high nitrogen content materials in gen-

eral possess large heats of formation due to the presence of large number of N-N

bonds. These properties project the nitrogen based energetic materials as good re-

placements for the currently used toxic high energy materials such as RDX, HMX

and CL-20 [6]. Polymeric nitrogen, in which the nitrogen atoms are attached in

single bonded networks, is considered to be an ultimate high green energy density
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material whose energy is three to four times greater than that of known high ener-

getic materials such as RDX, HMX, CL-20 [7, 8]. Inorganic metal azides, especially

alkali metal azides which are relatively stable compounds when compared to other

metal azides, have been found as potential candidates to synthesize polymeric ni-

trogen at elevated pressures. By using NaN3 as a starting material, Eremets et al.

have synthesized the polymeric networks of nitrogen by combined high pressure

X-ray powder diffraction and Raman spectroscopic techniques. Their study con-

cluded that double bonded N atoms of the azide ion become single bonded N atoms

at a pressure of around 120 GPa [9]. The discovery of polymeric form of nitrogen

has created a new path in the field of high pressure science of inorganic metal

azides [10–19]. Besides this, nitrogen rich secondary explosive compounds are also

synthesized with performance characteristics comparable to that of known ener-

getic materials such as RDX (1,3,5-Trinitroperhydro-1,3,5-triazine, C3H6N6O6),

HMX (Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, C4H8N8O8) etc [6]. On

the other hand, solid state hydrogen storage materials received tremendous at-

tention towards the efficient storage of hydrogen and kinetics of the hydrogen

release [20]. They are widely used as an important component in solid rocket pro-

pellants [21]. Among the solid state hydrogen storage materials, nitrogen based

alkali metal amides are of particular interest as they possess potential reversible

hydrogen storage applications [6].

In this thesis we have considered the green energy generating materials namely

alkali metal azides, alklai-earth metal azides whose end products are pure nitro-

gen gas and also alkali metal amides whose end products are hydrogen gas only.

Apart from these energetic compounds we have also studied the nitrogen rich sec-

ondary energetic material Guanidinium-2-methyl-5-nitraminotetrazolate. For any

energetic system, the knowledge of crystal structure and the structure dependent

properties are quite important to understand the decomposition phenomena and

its high pressure behavior. In addition, the electronic band structure and optical

properties are required to gain insights into the electronic processes that occur

in solid energetic materials. In this present work, we aim to investigate theoreti-

cally these fundamental physical and chemical properties of the above mentioned

energetic materials.
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Density Functional Theory (DFT) is a successful tool in simulating and predict-

ing the physical and chemical properties of a wide spectrum of materials [23–26].

In many cases the results obtained through the DFT calculations are in reason-

able agreement with experimental data. However, most of the energetic materials

have complicated crystal structures with weak inter molecular interactions and

hence the investigation of different physical and chemical properties of energetic

materials through DFT is really a challenging task [27]. Byrd et al. have applied

DFT to predict the structural properties of various energetic materials at ambient

conditions [28]. However, the predicted lattice parameters had large errors relative

to the experiments. This is due to the fact that the usual DFT based exchange-

correlation functional obtained within the local density approximation (LDA) and

generalized gradient approximation (GGA) are not accurate enough to describe the

systems having very small electronic overlap between the constituent atoms. Nev-

ertheless, DFT can predict the lattice parameters of the energetic materials that

are in close agreement with experiments [29] provided the exchange-correlation

functionals are corrected to describe the weak intermolecular interactions. The

advances in DFT methods and increase in computer resources in recent years has

enabled us to describe materials that range from simple to complex solids with

weak dispersive interactions. The dispersion corrected DFT methods proposed by

Grimme (G06) [30], Tkatchenko and Scheffler, TS [31], and Ortmann, Bechstedt,

and Schmidt, OBS [32] have been widely tested for various kinds of materials that

include layered materials, molecular crystals [33, 34] and some energetic materials

[29].

In this present work, we apply standard DFT methods and also dispersion cor-

rected DFT methods to study the structural, electronic, bonding, optical, vibra-

tional and thermodynamic properties of alkali metal azides, alkaline-earth metal

azides, alkali metal amides and crystalline G-MNAT. The main goals of the thesis

are the following:

∙ Study of role of van der Waals interactions in describing the crystal structure

of alkali and alkaline-earth metal azides, alkali metal amides and G-MNAT.

∙ Understanding the electronic band structures and optical properties of alkali

and alkaline-earth metal azides and alkali metal amides.
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∙ Mechanical stability of alkali and alkaline-earth metal azides and alkali metal

amides through elastic constants.

∙ High pressure study of alkali metal azides Lithium azide and Potassium

azide.

∙ Study of equation of state and vibrational properties of nitrogen rich crys-

talline G-MNAT.

The thesis describes the above mentioned objectives with a total of eight chapters,

this chapter is being the first. The details of the remaining chapters are as follows:

Chapter 2: This chapter deals with the quantum mechanical many-body prob-

lem and the methods to solve it. We have presented a short over view of density

functional theory and different approximations such as local density approxima-

tion, generalized gradient approximation. The concept of pseudopotential theory

is introduced and the two different pseudopotentials namely norm-conserving pseu-

dopotential and ultrasoft pseudopotentials is explained briefly. We also discussed

about the Cambridge sequential total energy package and the full potential lin-

earized augmented plane wave method which are used in the present work. The

van der Waals corrected density functional theory is also discussed.

Chapter 3: The results on structural, elastic, electronic, vibrational and thermo-

dynamic properties of layered structure energetic alkali metal azides LiN3, NaN3,

KN3, RbN3 and CsN3 are presented in this chapter. All the calculations are carried

out by means of plane wave pseudopotential method with and without including

van der Waals interactions. The calculated ground state structural properties are

improved to a greater extent by the inclusion of dispersion corrections, particu-

larly with Grimme functional in generalized gradient approximation (PBE+G06),

implies that the van der Waals interactions play a major role in determining the

physical properties of these systems. The elastic constants and the related bulk

mechanical properties for the monoclinic LiN3, NaN3 and tetragonal KN3, RbN3

and CsN3 have been calculated using both the methods and found that the com-

pounds are mechanically stable. A correlation has been proposed to relate the

calculated elastic constants to the decomposition phenomena for the metal azides.
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Electronic band structures are calculated and found that the metal azides are di-

rect band gap insulators. The optical properties such as optical absorption and

photo conductivity are calculated and the prominent peaks are analyzed through

the corresponding interband transitions. The experimentally reported vibrational

frequencies at the gamma point are exactly reproduced by the present calculations.

Chapter 4: In this chapter we discuss the physical and chemical properties of

alkaline-earth metal azides Ca(N3)2, Sr(N3)2 and Ba(N3)2. Since PBE+G06 func-

tional gives good results when compared to other dispersion corrected density

functionals for alkali metal azides, we adopted PBE+G06 functional in addition

to the general PBE functional for all the calculations. By using the optimized

crystalline geometries using two methods, we computed the elastic constants and

vibrational frequencies of the metal azides. The computed results are in good

comparison with the experimental data. The electronic band structures of the

metal azides are calculated by using different exchange-correlation functionals to

compute the exact band gap of the materials. Similar to alkali metal azides, these

materials are also found to be photo sensitive hence the optical absorption and

photoconductivity as a function of photon energy are calculated and the promi-

nent peaks are analyzed through the corresponding interband transitions. The

present study concludes that the alkaline-earth metal azides undergo photochem-

ical decomposition under the action of ultra-violet light.

Chapter 5: The electronic structure, elastic and optical properties of nitrogen

based solid hydrogen storage materials LiNH2, NaNH2, KNH2, and RbNH2 are

presented in this chapter. The calculated ground state properties are in good

agreement with experiment. Our calculations predict that LiNH2 is stiffer among

the metal amides. The calculated elastic constants show that all the compounds

are mechanically stable. The melting temperatures of the materials follow the

order RbNH2 < KNH2 < NaNH2 < LiNH2. The electronic band structure reveals

that all the compounds are semiconductors with a considerable band gap. The

[NH2]
− derived states are completely dominating in the entire valence band region

while the metal atom states occupy the conduction band. The optical properties

such as complex dielectric function, optical absorption, refractive index and photo

conductivity are calculated. The calculated band structure is used to analyze the
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different interband optical transitions found to occur between valence and conduc-

tion bands. Our calculations show that these materials have considerable optical

anisotropy.

Chapter 6:The high pressure behavior of alkali metal azides, monoclinic LiN3 and

tetragonal KN3 is addressed in this chapter. All the calculations are performed

with and with out inclusion of vander Waals interactions. We find that both LiN3

and KN3 are structurally stable up to the studied pressure range of 60 GPa for

LiN3 and 20 GPa for KN3 respectively. The compressibility of both the crystals

is anisotropic which is in good agreement with experiment. Under the application

of pressure the magnitude of the electronic band gap value decreases, indicating

that the system has the tendency to become semi conductor at high pressures.

The optical properties such as refractive index, absorption spectra and photo con-

ductivity along the three crystallographic directions are calculated at ambient as

well as at high pressures. The calculated refractive index shows that the system is

optically anisotropic and the anisotropy increases with increase in pressure. The

observed peaks in the absorption and photo conductivity spectra are found to shift

towards the higher energy region as pressure increases which imply that in LiN3

and KN3 decomposition is favored under pressure with the action of light. The

vibrational frequencies for the internal and lattice modes of LiN3 at ambient con-

ditions as well as at high pressures are calculated from which we predict that the

response of the lattice modes towards pressure is relatively high when compared

to the internal modes of the azide ion. In the case of KN3, as pressure increases

the Eg mode gets softened as observed in the experiment. Despite the softening of

Eg mode, the enhancement of intramolecular interactions keeps the lattice stable.

Chapter 7: In this chapter, we present the crystal structure, equation of state

and vibrational properties of nitrogen rich solid energetic material G-MNAT. The

ground state structural properties calculated with dispersion corrected density

functionals (PBE+G06 and PBE+TS) are in good agreement with experiment.

The computed equilibrium crystal structure is further used to calculate the equa-

tion of state and zone-center vibrational frequencies of the material. We found that

the compressibility of G-MNAT is anisotropic and the lattice is more compressible

along the a-axis and least compressible along b-axis. The calculated vibrational
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frequencies are found to be in good agreement with the available experimental

data.

Chapter 8: Thesis summary and future scope of the work is discussed in this

chapter.
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Chapter 2
Theoretical Methods

Abstract

In this chapter, we discuss briefly the quantum mechanical many-body problem

and the methods to solve it. We present a short over view of density functional the-

ory and different approximations such as local density approximation, generalized

gradient approximation. The concept of pseudopotential theory is introduced and

the two different pseudopotentials namely norm-conserving pseudopotentials and

ultrasoft pseudopotentials is explained briefly. We also discuss about the Cam-

bridge sequential total energy package and the full potential linearized augmented

plane wave method.
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2.1 Introduction

According to quantum mechanics, a solid can be considered as a system of nuclei

and electrons in interaction whose exact ground state can be obtained by solving

the many-body Schrödinger equation

ĤΨ = EΨ (2.1)

where Ĥ is Hamiltonian of the system given by sum of the operators for kinetic

and potential energy for all particles of the system

Ĥ = T̂n + T̂e + V̂ne + V̂nn + V̂ee (2.2)

where T̂n is the kinetic energy of the nuclei, T̂e is the kinetic energy of the elec-

trons, V̂ne is the nuclear-electronic coulomb attraction potential, V̂nn is the nuclear-

nuclear coulomb repulsion potential and V̂ee is the electron-electron coulomb repul-

sion potential. On substituting the corresponding expressions for each operator,

the Hamiltonian now becomes,

Ĥ = − ℏ
2

2MI

∑

I

∇2
I−

ℏ
2

2mi

∑

i

∇2
i +

∑

i,I

ZIe
2

∣ri − RI ∣
+
1

2

∑

I ∕=J

ZIZJ

∣RI − RJ ∣
+
1

2

∑

i ∕=j

e2

∣ri − rj∣
(2.3)

Here mi and MI are the mass of i-th electron and I-th nucleus, ∇2
i , and ∇2

I are

the Laplacian operators of the i-th electron and I-th nucles respectively, ZI and

ZJ are the atomic number of nuclei I, J respectively, e is electron charge, ℏ is

reduced Planck’s constant, ri and RI are the position vectors of i-th electron

and I-th nucleus respectively. The distance between the i-th electron and I-th

nucleus is given by ∣ri-RI ∣ whereas ∣RI-RJ ∣ and ∣ri-rj∣ are the distance between

the I-th and J-th nucleus and i-th and j-th electrons respectively. Equation (2.3)

is quite difficult to solve for systems with more than two electrons and hence

approximations are needed to solve the problem. The first approximation is Born-

Oppenheimer approximation according to which the nuclei are many orders of

magnitude more massive than the electrons and therefore they can be thought as

stationary point particles surrounded by rapidly moving electrons. That means

the nuclei are regarded as fixed and the electrons can be thought as moving in a

static electric potential arising from the nuclei. Therefore the nuclei kinetic energy
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term can be discarded from the equation and the total Hamiltonian can now be

written as

Ĥ = T̂e + V̂ne + V̂nn + V̂ee

= − ℏ
2

2mi

∑

i

∇2
i +

∑

i,I

ZIe
2

∣ri − RI ∣
+

1

2

∑

I ∕=J

ZIZJ

∣RI −RJ ∣
+

1

2

∑

i ∕=j

e2

∣ri − rj∣
(2.4)

In the above equation, the second term is called as Vext because it includes the

potential due to the nuclei as well as any external potential. The last term can be

treated as constant and it can be neglected. Therefore the electronic Hamiltonian

can now becomes

Ĥ = T̂e + V̂ee + V̂ext (2.5)

By using this Hamiltonian, solving the Eqn. (2.1) to obtain the many body wave

function Ψ is then enough to determine the observable properties such as ground

state energy etc.

But, still it is computationally too expensive to solve. This fact readily suggests

that more approximations are required to solve the problem. The most success-

ful approaches to overcome this problem are Hartree-Fock approximation and the

density functional theory (DFT). Hartree-Fock approximation was developed in

the early days of quantum mechanics and is based on a guess of the form of many

body wave function and with that the energy of the system and the related prop-

erties will be calculated. But, the wave function itself is a complicated quantity

as it depends on 3N spatial variables where N is the number of electrons of the

system together with the spin variable. This limits the application of this method

to large systems, for example, solids with hundreds of atoms and large basis sets

is too difficult to handle. On the other hand, DFT is a more recent approach

which uses the ground state density as the basic variable rather than the many

electron wave function of the system. The advantage of using electron density over

wave function is the much reduced dimensionality. It does not matter how many

electrons are there in the system but the density is always three dimensional. This

enables DFT to be applied for larger systems with hundreds or even thousands

of atoms become possible. There are a range of text books and review articles

available on authoritative and comprehensive discussions of DFT [1–6].
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2.2 Density Functional Theory

Density functional theory rests on two fundamental mathematical theorems proved

by Hohenberg and Kohn [7] and the derivation of set of equations given by Kohn

and Sham. The first theorem states that there exists a one to one mapping between

external potential and electron density. That means the ground state energy can be

expressed as a unique functional of electron density, E[n(r)], where n(r) is the elec-

tron density. Although the first Hohenberg-Kohn theorem rigorously proves that a

functional of the electron density exists that can be used to solve the Schrödinger

equation, the theorem says nothing about what is the functional actually. The

second Hohenberg-Kohn theorem defines an important property of the functional

and it states that the density that minimizes the energy of the over all functional

is the true electron density corresponding to the full solution of the Schrödinger

equation. Therefore we can get the ground-state energy by minimizing the energy

functional,

E[n] = F [n] +

∫

Vext(r)n(r)dr (2.6)

where

F [n] = − ℏ
2

2mi

∑

i

⟨Ψ[n]∣∇2
i ∣Ψ[n]⟩+ e2

2

∑

i ∕=j

⟨Ψ[n]∣ 1

∣ri − rj∣
∣Ψ[n]⟩ (2.7)

is called a universal functional of n(r) as it is only dependent on n(r) and inde-

pendent from any external potential Vext(r).

Although this theorem provided a proof in principle that the total energy could

be obtained from the ground state density but it was not yet known how to obtain

n(r) and thereby the functional F[n(r)]. This difficulty was solved by Kohn-

Sham formulation [8] according to which the right electron density can be found

by considering non-interacting one electron orbitals and approximate the kinetic

energy of the system. The central equation in Kohn-Sham DFT has the form given

by

[

− ℏ
2

2mi

∇2
i + e2

∫

n(r′)

∣r − r′∣dr
′ + VXC(r) + Vext(r)

]

�i(r) = �i�i(r) (2.8)



Chapter 2. Density Functional Theory 17

here �i are the Kohn-Sham orbitals with the electron density expressed by

n(r) = ΣN
i ∣ �2

i ∣ (2.9)

and �i is the energy of the Kohn-Sham orbital. There are three potentials on

the left-hand side of the Kohn-Sham equation given in Eqn. (2.8) along with

the kinetic energy of the non-interacting system being the first term. The first

potential is called the Hartree potential, which describes the Coulomb repulsion

between the electron being considered in one of the Kohn-Sham equations and

the total electron density defined by all other electrons in the system. The second

potential defines the exchange and correlation contributions to the single electron

Kohn-Sham equation and it can be formally defined as a “functional derivative”

of the exchange-correlation energy

VXC(r) =
�EXC [r]

�n(r)
(2.10)

where EXC is the exchange-correlation functional. The third potential is the exter-

nal potential which defines the interaction between the electron and the collection

of atomic nuclei. Now we can define an effective potential (�eff) as

�eff = e2
∫

n(r′)

∣r − r′∣dr
′ + VXC(r) + Vext(r) (2.11)

and this allows to write the Eqn. (2.8) as

[

− ℏ
2

2mi

∇2
i + �eff(r)

]

�i(r) = �i�i(r) (2.12)

To solve the Kohn-Sham equations we need to define the Hartree potential and

to define the Hartree potential we must know the electron density. But, to find

the electron density we must know the single electron Kohn-Sham orbitals and

to know these we must solve the Kohn-Sham equations. Clearly, the Kohn-Sham

equations must be solved by self-consistently. Once we know the final electron

density then the total energy can be calculated from

E[n(r)] =
∑

i

�i −
e2

2

∫

n(r)n(r′)

∣ r − r′ ∣ + EXC [n(r)]−
∫

VXC(r)n(r)dr (2.13)
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but it is too difficult to find the exchange-correlation functional exactly and hence

required approximations to handle it. In the case of homogeneous electron gas,

where the electron density is constant at all points in space, this functional can be

derived exactly. Using this the EXC can be approximated for any real material as

EXC [n(r)] =

∫

n(r)�ℎomXC [n(r)]dr (2.14)

where �XC
ℎom[n(r)] is the exchange-correlation density of a homogeneous electron

gas with density n(r). This approximation for EXC is called as local density

approximation (LDA). Since LDA is based on homogeneous electron gas it is

expected to be accurate only for systems in which the electron density varies

slowly. The most common implementation of LDA is the parametrization scheme

proposed by Ceperley and Alder [9, 10]. It is not suitable to the systems where

the electron density undergoes rapid changes. To overcome this deficiency another

approximation for exchange-correlation functional EXC has been developed and it

is called as generalized gradient approximation (GGA) [11]. This method takes

into account the inhomogeneity of the electron density by adding information

about the gradient of the density, ∇n(r), to the exchange-correlation functional.

The general form of EXC in GGA is expressed as

EXC [n(r)] =

∫

n(r)�ℎomXC [n(r)]∇n(r)dr (2.15)

The most recent implementation of GGA is the parametrization scheme proposed

by Perdew-Burke-Ernzerhof (PBE) [12]. Beyond the LDA and GGA functionals

there are some other functionals also called as “hybrid functionals” and the most

popular one is B3LYP hybrid functional developed by Stephens et al [13].

2.3 Plane waves

In the case of solids, the Kohn-Sham equations are still intractable because of the

infinite number of non-interacting electrons. For each electron, the electronic wave

function extends over the entire lattice and thus the basis set required to expand

the Kohn-Sham orbital is also infinite. But, when dealing with a crystal, which

can be described as spatially repeated unit cells that only contain a small number



Chapter 2. Density Functional Theory 19

of nuclei and electrons. This leads to the use of periodic boundary conditions

through the Bloch theorem. According to Bloch’s theorem, the solution of the

single particle Schrödinger equation in the presence of a periodic potential U(r)

with U(r+R)=U(r) must have the form given by

�i(k⃗, r⃗) = eik⃗r⃗ui(k⃗, r⃗) (2.16)

where ui (k⃗, r⃗) = ui (k⃗, r⃗ + R⃗) is the cell-periodic part of the wave function for all

Bravias lattice vectors R⃗ and k⃗ is the wave vector of the electron in first Brillouin

zone. This implies

�i(k⃗, r⃗ + R⃗) = �i(k⃗, r⃗)e
ik⃗R⃗ (2.17)

On substituting this in Eqn. (2.8) for each given k⃗, a new set of eigen equations

is found.Thus, each electron occupies an electronic state of definite wave vector

k⃗. Therefore the problem of solving for an infinite number of electrons within the

extended system is converted to solving for a finite number of electronic bands at

an infinite number of k-points within the single reciprocal unit cell. The occupied

states at each k-point contribute to the electronic potential, so that in principle an

infinite number of calculations are needed. However, the wave function at k-points

that are very close together will be almost identical. Therefore, one can represent

the wave functions over a small region of reciprocal space around one k-point by

the wave function at this k-point. In this case only a finite number of k-points are

needed.

In order to solve the Kohn-Sham equations numerically, the Kohn-Sham orbitals

needed to be expanded by well defined basis sets. Although there are many choices

of basis sets available, the plane wave basis set is a common choice. The Kohn-

Sham orbitals �i(k⃗, r⃗) can be expanded using the plane wave basis set as

�i(k⃗, r⃗) = eik⃗r⃗ui(k⃗, r⃗) =
1√
V

∑

G

Ci,K⃗+G⃗e
i(K⃗ + G⃗)r⃗ (2.18)

where ‘G’ is the reciprocal lattice vector, CK⃗+G⃗ is the coefficient of the expansion.

In principle, an infinite basis set of G⃗ should be used to expand the Kohn-Sham

orbital ui (k⃗, r⃗). In practice it is possible to truncate the infinite basis set to
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include only plane waves that have kinetic energies less than a define cut-off

1

2
∣ K⃗ + G⃗ ∣2< Ecut−off . (2.19)

Here the truncation of the plane wave basis set will introduce some error in the

calculated energy. It is possible to reduce the magnitude of the error in a sys-

tematic way by increasing the value of the cut-off energy. In principle, the cut-off

energy should be increased until the calculated total energy converges within the

required tolerance.

2.4 Pseudopotentials

The core electrons are tightly bound to the nuclei and thus their wave functions

are much localized in the regions near the nuclei. To expand the localized wave

functions, a very high energy cut-off must be required to include large set of

plane waves. Since the wave functions of the valence electrons are orthogonal to

the core wave functions, they must oscillate in the regions where the core wave

functions exist. But expanding the oscillating wave functions requires a very large

number of plane waves. It is well known that the energies of the core electrons are

usually much negative than those of the valence electrons. Therefore the chemical

properties of the solid depends almost solely on the valence electrons. And also, the

oscillations of valence wave functions in the core regions have very little influence

to the electronic structure as they interact very little with neighbouring atoms.

This fact lead to pseudopotential approximation in which the core electrons and

the ionic potential are removed and replaced by a pseudopotential that acts on

a set of pseudo wave functions instead of the true valence wave functions. In

plane wave approximation only the valence electrons out side the core region are

explicitly considered, therefore the pseudo wave functions need not be orthogonal

to the core wave functions and can be represented by a node less function inside

the core regions. This leads to the fewer plane waves in the expansion of pseudo

wave functions. The most common general form of a pseudopotential is

Vps =
∑

lm

∣Ylm⟩Vl(r)⟨Ylm∣ (2.20)
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where Ylm are the spherical harmonics. There are two important class of pseu-

dopotentials namely norm-conserving pseudopotential [14] and ultrasoft pseudopo-

tentials [15]. Norm-conserving pseudopotentials were first introduced by Haman,

Schlüter, and Chiang [14]. In this method, inside a certain core radius, the many

electron wave function is replaced by a soft nodeless pseudo wave function with

the restriction that pseudo wave function must have the same norm as the many-

electron wave function within the chosen core radius, out side the core radius the

two wave functions are identical. In order to accurately reproduce the charge dis-

tribution and moments of many-electron wave functions, the core radius must be

about as large as the outer most maximum of the many-electron wave function.

Therefore in the case of strongly localized orbitals the resulting pseudopotentials

require a large basis set which leads to computations very expensive. This problem

was resolved by Vanderbilt by introducing the ultrasoft pseudopotentials [15]. In

this method localized atom-centered augmentation charges are introduced to over-

come the norm-conservation constraint. These augmentation charges are defined

as the charge density difference between the many-electron and the pseudo wave

function and are all generally treated on a regular grid in real space. A small cut

off radius must be applied to all augmentation charges in order to restore the mo-

ments and the charge distribution of the many-electron wave function accurately.

Nevertheless, ultrasoft pseudopotentails are good enough to get accurate results

with less computational cost.

2.5 CAmbridge Sequential Total Energy Pack-

age

CAmbridge Sequential Total Energy Package, CASTEP, is a state-of-the-art quan-

tum mechanics based program specially designed for solid state materials science

[16]. CASTEP employs plane wave pseudopotential method to perform first prin-

ciples density functional theory based calculations to explore the properties of

crystalline materials. CASTEP can be used to calculate structural properties,

band structure, total and partial density of states, elastic and optical properties

of solid materials. In addition, the vibrational properties such as phonon disper-

sion, phonon density of states, thermodynamic properties can also be calculated
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using linear response theory or finite displacement technique as implemented in

CASTEP code. Here we briefly discuss about the tasks that can be performed

using the code.

For all first principles based calculations it is mandatory to have a theoretical

equilibrium crystal structure. This can be achieved by performing Geometry Op-

timization task in CASTEP. The geometry optimization is based on reducing the

magnitude of calculated forces and stresses until they become smaller than de-

fined convergence tolerances. After the completion of geometry optimization, the

properties task allows to calculate the electronic eigen values along high symmetry

directions in the Brillouin zone and also on a fine Monkhorst-Pack grid non-self

consistently for both valence and conduction bands using electronic charge den-

sities and potentials generated during the simulation, which results in electronic

band structure and density of states respectively. The electron density difference

with respect to either a linear combination of atomic densities or a linear combina-

tion of the densities of sets of atoms contained in the structure can be calculated.

Elastic constants can be calculated using finite strain technique according to which

a homogeneous strain will be applied to the lattice and then calculate the result-

ing stress. Matrix elements for electronic interband transitions can be calculated.

The analysis dialogue allows to generate grid and chart documents of measurable

optical properties. The evaluation of the second-order change in the total energy

induced by atomic displacements will be used to calculate the dynamical matrix for

a set of q-vectors. These set of dynamical matrices obtained in these calculations

can be used to construct the force constant matrix through Fourier transforma-

tion. A full review of the capability of CASTEP can be found else where in ref

[16].

2.6 Dispersion corrections to the DFT

In the case of molecular solids, the standard DFT techniques based on LDA and

GGA will tend to give large errors in calculated structural parameters when com-

pared to experiments due to the lack of description of van der Waals (vdW) in-

teractions [5]. Most of the energetic materials are molecular solids with weak
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dispersive interactions between the molecules and the standard DFT methods are

inadequate to treat them effectively. Therefore, to treat vdW interactions effi-

ciently, we have used the vdW correction to the exchange-correlation functional

of standard density functional theory at semi empirical level. According to semi-

empirical dispersion correction approach, the total energy of the system can be

expressed as

Etotal = EDFT + EDisp (2.21)

with

EDisp = siΣ
N
i=1Σ

N
j>if(SRR

0
ij , Rij)C6,ijR

−6
ij . (2.22)

Here C6,ij is called dispersion coefficient between any atom pair i and j which

solely depends upon the material and Rij is the distance between the atoms i and

j respectively. In the present work we have used the recently developed schemes

by Ortmann, Bechstedt, and Schmidt (OBS) [17] in LDA and Grimme (G06)

[18], Tkatchenko and Scheffler (TS) [19] approaches in GGA as implemented in

CASTEP. These semi-empirical approaches provide the best compromise between

the cost of first principles evaluation of the dispersion terms and the need to

improve non-bonding interactions in the standard DFT description.

2.7 Full Potential Linearized Augmented Plane

Wave (FP-LAPW) method

It is possible to solve the Kohn-Sham equations by avoiding an artificial core-

valence separation of electrons as described by the pseudopotential. These meth-

ods are called all-electron methods in which all electrons are explicitly used in the

computation. The linearized augmented plane wave method is the most accurate

all-electron method for performing the electronic structure calculations for crys-

talline solids [20]. In this method the unit cell is divided into two types of regions

namely (i) non-overlapping atomic spheres (centered at the atomic sites) (ii) an

interstitial region. In side the atomic sphere of radius R, a linear combination of

radial functions times spherical harmonics Ylm(r) is used

�kn =
∑

lm

[Alm,knul(r, El) +Blm,knu̇l(r, El)]Ylm(r̂) (2.23)
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where ul(r, El) is the regular solution of the radial Schrödinger equation for energy

El chosen normally at the center of the corresponding band with l-like character

and the spherical part of the potential inside the sphere, u̇l(r, El) is the energy

derivative of ul evaluated at the same energy El. A linear combination of these two

functions, which can be obtained by numerical integration of the radial Schrödinger

equation of a radial mesh inside the sphere constitute the linearization of the radial

function. The coefficients Alm and Blm are functions of kn where kn = k+Kn, Kn

are the reciprocal lattice vectors and k is the wave vector inside the first Brillouin

zone determined by requiring that this basis function matches each plane wave

with the corresponding basis function of the interstitial region. In the interstitial

region (ii), a plane wave expansion is used

�kn =
1√
!
eiknr (2.24)

Each plane wave is augmented by an atomic-like function in every atomic sphere.

The solutions to the Kohn-Sham equations are expanded in this combined basis

set of linearized augmented plane waves according to the linear variation method

 k =
∑

n

cn�kn (2.25)

here the coefficients cn are determined by the Rayleigh-Ritz variation principle

method. The convergence of this basis set is controlled by a cutoff parameter

RmtKmax = 6 to 9, where Rmt is the smallest atomic sphere radius in the unit cell

and Kmax is the magnitude of the largest K vector in the above equation.

In this present work we have used the Tran and Blaha modified Becke-Johnson

exchange potential [21] that allows the calculation of band gaps with an accuracy

similar to very expensive GW calculations. It is a semi-local approximation to an

atomic “exact-exchange” potential and a screening term. This is just a exchange-

correlation potential and not a exchange-correlation energy functional, thus EXC

is taken from either LDA or GGA and the forces cannot be used with this option.
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Chapter 3
Alkali Metal Azides

Abstract

We report a detailed first principles study on the structural, elastic, vibrational

and thermodynamic properties of layered structure energetic alkali metal azides

LiN3, NaN3, KN3, RbN3 and CsN3. All the calculations are carried out by means

of plane wave pseudopotential method with and without including van der Waals

interactions. The calculated ground state structural properties are improved to a

greater extent by the inclusion of dispersion corrections, implies that the van der

Waals interactions play a major role on the physical properties of these systems.

The elastic constants and the related bulk mechanical properties for the monoclinic

LiN3, NaN3 and tetragonal KN3, RbN3 and CsN3 have been calculated using

both the methods and found that the compounds are mechanically stable systems.

The magnitude of the calculated elastic constants increases in the order CsN3 <

RbN3< KN3< NaN3< LiN3 implying higher elastic stiffness for LiN3, the fact also

confirmed by the higher values of bulk, shear and Young’s moduli of LiN3 over

the other azides. The electronic band structure reveals that all the compounds

are direct band gap insulators. The optical properties such as absorption and

photoconductivity are calculated. The calculated band structure is used to analyze

the different interband optical transitions occur between valence and conduction

bands. The experimentally reported vibrational frequencies at the gamma point

are exactly reproduced by the present calculations.

27
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3.1 Introduction

Alkali metal azides are chemically and structurally simple compounds which find

wide practical importance as explosives, gas generators, and also as photographic

materials at low temperatures [1–5]. The structural simplicity of these compounds

serve us to understand the complex chemical phenomena such as decomposition

and detonation that occur in solid state energetic materials [4, 5]. Alkali metal

azides, similar to other inorganic metal azides, show variation in stability towards

heat, light and shock. They undergo decomposition into metal atom and nitrogen

gas under the action of suitable wave length of light (ultra-violet light) and even

detonation may occur when the temperature is close to their melting point. The

decomposition reaction is as follows:

2MN3 → 2M + 3N2 (3.1)

where ‘M’ is the metal atom. Since the final decomposition product is pure nitro-

gen gas, these materials can also be used in automobile air bags [2].

Among the alkali metal azides, lithium azide and the low temperature phase

of sodium azide are iso-structural and crystallize in monoclinic structure with

C2/m space group [6]. The unit cell contains two formula units with metal cation

occupies the site with fractional co-ordinates (0, 0, 0), central nitrogen atom of

the azide occupies the (0, 0.5, 0.5) site whereas the end nitrogen atom is situated

at (0.1048, 0.5, 0.7397) for LiN3 and at (0.1016, 0.5, 0.7258) for NaN3 respectively.

The other alkali metal azides KN3, RbN3 and CsN3 crystallize in a body-centered

tetragonal structure with space group I4/mcm (140). The unit cell contains four

molecules per unit cell with metal cation occupies the site with fractional co-

ordinates (0, 0, 0.25), central nitrogen atom of the azide occupies the (0, 0.5, 0)

site and the end nitrogen atom is situated at (0.1358, 0.6358, 0) for KN3, (0.1315,

0.6315, 0) for RbN3 and (0.1324, 0.6324, 0) for CsN3 respectively. The crystal

structure of the alkali metal azides clearly shows that the arrangements of the

atoms are in layers as the azide ions are sandwiched between the metal atom

layers as shown in Figure 3.1(a) and 3.1(b) [7]. This structural anatomy leads to

a strong bonding between these two layers whereas there also exists a non-bonded

interactions between the non-bonded nitrogen atoms of the azide ion also called as
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van der Waals interactions as shown in Figure 3.1(a) and 3.1(b). Thus, the crystal

structure of the metal azides involve both bonded and non-bonded interatomic

interactions.

It is a known fact that decomposition and detonation are the collective proper-

ties of materials which depends on intermolecular interactions, molecular arrange-

ments and thereby the crystal structure of the solid state. Alkali metal azides

undergo rapid decomposition with evolution of large amounts of pure nitrogen

gas at temperatures close to their melting points. In addition the metal azides

show variation in impact sensitivity towards mechanical shock, for example, KN3

is not sensitive to impact or friction whereas RbN3 is more sensitive to mechanical

shock and which compares with the impact sensitivity of trinitrotoluene (TNT)

[4]. Thus, it is crucial to know the basic crystal structure and also the structure-

related properties such as elastic, vibrational and thermodynamic properties of

these materials.

There are some theoretical studies available on the electronic band structure

of these materials [8, 9]. The structural properties, electronic band structure

and optical properties of alkali metal azides were reported by using the usual

density functional theory calculations [10–13]. These studies did not take account

of van der Waals interactions in the calculations and also the calculated band gaps

through usual DFT functionals would lead an error of 30-40% when compared to

experimental values. To the best of our knowledge, there are no reports available

on the comparative study of crystal structure and related properties such as elastic

constants, vibrational properties and thermodynamic properties of the alkali metal

azides based on density functional calculations with and without accounting the

vdW interactions. In addition, the accurate band gap of the metal azides and

thereby the optical properties have not been explored yet.

In this chapter, we present the effect of vdW interactions on ground state struc-

tural, elastic, vibrational and thermodynamic properties of the alkali metal azides.

The calculated elastic constants are used to understand the sensitivity of the metal

azide crystal lattice to the external stress. We have also studied the electronic band
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(a) (b)

Figure 3.1: (a) Crystal structure of MN3 (M= Li or Na) (b) Layered structure
of metal azide MN3 (M= K or Rb or Cs). In both the figures, violet ball indicates

metal atom and blue ball indicates nitrogen atom, respectively.

structures and nature of bonded interactions from density of states and bond pop-

ulation analysis. The calculated band structures are used to analyze the optical

absorption and photoconductivity spectra of the metal azides. The computed

vibrational frequencies and phonon density of states are used to calculate the

thermodynamic properties such as heat capacity and free energy of the azides.

3.2 Computational details

First-principles density functional theory calculations are performed with the Cam-

bridge Sequential Total Energy Package (CASTEP) program [14, 15], using Vanderbilt-

type ultrasoft pseudo potentials [16] and a plane wave expansion of the wave func-

tions. The electronic wave functions are obtained using density mixing scheme [17]

and the structures are relaxed using the Broyden, Fletcher, Goldfarb and Shannon

(BFGS) method [18]. The exchange-correlation potential of Ceperley and Alder

[19] parameterized by Perdew and Zunger (CA-PZ) [20] in the local density ap-

proximation (LDA) and also the generalized gradient approximation (GGA) in

Perdew-Burke-Ernzerhof (PBE) [21] is used to describe the exchange-correlation

potential. The pseudo atomic calculations are performed for Li 1s2 2s1, Na 2p6 3s1,

K 3s2 3p6 4s1, Rb 4s2 4p6 5s1, Cs 5s2 5p6 6s1 and N 2s2 2p3. The Monkhorst-Pack

scheme k-point sampling is used for integration over the Brillouin zone [22]. It is
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well known that the cut-off energy and k-point mesh influences the convergence of

calculations. Hence we tested the dependence of energy cut-off and k-point grid

and found that for 520 eV plane wave cut-off energy and 5x8x5 k-point mesh,

the change in total energy is less than 1 meV. We have then chosen these plane

wave cut-off energy and k-point mesh for all the calculations. In the geometry

relaxation, the self-consistent convergence on the total energy is 5x10−7 eV/atom

and the maximum force on the atom is found to be 10−4 eV/Å. Elastic constants

are calculated using finite strain technique as implemented in CASTEP code.

All the dynamical calculations are carried out by using the density functional

perturbation theory as implemented in the CASTEP code [23, 24]. To study the

effect of van der Waals interactions, we have used the recently developed schemes

by Ortmann, Bechstedt and Schmidt (OBS) [25] in LDA and Grimme (G06) [28],

Tkatchenko and Scheffler (TS) [27] approaches in GGA. These semiempirical ap-

proaches provide the best compromise between the cost of first principles evalua-

tion of the dispersion terms and the need to improve non-bonding interactions in

the standard DFT description. For the computation of electronic properties, we

have used the linearized augmented plane wave (LAPW) method as implemented

in WIEN2k package [28, 29]. We have used Engel-Vosko functional [30] and re-

cently developed Tran Blaha-modified Becke Johnson potential [31] within GGA

to get the accurate band gaps of the compounds in addition to the usual CA-PZ

and PBE functionals.

3.3 Results and discussion

3.3.1 Crystal structure

As a first step we computed the equilibrium crystal geometries of the alkali metal

azides LiN3, NaN3, KN3, RbN3 and CsN3 by allowing the full lattice and atoms

to relax and then computed the total energies. The structures with minimum

total energy were considered as the optimized crystal structures and are used

for further calculations. Although these materials are analogous to simple alkali

halides but the presence of linear azide ion makes the crystal structure complex
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with weak dispersion interactions between the azide ion layers. Hence, to handle

effectively the vdW interactions, we have used the recently developed dispersion

corrected functionals LDA (OBS), GGA (PBE+TS) and GGA (PBE+G06) in

addition to the LDA (CA-PZ), GGA (PBE) functionals in order to check their

virtue in describing the crystal structure of the alkali metal azides. For CsN3, we

have not carried out the calculations with dispersion corrected functionals due to

the non-existence of dispersion corrected parameters for Cs atom.

The calculated values of the lattice parameters of the metal azides within the

density functionals of LDA (CA-PZ), GGA (PBE) and dispersion corrected func-

tionals LDA (OBS), GGA (PBE+TS) and GGA (PBE+G06) along with experi-

mental data [6, 7] are shown in Table 3.1 for monoclinic LiN3, NaN3 and in Table

3.2 for tetragonal KN3, RbN3 and CsN3 . When compared to the experimental

data, our LDA calculations underestimate the lattice volume by -11.4 % and -9.5

% respectively for LiN3 and NaN3 and also -12.7% for KN3, -10.6% for RbN3 and

-22.6% for CsN3 whereas our GGA calculations overestimate the same by 5.7 %

for LiN3, 7.9 % for NaN3, 4.6% for KN3, 6.7% for RbN3 and 9.5% for CsN3 as

shown in Table 1. This discrepancy can be expected for general density functional

theory calculations using LDA and GGA [32]. Therefore in order to get the exact

equilibrium crystal structures that are comparable with the experiment, we have

carried out the crystal structure optimization calculations with the dispersion cor-

rected functionals, CA-PZ+OBS in LDA and PBE+TS and PBE+G06 in GGA.

Among the three dispersion corrected functionals, PBE+G06 gives the theoretical

equilibrium volume that is very close to the experimental results (see Table 3.1).

The theoretical volume obtained using PBE+G06 functional results with an un-

derestimation of -1.8 % for LiN3, -0.08 % for NaN3, -2.2% for KN3 and -0.04% for

RbN3 respectively. Whereas the LDA (OBS), GGA (PBE+TS) functionals give

the theoretical results that are smaller than the measured values by -19.1 %, -4.3

% for LiN3, -15.6 %, -0.8 % for NaN3, -17.9%, -12.9% for KN3 and -14.8%, -16.3%

for RbN3 respectively. Therefore among the three dispersion corrected function-

als, the crystal volume calculated with PBE+G06 functional gives best agreement

with that of the experimental volume.
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Table 3.1: Ground state structural properties of monoclinic LiN3 and NaN3

calculated using various exchange-correlation functionals.

LiN3

XC functional a (Å) b (Å) c (Å) �0 N V (Å3)

LDA (CA-PZ) 5.328 3.199 4.727 102.6 (0.1244 0.5 0.7456) 78.6
GGA (PBE) 5.761 3.376 5.094 108.6 (0.1005 0.5 0.7490) 93.9
LDA (OBS) 5.158 3.074 4.615 100.9 (0.1288 0.5 0.7459) 71.8

GGA (PBE+TS) 5.541 3.296 4.796 104.3 (0.1174 0.5 0.7490) 84.9
GGA (PBE+G06) 5.686 3.219 4.884 102.7 (0.1094 0.5 0.7257) 87.2

Expt [6] 5.627 3.319 4.979 107.4 (0.1048 0.5 0.7397) 88.8

NaN3

XC functional a (Å) b (Å) c (Å) �0 N V (Å3)

LDA (CA-PZ) 5.868 3.568 5.081 102.5 (0.1148 0.5 0.7277) 103.8
GGA (PBE) 6.446 3.748 5.473 110.3 (0.0930 0.5 0.7350) 123.9
LDA (OBS) 5.670 3.483 4.981 100.2 (0.1219 0.5 0.7235) 96.8

GGA (PBE+TS) 6.243 3.616 5.269 106.8 (0.1055 0.5 0.7329) 113.8
GGA (PBE+G06) 6.217 3.647 5.229 104.7 (0.1094 0.5 0.7257) 114.7

Expt [6] 6.211 3.658 5.323 108.4 (0.1016 0.5 0.7258) 114.8

The predicted lattice parameter ‘a’ which involves the non-bonded interactions

i.e., vdW forces between the layers as shown in Figure 3.1(a) and 3.1(b), using

the conventional LDA (CA-PZ) and GGA (PBE) functionals result in large errors

when compared to the experimental values. The computed lattice parameter ‘a’

of LiN3 and NaN3 is underestimated by -5.3 % and -5.5 % respectively using

CA-PZ functional while the same is overestimated by 2.3 % (3.7 %) using PBE

functional. Within the dispersion corrected functionals, the OBS functional results

in large underestimation of the lattice constant ‘a’ while the other two functionals

PBE+TS and PBE+G06 results in good accuracy with the measured value of

the lattice parameter. In particular, PBE+G06 functional predicted the lattice

constant with high accuracy of 0.5 % for monoclinic alkali metal azides.

In the case of tetragonal alkali metal azides, the predicted lattice parameter ‘a’

using the conventional LDA (CA-PZ) and GGA (PBE) functionals result in large

errors when compared to the experimental values by -3.5%, 1.5% for KN3 and

-3.1%, 2.1% for RbN3 respectively as shown in Table 3.2. The predicted lattice

constant ‘a’ using the dispersion corrected functionals show large variations in

terms of functionals where the LDA (OBS) and GGA (PBE+TS) underestimate by

4.8%, 8.1% for KN3 and also by 4.2%, 8.7% for RbN3 respectively. This readily tells
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Table 3.2: The ground state structural properties of tetragonal KN3, RbN3

and CsN3 calculated using LDA (CA-PZ), GGA (PBE), LDA (OBS), GGA
(PBE+TS) and GGA (PBE+G06) functionals.

KN3

XC functional a(Å) c(Å) N V (Å)

LDA (CA-PZ) 5.898 6.653 (0.1449 0.6449 0) 231.38
GGA (PBE) 6.205 7.207 (0.1388 0.6388 0) 277.54
LDA (OBS) 5.817 6.430 (0.1468 0.6468 0) 217.6

GGA (PBE+TS) 5.620 7.309 (0.1525 0.6525 0) 230.8
GGA (PBE+G06) 6.102 6.961 (0.1411 0.6411 0) 259.16

Expt [7] 6.113 7.094 (0.1358 0.6358 0) 265.09

RbN3

LDA(CA-PZ) 6.115 7.161 (0.1401 0.6401 0) 267.75
GGA(PBE) 6.445 7.691 (0.1338 0.6338 0) 319.54
LDA (OBS) 6.042 6.979 (0.1415 0.6415 0) 254.8

GGA (PBE+TS) 5.761 7.541 (0.1488 0.6488 0) 250.3
GGA(PBE+G06) 6.359 7.407 (0.1361 0.6361 0) 299.49

Expt [7] 6.310 7.519 (0.1315 0.6315 0) 299.37

CsN3

LDA(CA-PZ) 6.365 7.741 (0.1401 0.6401 0) 267.75
GGA(PBE) 6.445 7.691 (0.1274 0.6274 0) 379.07
Expt [7] 6.541 8.091 (0.1268 0.6268 0) 346.17

that these functionals are not suitable for description of crystal structures of the

metal azides. In comparison with experimental results, the functional PBE+G06

underestimates the value of ‘a’ by -0.1% for KN3 and overestimates by 0.7% for

RbN3. However, the results obtained by the dispersion corrected functionals are

consistent with the trend reported in previous literature on molecular solids [33].

For the case of lattice parameter ‘c’, the functionals followed their general trends

with LDA (OBS) results in large errors of about -9.3% for KN3 and -7.1% for

RbN3. Both GGA (PBE) and GGA (PBE+G06) predicted the lattice constant ‘c’

with error of about 1.5%, -1.8% for KN3 and 2.2%, -1.4% for RbN3, respectively.

Overall, the best qualitative agreements between the experimental results and

theory for the lattice parameters of alkali metal azides is achieved by the PBE+G06

functional. Therefore from the present study of crystal structures of the metal

azides using various functionals we propose that PBE+G06 functional give best
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results and it can be employed for the structural description of the other metal

azides also for future studies [34–36].

3.3.2 Elastic properties

Elastic constants are the most important entities in describing the mechanical

response of materials. In particular, they are of great importance to understand

the response of energetic materials towards the external stimuli such as mechanical

shock and thereby their initial step of decomposition or detonation phenomena.

Moreover, the knowledge of elastic constants is essential to understand the high

pressure behavior of the materials. Since the elastic properties are strongly related

to the lattice parameters optimization results, we use the PBE+G06 functional for

the calculation of the elastic constants and compare the results with usual PBE

calculations. According to Hooke’s law, for a given small strain applied to the

lattice the stress components can be calculated using,

�ij = Cijkl�kl (3.2)

where �ij is the stress tensor, �kl is the strain tensor and Cijkl is the elastic stiffness

tensor. By following the Voigt’s notation [37], this equation can be reduced to

�i = Cij�j witℎ i = 1− 6, j = 1− 6 (3.3)

where xx, yy, zz, yz, xz, xy replaced by 1, 2, 3, 4, 5, 6 respectively and therefore

Cij form a 6x6 matrix.

Due to the structural symmetry, the maximum number of independent param-

eters can be reduced to thirteen for the monoclinic lattice namely C11, C22, C33,

C44, C55, C66, C12, C13, C15, C23, C25, C35, and C46 and six for tetragonal struc-

ture C11, C12, C13, C33, C44, and C66. We have calculated thirteen independent

elastic constants of monoclinic LiN3 and NaN3 as well as the six elastic constants

of tetragonal KN3, RbN3 and CsN3 systems using PBE and PBE+G06 functionals

and are presented in Table 3.3 and 3.4 respectively. Clearly, the calculated elastic

constants follow the Born-Huang mechanical stability criterion for a monoclinic
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system and tetragonal system [38] indicating that all the compounds are mechani-

cally stable. The present results are in good agreement with those calculated from

the rigid ion model [39] as well as the ultrasonic measurements on KN3 [40]. There

are no experimental data available to compare the calculated elastic constants of

monoclinic LiN3, NaN3 and tetragonal RbN3, CsN3.

Table 3.3: Single crystal elastic constants Cij, in GPa, of monoclinic LiN3 and
NaN3 calculated using PBE and PBE+G06 functionals.

Compd PBE+G06 PBE

LiN3 C11=92.2, C22=77.3, C11=56.1, C22= 48.1,
C33=116.6, C44=13.3, C33=102.9, C44=9.6,
C55=36.3, C66=22.3 , C55=15.2, C66=19.6,
C12=21.4, C13=37.9, C12=19.6, C13=27.9,
C15=19.9, C23=30.2, C15=6.1, C23=19.5,

C25=2.9, C35=41.4, C46=-6.1 C25=2.6, C35=41.1, C46=-1.7
NaN3 C11=64.6, C22=31.2, C11=38.1, C22=30.9,

C33=62.1, C44=7.2, C33=65.2, C44=5.7,
C55=21.9, C66=8.6, C55=12.9, C66=8.8,
C12=10.8, C13=27.8, C12=10.4, C13=25.1,
C15=21.3, C23=16.5, C15=5.4, C23=16.3,

C25=1.9, C35=18.6, C46=-2.9 C25=0.4, C35=17.3, C46=-3.1

For crystals with vdW interactions, one can correlate the elastic constant values

with the structural properties of the crystal. The elastic constants C11, C22, and

C33 can be directly relate to the crystallographic a, b and c-axes respectively

[34]. From the calculated elastic constants of alkali metal azides it can be noticed

that there is a considerable elastic anisotropy among the principal crystallographic

Table 3.4: Single crystal elastic constants, Cij in GPa, of MN3 (M=K, Rb,
Cs) calculated using PBE and PBE+G06 functionals.

Method C11 C12 C13 C33 C44 C66

KN3

GGA(PBE) 39.4 15.3 7.5 31.7 7.3 18.6
GGA(PBE+G06) 54.5 23.1 16.4 37.3 15.3 20.2

Expt[40] 49.5 13.9 11.7 32.3 8.8 13.1
RbN3

GGA(PBE) 30.4 12.4 7.7 27.4 6.8 13.1
GGA(PBE+G06) 43.3 17.8 17.6 36.3 15.1 13.1

CsN3

GGA(PBE) 23.2 10.6 7.7 24.3 5.7 9.5
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Table 3.5: The minimum non-bonded distance (Å) of M-M, M-N, and N-
N (M=Li, Na, K, Rb and Cs) of alkali metal azides calculated using PBE

(PBE+G06) functionals.

Bond LiN3 NaN3 KN3 RbN3 CsN3

M −M 3.334 (3.258) 3.727 (3.571) 3.604 (3.481) 3.846 (3.706) 4.124
M −N 2.314 (2.200) 2.563 (2.488) 3.002 (2.982) 3.164 (3.078) 3.356
N −N 3.334 (3.258) 3.727 (3.571) 3.169 (3.096) 3.338 (3.255) 3.540

Table 3.6: Polycrystalline elastic moduli namely Bulk moduli B, Shear moduli
G, Young’s moduli E (in GPa) of alkali metal azides calculated using PBE and

PBE+G06 functionals.

Compd BV BR BH GV GR GH E

PBE+G06
LiN3 51.7 38.8 45.2 27.5 19.1 23.3 59.7
NaN3 29.8 22.1 25.9 14.4 8.9 11.7 30.5
KN3 28.6 27.2 27.9 16.2 15.7 15.9 40.1
RbN3 25.4 25.2 25.3 13.3 13.1 13.2 33.7

PBE
LiN3 36.1 25.7 30.9 18.6 10.7 23.3 59.7
NaN3 26.4 20.8 23.6 10.9 7.3 14.6 –
KN3 19.0 18.4 18.7 11.9 10.4 11.2 28.0
RbN3 15.9 15.8 15.9 9.4 8.7 9.1 22.9
CsN3 13.6 13.6 13.6 7.2 6.8 7.0 17.9

directions due to the fact that C11 ∕= C22 ∕= C33 for monoclinic LiN3 and NaN3

azides whereas C11 ∕= C33 for the tetragonal azides KN3, RbN3 and CsN3. In

the case of LiN3 and NaN3, the calculated values of these three constants follows

the order C33 > C11 > C22, which implies that the elastic constant C22 is the

weakest in these systems. This reveals the fact that a relatively low number of

lattice interactions are present along the crystallographic ‘b’-axis and therefore the

lattice would respond first along b-axis to the external mechanical perturbation

in these azides. From the calculated elastic constants of tetragonal KN3, RbN3

and CsN3 one can clearly notice that C11 is the largest among all the other elastic

constants. This reflects the fact that the presence of stronger inter molecular

interactions along the a-direction or the presence of lowest number of interactions

along the c-axis. Therefore it is c-axis that responds first to external mechanical

perturbation in these azides [36].
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Over all from the calculated elastic constants of alkali metal azides C11, C22, and

C33, one can notice that the magnitude of the elastic constants follows the order

of CsN3 < RbN3< KN3< NaN3< LiN3, which implies that LiN3 is mechanically

stiffer system compared to other azides. The possible reason for this is as follows:

the calculated minimum non-bonded distances between M-M, M-N (M=Li, Na,

K, Rb and Cs) and N-N using PBE and PBE+G06 are presented in Table 3.5.

From the calculated values, one can find that the distances between the atoms

increase from LiN3 to CsN3, which implies that the interactions among the atoms

are weakened as the size of the metal atom increases, hence the stiffness decreases

from LiN3 to CsN3 [36]. As a matter of fact, it is worth to describe the mechanical

response of polycrystalline materials. The calculated elastic constants of the alkali

metal azides will be useful to obtain the macroscopic mechanical properties via

Voigt-Reuss-Hill approach [41]. The obtained values of bulk moduli (B), shear

moduli (G) and Young’s moduli (E) both in PBE and PBE+G06 functional are

tabulated in Table 3.6. The macroscopic elastic moduli of LiN3 is larger than those

of other alkali metal azides implying that Lithium azide is stiffer material among

the alkali azides.

Recently Haycraft et al. [42] made a correlation of elastic constants of secondary

explosives RDX and HMX with their detonation. Their study reveals that RDX

has larger elastic constants over HMX implying that RDX is more stiffer system

compared to HMX and therefore concluded that HMX is more sensitive towards

mechanical shock than that of RDX. This is in very good agreement with the fact

that HMX is more sensitive towards shock initiated detonation than RDX. In the

case of PETN and RDX, the elastic constants of PETN crystal [43] are found to

be much smaller than those of RDX and PETN is found to be more sensitive than

RDX towards shock initiation. Moreover, among the elastic constants of PETN,

C11 is found to be the stiffest elastic constant (larger in magnitude) and thereby

the detonation is less sensitive along the [1 0 0] direction [44]. By taking the

reference of these studies on correlation of elastic constants with the detonation

sensitivity of solid energetic materials, in this present work we have made an

attempt to understand the decomposition of the metal azides under present study.

From the calculated elastic constants of the metal azides, it was found that the

elastic constants of LiN3 are larger compared to those of other azides NaN3, KN3,
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RbN3 and CsN3. They follows the order of CsN3 < RbN3< KN3< NaN3< LiN3,

implying that LiN3 is mechanically stiffer system than the other metal azides.

This fact also supported from the calculated bulk elastic moduli namely E, B, G

of the azides. In addition, the monoclinic azides are found to be stiffer along c-axes

followed by a and b-axes whereas tetragonal azides are stiffer along a-axis followed

by c-axis. Therefore the lattice can be easily compressed along b-axes over other

axes for LiN3 and NaN3 and it is c-axis for KN3 > RbN3 > CsN3. This clearly

shows that the lattices are most sensitive towards the external stimuli along the

[0 1 0] and [0 0 1] crystallographic direction in these azides. Over all from our

study based on elastic constants and different elastic moduli reveals that CsN3

is more sensitive towards the mechanical shock initiation over other alkali metal

azides [36].

3.3.3 Electronic band structure

In the case of metal azides it is quite necessary to know about the electronic

structure and related properties as they give important information regarding the

electronic processes that are responsible for the decomposition and initiation of

the metal azides [2]. The electronic band structure of alkali metal azides calcu-

lated within PBE+G06 functional are shown in Figure 3.2 and 3.3. The band

structure of monoclinic alkali metal azides, LiN3 and NaN3 clearly shows that the

top of the valence band and the bottom of the conduction band occurs at Z-point

in the Brillouin zone indicating the materials are direct band gap materials with

a separation of 3.48 eV for LiN3 [35] and 3.36 eV for NaN3 [34] within PBE+G06

functional as shown in Figure 3.2(a) and 3.2(b) respectively. Whereas the tetrago-

nal alkali metal azides KN3, RbN3 and CsN3 are also found to be direct band gap

materials [36] as the top of the valence band and the bottom of the conduction

band occurs at Γ-point in the Brillouin zone as shown in Figure 3.3(a), 3.3(b) and

3.3(c) respectively. The calculated band gap values within PBE and PBE+G06

functionals are shown Table 3.7. However, it is very well known that the usual

density functional calculations result in underestimation of band gap by 30-40 %

[14]. To overcome the band gap problem, recently developed TB-mBJ functional

in WIEN2k package has been widely used in the literature [45] as it takes less

computational time when compared to the very expensive GW calculations [46].
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Table 3.7: Band gap, in eV, of MN3 (M=Li, Na, K, Rb, Cs) calculated within
GGA (PBE) and GGA (PBE+G06), EV, TB-mBJ functionals.

Compd PBE PBE+G06 EV TB-mBJ

LiN3 3.32 3.48 4.39 4.98
NaN3 3.69 3.36 4.27 5.38
KN3 4.06 4.08 4.78 5.95
RbN3 3.99 4.07 4.68 5.98
CsN3 4.07 – 4.57 5.67
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Figure 3.2: Energy band structure of monoclinic alkali metal azides (a) LiN3

(b) NaN3 calculated within PBE+G06 functional at theoretical equilibrium vol-
ume.

In this present study, we have calculated the band gap energies of alkali metal

azides by using TB-mBJ functional in addition to the other exchange-correlation

functionals that are available in WIEN2k package. The calculated band gap values

are presented in the Table 3.7 along with those calculated from CASTEP package.

There are no experimental band gap values to compare the present band gap

values. However, it is well known that the TB-mBJ functional provides the band

gap values that are in close agreement with the experiments [45], we expect our

present values will be useful for further studies on these compounds. As the band

gap lies in Ultra-Violet (UV) region, the compounds release N2 gas when they

irradiated with the UV light.
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Figure 3.3: Energy band structure of tetragonal alkali metal azides (a) KN3

(b) RbN3 (c) CsN3 calculated within PBE+G06 functional at theoretical equi-
librium volume.

3.3.4 Total and partial density of states

The nature of bonding can be well understood by the knowledge of total and partial

density of states as they clearly gives the idea of the origin of various bands in

terms of atoms and orbitals. Moreover, alkali metal azides are photosensitive and

undergo decomposition under the action of suitable wave length of light and the

essential step in the photo chemical decomposition involves the promotion of a

valence electron from the valence band to the conduction band, therefore it would

be necessary to know the information about the type of states that are present

in both valence and conduction bands.The total and partial density of states of

the metal azides calculated using PBE+G06 functional are shown in Figure 3.4

and 3.5. The valence band spectra and the conduction band spectra of the metal

azides show similar features. In the valence band region, there are three regions
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Figure 3.4: Total and partial density of states of monoclinic alkali metal
azides (a) LiN3 (b) NaN3 calculated within PBE+G06 functional at theoretical

equilibrium volume.

of bands separated by large gaps which is also evidenced from the energy band

structure of the metal azides. There is a strong hybridization between the mid

nitrogen atom states and the end nitrogen atom states in the lower energy region

of the valence band i.e., from -4 eV to -6.5 eV. This indicates that the nitrogen

atoms are in strong covalent bonding in the azide ion whereas the metal atom

states are dominant in the conduction band and there is low overlap of the states

with the nitrogen atom states in the valence band, a feature that ionic bonding

preserves between the metal atom and the nitrogen atoms. At the Fermi level, the

‘p’-states of the end nitrogen atom are only present implying that these states are

responsible for decomposition of the azides for an external perturbation [34].

A quantitative picture of the bonded interactions can be obtained from the

Mulliken bond population analysis [47]. The total overlap (bond) population for

any pair of atoms in a molecule is in general made up of positive and negative

contributions. If the total overlap population between two atoms is positive, they

are bonded; if it is negative, they are anti-bonded. The computed Mulliken bond

population of Li-N is -0.26, Na-N is -0.28, K-N is -0.38, Rb-N is -0.17 and that of

Cs-N is -0.21 whereas the same for N-N is 1.18, 1.00, 1.31, 1.29 and 1.19 of LiN3,

NaN3, KN3, RbN3 and CsN3 respectively. The computed Mulliken charges for

individual atoms are as follows: Li (0.98) and N (-0.56) for LiN3, Na (0.92) and N

(-0.48) for NaN3, K (1.11) and N (-0.55) for KN3, Rb (1.08) and N (-0.53) for RbN3
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Figure 3.5: Total and partial density of states of tetragonal alkali metal azides
(a) KN3 (b) RbN3 (c) CsN3 calculated within PBE+G06 functional at theoret-

ical equilibrium volume.

and for CsN3 they are Cs (1.02) and N (-0.51). This indicates that alkali metal

atoms are act as electron donors while the nitrogen atoms are act as electron

acceptors. This feature can be expected due to the high electronegativity of N

atom (3.04) and high electropositive alkali metal atoms. These results strongly

suggest that all the metal azides are dominantly ionic in nature and the ionicity

increases in the order LiN3 < NaN3 < KN3 < RbN3 < CsN3.

3.3.5 Optical properties

Alkali metal azides become unstable and undergoes decomposition by the action

of light. The photo chemical decomposition of the azides can be understood by

the optical transitions from the valence band to the conduction band. From the
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total and partial density of states (DOS) the states lying near the Fermi level

are essentially the p states of azide ion, therefore the decomposition of the metal

azides can be initiated by the formation of azide radicals in the following way.

N−
3 + ℎ� → N∗

3 (3.4)

N∗
3 + E → N3 + e− (3.5)

where E is the thermal energy required to dissociate the azide radical N3
∗. The

combination of two positive holes will give nitrogen gas with the liberation of

energy Q and the electron trapped to the metal atom sites and thereby form the

metal atom

2N3 → 3N2 +Q (3.6)

M+ + e− → M (3.7)

where ‘M’ is metal atom. Therefore in order to understand the photochemical de-

composition phenomena it would be necessary to understand its optical properties

that are resulting from the interband transitions. In general the optical proper-

ties of matter can be described by means of the complex dielectric function �(!) =

�1(!) + i�2(!), where �1(!) and �2(!) describes the dispersive and absorptive parts

of the dielectric function. Normally there are two contributions to �(!) namely

intraband and interband transitions. The contribution from intraband transitions

is important only for the case of metals. The interband transitions can further

be split into direct and indirect transitions. The indirect interband transitions

involve scattering of phonons. But the indirect transitions give only a small con-

tribution to �(!) in comparison to the direct transitions, so we neglected them in

our calculations. The direct interband contribution to the absorptive or imaginary

part �2(!) of the dielectric function �(!) in the random phase approximation with-

out allowance for local field effects can be calculated by summing all the possible

transitions from the occupied and unoccupied states with fixed k-vector over the

Brillouin zone and is given as [48]

�2(!) =
V e2

2�ℏm2!2

∫

d3k
∑

∣⟨ C ∣p∣ V ⟩∣2�(EC −EV − ℏ!) (3.8)
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Figure 3.6: Optical absorption spectra of LiN3 (a) and Photoconductivity of
LiN3 (b) calculated within the PBE+G06 functional with a scissors operator of

1.5 eV.
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Figure 3.7: Optical absorption spectra of NaN3 (a) and Photoconductivity of
NaN3 (b) calculated within the PBE+G06 functional with a scissors operator

of 2.02 eV.

here  C and  V are the wave functions in the conduction and valence bands, p

is the momentum operator, ! is the photon frequency, and ℏ is reduced Planck’s

constant. The real part �1 (!) of the dielectric function can be evaluated from �2

(!) by using the Kramer-Kroning relations.

�1(!) = 1 +
2

�
P

∫ ∞

0

�2(!
′)!′d!′

(!′)2 − (!)2
(3.9)

where ‘P’ is the principle value of the integral. The knowledge of both the real and

imaginary parts of the dielectric function allows the calculation of the important
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Figure 3.8: Optical absorption spectra of KN3 (a) and Photoconductivity of
KN3 (b) calculated within the PBE+G06 functional with a scissors operator of

1.87 eV.

optical properties such as refractive index n(!), absorption �(!) and photocon-

ductivity �(!) [48] through the following expressions

n(!) =
1√
2

[

√

�1(!)2 + �2(!)2 + �1(!)

]
1

2

(3.10)

�(!) =
√
2!

[

√

�1(!)2 + �2(!)2 − �1(!)

]
1

2

(3.11)

�(!) =
−i!
4�

[

�(!)− 1
]

(3.12)

In Figure 3.6 (a), 3.7 (a), we have shown the calculated absorption spectra along

[100], [010], and [001] directions for LiN3, NaN3 respectively and along [100], [001]

directions for the rest of the azides in Figure 3.8 (a), 3.9 (a) and 3.10 (a) respec-

tively. Our calculated results indicates that there is anisotropy in the calculated

optical spectra. The peaks in the absorption spectra are due to the interband

transitions from the occupied to unoccupied states. Since the ‘p’-states of end

nitrogen atom are dominating at the Fermi level, the transitions would be from ‘p’

of N to s states of metal atom that are present in the conduction band (N p → M
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Figure 3.9: Optical absorption spectra of RbN3 (a) and Photoconductivity of
RbN3 (b) calculated within the PBE+G06 functional with a scissors operator

of 1.91 eV.

s where M is alkali metal atom). For all the metal azides, the optical absorption

starts at the band gap values. As the optical edge starts at 4.98 eV in LiN3, at

5.38 eV in NaN3, 5.95 eV in KN3, 5.98 eV in RbN3 and 5.67 eV in CsN3 and also

the absorption coefficient is of the order of 107 m−1 we conclude that lithium azide

will undergo decomposition by the irradiation of Ultraviolet light with wave length

of 248.9 nm, sodium azide with that of 230.5 nm, potassium azide with 208.4 nm,

rubidium azide with 207.3 nm and cesium azide with 218.7 nm respectively [34].

Photoconductivity is due to the increase in number of free carriers when photons

are absorbed. The photons must have sufficient energy to excite the electrons

from the valence band to the conduction band. In the present case of alkali metal

azides, the calculated photoconductivity show a wide photocurrent response in the

absorption region of 4.9 to 20 eV as shown in Figure 3.6 (b), 3.7 (b) for LiN3 NaN3

and in Figure 3.8 (b), 3.9 (b) and 3.10 (b) for KN3, RbN3 and CsN3 respectively.

This implies that alkali metal azides are photosensitive materials. Especially the

metal azides have strong photocurrent response in between 4.4 eV to 10 eV.
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Figure 3.10: Optical absorption spectra of CsN3 (a) and Photoconductivity
of CsN3 (b) calculated within the PBE functional with a scissors operator of

1.6 eV.

3.3.6 Phonon density of states and Phonon frequencies at

Γ-point

In this section we will discuss about the calculated phonon density of states and

phonon frequencies at gamma point of the metal azides under study. The phonon

density of states calculated through the density functional perturbation theory [23,

24]. In this method the force constants matrix can be obtained by differentiating

the Hellmann-Feynman forces on atoms with respect to the ionic co-ordinates.

This means that the force constant matrix depends on the ground state electron

charge density and on its linear response to a distortion of atomic positions. By

variational principle, the second order change in energy depends on the first order

change in the electron density and this can be obtained by minimizing the second

order perturbation in energy which gives the first order changes in the density, wave

functions, and potential. In the present study, the dynamical matrix elements are

calculated on the 5x8x5 grid of k-points using the linear response approach. The

calculated phonon density of states for LiN3, NaN3 [34] are shown in Figure 3.11

(a) and 3.11 (b) respectively while those of KN3, RbN3 and CsN3 are presented in

Figure 3.12(a), (b) and (c) respectively. It can be seen that in all the metal azides,

the lower frequency region states are dominated by the metal atom whereas the
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Figure 3.11: Phonon density of states of (a) LiN3 (b) NaN3 calculated within
PBE+G06 functional at theoretical equilibrium volume.

Table 3.8: The calculated vibrational frequencies of monoclinic LiN3 and NaN3

at ambient pressure calculated within PBE (PBE+G06) functionals. Values in
parenthesis are from experiment.

Mode Symmetry Frequency (cm−1) Frequency (cm−1)

LiN3 NaN3

Bu 138 (122.1) 120.7 (135.7)
Bg 191.6 (182.4) 147.4 (171.2)
Ag 212.2 (198.3) 157.6 (179.7)
Au 220.7 (273.3) 160.4 (201.5)
Bu 264.6 (296.8) 188.1 (216.7)
Bu 645.4 (602.8) 612.1 (612.2)
Au 661.3 (619.1) 612.3 (615.7)
Ag 1262.3 (1259.1) 1236.8 (1251.5)
Bu 2006.5 (1988.8) 1950.7 (1964.8)

higher frequency region are entirely due to the azide ion alone, the fact can be

attributed to the difference in their individual masses.

The important point to be notice from the phonon density of states below 400

cm−1 is that the states of metal atom and azide ion are overlapping each other.

This implies that the vibrations are due to the collective excitations of both metal

and azide ion respectively. The calculated vibrational frequencies for monoclinic

alklai metal azides and for the tetragonal metal azides at gamma point are shown

in Table 3.8 and Table 3.9, 3.10, and 3.11 respectively. The group symmetry
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Figure 3.12: Phonon density of states of (a) KN3 (b) RbN3 (c) CsN3 calculated
within PBE+G06 functional at theoretical equilibrium volume.

decomposition into irreducible representations of the C2/m point group yields

a sum of Au+2Bu for three acoustic modes and 2Ag+1Bg+2Au+4Bu for the 9

optical modes. The modes below 300 cm−1 involves the vibrations from the lattice

(including both metal atom and azide ion) whereas modes above 600 cm−1 are

entirely due to the azide ion. The Bu mode, which has the frequency 602.8 cm−1

for LiN3 and 612.2 cm−1 for NaN3, is due to the N3 symmetric bending along b-

axis and it is in good agreement with that of the experimental reported value [2].

The Au mode, located at 619.1 cm−1 for LiN3 and 615.7 cm−1 for NaN3 originates

from the asymmetric bending of azide ion along a-axis. Our calculated value of

1259.1 cm−1 for LiN3 and 1251.5 cm−1 for NaN3, which describes the symmetric
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Table 3.9: The calculated vibrational frequencies (cm−1) of tetragonal KN3 at
ambient pressure within PBE and PBE+G06 functionals. T and R corresponds
to Translational and Rotational vibrations respectively. IA and RA infers the

Infrared active and Raman active modes of KN3.

Mode symmetry Frequency (cm−1) Expt

PBE PBE+G06

Eg(T) (RA) 89.8 103.8 103[50]

B1u(T ) 104.9 136.5
B1g(R) (RA) 106.1 139.2

A2u(T) (IA) 109.6 144.1 138.2[49]

Eu(T) (IA) 114.7 146.2

Eg(R) (RA) 131.5 149.4 145[50]

A2g(T) 134.9 162.8

Eu(T) (IA) 155.5 173.4 168[49]

A2g(R) 162.3 192.2

A2u (IA) 617.2 618.2 627[53]

643[54]

624[55]

B1u 623.1 625.3

Eu 623.6 626.3 624[53]

647[54]

646[55]

B2g (RA) 1219.1 1226.3 1339[50]

A1g (RA) 1220.7 1228.5 1340[50]

Eu (IA) 1883.7 1896.1 2002.2[55]

stretching of azide ion is in good agreement with that of the experimental value

of 1277 cm−1 [2]. The asymmetric stretching frequency of azide ion is found to be

1988.8 cm−1, which is lower than that of experimental value 2092 cm−1.

In the case of KN3, RbN3 and CsN3, the primitive cell consists of eight atoms

and hence they have 24 vibrational modes out of which three are acoustic modes

and 21 are optical modes. According to the symmetry analysis of the point group

D4ℎ, the acoustic and optical modes at the Γ point can be classified into the fol-

lowing symmetry species:

Γaco = A2u + 2Eu

Γopt = 2A2g + 2A2u + A1g + 4Eg + 8Eu + B1g + 2B1u + B2g
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Table 3.10: The calculated vibrational frequencies (cm−1) of tetragonal RbN3

at ambient pressure within PBE and PBE+G06 functionals. T and R cor-
responds to Translational and Rotational vibrations respectively. IA and RA

infers the Infrared active and Raman active modes of RbN3.

Mode symmetry Frequency (cm−1) Expt

PBE PBE+G06

Eg(T) (RA) 56.2 64.8 66[50]

B1u(T ) 85.5 96.3
B1g(R) (RA) 104.8 105.9

A2u(T) (IA) 119.2 107.6 108[49]

Eu(T) (IA) 131.5 109.3

Eg(R) (RA) 149.3 115.3 157[50]

A2g(T) 153.8 122.6

Eu(T) (IA) 155.2 139.2 168[49]

A2g(R) 179.1 155.1

A2u (IA) 615.7 614.6 624.5[55]

B1u 618.9 619.9

Eu 621.4 621.8 643.5[55]

B2g (RA) 1214.8 1219.1 –

A1g (RA) 1215.8 1220.3 1333[50]

Eu (IA) 1877.9 1888.7 2008[55]

Out of these modes, the A2g vibrations are silent as they do not cause a change in

polarizability or dipole moment and therefore these modes are optically inactive.

The modes A1g, B2g, and B1g are Raman active (RA) whereas the A2u, B1u, and E1u

modes are infrared active (IA). The vibrational frequencies calculated at the the-

oretical equilibrium volume using PBE and PBE+G06 functionals are presented

in Table 3.9 and 3.10 for KN3 and RbN3 respectively along with the experimental

data. Since the metal azide crystal consists of tightly bounded azide ions which

are loosely bounded to metal atoms, the vibrations involving the nitrogen atoms

of azide ion could be labeled as internal vibrations and the external or lattice vi-

brations are those in which the azide ion move as rigid units along with the metal

ion sub lattice. The calculated frequencies ranging from 89 cm−1 to 192 cm−1 of

KN3 and 56 cm−1 to 179 cm−1 of RbN3 are due to lattice mode vibrations. In the

case of KN3 and RbN3, the results of PBE+G06 functional are in fair agreement

with experiment [49–52] than PBE values. This is because the intermolecular van

der Waals forces strongly couples in lattice modes which PBE could not take into
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Table 3.11: The calculated vibrational frequencies (cm−1) of tetragonal CsN3

at ambient pressure within PBE functional. T and R corresponds to Transla-
tional and Rotational vibrations respectively. IA and RA infers the Infrared

active and Raman active modes of CsN3.

Mode symmetry Frequency (cm−1) Expt
Eg(T) (RA) 43.2

B1u(T ) 60.4
B1g(R) (RA) 64.7
A2u(T) (IA) 66.2
Eu(T) (IA) 91.2
Eg(R) (RA) 97.5

A2g(T) 124.9
Eu(T) (IA) 155.1
A2g(R) 165.7
A2u (IA) 604.4

B1u 607.1
Eu 610.1 638[2]

B2g (RA) 1215.1
A1g (RA) 1215.5 1328.6[2]
Eu (IA) 1869.9

account. But, for the bending mode frequencies of internal modes due to the azide

ions, we find a very good agreement with experiment [53–55] using both PBE and

PBE+G06 functionals. This might be due to the fact that these vibrations are

purely due to the motion of individual N atoms of each azide ion which are cova-

lently bonded with each other. Hence both the functionals give similar frequencies

compared to experimental data. However, the stretching mode frequencies of the

azide ion ranging from 1200 cm−1 to 1900 cm−1 are underestimated by 8.4% for

A1g and B1g modes (both are due to the symmetric stretching of azide ion) and

the Eu mode (asymmetric stretching of azide ion) is underestimated by 8.4% in

both the metal azides. This might be due to the fact that our present calculations

are performed through the linear response approach which is solely based on the

harmonic approximation and therefore the anharmonicity present in the higher

frequencies which are mainly due to the azide ion could not be dealt efficiently

with the calculations [36]. The calculated vibrational frequencies of CsN3 using

PBE functional are presented in Table 3.11. The modes from 43.2cm−1 to 165cm−1

are due to the lattice vibrations. The calculated azide ion mode frequencies are
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in good agreement with experiment as observed for the PBE values of KN3 and

RbN3.

3.4 Conclusions

In conclusion, we have studied the structural, electronic, optical, elastic and vibra-

tional properties of energetic molecular crystals namely alkali metal azides LiN3,

NaN3, KN3, RbN3 and CsN3 . We have focussed our attention more towards the

effect of van der Waals interactions on the structural properties, elastic stiffness

tensor and vibrational frequencies of the metal azides. We find that all proper-

ties are improved to a great extent by the inclusion of vdW interactions in the

calculations. In particular, PBE+G06 functional gives good results compared to

other dispersion corrected functionals. The calculated elastic constants suggest

that the metal azides are mechanically stable systems under normal conditions.

The elastic constants of LiN3 are larger in magnitude than the rest of alkali metal

azides, implying that lithium azide is mechanically stiffest material among the

alkali metal azides. This fact is also confirmed by the higher values of bulk mod-

ulus, shear modulus and Young’s modulus of LiN3. Overall from the study of

elastic constants we can come to a conclusion that CsN3 is more sensitive towards

a mechanical shock as the compound has lower elastic moduli than KN3. The ab-

sorption spectra and photo conductivity spectra have been calculated and found

that the absorption peaks are in the ultra-violet energy region. Therefore we con-

clude that the decomposition of alkali metal azides is more favorable by the action

of light (ultra violet). The vibrational frequencies, in particular the frequencies of

lattice modes are well reproduced by the present van der Waals corrected density

functional calculations. Whereas, the higher frequency modes which are entirely

due to the vibration of azide ion are well described by both the standard DFT

and van der Waals corrected DFT functionals.
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Chapter 4
Alkaline-Earth Metal Azides

Abstract

In this chapter we present a detailed first principles study on the structural, elastic,

electron and optical properties of energetic alkaline-earth metal azides Ca(N3)2,

Sr(N3)2 and Ba(N3)2. All the calculations are carried out by means of plane wave

pseudopotential method with and without including van der Waals interactions.

The calculated ground state structural properties are improved to a greater ex-

tent by the inclusion of dispersion corrections, implies that the van der Waals

interactions play a major role on the physical properties of these systems. The

elastic constants and the related bulk mechanical properties of Ca(N3)2, Sr(N3)2

and Ba(N3)2 have been calculated and found that the compounds are mechanically

stable systems. The magnitude of the calculated elastic constants increases in the

order Ba(N3)2 < Sr(N3)2 < Ca(N3)2 implying higher elastic stiffness for Ca(N3)2,

the fact also confirmed by the higher values of bulk, shear and Young’s moduli of

Ca(N3)2 than Sr(N3)2 and Ba(N3)2. A correlation has been proposed to relate the

calculated elastic constants to the decomposition phenomena for the metal azides.

The electronic band structures are calculated and found that the alkaline-earth

metal azides are wide band gap insulators. The optical properties are calculated

and analyzed through the electronic band structure.

59
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4.1 Introduction

Inorganic metal azides show different kind of stability behaviour. Alkali metal

azides are stable both to friction and to impact and undergo decomposition gently

by heat at 300 to 400∘C whereas heavy metal azides for example lead azide, copper

azide, silver azide decompose with explosive violence when lightly struck or rubbed.

Alkaline-earth metal azides are insensitive to friction and impact similar to alkali

metal azides but undergo violent decomposition by heat at low temperatures below

110 to 160∘C. One common feature in all these metal azides is they are sensitive to

light because of the presence of azide anion. Alkaline-earth metal azides, Sr(N3)2

and Ba(N3)2 undergo photochemical decomposition into metal atom and nitrogen

when they expose to ultra-violet light [1–3]. It is thus required to understand

the basic physical and chemical properties of the alkaline-earth metal azides that

govern the different phenomena occur in these solids.

The electronic band structure is quite essential to study the electron transfer

mechanism that occur in alkaline-earth metal azides. Besides this the optical prop-

erties such as optical absorption and photoconductivity are necessary to address

the photo response of these materials. In recent years much interest is focussed

towards the high pressure behaviour of inorganic metal azides which are known

as precursor materials to synthesize the polymeric nitrogen that contains single-

bonded networks of nitrogen atoms [4–17]. Hence it is strongly required to know

the mechanical stability of the metal azides and the elastic constants which give

information about their compressibility behaviour.

In previous literature, there are limited number of studies available on the

alkaline-earth metal azides. The electronic band structure and optical proper-

ties of Sr(N3)2 and Ba(N3)2 were reported through the first principles calculations

with standard density functional methods [18]. But as we have seen in the case

of alkali metal azides in chapter 3, the van der Waals (vdW) interactions play

a major role on crystal binding and the related properties. Therefore the study

of fundamental physical and chemical properties with dispersion corrected den-

sity functionals would thus require for proper description of the alkaline-earth

metal azides. On the other hand, there are no studies available to explain the



Chapter 4. Alkaline-Earth Metal Azides 61

mechanical stability and the elastic constants of alkaline-earth metal azides with

and with out accounting the vdW interactions. Hence, in this chapter we aim to

present a comparative study of structural, electronic, elastic and optical properties

of alkaline-earth metal azides namely Ca(N3)2, Sr(N3)2 and Ba(N3)2.

4.2 Computational details

First-principles density functional theory calculations were performed with the

Cambridge Sequential Total Energy Package (CASTEP) program [19, 20], using

Vanderbilt-type ultrasoft pseudo potentials [21] and a plane wave expansion of the

wave functions. The electronic wave functions were obtained using density mixing

scheme [22] and the structures were relaxed using the Broyden, Fletcher, Goldfarb,

and Shannon (BFGS) method [23]. The exchange-correlation potential of Ceperley

and Alder [24] parameterized by Perdew and Zunger (CA-PZ) [25] in the local

density approximation (LDA) and also the generalized gradient approximation

(GGA) in Perdew-Burke-Ernzerhof (PBE) [26] was used to describe the exchange-

correlation potential. The pseudo atomic calculations were performed for Ca 3s2

3p6 4s2, Sr 4s2 4p6 5s2, Ba 5s2 5p6 6s2 and N 2s2 2p3. The Monkhorst-Pack

scheme k-point sampling was used for integration over the Brillouin zone [27]. It

is well known that the cut-off energy and k-point mesh influences the convergence

of calculations. Hence we tested the dependence of energy cut-off and k-point grid

and found that for 380 eV plane wave cut-off energy and 3x3x4 k-point mesh,

the change in total energy is less than 1meV. We have then chosen these plane

wave cut-off energy and k-point mesh for all the calculations. In the geometry

relaxation, the self-consistent convergence on the total energy is 5x10−7 eV/atom

and the maximum force on the atom is found to be 10−4 eV/Å. Elastic constants

were calculated using finite strain technique as implemented in CASTEP code.

We have used primitive cell that contains two molecules for the calculation of

vibrational frequencies. To study the effect of van der Waals interactions, we have

used the recently developed scheme by Grimme (G06) [28] approaches in GGA.

These semiempirical approaches provide the best compromise between the cost of

first principles evaluation of the dispersion terms and the need to improve non-

bonding interactions in the standard DFT description. For the computation of

electronic band gap, we use the recently developed Tran Blaha-modified Becke
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Johnson potential [29] within linearized augmented plane wave (LAPW) method

as implemented in WIEN2k package [30, 31].

4.3 Results and discussion

4.3.1 Crystal structure

Calcium azide and Strontium azide are isomorphous and crystallize in an or-

thorhombic structure with space group Fddd [32] and contain six molecules per

unit cell as shown in Figure 4.1 (a). The crystal structure of Barium azide is

monoclinic with space group P21/m [33] and contain two molecules per unit cell

and is shown in Figure 4.1 (b). In the previous chapter on alkali metal azides we

have used standard density functionals such as LDA(CA-PZ), GGA(PBE) and dis-

persion corrected density functionals CA-PZ+OBS, PBE+TS and PBE+G06 to

study the structural properties. We found that PBE+G06 functional is efficient

to describe the structural properties of metal azides. Therefore in this present

study we use PBE+G06 functional to study the structural and related properties

of alkali-earth metal azides. For the case of Ba(N3)2, there are no dispersion cor-

rected functionals available for Ba atom hence we use PBE functional to describe

the system. The calculated atomic fractional co-ordinates, bond lengths, equilib-

rium lattice parameters are presented in Table 4.1 together with the experimental

data. The calculated values of lattice parameters are very close to experimental

results.

The bulk modulus B0 and its pressure derivative B0
′ can be obtained from the

equation of state fit of the calculated pressure-volume data of the crystal. In the

present study we have calculated the P-V data of Ca(N3)2, Sr(N3)2, and Ba(N3)2

and are fitted to the Murnaghan’s equation of state and the corresponding values

are presented Table 4.1.

The bulk modulus B0 and its pressure derivative B0′ can be obtained from the

equation of state fit of the calculated pressure-volume data of the crystal. In the

present study we have calculated the P-V data of Ca(N3)2, Sr(N3)2, and Ba(N3)2
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Figure 4.1: Crystal structure of MN(3)2 where M= Ca or Sr (a) and BaN(3)2
(b). In figure, green ball indicates, metal atom and blue ball indicates nitrogen

atom, respectively.

and are fitted to the Murnaghan’s equation of state and the corresponding values

are presented Table 1.

Table 4.1: Ground state properties of Ca(N3)2, Sr(N3)2 and Ba(N3)2 calcu-
lated using various exchange-correlation functionals.

XC functional a (Å) b (Å) c (Å) �0 V (Å3)

Ca(N3)2
PBE 11.5370 11.1479 6.0283 775.33

PBE+G06 11.2298 11.0735 6.0024 746.44
Expt [32] 11.620 10.920 5.660 718.20
Sr(N3)2
PBE 12.2828 11.7055 6.2287 895.54

PBE+G06 11.8421 11.6504 6.1908 854.13
Expt [32] 11.820 11.470 6.080 824.98
Ba(N3)2
PBE 9.8706 4.4437 5.5541 99.1497 240.52

Expt [33] 9.590 4.390 5.420 99.75 224.88
B0 B0

′

Ca(N3)2 48.9 3.217
Sr(N3)2 39.6 3.231
Ba(N3)2 30.6 4.698
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4.3.2 Elastic properties

In order to understand the mechanical stability of the metal azides the single

crystal elastic constants are calculated. Due to the orthorhombic crystal structure,

both calcium and strontium azides have nine independent elastic constants while

barium azide possess thirteen elastic constnats because of monoclinic symmetry.

The computed elastic constants are presented in Table 4.2. Clearly, the elastic

constants follow the elastic constants follow the Born-Huang mechanical stability

criteria for orthorhombic and monoclinic systems [34] implying that the metal

azides are mechanically stable systems. To the best of our knowledge there are

no experimental or theoretical works available on the elastic constants of alkaline-

earth metal azides to compare the present values.

In general, the elastic constants, C11, C22 and C33 denote the elastic proper-

ties along the a, b and c-axes respectively. For the case of alkaline-earth metal

azides the calculated elastic constants follows the order C11 < C22 < C33 for or-

thorhombic Ca(N3)2 and Sr(N3)2 whereas C33 > C11 > C22 for monoclinic Ba(N3)2.

This merely tells the fact that the orthorhombic crystalline azides are relatively

weaker along the a-axis and monoclinic Ba(N3)2 is weaker along b-axis. Therefore

the orthorhombic lattices are more compressible along a-axis and b-axis is more

compressible in monoclinic Ba(N3)2. This result is in good agreement with the

experimental fact that monoclinic Ba(N3)2 is more compressible is along b-axis.

The knowledge of single crystalline elastic constants allow us to calculate the

poly-crystalline mechanical properties through Voigt-Reuss-Hill approach [35]. The

calculated properties are tabulated in Table 4.3. The bulk modulus represents the

resistance to volume change against the external forces. The calculated elastic

moduli are large for Ca(N3)2 than the other alkaline-earth metal azides. The

calculated moduli follows the order Ca(N3)2 > Sr(N3)2 > Ba(N3)2 implying that

calcium azides is the stiffer material among the alkaline-earth metal azides. In

the case of alkali metal azides, we have correlated the elastic properties to the

decomposition of the azides through the calculated elastic properties in chapter 3.

In the present case, the calculated elastic moduli and elastic constants of Ca(N3)2

are larger than the other metal azide and they follow the order Ca(N3)2 > Sr(N3)2
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Table 4.2: Single crystal elastic constants (Cij , in GPa) of Ca(N3)2, Sr(N3)2
and Ba(N3)2 calculated within PBE and PBE+G06 functionals

Compd PBE PBE+G06

Ca(N3)2 C11=56.8, C22=83.4, C11=56.7, C22= 106.5,
C33=108.9, C44=33.9, C33=100.5, C44=63.4,
C55=15.9, C66=16.1, C55=11.6, C66=18.1,
C12=22.3, C13=22.1, C12=26.8, C13=13.5,

C23=51.2 C23=68.8
Sr(N3)2 C11=24.4, C22=59.1, C11=43.1, C22= 89.1,

C33=74.7, C44=26.4, C33=79.7, C44=44.8,
C55=7.9, C66=11.8, C55=8.9, C66=14.6,
C12=18.6, C13=15.4, C12=34.4, C13=21.1,

C23=37.9 C23=55.8
Ba(N3)2 C11=48.4, C22=44.2,

C33=67.9, C44=14.4,
C55=10.3, C66=8.6,
C12=22.4, C13=15.6,
C15=1.4, C23=25.3,

C25=0.4, C35=-1.9, C46=0.3

Table 4.3: Polycrystalline elastic moduli (in GPa) of Ca(N3)2, Sr(N3)2 and
Ba(N3)2 calculated within PBE and PBE+G06 functionals

Method Compd BV BR BH GV GR GH E
PBE Ca(N3)2 48.9 42.6 45.8 23.4 20.8 22.1 57.1

Sr(N3)2 33.6 23.1 28.4 14.9 11.6 13.3 34.5
Ba(N3)2 31.9 31.2 31.6 13.1 11.7 12.4 32.8

PBE+G06 Ca(N3)2 53.5 42.4 47.9 28.9 19.6 24.3 62.3
Sr(N3)2 48.3 36.8 42.6 20.4 14.4 17.4 45.9

> Ba(N3)2. Therefore, Ba(N3)2 would be more sensitive to mechanical shock over

the other alkaline-earth metal azides.

4.3.3 Electronic properties

Electronic band structure of metal azides is important as it gives the important

information regarding the electronic process that are responsible for decomposi-

tion. The electronic band structure of alkaline-earth metal azides calculated within

PBE+G06 functional for Ca(N3)2, Sr(N3)2 and with PBE functional for Ba(N3)2

are shown in Figure 4.2. The calculated band structure of alkaline-earth metal
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Figure 4.2: Electronic band structure of Ca(N3)2 (a) Sr(N3)2 (b) calculated
at theoretical equilibrium volume within PBE+G06 functional and (c) Ba(N3)2

with PBE functional.

azides, Ca(N3)2, Sr(N3)2 and Ba(N3)2 clearly show that the top of the valence

band and the bottom of the conduction band occurs at Γ-point in the Brillouin

zone indicating that the materials are direct band gap materials with a separation

of 3.16 eV for Ca(N3)2, 3.44 eV for Sr(N3)2 and 3.64 eV for Ba(N3)2 respectively.

This implies that these materials are insulators similar to alkali metal azides with

considerable gaps. The calculated band gaps with other functionals such as EV

[36] and TB-mBJ are listed in Table 4.4. The calculated band gap values within

PBE and PBE+G06 functionals are in good agreement with earlier theoretical

reports on Sr(N3)2 and Ba(N3)2 with PW91 functional.
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Table 4.4: The band gap of Ca(N3)2, Sr(N3)2 and Ba(N3)2 calculated using
various functionals

Method Ca(N3)2 Sr(N3)2 Ba(N3)2

PBE 3.16 3.43 3.64
PBE+G06 3.16 3.44 –
EV-GGA 4.08 4.21 4.21
TB-mBJ 5.26 5.41 4.86

The states that are contributing to each energy level in the electronic band

spectrum can be known by the total and partial density of states (DOS). The

calculated total and partial DOS of Ca(N3)2, Sr(N3)2 and Ba(N3)2 are shown in

Figure 4.3 (a), 4.3 (b) and 4.3 (c) respectively. The peaks that are present at the

Fermi level are due to the end Nitrogen ’p’-states while there are no metal atom

states are present in the valence band region. This implies that the metal atoms

are act as electron donors and nitrogen atoms act as electron acceptors. The states

of mid nitrogen atom are situated at eV to eV. This indicates that there is a strong

hybridization of states from end and mid nitrogen atoms this is a clear indication

that the nitrogen atoms in azide ion are strongly covalent. The conduction band

is fully dominated by the ‘s’-states of metal atom. These features clearly implies

that the alkaline-earth metal azides are ionic materials.

4.3.4 Optical properties

According to experiments, Ba(N3)2 and Sr(N3)2 undergo photochemical decom-

position into metal atom and nitrogen. This implies that the metal azides are

photo sensitive. The photochemical decomposition can be understood by the op-

tical transitions from the valence band to conduction band. The imaginary part of

dielectric function �(!) of the alkaline-earth metal azides is calculated and shown

in Figure 4.4 (a), 4.4 (b) and 4.4 (c) respectively. The main peak in �2(!) is occur

at 8.55eV for Ca(N3)2, 7.977eV for Sr(N3)2 and at 6.682eV for Ba(N3)2 along the

three directions. The origin of this peak is due to the interband transitions from

end N-‘p’ states of valence band to ‘s’-states of metal atom in the conduction band.

The reflectance experiments on Sr(N3)2 and Ba(N3)2 proved that the optical ab-

sorption starts at 1800Å and 2600Å respectively. The present theoretical study on

the optical absorption of the metal azides as shown in Figure 4.4 (a), 4.4 (b) and
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Figure 4.3: Total and partial density of states of Ca(N3)2 (a) Sr(N3)2 (b)
calculated at theoretical equilibrium volume within PBE+G06 functional and

(c) Ba(N3)2 with PBE functional.

4.4 (c) confirms that the optical absorption of Ca(N3)2 starts at 2354Å, 2291Å

and 2550Å for Sr(N3)2 and Ba(N3)2 respectively. The refractive index calculated

as function of photon energy are shown in Figure 4.5 (a), 4.5 (b) and 4.5 (c) re-

spectively for the azides Ca(N3)2, Sr(N3)2 and Ba(N3)2. Clearly these materials

have optical anisotropy due to the fact the n(!) is different in the three crystallo-

graphic directions. The calculated absorption coefficient of the three metal azides

as shown in Figure 4.6 (a), 4.6 (b) and 4.6 (c) are larger of the order of 107m−1

indicates that the compounds are photosensitive particularly to ultra-violet light.

Photoconductivity is due to the increase in number of free carriers when photons

are absorbed. The calculated photoconductivity as shown in Figure 4.7 (a), 4.7 (b)
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Figure 4.4: Imaginary part of the complex-di electric function of (a) Ca(N3)2
(b) Sr(N3)2 and (c) Ba(N3)2 calculated by using scissor operator of 2.10 eV for
Ca(N3)2, 1.96 eV for Sr(N3)2 and 1.21 eV for Ba(N3)2 within PBE+G06 and

PBE functional for Ca(N3)2, Sr(N3)2 and Ba(N3)2 respectively.

and 4.7 (c) the shows that all the three azides have broad photo current response

in the fundamental absorption region ranging from 5 eV to 30 eV.

4.4 Conclusions

In conclusion, we have studied the structural, electronic, optical, elastic and vi-

brational properties of energetic molecular crystals namely alkaline-earth metal
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Figure 4.5: Refractive index of (a) Ca(N3)2 (b) Sr(N3)2 and (c) Ba(N3)2
calculated by using scissor operator of 2.10 eV for Ca(N3)2 , 1.96 eV for Sr(N3)2
and 1.21 eV for Ba(N3)2 within PBE+G06 and PBE functional for Ca(N3)2,

Sr(N3)2 and Ba(N3)2 respectively.

azides Ca(N3)2, Sr(N3)2 and Ba(N3)2. We have focussed our attention more to-

wards the effect of van der Waals interactions on the structural properties, elastic

stiffness tensor and vibrational frequencies of the metal azides. We find that all

properties are improved to a great extent by the inclusion of vdW interactions in

the calculations. In particular, PBE+G06 functional gives good results compared

to other dispersion corrected functionals. The calculated elastic constants suggest

that the metal azides are mechanically stable systems under normal conditions.

The elastic constants of Ca(N3)2, are larger in magnitude than the rest of alkali

metal azides, implying that lithium azide is mechanically stiffest material among
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Figure 4.6: Absorption of (a) Ca(N3)2 (b) Sr(N3)2 and (c) Ba(N3)2 calculated
by using scissor operator of 2.10 eV for Ca(N3)2 , 1.96 eV for Sr(N3)2 and 1.21
eV for Ba(N3)2 within PBE+G06 and PBE functional for Ca(N3)2, Sr(N3)2 and

Ba(N3)2 respectively.

the alkali metal azides. This fact is also confirmed by the higher values of bulk

modulus, shear modulus and Young’s modulus of Ca(N3)2. Overall from the study

of elastic constants we can come to a conclusion that Ba(N3)2 is more sensitive

towards a mechanical shock as the compound has lower elastic moduli. The ab-

sorption spectra and photo conductivity spectra have been calculated and found

that the absorption peaks are in the ultra-violet energy region. Therefore we con-

clude that the decomposition of alkali metal azides is more favorable by the action

of light (ultra violet).
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Figure 4.7: Photoconductivity of (a) Ca(N3)2 (b) Sr(N3)2 and (c) Ba(N3)2
calculated by using scissor operator of 2.10 eV for Ca(N3)2 , 1.96 eV for Sr(N3)2
and 1.21 eV for Ba(N3)2 within PBE+G06 and PBE functional for Ca(N3)2,

Sr(N3)2 and Ba(N3)2 respectively.
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Chapter 5
Alkali Metal Amides

Abstract

We report first principles calculations on the electronic structure, elastic and opti-

cal properties of nitrogen based solid hydrogen storage materials LiNH2, NaNH2,

KNH2, and RbNH2. The calculated ground state properties are in good agreement

with experiment. Our calculations predict that among the metal amides, LiNH2

is found to be stiffer material. The calculated elastic constants show that all the

compounds are mechanically stable. The hydrogen decomposition temperatures

are calculated and follows the order RbNH2 < KNH2 < NaNH2 < LiNH2. The

electronic band structure reveals that all the compounds are semiconductors with

a considerable band gap. The [NH2]
− derived states are completely dominating

the entire valence band region while the metal atom states occupy the conduc-

tion band. The optical properties are calculated and analyzed through the band

structure. The calculated band structure is used to analyze the different interband

optical transitions occur between valence and conduction bands. Our calculations

show that these materials have considerable optical anisotropy.
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5.1 Introduction

Hydrogen, being most abundant element in the universe, considered to be the best

choice as future energy source. The superior qualities of hydrogen such as light

weight, high energy per unit mass and eco-friendly combustion products made

it as a suitable replacement for current carbon based energy resources. Indeed,

hydrogen fuel is believed to meet various applications such as fuel for automobiles

and space jets, cooking gas, and also in production of electricity. However storage

of hydrogen is a difficult problem. To store hydrogen as a compressed gas, high

pressure tanks are required and the storage in liquid state needs insulated cryogenic

tanks. Both these are not suitable for practical applications as storage in gaseous

state leads to low energy density while safety and cost are major concerns for the

storage in liquid state. Therefore solid state hydrogen storage is the only choice

to look at the issue and which requires search for solid materials that can store

hydrogen with volumetric densities greater than those of other states hydrogen

storage [1–5].

Hydrides of light and heavy metals exhibit qualitative solid-state hydrogen stor-

age properties such as high volumetric densities and low pressure desorptions. But,

the slow absorption and desorption kinetics limits their practical use. On the other

hand, complex hydrides consisting of light metal elements have been noticed as

materials with fast hydrogen kinetics and most importantly they can store hydro-

gen in greater percentages over simple metal hydrides. Complex metal hydrides

with potential solid state hydrogen storage applications are classified as alanates,

borohydrides, and amides [3]. Among the complex metal hydrides, nitrogen based

materials namely amides received much interest because of their high hydrogen

storage capacity and low operating temperatures [5]. Most importantly, alkali

metal amides gain lots of interest because of their potential reversible hydrogen

storage applications [6].

The first report on alkali metal amides KNH2 and NaNH2 was appeared in the

year 1809 by the authors Gay Lussac and Thenard [7]. Later in 1894, Titherley

reported the synthesis of LiNH2 [8]. These metal amides were traditionally used

as reagents in organic synthesis [9, 10]. However, it is only in the year 2002, Chen
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et al. discovered LiNH2 as a potential candidate for reversible hydrogen storage

applications and hence paved new insights into the hydrogen storage application

of these materials [6]. In general for any solid state hydrogen storage system,

the important characteristics are the following: the material should have high

hydrogen gravimetric densities, fast hydriding and dehydriding characteristics, and

suitable thermodynamic properties. It is a well known fundamental aspect that

the hydrogen absorption and desorption properties can be well judged through

the knowledge of electronic structure and bonding. Moreover, the fundamental

physical properties such as the elastic and optical properties are much important

to understand the mechanical stability and optical response of solid state hydrogen

storage materials. In addition, these properties are necessary in determining the

thermodynamic properties such as hydrogen releasing temperature (decomposition

temperature) and Debye temperature [11].

Theoretical calculations based on density functional theory are accurate enough

in predicting and reproducing the experimentally measured quantities. The elec-

tronic structure of LiNH2 was reported by using first principles calculations and

found that the material has non-metallic nature [12, 13]. Recently, the electronic

structure of LiNH2 was determined through XAS studies and the results are found

to be compliment to the earlier theoretical reports [14]. Elastic constants of LiNH2

were reported theoretically by using the density functional theory calculations [15].

The high pressure behaviour of LiNH2 was reported by using the Raman spec-

troscopy technique and found that the system undergo a phase transition from

ambient tetragonal �-LiNH2 structure to high pressure �-LiNH2 phase [16]. The-

oretically the pressure-induced structural phase transitions of LiNH2 was reported

by using the ab-initio total energy calculations and evolutionary structure predic-

tion simulations [17, 18]. By using combined synchrotron X-ray diffraction mea-

surements and ab initio density functionals, the pressure-induced phase transition

with large volume collapse (11%) in LiNH2 was reported [19]. The high pressure

behaviour of NaNH2 was reported by using Raman and Infrared spectroscopies

[20]. and also through evolutionary structure simulations [21]. To the best of our

knowledge, there are no comparative studies available to explain the structural,

electronic structure, bonding, elastic and optical properties of the alkali metal
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amides LiNH2, NaNH2, KNH2 and RbNH2. Hence, in this present chapter we aim

to study these properties by performing density functional theory calculations.

5.2 Computational details

The density functional calculations are carried out with the plane wave pseudopo-

tential method [22] Vanderbilt type ultrasoft pseudopotentials used for the present

calculations [23]. The electronic wave functions are obtained by using density mix-

ing scheme and the structures are relaxed using the Broyden, Fletcher, Goldfarb,

and Shannon (BFGS) method. The local density approximation with Ceperley-

Alder [24] exchange-correlation potential parameterized by Perdew and Zunger [25]

and also generalized gradient approximation proposed by Perdew-Burke-Ernzerhof

[26] have been used to describe the exchange-correlation potential. The pseudo

atomic calculations were performed for Li 2s1, Na 2s2 2p6 3s1, K 3s2 3p6 4s1, Rb

4s2 4p6 5s1, N 2s2 2p3 and H 1s1, respectively. The cut-off energy for plane waves

was set to 380 eV for LiNH2, 400 eV for NaNH2 and 320 eV for KNH2, RbNH2,

respectively. Brillouin zone sampling was performed by using the Monkhorst-Pack

scheme [27] with a k-point grid of 4x4x2 for LiNH2, 4x3x4 for NaNH2 and 4x4x4

for KNH2, RbNH2, respectively. The values of both plane wave cut-off energy and

k-point grid were determined by performing total energy calculations to achieve

the convergence of 1 meV. To treat the van der Waals interactions we have used

the Grimme functional (PBE+G06) [28]. For the computation of electronic band

gap, we use the recently developed Tran Blaha-modified Becke Johnson potential

[29] within linearized augmented plane wave (LAPW) method as implemented in

WIEN2k package [30, 31].

Starting from the optimized crystal structure all the dependent properties have

been calculated. The elastic constants were calculated by using stress-strain

method as implemented in CASTEP code. There are three tensile and three

shear components resulting six components and thereby the elastic constants form

a 6x6 symmetric matrix based on �i = Cij�j . All the dynamical properties have

been calculated by using linear response theory.
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(a) (b)

(c)

Figure 5.1: Crystal Structure of tetragonal LiNH2 (a), orthorhombic NaNH2

(b), and monoclinic KNH2 and RbNH2 (c). In figure, violet ball indicates metal
atom, blue ball indicates nitrogen and white ball indicates hydrogen atom.

5.3 Results and discussion

5.3.1 Structural properties

At ambient conditions, LiNH2 crystallizes in tetragonal structure with space group

I-4 (82) (z=4) [32] and NaNH2 crystallize in orthorhombic structure with space

group Fddd (70) (z=16) [33] as shown in Figure 5.1 (a) and 5.1 (b) respectively.

Whereas both KNH2 and RbNH2 crystallize in monoclinic structure with space

group P21/m (13) (z=2) [34] as shown in Figure 5.1 (c).

All the calculations were carried out by adopting the experimental crystal struc-

tures as the initial structures and they were relaxed to allow the ionic configu-

rations, cell shape, and volume to change to predict the theoretical equilibrium

crystal structure within LDA (CA-PZ) and GGA (PBE). The optimized lattice

parameters are tabulated in Table 5.1 and Table 5.2 along with experiment. It can
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Table 5.1: Structural properties of alkali metal amides calculated within LDA
(CA-PZ), GGA (PBE) and GGA (PBE+G06).

a (Å) b (Å) c (Å) � (deg) � (g/cc) V (Å3)
LiNH2

LDA (CA-PZ) 4.7689 – 10.0503 – 1.33 228.56
GGA (PBE) 5.1819 – 10.5111 – 1.081 282.25

GGA (PBE+G06) 5.0025 – 10.156 – 1.200 254.17
Expt [32] 5.037 – 10.278 – 1.169 260.76
NaNH2

LDA (CA-PZ) 8.8645 9.8277 7.4388 – 1.591 648.06
GGA (PBE) 8.9206 10.7291 8.4506 – 1.280 808.82

GGA (PBE+G06) 9.1038 9.5755 7.5898 – 1.56 661.63
Expt [33] 8.949 10.456 8.061 – 1.37 754.27
KNH2

LDA (CA-PZ) 4.3179 3.5767 5.9105 95.1 2.013 90.92
GGA (PBE) 4.668 3.8052 6.2872 96.3 1.649 110.99

GGA (PBE+G06) 4.5402 3.6664 6.0174 96.1 1.838 99.60
Expt [34] 4.586 3.904 6.223 95.8 1.6515 110.84
RbNH2

LDA (CA-PZ) 4.5898 3.7752 6.1700 96.7 3.174 106.17
GGA (PBE) 4.9112 4.042 6.5738 97.2 2.6029 129.49

GGA (PBE+G06) 4.7657 3.8123 6.2679 97.6 2.9857 112.89
Expt [34] 4.850 4.148 6.402 97.8 2.641 127.60

be seen that the calculated GGA values are in good agreement with experiment

when compared to LDA results. We find that the dispersion interactions do not

play prominent role in these systems as the volume computed with PBE+G06

functional results in large errors compared to PBE volume, except for the case

of LiNH2. Therefore, to calculate the elastic constants, electronic, bonding, and

optical properties we adopted the GGA functional.

5.3.2 Elastic properties

Elastic properties of solid materials are important as they relate to various fun-

damental properties such as interatomic potentials, equation of state, and phonon

spectra. Moreover, it was noticed that there is a correlation between the elas-

tic constants and the melting temperatures of a solid. Orimo et al., successfully

applied the concept of the melting temperatures of MBH4 where M = Li, Na, K un-

der hydrogen atmosphere can be regarded as an index of hydrogen decomposition
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Table 5.2: Atomic positions of alkali metal amides calculated within GGA
(PBE) and GGA (PBE+G06).

Compd GGA (PBE) GGA (PBE+G06) Expt
LiNH2

Li1 (0 0 0) (0 0 0) (0 0 0)
Li2 (0 0.5 0.25) (0 0.5 0.25) (0 0.5 0.25)
Li3 (0 0.5 0.0028) (0 0.5 0.0026) (0 0.5 0.0042)
N (0.2230 0.2494 0.1134) (0.2366 0.2529 0.1170) (0.2284 0.2452 0.1148)
H1 (0.2286 0.1299 0.1925) (0.2282 0.1285 0.1983) (0.226 0.149 0.172)
H2 (0.3961 0.3484 0.1203) (0.4287 0.3289 0.1212) (0.308 0.359 0.114)

NaNH2

Na (0 0.1400 0) (0 0.1531 0) (0 0.1452 0)
N (0 0 0.2291) (0 0 0.2539) (0 0 0.2365)
H (0.0668 0.8347 0.2291) (0.0603 0.8045 0.3531) (0.0635 0.9034 0.3053)

KNH2

K (0.222 0.25 0.3134) (0.2239 0.25 0.3064) (0.228 0.25 0.295)
N (0.2714 0.25 0.7568) (0.276 0.25 0.7709) (0.289 0.25 0.778)
H (0.3054 0.04 0.8628) (0.3079 0.0312 0.8809) (0.29 0.04 0.88)

RbNH2

Rb (0.2147 0.250 0.3061) (0.219 0.25 0.3033) (0.203 0.25 0.295)
N (0.2758 0.25 0.7585) (0.2835 0.25 0.7786) (0.28 0.25 0.79)
H (0.3137 0.0516 0.8591) (0.3195 0.0388 0.8838) (– – –)

temperatures [35]. So, it is valuable to get the knowledge of elastic constants of

alkali metal amides MNH2 where M is the alkali metal atom for determining their

thermodynamic properties, e.g. melting temperature (Tm). The calculated elastic

constants Cij of MNH2 are displayed in Table 5.3. The present computed elastic

constants of LiNH2 are in good comparison with those of earlier theoretical reports

based on GGA calculations [15]. For the case of NaNH2, KNH2 and RbNH2 there

are no experimental or theoretical reports available to compare the present values.

The calculated Cij satisfy the Born stability criteria for tetragonal, orthorhombic

and monoclinic crystals [36]. Thus, the tetragonal LiNH2, orthorhombic NaNH2

and monoclinic KNH2 and RbNH2 are mechanically stable systems.

For complex hydrides, the elastic constants C11, C22, and C33 are important as

they relate the deformation behavior and atomic bonding characteristics. For all

the compounds we find that the elastic constants follow the order C11 > C22 >

C33 while it is C11 = C22 > C33 for LiNH2. This clearly indicates that the atomic
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Table 5.3: The calculated single-crystal elastic constants Cij in GPa of alkali
metal amides.

Compound SCE
LiNH2 C11 = 47.4, C12 = 13.3, C13 = 17.7

C33 = 45.7, C44 = 14.9, C66 = 20.7
NaNH2 C11 = 53.2, C12 = 18.3, C13 = 9.6, C22 = 20.6

C23 = 2.6, C33 = 20.1, C46 = 1.6, C55 = 10.6,
C66 = 8.9

KNH2 C11 = 31.3, C12 = 6.5, C13 = 6.1, C15 = 0.2
C22 = 30.8, C23 = 6.2, C25 = 0.6, C33 = 22.4
C35 = -1.6, C44 = 7.1, C46 = -0.1, C55 = 6.6

C66 = 11.5
RbNH2 C11 = 27.1, C12 = 6.1, C13 = 7.9, C15 = 1.5

C22 = 21.6, C23 = 4.4, C25 = 1.8, C33 = 19.5
C35 = -1.3, C44 = 7.1, C46 = -0.4, C55 = 5.2

C66 = 9.7

Table 5.4: The calculated polycrystalline elastic constants in GPa of alkali
metal amides.

Compound LiNH2 NaNH2 KNH2 RbNH2

BH 26.4 14.3 13.3 11.4
GH 16.1 6.6 9.1 7.4

bonding along the (1 0 0) plane is strongest because of the intermolecular inter-

actions among the amide anion units and which leads to the fact that the c-axis

of the lattice will be more compressible when compared to other crystallographic

axes. This fact is in good agreement with the recent experimental high pressure

study of LiNH2 where the authors found that the c-axis is more compressible over

a-axis [19]. Moreover, we find that the elastic constants of LiNH2 are larger than

those of other alkali metal amides which can be understood by the fact that the

interatomic bonding is stronger in LiNH2 than the rest of the alkali metal amides.

We have calculated the melting temperature (Td) of the amides by using the elas-

tic constants through the formula given by Fine et al [37]. Tm = 354 + 4.5 (2C11

+ C33)/3. Clearly, there is a correlation between the bulk modulus B and the

decomposition temperature Tm of the alkali metal amides. The trend of calcu-

lated decomposition temperature Tm of MNH2 follows, RbNH2 (Tm = 464.6 K)

< KNH2 (Tm = 481.5 K) < NaNH2 (Tm = 543.8 K) < LiNH2 (Tm = 564.8 K)

same as that of bulk modulus B of MNH2 as RbNH2 (B0 = 11.4 GPa) < KNH2

(B0 = 13.3 GPa) < NaNH2 (B0 = 14.3 GPa) < LiNH2 (B0 = 26.4 GPa).
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The calculated elastic constants allow us to obtain the macroscopic mechanical

properties such as bulk moduli and shear moduli via Voigt-Reuss-Hill approach

[38]. The calculated poly crystalline elastic properties of MNH2 are presented in

Table 5.4. We find that the poly crystalline bulk moduli BH of the amides are

much smaller than typical metals and intermetallic compounds, which indicates

all MNH2 are highly compressible materials. Further, the bulk modulus value

decreases from Li to Rb amides, implies the higher hardness for LiNH2. In general

the hardness of a material depends on the resistance of the material towards the

shear strain. Therefore an important factor of hardness is the strength of the

interatomic bonds with respect to the shear deformation, which influences the

mobility of dislocations in the solids. In the present case, the shear modulus of

the metal amides increases in the following sequence GH(RbNH2) < GH(KNH2)

< GH(NaNH2) < GH(LiNH2). These results on the bulk moduli and shear moduli

of MNH2 follow the trend that was observed in the case of alkali borohydrides

[39]. The calculated B and G are used to analyze the ductile-brittle nature of the

metal amides through Pugh’s criterion [40], according to which the critical value

of B/G ratio that separates the ductile and brittle material is 1.75. If B/G>1.75,

the material behaves in a ductile manner, otherwise the material behaves in a

brittle manner. In the case of MNH2 (A=Li, K, Rb), the B/G values are less than

1.75 indicating that these complex amides are brittle in nature. However, the

B/G value of NaNH2 is greater than 1.75 indicating that the material is ductile.

Young’s modulus (Y) provides a measure of the stiffness of the solid and if the

magnitude of Y is large, then the material can be regarded as stiffer material.

Among the four alkali metal amides, LiNH2 is the stiffest material because of its

high value of Y. However, when compared other complex hydrides such as LiBH4

(Y=103.68 GPa), LiNH2 has less stiffness.

5.3.3 Electronic band structure and Optical properties

The energy band structures of alkali metal amides are calculated by using PBE

functional. The computed band structures are shown in Figure 5.2 (a), 5.2 (b),

5.2 (c) and 5.2 (d) respectively for LiNH2, NaNH2, KNH2 and RbNH2.

The overall band structure profiles are quite different from each other due to their

different crystal geometries. The calculated band structure of LiNH2 shows a
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Figure 5.2: Electronic band structure of alkali metal amides LiNH2 (a),
NaNH2 (b), KNH2 (c) and RbNH2 (d) calculated by using the PBE+G06 func-

tional at theoretical equilibrium volume.

band gap of 3.34 eV with the maximum of valence band occurs at A-point and

minimum of the conduction band occurs at Γ-point indicating that the compound

is an indirect band gap semiconductor. The value of the band gap calculated

with PBE is in good agreement with earlier theoretical reports using generalized

gradient approximation (3.2 eV) [12]. In the case of orthorhombic NaNH2, the

calculated band structure shows a gap of 2.09 eV between Γ-Γ reveals that the

material is a direct gap semiconductor. Both KNH2 and RbNH2 are also found to

be indirect gap semiconductors with a gap of 2.07 eV and 1.80 eV occurs between

Z and Γ respectively. However, these calculated band gaps with PBE functional

are within the limitation of DFT. To achieve accurate band gaps that are in good
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Figure 5.3: Total and Partial density of states of LiNH2 (a), NaNH2 (b),
KNH2 (c) and RbNH2 (d).

accord with experiment we use TB-mBJ functional [29]. The calculated band gaps

with TB-mBJ functional are 4.95 eV for LiNH2, 3.55 eV for NaNH2, 3.87 eV for

KNH2 and 3.60 eV for RbNH2. There are no experimental data available on band

gaps to compare the present results.

The total and partial density states of alkali metal amides are calculated and

shown in Figure 5.3 (a), 5.3 (b), 5.3 (c) and 5.3 (d) respectively for LiNH2, NaNH2,

KNH2 and RbNH2. It can be noticed that for all the compounds the valence

band states are completely dominated by the states of [NH2]
− anion, a similar

feature also observed in the other complex metal hydrides with a positive cation
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Table 5.5: The calculated n(0), main peak of the absorption coefficient of
optical absorption spectra, �(!) (in 105 cm−1) and its corresponding energy

(E) of alkali metal amides.

Compd LiNH2 NaNH2 KNH2 RbNH2

n[100](0) 1.2590 1.3544 1.4549 1.4409
n[010](0) 1.2590 1.3737 1.3719 1.3440
n[001](0) 1.2582 1.3645 1.4124 1.3866
�[100] 13.93 16.05 12.51 10.48
�[010] 13.93 13.45 21.31 18.41
�[001] 11.46 15.51 19.39 16.48

�[100] (E) 11.14 12.49 10.67 10.65
�[010] (E) 11.14 10.89 12.03 11.77
�[001] (E) 10.95 10.89 13.03 13.12

and anion complex where the hydrogen atom attached covalently with the other

group element [3]. The states nearby the Fermi level are dominated by the N-p

states of [NH2]
− anion complex. Therefore the ‘p’- states of nitrogen atom play an

important role in the conducting properties of these amides. A similar phenomena

was also observed in the case of alkali metal azides [41, 42] which are analogous

to alkali metal amides with a positive cation and negative anion.

Recently, there is an increased interest in the optical properties of metal hydrides

because of their potential applications as switchable mirrors [43]. The optical prop-

erties of simple metal hydrides LiH, NaH, MgH2, LiAlH4, NaAlH4, and MgAlH4

were reported by using the first principles calculations combined with GW calcu-

lations [44]. The optical properties of NH3BH3 and Ca(NH3BH3)2 were studied by

our group [45, 46]. To the best of our knowledge, there are no reports available on

the optical properties of alkali metal amides. Hence, in this present study efforts

have been taken to study the optical properties such as complex di-electric func-

tion �(!), refractive index n(!), absorption �(!) and photo conductivity �(!) of

alkali metal amides. To calculate these properties we have followed the procedure

as outlined in the third chapter.

It is required a dense k-point mesh to calculate the optical properties and hence we

have performed the calculations with a k-point mesh of 8x8x6, 8x7x8 for LiNH2,

NaNH2, and 12x12x12 for KNH2, RbNH2 respectively. In Figure 5.4, we have

shown the calculated imaginary part of the �(!) as a function of photon energy up
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Figure 5.4: The imaginary part of the dielectric function �2(!) of alkali metal
amides LiNH2 (a), NaNH2 (b), KNH2 (c) and RbNH2 (d) as a function of photon
energy calculated within the PBE functional with a scissor operator of 1.61 eV

for LiNH2, 1.46 eV for NaNH2, 1.8 eV for KNH2, 1.8 eV for RbNH2.

to 30 eV. A scissors correction to the PBE band gaps is applied in order to get the

TB-mBJ values. The calculated spectra show different features for the compounds.

For all the compounds the optical absorption starts at the band gap. The promi-

nent peaks observed in the spectra are mainly due to the interband transitions of

N-‘p’→ M-‘s’ states between the valence and conduction band respectively. The

calculated �2(!) can be used to evaluate �1(!) through Kramer’s-Kronig relations

which further used to obtain n(!), �(!) and �(!).

The calculated refractive index of the metal amides are shown in Figure 5.5. The
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Figure 5.5: Refractive index n(!) of alkali metal amides LiNH2 (a), NaNH2

(b), KNH2 (c) and RbNH2 (d) calculated as a function of photon energy within
the PBE functional with a scissors scissor operator of 1.61 eV for LiNH2, 1.46

eV for NaNH2, 1.8 eV for KNH2, 1.8 eV for RbNH2.

values of n(0) along the crystallographic directions are presented in Table 5.4.

Except LiNH2, the calculated values are different along the three directions indi-

cating the optical anisotropy of the materials. In the case of LiNH2, both n[100]

and n[001] are almost identical because of the similar electronic structure of LiNH2

along [100] and [001] directions. We also find that n[100](0) ∕= n[010](0) ∕= n[001](0)

implying that the amides are bi-axial crystals.
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Figure 5.6: Optical absorption spectra of alkali metal amides LiNH2 (a),
NaNH2 (b), KNH2 (c) and RbNH2 (d) calculated within the PBE functional
with a scissor operator of 1.61 eV for LiNH2, 1.46 eV for NaNH2, 1.8 eV for

KNH2, 1.8 eV for RbNH2.

The optical absorption spectra of alkali metal amides are shown in Figure 5.6.

The magnitude of the absorption coefficient is found to be in the order of 105

cm−1. The absorption coefficient is found to be maximum in [100] direction for

LiNH2, NaNH2 and along [010] direction for KNH2, RbNH2 at different energies

respectively as presented in Table 5.5. The optical absorption spectra of the alkali

metal amides are similar to that of analogous alkali metal azides [41, 42]. Photo-

conductivity is due to the increase in the number of free carriers when photons are

absorbed. The calculated photo conductivity spectra are shown in Figure 5.7. The

photoconductivity spectra displays a wide photocurrent response in the absorption
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Figure 5.7: Optical photoconductivity of alkali metal amides LiNH2 (a),
NaNH2 (b), KNH2 (c) and RbNH2 (d) calculated within the PBE functional
with a scissor operator of 1.61 eV for LiNH2, 1.46 eV for NaNH2, 1.8 eV for

KNH2, 1.8 eV for RbNH2.

region of the amides.

5.4 Conclusions

In conclusion, we have studied the structural, electronic, elastic and optical prop-

erties of alkali metal amides. We find that GGA functional with PBE param-

eterizations give better results when compared to the LDA functional. Among
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the alkali metal amides LiNH2 has larger bulk modulus due to which the mate-

rial is stiffer when compared to the other amides. From the calculation of elastic

constants, we conclude that all the materials are mechanically stable. Most im-

portantly, the lattice are stiffer along a-axis over the other axis of the amides.

The melting temperatures, Tm are calculated through the elastic constants and

found that Tm follows the order of bulk moduli of the compounds. The elec-

tronic band structures are calculated by means of PBE and TB-mBJ functional

and found that all the studied materials have nonconducting nature. The valence

region of the band structure is entirely dominated by the states of [NH2]
− complex

with p-states of nitrogen atoms at the Fermi level. The optical properties of the

amides are calculated and analyzed. Our study show that the compounds show

considerable optical anisotropy in the studied properties.
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Chapter 6
High Pressure Study of monoclinic

LiN3 and tetragonal KN3

Abstract

As chemically pure sources of nitrogen, alkali metal azides under high pressure

have the ability to form polymeric nitrogen, an ultimate green high energy density

material with energy density three times greater than that of known high energetic

materials. With this motive, in this chapter we address the high-pressure behavior

of LiN3 and KN3 by means of density functional calculations. We found that both

LiN3 and KN3 are structurally stable up to the studied pressure range of 60 GPa

and 20 GPa respectively. The compressibility of both the crystals is found to be

anisotropic which is in good agreement with experiment. At ambient conditions

both the materials are insulators with a gap of 3.48eV (LiN3) and 4.08 eV (KN3)

and as pressure increases the band gap decreases and show semiconducting nature

at high pressures. Our theoretical study proved that the materials may have the

ability to form polymeric nitrogen because of the possible overlapping of N atomic

orbitals.
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6.1 Introduction

The high pressure behavior of alkali metal azides received much interest by the

high energy materials research community because of their capability of forming

the polymeric networks of single bonded nitrogen, which is considered to be a high

energy density material with energy density nearly three times greater than those

of conventional high explosive materials known today. By using sodium azide as

starting material, Eremets et al. reported the formation of polymeric nitrogen

by combined high pressure X-ray powder diffraction and Raman spectroscopy

techniques [1]. Their study concluded that double bonded N atoms of the azide

ion become single bonded N atoms at a pressure of 120 GPa. Since NaN3 and

LiN3 are iso-structural at ambient conditions, it would be of interest to study

the pressure effect on LiN3 with the motive of formation of polymeric nitrogen.

Recently Medvedev et al [2] reported the behavior of LiN3 under high pressures.

Their study revealed that the system is stable up to the pressure of 60 GPa, which

is in contrast to that of sodium azide that undergoes a set of phase transitions

below the pressures of 50 GPa [2]. Recently the compression experiments on

heavier alkali metal azides such as CsN3 and KN3, which are iso-structural with

each other, have been performed. The high pressure experiment on CsN3 reveals

that the system undergoes a sequence of phase transitions starting from ambient

tetragonal to high pressure monoclinic structure [3]. In the case of KN3 the high

pressure experiments are carried out up to the pressure of 37 GPa and found that

the system may undergo phase transition at around 15.5 GPa [4]. Medvedev et al.

performed a combined experimental study of powder X-ray diffraction and Raman

spectroscopy and claimed that the system is structurally stable up to the pressure

of 20 GPa despite the softening of the Eg librational mode [5].

It is well known that theoretical studies based on density functional theory are

accurate to predict the high pressure behavior of different kind of materials. Since

the high pressure behavior of LiN3 and KN3 is quite different compared to that

of iso-structural NaN3 and CsN3 respectively, the density functional theory study

of high pressure behavior of LiN3 and KN3 would be desirable. In addition to

understand the behavior of LiN3 and KN3 under high pressure, it is essential to

study the physical and chemical properties of the systems under high pressure.
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As we have discussed earlier in chapter 3, the van der Waals interactions play

a major role in crystal binding of the azides therefore in this present chapter we

present the study of high pressure behavior of monoclinic LiN3 and tetragonal KN3

using first principles density functional theory calculations including van der Waals

interactions. In particular, we aim to explain the structural properties, electronic

band structure and vibrational properties of the azides and the changes brought in

them by the application of pressure as they are very important in understanding

the formation of polymeric nitrogen.

6.2 Computational details

All the calculations are performed within density functional theory using CASTEP

code which uses a plane wave expansion in reciprocal space [6, 7]. The kinetic en-

ergy cut-off value for plane wave expansion is selected as 520 eV. The energy

calculations in the first irreducible Brillouin zone are performed with a 5x8x5 k-

point mesh using Monkhorst-Pack scheme [8]. Vanderbilt type ultrasoft pseudopo-

tentials are employed to represent the Coulomb interaction between the valence

electrons and ion core [9]. The exchange-correlation energy is evaluated with the

generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof method

[10]. To treat the vdW forces we have used semi-empirical dispersion correction

scheme proposed by Grimme with PBE functional (PBE+G06) [11].

We performed the calculation by adopting the experimental crystal structure of

LiN3 [12], a=5.627Å, b=3.319Å, c=4.979Å, and �=107.40 as the initial structure

and it is relaxed to allow the ionic configurations, cell shape, and volume to change

at ambient pressure. Starting from the optimized crystal structure of lithium azide

at ambient pressure, we applied hydrostatic pressure up to 60 GPa. The external

pressure was gradually increased by an increment of 1 GPa in each time. Under

a given pressure, the internal co-ordinates and unit cell parameters of the lithium

azide crystal were determined by minimizing the Hellmann-Feynmann force on the

atoms and the stress on the unit cell simultaneously. In the case of KN3, the cal-

culations were performed by adopting the experimental crystal structure of KN3
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[13], a=6.113 Å, c=7.094 Å with four molecules per unit cell (two units per primi-

tive cell) as the initial structure, and it is relaxed to allow the ioinc configurations,

cell shape, and volume to change at ambient pressure. Starting from the opti-

mized crystal structure of KN3 at 0 GPa, we applied hydrostatic pressure up to 20

GPa. Under a given pressure, the internal co-ordinates and unit cell parameters

of the potassium azide were determined by minimizing the Hellmann-Feynmann

force on the atoms and the stress on the unit cell simultaneously. In the geometry

relaxation, the self-consistent convergence on the total energy is 5x10−7eV/atom

and the maximum force on the atom is found to be 10−4eV/Å. The vibrational

frequencies have been calculated from the response to small atomic displacements

within the linear response approach as implemented in CASTEP code [14, 15].

6.3 Results and discussion

6.3.1 Structural properties of LiN3 and KN3 under high

pressure

In order to study the pressure effect on LiN3 and KN3 systems, we have taken

the ambient optimized crystal structure and applied hydrostatic pressure of 60

GPa on monoclinic LiN3 system with successive intervals of 5 GPa and 20 GPa to

the tetragonal KN3 system with successive intervals of 2 GPa, respectively. The

calculated equation of state (EOS) of both LiN3 and KN3 are compared with avail-

able experimental data in Figure 6.1 (a) and 6.1 (b). For both the compounds

the volume compression upon pressure with DFT+D method (PBE+G06 func-

tional) is found to be in excellent agreement with experimental volume reduction.

In particular, the calculated EOS of KN3 with DFT+D is in excellent agreement

with experiment over the entire studied pressure range. This clearly shows that

DFT+D describe the KN3 system accurately than that of usual DFT [16–18].

The bulk modulus, B0, and its pressure derivative B0
′ can be deduced from

the pressure and volume data of the crystal. In the present study, the calculated

pressure-volume data of LiN3 and KN3 using the PBE+G06 functional are fitted

to the Murnaghan’s equation of state and the corresponding values are presented
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Figure 6.1: (a) Equation of state of LiN3. Experimental values are taken from
2Ref[2] (b) Equation of state of KN3. Experimental values are taken from 1Ref

[4] and 2Ref [5]

Table 1. The bulk modulus and its pressure derivative for LiN3, are found to be

36.3 GPa and 4.108, respectively whereas for KN3 the calculated values are 26.3

GPa and 3.93 respectively. When compared with the experimental value of B0 =

19.1± 1.4 GPa and B0
′ = 7.3± 0.5 [2], the calculated value of B0 for LiN3 is higher

which can be attributed to the fact that the equilibrium volume is lower by -1.8 %

compared to experiment. And also, the experimental B0
′ value is higher than the

present theoretical value which might also affect the bulk modulus value. Since the

experimental values are resulted from four measurements, we would expect that

that still some more experiments are required in determining the bulk modulus

value of LiN3. On the other hand the present theoretical values of B0 and B0
′ for

KN3 are in good comparison with the experimental values of 27.4 GPa and 4.4.

Over the studied pressure range of both the compounds, we could not observe

any discontinuity in the calculated EOS indicating that both the systems are

structurally stable with no phase transition. In Figure 6.2 (a) we have shown the

pressure dependence of lattice parameters of LiN3. Qualitatively our calculations

reproduce the trend of reduction of lattice parameters upon pressure. The devi-

ation from the experimental data is found to be more for the c-axis with both

the DFT and DFT+D methods. The reason for this behaviour might be due to
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(a) (b)

Figure 6.2: (a) Lattice parameters variation of LiN3 with pressure (b) Mon-
oclinic angle variation of LiN3 with pressure. Experimental values are taken

from [2]

the fact that error in our ambient pressure value of ‘c’ lattice parameter is more

compared to that of the other axis.
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Figure 6.3: Lattice parameters variation of KN3 with pressure along with
experimental data taken from 1Ref[4] and 2Ref[5]

The pressure dependence of lattice parameter ‘b’ is found to be very good agree-

ment with our calculations using DFT+D with error less than 0.5 over the entire

pressure range. It can be observed that the b-axis is the most compressible which

is also consistent with experimental finding. In chapter 3, we have predicted that
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C22 is lowest among the three principal elastic constant values indicating that

the lattice would be more compressible along the b-axis of the monoclinic LiN3

crystal. This fact is confirmed by the present high pressure study of LiN3. This

also reveals the fact that the knowledge of elastic constants is essential to know

about the compressibility behavior of the solids. In Figure 6.2 (b) we have shown

the pressure dependence of monoclinic angle � in comparison with experiment.

We can see that the error is quite lower with DFT than that of DFT+D. Over-

all, our high pressure study on LiN3 suggests that the compressibility of LiN3 is

anisotropic as the lattice parameters have different compression behaviour with

pressure, which is in good accord with experiment.

The pressure dependence of lattice parameters of KN3 along with experimental

data is shown in Figure 6.3. Clearly, the lattice parameter ‘a’ calculated with

DFT+D is found to be in close agreement with experiment when compared to c-

axis. Our calculations clearly show that the compressibility of KN3 is anisotropic

as the c-axis is more compressible than a-axis. This result is also consistent with

both the experiments. From the calculated elastic constants of KN3, we came to

the conclusion that c-axis more compressible than a-axis as the value of C33 is

lower than that of C11 as discussed in chapter 3.

6.3.2 Electronic Structure of LiN3 and KN3 under pressure

The calculated electronic band structures of LiN3 and KN3 at 60 GPa and 16

GPa are shown in Figure 6.4 (a) and 6.4 (b) respectively. In Figure, the solid

and filled circles represent the band structure obtained from DFT (PBE) and

DFT+D (PBE+G06) methods. Clearly, the band energies calculated from DFT

and DFT+D are found to be same in both the compounds under pressure. This is

may be due to the fact that as pressure increases the overlapping of N-p orbitals

increases which in turn diminishes the dispersion forces between the azide ion

layers.

The pressure dependence of the band gap values of LiN3 and KN3 calculated

through the DFT and DFT+D are presented in Figure 6.5 (a) and 6.5 (b) respec-

tively. The magnitude of the band gap is decreasing monotonically as pressure

increases in both the compounds implying the possibility of these compounds
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(a) (b)

Figure 6.4: (a) Electronic band structure of LiN3 calculated at pressure of 60
GPa (b) Electronic band structure of KN3 calculated at pressure of 16 GPa.

(a) (b)

Figure 6.5: Band gap variation of (a) LiN3 (b) KN3 with pressure

becoming semiconductors at high pressures. The same is also true with the calcu-

lated band gap values using the TB-mBJ functional. This is a significant feature

in achieving the polymeric nitrogen which is found to be semiconductor in nature.

We have calculated the total and partial density of states of LiN3 and KN3 within

the DFT+D (PBE+G06) method. As discussed in Figure 3.4 (a) and 3.5 (a)

of chapter 3, in both the compounds the states in valence band including the

bands at the Fermi level are entirely due to the ‘p’-states of N atoms and those in
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(a) (b)

Figure 6.6: (a) The total and partial density of states of LiN3 calculated at
60 GPa (b) The total and partial density of states of KN3 calculated at 16 GPa

conduction band are from the ‘s-states of metal atom respectively. In detail, the

states at the Fermi level are due to ‘p’-states of end N atom whereas the states

lying at -5 eV are due to the p-states of mid N atom. The metal atom states do

not play much role in the valence band indicating that in both the compounds

ionic bonding is dominating, which is a well-known feature of the materials having

a positive cation and a negative anion similar to that of known alkali halides,

a well-known ionic compounds. As pressure increases, the states of end N and

mid N are delocalizing as shown in Figure 6.6 (a) and 6.6 (b) for LiN3 and KN3

respectively. One can also notice that the width of the energy interval of p-states

increases in the valence band. This is due to the fact that as pressure increases

the intra molecular interactions between the N atoms of the azide ion enhances

and therefore the states become broadened. A significant feature of the calculated

DOS under pressure is that the contribution of metal atom states in the conduction

band increases. Over all, from the study of DOS of LiN3 and KN3 we came to the

conclusion that the azide ion plays a major role in bonding properties of the alkali

metal azides.
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6.3.3 Effect of pressure on phonon frequencies of LiN3 and

KN3

In order to understand the intramolecular and intermolecular interactions under

compression, we calculated the vibrational frequencies for the optimized crystal

structures of LiN3 up to the pressure of 60 GPa at a pressure step of 5 GPa and

are shown in Figure 6.7. It can be clearly observe that as pressure increases all

the vibrational frequencies of all modes from M1 to M9 increases with increase in

pressure, except the bending modes of azide ion from M6 to M7 which decreases

and have minima at about 20 GPa. This clearly shows that the intramolecular in-

teraction enhances under the application of pressure. In Table 6.1, we have shown

the coefficients for the pressure-induced shifts of the vibrational frequencies of all

vibrational modes of LiN3 from M1 to M9. These values are obtained by a linear

fit of the vibrational frequencies with respect to pressure. From the calculated

values it is clear that different vibrational modes show distinctly different pres-

sure dependent behavior. The pressure-coefficients for lattices modes are found

to be higher than that of internal modes, indicating that the lattice modes show

most significant shift over internal modes. The lattice mode M5 has high pres-

sure coefficient of 5.1 cm−1/GPa and among the internal modes, the asymmetric

stretching modes of azide ion M9 has high pressure coefficient of 3.1 cm−1/GPa.

Over all the behavior of vibrational modes under compression indicates that the

intermolecular and intramolecular interactions increases. The observed frequency

shifts are more for lattice modes compared to the internal modes under compres-

sion. This implies that intermolecular interaction is affected more significantly

than the intramolecular interaction under compression.

The knowledge of the volume dependencies of the vibrational modes allows to

calculate the Grüneisen parameters (
i) associated with them. The Grüneisen

parameter of itℎ vibrational mode can be defined as


i = −∂(ln�i)
∂(lnV )

(6.1)

The calculated Grüneisen parameters (
i) of LiN3 resulting from a linear fit of

the ln � as a function of ln V are listed in Table 6.1. It can be observed from
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Figure 6.7: (Colour online) Pressure-induced shifts of vibrational frequencies
of LiN3.

Table 6.1: The calculated pressure coefficients (PC) (cm−1/GPa) and
Grüneisen parameters (
) of the vibrational frequencies of the vibrational modes

of monoclinic LiN3 from the linear fit of the present GGA results.

Mode Symmetry PC (cm−1/GPa) 


M1 Bu 3.7 0.9
M2 Bg 4.7 1.1
M3 Ag 4.3 1.4
M4 Au 4.1 1.3
M5 Bu 5.1 1.5
M6 Bu 0.7 1.6
M7 Au 0.9 1.6
M8 Ag 2.1 1.7
M9 Bu 3.2 1.8

Table 6.1 that the calculated 
 is high for lattice modes and the values are low for

internal modes which are entirely due to the azide ion vibrations. This also implies

that the change in lattice parameters and thereby the volume with pressure has

large affect on vibrational modes especially lattice modes whereas the vibrational

frequencies of azide ion has less influence by the pressure.

We now discuss about the pressure induced phonon frequency shifts of KN3

under the application of hydro static compression. In Figure 6.8 (a) we have

shown the pressure dependence of lattice modes Eg(T), Eg(R) and B1g (R). The

frequencies of all the external modes increases with pressure except librational

Eg(T) mode. The Eg phonon mode, which is due to the translation of the K
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metal ion in the plane perpendicular to the z-axis as shown in Figure 6.8 (b),

becomes softening under pressure with a pressure coefficient of -0.26 with PBE and

-1.01 with PBE+G06, as observed in experiment [5]. The pressure dependence of

bending modes of azide ion is shown in Figure 6.9 (a).
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Figure 6.8: (a) The dependence of Eg(T), Eg(R), and B1g(R) mode frequencies
of KN3 with pressure. Also shown experimental data of Medvedev et al., [5] (b)

Effect of pressure on external or lattice mode frequencies of KN3.

We find an interesting feature of decrease in frequency of the A2u symmetric bend-

ing mode with pressure and the normal mode representation of the mode along

with the Eg mode of KN3 is shown in Figure 6.10. This kind of decrease in sym-

metric bending mode frequency of the azide ion with pressure was earlier observed

in the case of AgN3 [19] and LiN3 below a pressure of 30 GPa [16].

So the decrease in A2u mode frequency is not surprising and it merely suggests

that the pressure enhances the interaction between the N atoms in the azide ion.

In Figure 6.9 (b) and 6.9 (c) we have shown the Infrared active asymmetric (Eu)

stretching mode and the Raman active symmetric (B2g, A1g) stretching mode

behavior of the azide ion under pressure. The frequency of these three stretching

modes increases monotonically with pressure with a pressure coefficients as shown

in Table 6.2. As observed in experiment [5] we could not find any discontinuity in

these internal Raman active symmetric stretching modes under pressure. Overall

from the study of vibrational frequencies of optical modes of KN3, it is clear

that the pressure coefficients of external modes are higher than that of internal
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Figure 6.9: (a) Variation of bending mode frequencies of KN3 with pressure
(b) and (c) Pressure effect on stretching mode frequencies of KN3.

modes implying the enhancement of intermolecular interactions under pressure

and also the pressure study on phonon modes reveals that despite the softening of

Eg(T) mode, the lattice is still stable due to the strong increase in intramolecular

interactions under the studied pressure range. From our study we propose that

for further compression the tetragonal KN3 crystal may show lattice instability.

In order to understand the volume dependence of the vibrational modes we have

calculated the Grüneisen parameter (
i) of each mode. The calculated 
i for each

mode is presented in Table 6.3. The 
i for Eg(T) and A2u mode are obtained to

be negative whereas the value is positive for all the other modes. It can also be
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Figure 6.10: Normal mode representation of two softening modes Eg (T) and
A2u of KN3.

Table 6.2: The calculated pressure coefficients, Pc in (cm−1/GPa) tetragonal
KN3 within PBE and PBE+G06 functionals. T and R corresponds to Trans-
lational and Rotational vibrations respectively. IA and RA infers the Infrared

active and Raman active modes of KN3.

Mode Sym Pc

PBE PBE+G06
Eg(T) (RA) -0.26 -1.01

B1u(T ) 6.36 4.92
B1g(R) (RA) 8.98 7.89
A2u(T) (IA) 5.91 6.91
Eu(T) (IA) 4.35 3.11
Eg(R) (RA) 7.99 6.88

A2g(T) 2.38 1.66
Eu(T) (IA) 8.78 8.29
A2g(R) 10.67 9.80
A2u (IA) -0.21 -0.37

B1u 0.85 0.66
Eu 0.95 0.74

B2g (RA) 2.56 2.41
A1g (RA) 2.68 2.52
Eu (IA) 4.89 4.24
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Table 6.3: The calculated Grüneisen parameters (
) of all vibrational modes
of tetragonal KN3 within PBE and PBE+G06 functionals.

Mode Symmetry Grüneisen parameter (
)
PBE PBE+G06

Eg(T) (RA) -0.13 -0.37
B1u(T ) 2.05 1.38

B1g(R) (RA) 2.54 1.88
A2u(T) (IA) 2.09 1.57
Eu(T) (IA) 1.45 0.86
Eg(R) (RA) 2.03 1.54

A2g(T) 0.79 0.52
Eu(T) (IA) 1.92 1.70
A2g(R) 2.13 1.78
A2u (IA) -0.01 -0.02

B1u 0.06 0.05
Eu 0.07 0.06

B2g (RA) 0.10 0.09
A1g (RA) 0.11 0.09
Eu (IA) 0.13 0.12

noticed that the magnitude of 
i is larger for lattice modes than those of internal

modes involving azide ion vibrations alone.

6.4 Conclusions

In conclusion we have studied the high pressure behavior of monoclinic LiN3 and

tetragonal KN3 molecular crystals using density functional theory including van

der Waals interactions. The calculated ground state properties are greatly im-

proved by the DFT+D method over the usual DFT results. The calculated P-

V relation for both the compounds is well reproduced by calculations with the

DFT+D method. Our calculations clearly show that the compressibility of the

materials is anisotropic which is also consistent with experiment. The calculated

electronic band structure of LiN3 and KN3 clearly shows that both the compounds

are insulators. We also found that dispersion interactions are largely affecting the

band structure of KN3 system over LiN3 system and the band energies are en-

hanced with the inclusion of dispersion interactions. At high pressures dispersion
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interactions does not play much role in these compounds. As pressure increases

the band gap decreases implying possibility to become semiconductor which is a

precursor for the formation of polymeric nitrogen. The total and partial density

of states of LiN3 and KN3 are also supporting this fact. As pressure increases the

states become broadening implying the delocalization of the azide ion states which

is also a witness towards the formation of polymeric nitrogen.
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Chapter 7
Structural and vibrational properties

of nitogen rich Guanidinium-2-

Methyl-5-nitraminotetrazolate

Abstract

We present density functional theory calculations on the crystal structure, equa-

tion of state, vibrational properties and electronic structure of nitrogen rich solid

energetic material guanidinium 2-methyl-5-nitramino tetrazolate (G-MNAT). The

ground state structural properties calculated with dispersion corrected density

functionals are in good agreement with experiment. The computed equilibrium

crystal structure is further used to calculate the equation of state and zone-center

vibrational frequencies of the material.

114
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7.1 Introduction

Energetic materials have wide range of applications in both civilian and military

sectors. For example, energetic materials are used in agriculture, mining, building

demolition, pyrotechnics, coal blasting, tunneling, welding etc. Most importantly

they are useful in fire fighting in war heads and as rocket boosters in aero space

applications [1–4]. In general, energetic materials contain both fuel and oxidizer

and reacts readily with the release of huge chemical energy stored within their

molecular structures upon external stimulus such as heat, impact, shock, electric

spark etc. The amount of energy released from an energetic material within a

short time is considerably large when compared to the normal materials [5].

The detonation products of most of the energetic materials are water vapour,

carbon monoxide CO, and carbon-di-oxide CO2 [5, 6]. These are well known green

house gases that greatly affect the temperature of the earth. The best remedy for

this problem is to have energetic materials that only give environmentally clean and

eco-friendly detonation products. Nitrogen-rich compounds meet these demands

quite well as they tend to show a high energy content and most importantly,

their detonation products are pure nitrogen gas which is environment friendly

[6]. Eremets et al., have synthesized polymeric nitrogen which is considered to be

a green high energy density material [7]. Very recently, Fendt et al., synthesized

tetrazole based nitrogen rich energetic materials whose performance characteristics

are found to be in good accord with well known high explosives [8].

High pressure study of energetic materials is a challenging task both from the-

ory and experiment. In a laboratory it is very difficult to perform high pressure

experiments on high energetic materials due to safety reasons. On the other hand,

an effective way of studying high pressure behavior of energetic materials can be

achieved through computer simulations [9–11]. Density Functional Theory (DFT)

is a successful tool in simulating and predicting the physical and chemical prop-

erties of a wide spectrum of energetic materials [12, 13]. However, most of the

energetic materials have complicated crystal structures with weak inter molecular

interactions and hence the investigation of different physical and chemical prop-

erties of energetic materials through DFT is really a challenging task [14]. In
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recent years, the advances in DFT methods have enabled us to describe effectively

the materials with weak dispersive interactions [15, 16]. There are few theoreti-

cal studies available based on dispersion corrected density functional methods to

study the structural properties of various energetic materials [14].

For any energetic material, the physical and chemical properties such as band

structure, bonding and vibrational properties are very important in order to under-

stand the stability and thereby the sensitivity of the materials. These properties

are directly related to the molecular packing, symmetry of the crystal structure

and most importantly the crystal density. Therefore it is quite essential to know

about the crystal structure of the energetic materials and the structural modi-

fications that occur upon the application of high pressures. To the best of our

knowledge there are no theoretical reports available to study the crystal structure,

equation of state and vibrational properties of crystalline guanidinium 2-methyl-5-

nitraminotetrazolate (G-MNAT). It is a well known fact that the electronic band

gap plays a major role to understand the sensitivity of energetic materials [17].

Hence, we also aim to study the energy band structure and also the variation of

band gap with pressure. The remainder of the paper is organized as follows: A

brief description of our computational details is presented in section 2. The results

and discussion are presented in section 3 followed by summary of our conclusions

in section 4.

7.2 Computational details

The calculations are performed using plane wave pseudo potential method based

on DFT [18]. The interactions between the ions and electrons are described by

using Vanderbilt ultrasoft pseudo potentials [19]. For all the calculations we have

included the 1s1 electrons for hydrogen, 2s2, 2p2 electrons for carbon, 2s2, 2p3

electrons of nitrogen and the 2s2, 2p4 states of oxygen. Both local density approx-

imation (LDA) of Ceperley and Alder [20] parameterized by Perdew and Zunger

(CA-PZ) [21] and also the generalized gradient approximation (GGA) with the

Perdew-Burke-Ernzerhof (PBE) [22] parameterizations are used for the exchange-

correlation potentials. The calculations are performed using an energy cut-off of
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640 eV for the plane wave basis set. Integrations in the Brillouin zone are per-

formed according with a 5x3x2 Monkhorst-Pack grid scheme [23] k-point mesh.

The changes in the total energies with the number of k-points and the cut-off

energy were tested to ensure the convergence within one meV per atom. To treat

vdW interactions efficiently, we have used the vdW correction to the exchange-

correlation functional of standard density functional theory at semi empirical level.

In the present study we have used the recently developed schemes by Grimme [15],

Tkatchenko - Scheffler [16] approaches in GGA. These semi-empirical approaches

provide the best compromise between the cost of first principles evaluation of the

dispersion terms and the need to improve non-bonding interactions in the standard

DFT description.

7.3 Results and discussion

7.3.1 Structural properties

At ambient pressure, solid G-MNAT exists in monoclinic structure with space

group P21 and contain two molecules per unit cell (z=2) as shown in Figure 7.1

(a) [8]. The molecular structure of G-MNAT is shown in Figure 7.1 (b). The

experimental crystal structure is taken as starting in put for the calculations and

then we apply usual density functionals LDA (CA-PZ), GGA (PBE) and also the

dispersion corrected density functionals PBE+TS and PBE+G06. The calculated

lattice parameters are presented in Table 7.1 together with the experimental values

[8].

The computed crystal volume is underestimated by -8.3% using CA-PZ functional

and overestimated by 7.1% with PBE computation. This large discrepancy is due

to the fact that the present studied compound is a molecular solid with weak

dispersion forces which the usual LDA and GGA functionals are inadequate to

treat these forces. On the other hand, the computation carried out by dispersion

corrected density functionals describe well the crystal structure and the computed

volume result in low errors. The equilibrium crystal volume is overestimated by

1.7% using PBE+TS functional and underestimated by -0.6% with PBE+G06

functional. Clearly, the dispersion corrected density functionals are efficient to
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Figure 7.1: Crystal structure of G-MNAT (a), Molecular structure of G-
MNAT (b). In figure grey ball, white ball, blue ball and red ball indicates,

carbon, hydrogen, nitrogen and oxygen atoms respectively.

Table 7.1: Ground state structural properties of crystalline G-MNAT calcu-
lated using various exchange-correlation functionals. Experimental data have

been taken from Fendt et. al [8]

XC functional a (Å) b (Å) c (Å) �0 � V (Å3)

CA-PZ 3.5167 7.8685 13.7515 94.447 1.7785 379.38
PBE 4.7258 7.6277 15.1658 105.96 1.2837 525.608

PBE+TS 3.7123 8.0569 14.1369 95.4297 1.6029 420.91
PBE+G06 3.6111 8.0296 14.2334 95.35 1.642 410.909

Expt 3.6562 8.1552 13.9458 95.919 1.6314 413.606

B0 B0
′

PBE+G06 15.3 4.657

describe the crystal structure of G-MNAT. In particular, the PBE+G06 functional

describes the system with less error compared to PBE+TS functional. Thus, for

all rest of the calculations we use PBE+G06 functional.

The equation of state for G-MNAT crystal is obtained by performing the hy-

drostatic compression simulation and shown in Figure 7.2 (a). From the figure, it

can be seen that the volume decreases monotonically with V/V0 = 77% at 10GPa.

The lattice constants as a function of pressure are shown in Figure 7.2 (b). Among

the three lattice parameters, the reduction in lattice parameter ‘a’ with pressure

is found to be more when compared to other with a/a0 = 86% while b/b0 =

98%. This implies that the G-MNAT lattice is more compressible along a-axis
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Figure 7.2: Pressure dependance of solid G-MNAT (a) variation of lattice
parameters with pressure (b) density as function of pressure (c) and pressure

dependance of monoclinic angle (d).

and least compressible along b-axis. From this we conclude that the compressibil-

ity of G-MNAT lattice is anisotropic. In Figure 7.2 (c), the variation of the crystal

density, � (gm/cc) with pressure is shown. Clearly, � increases with pressure (as

volume decreases) which indicates that the inter molecular interactions enhance

under pressure and thereby the lattice become more stiffer at high pressure. The

monoclinic angle decreases with pressure to a value of 84.020 at 10 GPa as shown

in Figure 7.2 (d).
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The calculated equation of state of solid G-MNAT can be used to obtain the

bulk modulus, B0, and its pressure derivative B0
′ by fitting the pressure-volume

data to the Murnaghan’s equation of state. The calculated values of B0 and B0
′

are found to be 15.3 GPa and 4.657, respectively and are presented Table 7.1.

Although G-MNAT is a soft material due to low B0 value but when compared to

the bulk modulus value of other high energetic solids, for example, B0 = 9.1 GPa

for PETN [24], B0 = 11.9 GPa for RDX [25], B0 = 12.5 GPa for HMX [26], B0 =

14.6 GPa for TAG-MNT [27], G-MNAT is stiffer material.

7.3.2 Vibrational properties

The vibrational properties are calculated within the framework of density func-

tional perturbation theory (DFPT) [28–30]. We use norm-conserving pseudo po-

tentials for the calculation of zone-center phonon frequencies with an energy cut-off

of 800eV. The Brillouin zone integration is performed for 5x3x2 grid of k-points.

The unit cell of the solid G-MNAT contains 46 atoms giving rise to a total of 138 vi-

brational modes. The P21 space group, which describes the monoclinic symmetry,

has two irreducible representations namely, A and B. A group-theoretical analysis

gives the following decomposition of vibrational representation into its irreducible

components at the Γ-point: Γ-tot = 69A + 69B. Out of these modes, three (A +

2B) are acoustic modes and the remaining 135 modes are optical modes. All these

modes are found to be both infrared and Raman active.

The calculated vibrational frequencies along with irreducible representation and

mode assignment are presented in Table 7.2, Table 7.3 and Table 7.4 respectively.

The vibrational modes that are situated between the frequency range from 74.2

cm−1 to 188.2 cm−1 are due to the collective vibrations from the cation and anion,

thus these modes are designated as lattice modes and are presented in Table 7.2.

The modes that involve vibrations of the internal molecular geometry of cation

and anion are in between the frequency range from 192.8 cm−1 to 1687.9 cm−1 and

are given in Table 7.2 and Table 7.3. The wagging vibrations of NH2 cation are

lying at 192.8 cm−1, 223.5 cm−1, 523.8 cm−1 to 633.8 cm−1 and at 774.2 cm−1. The

modes situated at 715.2 cm−1 and 715.8 cm−1 are due to the wagging of the N=C

of anion. The stretching vibrations of tetrazole ring are found to present between
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Table 7.2: The vibrational frequencies (cm−1) of G-MNAT crystal calculated
within PBE+G06 functional. Here LM represents lattice mode vibrations, !,

�, � stands for wagging, bending, and rocking of the modes respectively.

Freq IrrRep Mode Assignment Freq IrrRep Mode Assignment

74.2 A LM 188.2 A
78.3 A 192.8 A ! NH2

83.9 B 195.3 B
87.7 A 212.2 B ! NH2, � CH3

94.8 B 218.5 B
99.7 A 223.5 A
106.3 B 240.4 A
108.5 A 244.1 B
116.1 B 256.6 A
118.4 A 257.5 B
133.5 B 348.1 B
137.5 A 354.6 A
141.9 B 383.7 A � NH2, � N=N-N
145.9 A 384.5 B
146.9 B 425.5 B � NH2

152.9 A 437.7 A
154.9 B 445.8 A
167.3 B 447.2 B
168.5 A 465.8 B
174.2 B 468.1 A ! NH2, ! CH3, � N=N-N
178.5 A

1011.3 cm−1 to 1027.8 cm−1 which are in good agreement with the experimental

observed range of 1011 cm−1 to 1026 cm−1. The -C=N stretching vibration of the

tetrazole ring is calculated to be 1687.9 cm−1, which is in good agreement with

experimental frequency of 1698 cm−1. The other important vibrational modes are

due to the C-H stretching vibrations of the methyl group attached to the tetrazole

ring and N-H stretching vibrations of the amino groups of the cation.

The calculated stretching vibration frequencies of C-H and N-H modes G-MNAT

are presented in Table 7.4. According to experiment [8], the C-H stretching modes

are situated at 2956 cm−1 to 2970 cm−1 while the symmetric and asymmetric

stretching of N-H modes are observed in the range from 3238 cm−1 to 3484 cm−1.

From the present PBE+G06 calculations, we find the frequency of stretching of
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Table 7.3: The vibrational frequencies (cm−1) of G-MNAT crystal calculated
within PBE+G06 functional. The symbols �, !, �, � stands for stretch, wagging,
bending, and rocking of the modes respectively. IR-irreducible representation

MA-mode assignment

Freq IR MA Freq IR MA

523.8 A ! NH2 1177.1 B � N-N, ! NH2

532.8 B 1180.4 A
557.6 A 1189.6 B
567.4 B 1190.7 A � ring
585.8 A 1198.8 B
600.1 B 1199.1 A
606.6 A 1235.9 B � N-CH3, � C=N-N
633.8 B 1236.1 A
643.3 B � N-C-N, � C-N-N 1297.1 B � NO2, � N-CH3

650.9 B � N=N-N, � N-N-C 1303.1 A � NO2, � N=N
657.3 A 1315.4 B
683.8 A � N-C-N, ! NH2 1318.1 A
687.2 B 1330.5 A ! NH2, � C-N-N
704.9 B 1332.1 B
715.2 A ! N=C 1350.6 A � N-C-H, � C-N
715.8 A 1357.9 B
716.7 B � N-C-N,� NO2 1408.2 B
727.5 B 1421.9 A � C-N-N, ! NH2

727.6 A 1435.7 B
729.1 A 1445.4 A
730.6 B 1451.3 A � N-C-H, � C-N
774.2 A ! NH2 1452.8 B
797.6 B 1463.8 A
848.1 B � N-C-N,� C=N,� N-CH3, 1464.3 B
854.4 A 1554.9 B � C=N
864.4 A 1555.8 A
864.6 B 1574.9 A � NH2, � C=N-N
977.9 A � C-N, � NH2 1577.5 B
978.8 B 1608.1 A
995.9 A 1656.1 B � NH2, � C-N, � C-N-H
996.9 B 1666.6 B
1010.3 A � N-N, � NO2, ! C-H 1672.6 A
1010.5 B � N-C-N, ! NH2 1678.9 B
1027.8 A 1687.9 A � C=N
1030.6 B
1066.5 B
1069.4 A � N-N, ! C-NH2

1078.6 B
1091.5 A
1109.7 A
1110.7 B
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Table 7.4: The stretching vibrational frequencies (cm−1) of C-H and N-H
modes of G-MNAT crystal calculated within PBE+G06 functional.

Freq IrrRep Mode Assignment

2963.5 A �sym C-H
2965.1 B
3051.2 B
3051.9 A
3056.9 B
3062.8 A
3077.3 B
3078.1 A
3140.9 B �asy C-H
3143.8 A
3180.8 B
3196.7 A
3242.8 B �sym N-H
3246.9 A
3279.9 A
3316.7 B �asy N-H
3473.4 A
3483.3 B

C-H modes are situated between 2963.5 cm−1 to 3196.7 cm−1. On the other hand,

symmetric stretching frequencies of N-H mode of cation are found to present be-

tween 3242.8 cm−1 to 3279.9 cm−1 and the asymmetric stretching N-H modes

are situated at 3316.7 cm−1 to 3483.3 cm−1. Overall, the present study of vibra-

tional properties based on dispersion corrected density functional PBE+G06 could

reproduce well the observed vibrational frequencies of G-MNAT crystal. This con-

firms the fact that vdW corrected density functionals are essential to compute the

structural and vibrational properties of solid energetic systems.

7.4 Conclusions

In conclusion we have studied crystal structure, equation of state, electronic struc-

ture and vibrational properties of solid G-MNAT. We found that PBE+G06

functional gives accurate structural results when compared to CA-PZ, PBE and
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PBE+TS functionals. The optimized crystal structure with the PBE+G06 func-

tional was then used for the calculation of electronic band structure and vibrational

properties. We found that the compressibility of solid G-MNAT is anisotropic and

the lattice is more compressible along a-axis and least compressible along b-axis.

The complete zone-center frequencies are calculated and each mode was assigned

according to their molecular vibration. The calculated vibrational frequencies are

in good agreement with experimental data. The present study confirms that dis-

persion corrected density functionals are efficient to describe the structural and

vibrational properties of energetic solids.
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Chapter 8
Summary and Future direction

The goal of this thesis was to explore the fundamental physical properties such as

structural, elastic, electronic, optical and vibrational properties of nitrogen based

energetic materials alkali, alkaline-earth metal azides and alkali metal amides.

We have also studied the effect of hydrostatic pressure on these properties for

lithium azide and potassium azide. In addition, the equation of state and vibra-

tional properties of nitrogen rich secondary energetic material G-MNAT was also

studied. All the calculations were carried out with advanced density functional

theory methods. The calculated results are in good agreement with experiment

and we strongly believe that the calculated results are accurate predictions where

the experimental data are not available. The main results of the thesis work are

summarized as follows:

We have studied the role of van der Waals interactions in describing the crystal

structure of alkali, alkaline-earth metal azides, alkali metal amides and G-MNAT.

Our study found that although the studied materials are ionic solids, the vdW

interactions play a major role in crystal binding and the structure related proper-

ties computed using PBE+G06 functional are in good agreement with experiment

compared to standard CA-PZ and PBE functionals. The present study on alkali

metal amides confirms that the vdW interactions is more predominant in LiNH2

when compared to the other metal amides. In the case of G-MNAT crystal, the

128
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vdW interactions are predominant and thus confirming the importance of disper-

sion corrected density functionals to describe the secondary energetic molecular

solids.

The electronic band structure of alkali, alkaline-earth metal azides and alkali

metal amides are calculated and found that all the studied materials are wide

band gap insulators. The calculated band gaps are improved to a greater extent by

using the recently developed TB-mBJ functional which is known to give accurate

band gaps that are in good accord with experiment. There are no experimental

band gaps available to compare the present results. The study of density of states

reveals that the ‘p’-states of end nitrogen atom are dominant at Fermi level in case

of alkali and alkaline-earth metal azides with no overlap of metal atom states in the

valence band region implying that the bonding in these materials is predominantly

ionic. Whereas in the case of alkali metal amides, the ‘p’-states of nitrogen atom

and also a minor contribution of the ‘s’-states of metal atom are present at the

Fermi level. There is a strong hybridization of ‘s’-states of hydrogen atom and the

states from nitrogen atom in the deep valence band region. These facts reveals

that the bonding in the metal amides is predominantly ionic with small covalent

nature.

The optical properties such as complex di-electric function, refractive index,

optical absorption and photoconductivity are also calculated. Alkali metal azides

and alkaline-earth metal azides have broad photo response over a broad spectrum

in ultra-violet light. In the case of alkali metal amides, the calculated optical

properties show a strong optical anisotropy. The elastic constants and thereby the

bulk mechanical properties of alkali, alkaline-earth metal azides and alkali metal

amides are calculated and found that all are mechanically stable. Among the alkali

metal azides, LiN3 is found be stiffer material while Ca(N3)2 is stiffer in the case

of alkaline earth metal azides. Overall among the studied metal azides, Ca(N3)2

is stiffest material. In the case of alkali metal amides, LiNH2 is found to be stiffer

with large elastic moduli.

The high pressure behavior of monoclinic LiN3 and tetragonal KN3 are stud-

ied and found that the calculated P-V relation for both the compounds is well
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reproduced by calculations including the DFT+D correction. The present study

clearly show that the compressibility of the materials is anisotropic which is also

consistent with experiment. As pressure increases the band gap decreases imply-

ing possibility to become semiconductor which is a precursor for the formation of

polymeric nitrogen. The total and partial density of states of LiN3 and KN3 are

also supporting this fact. As pressure increases the states broaden implying the de-

localization of the azide ion states which is also a witness towards the formation of

polymeric nitrogen. In addition, the equation of state and vibrational frequencies

of nitrogen rich secondary energetic material G-MNAT is studied. The compress-

ibility of the material is found to be anisotropic. The computed bulk modulus

from the equation of state indicates that the material is stiffer than the known

high explosives RDX, HMX. The calculated vibrational frequencies are in good

accord with available experimental data.

The present work gives a broad understanding of the important physical prop-

erties of the metal azides, amides and G-MNAT. The potential application of the

studied metal azide compounds is towards the synthesis of single bonded networks

of nitrogen under high pressures. In this work we could able to study the high

pressure behavior of LiN3 and KN3 up to limited pressure range. In practice it is

required to go even high pressures to see the structural stability and the ability of

formation of single bonded networks of nitrogen of the all the metal azides. We be-

lieve this would be a potential future direction for further studies on metal azides.

In most of the organic and inorganic energetic materials, the decomposition of the

material starts from the region called ‘hot spots’ which are nothing but the defect

area of the crystalline lattice. So to understand the microscopic mechanism of

decomposition of the energetic solids it is required to have more studies on defect

structures. The changes brought in electronic structure and bonding would be

required. We leave this topic for future studies on the metal azides and amides.
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