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Introduction

The fundamental problem in theoretical physics, chemistry and biology is to-
wards understanding the structure and dynamics of many-electron systems by
solving quantum mechanical equations. Here, the systems which we refer ranges
from atoms, molecules, simple solids to surfaces and complex-crystals, where the
number of electrons in any of these systems are large. Specifically, description and
understanding of weakly interacting forces in molecular as well as layered solids
are important to address the structural stability in most of the branches of sci-
ence. Density-functional theory (DFT) [[1, 2] is a well established computational
approach, which determines various properties with low computational cost by
using an approximated functional of ground state electron density. By means of
state of the art DFT methods, great achievements were visualised in obtaining re-
sults for variety of systems, ranging from the total energies of basic geometries to
stability of crystal structure, electronic structure, spectroscopy, magnetism, and
many more. On the other hand, computational modelling of weakly (dispersive)
interacting solids using DFT methods always yields results which are not accurate
enough when compared with experiments. This inaccuracy in DFT results is due
to insufficiencies in taking account of the asymptotic dependence of the poten-
tial for interacting atoms/molecules at large separations which shows non local
nature. Although, dispersive forces are much weaker, these are crucial for the
formation of chemical systems such as noble gas solids, layered materials, molec-
ular crystals, biological systems and and many more. Particularly, van der Waals
(vdW) interactions and hydrogen bonding are known to be important for correct
description of structure as well as stability. It is also essential in predicting the

ground state as well as high pressure structures in terms of variety of polymorphs



as well as co-crystals for a given system. Here the precession of the results ob-
tained from DFT methods mainly dependent on the exchange-correlation (XC)
energy functional used in the calculations [3-6].

Indeed, XC-functionals utilize the electron density as an input, which describes
the intricate many-body interactions into single particle formalism in solids. The
progress and development of new XC functionals is indeed a popular choice of
research and in this aspect, many approximations exist, starting from the local
density approximation (LDA), generalized gradient approximations (GGAs), and
extends “beyond GGA”. Here LDA utilizes just the local electron density and
GGA introduces the density gradient. The obtained total energy from these XC-
functionals contribute to a small fraction of the total energies of the system, but
it turns out to be crucial for the accurate description of binding in solids. Till
date, the known XC-functionals such as LDA and GGA were popular, and are
successful in describing the geometric properties of ionic, covalent and metallic
systems. On the other hand, these functionals often show difficulties in explain-
ing the properties such as (a) cohesion of weakly bounded systems (known as
vdW interactions and hydrogen bonding in layered and molecular crystals) (b)
predicting or reproducing the fundamental electronic band gap of the solids.

In a simple view, using the standard DFT- XC functionals result in extensive
errors, which causes qualitative failure in predicted cohesion properties in soft
materials. In the case of hard materials with either covalent/or ionic bonding
, the cohesive energy per atom is typically in the order of €V scale. Also, the
respective bond lengths are 2 - 3 A, and the obtained DFT results are in good
agreement with experimental results and can offer a broad perspective on the in-
terpretation as well as theoretical predictions. If we consider soft materials, where
the dispersive forces are found to dominant, the typical cohesive energy/atom is
in the order of few meV range, also very less compared to hard materials. Here
the corresponding bond lengths are above 3 A, which means that dispersive in-
teractions are totally inter (intra) molecular interactions. In this bonding, charge
of one molecule (atom) is correlated with a nearby molecule and thus dispersive
forces arises from their instantaneous fluctuating atomic or molecular dipoles.

Presumably this was known for a quite long time and, many encouraging ideas
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were proposed to overcome the challenging failure which arise from dispersive
interactions. Among numerous approaches to treat dispersive interactions, ad-
ditive pair wise corrections with standard DFT, many body calculations using
random phase approximation and non-local vdW functions were accounted for
obtaining improved results over standard DFT [/-[13]. These methods are well
benchmarked and achieved the desired results for noble gas solids, layered (also
chain like) solids such as graphene, h-BN, and complex organic molecular solids
(some e.g.s are cubic nitrogen and its dimers, benzene [[14-23].

Although, the accuracy of these approaches are very good in critical examina-
tion of lattice energies as well as geometries, performance of these methods were
not equally good for all the systems. Some of the examples are D2’s (Grimme
proposed in 2006) method, which is widely used to study the binding properties
of various solids and the structure and dynamics of molecular spin crossover com-
pounds [24]. The OBS method with PW91 functional is also successfully used, as
exemplified in the study of the interaction between NO, molecules and the Au-
111 surface [25]. The method of TS is also very popular and was used recently
to study the hydrogen bonds of ice under pressure [26] and the interlayer sliding
energy landscape of hexagonal boron nitride [27]. It is also to be noted that the
available reports with different dispersion correction methods were limited up to
reproducing the cohesive energies, lattice parameters as well bulk moduli of a set
of selected systems for the ground state structures. The central goal of this thesis
is to extend to testing different dispersion correction methods for wide range of
systems and to examine the performance of various dispersion correction meth-
ods from elemental to complex systems at ambient and high pressure conditions.
Further, the effect of pressure on dispersive interactions were examined via bond
lengths, bond angles and pressure coefficients of lattice parameters.

Apart from the lack of treating the dispersion interactions in standard DFT,
the other general drawback is predicting (and reproducing) the band gap from
Kohn-Sham eigenvalues. Unfortunately, the Kohn-Sham calculations strongly
underestimate band gaps, often by more than a factor of 30-40 % compared with
experiments due to derivative discontinuity of standard LDA or GGA XC func-
tionals. Nowadays, several methods such as Hybrid functional like HSE [28, 29],



Tran and Blaha modified Becke Johnson (TB-mB]) [30, B1] potential and GW ap-
proximation [32, 33] are available to overcome this problem. Among them, GW
approximation has emerged as primary computational tool for predicting elec-
tronic properties of insulators, semiconductors and band widths of metals [34, 35].
Earlier, GW method was successful in predicting or reproducing the band gaps
of alkali hydrides, transition metal compounds with semicore d-sates, insulator
to metal transitions (or vice versa), chemical bonding and many more [36-44].
In addition, the obtained quasiparticle energies within the GW approximation
may be used as an input for accurate description of optical properties, and also to
obtain the excitonic effects of solids by solving Bethe-Salpeter equation. It is to
be noted that success over the use of the GW approximation to study materials
and molecules still faces several numerical challenges and also computationally
expensive.

The underlying idea of this thesis is to use the recently developed dispersion
correction DFT methods and quasiparticle band gaps for large molecular (layered)
solids and stressing the importance of advanced methods for predicting accurate
ground state properties. The outline of the current thesis is as follows: in chap-
ter 2, we present theory behind the computational methods used throughout this
thesis. This includes a short view of DFT approximations, recent advances in
DFT for treating weak interactions. Apart from these, we also discuss the basic
information about quasiparticle electronic structure calculations using GW ap-
proximation.

Chapter 3 presents testing of several dispersion correction methods with stan-
dard DFT methods at low pressure regions and aims to investigate the systematic
deviations with experiments in structural, elastic and vibrational properties using
the same methods. For this, we have chosen elemental phosphorus as an example,
which possess diverse applications similar to the known family of 2D materials
such as graphene, BN and MoS$; etc., Similar to the carbon, 3D form of phos-
phorus also exists in several allotropic forms, and among them black phosphorus
is stable under normal conditions. From the puckered layered structure of black
phosphorus, it is well known that the bonding between phosphorus layers is from

vdW interactions, and these interactions are not accounted in the standard DFT
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methods. On the other hand, the structural properties, elastic constants and vi-
brational properties obtained with dispersion corrected methods are found to be
in excellent agreement with experiments, which indicated the necessity of disper-
sion corrected DFT methods in first principles calculations.

Chapter 4 provides the detailed results on structural and vibrational properties
of molecular solid XeF, under hydrostatic pressure conditions. Here the present
calculations show that, inclusions of van der Waals corrections to standard DFT
methods are important in order to obtain a good agreement between the calcu-
lated and experimental structural parameters at ambient conditions. Also, weak
intra and inter-molecular interactions are considered as most important at low
pressures up to 5 GPa, and almost negligible beyond 10 GPa. In contradiction
to recent experimental high pressure study, the present calculations indicate the
stability of parent I4/mmm phase upto 110 GPa through energetics and phonon
dispersion relations.

Chapter 5 encompasses the structural and vibrational properties of complex
molecular solids such as nitromethane and FOX-7 under hydrostatic pressure
conditions. Our calculations reproduce the experimental trends in the ground
state structural properties. The equation of state (EOS), bulk moduli, and pres-
sure coefficients of lattice parameters are examined under hydrostatic pressure
conditions. The present calculations clearly reveal the predominant role of hy-
drogen bonding in addressing phase stability under pressure. In the case of solid
nitromethane, we found a discontinuity in the bond length, bond angles, and also
a weakening of hydrogen bond strength in the pressure range from 10 to 12 GPa,
picturing the structural transition from phase I to II. This is also examined by the
zone center internal and external modes of this material under pressure upto 30
GPa. For FOX-7, we found a significant increment in the N-H...O hydrogen
bond strength under hydrostatic compression up to 10 GPa. This is explained by
the change in bond lengths and calculated IR spectra under pressure.

Chapter 6, gives the details of the calculations for a several C-H-N-O based
energetic materials to explore structural and electronic properties. A comprehen-
sive comparison of theoretical ground state volumes and bulk moduli with avail-

able experiments were done by employing various dispersion correction methods



applied to the standard PBE functional. Furthermore, we examine the mean ab-
solute deviation of each dispersion correction method for several energetic solids.
This chapter brings out the fact that there exists no unique dispersion correc-
tion method which is found to be appropriate for all organic energetic solids.
This work also emphasizes the importance of quasiparticle band structure calcula-
tions in predicting exact band gap, which plays a key role in electronic excitations
and further useful in determining the optical absorption as well as decomposition
mechanisms.

Finally chapter 7, summarizes the present thesis, open up with future scopes

and ideas leading to further explorations of energetic solids are presented.
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2

Theoretical methods

In this chapter we present the details of the theoretical techniques used in calcu-
lating various physical and chemical properties of the layered as well as molecular
solids. We also present the basic principles of density functional theory (DFT), lo-
cal density approximation(LDA), and generalized gradient approximation(GGA)
along with semi-empirical dispersion corrections to the density functional theory.
The computational methods used in the DFT implementations are also described.
Apart from this, we formally shown the basic formulism of quasiparticle correc-

tions to the standard DFT methods.

2.1 Density Functional Theory(DFT)

In order to describe an interacting electron-nucleus system one has to write the

corresponding Hamiltonian as follows [[1-3]:

P hz N hz 62 P P Z]Z]
H=— —V? —
,E_:ZM, ! ;2 22;@ R,|
2NN
— 2.1)
2;;|n il

where R = {R;,] = 1,2,...P} is a set of P nuclear coordinates, and r = {r;,7 =
1,2,...N} is a set of N electronic coordinates. Z; and M; are the nuclear charges
and masses, respectively. The first and second terms correspond to the kinetic en-
ergy operators for nuclei and electrons, whereas the third, fourth and fifth terms

are the potential operators that describe the nucleus-nucleus, electron-electron

11
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and electron-nucleus interactions, respectively. In order to study the properties
of an interacting electron-nucleus system, one has to solve the time-independent

Schrédinger equation:
HU,(R,7) =¢,V,(R,7) 2.2)

where €, are the energy eigenvalues and ¥,,(R, r) are the corresponding eigenstates
or wave functions. This problem is almost impossible to treat within quantum
mechanical frame work, except for the hydrogen atom. There are several features
that contribute to this difficulty, but the most important among them is the multi
component many body nature of the system, and the two body nature of the
Coulomb interaction which makes the above Schrédinger equation inseparable.
The usual choice to solve the above complicated equation is to resort to a few
reasonable and well-controlled approximations, which encompass a wide variety
of problems of interest.

Born and Oppenheimer [4] proposed a scheme for separating the motion of
nuclei from that of the electrons. The nuclei are much heavier than the electrons
and consequently much slower, so the effects of nuclei are treated as an external
potential applied to the electrons. Therefore, the wave function can now be writ-
ten as the product of the electronic and ionic wave functions, with the electronic

part being obtained by solving the following Schrédinger equation

H€¢€(R7 r) = €€¢€(R7 7) (2'3)

with the electronic Hamiltonian given by

N 2 eZ N N eZ P N Z[
H=— 2, 2 < o 2.4
2om VL S RPN e BT
H=T+U+V 2.5)

where T represents the kinetic energy operator, V represents the external poten-

tial (i.e electron-nucleus interaction) and U represents the electron-electron in-
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teraction. Within the Born-Oppenheimer approximation the complexity of the
system is significantly reduced. However, the problem is still too difficult to
be solved due to the electron-electron interaction. Indeed the electrons in any
of solid systems cannot be treated as like non interacting classical particles, and
the main difficulty is that electrons interact among themselves via Coulomb two-
body forces. For an atom with Z electrons, the probability of finding an electron
in space depends on the location of the (Z-1) electrons, so that they can not be con-
sidered as individual entities. This phenomenon is known as correlation. There-
fore, the concept of one-electron wave functions can not be applicable in many
cases. The wave function of many-electron system cannot be simply written as
the product of the wave functions of individual electrons. Many approaches have
been developed starting from Hartree-Fock method to density functional theory
(DFT) to solve the above equation. In this thesis, we have used the DFT method,

which is explained in the following sections.

2.1.1 The Hohenberg-Kohn Theorems

L.H. Thomas [5] and E. Fermi [6] proposed that the full electronic density is the
fundamental variable of the many-body problem. Thomas and Fermi approach
was developed with the hope that the energy can be written exclusively in terms of
the electronic density. In 1964, Hohenberg and Kohn [/]] formulated and proved
a theorem that put on solid mathematical ground the ideas of Thomas and Fermi.
Based on these theorems Hohenberg and Kohn formulated density functional the-
ory as an exact theory of many-body systems. It is applicable to any system of
interacting particles. The theorems are as follows:
Theorem I: For any system of interacting particles in an external potential V., (7),
this potential is determined uniquely by the ground-state particle density 7(r).
There is a one-to-one correspondence between the potential and the ground
state particle density 7(r). The ground state expectation value of any observable
is a unique functional of the ground state particle density.
Theorem II: An universal functional for the energy E[n(r)] can be defined, valid

for any V(7).
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For a particular V() the ground state energy of the system is the global
minimum of E[n(r)]. The density n(r) that minimizes E[n(r)] is the ground state

density.

2.1.2 The Kohn-Sham equations

Kohn and Sham have developed a frame work based on the Hohenberg and Kohn
theorems that can be applied for practical problems[8]. The main idea consists in
replacing the interacting many-body problem by a corresponding non-interacting
particle system in an appropriate external potential. It is useful to decouple the
kinetic energy, 7]»] into two parts (non-interacting system + rest term)as 7(n] =
T;[n] + T.[n], where T;[n] is the kinetic energy of the non-interacting system and
T.[n] represents the remainder. T;[n] is not known as a functional of 7, but it
can be expressed in terms of the single-particle orbitals, ¢;(r), of a non-interacting

system with density 7 via

N

3 [dror ()i, 2.6)

I=1

Tin) = -

N —

For a system containing an even number of spin-up and spin-down electrons the
density of the original many-body system can be written in terms of the orbitals

as

N

n(r) = n(r,o) =>> |g:(r)|*. 2.7)

o =1

Thus, all ¢,(r) are functionals of 7 and since 7; is an explicit orbital functional it is
also an implicit density functional, T;[n] = T;[¢;[n]]. Moreover the total number

of electrons N is a simple functional of the density

N= /n(r)dr (2.8)
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The classical Coulomb self-interaction energy of the electron density, i.e., Hartree

energy is defined as

Unln] = ;//drdr’m = ;/Vc(r)n(r)dr 2.9)

where V() = | drlf_(:),| and the energy of the external potential can be written

as a functional of the density

/n(r) Vew (7)dr (2.10)

The Kohn-Sham approach [8] is to rewrite the energy functional of the interacting

system in the form

Egsln] = Tn] + Uln] + Vin]
= Ti[¢i[n]] + Unln] + Ex[n] + Veu|n]
= Tl + [ n()Veelr) + ;Vc(r)]dr +E ]
= Tn+ Vg 2.11)

Where Vg = [ n(r)[Vew(r) + 3 Ve(r)]dr+ Ey[n], The exchange-correlation energy
E. [n] contains the differences between T — T;(i.e. T¢) and U — Uy. One has to
find a good approximation to E,, in order to get good results for real materials.
The effective Hamiltonian for a system of non-interacting particles moving in a
potential called Vg, constructed so that the total density of the system is the same

as for the real system of interacting electrons, is
Vis(7) = Vew(r) + Ve(r) + Vie(7) 2.12)

with

_ OE,
- n

(2.13)
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1s given as
1o
His = =5V + Vis(7). (2.14)
This gives rise to the Kohn-Sham Schrodinger-like equation
(Hgs —€:i)¢i(r) =0 (2.15)

where ¢; are the eigenvalues of Hgg, and the orbitals satisfying above equation, ¢,
minimize the Kohn-Sham energy. This yields orbitals that reproduce the density
of the original interacting system and the total energy, Exs. These are independent
particle equations with a potential that must be found self-consistently with the
resulting density. In practice one starts with an initial guess for 7(r) and calculates
the resulting Vks(7), and finally solves the Kohn-Sham Schrodinger-like equation
for the ¢;. The orbitals yield a new density and the process is iteratively repeated

until convergence.

2.2 Approximations for E,,

2.2.1 Local Density Approximation (LDA)

In the Kohn-Sham approach [8], finding a good approximation for the exchange-
correlation functional E,, is the main challenge. Among many approaches, Local
Density Approximation (LDA) has been the most commonly used. The LDA

functional can be written as:

Eoln] = / 1(r)exeln(r)]dr (2.16)

where €, 1s an energy per particle that depends only upon n(r). Especially for
a slowly varying 7(r) it is reasonable to assume that €, [n(7)] is a functional of
constant density 7n(r) = n = constant. Then we need not find €, [n()] for any

shape of 7(7). Instead, it is enough to know €, [n(r)] for a series of constant 7.

This is the idea behind the LDA.
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2.2.2 Generalized Gradient Approximation (GGA)

An obvious way to improve on LDA is to take the gradients of the density into
account. A first approach is systematic calculation of gradient corrections of the
form |Vn(r)|, |Va(r)|?, V2n(r) etc. This is called the gradient expansion approxi-
mation (GEA), which gives worse results than LDA. It is realized that one could

use more general functions of 7(r) and Vn(r):

E %] = / An(r), Vn(r))dr 2.17)

These are the GGA functionals and different GGA’s differ in the choice of the
function f(n(r), Vn(r)). Some very popular functionals go beyond GGA, and
may even contain parameters optimized for certain class of molecules. One exam-
ple is Becke three parameter Lee Yang Parr (B3LYP), very common in quantum
chemistry.

Precisely, LDA uses the exchange-correlation density of the uniform electron
gas assuming same charge density at every point in the system regardless of the
inhomogeneity of the real charge density. The GGA uses the gradient of the
charge density to correct for this deviation, and therefore thought to be more

accurate.

2.2.3 Hybrid functionals

Hybrid functionals are a class of approximations to the exchange-correlation en-
ergy functional in density functional theory (DFT) that incorporate a portion of
exact exchange from Hartree-Fock theory with exchange and correlation from
Ab-initio or empirical. The hybrid approach to construct density functional ap-
proximations was introduced by Axel Becke in 1993 [9]. Hybridization with
Hartree-Fock (exact) exchange provides a simple scheme for improving many
molecular properties, such as atomization energies, bond lengths and vibration
frequencies, which tend to be poorly described with simple Ab-initio functionals

[10]. For example, the popular BSLYP (Becke, three-parameter, Lee-Yang-Parr)
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[11, 12] exchange-correlation functional is:

EBLYP _ p LDA 4 ( EHF _ ExLDA) + dx(ExGGA — ExLDA>+ (2.18)

a.(E,CG4 _ EIDA
where ag =0.20, a, =0.72 and 4, =0.81. B3P86 specifies the same functional with

the non-local correlation provided by Perdew 86 [9].

2.3 Bloch’s theorem and periodic boundary conditions

Condensed phases such as solids, liquids, amorphus materials, and systems of
lower dimensionality such as surfaces or wires are macroscopic objects constituted
by a huge number of atoms of the order of Avogadro’s number (6x10%/mol). In
crystalline solids, a small number of atoms (a basis) is replicated periodically along
one, two, or three directions in space. The unit or Wigner-Seitz cell, which is a
minimal cell that contains the whole symmetry of the system, together with the
lattice vectors contains all the necessary information to reproduce the infinite
crystalline structure. Bloch’s theorem [[13] connects the properties of the elec-
trons in a periodic infinite system with those of the electrons in the unit cell. The
wave function of an electron in external periodic potential v(r) = v(r + 4;) can
be written as the product of a function with the same periodicity of the potential

and a purely imaginary phase factor arising from the translational symmetry, i.e

Ui(r) = 7 (7) (2.19)

with u,(r) = u(r + a;), a; with 2 = 1,2, 3 are primitive vectors of unit cell. The

wave function at location displaced by the unit vector, r + 4; assumes the form

Up(r+ a;) = e* iy (r) (2.20)

so that the probability density |+/(r)|? is exactly the same because the purely imag-
inary phase factor cancels out.

For each g;, there will be set of k vectors which satisfies e*% = 1. The set
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three such smallest independent such vectors are called reciprocal lattice vectors.
The primitive vectors in reciprocal space are defined by the relation 4;.b; = 274;;.
We consider a system of non-interacting, free electrons in a one-dimensional pe-
riodic box of length a. The electronic wave functions are the solutions of the one

dimensional Schrodinger equation

1 & (x)
T Al e(k)r(x) (2.21)
The wave functions 1;(x) = €** are solutions of the above equation and the
corresponding eigenvalues are
1k

The relation between energy and wave vector is called dispersion relation and the
allowed values of £(k)-in this case all positive values-form the energy bands.
Bloch’s theorem indicates that it is not necessary to determine the electronic
wave functions everywhere in space. It is sufficient to know the solution in the
unit cell. The wave function in the neighboring cell is exactly the same except for

the phase factor e,

2.4 Pseudopotentials

The wave functions for free electrons in a periodic crystal can be expanded in
plane waves. The electrons in a solid (or atom or molecule) can be treated as core
electrons and valence electrons. Core electrons are localized and tightly bound to
the nuclei, while valence electrons are more extended. Most physical properties of
materials depend on the valence electrons and much lesser than the core electrons.
Since the valence electronic wave functions have to maintain orthogonality with
the core electronic wave functions, the oscillation of the valence electronic wave
function is rapid in the core region, the region near nuclei. When a plane wave
basis set is chosen to expand the Kohn-Sham wave functions of all the electrons,

an extremely large number of plane waves is required to accurately describe the
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deep potential near the nuclei and the rapid oscillations of the valence electronic
wave functions in the core region. In practical calculations the pseudopotential
approximation is used to avoid the direct consideration of the less important core
electrons in the bonding process and the rapid oscillation of the valence wave
functions in the core region. Specifically, in the pseudopotential scheme, core
electrons are considered together with nuclei to form a new ionic potential and
the strong ionic potential in the core region is replaced by a weaker screened
pseudopotential that acts on a set of pseudo wave functions rather than the true
valence wave functions. The use of the effective new pseudopotential to describe
the electron-ion interaction leads to a reduction in the number of electrons that
need to be described. Moreover many fewer plane waves are necessary to de-
scribe the much softer and smoother pseudo valence wave functions. Thus faster
calculations can be performed or the treatment of bigger systems is possible under
the pseudopotential approximation. Pseudopotentials replace the ionic potential
with one that is smoother in the core region, but still reproduces the true valence
charge density outside the core region. There are many pseudopotential schemes.

For instance, norm-conserving pseudopotentials are accurate and the condi-
tion of these pseudopotentials requires a relatively large number of plane waves
(or large energy cutoff) for “semilocal” oribtals of elements because of their sub-
stantial fraction inside the core region and their importance to the bonding. While
ultrasoft (for e.g. Vanderbilt’s) pseudopotentials relax certain requirements and
are faster than norm-conserving pseudopotentials , leading to a new pseudo wave
function that can be expanded with a much smaller plane wave basis set. The
charge deficiency due to the relaxation of the norm-conservation conditions are
equilibrated by the introduction of atom-centered augmentation charges to ensure
the proper density and potential. These augmentation of charges are defined as the
charge difference between the all electron and pseudo wave functions, and for con-
venience they can be treated in a regular grid. Another closely related approach
to Vanderbilt’s pseudopotential scheme is the projector augmented wave (PAW)
method introduced by Bloéchl. In the PAW method, a linear transformation is
defined to connect the all electron wave functions and pseudo wave functions,

the total energy is derived in a consistent way by applying this transformation to
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the Kohn-Sham equations. In contrast to the pseudopotential method, the PAW
method retains the all electron wave functions and potentials, avoids the intro-
duction of a pseudopotential, and retains all the information on the core states.

Ultrasoft, norm-conserving and PAW are all used in this thesis.

2.5 Dispersion correction for DFT

Hydrogen bonding and van der Waals (vdW) interactions are crucial for the for-
mation and stability of molecular type crystals. Hybrid semi-empirical solutions
are used to introduce damped atom-pairwise dispersion corrections of the form
C,R°® in the DFT formalism. The missing dispersion contribution to the in-
teratomic interaction is approximated by a simple isotropic potential. At long
range, this potential is given by the CZRij_é term, where C/ is a material-specific,
so-called dispersion coefficient between any atom pair 7 and ; at distance R;;. At
short range, the long-range expression is matched to the DFT potential by multi-
plication with a damping function AR;°, R;), which reduces the additional disper-
sion contribution to zero, subject to a cutoff defined by some suitably calculated
combination R;° of the vdW radii of the atom pair. As C! coefficients are addi-

tive, the dispersion-corrected total energy E,,, may therefore be written as:

N N
Ee = Eprr+ 8> Y fISrR;%, Ryj)Co ;iR ° (2.23)

i=1 j>i

where Eppr is the standard DFT total energy. where N is the number of atoms,
R; is the distance between i and j* atom pairs, C! are pairwise dispersion coeffi-
cients, f; is a damping function, and s; is a global scaling factor which depends on
the density functional being used. Numerous types of damping functions were
proposed to avoid the divergent behavior of the dispersion energy at short dis-
tances [20-24, 27]. The effect of a damping function [20] of the type

1
1+ exp(—d(Rfdw +1))

Ja (2.24)
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The dispersion energy correction term is calculated separately from the DFT
calculation. Since it is a long-range effect its influence on the electron densi-
ties should be small which allows a separate calculation for the correction. This
method is general and can be combined with any exchange-correlation functional,
with Cq coefficients being determined either empirically [20, 21] D2 or Ab-initio
methods [23-25]. Obtaining an accurate set of coefficients is of vital importance.
Next, the discussions are towards the methods used in this thesis for dispersion
correction namely, DFT-D(Grimme as well as TS) and vdW-DF.

In an earlier version of the DFT-D method, Wu et al [20] calculated empirical
atomic C! coefficients by least squares fitting from experimental molecular C/
coefficients obtained by using dipole oscillator strength distributions (DOSD’s).
Grimme [22, 23] initially used the G/ coefficients from Wu et al [20] while averag-
ing them over possible hybridization states (for the carbon atom). Later, in his less
empirical DFT-D2 approach using DFT/PBE calculations of atomic ionization
potentials (I;) and static dipole polarizabilities (') were computes the dispersion

coefficient for an atom with the equation:
C, = 0.05NLo (2.25)

A geometric mean combination rule of the form shown below is used to get C/
coefficients from atomic C: and C, coefficients. Grimme and coworkers solved
these limitations with the newer DFT-D3 approach [23]. DFT-D3 method in-
cludes C4 and Cg terms for the two body dispersion correction has also an option

for the three body dispersion correction.

Cl=\GC, (2.26)

CAB
Eip=>_ > Snﬁ 1n(74B) (2.27)
AB n=6,8 n
1
]fi’n(rAB) = (228)

1+ 6(7AB(S,,,1R§B)—%



CHAPTER 2. THEORETICAL METHODS 23

The global scaling factor (s,), which depends on the density functional used, is
only adjusted for n > 6 (s,=1) to ensure the correct asymptotic behavior. This
(ss to be precise) is the first parameter in DFT-D3 that is empirically determined
for each different density functional. Along with this change, they have adopted
the type of damping function (Eq. P.28) initially used by Chai and Head-Gordon
[27] which is more convenient for higher order dispersion correction. However,
in a more recent paper [29] they have replaced this with the Becke-Johnson (B])
type damping which gives finite dispersion energies at shorter distances rather
than “zero” dispersion energy. They have noted that although the B] damping
is the primary choice, overall this only provides a slightly better (although more
physically sound) energies for the tests they have performed [29]. In this thesis
we have used the damping function as shown in Eq. for the DFT-D3 cal-
culations. The s, ¢ 1s the second parameter (since s, is set to be equal to 1) that
is empirically determined by a least squares fit to a big data set of noncovalent
interaction energies. The steepness parameters i and ag were manually set to be
14 and 16, respectively.

Dispersion coefficients are calculated via ab-initio time-dependent (TD) DFT,
where Cq; are calculated using the Casimir-Polder equation with averaged dipole
polarizabilities at imaginary frequencies («(iw)). Here, a(iw) values were com-
puted not for free atoms but using the stable hydrides of each element (except the

rare gas atoms).

ClB = 3 /OO o (iw)a® (iw)dw (2.29)

7 Jo

Grimme et al. propose to account for the chemical environment dependence
of the dispersion coefficients by using the number coordination number of the
atoms.

For example, As the coordination number of an atom increases it can be thought
of as being squeezed, hence the dispersion coefficient decreases. The reference
C4? coefficient calculated by the Casimir-Polder equation is adjusted by using
the coordination number for the atom pair in the system of interest. Higher or-
der Cg terms are then obtained using recursion relations using the Cq values. The

accuracy of the molecular Cq4 coefficients obtained theoretically can be tested us-
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ing the experimentally known dipole oscillator strength distributions (DOSDs).
The DFT-D3 method gives an 8.4 % mean absolute error for the accuracy of the
molecular Cq coefficients based on the DOSD data reported by Meath et al.

Two other dispersion correction schemes (Becke-Jonhson and Tkatchenko
Sheffler) [24, 25] that depend on the chemical environment of the atoms were pro-
posed before DFT-D3. Around an electron there is a depletion of density, which
is named a exchange-correlation hole. The electron and its exchange hole has
zero charge overall but a non-zero dipole moment. The Becke-Johnson model
proposes a spherical shape of this exchange-correlation hole which generates a
dipole moment as the source for the dispersion interaction. System dependent
inter-atomic dispersion coefficients C! are obtained by using atomic polarizabil-
ities and exchange(only)-hole dipole moment using the equation 2.3d. The dis-
persion coefficients respond to chemical environment in two ways. One they
are scaled using effective atomic volumes and secondly through the changes of
the exchange-hole which affect the dipole moments that appear in equation R.30.
The molecular Cg obtained using this method give 12.2 % mean absolute error
(MAE) based on the data of Meath and co-workers [23]. One disadvantage of the
BJ] methods is that the computational cost is high (on the order of a hybrid DFT
calculation) compared to other DFT-D methods [30].

B _ Aol < &> < d>p
A5 —

2.30
<d > 0B+ <d >p<d >y @30

Another method for computing nonempirical dispersion coefficients, which is
sensitive to chemical environment of the atom, is the TS scheme of Tkatchenko
and Scheffler [25]. In this procedure CZ terms describing the vdW interaction
between two atoms or molecules are computed using equation which they

obtained thorough a series of approximation starting with the Casimer-Polder

integral (Eq. R.31).
2GACT
aB
cCaRE

ci -

(2.31)

The free-atom reference values of o and C24 are taken from a self-interaction
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corrected TDDFT calculations of Chu and Delgarno[31]. They take the advan-
tage of the relationship between the effective volume and polarizability to calcu-
late dispersion coefficients that depend on the chemical environment of the atom.
Hirshfeld partitioning [B2] of the electron density of the system is used to obtain
each atoms contribution to the density. This effective density, hence the volume,
is compared to the density of the free-reference atom to obtain a scaling factor
which is used to define the response of the dispersion coefficient’s to chemical
environment. The accuracy of the molecular C! coefficients obtained using the
vdw-TS method with respect to the experimental values is the most accurate (5.4
% MAE) [25] compared to the ones discussed so far. Among the DFT-D meth-
ods discussed so far DFT-D3 of Grimme et al. and B] method use higher order
dispersion coefficients (at least the CJ ) when calculating the dispersion energy
but vdW-TS includes only the leading C! term. The reason behind this is the as-
sumption that shorter-ranged dispersion energy is included already when GGA
functionals are used and some of it is also included artificially by the use of the

damping function.

FABC _ CABCS cosacos Fcosy + 1
(raprscrac)’

(2.32)

All of these (DFT-D3, vdW-TS and BJ) methods also have versions those provide
description for dispersion energy beyond the two body pairwise methods [23, 33~
33,

The other dispersion correction method used in the preset work is “vdW-DF”,
a nonempirical nonlocal van der Waals functional and can capture dispersion in-
teractions self-consistently. The main ingredient for the vdW-DF method is the
inclusion of a long range non-local correlation energy functional of the form

shown in equation

fron—tocal _ / / o(r (" )drdy! (2.33)

non—Ilocal

The nonlocal correlation functional (E¥ ) involves integration over the elec-

tronic densities at two points (r and r’) with the non-local kernel ®(r,r’) relat-
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ing the charge density, p, at r to that at r’. Promising solutions toward this
non-local functional for vdW electron-electron correlation was initially given by
the Rutgers-Chalmers collaboration [38, 4] The vdW-DF non-local functionals

represent the exchange-correlation energy (Exc) functional as,
EXC[p] _ EgGA —|—E§(DA + E}éon—loazl (234)

where the first term on the right hand side of the equation is the exchange energy
from a GGA functional, and the other two terms represent contributions from
the short-range correlation energy from LDA and the long-range non-local cor-
relation energy. The kernel ® in equation is a functional of the density and
its gradient (vdW-DF2) where a local polarizability model is used to account for
the dispersion interactions [38, 39, 41, 42]. Since the E’ém_lomz is constructed in a
way that it vanishes at the uniform electron gas limit, there is no double count-
ing when it is used with the local LDA correlation[41]. The original vdW-DF1
functional [38, #0] uses the revPBE exchange functional [43]. However since the
revPBE exchange functional can bind spuriously by exchange alone and is too
repulsive near equilibrium separation61 the newer versions of this method (such
as vdw-DF2) use different exchange functionals such as PW86 [45] or optimized

versions of PBE.

2.6 The GW approximation

The well known Green’s function Gfx, x’, t, t’), is the fundamental quantity of
many-body perturbation theory, which describes the probability of finding an
electron with spin £ at time ¢ and position 7, if another electron with spin £ is
added (or removed) at position 7’ at time #”. It can be shown that the poles of the
Green’s function describe the energies needed to add/remove an electron from
the system and that the imaginary part of the Green’s function (Also known as
spectral function) proportional to the photoemission spectrum. For a system of

noninteracting electrons moving in the external potential v(x), the energies to add
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or remove an electron are given by the eigen energies of

(T+ v&))d’n = 6711/171
HereT + v(x) = Hy(x) (2.35)

with the kinetic energy operator T = -(h?/2m)V?, and the corresponding Green’s

function Gy (Hartree Green’s function) becomes

Gy (x, %, w) = 6(x — x')[w — Hy]

. N Un(x)95 (%)
Gy (x, %, w) = ; o et insgnlen — 1) (2.36)

where 7 is a positive infinitesimal and p is the Fermi energy of the system.
The spectral function of a non-interacting system, therefore, consists of d-like
functions at the one-electron energies €,. For a system of interacting electrons,
the perturbation caused by the addition or removal of an electron is screened and
the sharp independent particle peaks in the spectral function are replaced by quasi-
particle (QP) peaks with finite widths. The relation between the non-interacting
Green’s function Gy and the Green’s function of the interacting system G is given

by the Dyson equation
G '(x, %, w) = Gy (x,x,w) — B(x,x, w) (2.37)

where the self-energy operator ¥ includes the many-body effects due to exchange
and correlation. The poles of the interacting Green’s function can be found by

solving the QP equation:
Ho(x)u"(x) + [ d¥'S(x, ', EX )0 (x') = ELyQ (2.38)

where the QP energies are complex quantities describing the position (Re (EX))
and width (IM%P) of the QP peaks. The relation between the Green’s function G,
the self-energy ¥, the irreducible polarizability P, the screened Coulomb interac-

tion W = €'v, and the so-called vertex function T, is given by Hedin’s equations
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(48, 49].

P(12) = —i / d(34)G(13)G(417)T'(342) (2.39)
W(12) = v(12) + / d(34) W(13)P(34)u(342) (2.40)

2(12) = / d(34)G(147) W(13)[(423) (2.41)

§%(12)
3G(45)

['(12) = Gis(12) + / d(34)Gys(13)2(34)G(42) (2.43)

I(123) = 6(12)6(23) + / d(4567) G(46)G(75)T'(673) (2.42)

The Dyson equation for the relation between the interacting and non-interacting
Green’s function, Eq. .37, is thereby rephrased in Eq. ?? for the case that the
KS-DFT system is taken as the reference system, as usually done in practical calcu-
lations. Hedin’s equations should in principle be solved selfconsistently, but this
is involved. The most common approximation to simplify this approach is the
so-called GW approximation. The vertex corrections are thereby excluded which
corresponds to setting I'(123) = §(12)5(13) in Eq. R.43. Consequently, the irre-
ducible polarizability (in eq. .40) is described by P(12) = iG(12)G(21*), which
equals the RPA approximation and the neglect of electron-hole interactions. The

self energy, finally, is approximated by
$(12) = iG(127) W(12) (2.44)

explaining the name of the “GW” approximation.

2.6.1 Solving quasiparticle equation

The QP equations for a periodic crystal can be written as:
(T+ v+ vty (1) + [ &7 S ESWS ) = EQu ) 249)

Normally, the wave functions are taken from a KS calculation (¢, instead of wgkp)

and are not updated throughout the calculations. Self-consistency with respect
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to the wave functions can nevertheless be introduced (see the scQPGW method
described in 50-52). Additionally, Eq. is solved only on the real axis, i.e., im-
posing the constraint that EY is real. If the DFT wave functions are considered,

the quasiparticle energies equal the solution of

EX = Re[< 0| T+ Veut + 011 + SED) i >] (2.46)

An iterative solution to Eq. can be found by

ENFU— Re[< | T+ Vet + 011 + SENY) [ >] =
e[< 7/’nk|T+ Vext T VH + E( ) (Eiz\]k+1 - Enk)

]+
( >)w:E;vk|wnk >] (2.47)

XR€[<< wnk|
i.e., by linearizing S(EN'") around X (E),). The superscript QP has and will be
omitted in the following. By introducing the normalization factor Z that accounts
for the fact that the weights of the QP peaks are reduced at the cost of emerging
satellites
0% (w)

Zy = (1= Re[< Gyl == =)oy [0k >])™" (248)

the QP energies can be approximated as
En'' = B + ZyRe| < ol T+ Vo + v + () [ > —Epi] - (2:49)

Several degrees of selfconsistency can be distinguished depending on how the ex-
pectation value of the self-energy operator (X(wppne) = <®u|ZSEN) [0 >) is

shown in below

ZZ/CZLL) G Gl ) < wnk|ei(c+q)r‘wn’k+q >< wn’k—&—q‘eii(curq)r/’wnk >

21rV GG

1 1

(—— : + % , :
WF W = €ppyg + g€y, — 1 W= W = €uprg + MSgN[Eppiy — M|

(2.50)
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is calculated. In the most common approximation, GoWo, only one iteration step
of Eq. is performed and DFT eigenenergies are chosen as a starting point.
The dielectric function for the evaluation of the screened Coulomb interaction W
is calculated using DFT eigenvalues. In the GWj approximation, several circles
of Eq. are considered and the eigenvalues in Eq. are approximated by
ED, of the previous iteration. The dielectric function ¢, which enters the screened
Coulomb kernel W, is thereby fixed at the DFT level. Finally, W in Eq.
can also be updated in each iteration. The GW calculations presented in part of
this thesis have mostly been performed applying the GoWy approximation. We
have used the implementation of the GoW, approximation [53, 54] provided by
the code VASP(Vienna Ab-initio Simulation Package) [55].
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3

Role ot dispersion corrected DFT

methods on structural, elastic, and
vibrational properties of black

phosphorus

In this chapter, results are presented for layered black phosphorus, where the
dispersion interactions are more predominant between layers. The present exam-
ple provides a good primer for more complicated systems to quantify the effect
of weak dispersion interactions on basic ground state properties. In addition to
that, various dispersion correction methods along with standard Density func-
tional theory (DFT) functionals were also tested to understand the improvement

on structure- related properties.

3.1 Introduction

Phosphorus, belongs to the group 5A of the Periodic Table, exists in different
allotropic modifications including white, black and amorphous red at ambient
conditions [[1]. Among these allotropic forms black phosphorus is the most stable
one 2], crystallizes in an orthorhombic structure [4] and a direct narrow band gap
semiconductor [3]. Recent experiments and theoretical measurements reported
that few layers (mono, bi) of black phosphorus could be an interesting Quasi 2D
material, similar to graphene, boron-nitrides , and transition metal-chalcogenides.
The electronic properties of 2D phosphorous highly depend on the inter-layer

interactions and its thickness. For e.g. enhancement of band gap (0.3 to 1.5 eV)

35
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Figure 3.1: Crystal structure of black phosphorus. Here d; and d, are the nearest
and next-nearest interlayer atomic distances.

was observed from bulk phosphorus to multi-layer phosphorus, which shows
promising nanoelectronic applications .

Experimental reports at high pressures found that, orthorhombic black phos-
phorus transforms to a rhombohedral structure around 5 GPa and further on
to a simple cubic structure at 10 GPa [5-9] which is quite stable up to megabar
pressures. At very high pressures of 137 GPa and 262 GPa, further structural
phase transitions (such as simple hexagonal and body centered cubic respectively)
have been reported using x-ray diffraction [[10, [L1]. The physical properties of
black phosphorus such as, anisotropic electrical resistivity, optical reflectance,
photoemission spectra, infrared absorption spectra, and phonon dispersions were
reported by various experimental measurements [3, [12-16].

On the theoretical side, investigations of the electronic structure [[17-19] using
the linear muffin tin orbital (LMTO) method [20], and optical properties using
the self consistent pseudopotential method were published [2, 21]. Lattice dynam-
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ical properties of black phosphorus including phonon dispersion relations, were
obtained [22] using a valence force field method. A number of papers discussed
the high-pressure behavior of black phosphorus, notably the structural stability
and the electronic structure [[19, 23-31]. Du et al [32] performed calculations for
single layered and bulk black phosphorus and reported that black phosphorus
might be used as anode material for lithium ion batteries.

Apart from above all , black phosphorus has a layered structure where each
phosphorus atom is covalently bonded with three neighboring phosphorus atoms
in the same layer, the layers being weakly coupled by van der Waals (vdW) forces.
At ambient conditions black phosphorus crystallizes in a base centered orthorhom-
bic structure (see Fig. 1) with the space group of Cmca (no. 64). The experimental
lattice parameters [#] are #=3.31, b=10.47, and c=4.37 A. The crystal structure
consists of puckered layers of P atoms with three short covalent bonds (two at
2.22, and one at 2.28 A), with vdW bonding along the b-axis, with the vertical dis-
tance between layers being 3.27 A. The orthorhombic unit cell contains 8 phos-
phorus atoms in the crystallographic (8f) positions [4] (0, #,v). The nearest and
next-nearest atomic separations between the layers (d; and d; in Fig. 1) are 3.6 A
and 3.8 A. These structural details clearly emphasize the necessity to include the
vdW interactions in the theoretical calculations of ground state structural prop-
erties of this system to ensure accurate description of experimental results.

The main focus of the present chapter is to calculate the ground state struc-
tural, elastic and dynamical properties of black phosphorus and to compare sev-

eral schemes for inclusion of vdW interactions.

3.2 Computational details

The calculations in this chapter were performed using the Cambridge Series of To-
tal Energy Package (CASTEP) [B4, 35] code based on DFT using Vanderbilt-type
ultra soft pseudo potentials [36] for the electron-ion interactions. The exchange-
correlational potential of Ceperley and Alder [37] as parameterized by Perdew and
Zunger (CAPZ) in LDA [38], and the GGA schemes of Perdew and Wang (PW91)
[39] and of Perdew-Burke-Ernzerhof (PBE) [40] were used. Dispersion corrected
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density functional theory (DFT-D) approaches to treat vdW interactions were
employed, notably Ortmann, Bechstedt and Schmidt (OBS) [#1] correction to
PW91, as well as Tkatchenko and Scheffler (TS) [42] and D2 [33] corrections to
PBE. To perform our calculations, a plane wave cut-off energy of 520 eV is used
and the first Brillouin zone of the unit cell is sampled according to the Monkhorst-
Pack scheme [48] by means of a (9x6x8) k-point sampling. The Pulay [49] density
mixing scheme was applied for the electron energy minimization process. During
the structural optimization process iterations were continued until the change in
total energy was less than 5¢ — 6 eV/atom, and the maximum displacement of
atoms was also less than 5¢ — 5 A. The elastic constants are calculated using the

volume-conserving strain technique as implemented in the CASTEP code [50, 51].

3.3 Results and discussions

3.3.1 Structural properties

The theoretical equilibrium crystal structure was obtained by performing full
structural optimization including lattice constants and the internal coordinates
u and o, using LDA, GGA, and the three dispersion-corrected GGA (GGA-D)
methods as mentioned in above section. The calculated structural parameters are
presented in Table B.1. Taking the experimental ambient volume as reference, the
observed difference between calculated and experimental volume of -11 % with
LDA, +8 % with PW91, and + 10 % with PBE. The large errors reflect that none
of these approximations to the exchange-correlation potential are able to capture
the nature of the vdW interactions correctly in black phosphorus. The DFT-D
schemes perform much better (see Table B.1), the errors in predicted equilibrium
volumes being only + 1.5 %, +2.9 %, and -0.3 %, respectively, for the PW91-OBS,
PBE-TS, and -D2 parametrizations. Considering the three lattice parameters, it
is clear that the largest error is found for the b-parameter, the characteristic di-
mension in the Z direction, i.e., perpendicular to the covalent P layers. Thus, the
interlayer interaction is dominated by dispersive forces (vdW), and an accurate

description of this type of interaction is important. Comparison of the data for
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Table 3.1: The calculated ground state properties of orthorhombic black phos-
phorus at ambient pressure. a, b and ¢ are the lattice parameters, V'the volume of
the orthorhombic unit cell, and # and v the internal crystallographic parameters.

Method XC aAd)  bA) A VAH u v
LDA 328 10.10 4.07 1349 0.1059 0.0711

LDA-HL~* 3.24 10.19 4.24 140.0 0.1013 0.0789

DFT PW91 329 11.07 452 1645 0.0950 0.0871
PBE 328 1122 454  167.1 0.0935 0.0876

GGA-D PWO9I-OBS 329 10.63 4.41 1541 0.099 0.0832
PBE-TS 329 10.82 439 1563 0.0979 0.0830

PBE-D2 330 1043 440 151.3 0.1017 0.0833

Exp’ 3.3133 10.473 4.374 151.77 0.1034 0.0806

a : Ref. [[19], b : Ref. [4].

PBE and PBE-D2 in TableB.1 shows that the inclusion of vdW interaction reduces
the c-parameter by ~ 3 %, whereas the b-parameter is reduced by ~ 7 %. On the
other hand, the internal parameters # and v are about equally well predicted by
all functionals considered, probably because these parameters are determined by
the P-P covalent bonds, which are usually well described by LDA and GGA. The
overall best agreement with experimental parameters is achieved with the PBE-
D2 functional. The present LDA calculations are in reasonable agreement with
the earlier LDA-HL [[19] calculations (see Table 1.1). The minor differences are
most likely due to the different parametrizations of the LDA functional used and
to the different basis sets (plane waves in the present work versus full potential
LMTO in Ref [[19)).

To investigate the response of black phosphorus to external pressure, hydro-
static compression was applied to the unit cell in the pressure range of 0 to 5 GPa
in steps of 0.5 GPa. This was done by variable cell optimization under the con-
straint of a diagonal stress tensor with values of the diagonal elements fixed to
specify the desired pressure. The change in the lattice parameters a, b and ¢ with
pressure is compared with the experimental values [55] and shown in Fig. B.2. It
is seen that the « lattice parameter shows only a weak variation under pressure,
which reflects strong bonding along this direction. This fact is correctly captured

by all the functionals used in this present chapter, although we obtain a larger
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Figure 3.2: (a)-(c) Pressure dependence of lattice parameters @, b and ¢ up to 5
GPa within LDA, GGA and GGA-D, compared to experimental values (Ref.
[55]). Note the different scales on the vertical axes, in particular the small scale in

(a).
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Table 3.2: The calculated first order pressure coefficients of the lattice parame-
ters (Eq. (B.1)) of orthorhombic black phosphorus, using LDA-CAPZ as well as
GGA with and without dispersive corrections (see caption of Table 1.1). The
experimental results are taken from Ref. [4]. Units are 10> A-GPa .

DFT DFT-D Expt.
axis LDA PW91 PBE  PW91-OBS PBE-TS PBE-D2
a 11 ~1 2 3 2 ~0 ~0
b -123 460 -566 -261 411 -124 -125
c -101 -125  -135 -118 -147 -82 -55

variation than in the experiments. In fact all functionals predict slight increase
in a lattice parameter with pressure. The variation is much larger for b and c.
For the b parameter, a reduction of ~ 0.52 A is observed experimentally over
the pressure range of 0-4.5 GPa[55]. This is correctly reproduced when the vdW
correction is included, but it appears as about twice with the standard PW91 and
PBE functionals. As for the ¢ parameter, experimentally a reduction by approx-
imately 0.27 A is seen in this pressure range (Fig. 1.2(c)) and this variation is
overestimated by all methods tested, even those corrected for vdW interactions.
These results are also quantified in terms of the pressure coefficients defined as

(with x being either a, b, or ¢)

v(x) = Z;’; (3.1)
P=0

which are shown in Table B.2. The pressure coefficient for the lattice parameter
a is very small for all approximations, in accordance with the experimental data
[4]. For the lattice parameter b, the pressure coefficient varies significantly be-
tween different approximations, but comes very close to the experimental value
with D2’s corrected functional. The magnitude of the pressure coefficient for the
parameter c is roughly twice as large as found experimentally using PBE, with the
best agreement found again with D2’s method.

The calculated pressure-volume P(V) relation of black phosphorus is shown
in Fig. B.J and compared with experimental results [55]. Apart from the off-

set in equilibrium volumes discussed above, it is noticeable that both the GGA
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Figure 3.3: Comparison of the pressure dependence of the crystal volume as calcu-
lated within LDA, GGA and GGA-D, compared to experimental volumes (Ref.

[53).

and GGA-D calculations find black phosphorus to be more compressible than re-
ported experimental values. The slopes of the calculated V(P) relations at P = 0
are larger than seen in experiments [53], with the exception of the D2 approach.
This implies that the bulk moduli calculated with these approaches are signifi-
cantly smaller than the experimental value. For the D2 functional the initial slope
is very similar to the experimental value, and the calculated bulk modulus within
the D2 approach is B = 31.3 GPa, which is in good agreement with experimental
values of 32.5 GPa [4] and 36 GPa [55]. Therefore, comparing all the theoreti-
cal approaches applied here for black phosphorus, D2’s functional, shows overall
best agreement, and it is noticeable that the dispersion correction provided by the
D2 functional has the right magnitude at low pressure, but seems to be slightly
too strong for elevated pressures. However, one should consider in mind that the
experiments under pressure are performed at room temperature, whereas theory
pertains to 7= 0. The variation of the internal coordinates # and v under pres-
sure are illustrated in Fig. B.4. All functionals capture the increasing (decreasing)
trends of #(P), (v(P)) as found in the experiment [55]. Clearly, the LDA shows

poorest agreement with the experimental data, and the vdW corrected GGA show
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Figure 3.4: Internal coordinates, (a). # and (b). v, of black phosphorus up to 5
GPa as calculated within LDA, GGA and GGA-D, together with experimental
values (Ref. [55)).
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Figure 3.5: Calculated (a): nearest neighbour (d;) and (b): next-nearest neighbor
(d,) interlayer atomic separations (see. Fig. 1) of black phosphorus up to 5 GPa
within LDA, GGA and GGA-D, compared with experimental values (Ref. [53)).
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marginally better agreement with experiments than the pure GGA functionals.
Also, Fig. B.5 illustrates the pressure dependence of the nearest and next nearest
interlayer atomic distances, d; and d, in Fig. B.1. It is seen that LDA grossly un-
derestimates and the pure GGA functionals overestimate these parameters. For
the vdW corrected functionals, the agreement with experiments is much better,
and the pressure evolution of the interlayer atomic distances is best reproduced
with the D2 functional. This is of course in line with the better agreement found

for the equilibrium volume and the other properties under pressure.

3.3.2 Elastic properties

Elastic constants are fundamental mechanical properties for crystalline materials
and describe the stiffness of the material against externally applied strains. The
calculations were performed for single crystal elastic properties for black phos-
phorus within the GGA and vdW-corrected GGA approximations. In the or-
thorhombic crystal structure there are nine independent elastic constants: Cyy,
Cy, Cs3, Cus, Css, Cs, Ci2, Cy3, Cps. Here, we follow the conventions of the ex-
perimental papers [52, 53] in which the indices 1, 2, 3 are defined to correspond to
the crystallographic directions X, Y, Z (c,a,b), respectively, as indicated in Fig. 1.
To calculate the elastic constants, the equilibrium crystal structure is deformed by
the appropriate strain and the variation in total energy gives the elastic constants.
The calculated elastic constants are presented in Table 1.3. All the calculated
elastic constants satisfy Born’s mechanical stability criteria [56] implying that the
system is mechanically stable at ambient pressure. The experimental elastic con-
stants have been determined for black phosphorus in Refs. [52, 53] by ultrasound
velocity measurements. Following the convention of these works, the Cyq, Cy,
and Cs; elastic constants directly relate to sound propagation along the crystallo-
graphic ¢, a, and b-axes, respectively, and reflect the stiffness to uniaxial strains
along these directions [51]. The reported experimental values are scattered over a
range of values, which probably reflects the difficulty of the measurements. Also,

the elastic constants show some variation with temperature, as discussed in Ref.
53.
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Table 3.3:  Single-crystal elastic constants (C;, in GPa) and bulk modulus (B in
GPa) of black phosphorus. All quantities are calculated at the respective theoret-
ical equilibrium volumes using the various GGA and GGA-D functionals.

DFT DFT-D

PW91 PBE PW91-OBS PBE-TS PBE-D2 Exp
C,, 452 407 44.4 36.8 52.3 55.14, 80°
C,, 1867 183.4 192.4 185.9 191.9 178.6%, 284%
Cy; 192 13.0 40.5 30.6 73.0 53.6%, 57°
Cu 103 86 15.9 31.2 255  21.3% 11.14,17.2%
Css 4.2 2.6 5.6 23.4 8.8 5.5%, 10.8%
Cee 483 485 57.3 57.4 63.6  14.5% 15.6%, 59.4°
C;, 323 300 35.6 31.5 40.8 —
Cy; 43 46 5.3 0.9 0.6 —
Cys 10  -16 1.5 0.6 8.3 —

B 116 8.1 18.6 16.2 30.7 32.5¢, 364

a: Ref. [52] (at room temperature); b: As read from figures of Ref. [53] (at T=0
K); c: Ref. [4]; d: From PV-data of Ref. [55].

From Table 1.3, it is seen that the calculated elastic constants show some vari-
ations when evaluated with different functionals, which is a combined effect of
the different effective forces and equilibrium structures obtained with the various
functionals such as DFT and +D correction methods. The C,, elastic constant
is significantly larger than Cy; and Cs;. This shows that the material is stiffer for
strains along the a-axis than the b- and c-axes, consistent with the results shown
in Fig. B.J, which again can be attributed to the strong covalent bonds between
P atoms along the crystallographic a-axis. For Cy,, the calculated values are con-
sistent between the different functionals and is in excellent agreement with the
experimental value reported by Kozuki et al [52], on the other hand significantly
larger by other experimental value (see Ref. 53). The Cy; is relatively constant
among the considered functionals and again in fair agreement with the experi-
mental value of Kozuki et al [52], whereas the value is larger by other reported
experimental value (see Ref. 53). The Cs; describes stiffness to stress along the
b-axis, and this has a small value when evaluated in pure GGA, whereas the vdW-
corrected methods give larger values, for the OBS and TS flavors in reasonable

agreement with the experimental values, whereas the D2 approach significantly
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Table 3.4: Calculated values of the polycrystalline bulk (Bx) and shear moduli
(Gx) in the Voigt, Reuss and Hill approximations (X = V,R, H, respectively).
Units are GPa. Also listed are the Young’s modulus, E (in GPa), Poisson’s ratio,
o, and the shear anisotropy factors, A;. All values are calculated at the theoretical
equilibrium volume using the PBE-D2 functional.

BV BR BH GV GR GH E g A1 AZ A3
46.3 30.7 385 374 214 294 703 030 08 0.1 1.6

overestimates this parameter. The Cy4 and Css constants are relatively small and
in good agreement between theory and experiment (although the value of Css
calculated with PBE-TS stands out as too large). On the other hand, for Ce4 the
calculated values are fairly consistent and is in good agreement with the experi-
mental value of Ref. [53], whereas the measured value reported by Ref. [52] is a
factor 3 to 4 smaller. Among the off-diagonal elastic constants, Cj, is large and
relatively consistent between the various functionals, whereas, the Ci3 and Cy;
are small, and in some cases take negative values. It is to be noted that there are
no reported experimental values of Cy;, Ci3 and C,; . From the single crystal
elastic constants the single-crystal bulk modulus B can be calculated [51] and the
obtained bulk modulus value of B = 30.7 GPa (using the D2 functional) is in good
agreement with the experimental values of B = 32.5 GPa [#] or B = 36 GPa[53],
as well as with the value derived from the V(P) relation in Fig. B.3, B = 31.3 GPa
(also in the D2 approximation). Altogether, the agreement between the measured
and the calculated elastic constants is fair while not perfect.

The bulk and shear moduli of polycrystalline black phosphorus may be ob-
tained from the elastic constants using the Voigt-Reuss-Hill approximations [57-
59]. Here, the Voigt and Reuss approximations represent extreme values, and Hill
recommended that their average is used in practice for polycrystalline samples.
Their definitions for orthorhombic systems are given in Ref. 51 and their values
for black phosphorus are quoted in Table 1.4. Using the calculated bulk and shear
moduli in the Hill approximation, By and Gp, we have evaluated the Young’s
modulus, E, and Poisson’s ratio, 0. Young’s modulus reflects the resistance of
a material towards uniaxial tensions, whereas, Poisson’s ratio gives information

about the stability against shear strain. The results obtained are summarized in
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Table 1.4. It is seen that, for polycrystalline black phosphorus, By > Gp, which
implies that the parameter limiting the mechanical stability of black phosphorus
is the shear modulus G. The bulk and shear moduli provides information about
the brittle-ductile nature of materials through Pugh’s ratio. [60] According to
Pugh, a By/ Gy ratio below (above) 1.75 indicates the brittle (ductile) nature of the
material. For black phosphorus the calculated value is By/ Gy = 1.31, 1. e. indi-
cating a brittle nature of the material. Generally, Poisson’s ratio is connected with
the volume change of a material during uniaxial deformation and the nature of
interatomic forces. If o is 0.5, no volume change occurs, whereas, lower than 0.5
means that large volume change is associated with elastic deformation [51]. In our
calculation o = 0.30 is obtained, which shows that a considerable volume change
can be associated with the deformation in black phosphorus. The anisotropy in
bonding between atoms in different planes is related to an anisotropic thermal ex-
pansion. This anisotropy plays an important role for all orthorhombic systems,
as they influence the durability of the material to repeated heating cycles. The
shear anisotropy factors measure this effect in terms of the elastic constants (see
definitions for orthorhombic crystals in Ref. 51, 61). If the anisotropy factor is
unity it represents complete elastic isotropy, whereas values smaller or greater
than unity measure the degree of elastic anisotropy. For black phosphorus the
calculated shear anisotropy factors A; is close to unity, which shows that the re-
sistance to shears of (100) planes (i.e. planes having ¢ as a normal) along the @ and
b directions are approximately equally. In contrast, the A, and A; anisotropy
factors are very different from unity, implying that shears of planes orthogonal

to @ and of planes orthogonal to b both behave very anisotropically.

3.3.3 Optical Phonons

The optical phonons of black phosphorus have been obtained by the linear re-
sponse method within density functional perturbation theory [67]. In this method
the force-constant matrix is obtained by differentiation of the Hellmann Feynman
forces on atoms with respect to the ionic coordinates. In order to understand the

optical phonons of black phosphorus, it is necessary to first consider the dynami-
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Figure 3.6: Snapshots of Raman active modes for primitive black phosphorus.
The listed frequencies are as calculated within GGA-D2 at P=0.
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cal properties of this structure. The primitive cell contains four atoms leading to
12 vibrational modes, i. e. 9 optical and 3 acoustic phonons branches. From the
group-theoretical analysis of the Cmca space group, the irreducible representation

at the Brillouin zone center is
Facoustic - Blu + B2n + B3u

and
Foptiml =B, + By + A, + ZAg + Blg + BZg + 2B3g

All the optical phonons are Raman active except the By, and B,, modes, which
are infrared active, and the A, mode, which is silent. The optical phonons of
black phosphorus were investigated by Sugai and Shirotani [68] and by Akahama
et al [2¢]. The Raman frequencies turn out to be relatively insensitive to the de-
tails of the functional employed, for which reason we show the results obtained
using the GGA-D2 fuctional. This is probably a reflection of the fact that the
optical phonons are described by near-neighbour interatomic forces, which are
dominated by covalent interactions, which are generally well accounted by the
LDA. The eigenvectors of the Raman modes, as calculated at ambient pressure
within the GGA-D2 approach are illustrated in Fig. B.6, which are in good agree-
ment with earlier work [26, 68]. From the calculated Raman eigenmodes, the A ;
, A; and ng modes are seen to constitute inter-layer vibrations with a strong com-
ponent along the b direction. In the modes Bi; and B,, the atoms move along the @
direction, whereas, in the B3, mode the atoms move along the ¢ direction. In Fig.
B.7 the calculated Raman frequencies under pressure up to 5 GPa are compared
with the available experimental results [26]. The agreement between theory and
experiment is excellent. The strongest pressure dependence is seen for the inter-
layer A; mode, for which the pressure coefficient is dw/dP = 8.2 cm™!/GPa in
theory, and dw/dP = 5.78 cm™'/GPa according to experiment [26].
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Figure 3.7: Calculated (PBE-D2) Raman frequencies under pressure compared
with experiments (Ref. [26]).

3.4 Transition to the A7 structure

Black phosphorus transforms under pressure from the orthorhombic structure
(A17) to a rhombohedral structure (A7) at roughly P, = 5 GPa[5-9]. This transi-
tion was studied previously by Schifer] [23] using an empirical local pseudopoten-
tial, and was analysed by Burdett et al [62] using the concept of orbital symmetry
conservation. Chang and Cohen [24] performed calculations using the pseudopo-
tential method within the local density approximation. However, they found it
necessary to apply a shift (of 2.3 mRy per P atom) to their calculated total energy
of the A7 phase in order to reproduce the experimental value of the transition
pressure, which is pointing out the inadequacy of the LDA to describe correctly
the energetics of black phosphorus. This is in contradiction with the results of
Ahuja [[19] who obtained a transition pressure of P,= 4.5 GPa using the LMTO
method and LDA. In the present paper, we also studied the transition pressure
using D2’s vdW functional. This leads to a value of P, = 0.8 GPa, implying
that although the D2 functional is correctly ranking the A17 structure versus the
A7 structure in terms of the total energy at P = 0 GPa, the transition happens
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at a too low pressure in the calculation compared to the experimental pressure.
Similar calculations were carried out using either of the PW91, PBE, OBS or TS
functionals, but in all cases, the transition pressure is found to be too low, within
a 1-GPa range around the value obtained with the D2 functional. Possibly, a
better agreement with the experimental transition pressure could be obtained us-
ing a more advanced description of the van der Waals interactions, such as the
adiabatic-connection fluctuation-dissipation method [63-65] in the random phase
approximation or quantum Monte-Carlo [66] method. However, these methods
are numerically heavier than the simple dipole-dipole corrections considered here,
and to our knowledge the implementation of the corresponding forces necessary

to perform the structural relaxation under pressure is not available.

3.5 Conclusions

First-principles calculations based on the DFT have been used to investigate the
structural properties of black phosphorus within LDA and GGA. It was found
that the calculated material parameters differ significantly from the experimental
data, whereas, including empirical methods to account for van der Waals interac-
tions (DFT-D) leads to structural properties in good agreement with experiments.
This demonstrates that van der Waals interactions play a major role in black phos-
phorus. Among the OBS, TS and D2 parametrizations of van der Waals interac-
tions, the calculated structural parameters are in closest agreement with experi-
mental data when PBE-D2 is used. Also, the influence of external pressure on
the lattice parameters were calculated. The b lattice parameter was found to be
most sensitive to which vdW functional was used, reflecting the dominance of
van der Waals interactions along the crystallographic b-direction. Furthermore,
the elastic properties of single crystal as well as polycrystalline black phospho-
rus were examined using the GGA-PBE-D2 functional. Our calculations confirm
that black phosphorus is mechanically stable anisotropic material, and that the
system is stiffest along the a-axis. The calculated shear anisotropy factors for dif-
ferent directions indicate strong anisotropies for shears perpendicular to the 2 and

b axes. The polycrystalline bulk, shear and Young’s moduli, as well as Poisson’s
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ratio were calculated. From the ratio of bulk to shear modulus, black phospho-
rus is found to be brittle. Finally, the frequencies of Raman active vibrational
modes were calculated, and they are in excellent agreement with the available

experimental data.
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4

Structural and dynamical stability
of molecular solid Xenon

difluoride.

In the previous chapter, the results of various dispersion corrected density func-
tional theory methods (DFT-D) were presented for elemental phosphorus and
found that PBE-D2 method preferably presents the good description of ground
state properties. Similar to layered materials, molecular solids are also good exam-
ple for the weakly bonded systems and often dispersion interactions dominates
the stability of system. This chapter focus towards understanding the role of van
der Waals interactions on structural properties from ambient to wide range of
pressures using PBE-D2 method for well known molecular sold Xenon difluo-
ride (XeF,). In addition, the stability of XeF, up to 120 GPa was revisited in

terms of energetics and phonons .

4.1 Introduction

Xenon (Xe) is a noble gas, having a closed-shell electronic configuration 5s*5p°
would therefore be expected to be chemically unreactive, and it was believed that
it would not have the tendency to form chemical compounds because of the sta-
bility of its electronic structure [[1]. After several years of experiments in the area
of halogen chemistry with noble gases, Hoppe et al. [2] published a short com-
munication about the synthesis of XeF, by an electrical discharge method, and a
comprehensive study of the synthesis and various physical and chemical proper-

ties of XeF, was carried out by the same group [3] who concluded that XeF, is
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colourless with nauseating odor, exhibits a considerable birefringence and also is
diamagnetic. Immediately after the successful synthesis of XeF,, efforts have been
made to refine the crystal structure, and it was concluded that XeF, crystallizes
in a tetragonal structure with space group I4/mmm [4, 5]. Xenon difluoride is
now commercially available, and is the noble-gas fluoride, which is most easy to
synthesize in high purity form [6]. It is quite stable at room temperature and has
application as convenient fluorinating agent in synthetic organofluorine chem-
istry [7]]. This opened a new avenue for using XeF, in radiopharmacueticals for
use in medical imaging by means of positron emission tomography. In addition
Xenon difluoride is now extensively used in the electronics industry as a dry,
pas phase etchant to isotropically etch elements such as Si, Mo, and Ge in the
production of microelectromechanical systems [8].

Quite recently, researchers from high-pressure experimental and theoretical
groups reported the formation of solid novel Xe compounds with simple halides,
oxides, hydrides, transition metals such as Fe/Ni and liquid mixture of Xe and
ethane under high pressure [9-15]. However, Xenon-hydrides[[13] and -oxides
[12] can be formed only under pressure, whereas Xe-F compounds have been
identified with +2 to +8 oxidation states at ambient and high pressure condi-
tions [11]. Under ambient conditions, XeF, is the most stable molecular crystal
among the other noble gas fluorides and, especially, its simple structure provides
the large share of ionicity between Xe and most electronegative atom F [4, 5, 16].
It crystallizes in body centered tetragonal structure with space group I4/mmm
(Z=2), with lattice parameters a = 4.315 A and ¢ = 6.990 A [[16]. It consists of
linear chain of XeF, molecules along c-axis with a equal bond length (d;=1.99
A) between Xe and F atoms, the arrangement of XeF, molecules along a-axis
shows van der Waals (vdW) forces due to nearest neighbor distance between Xe-
Xe contacts, the corresponding experimental crystal structure of XeF, unit cell
is shown in Figure. [.1. Earlier studies of XeF, were mainly focused on the
molecular geometry, bonding, structural as well as vibrational properties under
pressure [[17-20]. Schwarz and co workers reported the structural and optical
properties of XeF, up to 98 GPa and concluded that the tetragonal structure of

the molecular solid is stable in the pressure range studied by means of powder
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Figure 4.1: Experimental crystal structure of XeF, unit cell. Here d;, d, (along
c-axis) and d3, ds (along a-axis) nearest neighbor contacts between Xe and F atoms

x-ray diffraction measurements [21, 22]. The authors also reported that the com-
pressions curves are highly anisotropic and a color change from white to yellow is
seen under pressure around 45 GPa indicating a pressure induced decrease of the
optical gap [23]. Recently, Kim et al conducted experiments on solid XeF, under
pressure and reported nearly four possible structural phase transitions up to 70
GPa and also found XeF, to become metallic at this pressure [[10]. On contrary
to experiments, Dominik et al. [11] predicted the stability of XeF, using genetic
algorithm techniques and found that the parent tetragonal structure is stable upto
105 GPa and then transforms to Pnma symmetry [[L1]. The authors also claimed
metallization around 60 GPa with standard the Perdew-Burke-Ernezrhof (PBE)
exchange-correlation functional which is well known to underestimate the band
gaps of insulators and semiconductors when compared to experiments. To the
best of our knowledge, there are no other theoretical reports available to address
the complete structural, vibrational and electronic properties on solid XeF,.
Motivated by these, we present a careful re-examination on structural, elec-

tronic and vibrational properties of XeF, by means of calculations based on the
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density functional theory (DFT). To be more specific, care has been taken to
examine the effect of van der Waals (vdW) interactions on the ground state prop-
erties and metallization of XeF, at high pressures. Recent developments in DFT
calculations provides several implementations to treat vdW forces. Among them,
Grimme [24] method is found to be successful in reproducing the ground state
properties for molecular crystals and layered materials [25-30]. Hence, this method
is used in the present chapter along with standard GGA-PBE method for deter-

mining the structural and vibrational properties.

4.2 Computational details

The calculations of the structural and dynamical characteristics were carried out
within the generalized gradient approximation (GGA [31] using the plane-wave
pseudopotential technique as implemented in the Pwscf package [32]. Structural
optimizations for each pressure were performed by constant pressure variable-
cell method, which minimize total energies as well as forces on both lattice pa-
rameters and internal coordinates of Fluorine (F) atom. Trouiller-Martins type
norm conserving pseudopotentials were adopted to treat valence electronic con-
figurations. Structural minimizations were done by Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm [33] with the convergence criteria set in a way of that
error in total energies should be less than 1e-07 eV, residual forces less than 1e-4
eV/A, and stress is limited to 0.05 GPa. All these calculations were performed
with a plane wave basis kinetic energy cut off of 120 Ry and a (14 12 12) Monkhorst-
Pack k-point [34] grid to sample irreducible Brillouin zone (IBZ). The vdW inter-
action is taken into account by means of Grimme’s (called as D2 and D2) correc-
tion to GGA-PBE [24]. The dynamical properties such as zero point motions and
complete phonon dispersion relations were calculated from the response to small
atomic displacements within the linear response approach [35] as implemented in
Pwsct. We computed the dynamical matrices by using the (4 4 4) g grid for the
I4/mmm phase of XeF, in the IBZ, and the full phonon dispersion was obtained

through Fourier interpolation of the dynamical matrices.
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Table 4.1: Calculated ground-state properties of tetragonal XeF, at ambient pres-
sure using PW-PP method. a, and ¢ are the lattice parameters (in A), V is the
volume (in A3) of the tetragonal unit cell, d;, d, (along c-axis) and d, ds (along
a-axis) bond distances (in A), B and B’ are bulk modulus (in GPa) and its pressure
derivatives. The experimental values are taken from Ref. [16

Parameter PBE PBE+D2 Exp

a 4.54 4.24 4315
c 7.20 7.05 6.990
\Y% 148.22  126.84  130.15
u 0.282 0.288 0.286
d; 2.03 2.03 1.99
d, 3.14 2.99 3.02
d; 3.57 3.35 3.42
d, 3.24 3.05 3.08
B 14.13 10.45 9.8
B’ 8.9 6.5 5.8

4.3 Ground state structural properties

First the zero-pressure structure was optimized using the standard PBE functional
and PBE + D2 methods. For this, we adopted the experimental crystal structure of
XeF; and performed structural optimizations by minimizing forces on lattice pa-
rameters and internal coordinate (u) of F atom. Table. .1 contains the calculated
lattice parameters of the tetragonal cell, # of the F atom, and bond lengths using
two computed methods in the present work together with experimental values.
From this it can be seen that, in the case of the standard DFT functional, equilib-
rium volume differs by +14% when compared to experiment and corresponding
a- lattice parameter (is overestimated by +5%) shows large discrepancies with ex-
perimental value as compared with ¢- lattice parameter (overestimated by +3%).
As discussed in previous section, the weak vdW forces are more pronounced along
a - axis and this variation could not be captured with standard PBE functional due
to limitation of semilocal method to treat vdW forces which are non local in na-
ture. However, PBE+D2 method, significantly improved the values such as -2%
for a- lattice parameter, +0.8% for c¢- lattice parameter and volume is also good

in agreement with experiments with a underestimation of -2.1%. The obtained
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internal coordinate is shown equal variation with experiments using both meth-
ods. On the other hand, similar situation was observed in calculated intra and
intermolecular bond lengths. The obtained intra-molecular Xe-F bond length
(dy, along c-axis as shown in Figure }.1) is 2.03 A using both PBE and PBE +D2
methods, which is comparable with experimental value of 1.99 A. While other
intermolecular bond lengths (d, along c-axis, d; and d4 along a-axis) are overes-
timated to a greater extent with PBE method and the introduction of dispersion
correction is seen to have considerable improvement over PBE results. Overall,
the observed results suggest that vdW forces play an important role in determin-
ing the ground state properties of XeF,, and the PBE+D2 method is found to

work well at ambient pressure.

4.4 Role of van der Waals forces up to 5 GPa

As a next step, we examine the effect of vdW forces on geometry of XeF, under
pressure. Experimental study by Kim et al. [[10] reported a structural phase tran-
sitions in XeF; starting from 7 GPa [[19]. Hence we restrict ourself in calculating
the structural properties from 0 to 5 GPa and 6 to 10 GPa with a step sizes of 0.5
and 1 GPa respectively. Figure .4 shows the calculated pressure dependence of
lattice parameters (a, c¢) and volume (V) with PBE and PBE+D2 methods along
with experimental values reported by Schwarz and Syassen [[16]. From this it is
clearly seen, that the calculated lattice parameters and volumes with PBE+D2
are in good agreement with experiments from 0 to 5 GPa, whereas both PBE and
PBE+D2 shows similar behavior between 5 to 10 GPa. In addition at low pres-
sure region (0 to 5 GPa), the a - parameter calculated with PBE+D2 method is
closer to the experiment than PBE results, and above 5 GPa, the two methods
yield identical results. On the other hand, the ¢ - parameter is slightly overesti-
mated using both PBE and PBE+D2 in the complete pressure range of 0 to 10
GPa. Also, the a-axis is more compressible between 0 to 5 GPa with a large re-
duction (0.28 A with in PBE+D2 and 0.54 A with in PBE) than c-axis (0.17 A
with in PBE+D2, 0.28 A with in PBE ), and whereas in pressure region 5 to 10

GPa, lattice parameters are lowered around 0.1 A with both methods. Further-



CHAPTER 4. SOLID XENON DIFLUORIDE 65

4.5 60— PBE
—® PBE+D2
—® EXp

r2r E—&a PBE
! B—= PBE+D2
r =—a Exp
< 70
o
b
b O

140

120

v (A%

100

o 2 4 6 8 10
P (GPa)
Figure 4.2: Comparison of the pressure dependent lattice parameters (4, ¢) up to 10

GPa within PBE (in red), and PBE + Grimme (in blue), compared to experimental
values (Ref. [[16, 23]).



66 4.4. ROLE OF VAN DER WAALS FORCES UP TO 5 GPA

\
\
\
AN PBE - d
—~ = G-a 3
< RN
= B oo PBE-d,
ko) \ \E\
£ \ - > PBE-d,
Q N \K =~
o N P -
g »\\:k\ — o m= PBE+D2-d,
\:D\\>\\ *~— PBE+D2—d2
S »—» PBE+D2-d,
=—g — 4
2.75] . I I . I I
0 2 4 6 8 10
P (GPa)

Figure 4.3: Calculated pressure dependent bond lengths (in A) along @ (ds, d;) and
c -axes (dy) of XeF, (cf. Fig 1) up to 10 GPa.

more, the computed intermolecular distances d,(along ¢ -axis), d; and d4 (along 4
-axis) also show similar picture in these pressure regions (see Figure. {.3). Since,
there are no experimental bond lengths available, in the present case we compared
our calculated values between PBE and PBE+D2. In low pressure region 0 to 5
GPa, a reduction of 0.42 and 0.64 A for d; and d; bond lengths respectively are
obtained using PBE method and these values further decreases to 0.16 and 0.22
A with D2 correction to PBE. As for the pressure region 5 to 10 GPa, all bond
lengths shows less variation with pressure and the reduction values are in the or-
der of 0.1 A with both methods. Definitely, these variations in the reduction of
bond lengths are due to response of a lattice parameter with pressure and this as
expected resembles the effect of vdW forces on XeF,. The intra molecular bond
length d; results smaller variation with pressure using both functionals, which is
not shown in Figure. f.3. Together with all these results, we confirms that the
PBE + D2 method improved the results in the lower pressure region and the cor-
rections to PBE do not play major role at above 5 GPa, which confirms that the
vdW forces do not affect the geometry above 5 GPa.

The pressure-volume relation is a part of the-equation-of-state of the system.
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Figure 4.4: Comparison of the pressure dependent volume (V) up to 10 GPa
within PBE (in red), and PBE + Grimme (in blue), compared to experimental val-

ues (Ref. |16, 23]).

In this work, the calculations for the low pressure region of 0 to 5 GPa are fit-
ted to the Murnaghan equation with respect to the experimental volume. The
obtained bulk modulus and its pressure derivatives using standard and vdW cor-
rected methods are presented in Table. f.1. We found that the bulk modulus
obtained with PBE is in poor agreement with experiments, while the other one

obtained with PBE+D2 is in very good agreement with the experimental value.

4.5 Energetics and phonons up to 120 GPa

As mentioned in the introduction of this chapter, earlier high pressure experi-
ments reported four possible polymorphic phase transitions such as from ground
state tetragonal phase I4/mmm — Immm (at 7 GPa) — Pnnml1 (at 21 GPa) —
Pnnm?2 (at 32 GPa) — Fmmm (at 70 GPa). Dominik et al. [[11] predicted I4/mmm
phase is stable up to 100 GPa using genetic algorithms, and also reported that the
tetragonal /4/mmm phase transforms to the orthorhombic Prnma phase at 105
GPa. Since, it’s a goal of the present work to examine metallization of XeF, un-

der pressure, it is essential to determine the high-pressure structures correctly, and
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Figure 4.5: Calculated enthalpy difference per formula unit between 14/mmm
and Pnma from 110 to 120 GPa.

the calculations were extended from 10 to 120 GPa (with a step size of 10 GPa)
in order to examine the stability of different phases of XeF,. To understand the
stability of 14/mmm phase under pressure, we have chosen two well-known cri-
teria for solids such as total energies for the ground state as well as high pressure
phases and phonon dispersions for I4/mmm phase in the present work. From the
structural properties up to 5 GPa, we noticed that vdW forces do not play a very
important role for pressures beyond 5 GPa, and just the PBE method was used
for these calculations. From the total energies, it was found that the /4/mmm
phase has appropriate minimum energy (per one formula unit) than any other
experimentally observed structures up to 100 GPa, and the total energy differ-
ences are ~ -0.5 eV with Immm, Pnnm1, Pnnm?2 structures and ~ -2.2 eV with
Fmmm structure at their transition pressures (0, 21, 32 and 70 GPa) and a similar
situation was observed at near pressure regions of reported transition pressures.
This agrees with what was found by Dominik et al.[[11], and also the detailed dis-
cussions of discrepancy between experiments and theory were reported in their
work. Upon increasing the pressure beyond 100 GPa, we found an energetic
sequence E(Pnma) <E([4/mmm) from 110 to 120 GPa. This indicates a possi-

ble phase transition between these pressure regions. For the completeness, we
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plotted the enthalpy differences between the I4/mmm and Pnma phases of XeF,
with in the pressure region 110-120 GPa by using a step size of 2 GPa (see Figure
i.9). It can be seen that the Prma phase becomes more favorable above 112 GPa.
The difference in the obtained transition pressure value in the present work and
the earlier work is expected due to the usage of different pseudopotentials in the
works.

Although the calculated total energies show stability of ground state structure
of XeF, up to 110 GPa, we have performed the lattice dynamics of the I4/mmm
phase by computing complete phonon dispersion under pressure in their fully
relaxed configurations. The obtained dispersion curves at ambient pressure (see
Fig. }.6) as well as high pressures are shown in Fig. .7 and Fig. k.8 respectively.

Note that the calculations for 0 GPa are within PBE + D2 optimized geometries
and the other high pressure results (10, 20, 40 and 70 GPa) were carried out within
the geometries of PBE method. It should also be pointed out that, we determined
the dynamical stability of /4/mmm phase around the reported transition pressures

by Dominik et al.[11]. From the crystal structure of I4/mmm phase- XeF,, a
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factor group theory symmetry analysis indicates that the zone centered acoustic
and optical frequencies are distributed as I'cousic= A2,52 E, for acoustic modes;
Lopicat= 2Eq @ 2E,® Ayy @ A,, for optical modes. Here, E, and Aj, are Raman
active and E, and A,, are IR active frequencies. From the phonon dispersion
curves we could unambiguously show the dynamical stability of I4/mmm phase
at ambient and high pressures. Hence, we can clearly see that the /4/mmm phase is
stable throughout the pressure region studied which compliments the total energy
calculations in the present work.

As mentioned earlier, metallization of I4/mmm phase of XeF, is one of the
aim in this work, we further proceed to calculate the band gaps of XeF, under
pressure. Similar to previous theory [[11], we also found metallization of XeF,
at around 70 GPa using standard DFT methods. However, it is a well known
fact that the standard DFT methods always underestimate (~ 40 %) band gaps
with experiments and it is necessary to revisit the same when compared to be-
yond DFT methods. On the other hand, the Quasi particle Self-consistent GW
(QSGW)calculations shows that XeF, remains as a semiconductor up to very high
pressures and likely to become metal beyond 150 GPal

Apart from the phase transition, we also observed strong anisotropy in the
calculated lattice parameters up to 100 GPa. This was calculated through pres-
sure coefficients(y = }(% , X=a, ¢) of relative lattice parameters. The calculated
7 values for lattice parameters @ and c are 7, = 6.2 x 107> and 7, = 1.7 x 107°
respectively, between the pressure region of 10 to 100 GPa. The calculated rela-
tive lattice parameters and volume along with experimental data[[16] are shown in
Figure. 1.9, Good agreement between the calculations and the experiment can be
seen and the compressibility along a-axis is larger than along the c-axis. Therefore
it is expected that the reduction in inter-molecular bond lengths is larger along a-
axis, and this is the case, as can be seen from Fig. . Overall, it is found, that the

compressibility of the /4/mmm phase becomes highly anisotropic with increasing

* QSGW: These calculations performed by A. Svane and N. E. Christensen using quasi-
particle self-consistent GW (QSGW) approximation.
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pressure. The reduction in the volume (AV/V) upto 50 GPa are 0.51 and 0.43 as
calculated with PBE and PBE+D2, respectively, and are in close agreement with
reported value of 0.45 [[16].

4.6 Conclusions

In summary, we have presented a detailed study on the structural stability, elec-
tronic properties and possible metallization of XeF, under pressure. The I4/mmm
phase is predicted to be energetically and dynamically stable up to 110 GPa. The
lattice parameters and volume calculated with the Grimme dispersion correction
to standard DFT method at low pressures are closer to experiments than those
obtained with the standard PBE. We have also successtully reproduced the struc-
tural properties under pressure up to 100 GPa. More importantly, the role of
vdW forces and then influence on the structural properties at low pressure region
up to 5 GPa was reported through dispersion corrected DFT method Grimme.
We have also confirmed the stability of of I4/mmm phase of XeF, under pressure
up to 100 GPa using total energies and phonon dispersions. Our computations
are also in fair agreement with predicted transition from tetragonal to orthorhom-
bic structure by genetic algorithms and obtained transition pressure shows slight

variations due to different methodologies.
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5

Dispersion corrected structural
properties and phase stability of
energetic solids: Nitromethane

and FOX-7

As seen in previous two chapters, dispersion corrected Density functional the-
ory (DFT) methods are well accounted for predicting or reproducing the ground
state properties of elemental and binary systems. Now, we further proceed to or-
ganic molecular solids in which van der Waals (vdW) as well as hydrogen bonding
are more demanding, and stress the need for dispersion corrections in DFT cal-
culations. This chapter mainly presents the results of ground state as well as high
pressure structural and dynamical properties of two well known energetic ma-
terials such as solid nitromethane (CH;NO,) and FOX-7 (C,H,N,O,, 1, 1 -

diamino-2, 2 - dinitroethelene).

5.1 Introduction

Nitromethane and FOX-7 are primarily organic molecular solids, which belongs
to the class of secondary explosives. Among the two complex solids, nitromethane
is the simplest than any other energetic material, insensitive, safe to handle, used
as a storable monopropellant and as an additive fuel for combustion engines. Be-
cause of its simple crystal structure compared with other secondary explosives,
it has been used as a prototype material to understand the energetic materials by
both experimentalists [[1-10] and theoreticians [[11-17]. On the other hand, FOX-

79
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Figure 5.1: Optimized crystal structure of solid nitromethane using PBE+D2 at
0 GPa. Here d; (1=1-6) are the different O-H bonds.

7 1s a layered molecular crystal, which has generated considerable interest due to
its low sensitivity and high thermal conductivity. It is also an attractive high en-
ergy material among the class of C-H-N-O based materials due to its extreme en-
ergetic characteristics such as high performance and sensitivity. For example, det-
onation properties of FOX-7 are compared to other well known energetic solids
RDX, HMX and sensitivity is more than TATB [{8, [19].

Structurally, nitromethane is liquid at room temperature, whereas it condense
to form a solid at around 4.2 K. Trivero et al [[I] first reported X-rays and neu-
tron diffraction experiments, and found that solid nitromethane crystalizes in
orthorhombic structure with the space group P2,2,2, as shown in Figure. EI (28
atoms per unit cell). The crystal structure of FOX-7 is found to be monoclinic
with the space group P2;/n, which contains four molecules (56 atoms) per unit
cell [20] (see Figure. b.2). From the crystal structure of two systems, it is clearly
understood that intra, inter-molecular interactions are from vdW forces as well as
hydrogen bonding, and these interactions play a crucial role in determining the

stability of respective structures. Earlier, Sorescu et al. [22] and Landerville et
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P N

Figure 5.2: Experimental structure of FOX-7: (a) single molecule (b) complete
crystal structure along different directions.
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al. [23] reported the structural properties of these systems using the dispersion
correction parametrization of Grimme [24] and of Neumann and Perrin. [25] ap-
proaches. In the present chapter, efforts are taken to understand the structural,
vibrational properties and stability of these compounds at ambient to high pres-

sures with the dispersion corrected DFT methods.

5.2 Computational details

The ground state properties are obtained using DFT in the Kohn - Sham formal-
ism [26] as implemented in the CASTEP simulation package [27, 28]. Vanderbilt
type ultra soft pseudo potentials [29] are used to describe the electron-nuclei in-
teractions. Here the number of valence electrons are treated as 1 for hydrogen, 4
for carbon, 5 for nitrogen and 6 for oxygen. Similar to chapter 3, the Ceperley
and Alder [30] as parameterized by Perdew and Zunger (CAPZ) in LDA [31] as
well as the GGA schemes of Perdew and Wang [32] PW91) and of Perdew-Burke-
Ernzerhof [33] (PBE) for the treatment of the exchange and correlation are used.
Structural optimizations were performed by minimizing the forces on each atom
until they were lower then 0.03 eVA~!. A plane wave kinetic energy cutoff of
620 eV and 540 eV were used for nitromethane and FOX-7. The Brillouin zone
was sampled on a regular Monkhorst-Pack [B4] grid with a minimum spacing of
0.025 A~' and 0.004 A" for both the compounds respectively. To take into ac-
count of the vdW interactions which are generally present in molecular crystals,
we have used various DFT-D methods as implemented in CASTEP. In the case of
DFT-D calculations, different DFT-D approaches to treat vdW interactions were
employed, notably the Ortmann, Bechstedt and Schmidt [35] (OBS) correction
to PW91, as well as the Tkatchenko and Scheffler [36] (TS) and Grimme (D2) [24]
corrections to PBE. Zone center vibrational properties of both the compounds
were computed using linear response method within density functional perturba-

tion theory, as implemented in the CASTEP code.
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5.3 Structural properties and EOS

As a starting point of the calculations, we adopted experimental crystal structure
of solid nitromethane [[l] and FOX-7 [20] using various functionals mentioned
above and in previous chapters. The calculated equilibrium lattice parameters,
volumes and relative deviations with experimental results are presented in Table.
b.1 and p.2 for solid nitromethane and FOX-7 respectively. We observe a large
difference between our calculated values obtained with either LDA, GGA-PBE,
or GGA-PW91 functional and the experimental data for both the systems. For
instance, the equilibrium volume obtained with LDA (< 10%) is much lower
than the experimental values , while the values obtained with GGA-PW91 or
GGA-PBE are overestimated more than 20 %. This inconsistency between the
experimental data and the calculated results obtained with standard DFT func-
tionals can be corrected by using the DFT+D methods: the calculated volume
using the GGA functional corrected with the OBS method is underestimated by
3.2 % (for Nitromethane), 0.6% (for FOX-7), the TS method overestimates the
same by 6.1 % (for Nitromethane), 2.7% (for FOX-7) while the D2 correction im-
proves the volume to a greater extent by +1.7 % (for Nitromethane) and almost
0.1% (for FOX-7) compared with the experimental values. This clearly indicate
that the various +D corrections improves the computed volume than standard
DFT methods and average deviations in the volumes with experiments are not
equivalent for both the compounds. Overall, the structural properties obtained
with the PBE-D2 show closest agrement with experiments than any other +D
correction in this chapter. Also, the present results are in agreement with previ-
ous studies using similar methods [5, 22, 23]. Therefore, for further calculations,
we proceed with PBE-D2 method, along with the standard functionals LDA and
PBE for comparison.

The equation of state (EoS) of solid nitromethane and FOX-7 were calculated
to examine the effect of hydrostatic pressure on both lattice parameters as well as
volume. In the case of nitromethane, the structural properties were computed up
to 30 GPa (0-15 GPa with a step size of 2 GPa and 15-30 GPa with a step size of 5

GPa) to cover the various pressure ranges studied by different experiments. For
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Table 5.1: The calculated ground state properties of solid nitromethane at zero
pressure. a, b and c are the lattice parameters, V'the volume of the orthorhombic
unit cell. (in parenthesis: relative deviations from experiments[[1]

Method XC a(h) b(A) c(A) V(A%
LDA 491 6.03 8.10 239.82

(5.3%)  (3.3%) (4.9%) (-12.9%)

DFET PW91 5.49 6.76 9.15 339.59
(+5.9%) (+8.4%) (+7.4%) (+23.3%)

PBE 5.47 6.73 9.10 334.98

(+5.5%) (7.9%) (+6.8%) (+21.7%)

PW91-OBS  5.05 6.24 8.44 266.43

(2.6%)  (0.1%)  (0.9%)  (-3.2%)

GGA-D  PBE-TS 5.21 6.48 8.64 291.97
(+0.5%)  (3.9%) (+1.4%) (+6.1%)

PBE-D2 5.19 6.29 8.58 280.01

(+0.1%) (+0.9%) (+0.7%) (+1.7%)

Exp[[1] 5.183 6.235 8.518 275.31

Table 5.2: The calculated ground state properties of FOX-7 at zero pressure. a, b
and c are the lattice parameters, V the volume of the orthorhombic unit cell. (in
parenthesis: relative deviations from experiments [20]

Method XC ah) b(A) c(A) B V(A%
LDA 6.75 6.21 11.05 90.62 462,51

(-2.7%) (5.5%) (-2.3%) (0.1%) (-10.3%)

DFT PW91 7.24 7.88 11.63  92.14  662.45
4.3%) (19.96%) (2.8%) (1.7%) (28.4%)

PBE 7.23 7.78 11.65 92.02 65422

4.3%) (18.43%) (2.9%) (1.6%) (26.8%)

PW91-OBS  6.93 656  11.29 90.98 512.65

(-0.2%) (0.1%) (-0.2%) (0.5%) (-0.6%)

GGA-D  PBETS  6.99 6.66 1138  91.41  529.64
0.7%) (1.4%) (0.6%) (0.9%) (2.7%)

PBED2  6.99 652 1131 91.23 51545

07%) (0.7%) (0.0%) (0.7%) (-0.1%)

Exp[20] 6.941 6569 11315 9055 515.89
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Figure 5.3: Hydrostatic pressure dependence of lattice parameters properties of
solid nitromethane up to 30 GPa as calculated within LDA, GGA with PBE, and
PBE-D2, compared to experiments (Exp1: Ref. B, Exp2: Ref. 4:, Exp3: Ref. 5).
Here, (a). Pressure dependence of 4, b, and c -lattice parameters , (b). crystal
volume.

FOX-7, the EOS was calculated in a pressure range from 0-10 GPa with a step
size of 0.5 GPa between 0-5 GPa and step size of 1 GPa for 5-10 GPa pressures.
The variation in the lattice constants (a, b, and ¢) as well as volume for both the
compounds are compared with experiments and are illustrated in Figure. p.3, 5.4,
6.3, and 5.4

In the case of nitromethane, at low pressure the D2 correction to PBE is es-
sential to reproduce the experimental values, whereas at large pressures the three
computed methods show consistent results, which mainly implies that at high
pressures the long-range vdW forces become less important. Moreover it is seen
that , a sudden change in the lattice parameters occurs between 10 GPa to 12
GPa using PBE-D2 functional, the similar situation was observed in the lattice
parameters 4 and b decreases with increasing pressure, whereas c lattice parame-
ter increases with pressure. A similar behavior is observed with the LDA and PBE
functionals, although it happens at higher pressure (between 15 GPa to 20 GPa).
This will be discussed in subsequent sections. Figure. .4 shows our calculated

pressure-volume relation up to 30 GPa and the same are compared with experi-
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Figure 5.4: Hydrostatic pressure dependence of volume of solid nitromethane up
to 30 GPa as calculated within LDA, GGA with PBE, and PBE-D2, compared
to experiments (Expl: Ref. B, Exp2: Ref. 4:, Exp3: Ref. 5). Here, (a). Pressure
dependence of a, b,, and ¢ -lattice parameters , (b). crystal volume.

ments. The calculated bulk modulus and its pressure derivative obtained with the
PBE-D2 functional are B = 11.6 GPa and B’ = 6.5 respectively, which is in good
agreement with experimental values of 7 GPa [3], 10.1 GPa[4], 9.25(£1.9) GPa[5]
and closely comparable with the reported theoretical values of 5.7 GPa [[11, [16]
with standard DFT method.

On the other hand, FOX-7 clearly highlights the fact that van der Waals in-
teraction becomes more important under large pressure. The deviation of our
calculated lattice parameters from 0 GPa and 4 GPa are compared available ex-
periments are listed in Table p.3. By comparing the three lattice parameters, the
reduction of the b lattice parameter under pressure is larger than the other two pa-
rameters as clearly observed from the first order pressure coefficients (7 = +9X,
X=a, b, ¢). The calculated pressure coefficients obtained with either LDA, PBE
and GGA +D2 are presented in Table b.4, following an order of > ¢> 4 with all
the three methods. This clearly implies that FOX-7 having the largest compress-
ibility along the b-axis and the same was reported experimentally [21]. Then, the
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Figure 5.5: Hydrostatic pressure dependence of lattice parameters (a, b, and c)
and crystal volume of FOX-7 up to 10 GPa as calculated within LDA, PBE, and
PBE-D2 and as compared with experiments [21].
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Table 5.3: The deviation of the lattice parameters (in A) of monoclinic FOX-7 at
0 GPa and 4 GPa with experiments. Here *-’ sign indicates an underestimation

and ’+ indicates an overestimation in comparison with experimental values
XC at 0 GPa at 4 GPa
a b c a b c
LDA -0.18 -0.41 -0.19 -0.17 -0.28 -0.15
PBE +030 +1.16 +0.42 +0.05 +0.17 +0.27
GGA+D2 +0.07 -0.10 +0.07 +0.01 -0.11 +0.06
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Table 5.4: The calculated first order pressure coefficients(in 107> GPa™!) of the
lattice parameters and second order bulk moduli (in GPa) of monoclinic FOX-7.

XC a b C B

LDA -39 93 7.6 31.26

PBE 79 -19.8 -12.2 8.13
GGA+D2 34 -63 -5.0 18.43

EoS of FOX-7 is determined by fitting the obtained P-V data (see Figure b.6) to
a second order Birch-Murnaghan (B-M) EoS, . We found that the bulk moduli
(see Table b.4) obtained within LDA or GGA is in poor agreement with experi-
ments, while the one obtained with PBE+D2 is in very good agreement with the
experimental value of 17.6 GPa [21].

5.4 Bonding and Vibrational properties

5.4.1 Solid Nitromethane

As mentioned earlier, in order to understand the sudden change in the lattice
parameters of solid nitromethane, we have calculated the pressure dependence of
bond lengths, bond angles, and the corresponding data are shown in Figure. p.7
andb.§. The change observed in the lattice parameters is also reflected in the bond
lengths and bond angles. In particular, when hydrostatic pressure is increased
from 0 GPa to 10 GPa with the PBE-D2 functional, the bond lengths C-N, N-O;
(i=1,2), O-H; (1=1,6) and the bond angle O-N-O, decreases significantly but in
contrast, the C-N-O; (1=1,2) bond angles increases with pressure. However in
the pressure region from 10 GPa to 12 GPa, an increase in the N-O, bond length
is observed together with a sudden change in the C-N-O bond angles.

Also, the O-H distances (see Figure. @) di, d; and dg are in the range of
2.2 A t03.2 A at ambient pressure, whereas these values decreases to 2.0 A to
2.6 A at high pressures and weakening of hydrogen bond strength is observed be-
tween the pressure range of 10 to 12 GPa. This behavior indicates slight changes
in the hydrogen bonding and more generally in the intermolecular geometry of

solid nitromethane. Snap shots of the unit cell of solid nitromethane for differ-
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Figure 5.7: Bond lengths and bond angles of solid nitromethane up to 30 GPa as
calculated within LDA, PBE, and PBE-D2.

ent pressures are shown in Figure. 5.9 . Indeed this indicates a possible phase
transition in solid nitromethane,from Phase I to Phase II known experimentally
[5] to occur at 11 GPa. In the present calculations using PBE+D2 method, the
transition pressure is slightly lower than experiment, but the overall agreement is
found to be good. Of course a similar situation is observed with the LDA and PBE
functionals between 15 to 20 GPa, which emphasis the inclusion of +D2 correc-
tion to the DFT method. To have better understanding on the phase stability of
nitromethane, further calculations of vibrational frequencies at the gamma point
were continued with PBE+D2 approach.

Since the unit cell of solid nitromethane contains 28 atoms, the corresponding
number of modes are 84, of which 3 are acoustic modes and remaining 81 modes
are optical modes. The optical modes at the Brillouin zone center (I' point) have

the following irreducible representation:

AR)+ Bi(R+IR)+ B;(R + IR) + B;(R + IR) (5.1)
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O-H bond length (A)

Figure 5.8: Oxygen-hydrogen bond lengths of solid nitromethane up to 30 GPa
as calculated within LDA, PBE, and PBE-D2.

Figure 5.9: Snap shots of solid nitromethane unit cells using PBE+D2 at 0 GPa,
10 GPa and 12 GPa. The circles shows the orientation of C-N-O bond angle with
pressure.
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Table 5.5: Vibrational frequencies (in cm™!) of the internal modes of solid ni-
tromethane. All quantities are calculated at the respective theoretical equilibrium
volume using the PBE+D2 functional. Here A(R), B;(R+IR), B,(R+IR) and
B;(R+IR) are irreducible representation of space group P2,2,2,.

no. Mode Irrrep Cal. fre Ass. Exp[8]  other[16]
1 B, 3127.8
2 M1 B, 31273 CH;AnSt 30822(B,) 3117
3 B; 3126.5
4 A 3126.3
5 B, 3082.7
6 M2 B, 3081.6 CH;AnSt. 3049.6(By) 3072
7 B,  3081.2
8 A 3080.9
9 B, 2983.1
10 M3 B, 2981.8  CHj; Sy.St 2980
11 B; 2981.4
12 A 2981.0 2970.6 (A)
13 B,  1483.1 1566.0 (B3)
14 B1 1480.1 CH3 Wa +
15 M4 B, 14792 NO,AnSt 15654 (B,) 1528
16 A 1456.3
17 B, 1434.5
19 B,  1419.1 NO,AnSt 14309 (B, 1434
20 A 1418.6
21 B, 1406.9 1414.1 (B,)
23 Mé By 13841 NO,Sy.St 1413.6 (B;) 1414
24 A 13813 1412.0 (A)
25 B, 13714 1414.7 (By)
26 M7 B, 1368.2 CH; De +
27 B; 1360.6  NO; Sy. St 1387
28 A 13560 1403.9 (A)  (cont..)
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Table 5.6: Cont.. vibrational frequencies (in cm™') of the internal modes of solid
nitromethane.

29 B, 13103 1376.5 (B,)

31 B, 1308.2 CN St 1379.3 (By)

32 A 1307.9 1375.4 (A)

33 B, 1095.4 1120.1 (B,)

34 M9 B, 1090.5 NCH De 1121.2 (B;) 1098
35 B, 1089.5 1124.3 (B5)

36 A 1088.3

37 B, 10767 1108.2 (B3)

38 A 10755 CH; Tw + 1105.3 (A)

39 M10 B, 1073.5 NO, An. St 1107.1 (B,) 1083
40 B, 1070.7 1106.1 (B,)

41 A 890.1 923.6 (A)

42 B, 889.9 CN St + 923.8 (B,) 906
43 M1l B, 889.1 NO, Be 922.0 (B,)

44 B; 888.9

45 B, 641.5 658.0 (By)

46 M12 B, 641.1 CN St + 664.4 (B,) 650
47 B; 641.0 NO; Sc

48 A 6363

49 B, 592.4 610.1(B,)

50 MI13 B, 591.4 NCH Wa + 608.0 (B,)

52 A 5859

53 B, 4727 484.1 (B,)

54 M14 A 4709 484.9 (A) 472
56 B, 4703 483.7 (By)

Here, St: stretching; An. St: Antisymmetric stretching; Sy. St: Symmetric
stretching; Wa: Wagging; De: Deformation; Tw: Twisting; Be: Bending; Sc:
Scissor; Ro: rocking
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Table 5.7: Vibrational frequencies (in cm™!) of the external modes of solid ni-
tromethane. All quantities are calculated at the respective theoretical equilibrium
volume using the PBE+D2 functional. Here ARR), B;(R+IR), B,(R+IR) and

B;(R+1IR) are irreducible representation of space group P2,2,2;.

no. Mode Irrrep Cal fre Exp[8]

57 A 180.9
58 B, 171.1  165.4(By)
59 B, 162.0
60 L1 B; 161.4
61 A 153.6  154.9(A)
62 B, 148.5
63 B, 145.7

64 L2 B 1329 138.8(B))

65 B; 116.1  114.6(Bs)
66 B, 113.0

67 L3 B, 107.7

68 A 1063 112.9(A)
69 B, 100.5

70 B, 976 95.1 (B,)
71 L4 B, 91.2  99.7(B))
72 B; 90.5  85.0(B;)
73 A 844  84.5(A)

74 B, 731 78.2(B))

75 B, 716 71.5(B,)

76 L5 A 70.1  70.7(A)

77 A 66.1  58.6(A)

78 B; 62.7

79 A 537 52.1(A)

80 L6 B, 51.8  44.4(B,)
81 B, 44.1
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Here R and IR represents the Raman active and infrared active modes respec-
tively. Table .5, 5.6, 5.7 presents the calculated internal and external modes for
+D2 calculations, with the corresponding mode assignment and are compared
with earlier experimental and other theoretical results. By following the previ-
ous notation, the high energy domain(> 400 cm™!) contains 14 internal modes,
where, each mode is grouped into four set of symmetries. These modes are in-
dexed going from highest energy mode M1 (CHj antisymmetric stretching) to
the lowest energy mode M14 (NO, rocking). The main features of the internal
modes are as follows: (1) The higher frequency modes M1, M2 and M3 are mainly
from CHj stretching, (2) optical modes M5 to M8 are due to CH; deformation
and NO; stretching, (3) NCH deformation is observed in mode M9, (4) mixed
motions are observed in M10 to M13, which are from NO,, CH; and CN bonds
(5) M14 mode is mainly from the NO, rocking. The calculated internal modes
differ by few cm™! when compared with earlier reported GGA-PBE calculated
frequencies [[16]. This is mainly due to +D2 correction to PBE which improved
the volume compared to the results without inclusion of vdW and thereby in-
termolecular distance varies considerably. The low energy domain(< 400 cm™!)
consists of 25 fundamental external (lattice) modes, namely 7A + 6B, + 6B, + 6B;.
The internal and external modes are separated by 292.6 cm™!, which is in good
agrement with experimental gap of 289.2 cm™!. Overall, the calculated external
and internal modes are in good agrement with experiments [8-10].

Now, we discuss the pressure dependence of the vibrational frequencies of
solid nitromethane. Figure. shows the frequency of the internal modes as
a function of pressure up to 30 GPa (with a step size of 5 GPa). It is observed
that the frequencies of all the internal modes increases with external pressure.
However, in the pressure ranges of 10 GPa to 15 GPa, a large discontinuity is
noticed for the vibrational modes M2, M3, M4, M7 and M8. From Table @,
@, it is found that the mentioned modes are from CHj; and NO; stretching at
ambient conditions and hydrostatic compression shows significant effect on CH;
and NO, groups. A similar behavior has been observed from 9 to 13 GPa in the
experiments using Raman measurements [8§-10]. The variation of lattice modes

under pressure are shown in Figure. b.11. From this, we can clearly see that the
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Figure 5.10: Pressure evolution of internal vibrational frequencies of solid ni-
tromethane up to 30 GPa using PBE-D2 at Gamma point.
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Figure 5.11: Calculated L1-L3 (a), L4-L6 (b) external vibrational frequencies of
solid nitromethane at Gamma point up to 30 GPa (step size of 5 GPa) within
PBE-D2 and (c) shows the L6 mode frequencies from 8 GPa to 12 GPa with a
step size of 1 GPa.
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calculated lattice modes from L1 to L3 (Figure. B.11(a)) are hardening with in-
creasing pressure, whereas L4 to L6 modes(Figure. B.11|(b)) starts to soften from
5 GPa to 10 GPa. As the pressure increases from 10 GPa, all these modes(L4
to L6) shift towards higher frequencies. However in the pressure region 8 to
10 GPa, B; modes decreases to zero and are shown in Figure. B.11/(c). Overall,
the calculated vibrational frequencies at high pressure using PBE-D2 functional
shows distinct intra and intermolecular modes at high pressures and the discon-
tinuity in the internal and lattice modes point out to the structural transition in
solid nitromethane between 10 to 12 GPa at low temperatures which is in good
agreement with the available experimental data [5, 9]. From 15 to 30 GPa, all the
internal modes increases continuously without any discontinuity, in good agree-
ment with earlier experiments. Also, by increasing the pressure the energy gap
between the internal and the external modes decreases to 30 cm™!, which is also

comparable with previous experiment.

54.2 FOX-7

From the crystal structure of FOX-7 (see Figure. b.2), it is clearly clearly seen that
the intra as well as inter molecular interactions of FOX-7 molecules were together
with vdW forces between the layers and strong hydrogen bonding due to the close
contact of the NH, group of one molecule with the NO, group of the adjacent
molecule. Also, recent experiments under pressure reported that variations in the
hydrogen bond strength, leads to solid-solid phase transitions of FOX-7 [37, 38].
To confirm the nature of hydrogen bonding under hydrostatic pressure, we have
proceeded with the investigation of the intra- as well as inter- molecular N-H...O
hydrogen bonds and the IR spectra of FOX-7 under pressure. The intra and
inter molecular Donor (Nij)- Hydrogen (Hij), Acceptor (Ojj)- Hydrogen (Hij) and
Acceptor (O1j)- Donor (Nij) bond lengths (here ij notations are defined in Figure.
b.2(a)) under pressure are shown in Figure. p.12. All the intramolecular N-H
bond lengths (shown in Figure. 5.14(a)) decreases except N21-H11. The bond
length variations for O-H and N-H are shown in Fig p.1J(b) and Figure. b.12(c)
respectively. Also the O-H and N-O bonds between adjacent molecules are found
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to decrease drastically with pressure and some of the O-H bond lengths are found
to be shorter than the sum of their vdW radii. This indicates a large variation in
the intermolecular interactions and affects the strength of hydrogen bonding in
FOX-7. The signature of hydrogen bond was observed from IR spectra in two
cases previously [39, 40]. In the first case, the red shift of the hydrogen bond in N-
H...O is from N-H bond length hardening with an associated decrease in the N-H
stretching frequency and accompanied by an increase of the IR intensity [39]. In
the second case, the blue shifted hydrogen bond results from the shortening of
the N-H bond lengths, and an increase in stretching frequency of NH group with
decrease in IR intensity [40]. To understand the nature of IR spectra for FOX-7,
further calculations on IR spectra of FOX-7 were performed an are presented in
this chapter. The unit cell contains 56 atoms and has therefore a total of 168 (3
acoustic+ 165 optical) modes. The optical modes have the following irreducible

representation:
Ag(R) + Bg(R) + A,(IR) + B,(IR) (5.2)

Here A,, B, modes have inversion symmetry and are Raman active; A, B, are
IR active due to change of sign under inversion symmetry. The main characteris-
tics of optical modes are the following: the lower frequencies from 22 to 470 cm™!
are external modes, i.e. vibration from all the atoms in unit cell, (a) The inter-
nal modes from 530-713 cm ™! corresponds to wagging and rocking motion of the
NH, group (b) Mixed motions from the NH,, NO,, C-N groups stretching and
N-C-N rotations are observed between 713-832 cm™!, (c) Individual NH, group
rocking is found from 1006-1053 cm™!, (d) The modes between 1104-1605 cm ™!
corresponds to NO; stretching, NO, bending and C-C stretching (e) the very
high frequencies (more than 3200 cm™') are from NH, symmetric and asymmet-
ric stretching modes. The calculated IR spectra from O to 10 GPa, is shown in
Figure. b.13. According to our calculated IR spectra, we found that all internal
modes from 530-1006 cm ™! are shifted towards higher frequencies with increas-
ing pressure. On the contrary, the modes above 3200 cm™! , are shifted to lower
values with increasing pressure.

The enhancement of intermolecular N22-H11 bond strength, decrement of
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Figure 5.13: IR spectra of FOX-7 under hydrostatic pressure range from 0 to 10
GPa.

mid-IR region (above 3000 cm™') frequencies under hydrostatic pressure condi-

tions illustrates the strengthening of intermolecular bond strength.

5.5 Transition from o to t o’ structure in FOX-7

Starting from the synthesis of this compound in 1998 [41], several studies were car-
ried out on FOX-7 to investigate its structural properties from ambient[20] to ex-
treme conditions [21, 42, 43, 45]. Beeman and Ostrak [20] determined the crystal
structure of FOX-7 to be monoclinic with the space group P2,/n, which contains
four molecules (56 atoms) per unit cell. Later Peris et al [21] studied its structural
properties and Raman spectra under the influence of non-hydrostatic pressure
and found a quasi-amorphous phase above 4.5 GPa. However, they found that

no lattice transformations could be observed up to 8 GPa under hydrostatic con-
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ditions. Recent experiments at different temperatures and pressures found three
possible phase transitions (at 2 GPa, 5 GPaand above 10 GPa) in mid and far IR re-
gions [37, 38]. Pravica et al [37] reported the strengthening of the hydrogen bond
and softening of NH, stretching frequencies at high pressure by using IR experi-
ments. Very recently, Dreger et al [48] studied Raman spectra under isothermal
compression (up to 15 GPa) and isobaric heating (up to 500K), and claimed that
two phase transitions are observed at 2 and 4.5 GPa respectively. Apart from this,
FOX-7 has shown three (possibly four) solid polymorphic phases as a function
of temperature [42-44]. The a phase ( monoclinic, P2,/n, Z=4) appears to be
most stable under ambient conditions, and it transforms to  phase (orthorhom-
bic, P22,2y, Z=4) beyond 378 K at ambient pressure and further transforms to v
phase (monoclinic, P2;/n, Z=8) upon heating above 448 K. Experiments also in-
dicate a phase transition from « to o/ phase at pressure around 2 GPa 37, 38], (the
o' phase was considered to be identical to the 5 phase of FOX-7 found previously
at 373 K). In contrast to this, recent experiment using isothermal compression (at
298 K) found a phase transition at the same pressure but they claimed that the
structure was different from the 3 structure [48]. With the aim to have a better
understanding of this phase transition, calculations for enthalpy differences were
computed for the both v and /3 phases taking into account Grimme’s correction
for vdw interactions. However, the present results didn’t observe any sign of a
possible transition, and the « phase stayed with the lowest enthalpy for the range
of pressures that we have investigated. It is also be noted that the presented calcu-
lations are within hydrostatic pressure limit performed at 0 K. Therefore, present
computations anticipate that temperature might certainly play a major role dur-
ing the transition, and/or that the level of theory (dipole-dipole correction) that
are used to take into account the dispersive interactions in the present computa-
tions are might not be sufficient, leading to the discrepancies observed between

experiments and theoretical results.
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5.6 Conclusions

In summary, the present chapter provides the detailed investigation of the struc-
tural properties of solid nitromethane and FOX-7 within LDA, GGA and differ-
ent dispersion corrections including with GGA functional to treat vdW forces. It
was found that the structural properties using PBE-D2 are in good agreement with
experiments, which highlight the role of vdW interactions in solid nitromethane.
Subsequently, the influence of hydrostatic pressure on the structural properties
such as the lattice parameters, bond lengths, and bond angles was calculated for
nitromethane and a discontinuity in bond lengths and bond angles was observed
between 10 GPa to 12 GPa. In particular, solid nitromethane is stiffest along
the crystallographic a-axis, followed by the b-axis, and then by the c-axis. The
vibrational properties of solid nitromethane at ambient conditions have been cal-
culated and a fairly good agrement with experiments is obtained. The influence of
hydrostatic pressure on solid nitromethane shows distinct behavior from 8 to 15
GPa. The weakening of hydrogen bond strength, softening of lattice modes sup-
ports a possible structural transition in solid nitromethane between 8 to 12 GPa
and this was in excellent agreement with reported experiments. On the other
hand the computed lattice parameters of FOX-7 at high pressures shows a large
compressibility along the b-axis, which is also similar with available experiments.
The vibrational properties computed under pressure shows a large contribution
of intermolecular interactions taking place up to 10 GPa and demonstrate an ev-
idence of strong hydrogen bonding in the mid IR region. It is also found that
ground state FOX-7 could be structurally stable under hydrostatic pressure up to
10 GPa.
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Structural properties and
quasiparticle band gaps of organic

(C-H-N-O) based energetic solids

This chapter mainly presents the results of ground state structural and elec-
tronic properties for a series of C-H-N-O based energetic materials using beyond
standard Density Functional Theory (DFT) methods.

6.1 Introduction

Energetic materials are good candidates for many civil, industrial and military
applications due to their capability of rapid chemical decomposition with a large
energy release to their surroundings by an external stimuli. Recently, a large
community of researchers have shown interest on these compounds, conducting
their research with new strategies to improve the performance, effectively dealing
with safety and have developed new compounds which are less hazardous to the
environment. Presently, experiments on these materials are increasing in order
to explore the structural, optical and chemical decomposition mechanisms [[1-16].
Indeed complex crystal structure and high sensitivity to a small external stimuli of
these compounds presents difficulties to experimentalists in examining the desired
properties such as analysis of the bonding, stability, and studying the polymor-
phic phases of these materials. On the other hand, theoretical assessment on these
materials is an alternative method to provide a description of the structural and
electronic properties at various conditions.

Density functional theory (DFT) is an efficient computational tool, and the
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Figure 6.1: Experimental crystal structures: (a) S-HMX, (b) unit cell of TATB
and (c) super cell of TATB.

usage of this method resulted in significant advances for various materials. Con-
ventional DFT methods with existing standard approximations to the exchange-
correlational functionals (modeled using the local density approximation (LDA)
[17] or the generalized gradient approximation (GGA) with different flavors such
as PBE [[18] or PW91 [[19]) are in excellent agreement with experiments for cova-
lent and metallic systems. However standard DFT has two major general draw-
backs in: 1) treating long range dispersive interactions and 2) predicting (and re-
producing) the band gap from Kohn-Sham eigenvalues. In fact, these two prob-
lems play an important role in energetic materials to determine the structure,
bonding, and sensitivities, as described below.

It is known that most of the energetic materials are molecular solids (includ-
ing layered compounds), where the crystal packing between adjacent molecules is
governed by both van der Waals interactions and hydrogen bonding (as particu-
lary observed in C-H-N-O based molecular crystals). For example the structures
of two widely used high energetic materials, 5-HMX and TATB, are shown in
Figure. b.1. Earlier, Byrd and co-workers [20, 21] studied different energetic
materials with conventional DFT method using various exchange-correlational
functionals (such as LDA, PBE, and PW91). Their results clearly show large er-
rors in reproducing the ground state volume. The discrepancy between theory

and experiments leads to difference in the density (po), which has drastic effects in
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reproducing the energetic properties of these solids in terms of detonation veloc-
ity (D, o po) and pressure (D,ox po?). This deviation in reproducing ground state
volumes using conventional DFT method was expected due to the fact that non
local dispersive interactions were not accounted in their calculations. To correct
this discrepancy between available experiments and DFT results for the ground
state volumes, it is essential to include dispersive interactions in the calculations.
There have been promising attempts made to fix this shortcoming and consid-
erable benchmarking studies are available with advanced methods for noble gas
solids, layered, sparse and molecular crystals [22-32]. In the case of energetic mate-
rials, Sorescu et al [33] performed calculations using Grimme’s [34] method for 10
systems and obtained improved results with an error for the ground state volumes
ranging from ~(-3 to 4) %. In addition, Landervilli et al. reported ground state
volumes and bulk moduli for some energetic materials using Neuman and Per-
rin approach [B5]. From our previous studies on nitromethane and FOX-7 solids
[36, 37], we also found good agreement using Grimme and TS methods [36, 37].
However, it is observed that although the mentioned dispersion corrected meth-
ods overcomes most of the difficulty in reproducing ground state volumes, the
relative errors still show a mean absolute deviation of about 3 %.

Another important property concerning energetic materials is the electronic
band gap. Earlier, Kuklja and coworkers estimated the narrowing of the band
gap using molecular level calculations for different energetic materials from am-
bient to high pressure and studied the key role of band gap as well as electronic
excitations on the decomposition process [38-42] Few other studies were also pro-
posed to model the link between the impact sensitivity and the electronic band
gap with the PBE functional (for polymorphs of HMX, CL20 and the nitraro-
matic series MATB, DATB, and TATB), and reported that the lower is the band
gap, then higher is the sensitivity [43, #4]. But the well known disagreement
of the computed band gap using standard DFT functionals leads to an inaccu-
rate estimation of the properties related to the band gap either in molecular or
solid systems. However from our previous studies on some energetic materials
(solid nitromethane, FOX-7, cynauric triazide) [36, 37, 45] and another theoreti-
cal study on TATB by Fedorov et al [46], and also previous reports using the GW
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Table 6.1: Summary of simulated structures(Ref 53-58) used in the present work.
All the calculations were performed using the kinetic energy cut off of 800 eV.
Here, CS: Crstal structure, SG: space group, Z: no of formulas per unit cell, N:
no of atoms per unit cell., V: volume in A3,

Compound CS SG Z[N) \Y
B-HMX (C4HgNgOg) Monoclinic P2;/c 4 (56) 519.39
NTO (C,H;N,O3) Monoclinic P2;/c 4 (44) 450.29
TEX (C¢H¢N,Og) Triclinic P1  2(48) 433.64
TAG (C3H12N1202) Tlf'lCllIllC P1 2 (58) 525.60
FOX-7 (C,H;N,O,4) Monoclinic P2;/c 4 (56) 515.89

approximation [#7-52] can overcome this problem.

In this chapter , we aim to carry out theoretical study of C-H-N-O based en-
ergetic solids for understanding the relative errors in structural properties using
various dispersion correction methods and quasiparticle band structure calcula-
tions to obtain accurate band gaps values. For this, we have chosen different en-
ergetic solids (namely S-HMX, TATB, NTO, TEX, TAG-MNT and FOX-7) to
compare the obtained results with available experiments as well previous reports.
Here, the computed energetic solids are popularly known compounds in which
the inter (intra) molecular interactions resembles with mixed nature of both van
der Waals and hydrogen bonding. In addition, the quasiparticle band gaps of these
compounds are not yet reported except for TATB [46]. The experimental crys-
tal structure details and the corresponding information are presented in Table.
b.1. It is also to be noted that performing both structural and quasiparticle band
structure calculations for the above mentioned compounds are computationally
expensive (see Table 1 for structural details [53-58]), and hence we confined our

self with six compounds.

6.2 Computational details

The calculations in the present work were carried out with the projector aug-
mented wave (PAW) [59] implementation of VASP [60]. The generalized gra-
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dient approximation (GGA) in the PBE parameterization was considered as the
exchange correlational functional [[18]. Structural optimizations were achieved
by setting following convergence criterions: for total energies are below 5e-06
eV, residual forces to be less than 1e-3 eV/ and stresses are limited to 0.02 GPa.
To correct the missing dispersion interactions, we have used several recently pro-
posed methods such as PBE functional with pair potential methods D2, D3 (BJ),
TS, TS+SCS and density functional (vdW-DF) methods as implemented in the
VASP code. The details of the implementations and usage of these methods can
be found elsewhere (Ref. 34, 61-64). To obtain accurate band gaps, we have used
the GW approximation [63, 66] for all the compounds. For getting accurate quasi-
particle eigenvalues, we used 200 bands for the summation over the bands in the
polarizability and the self-energy formulas, and the polarizability matrices were

calculated up to a cut-off of 200 eV.

6.3 Results and discussions

6.3.1 Ground state volume and bulk modulus

Firstly, geometry optimizations were performed for six organic energetic solids
with the various methods mentioned in the previous section. The complete list of
resulting lattice parameters and angles, along with experimental results for all the
compounds are presented in Table. .. As expected, the PBE functional over-
estimated the lattice parameters (around 5 %) and in some cases the monoclinic
and triclinic angles are slightly too low (around 1 %). Overall the PBE functional
overestimated the volumes ranging from 7 to 15 % as compared with experiments
for the tested compounds. On the other hand, various dispersion corrections to
the PBE functional lead to an improvement in the structural parameters and the
obtained results are in good agreement with experiments. Now, we will take a
look into the accurate dispersion correction method for organic energetic solids in
the present work. In order to enable this, we tested the percentage of relative er-
ror (AX = ((Xy-Xexp)/ Xexp) x 100) in the lattice parameters, volumes and densities

using various dispersion corrections. The obtained AX with dispersion correc-
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Table 6.2: Calculated ground-state properties of CHNO based secondary explo-
sives at ambient pressure using PAW method implemented in VASP.

System GGA+D ad) bA) cA) « B v
PBE 6.77 11.48 9.01 90.00 124.24 90.00

TS 6.56 11.07 876 90.00 12454 90.00

TS+SCS 657 11.10 8.78 90.00 12438 90.00

D2 6.54 1091 8.67 90.00 12424 90.00

B-HMX D3 (@B]) 656 11.02 872 90.00 124.26 90.00
vdW-DF 653 10.87 8.67 900 12439 90.00
Exp (Ref. 53) 6.54 11.05 870 90.00 12430 90.00

PBE 9.26 9.28 7.65 106.15 92.05 120.11
TS 9.10 9.12 674 109.23 91.74 119.96
TS+SCS 9.10 9.12 6.75 108.85 9195 120.02
D2 9.08 9.10 6.57 10958 91.77 119.90

TATB D3 (@B]) 907 9.0 677 10895 91.81 119.87
vdW-DF  9.08 9.10 6.62 109.16 92.13 120.03
Exp Ref. 54) 9.01 9.03 6.81 10859 91.82 119.97

PBE 932 5.69 9.68 90.00 100.05 90.00
TS 925 5,50 9.19 90.00 100.73 90.00
TS+SCS 9.21 553 923 90.00 100.63 90.00
D2 923 549 9.02 90.00 101.02 90.00

NTO D3 (@B]) 924 551 9.17 90.00 100.72 90.00
vdW-DF 938 547 897 90.00 101.70 90.00
Exp (Ref. 55) 9.33 545 9.04 90.00 101.47 90.00

PBE 720 791 932 8241 7548 78.29

TS 690 7.65 894 8232 7519 78.69

TS+SCS  6.90 7.65 894 8284 7567 79.00

D2 685 7.63 878 8221 7529 7891

TEX D3(@B]) 691 7.67 892 8233 7530 78.80

vdW-DF 682 7.62 876 82.15 75.13 79.02
Exp Ref. 56) 6.84 7.64 8.78 8237 75.050 79.46

PBE 717 8.17 10.52 100.23 102.96 103.68

TS 690 798 10.39 100.63 104.39 102.75

TS+SCS 692 799 1039 100.54 104.18 102.86

D2 6.79 796 10.33 101.94 103.93 102.53

TAG D3 (B]) 690 798 10.37 100.93 103.90 103.03

vdW-DF2 6.85 7.97 1051 101.39 104.58 102.25
Exp Ref. 57) 6.87 798 10.52 101.31 103.78 103.12
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Figure 6.2: Calculated relative errors (in %) of lattice parameters (4, b, and ¢) for
organic energetic solids. (a). S-HMX, (b). TATB, (c). NTO.
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Figure 6.3: Calculated relative errors (in %) of lattice parameters (4, b, and ¢) for
organic energetic solids. (a). TEX, (b). TAG-MNT, (c). FOX-7.
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tions for lattice parameters are shown in Figure. p.3, 6.3 and AX for volumes are
illustrated in Table. jp.3.

From Figure. and @ , it is clear that AX (X= 4, b, and ¢ ) for lattice
parameters using different approaches varies from -3 to +3 % for all compounds
and none of the individual method achieved consistently minimal error results
for the tested systems. Obviously this may expected due to the mixed nature of
vdW forces and hydrogen bonding in these organic energetic solids. For example,
the considered compounds TATB as well as FOX-7 are layered solids and layers
are dominated with vdW forces (along c-axis for TATB and b-axis for FOX-7)
and hydrogen bonding is also an inherent accessible (C/N...O-H bonding pairs)
for stability of these structures.

To further understand the performance of each functional, we considered the
equilibrium volumes obtained with the various methods. Turning now to Table.
b.3, the mean absolute deviation (MAD) of all dispersion correction methods are
almost within a 1-2 % deviation with experiments and AV in the equilibrium
volumes are scattered with each method used. For instance, by considering a
case of less than 1 % relative error at equilibrium volume, we found a good agree-
ment with: the TS and D3(B]) methods for 5-HMX; the TS, TS +SCS and D3(B])
methods for TATB; the D2 and vdW-DF methods for NTO and TEX systems.
In contrast to these, all the dispersion corrected schemes (except D2) were found
to show < 1 % deviation for TAG-MNT and above 1 % of deviation for FOX-7
in comparison with experiments. In addition to the present work, Sorescu et al
[33] found -1.18 % for 5-HMX, -3.24 % for TATB, and -0.48 % for FOX-7 using
the PBE-D2 method; a deviation of -2 % was observed for f-HMX and TATB
using the Neuman and Perrin approach [35] ; Wu et al [67] reported the ground
state volume of NTO with a deviation of -0.6 % using the D2 method. At this
point, these observations indicates that dispersion correction methods replicate
the volume with experiments, but the performance of each method is not unique
for different compounds.

We next move to analyse the calculated density, which is an intrinsic param-
eter to determine explosive properties in energetic solids. As mentioned in the

introduction D, o< p and D,oc p? for energetic solids, in Figure. [b.4 we plot the
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Table 6.3: The calculated ground state volumes V (in A), % of relative error (AV)
with experiments (see Table. b.1 for experimental volumes) with standard DET
method (PBE) and different dispersion corrected methods.

PBE TS TSSCS D2 D3@BJ]) vdW-DF

S-HMX V  578.70 524.05 528.38 510.75 520.56 507.26
AV +1142 +090 +173 -1.66 +0.22 -2.33

TATB A\ 53428 443.92 44591 430.32 445.47 433.40
AV  +20.74 +0.32 +0.77 275 +0.67 -2.05

NTO V  504.87 458.81 462.09 448.86 458.99  450.68
AV  +1212 +1.89 +2.62 -032 +1.93 +0.09

TEX A% 501.40 444.86 447.57 433.16 446.86 430.23
AV  +1563 +259 +3.21 -0.11 +3.04 -0.77

TAG-MNT V 56595 523.03 525.55 508.36 521.41 52293
AV  +07.6 049 ~0.00 -3.28 -0.80 -0.51

FOX-7 V  598.61 52254 526.78 508.62 52194 510.19

AV  +16.03 +1.28 +2.11 -1.41  +1.10 +1.17
MAD 14.23 1.24 1.74 1.59 1.30 1.14

obtained Ap as well Ap? for all compounds. Similar to ground state volume, Ap
also varies around -2 to 2 % with various methods and A p? was enhanced to -5
to 5 % with various dispersion correction methods. However, this tendency of
relative error in p? should be considered towards predicting explosive properties
such as detonation pressure.

As a next step we also calculated the bulk moduli of organic energetic solids
to check the performance of various dispersion correction methods. Besides the
ground state volume and density, a similar situation was observed even in the com-
puted bulk moduli for these compounds using various methods. Table. .4 shows
the obtained bulk moduli (By) and their pressure derivatives (B’) along with avail-
able experimental values. Here, By and B’ were computed with the Murnaghan
equation of state, where the P-V data were fitted from 0 to 5 GPa with a step
size of 0.5 GPa. By comparing the computed B, from various dispersion correc-
tion DFT methods with the available experimental values, one can understand
that the obtained values fall in the range of experiments. We also note that the

present computed ground state volume, bulk moduli and pressure derivatives for
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Figure 6.4: Calculated relative errors (in %) of density (p) for organic energetic
solids. Here (2)/AAp and (b)A\ p? are tested with various dispersion correction meth-

ods in the present work.
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Table 6.4: The calculated Bulk moduli and its pressure derivative of energetic
materials with standard DFT method and different dispersion corrected methods.

Compound  Method By (B’) Exp
FHMX  PBE  9.24 (7.27)
TS 16.07 (7.84)
TS+SCS  14.03 (8.06) 12.4 (10.4)[68]
D2 17.34(7.85) 21.0 (7.4)69]
D3 (B]) 1593 (7.38)
vdW-DF  20.98 (8.58)

TATB PBE  3.49 (12.66)
TS 21.12 (6.30)
TS+SCS 17.78 (7.74)  15.7 8.0)[70]
D2 14.12 (10.82)
D3 (B]) 14.27 (7.91)
vdW-DF  20.95 (7.85)

TAG-MNT PBE  5.24 (11.42)
TS 20.37 (3.47)
TS+SCS  20.65 (3.37)  14.6 (4.8)[71]
D2 18.72 (4.30)
D3 (B])  19.59 (3.35)
vdW-DF  21.00 (3.83)

NTO PBE  11.32 (6.65)
TS 21.60 (5.27)

TS+SCS  20.29 (5.81)

D2 18.06 (6.20)

D3 (B])  18.68 (6.15)

vdW-DF  25.15 (4.26)

TEX PBE  7.26 (8.41)
TS 15.70 (7.30)

TS+SCS  14.38 (6.89)

D2 16.91 (7.30)

D3 (B]) 13.51 (8.14)

vdW-DF  20.66 (7.75)
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$ - HMX and TATB are comparable with previous reports using D2 as well as
Neuman and Perrin approaches [33, 35], and to the best of our knowledge experi-
mental or any dispersion corrected DFT calculations for NTO, TEX compounds
are not available.

From the corresponding results of ground state volumes, densities and bulk
moduli with different dispersion schemes, it is observed that the best performing
dispersion corrected DFT method for C-H-N-O based energetic solids particu-
larly depends on the chemical environment of the respective crystal. In other
words, the chemical bonding (intra as well as inter molecular interactions) in these
C-H-N-O based energetic solids are significantly dominated with mixed nature of
van der Waals forces and hydrogen bonding, while the geometrical arrangement
in these complexes are different from one another. This might be the cause that
the computed relative errors are quite different for tested systems. Note that, our
preliminary results are in line with recent report on high nitrogen-content ener-
getic salts using various dispersion correction methods [72]. We also consider that,
it would be essential to perform theoretical calculations by verifying proper dis-
persion correction method to qualitative predict important explosive properties

such as D, or D, and other properties like elastic or dynamics, polymorphism.

6.3.2 Quasiparticle band gaps

As mentioned in introduction of this chapter, the previous models with standard
GGA/LDA methods projected the key role of electronic band gap to understand
the sensitivity or decomposition mechanism of energetic materials at various pres-
sure conditions. However, it is a known fact that standard DFT methods have
shortcoming in predicting/reproducing band gap due to the derivative disconti-
nuity of the functionals and there is a prerequisite for determining accurate band
gap values inorder to propose theoretical models for energetic solids. Therefore,
to investigate the fundamental electronic band gap of these energetic solids, we
have performed quasiparticle band structure calculations with the GW approxi-
mation (GoWy) method for the experimental crystal structures. The computed

GGA-PBE and GoW, band structures for prototype energetic material solid ni-
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Figure 6.5: Calculated quasiparticle band structures of prototype energetic mate-
rial solid nitromethane at experimental lattice parameters.

tromethane and other energetic solids are presented in Figure. k.8, b.6 and p.7.
From the computed band structures, it is observed that bands near the fermi level
are nearly flat with both methods and as compared with PBE band structures,
a wide upshift in the conduction band minimum was noticed after taking the
quasiparticle correction with PBE functional. Specifically, we found nearly 40
% increment in the computed band gaps for all compounds which substantiate
the necessity of quasiparticle corrections to calculate the electronic band gap of
these systems. A systematic comparison of our calculated band gaps with GoWj
as well as PBE is presented in Figure. 6.9. From this, we noticed that all these
C-H-N-O based energetic materials are wide band gap insulators, ranging from
4 to 8 eV (310 to 155 nm), while PBE results yield only from 2 to 4 eV (600
to 300 nm). Since, very limited information is available regarding experimental
band gaps (only available for S-HMX and TATB in the present work) of energetic
solids, we directly compare our quasiparticle band gaps with available values from
absorption spectra. For, 5- HMX, the fundamental optical absorption peaks ex-
hibited near to UV region from experiments [/3, 74], ranging from at 5.32-6.39
eV (233-194), while the obtained quasiparticle is 7.1 eV (172 nm). The computed
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Figure 6.6: Calculated quasiparticle band structures of organic energetic solids.
(a.0-HMX, (b). TATB at experimental lattice parameters.
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Figure 6.7: Calculated quasiparticle band structures of organic energetic solids.(a)
NTO, (b) TEX at experimental lattice parameters.



CHAPTER 6. COMPLEX ENERGETIC SOLIDS 123

e
S 4E :
-
= 2 ]
e |
Al - ;
T
"40 b © b D b © ¢ ¢ >
L I' MWLK I' X I L
@
v g 4
—— = ey ———
8 4 q " b
4_ —
S"‘ o — ——— —_—
3 ) ———]
>
pb
g 03—_ —c B
84
i ¢
A ~
I 7Z B D Y C A E

®)

Figure 6.8: Calculated quasiparticle band structures of organic energetic solids. (a.
TAG-MNT, (b). FOX-7. at experimental lattice parameters.
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Figure 6.9: Calculated GoW,(PBE) band gaps (in eV) for a series of energetic ma-
terials. Here the band gaps (in eV) are: for HMX: 7.21 (3.68), TATB: 4.66 (2.52),
NTO: 5.03 (2.14), TEX: 6.81 (3.08), TAG : 6.85 (3.39), FOX-7[36]: 5.1 (2.3) and
NM[37]: 7.8 (3.8)

GoWy band gap of TATB (4.66 €V) is in excellent agreement with previously re-
ported value of 4.29 eV [46] and relatively low when compare to the experimental
value ( 6.5 eV) using X-ray absorption spectroscopy [/5].From these it is found
that, the obtained GoW, band gap of 5-HMX is overestimated (around 1.69-0.62
eV) with experiments, whereas TATB value is lower than experiments by 1.8 eV
in the present work. To the best of our knowledge, the experimental band gaps
or absorption spectra for NTO, TEX, TAG-MNT and FOX-7 are not available
in the literature. It is to be noted that photoemission experiments are necessary
to examine the real band gap for any material and the present results may pro-
vide useful inputs to perform experiments. On the other hand, the differences
between obtained GoW, band gaps and available absorption regions of energetic
solids might be due to the major role of exciton effects, which is beyond the scope
of this thesis work. For instance, electronic excitations were observed experimen-
tally for few of the energetic solids such as nitromethane (at 226 nm), RDX (at
230 nm), dimethylnitramine (at 236 nm) and PETN (at 193 nm) [[14-16, 73].
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Besides the comparison of band gaps with experiments, the results from quasi-
particle corrections with PBE insights the necessity of theoretical models to go
beyond GGA methods. For example, a quantitative assessment of metallization
of pure/defect energetic solids may be expected at high pressures using quasipar-
ticle methods as compared with standard PBE method (see Ref. 76-78). Also,
considering other previous theoretical model on band gap vs impact sensitivity of

energetic solids, it is necessary to revisit the same model with higher than standard
GGA/LDA level.

6.4 Conclusions

In summary, we have performed first principles calculations for several energetic
materials concerning their structural and electronic properties, which strongly
suggest the necessity to go beyond standard DFT. Firstly, we have shown that
dispersion corrected methods are necessary to provide an improvement in the
calculated volumes to compare with experiments. Furthermore, the mean abso-
lute deviation in theoretical volumes for all tested methods are similar (around 1.2
to 1.8 %) and the performance of relative errors on structural properties calculated
using each method varies with an order of ~ (0—3.5) % for different compounds
in the present work. Additionally, similar situation was observed for other vol-
ume dependent properties such as density and bulk moduli. The present obser-
vations clearly demonstrated that one has to test with all the dispersion corrected
DFT methods for C-H-N-O based energetic solids before concluding the ground
state properties. So that other related explosive properties(detonation pressure or
velocity), polymorphic phase transitions, mechanical properties and many more
can be predicted with resonalble accuracy. Besides this, we have calculated the
dispersion corrected bulk moduli in the low pressure region which suggests the
soft nature of these materials. Secondly, the use of quasiparticle band structure
calculations indicate a significant enhancement (nearly 40 %) in the band gap in
comparison with the results obtained with the PBE functional, which emphasis
the wide band gap insulating nature of energetic solids. The calculated fundamen-

tal band gap for /-HMX as well as TATB are far from the reported experimental
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optical absorption values, which might indicate that excitation binding energies
play an important role in these compounds. By comparing the present GoWy
band gaps with available previous reports on other energetic solids, it open up
the necessary for future calculations including electronic excitons within GoWy
or higher methods to examine the decomposition mechanism of these energetic
solids and possible metallization under pressure. It is manidate to revisit the pre-
vious model of band gap with impact sensitivities for energetic solids within simi-
lar structure or polymorphic phases beyond standard PBE method. Finally, the
present work will stimulate experiments to perform photoemission study on the

above compounds.
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Summary & Future plan

In this chapter we summarize the highlighting contents and conclusions of the
thesis. First principles calculations based on density functional theory (DFT)
methods have been extensively employed to study the structural, vibrational as
well as electronic properties of layered and molecular solids. From the obtained
results, it is found that conventional density functional theory (DFT) approxi-
mations promise the description of the structural as well as dynamical properties
at low computational cost for various systems and omission of long-range disper-
sion forces which limits the reliability of standard methods for weakly interacting
solids. To extend the importance of recently proposed dispersion corrections to
standard DFT, we presented a detailed study of structural, vibrational properties
and stability of layered as well as molecular solids from ambient to high pressures
using various dispersion corrected approaches along with standard DFT methods.

The first highlighting result of this thesis was to achieve good accuracy for
inter- and intramolecular dispersion interactions for various systems such as ele-
mental layered compound (black phosphorus), binary molecular solid (XeF,) and
a series of energetic solids. From our calculations it is found that the computed
lattice constants, volumes and bulk moduli are in perfect agreement with exper-
iments for all investigated solids at ambient conditions. In order to understand
the influence of pressure on structural properties, we have performed hydrostatic
pressure calculations with dispersion corrected DFT methods, and the respec-
tive results were compared with standard DFT results and available experiments.
Lattice constants, bond lengths and bulk moduli obtained from the dispersion
corrected DFT are in good agreement with experiments at lower pressures for

elemental black phosphorus. On the other hand, dispersion corrections methods
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improved the structural properties at low pressures upto 10 GPa for XeF,. In
addition to this, both conventional as well as dispersion corrected DFT methods
posses similar results at high pressures and are also comparable with experiments,
which implies the influence of dispersion forces on bonding for XeF, is negligi-
ble at very high pressures upto 110 GPa. In the case of organic energetic solids
(solid nitromethane and FOX-7), dispersion correction DFT methods are crucial
in determining the stability of the systems due to mixed nature of van der Waals
and hydrogen bonding. In particular, a possible structural transition in solid ni-
tromethane is observed due to weakening of hydrogen bond strength, and soften-
ing of lattice modes. Besides solid nitromethane, an evidence of strong hydrogen
bonding in the mid IR region which is also understood a possible reason for the
structural stability of FOX-7 under hydrostatic pressure upto 10 GPa. To assess
the best performing dispersion correction method for C-H-N-O based energetic
solids, we have evaluated the ground state structural properties for set of organic
explosives using recently reported dispersion correction methods. From the ob-
tained results, we examine the relative errors in lattice constants, volume, and
densities for a set of C-H-N-O based systems. Our calculated results on series of
C-H-N-O based energetic solids revealed that the error in the theoretical volumes
for all the tested methods are similar, and the performance of each method is not
equal for different compounds. Furthermore, we have calculated the dispersion
corrected bulk moduli in the low pressure region which suggests the soft nature
of energetic solids. Our results clearly demonstrate the need to use dispersion
corrected DFT for C-H-N-O energetic solids in order to predict their explosive
properties or stability of these systems. The other interesting spotlight of this
thesis is the systematic investigation of quasiparticle band gaps of energetic solids.
From this study, it is observed that nearly 40 % increment in the computed band
gaps is realized for all compounds, which substantiate the necessity of quasipar-
ticle corrections to calculate the electronic band gap of these systems. Also, the
results from quasiparticle corrections with PBE insights the necessity to go be-
yond GGA methods of theoretical models for predict explosive properties of any
energetic solids should .

Despite this remarkable success results of the present thesis, there is still room
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for improvement of the present work in various aspects. Specially in the case of
energetic solids, understanding the stability of the energetic solids are also further
challenging issue at non-hydrostatic pressures as well as temperatures, which we
will focus on our future work. Questions concerning the high pressure struc-
tures of energetic solids is an interesting area, which will provide information to
the experimentalist towards synthesis new energy materials. This we will carried
out using the recently developed genetic algorithm techniques. Also, it is neces-
sary to perform defect level calculations using quasiparticle methods to propose

theoretical models between band gap and decomposition process.
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