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Introduction

1.1 Motivation

In the present day scenario, human life is significantly dependent on various
class of materials. Among them, two important class of materials (i.e. 1. Semi-
conducting optical materials 2. High energy materials (HEM)) are chosen for this
present study. The semiconducting materials play a major role in developing new
devices for modern photonic technologies[[L, 2], whereas HEM’s find applications
in civil and military for homeland security purposes [3, 4]. Our quest is to explore
them by performing different experimental, theoretical studies and design novel,
efficient materials to develop compact devices that are required in everyday life.
Hence, the structure-property correlations of recent technologically important
nonlinear optical materials and newly synthesized high energy materials were ex-
plored in this thesis using density functional theory (DFT) simulations. A brief

introduction to these materials was given in the next section.

1.1.1 Non-linear optical (NLO) materials

It is well known that, when an electromagnetic (EM) wave is focused on to a
dielectric material, the propagation of EM wave will disturb the spatial and tem-
poral electronic charge distribution of the constituent atoms. The resultant dipole
moments create polarization in the material. Therefore the optical response of a
material to the applied electric field (E) can be understood in terms of polarization

(P) as
P €0 x E (11)

1
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Here ¢, is the permittivity of free space (8.85418 x 1072 C2N~"'m~2or C.V~L
m~'). It is known that electric field intensity due to bright sunshine (light source)
is of 600 V.m™! [5, 6]. Whereas, electric field due to the binding electron of Hy-

drogen atom can be written as

1 e

Etom = )
4mey ag

(1.2)

Here ay is the distance (Bohr radius) between the electron and the nucleus of

Hydrogen atom.

hZ

m X e?

(1.3)

ag =

Here ‘e’ (electron charge) = 1.6 x 107" C, ‘m’ is electron mass = 9.1 x 10~% gm,
h=2£ =1.05457 x 107**].S . The resultant electronic intensity is equal to 5x 10"
V.m~! which is greater than the electronic intensity of the bright sunshine [6].
With this available light sources, it is possible to study only the linear polarization
of a given crystal. But after the invention of laser in 1960 [9], it became possible to
obtain 10" V.m~! by focussing the high intensity laser beam (Ruby 694.3 nm) on
to a quartz crystal. This experiment revealed the possibility of creating 10" higher
order (second) harmonic (347.15 nm) photons per pulse of incident wavelength
[10]. The principle of superposition is no longer valid and polarization becomes

nonlinear. Therefore polarization P can be written as,

P(E) = eo[xVE + xPE+ xPE+ ..] (1.4)

Here x?, x® are known as second and third order dipole susceptibilities. Then,
the nonlinear optical (NLO) polarization became interesting phenomena which
arise due to the incident of high intensity laser radiation (order of > 101° V.m™!)
on to the crystal [/]]. The even-order dipole susceptibilities are found to occur only
in crystals that lack an inversion symmetry (noncentrosymmetric (NCS) materi-
als). The magnitude of these susceptibilities mainly depends on the frequency
of the electric field, chemical composition, crystal symmetry. The well known

types of nonlinear phenomena’s are second, third, high-harmonic generations,
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difference frequency generation (DFG), optical rectification, Kerr effects and etc.
These nonlinear effects have large scientific, medical and industrial applications by
generating unknown coherent wavelengths in visible, ultraviolet (UV), deep-UV,
infrared (IR) and even in terahertz (THz) regions [8]. The visible and UV lasers
have applications in high-precision spectral analysis, data storage, optical com-
munications and medical surgeries. The deep-UV lasers have applications in laser
micromachining, semiconductor photolithography, material processing, photo-
chemical synthesis and angle resolved photoemission spectroscopy [6-8]. Even
though excimer lasers serve to emit isolated UV and deep-UV wavelengths with
high output power, efficient and compact solid-state lasers with suitable nonlin-
ear crystals are still needed in this region [6-8]. The IR lasers found applications
in remote sensing and optical communications. Hence the invention of novel
NLO crystals with good performances in all these spectral regions has huge de-
mand. An efficient NLO material must possess the following properties [6-8]
to generate the coherent wavelengths in different regions: (1). In UV and deep-
UV region: large energy band gap (E,) for UV transparency and larger high laser
damage threshold (LDT), large second harmonic generation (SHG) coefficient (d;;
> KDP (d5, = 0.39 pm/V)) to get high conversion efficiency, suitable birefrin-
gence (A n = |ng - n.| (> 0.06 for UV and > 0.075 for deep UV)) to achieve
proper phase matching condition. (2). In IR region: to achieve similar conver-
sion efficiency as UV NLO materials the IR NLO material must possess d;; >
10 x KDP. The A n ~ 0.06 and LDT ~ 100 MW/cm? (E, ~ 3.0 V). But, the
larger birefringence would lead to larger walk-off angle and self focusing effect,
which will lead to reduction in the conversion efficiency and sustainability of the
material. Similarly, it is known that many explosive materials have strong ab-
sorption in 0.3-10 THz region in the optical spectra [[11]. In order to detect them
for homeland security purposes, new generation and detection methods of THz
frequencies using NLO processes are in great need. Moreover, the larger band
gap value results in reducing the NLO response of the crystal. Another practical
difficulty is to synthesize a noncentrosymmetric crystal in larger sizes [[12, [13].
Therefore achieving all these properties in the same crystal, which has good op-

tical quality, larger in size (few centimeters), with good chemical and mechanical
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stability within low cost is a difficult task. Hence there is significant importance
to study the structure-property correlations of these materials in each and every
point of view to design new NLO crystals and this kind of studies would provide
a path to the experimental explorations.

Over the past few decades, researchers are trying to understand the chemical
composition, micro structure and optical response mechanism of various NLO
materials. The Chen’s anionic group theory [[14] is one of the well known theo-
retical models which is used to study the structure-property correlation studies of
NLO materials. This theorem states that, “the overall nonlinearity of NLO crys-
tal is equal to the geometrical superposition of the microscopic x? NLO-active
anionic group”. The change in chemical composition, increasing the density of
relevant nonlinear functional group and adjusting the orientation of these struc-
tural units in the material are the basic underlying criteria’s for the invention of
new NLO crystals. A crystal with high density NLO-structural units with a good
co-parallel alignment is known to give higher nonlinear coefficients. Till now few
hundreds of NLO crystals (Organic, inorganic and semi-organic) are developed
to reach the scientific and industrial needs [[12, 13]. The anionic group, which
have planar triangular structure with conjugated w-orbitals are known to be the
source of larger SHG coefficients.

The well known inorganic NLO materials [[1, 12, 13] are CsB;Os (CBO),
LiB;Os (LBO), CsLiB,Os (CLBO), 5-BaB,O4 (BBO), St,Be,B,0; (SBBO), KBe,
B;F (KBBF), Rare-earth-borate crystals, KH,PO, (KDP), KTiOPO, (KTP), LiNb
O3, KNbOs3, etc. Among the borates crystals family which are made up of [BO; P,
[BO4P™, [B;O6F~, [BsOg]*~ anionic groups, the [BO;)*~ structural unit com-
pounds are found to show promising applications in UV and deep-UV regions.
These materials are mostly ionic bonded solids and possess good birefringence (for
example LBO -0.04; CLBO -0.052; BBO - 0.12; KBBF - 0.072; SBBO - 0.062), large
nonlinear coefficients (LBO: d3; = 0.67, ds; = 0.85, d33 = 0.04 pm/V; BBO: d,, =
2.3 pm/V;KBBF: d;; = 0.16 pm/V), high melting point (for example CLBO-1115
K; RECOB-1683 K, 1753 K, 1783 K), large LDT value (RECB - 11.5 GW/cm?),
good UV transparency (~ 150 nm). Most of these crystals are efficiently served for

practical applications like frequency mixers, doublers and parametric generators.
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However, few of these materials also suffer with good optical quality, toxicity
(due to Be in KBBF), mechanical stability (KBBF-mechanically fragile) and mod-
erate NLO coefficients. Therefore search for new inorganic NLO materials is still
in progress. Researches are able to discover various new class of inorganic NCS
materials by changing the [BO;]*>~ like anionic groups such as [CO;)’~ [[15, [16],
[NO;]*~[17], [105][[18] which have similar planar triangle structure. Therefore
for this thesis work few recently synthesized carbonate fluorides family crystals
were chosen and tried to explore the structure-property correlation studies in
many possible ways.

The organic NLO crystals[[l, 12, 13] are known to exhibit high nonlinear op-
tical efficiency with a faster optical response due to the highly de-localized elec-
trons. On the other hand, these crystals possess a smaller laser damage threshold
values and relatively lower mechanical stabilities than inorganic NLO crystals.
These difficulties are slowing down the usage of these materials in real time appli-
cations. The well known organic NLO crystals are Urea (d3¢ = 1.17 pm/V, LDT
= 1.5 GW/cm?), Methyl p-hydroxybenzoate (p-MHB) CgHgO3, L-arginine ac-
etate (LAA) (optical transparency between 220 nm and 1500 nm and LDT, SHG
values are comparable with KDP), N-(3-nitrophenyl) phthalimide (N;NP), N-(4-
nitrophenyl)-N-methyl-2-aminoacetonitrile (NPAN) (crystal size: 21 x 15 x 15
mm?® grown in nitromethane solvent), 4-OCH3-4 -nitrochalcone (MNC) (NLO
efficiency 5 x KDP), 4-Ethoxybenzaldehyde-N-methyl 4-Stilbazolium Tosylate
(EBST) (NLO efficiency 11 times greater than urea), Sulphanilic acid (SAA) sin-
gle crystals (LDT = 7.6 GW/cm?) etc.

In the process of organic NLO material invention, the 4-N,N-dimethylamino-
4 -N -methyl-stilbazolium tosylate (DAST, C;3H,N,O;S) crystal is discovered by
Marder et al. in 1989 [[19] and till date DAST is found to be the best SHG material
with extremely large NLO susceptibility iji) (-22w;w,w) = 580 % 30 pm/V and low
dielectric constant € = 5.2 at 1540 nm [20]. This C-H-N-O-S based organic DAST
material is made up of CO;, HO;3, NOj anionic groups. It has large birefringence
(An(0) = 0.55, 0.64) value till date and found to be one of the best NLO material
used for frequency conversion, THz generation, detection and high speed optical
modulators [20]. Recently, 4-N,N-dimethylamino-49-N9-methyl-stilbazolium 2-
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naphthalenesulfonate (DSNS, CyH2N,0O;S) single crystals are synthesized by
Blanca Ruiz et al. which show 50% higher SHG efficiency than DAST crystal
[21]. The DSNS crystallize in low symmetry crystal structure (Triclinic) with
less number of atoms 58 in the unit cell (z=1, Volume = 564.1 A3) than DAST
(monoclinic, with 220 atoms in Unit cell, Volume = 2098.21 A3) [21]. Inspite of
their composition similarity, the increment in NLO efficiency of DSNS crystal
with better melting temperature of 300 °C than DAST (256 °C) strongly moti-
vated us to investigate the structure-property correlation studies of similar kind
of materials (like CHNO based explosive materials) which possess similar compo-

sition, structure to help in finding a new high quality nonlinear optical material.

1.1.2 High energy materials (HEM)

A HEM can be defined as “a chemical compound or mixture capable of the rapid
release of stored potential energy” [B, 4, 22-24]. It contains both fuel + oxidizer
and reacts readily upon applying the external stimuli like heat, shock, impact, fric-
tion, light, electric charge or combination of these conditions. Depending upon
the density and chemical composition, the release of energy and gas will vary.
Based on this, energetic materials are classified into explosives, propellants and
pyrotechnics categories. Based on the difference in the sensitivity to the external
stimuli, explosives are further classified as low, primary and secondary explosives.
The reaction velocities of low explosives: < 1130 feet per second (fps), primary
explosives: > 1130 (11000 to 21000) fps and secondary explosives: >21000 fps.
The propellant’s and pyrotechnics comes under low explosives class. The well
known low explosives are black powder and smokeless powder. Both are used
for military and civilian applications. The propellants (for example ammonium
nitrate, ammonium perchlorate and potassium nitrate) are designed to release gas
under controlled conditions to perform useful work. Best example for this is the
deflagration of gun powder to fire a bullet out of the barrel of gun. When con-
trol is lost on propellant explosion may occur. The pyrotechnics (pyro (“fire”),
tekhnikos (“made by art”)) compounds (for example: white phosphorus(WP),
red phosphorus(RP) ) are used to produce light, smoke, heat and sound. These

materials normally found applications in crackers, illumination devices and enter-
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tainment purposes. The high explosives are designed to detonate and release high
energy for military ordinance applications. They can be initiated by blasting caps,
high temperature, shock and friction. The primary explosives (like Lead azide,
Lead Styphnate) are extremely sensitive to small external stimuli and therefore
dangerous to handle. These are used in firing/explosive train to initiate power-
ful secondary explosives. The secondary explosives (for example: RDX, HMX,
TNT, TATB etc) are very stable when compared to primary explosives as they
release huge energy in detonation. It is well known that all these high energy ma-
terials/explosives are basically made up of C-H-N-O composition and are too sen-
sitive to any kind of external stimuli. Extensive research is going on to improve
the thermal, mechanical, chemical stability and toxicity of explosives by changing
the chemical composition and density, to reach the nations requirements. Hence,
it is always important to explore the structure-property correlations of all these
class of explosives before doing further experiments and to find civilian applica-
tions. For instance, the optical response studies of these highly light sensitive
materials can find applications in detecting them, signal flares and in nonlinear
optical domain also.

The present scenario in this field of research is to discover the Green high
energy materials (GHEM) [25] (instead of well known toxic lead azide and lead
styphnate) which produce non-toxic decomposition products for military muni-
tions, construction, mining and demolition applications. In this class of materi-
als, lead azide is found to be one of the well known and most sensitive primary
explosives which crystallizes in orthorhombic, ‘Pnma’ centrosymmetric space
group with decomposition temperature 315 °C [26]. Recent findings in this area
of research lead to the invention of two new primary explosives Potassium 1,1’
Dinitramino-5,5’-bistetrazolate (K,DNABT, C,K,N,0, ) [27] and Potassium 4,4’-
Bis (dinitromethyl)-3,3’-azofurazanate (K,BDAF, C.K,;NqO1o) [28] which are
more sensitive than lead azide. These two explosives crystallize in noncentrosym-
metric P-1, triclinic symmetry with z=1 (formula unit) per unit-cell. This compo-
sition and structural similarity of K;DNABT, K,BDAF with DSNS, DAST NLO
crystal strongly motivated us to choose this compounds for the present case study.

Moreover, the understanding of the underlying structure-property correlations
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of noncentrosymmetric explosive materials are very important for explaining the
(1) observation of polymorphic crystal phase transition’s (3-HMX to 0-HMX at
~ 170°C) [29-31], hotspot formation and ignition mechanism’s via second har-
monic generation response. (2) for stand-off detection of energetic material trace
deposited on to the surfaces and interfaces via vibrational sum frequency gener-
ation [32, B3]. In addition, the vibrational studies of explosive materials play a
crucial role in explaining the THz absorption and reflection responses and are
useful to improve the existing THz detector technologies to detect HEM’s [33].
Most importantly, insensitive noncentrosymmetric explosive material with bet-
ter SHG properties than KDP NLO crystal can be used in frequency conversion,
information encoding applications too. Use of Explosive materials for NLO ap-
plications may seem to be difficult but it was proposed to be possible (for example
TATB which has 4 times higher nonlinear response that of urea) [34]. The TATB
has large failure diameter, it cannot be detonated in small quantities and hence it is
extremely insensitive [35]. But in explosives class, secondary explosives are found
to relatively more insensitive to the external stimuli (i.e. light etc) than primary
explosives. For optical application purposes, apart from stability material needs
to respond faster to external stimuli. Moreover, understanding the decomposi-
tion mechanism, optical response of primary explosives through experiments is
risky and challenging than secondary explosives. So, the best way to understand
them is through DFT simulations. Hence, the primary explosives are chosen for

our basic structure-property correlation study.

1.1.3 Scope of the thesis

In Chapter 2, brief discussion about the DFT methods and their implementa-
tions for capturing various kinds of atomic interactions were given. In Chapter
3, the basic structural, electronic and optical properties of recently synthesized
ABCO;F (A=K, Rb, Cs; B= Ca, Sr) crystals [[15] were presented. These crys-
tals have large SHG coefficients 1.30, 1.30, 1.41, 0.43, 0.43 pm/V for KSrCOsF,
RbSrCO;F, KCaCO;F, RbCaCO;F, CsCaCOsF respectively. All these crystals
are iso-structural and crystallize in hexagonal symmetry with space groups P6m2

and P62m, respectively. The experimentally reported crystal structures are opti-
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mized with different exchange-correlation functionals (LDA, GGA). The role of
van der Waals (vdW) interactions were explored by including suitable correction
methods to standard DFT functionals. The standard LDA, GGA functionals and
Tran-Blaha modified Becke-Johnson potential were employed to calculate the ex-
act band gap values and related electronic, optical properties. Overall, from this
chapter we tried to find a suitable exchange-correlation functionals for exploring
the various structural and electronic related properties of layered alkali-alkaline
earth carbonate fluorides. These results are published in “Journal of Solid State
Chemistry, Volume 212, April 2014, Pages 171-179.”.

In Chapter 4, we present the basic mechanical, vibrational and thermodynamic
properties of ABCOsF (A=K, Rb, Cs; B= Ca, Sr) crystals along with CsPbCO;F
crystal which was synthesized in 2013. This CsPbCO;F shows highest SHG coef-
ficients 13 x KDP d3¢ = 0.39 pm/V among all the carbonate crystals till date. This
material also crystallizes in hexagonal space groups Pém2. We have optimized
the experimental crystal structures with suitable exchange-correlation function-
als and tried to explain the effect of metal atoms (especially Pb atom) on bond-
ing (through Born Effective Charge analysis), mechanical (single, polycrystalline
properties), phonon’s (zone centre vibrational frequencies) and thermodynamic
properties. The bending modes occurring at lower frequencies when compared to
other studied compounds are found to be the main reason for lower bulk modu-
lus value of CsPbCO5F [36, 37]. The bonding properties and intensity variations
of vibrational modes were analysed from Born Effective Charge (BEC) informa-
tion. Overall, we noticed that Lead based carbonate fluoride compound shows
very interesting optical behaviour in IR region. We found that obtained huge
BEC’s variations for CsPbCO;F are the main reason for it’s higher optical re-
sponse. These results are published in “RSC Advances, Volume 6, Oct 06, Issue
102, 2016, Pages 99885-99897.”.

In Chapter 5, the effect of spin-orbit interactions on various electronic, opti-
cal properties of CsPbCO;F crystal [36] were discussed. The calculated results
confirms high NLO behaviour of CsPbCO;F. We explored the crucial effect of
spin-orbit interactions (SOI) (especially due to Pb, Cs atoms) on various impor-

tant properties for an NLO crystal like electronic band structure, linear optical
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properties and birefringence (through BEC analysis), possible optical transitions.
Overall, our results are good in agreement with experiments and it is obvious
from the present study that, CsPbCOsF is a direct band gap insulator, large sec-
ond harmonic generation and good phase matchable NLO crystal in the UV re-
gion. These results are published in “Physical Chemistry Chemical Physics, Oct
25, 2017,19, 31255-31266.”.

In Chapter 6, the structure-property correlations of two newly synthesized
noncentrosymmetric green primary explosives Potassium 4,4’-Bis (dinitromethyl)-
3,3’-azofurazanate (K,BDAF)[28], Potassium 1, 1’ -Dinitramino -5,5’-bistetrazolate
(K,DNABT) [27] are explored using DFT simulations. We have explained the
crucial reasons behind the high sensitivity and high optical response of chosen
novel explosives through the structural (effect of vdW interactions), bonding
(through BEC analysis), mechanical (single and polycrystalline properties), lattice
dynamical (through zone centre vibrational frequencies and full phonon disper-
sion curves), electronic band structure and various linear optical (complex dielec-
tric function, absorption, refraction, birefringence) properties. All the calculated
results are correlated with experimentally reported impact, friction sensitivity
parameters and successfully explained the reasons behind the high sensitivity of
K,DNABT. All the calculated properties clearly suggest that K,BDAF is found
to be more stable (mechanically and dynamically), more polarizable and easily
detectable than K;DNABT. The calculated optical properties (low dielectric con-
stant, high birefringence value) suggests that, these studied explosive materials are
showing better features for NLO applications like well known organic DAST and
DSTMS crystals. We explained the reasons for this kind of optical response from
the studied explosive materials. We strongly believe that, by doing suitable dop-
ing to stabilize these kind of HEM’s and studying the structure-property correla-
tion of noncentrosymmetric explosives can give a new way to design the “highly
efficient nonlinear SHG material” for various optical technological applications.
The work presented in this chapter is a new beginning in this direction. The re-
sults will be communicated for formal publication in high impact journal. Finally

in chapter 7, the conclusions of thesis results and future scope were presented.
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2

Theoretical methods

In this chapter, the theoretical methods used in calculating various properties of
the studied compounds are briefly discussed. We initially present the basic imple-
mentation of density functional theory (DFT) to solve the many-body problem
of solids. Further, different exchange-correlational functionals like local density
approximation(LDA), and generalized gradient approximation(GGA) and semi-
empirical dispersion correction methods which are used to capture the weak inter-
molecular interactions are presented. A short description about the implementa-
tion of spin-orbit interactions and Tran Blaha-modified Becke Johnson (TB-mB]J)
potential which are used to predict reliable electronic band gaps for the chosen
compounds is given. Finally, we briefed the basic methodologies used for the

present work.

2.1 Solids: A many-body problem

Solid is one form of matter consisting of electrons and nuclei coupled with strong
Coulomb interactions between themselves and each other. All these interactions
collectively give the total energy (E) of the system called Hamiltonian (H) which

consist of the following terms [[1-3]:
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Here Z; / Z; and M; / M; denote the nuclear charge and mass. » = {r;/rj,1/] =
1,2,...N,} represents electronic coordinates and R = {R;/R;,I/] = 1,2,..N,}
represents the nuclear coordinates. In the above equation first and second terms
represent kinetic energy operators of electrons (7) and nuclei (Ty) respectively.
Whereas the third, fourth and fifth terms represent the electrostatic interaction
between nuclei-nuclei (V_y), electron-electron (V,_,) and nuclei-electron (Vi_,).

Which can be simply written as
H= ATe + %N + Vn+ ‘A/e—e + VN—e 2.2)

In order to study any property of solid one needs to solve the time-independent

Schrodinger equation which has the following form.
Hp > = E|yp > 2.3)

Here E and v are the energy eigenvalue and eigenstate or wave function of the
system. In practice, these equations are only been exactly solved for one elec-
tron (Hydrogen) systems. Whereas, with the increase of number of interactions
(many-body) in the solid, numerically solving the N-electron wave function with
3N spatial + N spin variables become almost impossible. The best choice to
solve the above inseparable Schrédinger equation is to adopt few feasible approx-
imations. The Born-Oppenheimer (BO) approximation [4] is the first one which
helps to divide a many problem in to nuclear and electronic part.

As the nuclei are more massive than the electrons, the BO approximation states
that nuclei can be considered as fixed in space with respect to electrons. Therefore
nuclei kinetic energy will be zero and electrons will move in a constant Coulom-
bic potential (VN_ N+ Vi, ~ Vew) induced by the nuclei. Hence one can deal
with the electron states separately by solving the following simplified electronic

part of total Hamiltonian.
I:I: ?; + ‘A/e—e + ‘/ext (24)

But due to the electron-electron correlation effects, solving this Hamiltonian also
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need more efforts. Further, Free electron model, Hartree and Hartree-Fock ap-
proximations are used to calculate the actual V,_, based on the electron wave
function [5] and are described below.

Free electron model, Hartree and Hartree-Fock approximations:

In free electron model, the outer most electrons in an atom are assumed to in-
teract with each other like atoms and molecules in an ideal gas. Whereas, the
core electrons and nuclei are taken as stationary. The inter electron coulomb re-
pulsion is considered rather weak than the attraction between the electrons and
positive ions. This Sommerfeld assumption was able to describe the conduction
of metals only which is due to the fact that, the interaction among electrons is
non negligible. Further, in Hartree approximation, the electrons are assumed as
non-interacting. Therefore, many electron potentials can be written as the sum

of single electron potential as shown below.

N
Vi = Z Vi (2.5)

i=1
In terms of electron wave functions, many-body wave function ¢ (71, 72, 73, .....7x)

can be written as product of individual electron wave functions ¢(r1)d(72)....¢0(7x).

Therefore Hamiltonian can be written as,
H=T,+ Vo + Vy 2.7)

Here Vj is known as Hartree potential. In this approach, many-body problem
can be solved by using variational principle by guessing the ¢(7;). But, the main
limitation of Hartree approach is that, it is unable to capture the antisymmetric
nature (Pauli’s exclusion principle) of electron wave function to decide the form
of effective potential. Here comes the Hartree-Fock approximation, in which the

anti-symmetric and Coulombic nature of electrons are taken in to account with
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the single Slater determinant as shown below.

G1(r1)  d2(r1)  @s(r1) .. dnln)
. ¢1(r2)  Pa(r2)  @s(r2) ... dn(r2)
77Z)(7'177'2;7'37 ----- 7’N> = W . . . . (2.8)

o1(rn)  da(rn) ds(rn) . On(rw)

In this determinant, the exchange of two columns or rows is equivalent to
exchange of two particles. When the two rows or columns are equal, the deter-
minant becomes zero, which means that two identical electrons/fermions cannot
occupy the same state (Pauli’s exclusion principle). According to Hartree-Fock
approximation, the antisymmetric wave function of two electron system will be

of the form

wHF(ﬁ, 7’2) = (1/\/5)[@(7’1)(?2(7’2) - ¢1(7’2)¢2(7’1)] 2.9)

Therefore the many-electron Hamiltonian will be
H =T+ Ve + Vir (2.10)

Here the Vs the corrected potential of the HF approximation over the Hartree

approximation and is given by
A , , N ¢ r ¢* 7 , /
Vir = /'Ux(r,/)¢i(7’i)d7’ = —Z/Mgbi(rl-)dr 2.11)
] L ]

By applying this Hamiltonian on the ¢, one can solve for the energy of the sys-
tem by minimising the total energy with respect to the coefficients of expansion in
the wave function. But in this approximation, due to the use of total wave func-
tion (N-one electron system) instead of separate single-particle wave functions
of the system, the other electron-electron correlations are overlooked. Later,
Thomas and Fermi approximation [6, /] gave an idea of introducing the electron

charge density instead of the wave function resulting in the famous Thomas-Fermi
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approach to calculate the ground state energy. The resultant expression for the

kinetic energy of the system based on the uniform electron gas is as follows,

Tin(r)] = 13;(31:2)2/3 [ 7P (2.12)

Here n(r) define the electron density. Therefore, the total energy of the system

can be written as
Ezln(r)] = 2.871 /n5/3(r)dr - z/ n(:>dr + ; //Wdrd/ (2.13)

Here the second term is nuclear-electron attractive potential and third term is
the electron-electron repulsive potential. Thus Thomas-Fermi approach gives an
example of how to map a density 7(r) on to the total energy E instead of using
the wave function. By using the variational principle, total energy of the system
is minimized under the constraint of [ 7(r)dr = N and enormously simplified
the actual many-body problem. However in this approximation the exchange,
correlation effects are completely ignored. Therefore, further developments of
these approximations lead to the evolution of the density functional theory (DFT)
which is used in the present thesis for calculating the various properties of studied

compounds.

2.2 Density functional theory

After the idea of Thomas and Fermi regarding energy functional of many-body
systems, the next crucial step is to find the correct electron density instead of 3N-
dimensional electron wave function that takes the fundamental central role in
determining the external potential. Here comes the Density Functional Theory
formalism which was mainly developed based on the two important theorems
given by Hohenberg-Kohn in 1964 [8]. They proved that the ground state elec-
tron density uniquely determines this external potential. This will avoid the curse
of dimensionality problem for solving many-body Hamiltonian in a reasonable

amount of computational time. According to this, the many-body Hamiltonian
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of the system is given by,

:_*sz Z‘vextrz +Z

7]
where  Veu(r;) = Z

|7’l — 7l
! (2.14)

|7; — Rl‘

Where v.(7;) is the external potential.

First Theorem:

This theorem states that there is a one-to-one unique correspondence between
the external potential and 3D-electron density. Therefore the electron density
uniquely determines external potential of any system. Hence, the electron density
governs the wave function and determines energy from which one can calculate

properties of solids.
n(r) = Ve (r) = H = 1(r), E(r) = properties (2.15)

Second Theorem:

This theorem defines a universal functional for the energy in terms of the density
n(r) and it 1s valid for any v, (7). This theorem states that, the exact ground state
electron density 7,(r) will give lowest energy than the energy that is given by any
other electron density 7(r). i.e. The electron density that minimises the energy

functional is the ground state density 74(7) only.
EO - ¢min — n0<7A:3 + ‘/ext + \A/HF> (216)
Le.
Efno) < Eln] @.17)

The Kohn-Sham Equations:
The Kohn-Sham (KS) approach [9] states that, the many-body problem of an inter-
acting system can be replaced by a non-interacting system with the same ground

state electron density n(r). With KS approach, the total energy equation is given
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as,

Exs = Tln] + /‘Uext(r)n(r)dr—k/ n(r) |dr' + E.[n] (2.18)

lr—7
This is known as KS functional. Here 7]7] is the independent particle kinetic

energy and is given by,

N
> (Wild[ei). (2.19)

1=1

N —

Tl = -

The second term (external potential (V,y;[n])) describes the interaction between va-
lence electrons and nuclei. The third term is Hartree potential (Vi) describes the
electron-electron Coulomb potential and fourth term is the exchange-correlation
energy (E,.) which cannot be evaluated accurately. In general, the one particle KS

equation can be written as,

Hgsp; = Egsi); (2.20)

here Hxs is the Kohn-Sham Hamiltonian and can be written as

His = [—3 V2 + vgp(7)]

- () (2.21)
Oy = e + [ e+ e

5Exc
on

Oy = (2.22)
Therefore, if and only if the Hartree potential and exact form of exchange-correlation
potential are known, it is possible to solve the above single-particle KS-equations
using the DFT based algorithms to get the exact ground state density. The steps
for solving the Kohn-Sham equations are given below: 1. Guess the initial elec-
tron density, 2. Calculate the effective potential, 3. Solve the single particle
Kohn-Sham equation, 4. Calculate the new density from the wave function, 5.
If this new density matches with initial electron density (if the self-consistency is
achieved), then the final density is used for further calculations, if-else go to step
2, by adding some part of the output density to the input density and repeat the

cycle until the self-consistency is achieved.
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Even though KS-equation gives the exact solution, they actually describe the
non-interacting system. However, to use the KS-equations for solving the many-
body interacting systems, the exchange-correlation energy part has to be taken
care off. Actually, the exchange energy (E,) part will come due to anti-symmetric

nature of the particles and it can be written as

— _72// \r—f\ )it )drdr’ (2.23)

Since the motion of electrons in the solid are correlated and corresponding corre-
lation energy (E,) will be equal to the difference between exact non-relativistic en-
ergy and Hartree-Fock energy. To calculate this E,, = E, +E, (which describe the
undefined many-body exchange and correlation functional v,, in KS-equations),
different approximations like local (spin) density approximation (LDA), general-
ized gradient approximation (GGA) are developed and few of them are used in

present thesis to obtain various properties.

2.2.1 The local-density approximation (LDA)

This approximation [9] assumes that, the exchange-correlation functional is sim-
ply integral over space of a function that depends only on local density at that
point. i.e. ‘local’ value of density is considered as a homogeneous interacting
electron gas. The E,, can be approximated as,

EPAn(r)] = [ n(r)elem (n(r)d'r. 2.24)
Where €2 is exchange-correlation energy of electron gas with density 7(r). Be-
ing the first and simplest approximation, LDA is used to study the properties of
slowly varying electron density systems. However, it failed to describe correct
cohesive energies, bulk modulus and underestimate the lattice constants in insula-
tors and metals. The extensions of LDA to first order electron density gradients

leads to the development of generalised gradient approximations.
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2.2.2 The generalised gradient approximation (GGA)

In 1990s, a useful generalized gradient approximations (GGA) for E,, was devel-
oped. In this approach, the E,, is assumed to depend on the electron density 7(r)

and its gradients 07(r) and it can be written as
ESAn(n)] = [ n(eln(r), on(nld'r = [ n(r)emFeln(r), n())d'r.  (2.25)

This functional is classified as semi-local density functionals. Here d7(7) repre-
sent the non-local nature of real system and F,, is a functional of n(r) and dn(r).
This GGA-functional improved performance and accuracy over LDA in calculat-
ing the various physical quantities like total energies, lattice parameters of solids.
The most commonly used GGA parameterizations are PBE by Perdew, Burke
and Enzerhof and PW91 by Perdew and Wang. But, it is well known that, the
conventional density functional are inadequate to treat weak (van der Waals) in-
teractions. In the next section, we discuss the available methods for treating these

vdW interactions properly.

2.2.3 Dispersion correction methods

It is known that vdW interactions are known to play a key role in crystal stabil-
ity. These forces result from the interaction of fluctuating charge distributions
in one atom/molecule with the adjacent atoms. As conventional DFT methods
cannot provide correct -1/R® dependence of vdW force on R, hybrid semi em-
pirical solutions are used as C¢/R® form in DFT to capture the atomic pairwise
dispersion effects [[10]. At long range, the interatomic potential is given by C/ RS
term. Here C/ is known as dispersion coefficient between i’ and §§’ atom which
are located at a distance R;; and C is material dependent. To reduce the addi-
tional dispersion contribution at short range, the C// R¢ term is matched to DFT
potential with multiplication of damping function f(R}, R;) [[10]. Hence the total
energy can be written as:

Ewi = Eprr+ Edisp (2-26)
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Epw = Eppr+ S; 2% Ng Nf(SgRS, R;)C R 2.27)
=1 j>i

Here N denotes number of atoms, S is global scaling factor which depends on the
type of density functional used, ‘f’ is damping function. Various types of damping
functions, C! coefficient calculations methods are proposed in order to capture
the dispersion energy [[10]. Hence the pair-wise additive correction is found to
show good improvement in the results than standard LDA, GGA functionals for
the molecular and layered materials [10]. We choose to use Grimme (DFT-D2)
and Ortmann, Bechstedt and Schmidt (OBS) corrections to PBE, PW91 function-
als in the present thesis and a brief discussion of these two methods are given
below. The Grimme (DFT-D2) [[11] corrections to PBE [[12] and Ortmann, Bech-
stedt and Schmidt (OBS) [[13] correction to PW91 were employed to capture the
weak interactions in the present studied materials based on the pair-wise additive

correction.

In the DFT-D2 [[11] method, the dispersion energy can be written as

Ci/
Ejiy = =S¢ ]Tgfmp(R,,-) (2.28)
y

1<y

Here C/ represents the dispersion coefficient of i and j* pair of atoms and R; is
the inter-atomic distance. The S is global scaling factor which depends only on

the type of density functional used. Here

Cl = \/C,C,, C, = 0.05NIot (2.29)

1
f;’iamp - 1 + e_d(Rij/Rr_l)

(2.30)

Here I; is atomic ionization potential, o’ is static dipole polarizability and N is
equals to 2, 10, 18, 36 and 54 for 1-5 rows of periodic table respectively. f,,,, is
a damping factor and is necessary to avoid divergence for small R;; values. R, is
sum of atomic van der Waals radii [[11].

According to the OBS [[13] correction to PW91, the dispersion energy is given
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by )
C]
o = SR we

Here damping function f;; = 1 - exp(—Ax)) which is one when R (= [R;-R;]) is

(2.31)

large and zero for small R values. Here x;; = —& - The dispersion coefficient
C! is given by
.3 I
Cl = Zajo—L 2.32
6 = Q00T 7 (2.32)

Here o;/a;is the polarizability of an atom at R;/R; and I;/I; is known as ionization

potential. The I; is a characteristic energy of the atom i. Hence, the resultant
vdw

g

However, when compared to experiments both the LDA/GGA functionals re-

dispersion energy can be written as E;;, = % Z;j €

sults in different binding energies and are known to underestimate the band gap
of insulators and semiconductors by 30-50%. But for the present study, calculat-
ing the exact band gap plays a major role in predicting accurate structure-optical
response of the systems. This motivated us to search for alternative new func-
tionals (Engel-Vosko GGA, TBmB], GW, hybrid functionals etc) which can give
accurate band gaps as like experiments over LDA and GGA. We have mainly
introduced TB-mBJ functionals in our calculations within the available computa-
tional resources. This functional is very well known to predict exact band gaps
close to the experimental data with less computational power than GW and hy-
brid functionals. Therefore we have explained the formalism of TB-mB]J in the

below section.

2.2.4 Tran-Blaha modified Becke-Johnson potential (TB-mB]J)

In 2006, Becke and Johnson (B]) [[14] proposed an exact exchange optimized effec-
tive potential (OEP) to calculate the accurate band gaps. Even though BJ potential
shows improvement in calculating the band gap over LDA, PBE, it still under-
estimates band gap. Later Fabien Tran and Peter Blaha [15] proposed a simple
modification to the BJ potential with a comparable accuracy of GW and hybrid
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functionals. The BJ potential can be written as,

1 /5 | t,(7)
‘Z}B] — Slater \/7 g 2.33
2.0) = o)+ 12,2 239)
where,
ol =3 Bl @34)
’ . Po
] 1 z?ka r >'ka 7 o \r i,o\7
o) (1) = —— / o1 (720t (1) Vi z)aﬂrz (2.35)
7 ¢i,a(71)¢i,a(7’1) 712
No
Pe =Y |tiol (2.36)
i—1
Here v54" is exchange potential energy given by Slater, p, is electron density.

Later Tran and Blaha replaced the o). potential by Becke-Roussel potential (2{?%)
which are approximately equal. The Tran Blaha modified B] potential can be

written as,
B 1 /5 |t,(r)
TB—mBJ(.\ _ . BR a2
Ve (1) cvf,a(r)—l—(% 2)71_\/; () (2.37)
Here,
() = (1= 0 = 2 (7))
%o b, (7) 277
| N (2.38)

o = 3 Z V*wi,o-V*wi,a
2 =1

Here ¢, is the kinetic energy density and x,,(7) can be calculated from an equa-
tion which consists of p,, Vp,, V?p, and t,. Then b,(r) can be obtained using
the relation b, = [x>e™ /(87p,)]'/>. The value of the ‘c’ parameter in TB-mB]

can be calculated using

_ 1 V()]
c=athl Vel /cell p(?")dsr’) @39
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Here V,, is the unit cell volume. In practice, while minimising the relative error
in calculated band gaps of few solids [[16, [17], the values of free parameters in the
above equation becomes o = —0.012, 3 = 1.023bohr!/2. For c=1, the v’
potential = v/ potential. The calculated band gaps are known to increase mono-
tonically with increase in the c-parameter. The experimental band gaps of solids
with lower band gaps can be reproduced by TB-mBJ by varying c-parameter in
between (1.1-1.3). For solids with larger band gaps, C-parameter can be varied
from (1.4-1.7).

Overall, in the present thesis, we have used above functionals through two
different DFT methods. The structural optimisations and lattice dynamic prop-
erties are calculated with plane wave pseudopotential (PW-PP) method as imple-
mented through Cambridge Serial Total Energy Package (CASTEP) [[18]. The
electronic band structure and related properties are calculated by using full poten-
tial linearized augmented plane wave (FP-LAPW) method which is implemented
in WIEN2k electronic structure code [19]. These two methods are briefly dis-

cussed in the next sections (see 2.4).

2.3 Density functional perturbation theory

In 1927 Born and Oppenheimer [20] proposed adiabatic approximation method
to decouple the vibrational degrees of freedom from the electronic ones within
a solid. According to this method, the lattice-dynamical properties of a solid
system can be obtained by solving the energy eigenvalues and eigenfunctions.
The resultant Hamiltonian which depends on the nuclear coordinates(R) can be

written as
I:IBO(R) - ?:3 + ‘A/ee + ‘A/en + ‘A/nn (240)

The first term in above equation, 7, represents kinetic energy of nucleus, re-
maining terms V.., V,,, V,, represent electron-electron, electron-nuclei, nuclei-
nuclei electrostatic interactions. The equilibrium geometry of the solid can be ob-

tained by equating the interatomic forces (first derivative of Born-Oppenheimer
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energy surface) to zero.

OE(R)
R,

F=— —0 (2.41)

The vibrational frequencies w with respect to (w.r.to) the nuclear masses (say M,
M), can be obtained by equating the second derivative of Born-Oppenheimer

energy surface to zero

1 O’E(R) 2

/M[M]aR]aR]

The basic tool used to solve this first, second derivatives of Born-Oppenheimer

=0 (2.42)

energy surface is the Hellmann-Feynman theorem. According to this, the first
derivative of energy eigenvalue of Hamiltonian which depends on a parameter

(say A) can be written as,

OEy
N

OH,),

< Ualyla > (2.43)

Here 1), 1s the eigenfunction, E) is the eigenvalue. Similarly, in BO approxima-
tion, the nuclear coordinates acts as parameters. Therefore the resultant equation

for force acting on I nucleus can be written as

Fr=— :—<¢(R)|8HB ( )

[¥(R) > (2.44)

Fr= —/nR(r)ég;(]r) - 8Ea]\;{(j€) (2.45)

Here ng(7) is electron ground-state charge density, Vx (r) is electron-nucleus in-

teraction potential, Ex(R) electrostatic interaction between different nuclei. The
Hessian of Born-Oppenheimer (BO) energy surface now can be obtained by dif-

ferentiating the Hellmann-Feynman forces w.r.to R as follows:
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PER)  [Onp(r) OVi(R) PVo(R) . PVim(R)
OROR;, ~ ) ToR;, " oR, dr [l RoR, U oRor, &40

The ng(r) and 82%57) (linear response of electron density) are the prerequisites
to solve the Hessian matrix which usually called the inter-atomic force constants
(IFC) matrix [21]. The Fourier transform of IFC will give us the required dynam-
ical matrix in the reciprocal space. The vibrational frequencies obtained with this
DFPT method are known to show good in agreement with the experiments with
a few percents of error. In order to analyse the polarization mechanism in the
studied material, we have used born effective charge analysis method. According
to Huang’s phenomena [21], in the long wavelength/low energy regions, long
range Coulomb forces will give macroscopic electric fields for longitudinal op-
tic phonon’s. The general expression of energy as a function of phonon optic

coordinates and the field can be written as,

1 Q
E(u,E) = ~Mutu* — —e F* — eZ'u.E (2.47)
2 8w
Here M is reduced mass, € is unit cell volume, e, is the static dielectric con-
stant with fixed nuclei (u=0) position. Z" is the Born effective charge of ions(coupling
between u and E). The corresponding macroscopic electric polarization can be

written as,

1 .
P: §Z€Zsus+

€oo — 1

E (2.48)

s

Hence, the Born effective charge(Z*) tensor of s ion can be defined as partial
derivative of macroscopic polarization (P) w.r.to periodic displacement of all ‘s’

ion at zero electric field. i.e.



30 2.3. Density functional perturbation theory

v OP,
ez = 715_ (2.49)
ou! (g = 0)
The dielectric-constant tensor can be written as derivative of polarization (P)

with respect to E at clamped nuclei.

oP,
aﬁ_ 4
af T ﬂ'aE

4:(q=0)= (2.50)

Hence, within the harmonic limit, DFPT is very well known technique used in
the literature to calculate phonon frequencies, Born effective charges and dielec-
tric properties. The results are known to match with experimental data within a

few percents of error [22].

2.3.1 General spectroscopic properties

The external perturbation to electrostatic potential of a test charge can be written

in terms of inverse dielectric matrix [21, 23] as follows:

AVu(r) = /6_1(7’, YAV )dY (2.51)

The linear response of charge density to external perturbation can be written

as

- / (r, YAV )dy (2.52)

Here x(r,7’) is electron polarizability. The above two response functions can

be written as
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&
el r)=6(r—7) — / mx(ﬁ, 7)dr (2.53)

The charge density response in terms of Kohn-Sham potential can be written

as

An(r) = /Xo(T, VAV (v dr (2.54)

Here Vg = Ve + Vi + Vie. Xo(r,r’) is independent electron polarizability and

it can be written in terms of Kohn-Sham orbitals as

o) = = B gy s () 259)

Here f, is known as occupancy of the state. f, = 0[(ef — €,) /0].
Therefore the perturbed Kohn-Sham potential and resultant response function

(electron polarization) can be written as

AV,(r) = AV(r) + / K(r, /) An(7)dy' (2.56)

x(r,7) = xo(r,7) + /Xo(r, r ) K(ry, r2)x(r2, 7 )dridr;
: (2.57)

K(ri,m) = [ + feelr1:72)]
YT — "
Here exchange-correlation kernel f, = 6(;22;) |ngs. It can be solved by using

time dependent density functional theory approximations. The simplest way to
solve for the microscopic electron polarization is to fix f, = 0 which is known as

random phase approximation. The relation between the calculated microscopic
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and experimentally measurable macroscopic dielectric function is given by

D(r,t) = / dldl en(r, 7t — )E(,¢) (2.58)

Here ‘D’ and ‘E’ are electric displacement and total electric field. As we deal
with periodic systems in this thesis, the total macroscopic response function fol-
lows periodicity of external perturbation, but in microscopic scale the response
function shows rapid oscillations with primitive cell. Therefore it is important
to know this microscopic and macroscopic connection of response function. The

relation between microscopic e, (¢, w) and macroscopic dielectric function ey

is given by
1
eM(q, w) = ——I(q,w) (2.59)
€6G6'=0
Here
_ 5(Vx + VHare)
- e el —1 2.60

Here x is the response function, G is the reciprocal lattice vector. By using this
macroscopic dielectric function e=¢; +i€; one can extract the other spectroscopic
properties like absorption coefficient (o« = “2), refractive index (n = \/e=n +
ik) etc. Here the imaginary part of dielectric function €, can be calculated by
using Kramers-Kronig (KK) relations. According to KK relations, the real and
imaginary parts of a given complex function (y = x1(w) + 2x2(w)) are related as

follows:

xi(w) = iP /_ ) g 2.61)

w —w

and

1 W’
X2(w) = —;P : 3511(_ ldw’

(2.62)
Here x1(w), x2(w) are the real and imaginary parts of complex function which
are not independent and ‘P’ is Cauchy principal value.

Overall, using above described DFT methodology, we have calculated all the
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ground state properties of chosen materials. As we know the importance of ex-
cited state properties of the studied optical materials [25], we would like to treat
these effects by using advanced time dependent density functional theory in near
future. We briefly explained the basic methodologies followed for this thesis in

the next section.

2.4 Methodology

As the plane waves (PW) are very inefficient to describe the one electron wave
functions near the nuclei, one needs to adopt pseudopotential methods or aug-
mented PW basis set [26]. We briefly discuss about these methods one by one in
the below section. Before explaining the LAPW method, we discuss about the
Augmented Plane Wave (APW) method proposed by Slater.

2.4.1 Pseudopotential method

The rapidly varying valence wave functions will have nodes in them near the
nucleus and to treat them using plane waves is much more expensive. For heavier
elements it is going to be harder and harder to represent them. Moreover, it
is known that, inner core electrons of nucleus don’t take part in bonding and
most of the other physical, chemical properties mainly occur due to the valence
electrons. Therefore to solve the many-body Schrodinger equation, all-electron
potential is approximated as pseudopotential by eliminating the core-electrons

contribution set [26].

(;v2 + V)Y = e (2.63)

Where 1) is the all electron wave function with angular momentum /.

Hence the effective potential gives node-less wave function which will match
with actual wave function of the system at large distance from nucleus and dis-
agrees below cut-off. Thispseudo wave function can be written in terms of j,

(spherical Bessel functions)
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U= ay, (2.64)
=1

Here «; is the fitting parameter. In the present thesis, we have used these pseu-
dopotential methods for optimizing the experimental crystal structures and to
evaluate mechanical (single, poly- crystal elastic constants), dynamical properties
(zone centre vibrational spectra, complete phonon dispersion curves in the Bril-
louin zone) as implemented in CASTEP [[18]. As there is a very strong influence
of valence electron interactions on the bonding, electronic and optical proper-
ties, we used full potential-LAPW methods as implemented in WIEN2K [[19] for
further study.

2.4.2 Augmented Plane Wave (APW) method

Even though Pseudopotential methods are used to study various properties of
a given system, some alternative basis sets are developed to consider core and
semi-core electronic contribution. The Augmented Plane Wave (APW) Method
is known to be the first one to discuss and this method is almost similar to PP
method [26-28]. According to this, the (free)electrons far from the nucleus are
treated with plane wave functions. Whereas the behaviour of electrons near nu-
cleus (which behaves like electrons in free atom) are described by atomic like wave
function. Therefore the space is divided into two parts as: (1). Muffin-tin (MT)
region: The space occupied by the atom sphere of radius R,,; (2). Interstitial (I)
region: The space outside the muffin-tin sphere. The corresponding potential and

the augmented plane wave can be written as,

V(r) =

sz Vin ()Y (1) (reMT)
{ (2.65)

ZG VgelGr  (rel)

> i At fen 1 (1:€) Y (1) (reMT)

oV (r, ) = { (2.66)

1
Welkn . (7’6[)

Here Vis unit cell volume, G, k, = k + G, are reciprocal lattice vectors and
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k is wave vector. The Ay, coefficients can be calculated by matching the atomic
like wave functions and plane wave functions at a given /... The Y}, (r), #(r, €))
are spherical harmonics and the solutions of radial part of Schrodinger equation
of an atom. Therefore the resultant wave function (1)) used to solve Kohn-Sham

equation is as follows:

V(1) =D ) (2.67)

Here, ¢4, (» is basis function, ¢, is coefficient. For a free atom «, the (7, ¢)
will vanish as r (R,) — oo, but in practice this condition doesn’t apply, hence
one needs to solve for ¢ numerically. It is known that, for a given [, value
there will be /,,../(m R,) nodes per unit length for Y},,(r). The plane wave of
time period 2@/K,,..) will have 2/ 27/ K,ax)) = Knax/ ™ nodes per unit length.
Therefore in order to get proper match of atomic wave function (/) and plane
wave function (K,,,,) with equal number of nodes the following condition should
be satisfied: R, X Kypx = Lyax. This equation allows us to choose proper muffin-
tin radius, Ky, bpe combination. The muffin-tin radius if all atoms of given
system should not vary too much, since it may leads to difficulty in choosing
the suitable /,,,, value. However, the eigenvalues ‘¢;” in 2.33 can be obtained by
a self-consistent diagonalization method. Which leads to APW method slower
than pseudopotential method.

2.4.3 Linearized Augmented Plane Wave (LAPW) method

Unlike in APW method, in this present method the #(r, ¢;) is attempted to cal-

culate at a given energy using Taylor expansion [26] which will be of the form

w(r,e)) = wi(r,e]) + (1 — € )ig(r, €]) + O((e; — €] )?) (2.68)

Here s; = Ou;/O¢;.
By adding first two terms in the above equation, the APW basis set will give
LAPW basis set [26] as follows:
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O (r) =

> 1Al fn 417, €) Bl e 1 (1,€)] Y (1) (rEMT)
{ (2.69)

ﬁeikﬂ T (rel)

Since (€, — €] )is unknown, one more constant By, 5, will be added for defining
the atomic like wave function. These both constants can be obtained by matching
the value and slope of wave functions at the sphere boundary. There is no differ-
ence in APW and LAPW basis sets for defining the plane waves in the interstitial
region. This change in basis set leads to reduce the computational time, but it is
comparable with the plane wave basis set. Till now, the core and valence states
are treated with LAPW. In order to treat the states lying in between core and
valence states i.e. semi-core states in 1991 David Singh [24] proposed a concept of

local orbitals (LO). The corresponding basis set is given as:

> il Aimrom(ren ) +Bi 1 0#i (761 1)+ Ci Lo (1,620 Vi (r) - (r€MT)
¢é:1PW( r) = { (2.70)
0 (rgMT)

A ‘LO’ is defined for a particular atom, for particular | and m values. It is zero
in the muffin-tin spheres of other atoms and in the interstitial regions. Hence
orbital is local and is not connected to the interstitial plane waves. The A;, ;0,
By 105 Cim 10 coefficients can be determined with a condition that LO is normal-
ized and it should have zero value and slope at sphere boundary. Hence with this
increased basis set valence and semi-core electrons (all electrons) can be treated
properly to increase the accuracy. This LAPW +LO method is computationally
bit slower than LAPW method.

2.4.4 APW+lo method

The nonlinear energy dependence eigenvalue problem of APW method and larger
basis set problem of LAPW +LO method is combinedly removed by this APW +lo
method [26]. This method uses two basis functions namely initial APW’s with

a fixed energy and another is local orbitals (lo’s) type and can be represented as
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follows:

APW+lo
¢lm

(A (ry€0) + Bty (r,€)] Y (r) - (r€MT)
() { (2.71)
0 (rel

The A}, By, coefficients can be determined by normalization with a condition
that local orbitals will have zero value at the sphere boundary but not the zero
slope. Therefore APW and lo’s are continuous at the boundary with #; is discon-
tinuous. Hence APW +lo method with a small basis set like APW gives accurate
results as that of the LAPW method via single disorganisation. The problem of
semi-core states can be addressed by using another method called APW +lo+LO

and corresponding basis set can be written as,

APW+lo

70 2.72)

[Aim,L0m(rs€1,0)+Cim om(r:2,01 Vi (1) (reMT)
(r) = {
0 (rgMT)

There is no #4; term here and Aj,, 10, Cp, 10 coefficients can be determined by
the requirement of LO is normalized and has no value (not zero slope) at the
muffin-tin boundary. In case of heavier atoms, spin-orbit interaction plays a ma-
jor role in determining the accurate energy eigenvalues. All the above mentioned
APW methods are scalar relativistic methods and omit spin-orbit coupling effects.
Later in 1980 A.H. MacDonald [29] proposed a second variational treatment to

include spin-orbit interactions into the basis set and it can be given by:

[I')lYlmXS]
o™ (r) = (1/7) { (2.73)
[i(0.1) [~ Q+(1/2Mer) Po. L] Yy, xs]

Here

Pyi(r) = (2.74)

{ Zlm [Alm,k,, ¢lms(r)+Blm,kn (:Zslms(r)] (VGMT)
0 (rgMT)

The Ay, By, are determined with condition that the large component and its
spatial derivative will be continuous across the sphere boundary. For including

the semi-core states of heavier elements suitable basis set is needed. All the basic
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APW methods have only one p-type radial function which has similar behaviour
as py , orbital. Whereas with this second variational treatment it is possible to
obtain p, ,, orbital which has different nodal structure [26]. In the present thesis
for CsPbCO;F crystal, we have used this method to capture the effect of spin-

orbit interactions on various electronic and optical properties [30].
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3

ABCOsF (A = K, Rb, Cs; B =
Ca, Sr)

In the present study, first-principles calculations were performed to explore elec-
tronic structure and optical properties of layered alkali-alkaline earth carbonate
fluorides which attract attention in the domain of nonlinear optics. The calcu-
lated lattice parameters and volumes with and without inclusion of van der Waals
(vdW) correction methods to standard density functional methods were com-
pared with experiments. It is observed that vdW interactions are predominant in
RbCaCOsF and CsCaCOs5F as compared with other computed compounds. The
calculated bulk modulus from single crystal elastic constants reveals that these ma-
terials are all relatively harder than KH,PO, (KDP) crystal. It is also found that
these materials are wide band gap insulators as obtained from Tran-Blaha modified
Becke-Johnson potential. The linear optical properties such as dielectric function,
refractive indices, birefringence and absorption spectra are presented. Finally, the
calculated birefringence values indicate that these crystals could be promising for

producing phase matching in the deep ultraviolet region.

3.1 Introduction

Over the past decades, exploring knowledge of nonlinear optical (NLO) materi-
als has became an attractive area of research due to their technological and indus-

trial usage for generating shorter pulses with available lasers [[1-13]. The anionic

43
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group, which contains planar triangular structure and conjugated w-orbitals are
believed to be the source of large SHG coefficients. As mentioned in the intro-
duction chapter, the borate NLO crystals are mainly made up of four anionic
groups such as [BO;~, [BO4P ™, [B;OsF~, and [B4Oy]°~. Among these borate
anionic groups, [BO3; P~ possesses planar structure with large microscopic second
order susceptibility and a moderate birefringence, and is found to be the most
suitable structural unit of borate crystals for UV and deep-UV light generation.
These crystals are used for many practical applications since past few decades. In
addition to borate crystals, nitrates (NO3]™) and carbonates (CO;]*™) are found
to have similar planar triangular structure. Therefore it is believed that, they can
also exhibit larger nonlinear optical responses. But, nitrates can dissolve easily in
water which prevents their use in industrial applications and the carbonates are
stable in air but difficult to grow as single crystals.

The fluorocarbonates are known to occur in alkaline rock complexes, natural
minerals [2] and very few studies are available in the literature for these com-
pounds. For the past few decades numerous attempts were made to synthesize
these carbonate based crystals at laboratory scales [2]. Initially in this group of
crystals, the A;JAICOsF (A, Al = K, Rb, Cs) fluorocarbonate series was reported
by Albert et al[[14, 15], KCaCO;F [[16, 35] phase was discovered by West Fletcher
in 1992, lead carbonate fluoride single crystal Pb,F,CO5 was reported by Bengt
Aurivillius in 1983 [[18]. These crystals are known as the starting carbonate mate-
rials in this field. Recent experimental and theoretical attempts in this direction
have yielded many new novel carbonate fluoride crystals with good chemical,
mechanical stability and strong nonlinear optical responses up to 530 [[19] times
higher than a-Si0, which is the highest among all the carbonate fluoride crystals
known till date. The fluoride-oxygen based compounds are found to be useful as
a matrix for bi-doped rare earth compounds also [20].

Recently, Zou et al [36] synthesized a series of alkali-alkaline earth carbonate
fluoride crystals ABCO;F (A=K, Rb, Cs; B= Ca, Sr), which possess low wave-
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length absorption edges (less than 200 nm) and larger SHG coefficients than well
known KH,PO, (KDP) crystal. In these class of materials, the [COs] groups
are co-parallel, which leads to a large macroscopic SHG coefficients 1.30, 1.30,
1.41 pm/V for KSrCOsF, RbSrCO;F, KCaCO;F. Whereas two thirds of [COs]
groups are parallel and one third are anti parallel, resulting in the lesser SHG coef-
ficients 0.43, 0.43 pm/V for RbCaCO;F, CsCaCO;F, respectively. [36] Among
these materials KSrCOsF, RbSrCO;F, KCaCOsF (with Z=1) and RbCaCOsF,
CsCaCOsF (with Z =3) are iso-structural and crystallize in hexagonal crystal sym-
metry with space groups P6m2 and P62m, respectively. All these structures ex-
hibit the stacking of [AF]., (A = K, Rb, Cs) and [B(CO3)]., (B = Ca, Sr) layers
along c-axis and the co-planar alignment of [COs] triangles perpendicular to c-
axis. The triangular planar structure of [CO;}*~ is responsible for the larger SHG
coefficients. Very recently Kang et al [37] proposed two novel NLO materials
such as KBeCO;F and RbAICO;F, for deep-UV region applications by using the
first-principles calculations. Therefore it is interesting to study the fundamen-
tal structure-property correlation of this newly synthesized alkali-alkaline earth
carbonate fluoride NLO crystals. Hence, in this study initial density functional

theory calculations are performed on this carbonate series NLO crystals.

3.2 Calculation methods

The first-principles calculations were performed using two different Density Func-
tional Theory (DFT) approaches; the structural and elastic properties are calcu-
lated by using the plane wave pseudopotential (PW-PP) method which is imple-
mented through CASTEP code.[38, B9] The exchange-correlation potential is de-
scribed in both generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhotf (PBE) [40], Perdew and Wang (PW91)[41] parameterization and local
density approximation (LDA) with Ceperley and Alder [42] parameterized by

Perdew and Zunger (CA-PZ) [43, 44]. The electron-ion interactions were de-
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scribed by using Vanderbilt type ultra-soft pseudopotential [45]. All the studied
compounds have alternate MF (M = K, Rb, Cs) and MCO3; (M = Ca, Sr) layers
stacked along c-axis [B6] and the layers are bonded through weak van der Waals
(vdW) forces. Therefore, semi empirical dispersion correction methods have been
used to treat vdW interactions, the Ortmann, Bechstedt and Schmidt [46] (OBS)
correction to PW91, as well as Grimme [47] corrections to PBE. In these two
methods, a correction of the form E;; = (R) x C/ x Ri;(’ is added to the DFT to-
tal energy for each pair (ij) of atoms separated by a distance R;;. f(R) is a damping
function, which is necessary to avoid divergence for small values of R, and C/ is
the dispersion coefficient for the atom pair (ij) and the C/ coefficients are depen-
dent only on the chemical species. The kinetic energy cut-off of 640 eV was used
and the first Brillouin zone of the unit cell sampled by using Monkhorst-Pack
scheme [#8] of k-points with a spacing of about 0.04A~1. The convergence crite-
ria for optimization of unit cell has been done by relaxing the forces (< 5x10™*
eV/A), energies (< 5x107° ¢V), and stress tensors ( < 0.02 GPa) on each atom.
The electronic structure and optical properties are calculated by using full
potential linearized augmented plane wave (FP-LAPW) method which is imple-
mented in WIEN2k [49]. In general, the standard DFT functionals such as LDA
and GGA usually underestimate the energy-band gap by 30-40% when compared
to experiments due to the lack of the derivative discontinuities of the exchange-
correlation potential with respect to occupation number. In order to get reliable
energy band gaps, one has to use more sophisticated methods such as hybrid func-
tionals (HSE, PBEQ), GW approximation, EV-GGA and TB-mB] potentials [51].
It is well known that hybrid and GW calculations are computationally very ex-
pensive, the later methods are computationally cheap to reproduce band gaps.
The EV-GGA functional obtained by optimization of the exchange-correlation
potential V., instead of the energy E,.. TB-mB]J is also a newly developed semi-
local potential, which uses information from kinetic energy density along with
the charge density employed in standard DFT functionals. The EV-GGA and
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TB-mB] functionals cannot be used for total energy calculations but instead yields
very much improved band gaps in a wide variety of materials and TB-mB] poten-
tial is good enough in reproducing accurate energy band gaps when compared
to EV-GGA, which are comparable with experiments. In order to achieve en-
ergy eigenvalue convergence, the wave functions in the interstitial region were
expanded using plane waves with a cut-off of K,,,, = 8/R MT | self-consistency
was obtained using 39 k-points in the irreducible Brillouin zone (IBZ). The fre-
quency dependent optical properties were calculated using dense k-points (320) in
IBZ.

3.3 Results and discussion

3.3.1 Structural and elastic properties

Initially, ground state properties of these compounds were obtained with both
LDA as well as GGA by using PW-PP method. The experimental crystal struc-
ture [36] (see Fig 3.1) is used as an input for each calculation and minimized the
total energies, forces and stresses on each atom of the unit cell. The obtained vol-
umes are underestimated by about 7% with LDA whereas overestimated by 4%
within GGA. The GGA functional reproduce the experimental values over LDA.
Moreover, the crystal structures consist of alternately stacked layers [AF], (A =
K, Rb, Cs) and [B(CO3)], (B = Ca, Sr) and all the adjacent layers are connected by
infinite B-F-B chains parallel to c-axis. Since the layers are weakly bonded through
the van der Waals forces, which cannot be treated well with standard LDA/GGA
functionals, the dispersion corrected methods such as G06 and OBS implemented
through GGA functional are used. The calculated ground state properties with
G06 and OBS methods are in very good agreement with experimental results [36]
and the volumes differ only by about 1%. This effect is mainly observed in heavy
metal carbonates such as RbCaCOsF and CsCaCOsF than rest of the studied

carbonates and GGA functional is good enough to reproduce the ground state
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Figure 3.1: Experimental crystal structure of a) KCaCO;F, b) KSrCO;F, ¢)
RbSrCOsF, d) RbCaCO;F and €) CsCaCOs5F.

properties of KSrCO;F, RbSrCO;F and KCaCO;F and all these ground state
properties are tabulated in Table 3.1. Since the G06 scheme is not yet imple-
mented for 6% and 7% period elements of the periodic table we are unable to test
it for CsCaCO;sF (see Table 3.1).

One of the key requirement for NLO materials is mechanical stability and this
can be investigated by calculating the single crystal elastic constants of a material.
These are fundamental properties for crystalline solids to describe the mechanical
stability and stiffness of the solid against the applied strains. Stress-Strain method

has been used to calculate the elastic constants. The compounds of the present
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Table 3.1: The calculated ground state properties such as lattice parameters
(a,c in A) and volume (V in A%) of ABCO;F (A = K, Rb, Cs; B = Ca, Sr)
compounds using standard LDA, GGA and dispersion corrected (G06, OBS)
exchange-correlational functionals along with the experimental data taken from
Ref.36.

Symmetry Compound Parameter CA-PZ PBE PW91 GO6  OBS  Expt’.
Pém2 KCaCOsF 4972 5159 5.150 5.131 5.091 5.096

Y

(Z=1) c 4337 4487 4479 4445 4432 4455
\Y% 92.87 103.48 10291 101.37 99.49 100.23

KSrCOsF a 5.132 5320 5314 5280 5.257 5.259

c 4583 4746 4738 4.681 4.687 4.695

\Y% 104.55 11636 115.89 113.03 112.24 112.50

RbSrCO;F a 5.177 5371 5363 5329 5310 5.300

c 4.667 4.835 4.825 4765 4781 4.790

\Y% 108.35 120.81 120.22 117.21 116.79 116.53

P62m RbCaCOsF a 8.987 9300 9.285 9.214 9.199 9.197
(Z=3) c 4324 4489 4482 4421 4434 4446
\Y% 302.52  336.32 33474 325.12 325.02 325.77

CsCaCOsF a 9.102 9420 9.403 - 9.319  9.299

c 4432  4.607 4.596 - 4546  4.540

\Y% 318.02 354.09 352.01 - 341.98 340.05

“ Ref. B6.

study crystallize in the hexagonal structure and hence they have five independent
elastic constants namely Cyy, Cs3, Cu4, Cyz, and Cy;. It is well known that, Born’s
criteria [52] of mechanical stabilities in a hexagonal crystal structure leads to the
following restrictions.

Cii > 0(i=1,3,4), Ci;> Cya, (C11 +C12)Cs3 > 2Cy57

The computed values of C;; (see Table 3.2) satisty the above mentioned cri-
teria implying the mechanical stability of these materials. In addition, it is also
found that Cs53>Cyy, which shows the mechanical anisotropic behaviour along
two crystallographic axes. The obtained elastic constants are listed in Table 3.2.
Besides the single crystal elastic constants, the single crystal bulk modulus of these
materials also calculated and the obtained bulk modulus follows the decreasing
trend from KCaCO;F — RbCaCOsF — CsCaCOsF; KCaCO3;F — KSrCOsF
and RbCaCO;F — RbSrCOsF. This implies that the bulk modulus decreases in
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Table 3.2: Calculated single crystal elastic constants (C;j, in GPa), bulk modulus
(B in GPa) of ABCOsF (A = K, Rb, Cs; B = Ca, Sr) compounds calculated at the
PW91+OBS theoretical equilibrium volume.

Parameter C11 C33 C44 C12 C13 B
KCaCOsF 1033 119.7 239 31.2 23.8 53.7
KSrCOsF 94.6 106.5 15.7 30.1 169 47.1
RbSrCO;F 889 97.4 183 279 21.7 46.4
RbCaCOsF 98.6 1042 89 421 21.1 520
CsCaCOsF  93.1 902 223 374 27.6 51.1

the presence of heavy metal atom due to increase of ionic radius in all these materi-
als. However, the calculated bulk modulus of all these compounds are lesser than
BBO (60 GPa) [53] and higher than KDP (27 GPa) [53] crystals. This behaviour
indicates that, the presently studied compounds are relatively harder than KDP

crystal and softer than BBO crystal.

3.3.2 Electronic band structure

Electronic structure calculations not only predict physical and chemical proper-
ties of the materials, but they also provide good insight to the experimentalists to
synthesize novel materials for various applications. For instance, Kang et al [37]
proposed two novel NLO materials and they find applications in the deep-UV
region, which are yet to be synthesized. Now we discuss our results pertaining
to electronic properties of ABCOsF (A = K, Rb, Cs; B = Ca, Sr) compounds
through energy band structures and density of states. Since there are no precise
experimental band gaps available for the presently investigated compounds, we
have calculated the same using three different exchange-correlational function-
als (GGA, Engel-Vosko (EV)-GGA and TB-mB]) as implemented in WIEN2Kk.
It is well known from the literature, [54-58] that the standard DFT functional
LDA/GGA always underestimate band gap for the semiconductors and insula-
tors. However, EV-GGA functional improves the band gap over LDA/GGA

functionals and the semi-local potential TB-mBJ provides enhanced band gaps
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than rest of the above mentioned functionals. In the present case, one could
clearly see that the obtained band gaps are found to increase from GGA to EV-
GGA then to TB-mB]J and are presented in Table 3.3. Also the band profiles are
similar for all three exchange-correlational functionals. However, the reported
experimental band gap value of these compounds are above 6.3 eV from optical
absorption and our calculated band gaps with TB-mBJ functional are found to
be around 7.9 eV for all these compounds. Recently, Kang and his co-workers
[37] reported the band gaps of these compounds are around 6.3 eV with hybrid
functionals and the difference between our calculations and Kang et al [37]] results
may be due to different methods used in the calculations. Though our predicted
TB-mBJ band gaps differ by 1.6 eV from hybrid functional band gaps, these are
comparable with the well known NLO materials such as lithium triborate (7.8
eV) [69], cesium triborate (7.3 eV) [60] and S-barium borate (6.4 V) [59]. We hope
our calculations will stimulate experimentalist to measure exact band gap of these
materials. The calculated TB-mB] band structures of the investigated compounds
are shown in Fig 3.2. It is found that these materials are direct band gap insula-
tors as the band gap occurs along A-A direction for KCaCO;F, KSrCOsF, and
RbSrCO;F and I'-T" for RbCaCOsF and CsCaCO;F between the valence band
maximum (VBM) and conduction band minimum (CBM). Also, it can be seen
that the valence bands are very flat due to COj triangular planar unit similar to
that of BOj; units in borate crystals [24].

The calculated density of states (DOS) for KCaCO;F, KSrCO;F, RbSrCO;F
and RbCaCO;F, CsCaCO;F using TB-mB]J functionals are in Fig 3.3 and Fig 3.4,
respectively. It is clearly seen from the PDOS, the oxygen 2p-states dominate
near the Fermi level about -2 eV for all the materials. The states from fluorine
atom are mainly predominant between -2 to -3 eV in KCaCO;F, KSrCO;F, and
RbSrCO;F (see Fig 3.3) whereas it is situated between -1 to -3 €V in RbCaCO;F
and CsCaCOsF (see Fig 3.4) compounds. There is an overlap between 2p-states

of carbon and oxygen atoms in the valence band region above -4 ¢V. The bottom
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Table 3.3: Calculated electronic band gaps (in eV) of ABCO;F (A = K, Rb, Cs; B
= Ca, Sr) compounds using with GGA-PBE, EV-GGA and TB-mB]J functionals
within FP-LAPW method and compared with other calculations.

present other”
Compound GGA-PBE EV-GGA TB-mB]J PBE PBEO B3LYP sX-LDA
KCaCOsF 4.45 4.99 7.92 390 631 5.84 5.85
KSrCOsF 4.20 4.60 7.99 3.80 6.27 5.79 5.72
RbSrCO;F 4.25 4.69 7.88 3.94  6.37 5.92 5.83
RbCaCOsF 4.39 4.96 7.46 379  6.29 5.84 5.74
CsCaCOsF 4.66 5.25 7.15 421 6.39 6.17 6.14

“ Ref.37

of the conduction band is mainly composed of 2p-states of carbon, oxygen atoms
at about 8 eV and d-states of metal atoms (Ca, Sr, Rb, Cs) between 10 to 12 ¢V
in all the compounds. Overall, an ionic behaviour found between alkali-alkaline
earth atoms, CO; and F groups near the Fermi level. In addition to this, a strong
covalent behaviour was observed between carbon and oxygen atoms within COs
anionic group. The bonding picture of these compounds can be more clearly
showed from the charge density maps by plotting in specific crystallographic di-
rections. As mentioned earlier these compounds are iso-structural, so one can ex-
pect the charge density of these compounds to be similar. The calculated charge
density distribution for KCaCOsF, KSrCO;F, RbSrCO;F along [0 0 1] are shown
in Fig 3.5. From this, we observe that the charges are located between carbon
and the neighboring oxygen atoms, which indicates a strong covalent bonding
between these atoms within anionic CO; group. This is consistent with calcu-
lated DOS, which also shows strong overlapping between 2p-states of carbon and
oxygen atoms (see Fig 3.3 and 3.4). Moreover, the charge density distribution of
remaining atoms is almost invisible (see Fig 3.5) implying ionic bonding between

metal and anions.



Chapter 3. Alkali-Alkaline Carbonate Fluorides 53

KCaCOSF KSrCO,F RbSrCO.F
2 ~3 12 é 12 é <
u/ | AN NN
= e | #

SE | sF~—at———T—— - sk~ — 1 1t ——
>6r S6F 1 _ 6 .
L2 o~
: < :

%‘J B 2134- b ;{i 41 1
-

2t 2t 18 2t .

. s = B D e e momeboszs ] Rt e At i

aF ok 7‘ 2 —

- 4f . aF | -

I A K H M L r I A K H M L 1 I A K H M L I

@
RbCaCO,F CsCa 03F

==

W
T
1
W
T
|

Energy(eV)
=
Energy(éV)
>

|

®)

Figure 3.2: Calculated electronic band structure of (a) KCaCOsF, KSrCO;F and
RbSrCOsF, (b) RbCaCO;F and CsCaCOsF using TB-mB]J functional at experi-

mental crystal structures.
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Figure 3.3: Calculated electronic DOS of (a) KCaCO;F, (b) KSrCO;F and (c)
RbSrCO5F using TB-mBJ functional at experimental crystal structures [36].
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Figure 3.4: Calculated electronic DOS of (a) RbCaCOsF, (b) CsCaCOsF using
TB-mB]J functional at experimental crystal structures [36]

3.3.3 Optical properties

The optical properties of these studied compounds are calculated using TB-mB]
functional. The optical properties of matter can be described by means of the
transverse dielectric function €(g,w) = € (w) + ie2(w) where g is the momentum
transfer in the photon-electron interaction and w is the energy transfer. In the

present study we have used electric-dipole approximation for the calculations, ac-
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Figure 3.5: Charge density difference plot for KCaCO;F, KSrCOsF, RbSrCO;F
along [00 1]

cording to which at g = 0, the momentum transfer from the initial state to the
final state is neglected. The imaginary part of the dielectric tensor represents the
direct interband transitions between valence band and conduction band states.
According to the dipole selection rule, the inter band transitions only occurs in
momentum quantum number of states which differ by unity. In order to calcu-
late €;(w) using Kramers-Kronig transformation, it is necessary to evaluate the
absorption spectrum to high energies in order to achieve a converged result for
the dispersion. So we have calculated €;(w) up to 18 eV above the Fermi level.
The knowledge of both the real and imaginary parts of the dielectric function al-
lows the calculation of important optical properties such as absorption, refractive
index and birefringence of the materials. The investigated compounds crystallize
in the hexagonal symmetry, and this allows two non zero components of the di-
electric tensor along [1 0 0] and [0 0 1] directions. Fig 3.6 shows the real (above)
and imaginary (below) part of the dielectric function of ABCO;F compounds.
For simplicity, the prominent peaks are labelled as A, B, C, D, E along [1 0 0]
and P, Q, R, S, T along [0 0 1] directions for all these compounds. We have
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Figure 3.6: Complex dielectric function of (a) KCaCOsF, KSrCOsF and RbSr
COsF, (b) RbCaCOsF and CsCaCOsF calculated using TB-mB] functional at

experimental crystal structures[36].
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Table 3.4: The observed optical transitions of ABCO;F (A = K, Rb, Cs; B = Ca,
Sr) from imaginary part of dielectric function using TB-mB]J electronic structure.

Direction Peak KCaCO3;F KSrCO3;F RbSrCO;F RbCaCOs;F  CsCaCOs;F

A 9.23 9.21 9.05 9.06 8.91
B 12.87 12.21 10.16 10.42 10.01
along[100] C 13.82 12.87 12.07 11.94 11.35
D — 13.07 12.85 12.87 15.85
E — 15.32 15.12 14.58 16.62
P 10.96 11.92 11.63 9.94 9.45
Q 11.77 12.78 12.65 10.87 10.36
along[001] R 12.92 13.69 13.53 11.79 11.37
S 15.68 15.66 15.34 12.90 13.91
T — — — 15.55 16.27

observed several inter band transitions for these peaks by using our calculated
TB-mB] band structure from the imaginary part of the dielectric function, and
the major contributions are tabulated in Table 3.4.

The peaks in imaginary part of dielectric function mainly arises due to inter
band transitions between VBM and CBM in the different energy regions: a) O(p)
— M(d) in 9-13 eV, b) F(p) — M(d) in 13-15 eV and ¢) C/O(p) — M(d), where M is
Ca, Sr, Rb, Cs. From the imaginary part of the dielectric tensor, we can calculate
the real part of dielectric constant €;(0) of these materials and the correspond-
ing values are given in Table 3.5. The absorption spectra of these compounds
are shown in Fig 3.7 (a), which shows large anisotropy in two crystallographic
directions. The calculated absorption coefficients are presented in Table 3.5 and
they indicate that absorption of these compounds lies in UV-region, which is in
good agreement with experiments [36]. The calculated index of refraction in two
different directions are shown in Fig 3.7 (b). From the figure, it can be seen that
around 10 eV, all the materials show highest refractive indices and the calculated
index of refraction at zero energy is tabulated in Table 3.5. We have also de-
rived birefringence of all the compounds by using index of refraction between
two directions of the unit cell. It is well known that, birefringence (An) is an

important property to achieve the phase matching conditions and relatively large
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Figure 3.7: Absorption and refractive indices of (a) KCaCOsF, KSrCOsF and
RbSrCO;F, (b) RbCaCOsF and CsCaCOsF calculated using TB-mBJ functional

at experimental crystal structures.
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Table 3.5: Linear optical properties such as real part of dielectric function (¢;(w)),
absorption coefficient (a(w)x10*, cm™), refractive indices (n, and n,) and bire-
fringence (An) of ABCOsF (A = K, Rb, Cs; B = Ca, Sr) compounds

W) W) (W) (W) n, n,  An (| n,n.)
KCaCOsF 2.1 1.0 106.1 31.8 1.4577 1.3611 0.0966
KSrCO;F 2.1 0.9 95.6 41.6 1.4424 1.3503 0.0921
RbSrCO;F 2.2 1.0 90.7 343 1.4663 1.3775 0.0889
RbCaCO;F 2.15 1.89 90.3 10.7 1.4651 1.3732 0.0919
CsCaCO;F 2.34 2.08 89.4 13.7 1.5291 1.4418 0.0873

value (An>0.08) is observed in BO; group materials. However, the calculated
An for all studied compounds are greater than 0.08 (shown in Table 3.5), which
implies that these compounds are good phase matchable materials as borate group

crystals.

3.4 Conclusions

In summary, the structural and elastic properties of alkali-alkaline earth carbon-
ate fluoride NLO crystals were studied using plane wave pseudopotential method,
whereas electronic and optical properties of these compounds studied using FP-
LAPW method based on density functional theory. The calculated ground state
properties of RbCaCO;F and CsCaCOsF using semi empirical dispersion correc-
tion method (OBS) are in good agreement with experimental data in contrast to
standard LDA/GGA functionals. The single crystal elastic properties as well as
bulk modulus of these materials also predicted at the OBS equilibrium volume.
This analysis shows that all these compounds are mechanically stable and strong
anisotropy exists between two crystallographic axes. From the calculated band
structure and density of states, it is concluded that these compounds are direct
band gap insulators and also a considerable enhancement is obtained in the band
gap of these materials using TB-mB] functional over EV-GGA and GGA-PBE.
The major optical transitions have been observed between O/C (p-states)— M

(d-states), where (M = Ca, Sr, Rb, Cs). Finally, the other optical constants such
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as absorption spectra, refractive indices and birefringence of these crystals also
predicted. From the calculated absorption spectra, it is found that these materials
have strong absorption in UV region and the birefringence of these compounds
indicates the larger phase matching in these crystals. The present study will be

helptul for potential use of these materials in NLO applications.
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4

Lead Carbonate Fluoride
CsPbCO;F

In this chapter, the structural, elastic(single and polycrystalline), vibrational (IR
spectra) and thermodynamic properties of CsPbCO;F were broadly discussed.

4.1 Introduction

The recent studies reported in the literature and our previous chapter conclu-
sions reveal that a new possible carbonate based group of NLO materials can
serve as better candidate, like borates in UV and deep-UV frequency window
[1-4, 7]. These crystals having [CO;*~ unit as an anionic group with similar
planar triangular structure arrangement as [BO;’~, are proved to show good
phase matchable behaviour in UV region with 3.33 (A= K, Rb and B= Sr), 3.61
(A= K and B= Ca), 1.11 (A= Rb, Cs and B= Ca) and 1.20 (A= Cs and B=
Ba) times larger nonlinear coefficients than ds¢ (0.39 pm/V) of KDP crystal with
good mechanical stability (bulk modulus 50 GPa) [[L, 2]. Meanwhile, Kang et.
al [7], theoretically proposed a new series of ABeCOsF and AAICO;F, (A=Li,
Na, K, Rb, Cs) compounds with ITA and IITA light metal cations substitution
in ABCOsF series using density functional theory calculations. This study sug-
gests the applications of carbonate fluoride materials in the deep-UV region by
further reducing the absorption edges to around 150 nm. Recently, Zou et. al

[8] synthesized a highly nonlinear lead carbonate fluoride crystal CsPbCO;F by
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solid state reactions. It crystallizes in noncentrosymmetric space group P6m2
with a=5.3888 A, ¢=5.1071 A with a monomolecular unit cell. The structure
consists of alternately stacked PbCO; and CsF layers perpendicular to c-axis con-
nected by Pb-F-Pb chains parallel to c-axis. More recently in 2014, Thao Tran et
al [4] synthesized RbPbCO;F crystal structure along with CsPbCO5F through
solvothermal and conventional solid state techniques and found that CsPbCO;F
crystallizes in noncentrosymmetric space group P6m2 with a=5.393 A, c=5.116
A with Z =1formula unit per unit cell. Even though there are some dissimilarities
existing between previously reported structures by Zou et al. and Thao Tran et
al., in both cases the observed nonlinear coefficients are 530, 160 times higher than
a-Si0; crystal respectively. This seems to be the record value among all the re-
ported carbonate fluoride materials till now. This uniqueness of the material and
its promising optical responses are known to arise from p-w interaction between
Pb?* and [CO;F~ within [Pb (CO;)] layers strongly motivated us in addressing
the in-depth structure-property correlation issues in this material through density
functional theory approach. Moreover, the Lead based semiconductor materials
like chalcogenides are known to show promising longer wavelength applications
(infrared optoelectronics). Due to the lower direct band gap values (E, ~ 0.2 eV),
high static dielectric constant (10° to 10*) and high mobilities of charge carriers
(up to 106¢m?/V.s) these materials are known as best candidates for far-infrared
spectral range applications [§]. This also motivated us to choose CsPbCO5F crys-
tal for the present study.

In this chapter, we address the origin of NLO response of CsPbCO;F, ABCO;F
(A= K, Rb ; B=Ca, Sr) crystals from the lattice dynamics point of view. We re-
port the role of van der Waals (vdW) interactions in predicting the stability of
the lead carbonate crystal structure and single crystal elastic constants. The poly-
crystalline properties of CsPbCO;F, RbSrCO;F, KSrCO;F, KCaCO;F materials
are also extracted from single elastic constant values using Voigt, Reuss, Hill ap-

proximations [9-11]. Zone centre vibrational frequencies (infrared (IR) spectra)
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are calculated using density functional perturbation theory (DFPT) approach and
complete mode assignments are analyzed in detail. We have examined the nature
of directional bonding and intensity variations of different vibrational modes in
detail based on the calculated Born effective charge (BEC) tensors. We report the
thermodynamic properties which are crucial in exploring the practical applicabil-
ity (durability) of an NLO material. To the best of our knowledge, such studies
are not reported till now in the literature for the presently studied novel carbon-
ate fluorides. In order to explore more about the vibrational nature of the bonds,
we further turned our focus on the heat-conduction process. The thermodynamic
properties entropy, Debye temperature, heat capacity, enthalpy, thermal expan-
sion and intrinsic lattice thermal conductivity at different temperatures ranging
from 5 K to 1000 K are reported. We have compared the obtained results with
experimentally reported thermal conductivity values of several hexagonal types
of NLO materials. Since there are several recent reports on crystal structures of
carbonate fluoride materials, we explore the crucial structure-property correla-
tion in carbonate group compounds on different aspects. We believe that, the
properties studied in this work related to lattice dynamics part such as mechani-

cal, vibrational and thermodynamic properties would open up new possibilities

in the world of NLO materials.

4.2 Calculation methods

First-principles calculations play a very important role in explaining the structure-
property correlations of various materials. Details obtained from these simula-
tions are therefore very useful for the new developments in the domain of non-
linear optical materials and their possible practical applications. In the present
work, we have used a quantum mechanics based Cambridge Series of Total En-
ergy (CASTEP) program [[12, [13], which works based on the plane-wave pseu-

dopotential (PP) method. In order to calculate various structure dependent prop-
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erties of the present carbonate materials of interest, we have taken the exper-
imental structural details as given in references [[l, 8]. Experimental geometry
of CsPbCO;F, ABCOsF (A= K, Rb ; B= Ca, Sr) are optimized with maxi-
mum tolerance’s for energy 5.0xe ¢(eV/atom), stress 0.02 GPa, displacement
5.0x e *A. Forces between atoms are minimized up to 0.01 eV/A. Electron-
ion interactions are treated using Vanderbilt Ultra-soft pseudopotential [[18] to
calculate the ground state structural and elastic properties with 380 eV cut-off
energy. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimizer is used for
cell parameter optimization [19]. Local-density approximation (LDA) [[14-16],
Generalized gradient approximation (GGA) of Perdew-Burke-ErnZerhof (PBE)
[17], Perdew-Wang 91 (PW91) [[16] are used as exchange-correlation functionals
to account the electron-electron interactions. The Ortmann-Bechstedt-Schmidt
(OBS) [20] correction to PW91 is used to treat the weak van der Waals (vdW)
interaction effects. Norm conserving pseudopotential [21] are used with the va-
lence electrons of atoms as Pb (5s% 5p°® 5d!° 6s? 6p?), Cs (5s* 5p° 6s'), F (2s* 2p°),
O (2s* 2p*), C (2s* 2p?), K (3s? 3p° 4s), Ca (3s* 3p° 4s?), Rb (4s? 4p® 5s'), Sr (4s?
4p® 5s?) to calculate BEC’s and zone centre vibrational frequencies of CsPbCO;F,
ABCO;F (A= K, Rb ; B= Ca, Sr) within the framework of density functional
perturbation theory (DFPT) [22] with 1300 eV cut-off energy. It is well known
that DFPT is an efficient technique over finite displacement method to calcu-
late vibrational properties with similar accuracy in lower computational time.
Moreover, it allows calculating the crystal response to the external electric field,
atomic displacements [23]. From these results, it is possible to obtain various
properties like vibrational intensities, Born effective charges etc. These DFPT
and finite element methods are framed within the harmonic approximation [23].
The 11x11x10 Monkhorst-Pack [26] k-grid with 80 irreducible k-points is used.
The spacing 0.02 1/A between k-points is used for better accuracy. The Born
effective charge tensors for the compounds of present interest are obtained us-

ing linear response method through Gonze approximation [24]. The relation
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between Born effective charges and vibrational mode intensities are as follows
[25]. L;=[ Zj,thJ»Aj,k]z ; Aij = 0E/ 0 q ;0 p; Here, A isatomic polar ten-
sor or Born effective charge tensor, E total energy, q; is Cartesian coordinate, F!
is eigenvector, p; is dipole moment. The thermodynamic properties like lattice
heat capacity, Debye temperature, thermal conductivity, thermal expansion are
also calculated for four iso-structural crystals (z=1) within the quasi-harmonic
approximation. For metals at low T, the heat capacity can be represented by a
sum of two terms. The electron contribution is proportional to T and the lattice
contribution is proportional to T? (this is the Debye T° law). Thus, for metals,
the Debye model can only be said to be approximate for the specific heat. But it
gives a good approximation for the low-temperature heat capacity of insulators
and semiconductors where other contributions from highly mobile conduction
electrons are absent. We computed these properties to have an overview of how
these materials would behave under temperature. Our work could be a starting
point and motivation to the experimental workers in future. More details are

presented in the results and discussion part, thermodynamic properties section.

4.3 Results and discussion

4.3.1 Structural, elastic and polycrystalline properties

The layered noncentrosymmetric material CsPbCO;F under investigation crys-
tallizes in Pém2 (187) space group with lattice parametersa = b = 5.3888 A, ¢ =
5.1071 A, o = 8 = 90 (deg), v = 120 (deg). The unit cell consists of one formula
unit (Z=1) and the atoms Cs, C, F, Pb, O are situated at 1a, 1d, le, 1f, 6m Wyck-
off sites. Moreover, the reported crystal structure of CsPbCO;F is made up of
alternate [Pb(COs5)], [CsF] layers along c-axis in x-y plane as shown in Fig 4.1.
The adjacent layers parallel to c-axis are connected through F-Pb-F bonds. The
iso-structural ABCO;F (A= K, Rb ; B=Ca, Sr) compounds are also found to crys-

tallize in same space group P6m2 with hexagonal in crystal structure with Z=1
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formula unit. The slight increment in lattice parameters and volumes are noted
upon changing the heavier metal atoms in these structures, which is expected
[, 2]. Hereafter we are naming the above said 4 crystals KCaCOsF, KSrCO;F,
RbSrCO;F, CsPbCO;F as KCa, KSr, RbSr, CsPb for simplicity. The atomic sites
occupied by different atoms in KCa, KSr, RbSr phases are as follows. K, K, Rb
at 1a, le, 1c; Ca, Sr, Sr at 1b, 1f, 1f; C atoms at 1d, 1d, 1b; O atoms at 3k, 3k,
3k; F atoms at 1a, le, le respectively. In all the crystals oxygen atoms are located
at mm?2 site symmetry, whereas all other atoms K, Rb, Ca, Sr, C, O, F are occu-
pying 6m2 site symmetry out of 5 possible site symmetries for 187 space group.
In this section we verify the effect of these different Wyckoff site occupancy’s,
chemical composition variations on structural, mechanical, polycrystalline prop-
erties in a detailed manner. As a first step, to obtain the correct lattice parameters
and volume, we have optimized the experimental crystal structure of CsPbCO;F
using LDA functional, GGA (by applying PBE) exchange-correlation functionals
as implemented in CASTEP code. The obtained ground state structural proper-
ties of lattice parameters and volume are given in Table 4.1. In comparison to the
experimental data, we found that optimized volume with LDA is underestimated
by 6.8%, with PBE functional overestimated by 4%, which is a considerable devi-
ation from the experimental value. In order to capture the effect of non-bonding
interactions between the adjacent layers, one needs to optimize the system with
dispersion corrected schemes to the standard DFT functionals. Since the Grimme
(GO06) [27] corrections are not implemented for Pb, Cs elements for the present
case, we performed further structural optimizations with PW91 functional and
Ortmann et al. (OBS) correction [20] to PW91. The obtained volumes with
PWOI1 (see Table 4.1) are also overestimated by >3% before including the vdW
effects, with PW91+OBS the unit cell volume is slightly overestimated by 1%
and is in relatively good agreement with experimentally reported data. Moreover,
after inclusion of vdW corrections, improvement is observed in the prediction of

lattice parameter ‘a’. Whereas, ‘c’ is well reproduced before and after vdW interac-
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Figure 4.1:  Experimental crystal structure of CsPbCO;F consist of CsF and
PbCO; layers.

Table 4.1: Calculated ground state lattice vectors (a,c in A), volume (V, in

A3) of CsPbCOsF, using LDA, PBE, PW91 and dispersion corrected PW91
(PW91+OBS) along with experimental data [§]

Symmetry Compound Parameter LDA PBE PW91 PW91+OBS Experiment

- a 5.322 5.515 5.507 5.477 5.388
P6m?2 CsPbCO;F c 4.876 5.059 5.046 5.011 5.107
(Z=1) v 119.648 133.275 132.577 130.215 128.437

tion’s taken in to account. The percentage of deviations in ‘a’ with PBE, PW91,
PW91+OBS functionals are 2.3%, 2.2%, 1.6% with respect to experimental
value. With LDA functional ‘a’, ‘¢’ are underestimated by 1.2%, 4.5%. Overall
the results of structural optimization of CsPb indicates that the OBS correction
method has reproduced the experimental results more accurately. The calculated
bond lengths with OBS, PBE functionals are displayed in Table 4.2. We find that
our calculations are in good agreement with experimental data for all the studied

compounds.
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Table 4.2: Calculated bond lengths (in A) at OBS, PBE theoretical equilibrium
structures of CsPbCO;F and ABCO;F (where A = K, Rb ; B = Ca,Sr) respec-
tively along with experimental data[[l, 8]

KCaCOsF KSrCOsF RbSrCO;F CsPbCO;F

Bond Cal Exp Bond Cal Exp Bond Cal Exp Bond Cal Exp
Ca-F 2248 22276 Sr-F 2367 23478 Sr-F 2405 23950 Pb-F 2.481 25536
Ca-O 2585 25552 Sr-O 2.662 26397 Sr-O 2.686 2.6603 Pb-O 2.717 2.7084
Ca-C 2977 29426 Sr-C 3.062 3.0367 Sr-C 3.088 3.0600 Pb-C 3.122 3.1110
CaK 3.731 3.6907 Sr-K 3.870 3.8385 Sr-Rb 3.914 3.8858 Pb-Cs 3.988 4.0250
K-O 2.808 27765 K-O 2951 29260 Rb-O 2998 27950 Cs-O 3.080 3.1420
K-F 2977 29426 K-F 3.062 3.0367 Rb-F 3.088 3.0600 Cs-F 3.122 3.1120
CO 129 1283 C-O 1299 12910 CO 1299 1290 C-O 129 1.2810

At a fundamental level, the material response to the applied stress can be un-
derstood from the magnitude of elastic constants. Bulk modulus of a material will
explain the response to isotropic compression. In order to predict these funda-
mental mechanical equilibrium properties, which are more sensitive to lattice vec-
tors, we have used optimized crystal structure obtained with PW91+ OBS func-
tional. According to the symmetry elements, for hexagonal crystal the 36 inde-
pendent elastic coefficients of 6x6 tensor matrix will reduce to just 5 independent
constants. These Cyy, Cs3, Cs4, C12, Cy3 constants for the present studied hexag-
onal structure and the bulk modulus (B) values are calculated using stress-strain
method. The obtained single crystal mechanical properties with OBS functional
are presented in Table 4.3 along with PBE and PW91 functionals calculated values
for comparison. To the best of our knowledge there are no experimental elastic
constants reported in the literature for comparison. The obtained elastic con-
stants before and after inclusion of vdW interactions satisfy Born’s mechanical
stability criteria derived for hexagonal system [37].

Ci; > 0(=1,3,4),Cy; > Cy,, (Cy; +Cyy )Cs3 > 2C3;.

The lead carbonate crystal obeys this criterion and confirms its good mechan-
ical stability. The variations in calculated elastic constants with PBE, PW91 and

PW91+OBS functionals are related to the differences in their optimized lattice
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parameters with each functional as shown in Table 4.1. Strong anisotropy for the
externally applied strain along ‘a’, ‘¢’ crystallographic directions is observed from
the Cy, Cs; values (see Table 4.3). The relation C;; > Cy; from the calculated
results indicates that the crystal is more compressible along a-axis direction than
c-axis for the applied strains. This effect can be attributed to weak bonding inter-
actions between COj3, Lead atoms (Pb-O) than the interlayer ionic interactions
through F-Pb-F bonds. The bond lengths information of (Pb-O) > (Pb-F) also
confirming the same (see Table 4.2). The huge differences in calculated elastic
constants Cy, Cs3 with DFT and vdW (7.3 GPa; 9 GPa) also indicates that the
accurate prediction of interactions between (COs3, Pb) and adjacent CsF, PbCO;
layers play an important role in explaining the crystal stability. The obtained
bulk modulus value with and without vdW effect, 40 GPa & 41.5 GPa respec-
tively indicates that, CsPbCO5F is a soft material among all the ABCOsF (where
A= K, Rb, Cs; B=Ca, Sr) carbonate fluoride crystals and is harder than well
known KH,PO, (KDP) crystal (27 GPa) [38], a-SiO, (38 GPa) [38] and softer
than 3-BaB,O, (BBO) crystal (60 GPa) [38]. In comparison to our previous study
[2], we noticed that the presence of heavy metal Pb atom in its iso-structures like
CsCaCOsF (51.1 GPa), KSrCOsF (47.1 GPa), KCaCOsF (53.7 GPa), RbSrCOsF
(46.4 GPa), RbCaCO;F (52.0 GPa) further reduced the hardness of the material by
22%, 13.5%, 22.7%, 11.8%, 25.3% respectively due to the increase in the atomic
radii. The hardness of the studied carbonate fluoride materials follows the trend.
KCaCO;F >RbCaCO;F > CsCaCO;F >KSrCO;F > RbSrCO;F > CsPbCOsF;

The occurrence of carbonate materials in alkaline rock complexes and their
availability in powder forms, different size crystals at laboratory scales motivated
us to also focus on their polycrystalline properties []. Since nonlinear opti-
cal materials are subjected to high power lasers for various applications like in
high power nonlinear optical devices, frequency conversion applications [3§], it
is worthful to know their polycrystalline properties. We made an attempt to

calculate different polycrystalline properties such as bulk modulus, shear mod-
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ulus, Young’s modulus, Poisson’s ratio, shear anisotropy factors, elastic-Debye
temperature from the single crystal elastic constants data. At first level, we have
calculated the bulk (B,), shear (G,) modulus of CsPbCO;F with Voigt By, Gy),
Reuss (Bg, Gg) , Hill By, Gp) approximations [9-11] by using the single crystal
elastic constants. The average of the obtained values from Voigt, Reuss methods
are taken as the suitable polycrystalline values as suggested by Hill for hexagonal
symmetry [28, 29, 32]. We have also calculated similar properties of another iso-
structural compounds ABCO;F (A=K, Rb; B=Ca, Sr) of lead carbonate fluoride
based on the reported single crystal elastic constants in our previous work Nar-
simha Rao et al [2]. The obtained results are compared and shown in Table 4.4.
The relations for hexagonal systems which we have used in our calculations are
described as follows: By = (2/9) (Cy; + Ci2 + 2Cy3 + ((1/2)Cs3));

Gy = (1/30) (Cy; + Ciz + 2C53-4Cy5 + 12Css + 12Cg);

Br = (Cii + C12)Cs3-2CF,) / (Ciy + Cyy + 2Cs5 - 4Cps);

Gr = 15/(18By/Cy) + (6/(Cys - C1)) + 6/Cas + 3/Cg

here C, = (Cy; + C1)Cs3 - 2C5;

By = (1/2) By + Br)Gy = (1/2) Gy + Gr); Ces = (1/2) (Ci; - Cuo):

It is clear from the results that, the upper and lower limits of bulk moduli’s
( By, Bg ) are found to be almost similar for the studied materials, whereas the
results (Table 4.4) show considerable variations. Moreover, it is observed theat
By > Gy, which indicates that mechanical stability of the studied compounds is
limited largely by shear moduli. KCa has a large Gy value, whereas CsPb is having
lowest value among the studied carbonates. This indicates that bond restoring
energy for the applied elastic shear strain is decreasing with increase of atomic
number of metal atoms in the studied carbonates. In addition, according to Pugh’s
criterion [30, 31] the calculated By / Gy ratios > 1.75 indicates the ductile nature
of studied crystals except KCa (1.67) which is found to be brittle. It was found
that, the ductile nature of the studied materials increase with an increase in atomic

radii of metal atoms. This behaviour is accompanied by the diversity present
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in the calculated elastic constants values. Overall, Hills approximation of bulk
modulus also confirms that CsPb is the softest material among all the carbonate
materials. As a next step, we verified the resistance of the studied materials to
the applied uniaxial tensions, stability against the shear strain there by calculating
Young’s modulus (E), Poisson’s ratio (0) [32]. Where E = 9GB / (G+3B); 0 =
(E/2G)- 1. It is well known that, the magnitude of the Poisson’s ratio is 0.1
for covalent, 0.25 for ionic materials [33]. In the present study, the obtained o
values (0.25) point to the mixed ionic-covalent nature of the studied carbonates.
From another point of view, it is known that when magnitude of ¢ is 0.5 no
change in volume occurs. From the obtained results as shown in Table 4.4, it is
clear that large volume change can occur with elastic deformation of the studied
crystals and it is relatively more for CsPb crystal than other carbonates. Overall
the change in volume against the applied uniaxial strain in the studied layered
materials increases with the metal atom’s atomic radii from K to Sr and Sr to Pb.
These observations are consistent with the calculated anisotropy factors.
Secondly, three shear anisotropy factors Ay, Aj, A, elastic Debye temperature
Op for studied hexagonal materials at crystal density p [34, B5] are also calculated
and analyzed. Where A= 2Cy4 / (C1-Cyp); Ay= Cs3 / Cy15 As= Cyp / Cys. The
obtained values are presented in Table 4.5 along with ¢/a ratios. It is observed
that, calculated c/a ratios of studied crystals show increment with metal atom
atomic radii. It is clear from the results that, all three anisotropy factors show
considerable deviation from unity. This indicates that all the studied crystals pos-
sess large mechanical anisotropy. For studied carbonates, the anisotropy factor
A, increased from 0.4-0.8, A, shows an almost constant value 1.1 whereas Aj; is
showing a decreasing trend from 1.7-1.2. This is in consistent with the obtained
decreasing trend of hardness (bulk modulus) of the studied materials upon inser-
tion of heavier metal atoms. This behaviour might be arising due to the variations
of inter layer interactions in (COs, metal atom) layer and intra layer interactions

between (COs, metal atom) and K/Rb/Cs-F adjacent layers. Moreover, the de-
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Table 4.3: Calculated single crystal elastic constants Cj,bulk modulus B (in GPa
units) of CsPbCO;F for PBE,PW91,PW91+OBS theoretical equilibrium vol-

ume’s

Method Functional C;; C3 Cu Cpn C3 B
DFT PBE 63.0 719 15.7 349 240 404
DFT PWa1 67.1 713 156 373 22.0 40.7
vdW PW91+OBS 70.2 80.2 16.3 31.8 224 415

creasing trend of Cy; from KCaCO;F — KSrCO;F — RbSrCOsF — CsPbCO;F
indicates that bonding between COj; group and metal atoms is becoming more
ionic in nature. The increasing trend of Cs; from CsPbCO;F — RbSrCO;F —
KSrCO;F — KCaCO;F indicates that the interactions between alternate layers
get strengthened. As a next step, elastic Debye temperature calculations are per-
formed. It is well known that Debye temperature is a limit, below which the lat-
tice shows stability mainly due to low electron phonon-coupling. Since at lower
temperatures this quantity arises purely because of lattice modes, we made an at-
tempt to calculate elastic Debye temperatures of the carbonate crystals based on
the relations given in reference [36] between Young’s modulus, shear modulus,
bulk modulus and crystal density p and results are presented in Table 4.5. Results
show that ©p decreases from KCa (479.7 K) to KSr (385.6 K) to RbSr (350.4 K) to
CsPb (239.8 K). This trend suggests that the low melting point for lead carbonate
fluoride and high for KCa. Since these crystals are newly synthesized, there are
no experimental data available in the literature for above calculated properties.
We expect that our simulated results will be helpful as a reference for material

engineers in selection of the studied materials for real time applications.

4.3.2 Born effective charges (BEC) and static polarization

Born effective charge (BEC or, Z*) is a fundamental quantity that demonstrates
the coupling between electrostatic fields and lattice displacements. In order to
explore more about the structural distortion, covalent and ionic bonding nature,

local dipole moments and resulting polarization [39-42] of the present NLO crys-
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Table 4.4: The Calculated bulk (By), shear moduli (Gx ) values using the Voigt,
Reuss, Hill approximations (X =V,R,H). Also listed the Poisson’s ratio o , B/ Gy
ratio. All values are calculated at the corresponding theoretical equilibrium vol-
umes

Compound BV BR BH GV GR GH g BH/GH
KCaCO;F 53.7 53.8 53.8 33.2 31.1 321 025 1.67
KSrCO;F 47.0 470 470 28.1 236 259 0.26 1.81
RbSrCO;F 46.5 46.5 46.5 25.8 23.6 259 0.26 1.79
CsPbCOsF  41.5 41.7 41.6 199 19.1 19.5 0.29 2.13

Table 4.5: Calculated values of ¢/a ratio, shear anisotropy factors ( A; )(1=1,2,3),
Young’s modulus (E), crystal density (p), elastic-Debye temperature (©p) at the
theoretical equilibrium volumes

Compound c¢/a A; A, A; E p ©p

KCaCOsF 0869 0.6 1.1 1.3 804 2538 479.7
KSrCO;F 0.892 04 1.1 1.7 65.6 2935 385.6
RbSrCO;F 0900 0.6 1.0 1.2 655 3.464 3504
CsPbCO;F 0914 0.8 1.1 1.4 506 5.345 239.8

tals of interest, we have computed BEC’s of all non-equivalent ions using linear
response formalism as implemented in CASTEP code. The obtained results are
shown in Table 4.6 and Table 4.8. The corresponding percentage of deviations
from corresponding nominal ionic charges are shown in Table 4.7 and Table 4.9.
The obtained results satisty the acoustic sum rule, ¥,Z*; ;; = 0 which in turn indi-
cates good convergence of our calculations [#4]. Moreover, it is known that, the
BEC tensors obtained using linear-response and Berry’s phase approach will be
at the same level of accuracy [43]. The obtained large deviations in born effective
charges from its nominal ionic charge indicate that these studied crystals possess
mixed covalent-ionic behaviour. The BECs of CsPbCO;F show larger deviations
when compared to other crystals studied which also confirms that lead carbonate
fluoride shows a more covalent nature. Moreover, BEC values are found to be
highly direction dependent for the studied hexagonal structures which belong to
P6m?2 space group. The diagonal elements of BEC tensors at carbon, fluorine,

potassium, strontium, lead follows the relation Z*y; = Z*y # Z*;;. Whereas at
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oxygen atoms, effective charges are more asymmetric and follows the relation Z*
# Z*5 # Z*33. We compared the BEC tensors of CsPbCO;F with the previously
reported values by Thao Tran et al, [4] and results are found to be similar.

More specifically, the charge anisotropy ‘around metal atoms’shows increment
from Ca — Sr — Pb and it was found that Z*;; > Z*;;. This informs us that the
covalent nature of these crystals is increased drastically upon increasing the atomic
size of the metal atom in the carbonate fluoride crystals. However, it is more
along ‘a’direction (bond between metal-oxygen atoms of carbonate group (inter
layer interactions)) bond than along ‘c’ (metal-fluorine bond between adjacent
layers (intra layer interactions)) direction. In case of CsPb compound these Z*;,
Z*33 anisotropies around metal atoms are found to be ~ 60%, ~ 30% higher when
compared to other KCa, KSr, RbSr crystals. The charge anisotropy ‘around flu-
orine atoms’in all the studied crystals along ‘a’axis is increased as follows RbSr —
KCa — KSr — CsPb. It is clear from calculated data (as shown in Table 4.6), that
the BEC of fluorine atom for the studied materials is deviated from its ionic charge
-1 as follows: Along a-axis — CsPb(-0.87) <KSr(-0.91) <KCa(-0.94) <RbSr(-0.98);
Along c-axis — CsPb(-2.90) >KSr(-1.81) >RbSr(-1.76) >KCa(-1.73). This con-
firms that ionic nature of fluorine bond with Rb, K, K, Cs in RbSr, KCa, KSr,
CsPb compounds got enhanced. Whereas in ‘c’ direction anisotropy of fluorine
increased from KCa — RbSr — KSr — CsPb. This indicates that, the bond be-
tween fluorine and Ca (in KCa), Sr (in RbSr), Sr (in KSr), Pb in (CsPb) is becoming
more covalent in nature. Especially in the CsPb phase, the deviation of charge
from its ionic value increases along ‘a’(by ~ 4%) and ‘c’(by ~ 100%) directions
when compared with the other KCa, RbSr, KSr phases. The BECs of the Oy,
O; and O; oxygen atoms in all the studied crystals show more or less similar de-
viation when compared to their nominal ionic charge of -2. This confirms the
strong covalent bonding behaviour between carbon and oxygen atoms inside the

anionic group. Overall, it has been found that BEC values are strongly affected
by change in atoms at A, B site in ABCOsF (where A= K, Rb, Cs and B= Ca,
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Sr, Pb) and atomic bonds associated with them.

4.3.3 Vibrational modes and symmetry analysis

Study of fundamental vibrational properties of functional groups present in the
crystal plays a crucial role in understanding the structure details and inter-molecular
interactions in the low energy region. In this section we present the zone centre
vibrational frequencies of CsPbCO;F and other three iso-structural compounds
ABCOsF (A=K, Rb; B=Ca, Sr) crystals. The mode assignments of all the ob-
tained frequencies are analyzed and are shown in Table 4.10, 4.11. All these four
iso-structural compounds crystallize in Pém2 space group, having single formula
unit (7 atoms/cell). According to symmetry rules for D3;5(-6m2) point group, the
atoms of CsPbCO;F, KSrCOsF compounds are occupying Wyckoff positions as
(Pb, Sr)-1f, F-1e, (Cs, K)-1a, C-1d, O-3k . A slightly different atomic configura-
tion in case of KCaCOsF are as follows : K-1e, Ca-15, F-14, C-1d, O-3k positions
and for RbSrCO;F atoms are situated at Sr-1f, Rb-1c, F-1le, C-15, O-3k sites. Ac-
cording to the symmetry group theory analysis [45], the distribution of 3 acoustic
(external) and 18 optical (internal) possible vibrational modes for these set of com-
pounds are as follows.

T sconsiic = Az " ©F'

[ opic = Al & Ay @ 4A," & 5E o E

The calculated 21 frequency modes from the present study are in good agree-

ment with above mentioned group theory representations for all the crystals.

Table 4.6: Calculated BEC’s of Pb, Ca, Sr, F, Cs, Rb, K, C atoms at the theoretical
equilibrium volume’s along with previously reported [4] values in parenthesis

Atom Tonic KCaCOsF KSrCOsF RbSrCO;F CsPbCO;F

Z*ll Z*33 Z*Il Z*33 Z*ll Z*33 Z*ll Z*33
Ca,Sr,Pb +2 242 231 243 236 247 237 3.6337) 3.17(3.0)
F -1 -0.94 -173 091 -1.81  -098 -1.76  -0.87(-0.9) -2.90(-2.9)
Cs,Rb,K +1 115 130 118 129 120 140  1.28(1.3)  1.56(1.5)

C +4 2.86 0.14 286 0.10 297 0.06 2.87(2.8)  0.05(0.04)
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Table 4.7: Calculated percentage of deviations of BEC’s of Pb, Ca, Sr, F, Cs, Rb,
K, C atoms at the theoretical equilibrium volumes

Atom KCaCOsF KSrCOsF RbSrCO;F CsPbCOsF
AT AR Zv Ly L'y Ly LYy Ls
Ca,Sr,Pb 21.05 15.65 21.75 18.15 23.6 18.95 81 58.6

F 5.7 736 -8.2 81.8 -2 759  -12.7 1905
Cs,Rb,K 15.6  30.3 17.8 294 207 406 283 56.6
C -28.5 -96.4 -28.42 9747 7425 -98.52 -28.27 -98.65

Table 4.8: Calculated BEC’s of Oy, O,, O; atoms (have nominal ionic charge -2)
at the theoretical equilibrium volumes

KCaCOsF KSrCO;F RbSrCO;F CsPbCO;F

Ly L'y Itz L' L'y Z'ss Ly L'y L'y VAT VALY VAEY
161 -2.04 067 227 -143 -064 -1.66 211 -0.69  -2.24(:2.3) -2.36 -0.62 (0.6)
226 -139 067 -1.64 -2.06 -0.64 -2.34 -143 069  -2.43(:2.3) -2.17 -0.62(-0.6)
161 -2.04 067 -1.64 -2.06 -0.64 -1.66 -2.11 -0.69  -2.24(:2.3) -2.36 -0.62(-0.6)

Table 4.9: Calculated percentage of deviation’s of BEC’s of Oy, O,, O; atoms
from it’s nominal ionic charge -2

KCaCOsF KSrCOsF RbSrCOsF CsPbCOsF
Ly L'y L'y L'y Lrpn L'y L'y Ly L'y L'y LYy L
-19.5 2 66.5 135 -285 -68 -17 55 655 12 18 -69

13 -305 66.5 -18 3 -68 +17 -285 655 215 85 -69
-19.5 2 66.5 -18 3 -68 -17 55 655 12 18 -69

Apart from 3 acoustic modes, among the 18 possible optical modes we observe
that four modes (A;,") are infra-red (I) active, three modes (E”, A;" ) are Raman
(R) active, 10 modes (E ') are combined infra-red + Raman active (I+R). Interest-
ingly one silent mode is observed with A} symmetry from our results for all the
compounds. Negligible change in polarization and dipole moment due to COs
rotational mode (see Fig 4.3) could be the possible origin.

The calculated modes in the ‘higher frequency region’(> 600 cm™') are in good
agreement with the available experimental data as shown in Table 4.10. These
modes arise due to the vibration of COjs unit alone for all the studied compounds.

The vibrations of COj; unit observed based on CASTEP animations and in refer-
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ence to the previous reports [46, 47] are assigned as follows. The frequency mode
between 660 and 690 cm ™! corresponds to doubly degenerate asymmetric in-plane
bending; between 820 and 840 cm™! is due to symmetric out-of-plane bending; be-
tween 1030 and 1060 cm™! is because of symmetric stretching (breathing mode);
between 1370 and 1430 cm ™! is due to doubly degenerate asymmetric stretching.
Further, in the ‘lower frequency region’( < 400 cm™!), vibrational modes for
all the present investigated compounds mainly arise from the librational, transla-
tional, rotational motions of COj group and stretching, bending motion of metal
atom (M) - F (where M = Ca, Sr, Pb) bonds (see Fig 4.3). Whereas in ‘mid fre-
quency region’, in contrast to the experimental results[8], we do not observe any
Pb-F vibrational mode at 407 cm™! in case of CsPbCO5F. It is clear from Fig 4.2,
407 cm™! mode is further shifted down to the lower frequency side. The larger
values of BEC’s suggests that, the presence of dominant LO-TO splitting might
be the possible reason for this discrepancy. The low frequency mode assignments
are analyzed as shown in Table 4.11 and it is found that at least one silent mode
is observed for every studied compound. Snapshots of all these CO; vibration’s
are shown in Fig 4.3 for further reference.

It is observed from the calculated IR spectra that all peaks (from 1-8), as shown
in Fig 4.2, are red shifted with an increase in the atomic number. The changes in
intensity of the different frequencies are attributed to variation in the probability
of vibrational transition occurrence from the ground state to the excited states.
Due to the same symmetry of the studied crystals, equal number of absorption
peaks (8) are found to occur in the spectra. As a starting point, we analyzed the
reasons for the frequency shifts and the origin of the intensity variations will be
discussed based on the obtained BEC’s later.

In the higher frequency region (> 600 cm™!), the peak number 8 (I+R mode)
corresponding to the asymmetric vibration of COs group, is red-shifted consider-
ably from KCa — RbSr — CsPb with a slight variation in the intensity. Whereas

in case of KSr and RbSr the peak position is almost constant. The existence of di-
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rectional bonding (covalent/ionic) interactions between anionic group and metal
atoms, causes this frequency shift due to increment in the atomic mass of metal
atoms. From Table 4.6 and Table 4.8 it is clear that, anisotropy in BEC’s of car-
bon and oxygen atoms are almost constant for KCa, KSr and similarly for RbSr,
CsPb. This manifests similar intensities of peak 8 for (KCa, KSr) and (RbSr, CsPb)
compounds. A slight increment in intensity from KCa, KSr — RbSr, CsPb is at-
tributed due to differences in the carbon and oxygen BEC deviations from their
respective nominal ionic charges. In addition, the obtained trends in bond lengths
between metal atom and oxygen atoms (Pb-O) > (Sr-O) > (Ca-O) suggests that,
bending of COj in CsPb to occur at lower frequencies than the other studied crys-
tals. This could be the possible reason behind the soft nature (41.6 GPa) of CsPb
than KCa (53.8 GPa). Moreover, KSr and RbSr possess almost similar hardness
(47.0 GPa, 46.5GPa) due to similar Sr-O interactions.

Position and intensity of peak number 7 (IR active) which arises from the sym-
metric bending of CO; group, is almost constant for all the studied crystals and
in turn suggesting the IR absorption of this mode is less affected with respect to
atomic number of metal atoms. The peak 6 which is active in infra-red and Ra-
man, arises due to asymmetric in-plane bending mode of CO;. This peak shows
less shift in peak position but huge intensity increment in case of lead carbonate
fluoride compared to other carbonates. This can be due to the larger change in
BEC’s of both ‘C’ and ‘O’ atoms of lead carbonate fluoride in xy-plane (Z*y;,
Z*p) than other studied crystals. The different effective charges of C, O atoms
in lead carbonate material makes CO; more polarizable. The peak 5 (IR active
mode) corresponds to asymmetric stretching mode of Ca-F, Sr-F bond and is red
shifted with constant intensity from KCa—KSr—RbSr. Interestingly no peak
corresponding to Pb-F bond is observed in this region as reported in the literature.
The reason for this shift is attributed to different bond lengths of Ca-F is 2.248
A in KCa, Sr-F is 2.367 A in KSr and Sr-F is 2.405 A RbSr crystals. In the lower

frequency range (below 200 cm™!) , the spreading of the vibrational spectrum is



Chapter 4. Lead Carbonate Fluoride CsPbCO;F 85

different for each of the studied carbonates as shown in Fig 4.2. Even though com-
pounds from KSrCO;F to CsPbCO;F are iso-structural, their IR spectra below
200 cm™! are very different and frequencies are spreading over in equal region
50 - 200 cm~!. Whereas in case of KCaCOsF it is between 100-200 cm™!, for
RbSrCOsF lies in-between 75-175 cm™~!. It is observed from the Table 4.11 that
the highest intensity mode in this region (see Fig 4.2) arises due to the combina-
tion of symmetric bending of Ca/Sr/Pb - F bond and translation of CO; group.
In case of KCaCOsF, KSrCO;F, RbSrCO;F the position of this highest intensity
peak is almost constant but for lead carbonate fluoride is red-shifted due to heav-
ier mass of the lead atom. In the lower frequency window, the higher intensity
modes (peak 5, 3 in KCa, peak 4, 5 in KSr, RbSr and peak 5, 4, 3) are mainly
found to arise because of Ca-F, Sr-F, Pb-F vibrations along with CO; vibrations.
The intensities of remaining optical modes in this window are found to be higher
for CsPbCO;F compound which also confirms the effect of higher BEC’s.

Overall the higher intensities for all the IR modes of lead carbonate fluoride
is observed, suggesting that it is optically more active material in IR region than
other studied carbonates. The contribution from COj; group vibrations (peak
6, 8) in the near IR region to the optical response is more in case of CsPb than
others. Our results show a similar trend and give a hint about the different optical
responses of carbonate fluorides for the same incident light of 1064 nm which
was reported in the literature [[1, 8] as 13.6, 3.61, 3.33 and 3.33 higher nonlinear
coefficients than the well known KDP crystal.

4.3.4 Thermodynamic properties

Investigation of the thermal behaviour of a nonlinear optical material is impor-
tant in exploring the knowledge about the crystal growth issues, solid state physics
and chemistry, crystal chemistry and its possible practical applications [49]. It is
known that thermal expansion of the crystal can lead to changes in the shape/dimension

of the sample and specific heat can impact the damage threshold thereby limiting
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Figure 4.2: Calculated zone centre vibrational (IR) spectra in Far-IR, mid-IR,

near IR regions of CsPbCO;F and ABCO;F (where A = K, Rb ; B = Ca,Sr)
(from left to right) at theoretical equilibrium structure.

the use of the material for industrial applications. Information about the ther-
mal conductivity of an NLO material is very useful in determining its ability to
transfer heat into the air thereby affecting the quality of the output beam [38, 48].
So, we made an attempt to calculate the thermodynamic properties of the present
novel carbonate fluoride materials. Here we apply the quasi-harmonic Debye
model [50], in which Gibb’s free energy (G) of the system takes the following
form G(V,P,T) = E(V) + PV - TS where E(V) is the total energy, V is the volume
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Table 4.10: The calculated zone centre high frequency vibrational modes (in
cm ™ Yof CsPbCOsF and ABCOsF (where A = K, Rb ; B = Ca,Sr) and their

assignments [Here I= IR active mode, R= Raman active mode]. Experimentally
reported frequencies are given in parenthesis [[1]

Mode CsPbCO;F  RbSrCO;F  KSrCO;F  KCaCOsF  Symmetry
M21-M20 1379.70(1407)  1396.05 1396.68 1422.84  E' I+R)

M19  1038.39(1049)  1034.91 1032.89 1053.59 Al R)

M18 821.06(843) 834.74 835.83 834.78 A, (@)
M17-M16  665.89(689) 676.78 676.94 682.94 El [+R)

|
1370-1430 cm™ @ 1030-1060 cm?® 820-840 cm'!
Asymm. str. mode Symm. str. mode Symm. bending mode

[

660-690 cm™
Asymm. bending modegy Asymm. bending mode

wy

Symm. bending mode Asymm, str. mode

Figure 4.3:  Snapshots of different vibrational mode animations of carbonate

fluorides materials.

and S is the entropy of the system. Since the electronic structure calculations
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Table 4.11: The calculated zone centre low frequency vibrational modes of
CsPbCOsF and ABCOsF (where A = K, Rb ; B = Ca,Sr) and their mode as-
signments [Here Trans.=Translation, Asymm.= Asymmetric, str.=Stretching]

Compound  Mode PBE  Symmetry Assignment of modes
KCaCOsF M15 372.86 AN (D) Asymm. str. mode of Ca-F
M14 187.82 A, () Trans. of (CO3), Trans. of (Ca-F)
M13-M12 173.86 ElI+R) Symm. bending of (Ca-F),Trans. of (CO3),
Mii 15841 A, (D) Trans. of (K, CO;)
M10-M09 157.27  El I+R) Trans. of (COs, K), Symm. bending of (Ca-F)
MO08-M07 150.67  Ell (R) Libration of (CO;)
MO06-M05 114.07 El I+R) Symm. bending of (Ca-F), Trans. of (K)
MO04 98.12 A, (silent) Rotation of COs
KSrCO;F M15 34632 AT (D) Asymm. str. mode of Sr-F
M14 175.77  A,l (Silent) Rotation of CO;
M13-M12 173.09 E! I+R) Trans. of (CO;), symmetric bending of (Sr-F)
Mi11 136.06 Al (@) Rot. mode of CO; group
M10-M09 11533  El (I+R)  Trans. of (CO3, K), symmetric bending of (Sr-F)
MO08-M07 11237  El'(R) Libration of (CO;)
MO06 96.15 Al (@) Trans. of (COs, K)
MO05-M04 62.63  El I+R) Trans. of (F), Symm. bending of (Sr-F)
RbSrCO;F Mi15 306.20 AT (@) Asymm. str. mode of Sr-F
M14-M13 162.54 El (I+R)  Trans. of CO; group, Symm. bending of (Sr-F)
M12 161.71 Al (silent) Rotation of CO3
M11 131.09 A, Q) Trans. of CO; group, Asymm. str. of (Sr-F)
M10-M09 126.58 El (I+R) Symm. bending of (Sr-F)
M08-M07 11891  Ell (R) Libration of (CO;)
MO06 99.00 Al (@) Trans. of (COs, Rb)
MO05-M04 81.32  El I+R) Trans. of (CO;, Rb), Symm. Bending of (Sr-F)
CsPbCO;F M15-M14 177.53 ETR) Libration mode of CO;
M13 158.38 Al (@) Trans. mode of (COs, Cs) + Asymm. str. (Pb-F)
M12 14561 Al (D) Asymm. str. of (Pb-F)
Mi11 106.75 A,l (Silent) Rot. mode of CO;
M10-M09 87.26  El(I+R) Trans. of (CO;,Cs)+Symm.bending of Pb-F
Mo8 81.16 Al (@) Trans. of (CO;, Cs), Asymm. str. (Pb-F)
MO07-M06 65.77  El I+R) Trans. of Cs, Symm. bending of (Pb-F)
MO05-M04 43.10  El I+R) Symm. bending of (Pb-F), Trans. of COs

are performed in the static approximation, i.e., at T=0K and neglecting zero-
point vibrational effects, the corresponding Gibb’s free energy in this case be-
comes Gy (V,P) = E(V) + PV which is the enthalpy H of the system. According
to quasi-harmonic Debye model the non-equilibrium Gibb’s free energy function
is given by G(V,P,T) = E(V) + PV + A,;,(O(V), T). Where O(V) is the Debye

temperature, PV indicates the constant hydrostatic pressure condition and A,
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is vibrational Helmholtz free energy[50]. The heat capacity (C,), entropy (S,)
and vibrational internal energy (U,;;) are calculated using the following relations:
Co= 30k [4D© / T)- (3 (© / T)/ (©/D — 1))]

S,= nk [4D@© / T)- (3 In (1 -e®/D))]

U,y= nkT[9/8)©/T)+ 3D ©/T)]

The Debye temperature is the highest temperature that can be achieved due to
a single normal mode of a solid. Its magnitude varies from material to material
based on the lattice vibrations. It is a fundamental parameter which correlates
with many physical properties of solids, such as entropy, specific heat, thermal
expansion and thermal conductivity. Since the Debye temperature shows strong
temperature dependence, we have calculated this dependence up to the temper-
ature range of 1000 K as shown in Fig 4.4. Entropy is a measure of uncertainty
in the energy associated with the random arrangement, thermal motion of the
atoms. As the temperature increases the vibrational contribution to the entropy
increases and in turn entropy increases. For the presently studied crystals (see
Fig 4.4), the plots indicate a slight change in entropy which could be due to the
change in atomic arrangements (Wyckoff positions) and with atomic masses. It
is observed that CsPb shows higher entropy whereas KCa shows lower entropy
response. In case of KSr, RbSr entropy is almost constant. It is well known that,
as the temperature rises the contribution of phonons become more and more
important and one can calculate the free energy F = U - TS, where U is the vibra-
tional internal energy which contains the static energy, phonon contribution and
S is the entropy which is completely due to phonon’s and it is shown in Fig 4.4.
The calculated free energy of all the studied crystals decreases with the increase
in temperature. This behaviour is due to the fact that both vibrational internal
energy U and entropy S increases with temperature and this leads to decrease in
the free energy. The studied systems are found to be thermodynamically stable
below 1000 K. We have calculated the coefficient of thermal expansion using the
relation. @ = (y Cy) / (B V) Where B, V, Cy are the isothermal bulk modulus,
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Figure 4.4: Calculated thermodynamic properties enthalpy (H), free energy (F),
entropy (Sy), heat capacity (Cy) and Debye temperature (V) of carbonates at
theoretical equilibrium structure up to 1000K temperature.

unit formula volume and specific heat at constant volume respectively and  is
the Gruneisen parameter calculated on the basis of a rigid ion model [51].

The thermal expansion coefficient is proportional to the specific heat and both
the properties exhibit the same temperature dependence. The specific heat and
thermal expansion coefficient increase as T° at low temperatures and gradually
approach a linear increase at high temperatures, and then the increasing trend
becomes gentler. Specific heat and thermal expansion reach a constant value at

high temperature as shown in Fig 4.4, 4.5. It is to be noted from the results that the
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Figure 4.5: Calculated thermal conductivity (K) and thermal expansion («) co-
efficients of carbonates at theoretical equilibrium structure . The K, « curves of
KSr and RbSr are shifted upward by 1W/m K and 0.5(107¢/K) from the preceding
curve for clarity.

lead carbonate material has least thermal expansion coefficient 2.577 107¢/K than
a-S10,, LiNbO3;, CaCO; (calcite), ABCOsF (A=K, Rb; B=Ca, Sr) carbonates
as shown in Table 4.12. In comparison with other studied carbonate fluoride
crystals, it is observed that the « value decreases with increase of atomic number.
This could be due to the strengthened atomic bonds in CsPb material.

Thermal conductivity (k) plays a critical role in controlling the performance
and stability of materials and is one of the fundamental and important physical
parameters of materials. It is an important parameter in the design of high-power
nonlinear optical (NLO) devices such as frequency doublers and optical paramet-
ric oscillators (OPO’s). On a more fundamental level, the study of the underlying

physics of the heat-conduction process has provided a deep and detailed under-
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Table 4.12: The calculated thermal conductivities k(W/m K) and thermal expan-
sion coefficients a(1076/K) of carbonate fluorides at room temperature along with
other hexagonal NLO materials data

Present
Material k a
CsPbCOsF 32.430 2.577
RbSrCO;F 2.634 2.786
KSrCOsF 1.584 2.877
KCaCOsF 0.488 3.178
Previous[38]

B33B6012 40, 36.0 12, 1.6
a-S10, 12.38,6.88  6.2,10.4
LiNbO; 154,53 54,53
CaCOs -3.7,25.1 4.5,5.4

standing of the nature of lattice vibrations in solids [52]. The thermal conductiv-

ity for the present nonlinear optical crystals is calculated using phonon relaxation

time method [53]. An important postulate is that; if the material is pure then the

term accounting for strong defect scattering will be negligible compared to the

term for phonon-phonon scattering so that thermal conductivity
k=Kg/27*hv;)©p/CT)

Here v, is the mean sound velocity and it can be calculated using following
longitudinal(v)) , transverse wave velocity(v,) relations [29]:

vi=[(B+(4/3)G)/pl*;

ve = [G/p]s

mean velocity v, = v;,,> = (1/3)(v;> + 2v;%);

The thermal conductivity of the NLO materials were calculated following the
work of Callaway and Baeyer [53]. Thermal conductivity results as a function of
temperature for CsPb and other carbonate materials is graphically represented in
Fig 4.5. It is clear from the plots that, increase in conductivity is rapid initially
and become constant at higher temperatures. This effect is more in lead carbonate

fluoride than other studied crystals which give a hint about the possible longest
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phonon mean free path than in other crystals [38]. Thermal conductivity de-
creases with temperature due to the fact that the molecular vibrational densities
increase with temperature. The obtained ‘K ’values for KCa, KSr, RbSr and CsPb
crystals at room temperatures are 0.0048 W/cm K, 0.0158 W/cm K, 0.0263 W/cm
K, 0.032 W/cm K. These values are consistent with the experimental results for
other NLO materials [38, 48]. All the obtained values along with known values
of hexagonal NLO materials are tabulated in Table 4.12 for better comparison.
Importantly, the predicted thermal conductivity of lead material at room temper-
ature is 0.032 W/cm K which is greater than the earlier reported thermal conduc-
tivity values for Ba;B4Oy, which is 0.016 W/cm K [48] and other hexagonal NLO
materials [38]. Moreover, it shows the largest ‘K *value among all the studied car-
bonates. This information tells us that CsPb has better durability than BBO and
other carbonate materials. Moreover it is well known that, the nonlinear media
must have sufficiently high thermal conductivities to get better average output
power of the devices. Present thermal conductivity results clearly infer that the
lead based carbonate could be the best suited NLO material thereby overtaking
the other carbonates and borates. We could not compare our results due to lack
of experimental and theoretical data as our work is the first of a kind which calcu-
lates these properties of carbonate fluoride crystals. These results could provide
necessary input for the design of high-power optical frequency converters in the

near future.

4.4 Conclusions

In conclusion, we have studied the effect van der Waals (vdW)interactions on
the structural properties of CsPbCOsF by means of density functional theory.
The calculated structural properties using a semi-empirical dispersion correction
scheme (PW91 + OBS) to treat the van der Waals interactions are found to be in

good agreement with the experimental values which indirectly suggests the im-
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portant role of van der Waals forces in this crystal. In addition, we have also calcu-
lated the zone centre vibrational frequencies of CsPbCO;F and ABCO;F (A =K,
Rb; B = Ca, Sr) with a density functional perturbation theory (DFPT)approach
and the obtained high frequency modes are in reasonable agreement with the
available experimental data. All mode assignments were performed and at least
one silent mode was observed in the case of all the studied crystals. This mode
arises due to a rotation of COj; group and is found to be active only in the hyper-
Raman region from group theory analysis. The variations in vibrational mode
intensities and optical activity of the studied crystals are broadly analyzed from
the obtained Born Effective Charge (BEC) tensor values. We have also calculated
the thermodynamic properties such as enthalpy, free energy, entropy, heat capac-
ity, Debye temperature, thermal conductivity and thermal expansion. The room
temperature values of heat capacity, thermal expansion and thermal conductivity
for all studied NLO materials are different, their overall temperature dependence
is very similar. This indicates that all the compounds are characterized by rather
similar lattice dynamical and thermal properties. We believe this work sheds light
on the (NLO) material CsPbCOsF as it could be a promising NLO material in

near future.
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5

Role of spin-orbit interaction on
optical response of CsPbCO;F

In this chapter, we explore the effect of spin-orbit interaction (SOI) on the elec-
tronic and optical properties of CsPbCO;F using full potential linear augmented
plane wave method. It is well known that nonlinear optical properties are very
sensitive to the energy gap [[1-6]. Therefore, to obtain accurate results, the calcu-
lations are done with TB-mB] exchange-correlation potential. After the inclusion
of SOI, the calculated TB-mB] band gap of 5.58 eV reduces to 4.45 eV in agreement
with the experimental value. This is due to the splitting of Pb p-states. Impor-
tantly, the occurrence of band gap along H-A direction (indirect) transforms to
H-H (direct) high symmetry points/ direction in the first Brillouin zone. We
noticed a large anisotropy in the calculated complex dielectric function, absorp-
tion and refractive index spectra. The calculated static birefringence of 0.1049
and 0.1057 (with SOI) is found to be higher than the other carbonate fluorides.
From the Born effective charge (BEC) analysis, we notice that Cs atom shows a
negative contribution to birefringence whereas Pb, C, F atoms show a positive
contribution. Overall, our results are in agreement with experiments and it is
obvious from the present study that CsPbCO;F is a direct band gap, large second
harmonic generation and good phase matchable NLO crystal in the ultraviolet

region.
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5.1 Introduction

From the electronic properties point of view, a better UV-NLO crystal for prac-
tical applications is expected to have larger nonlinear coefficients (> ds of KDP),
wide band gap ( > 6.2 V) and moderate birefringence (0.07) with larger laser dam-
age threshold value (> 5 GW/cm?) [8]. The materials with P-O [[12](KH,PO,),
1O [[[1] (LIOs), Nb-O [0] (LiNbO5), B-O [[1] (3-BaB,Os, LiB;Os, CsB;Os, KBe,
BOsF,, Sr;Be;BO;, CsLiB¢Oyo) bonds are extensively studied for solving the pur-
pose [7]. But these materials possess their own drawbacks for generating a co-
herent light such as narrow band width, improved beam quality, tunability and
relative ease of handling [7].

For the past five years experimental and theoretical investigations [[13-23, 25-
28, 45] suggest that novel carbonate fluorides (C-O) are promising polycrystalline
NLO crystals for the generation of coherent light in UV and deep-UV regions.
Since 2011, the synthesis of noncentrosymmetric carbonate fluoride materials got
accelerated to meet the scientific and industrial needs. During last five years, a
few tens of carbonates (centrosymmetric and noncentrosymmetric) are synthe-
sized and their nonlinear optical responses to the applied external electric field
(1064 nm) are reported in the literature. The novel CO;F based NLO crystals
reported till date are ABCO;F (A=K, Rb, Cs; B=Ca, Sr, Ba) [[13], CsPbCO;F
(114, [15], RbPbCO;F [[15], ATCO:F (A=K, Rb; B=Zn, Cd) [16], RbMgCO;F
[[17], KoPbs(C O4)sF, [[18], KCACOSF [[18], Ca;Nas(CO),F [[19], MBeCOsF [20],
MAICO,F, (M= Li, Na, K, Rb, Cs) [20], KPb,(CO3),F [21], K» 75Pbs.15(CO3)sFs
[21], CssPb,(COs)1 [22], KBay (CO3),F [22], RbBay (CO3),F [22], CsSrCO,F
[23], Na,Cd;(COs),(OH), [25], ACAdCO;sF (A = K and Rb) [26]. Some carbon-
ate crystals without fluorine have also been reported such as NasLa,(CO3)s [27],
CsNa;s;Cas(COs)s [27], Pb;O(OH); (CO5);(BO;) [45]. Among all these reported
carbonate fluorides, powder lead carbonate fluoride is found to show the largest

SHG intensity (13.6 x dss (0.39 pm/V) of KDP, 4 x KSrCOsF) [[14]. All other
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crystals show 1-5 times increase in the SHG coefficients with respect to dsq of
KDP crystal.

It is also important to notice from the literature that researchers are trying to
use alkaline and alkaline-earth metal ions to eliminate the negative influence of d-
d, f-f electronic transitions to the band gap [20] of carbonate fluorides. In addition,
fluorine atoms large electro-negativity and it’s presence in carbonate fluorides is
found to be useful to produce a wide band gap, layered topology [20]. The ab-
sorption spectra studies and powder SHG measurements of carbonate fluorides
also reveal that, these materials possess wide band gaps above 6.0 eV, absorption
edge (below 200 nm). These peculiar properties confirm the importance of car-
bonates in nonlinear optics for UV light generation. In the process of innovation,
CsPbCOsF is a recently synthesized optically active noncentrosymmetric crys-
tal. Even though it possesses a smaller band gap (4.1 €V) than other carbonate
crystals, it has the largest SHG coefficient (13.4 times of KH,PO,) among the
carbonates. In addition, it is transparent over near-UV to middle-IR region [[14].
By knowing the uniqueness of this NLO crystal, we have reported a detailed anal-
ysis of the structural, mechanical, vibrational and thermodynamic properties in
our previous work [28]. Our analysis revealed the soft (bulk modulus (B) = 41
GPa) and ductile ( B/ Shear modulus(G) is > 1.75) nature of CsPbCO;F with
a high thermal conductivity (32.430 W m~! K ~') [28]. We further noticed the
necessity to explore electronic and optical properties of CsPbCO;F in detail. It
is important to synthesize this crystal in larger size (few centimeters) and to alter
the band gap, reported preliminary experimental data is not sufficient alone. In
the present work, we have focused on the qualitative analysis of electronic, linear
and nonlinear optical properties of this novel material. Even though there are
few theoretical reports on electronic band structure calculations in the literature,
to the best our knowledge the role of SOI (due to the presence of Pb & Cs) on
various optoelectronic properties has not been studied. In general for second-row

transition metals and heavier elements, the role SOI is not negligible [29].
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Hence in this chapter, we report the electronic, linear optical properties and
birefringence of CsPbCO;F by taking SOI into account. The experimental crys-
tal structure of CsPbCOs5F is shown in Fig 5.1 along with the iso-structural com-
pounds RbSrCO;F, KCaCO;F, KSrCO;F for comparison. Computational tech-
niques utilized for the present calculations are presented in section 5.2. In results
and discussions (section 5.3), we discuss the effect of SOI on the electronic band
structure, density of states and on the linear optical properties such as real and
imaginary parts of the complex dielectric function, absorption spectra, refractive

index and birefringence. Finally, the conclusions are given in section 5.4.

5.2 Calculation methods

For the present computational study, we have considered the experimental crystal
parameters [[14] as reported by Zou et al. CsPbCO;F crystallizes in Pém2 (hexago-
nal) noncentrosymmetric space group, with Z =1 formula unit per unit cell having
volume(v) of 128.44 A3. The Wyckoff positions of atoms with occupancy 1 are as
follows: Cs (000), C (0.3333 0.6667 0.5), F (0.6667 0.3333 0), Pb (0.6667 0.3333
0.5), O (0.1961 0.392 0.5). We have used the full-potential linearized augmented
plane wave (FP-LAPW) and local orbitals method through density functional the-
ory approach [30]. Here, the Kohn-Sham equations are solved by expanding the
wave functions in spherical harmonics form inside the atom spheres. Planewave
expansion is used in the interstitial regions of atoms inside the unit cell. We have
used Imax = 10 for angular momentum expansion and K,,,x X Ryr= 7 as a plane
wave cut-off with 1000 k points to achieve the self-consistency. Here Ry is the
average muffin-tin (MT) radius and K,,,,, is the wave function cut-off. The mufin-
tin (MT) radii for different atoms are taken as 2.5 atomic units (a.u.) for Pb, 2.0
a.u. for Cs, 1.2 a.u. for O, 1.8 a.u. for F and 1.1 a.u. for C atom. The energy
between successive iterations is converged to 0.0001 Ry and forces are minimized

to 1 mRy/bohr . The Monkhorst and Pack (MP) technique is used for Brillouin
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zone integrations. We have used Perdew-Burke-Ernzerhof (PBE [36], PBEsol [37])
and Tran-Blaha modified Becke-Johnson approach (TB-mBJ) [31] as an exchange-
correlation functional to extract the electronic band structures. A dense k-mesh
with 1500 k-points was used in the first Brillouin zone to calculate the linear op-
tical properties. To treat the interactions of heavier elements like Pb and Cs one
needs to consider the SOI during the calculations [32]. Therefore, we have per-
formed electronic band structures, optical property calculations with and without
SOL In WIEN2k, spin-orbit (SO) effects are included via second variational pro-

cedure to calculate the eigenvalues, eigenvectors [33]. We have used the second

variation energy cut off as 10.0 Ry. The optical properties are calculated using

the optics package in WIEN2k.
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Figure 5.1: Experimental crystal structures of CsPbCO;F, RbSrCO;F, KCaC
OsF, KSrCOsF.
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5.3 Results and discussion

5.3.1 Electronic band structure and density of states (DOS)

It is very important to understand the bonding, optical transparency region of
an NLO material correctly by means of predicting the exact energy band gap.
Since CsPbCO;F is a recently synthesized carbonate fluoride crystal, there are
very few reports available in the literature for the electronic properties which
explain the fundamental structure-property co-relationship. The CsPbCO;F is
a layered, phase matchable hexagonal crystal with lattice parameters a=5.3888
Aand ¢=5.1071 A[[14]. For the first time, Zou’s group reported the experimental
band gap of CsPbCO;F from UV-vis diffuse reflectance spectra as 4.15 eV. They
have also reported a theoretical band gap (using PBE functional) of 3.35 eV using
the CASTEP [[14]. This deviation was obtained due to the fact that GGA nor-
mally underestimates the band gap by around 50%. Later, Thao Tran’s group also
reported the band gap of CsPbCO;F crystal as 3.31 eV by using PBEsol functional
as implemented in total energy code VASP [8]. Even though there are differences
in the CsPbCOsF crystal structures reported by Zou and Thao Tran, it possesses
similar band gap difference when compared with the experimental value. More
recently Qun Jing et al., reported the theoretical optical band gap as 3.43 eV, 4.0
eV by using PBE and modified Becke-Johnson (mBJ) methods as implemented in
FP-LAPW [B4]. In this work, optical properties are calculated with PBE func-
tional after adding the scissors correction. Moreover, the mB] optical band gap
was obtained by adjusting the c-parameter as 1.2, which is a relatively expensive
calculation compared to the default TB-mB] functional. Overall, all the theoret-
ically reported values so far are obtained without considering the effect of SOL
Our calculations try to address this issue.

We have considered the experimental crystal structure reported by Zou et al
and minimized total energies and forces. Initially, we performed the electronic

band gap calculations with PBE [36], PBEsol [37] and TB-mB] [31] functional
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Table 5.1: Calculated energy band gaps of CsPbCO;F without and with inclusion
of SOI at experimental volume. Results are compared with previously reported
data.

Present Previous
Functional Without With Without
PBE 359 3.05  3.35[14], 3.43[34]
PBEsol 348 294 3.31[115]
TB-mB]J 558  4.45 4.0[34]
Experiment - - 4.15[[14], 4.1[/15]

using FP-LAPW method. Due to the presence of heavier elements like Pb and
Cs, we have incorporated the SOI [35].

The obtained band gap values along with previously reported theoretical and
experimental results are presented in Table 5.1. The results obtained without
inclusion of spin-orbit effects with PBE (3.59 eV), PBEsol (3.48 V) are good in
agreement with the previously reported values [[14, 15, 31]. The improved band
gap 1s obtained with default TB-mB] functional (5.58 eV). However, all these
values deviate from the experimental value ~ 4.1 eV. Whereas, after SOI is taken
into consideration, we found considerable reduction in the band gap. The gap
values are 3.03 eV (PBE), 2.94 ¢V (PBEsol), and 4.45 eV (default mB]J). It is clear
from the calculations that, TB-mB] functional with inclusion of SOI, gives a band
gap value that is in good agreement with the experimental data (4.15 eV [[14], 4.1
eV [[15]). It is clear from Table 5.1 that, the differences in the predicted band gaps
before and after inclusion of spin-orbit effects are as follows: with PBE, PBEsol:
~ 0.5 eV; with TB-mBJ: ~ 1.0 eV. This indicates that treating SOI with mB]J
functional is more efficient than other functionals in the present case. This change
can be attributed to the limitations of PBE & PBEsol and improved performance
of the TB-mB] functionals [38].

We have calculated the band structure along symmetry directions in the first
Brillouin zone with/without SOI and are shown in Fig 5.2. Results show a con-

siderable splitting in the energy levels both in the valence band (in-5 eV to -10 eV;
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-15 eV to -17.5 eV regions) and in the conduction band (in 5 €V to 10 eV region).
These regions are shown in Fig 5.2 separately. The 1 eV downshift of energy
bands in bottom of conduction band towards the Fermi level are seen clearly.
Importantly, after inclusion of SOI, the band gap which occurs in the H-A direc-
tion is transformed to the H high symmetry point i.e. indirect to direct band gap.

It is well known that indirect band gap materials are inefficient in emitting light.
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Figure 5.2: Calculated electronic band structure with and without spin-orbit
interaction effects of CsPbCO;F at experimental crystal structure volume.

In order to understand the individual atomic contribution to the splitting of
energy levels, we have calculated the total and partial density of states (DOS)
with/without SOI at TB-mB] level. Results are shown in Fig 5.4. It is clear from
the plots that, top of the valence band is dominated by Pb-s, F-p and O-p states
before and after inclusion of SOI. The F-s, F-p states are dominated in the bottom

of the conduction band before inclusion of SO effects, while F-p, F-s states are
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Figure 5.3: Calculated partial electronic band structure with and without spin-
orbit interaction effects of CsPbCO5F at experimental crystal structure volume.

dominated in bottom of the conduction band with SOL. It is also found from the

Fig 5.4. that, the p-states corresponding to lead atom are shifted downwards by
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Figure 5.4: Calculated DOS with and without spin-orbit interaction effects of
CsPbCOsF at experimental crystal structure volume.

Figure 5.5: Charge density difference plots of CsPbCO5F along [1 1 0] and [10
1] planes from left to right.

1 eV to the bottom of the conduction band whereas no changes were observed
in the top of valence band near the Fermi level. We have also noticed from the
partial DOS (PDOS) plots that, there exist a strong covalency between carbon
and oxygen atoms in COs group. lonic bonding is also observed between Pb &
F, Cs; between Pb & CO; group. The same is observed from charge density plots
plotted in xy and yz planes shown in Fig 5.5. The charge sharing between carbon

and oxygen atom’s; Pb and F are found to form a dumbbell shape. The charge
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around Cs atom is spread in spherical shape which confirms the ionic bonding.
For further understanding about lead atomic orbital contribution to the band
structure around Fermi level, we have performed the fat-band analysis. Since the
effect of Pb-p states is more crucial in this compound, we have plotted the Pb-
total, p(px + p,, p,) orbitals contributions in Fig 5.3. Here upper part Fig 5.3
shows the clear contribution and splitting of lead p-total states before and after
inclusion of SOL. In order to know about the details of the two downward shifted
fat bands in the conduction band (see Fig 5.3), we have plotted the partial Pb-p
states contribution separately. The lower part of Fig 5.3 shows the p,+p, states,
p. states contribution to the energy band structure. It is clear from these figures
that, the bottom of the conduction band is occupied by p, +p, states but not from
p. states. The indirect to direct band gap transition is arising due to p,+p, states

alone and it can be observed only after the spin-orbit effects taken in to account.

5.3.2 Linear optical properties and birefringence

Till now there are no detailed experimental or theoretical reports available in the
literature on linear optical properties of CsPbCO5F. In this section, we report
calculations of the linear optical properties with/without SOI along with TB-
mB]. As the studied compound crystallizes in hexagonal crystal structure, there
are two possible non-zero components of the dielectric tensor along [100] and
[001] directions.

The calculated complex dielectric function (real and imaginary parts) of lead
carbonate with/without SO effect are shown in Fig 5.6. The ¢;(w) is shown in
Fig 5.6(a, b, ¢) and €;(w) is plotted in Fig 5.6(d, e, f). Here, Fig 5.6(b, e) shows
the €;(w), €2(w) before SO effects and Fig 5.6(c, f) shows the results after SO inclu-
sion. For better visualization, we have zoomed and plotted the real and imaginary
parts of complex the dielectric function on top of other in Fig 5.6(a, d). It can be
seen from the plots that, CsPbCO;F possesses a large anisotropy in dielectric con-

stants along[100]and [0 0 1] directions. Further observations on the spreading of
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dielectric spectra with respect to energy (eV) lead to following important conclu-
sions. Firstly, the spectra obtained before SO effects inclusion infers that: (1) the
high intensity peaks of €, are occurring at energies (eV) 6, 6.5,9.2,7.9, 8.5, 11.11,
12.0, 13.5 respectively. A dip is observed at 9.5 eV with a magnitude of -1.47 for
€xe- (2) For €, high intensity peaks are occurring at energies (V) 5.6, 8.2, 6.5, 11,
11.7, 10.0, 9.5, 12.5 respectively. (3) Overall, up to 7.25 eV ¢,, is dominant; from
7.25t0 8.25 eV ¢,, is dominant; from 8.25 to 9.25 eV ¢,, is dominant, after that ¢,
shows dominant nature. Secondly, the spectra after SO effects inclusion shows:
(1) €xc are occurring at energies (eV) about 5.0, 5.7, 7.2, 9.0, 8.1, 11.6, 11.1, 10.5.
The dip of €, is occurring at 9.5 eV with magnitude -1.3. (2) ¢,, high intensity
peaks are occurring at energies (eV) about 4.9, 5.9, 7.5, 6.3, 8.7, 11, 10.5, 11.7,
12.5. 3) Up to 9 eV ¢, is dominant and after that ¢€,, is dominant. In conclusion,
after SOl is taken into account, the €,, component is showing significantly higher
value than €, in the lower energy regions, whereas the mixed behaviour of €,
€, was observed without SOI inclusion. Thus, these differences in findings of
dielectric constants confirm the crucial role of SO effects in the optical properties
of CsPbCOs;F. For further analysis of possible optical transitions, the maximum
intensity peaks in imaginary part of dielectric function plot (see Fig 5.6(e, ) ) are
labelled as A, B, C, D along X-direction and P, Q, R, S along Z-direction respec-
tively. The positions of these peaks along two crystallographic directions [1 0 0],
[0 0 1] are tabulated in Table 5.2. From this table it is clear that, after inclusion
of SOI, all the peaks show a considerable red shift. Similarly, other linear optical
properties such as absorption spectra («(w)) and refractive indices (7(w)) spectra
are calculated and shown in Fig 5.7. The corresponding static values of dielectric
constants, absorption coefficients, ordinary (ng) and extraordinary (n,) refractive
indices, birefringence (n, - no) values are shown in Table 5.3. Our results show
that all the linear optical spectra were red shifted with a slight intensity variations.

For a deeper level of understanding of the optical response of CsPbCO;F, we

have analyzed the possible optical transitions from the valence band to the con-
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Figure 5.6: Calculated real and imaginary parts of complex dielectric function
with and without SOI effects of CsPbCO5F at experimental crystal structure vol-
ume.

Table 5.2: The optical transitions of CsPbCO;F before and after inclusion of
spin-orbit interactions observed from imaginary part of dielectric function and
TB-mBJ band structure

Direction [100] [001]
Peak A B C D P Q R S
before-so 6.3 6.9 8.0 85 59 6.6 8.2 8.6
afterso 52 64 76 85 52 60 65 7.7

Table 5.3: Linear optical properties such as absorption coefficient (x10* cm™),
refractive indices and birefringence of KCaCO;F, KSrCOsF and RbSrCO5F

e§1°°] (w) 6[1001] (w) /100 (w) /%1 (w) n, n, An (n,n,)
before-so 2.12 1.82 73.16 40.8 1.43759 1.33270 0.10489
after-so 2.06 1.77 50.81 25.03 1.45832 1.35263 0.10569

duction band states by utilizing PDOS information (see Fig 5.4). It is clear from
the PDOS plots that, the Pb(s), O(s), F(p) states are dominated in the VBM (-1
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Figure 5.7: Calculated refractive index and absorption spectra with and without
spin-orbit interaction effects of CsPbCO;F at experimental crystal structure vol-
ume.

eV to Fermi level) and these states are unaffected with inclusion of SOL. In the
deep valence band below -2 eV , spreading in the DOS peaks of Pb(p), Cs(d),
F(p), O(p), C(p) states clearly seen, whereas in conduction band minimum, be-
fore including spin-orbit effects the Pb(p), Cs(d,p), F(s,p), C(p,s), O(s,p) states are
dominant. After the inclusion of SOI, a clear difference in the dispersion of DOS
in the Pb(p), F(p,s), O(p), C(s, p), Cs(d,p) states is observed. It is also noticed
that all the states are red shifted in bottom of conduction band by approximately
1 eV as follows: O(1.15 eV), Pb(1.14 eV), Cs(1.02 eV), F(0.91 eV), C(0.79 eV).
Hence these observed differences in the PDOS will lead to changes in the optical
properties. Based on the selection rules, we have explained the possible optical
transitions (from valence band to conduction band) for the high intensity peaks

in [1 0 0] crystallographic direction. The results before and after inclusion of SOI
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are tabulated in Table 5.4. Because of the changes in DOS spreading, the opti-
cal transitions also showed considerable variations in results. Especially in case
of absorption peak’s A B, the Pb(s) to C(p) states transition is possible before
inclusion of SOI effects, but later this transition could not come into picture.
This clearly shows the role of SOI in explaining the optical transitions of the lead
carbonate NLO material in UV region. Our further optical transition analysis
of other high intensity absorption peaks are given in Table 5.4. Similar kind of

effects can possibly occur in [0 0 1] crystallographic direction also.

Table 5.4: The optical transitions of CsPbCO;F derived from top of valence band

to conduction band observed from imaginary part of dielectric function along [1
00]

Before-so  Peaks Transitions
A Pb() to Fp)/O(p)/Cp)/Csp:0P) to F)/Cs(d)/Cols)/Phs); F(P) to O)/Co(d)/Cs(s)/Pbs);
B Pb(s) to F(p)/C(p)/O(p)/Cs(p )O(P) to Cs(d)/F(s)/Cs(s)/Pb(d); F(P) to Cs(d)/O(s)/Cs(s)/Pb(d);

C Pb(s) to O(p)/Clp)/F(p)/ Cs(p);OP) to F(s)/Cs(s)/Pb(d)/ Cs(d); F(P) to Cs(d)/Pb(d)/Cs(s);

D Pb(s) to O(p)/C(p)/F(p)/Cs(p);O) to Cs(d)/Cs(s)/F(s)/ O(s)/Pb(s); F(P) to Cs(d)/Cs(s)/O(s)/Pb(d);
Afterso Peaks Transitions

A Pb(s) to F(p)/O(p)/ Cs(p);O) to F(s)/Pb(s)/ Cs(d); F(P) to O(s)/Pb(s)/Cs(d);

B Pbis) to F(p)/O(p)/ Cs(p);0P) to F(s)/Cs(d); F(P) to O(s)/Cs(c);

C Pbis) to F(p)/C(p)/O(p)/Cs(p):OP) to Cs(d)/Cs(s)/Pb(d); F(P) to Cs(d)/Cs(s)/Pbic);

D Pb(s) to F(p)/C(p)/O(p)/Cs(p);O(P) to Cs(d)/F(s)/Cs(s)/Pb(d); F(P) to Cs(d)/O(s)/Cs(s)/Pb(d);

The values of ordinary and extraordinary refractive indices show an increment
of 0.0246 in magnitude after inclusion of SOI. Further, the birefringence values at
static, 1064 nm (1.165 eV), 532 nm (2.33 eV) are tabulated in Table 5.5 for future
reference. The results of all the studied crystals shows a linear increment in bire-
fringence values starting from static — 1064 nm — 532 nm. Overall, it is clear
from the results that CsPbCO;F possesses the largest birefringence at TB-mB]
level among all the studied carbonate fluoride crystals. There are slight differ-
ences between birefringence values reported by Qun Jing [34] et al at GGA-PBE
level using CASTEP and our calculated results of CsPbCO;F. The reason for
this deviation comes from the accuracy of TB-mB]J functional in predicting the
exact band gap with inclusion of SOI in the present case. Besides this expected

discrepancy in the results, both works end up in proposing lead carbonate as a
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unique material among the reported carbonate NLO materials family till date. In
order to explore the reasons behind the changes in the birefringence (An) values
of CsPbCO;F, we have calculated the An from 300 nm to 1200 nm and this is
shown in Fig 5.8. We find that birefringence of CsPbCO;F is higher than other
iso-structural carbonate compounds. To explore more about the birefringence,
we have calculated the change in the Born effective charge values along two crys-
tallographic directions [39]. The results reveal that the Cs and Rb are negatively
contributing to the birefringence, where Pb, C, and F shows positive contribu-
tion. Perhaps one can clearly see the role of SOI on An of lead carbonate fluoride
also from Fig 5.8. The reduction in the refractive indices(see Fig 5.7(b)) along [1
0 0], [0 0 1] directions and birefringence values after inclusion of SO effects can

be attributed to differences in the photo induced inter-band transitions.

Table 5.5: The birefringence of CsPbCO;F before and after inclusion of spin-
orbit interactions obtained from imaginary part of dielectric function at TB-mB]
level. For comparison, birefringence of ABCOsF (A=K, Rb; B=Ca, Sr) also
calculated using our previous work[39]

@ before after RbSr  KSr KCa
Static 0.1048 0.1056 0.0887 0.0921 0.0966
1064 nm 0.1063 0.1073 0.0901 0.0934 0.0981
532 nm 0.1108 0.1123 0.0942 0.0976 0.1028

Table 5.6: The change in Born Effective charges (Aq) along x and z directions of
different metal atoms of CsPbCO;F, ABCOsF (A=K, Rb; B=Ca, Sr)[28]

Atom Aq Atom Aq Atom Aq Atom Agq
Cs -028 Rb -02 K -0.11 K -0.15
Pb 0.46 Sr 0.1 Sr 0.07 Ca 0.11
C 2.82 C 291 C 2.76 C 2.72

F 2.03 F 0.78 F 0.9 F 0.79
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Figure 5.8: Calculated Birefringence of CsPbCO;F with spin-orbit interaction
effects, ABCOsF (A=K, Rb; B=Ca, Sr) at experimental crystal structure volume.

5.4 Conclusions

The effect of SOI on the optoelectronic, linear optical properties and birefrin-
gence of CsPbCOsF are thoroughly investigated by means of density functional
theory. The electronic band gaps calculated with inclusion of SOI effects at TB-
mB] level of accuracy are good in agreement with the experimental reported re-
sults. The band gap results without SO effects are in good agreement with the
previously reported works. The electronic band structure analysis reveals that
CsPbCOsF is direct band gap NLO material but not an indirect one as is the case
when SOI is neglected. The band gap is occurring at H high symmetry point in
the first Brillouin zone. The analysis of individual atomic contribution to the
band structure reveals the fact that, band gap reduction of 1.1 eV of CsPbCO;F
is mainly occurring due to the Pb atom p-states splitting near the Fermi level.
More splitting of energy levels are observed in valence and conduction bands be-

cause of SOI effects. Similar shifts are observed in the calculated PDOS plots
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also. Our further analysis of the charge density plots along [1 1 0], [1 0 1] planes
reveals the mixed ionic, covalent nature of bonding present in CsPbCO;F. Our
further calculations on the linear optical properties (absorption spectrum, real
and imaginary parts of dielectric function, ordinary and extraordinary refractive
indices, birefringence ) also show considerable differences in the results obtained
before and after SO inclusions into the calculations. Our further observations
about optical transitions associated in this material show important changes with
respect to SO effects. These differences alone decides importance of SO effects
for understanding the optical response of CsPbCO;F. CsPbCO5F is a best phase
matching material in deep-UV region with a highest static birefringence value
0.1049 among all the other reported carbonate fluorides. Moreover, the present
Born effective charge analysis suggest that, Cs and Rb atoms show negative contri-
bution to the birefringence; whereas Pb, C, F atoms positively contributes to the
birefringence. We strongly believe that our present study about optoelectronic,
linear optical properties are very crucial in understanding the structure-property
correlation of carbonate fluorides family. We hope our present results will ignite
many experimental researchers to look into the uniqueness of CsPbCO5F crystal

and to invent many more efficient crystals in the carbonate fluorides family.
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Structure-property correlation

studies of Potassium 4,4°-Bis (di-
nitromethyl)-3,3’-azofurazanate

(K,BDAF)

In this chapter, we turned our attention onto two organic noncentrosymmetric
HEM’s and broadly explained their structure-property correlations. We have ex-
plored the role of crystal structure, chemical composition in predicting the struc-
tural, dynamical, electronic and optical properties of newly synthesized two non-
centrosymmetric primary explosives namely Potassium 1,1’-Dinitramino-5,5- bis-
tetrazolate (K,DNABT), Potassium 4,4’-Bis (dinitromethyl) -3,3’-azofurazanate
(K,BDAF) using density functional theory simulations. The calculated struc-
tural and mechanical properties suggest that, K,BDAF and K,DNABT are me-
chanically stable and possess lower bulk modulus values K;BDAF (18.91 GPa) <
K,DNABT (22.4 GPa) than toxic lead azide Pb(N3); (26 GPa). The born effective
charge (BEC), vibrational, thermodynamic and phonon dispersion studies reveal
that, both the crystals are dynamically stable and K,BDAF is found to be more
stable, more polarizable and easily detectable than K,DNABT. The TB-mB] elec-
tronic band structure study reveals that, K,BDAF is an indirect band gap material
along R — V high symmetry points with a gap of 2.37 eV < K,DNABT (3.57
eV, direct). The density of states and charge density plots describes that, both

the crystals possess mixed covalent and ionic bonding nature and these results

121
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are consistent with BEC analysis. The Nitrogen, Oxygen and Carbon - p states
are found to be dominant near the Fermi level in the valence band. From the
optical properties study, it is found that the studied explosive materials have the
lowest dielectric constant than well known organic 4-N,N-dimethylamino-4 -N
-methyl-stilbazolium tosylate(DAST) nonlinear optical crystal. i.e. K;DNABT
(2.68) < K,BDAF (2.91) < DAST (5.2) and show similar birefringence (K,BDAF
- at static: 0.32; at 532nm: 0.58), (K,DNABT - at static: 0.25; at 532nm: 0.27)
as DAST (0.39, 0.55, 0.64) and DSTMS (0.45, 0.63) NLO crystals. For both the
studied explosives, the absorption is found to be strong in [010] direction and
follows a relation a(K,BDAF) < a(K,DNABT). The difference in BEC analysis
reveals that, from K;DNABT to K;BDAF, the positive contribution of atoms to
total birefringence is increased as follows: K1 (0.095), O1 (0.692), O2 (0.779), N1
(1.410), N2 (0.923), N3 (0.274), N4 (0.742), N5 (0.845). The negative contribution
from C1 is increased by -1.295. Overall, our results are in agreement with exper-

imentally reported sensitivity trend and reasons for the sensitivity differences of

K,DNABT and K,BDAF are explored.

6.1 Introduction

As mentioned in the introduction chapter, due to the unique optical responses,
noncentrosymmetric materials [[I] got a wide variety of applications in physics,
chemistry, material science and medical technology. The discovery of new NCS
materials with desirable properties like high nonlinear coefficients, broad phase
matching angle, high laser damage threshold value, suitable birefringence, good
mechanical, thermal stabilities and ease of crystal growth etc continue to drive
enormous research in the domain of nonlinear optics [2-5]. Till now few hun-
dreds of organic, inorganic and semi-organic NLO crystals are synthesized to
reach the scientific and industrial needs. In previous chapters, we have explored

the structure-property correlations of recent inorganic NLO crystals and we pro-
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posed CsPbCOsF as interesting NLO material. Till now various new class of in-
organic NCS materials are discovered by changing the anionic groups like [BO; >~
[7], [CO5P~ [8], [NOs]™ [9], [IO5] [[10] which have similar planar triangle struc-
tured anionic groups. Among these groups, studies on carbonate fluorides got
much attention since last five years due to their high nonlinear responses than
well known borate materials. The highest nonlinear coefficient till date was found
for CsPbCOsF crystal (13.6 xKDP) [[11] in carbonate family. Similarly, very few
[NO;]~ based crystals are also reported in the literature with a nonlinear coeffi-
cients of 5 xKDP [9]. The synthesis of these crystals are slowed down because
of their easily dissolvable nature in water and are relatively less explored. Inter-
estingly, many [IO;]~ based crystals are found to show good NLO coefficients
of the order of >10xKDP [10]. Combination of the above mentioned anionic
groups with nonlinear coefficients as 5 xKDP [[1214] are also coming up in the
literature.

We have investigated the structure-property correlation of noncentrosymmet-
ric K,BDAF, K,DNABT through density functional theory calculations in order
to understand the origin of mechanical, thermal stability and optical sensitivity
mechanisms. We report an in-depth study of structural, mechanical, vibrational
properties, phonon dispersion studies, born effective charge analysis, electronic
band structure and complex dielectric function, absorption, refractive index, bire-
fringence of these primary explosives which are not well understood/unexplored
till today in the literature. We have illustrated the importance of noncentrosym-
metric nature of these explosive materials and explained the detection limit, sensi-
tivity differences within a wide spectral frequency range. The present study pro-
vides an excellent initiative to this new broad and unexplored area of research on
optical response of noncentrosymmetric high energy materials (primary and sec-
ondary). We hope these kinds of studies will bridge the gap between the search
of stable explosive and high optical quality NLO materials than conventional

borates, carbonates, nitrates, iodate NLO materials in near future. The rest of
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the chapter is organised as follows: The computational methods employed for
the present calculations are mentioned in section 6.2. In section 6.3 we explored
structure- mechanical, vibrational, dynamical, bonding, electronic, linear optical
property correlations in a detailed manner. In section 6.4, we have given the fi-
nal conclusions of the present study. Our work could be a starting point in this
area of research and we strongly believe that our work on high energy materials
will ignite many experimental and theoretical studies in the domain of nonlinear

optics and defence related applications.

6.2 Calculation methods

In the present study, for calculating the structural, elastic, vibrational and dynam-
ical stability related properties we have employed the density functional theory
calculations through Cambridge Series of Total Energy (CASTEP) program [27,
28]. We have taken the experimental crystal structure of C(K;N0Oyo reported
by Shiev et.al in 2017 [21] as input for our calculations. Initially, we have opti-
mized the crystal structure to the convergence thresholds of 5.0 x e7®(eV/atom)
for energy change, 0.01 eV/A for maximum force, 0.02 GPa for maximum stress
and 5.0 x e *A for the maximum displacement. We have used Broyden-Fletcher-
Goldfarb-Shanno (BFGS) minimization algorithm to perform the cell optimiza-
tion [29]. We have used the plane wave basis set with 500 eV energy cut-off, 5.0
x e~/(eV/atom) SCF threshold with 7x4x3 Monkhorst-Pack [30] k-grid (42 ir-
reducible k-points) in the reciprocal space. The ultra-soft pseudopotential [31]
are used to treat the electron-ion interactions for calculating structural and sin-
gle crystal elastic constant properties. For treating electron-electron interactions,
we have used different exchange-correlation functionals like Local-density ap-
proximation (LDA)[32-34], Generalized gradient approximation (GGA) through
Perdew-Burke-ErnZerhof (PBE)[35], Perdew-Wang 91 (PW91)[34] functionals.

To account the dispersion correction effects, the Ortmann-Bechstedt-Schmidt
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(OBS)[36] correction for GGA-PW91 and Grimme (G06) scheme for GGA-PBE
is used. Within the framework of density functional perturbation theory (DFPT)
[38], norm-conserving pseudopotential[37] with 830 eV cut-off energy are utilised
for calculating zone centre vibrational properties like infrared (IR) spectra, Born
Effective charges (BEC) [40] on each constituent atom and Phonon dispersion
curves in the first Brillouin zone. The valence electrons of each atom are con-
sidered as follows: C (25 2p?), N(2s? 2p°), O (2s* 2p*), K (3s? 3p® 4s'). We have
explained the intensity differences of the vibrational spectra by using the relation
Li=[ 6Fi AP 5 Aij = OE/ 0q; Op ; [39]. Here, A is BEC tensor, E is total
energy, Fl is eigenvector, q; is cartesian coordinate and g; is dipole moment. In
addition, we have also calculated the important thermodynamic properties like
enthalpy, free energy, entropy, lattice heat capacity and Debye temperature to ex-
plain the phase stability within the quasi-harmonic Debye model [41]. Further,
the full-potential linearized augmented plane wave (FP-LAPW) and local orbitals
method [42] is used for studying the electronic structure and optical response.
The self-consistency is achieved by using angular momentum expansion Imax =
10, plane wave cut-off K., X Ryr= 7 with 11x7x5 Monkhorst-Pack k-grid [30].
The muffin-tin MT) radii 1.17 for Carbon, 2.5 for Potassium, 1.19 for Oxygen
and 1.13 for Nitrogen are used in the calculations. The energy tolerance 0.0001
Ry and force tolerance 1 mRy/bohr are used. Various exchange-correlation func-
tionals like LDA [34], PBE [35], PBEsol [46], Tran-Blaha modified Becke-Johnson
approach (TB-mBJ) [45, 47] and new parameterization of TB-mB] are used to cal-
culate the accurate electronic band gaps. A denser 14x9x7 K-mesh with 1000 k-

points is used in the reciprocal space to calculate the various optical properties.
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6.3 Results and discussion

6.3.1 Crystal structure and mechanical stability

Detonation mechanism of an explosive can be understood by knowing the (me-
chanical thermal and electrical) energy transfer mechanism from the lattice to the
molecule and from one part of the solid to other part [48]. To understand the
detonation initiation mechanism of newly synthesized green primary explosives
K,BDAF and K,DNABT, as a first step, we have optimized the experimental crys-
tal structure to capture the influence of lattice packing and intermolecular inter-
actions. The Potassium 4,4’-Bis (dinitromethyl)-3,3’-azofurazanate (C4N;0O10K,
- K,BDAF) [21] is a newly synthesized green primary explosive which consists of
two dinitromethyl groups, azofurazan moiety. It crystalizes in space group P1
(No.2, point group C}), Triclinic unit cell with Z=1 formula unit with lattice
vectors a = 4.9299&, b = 7.5171A, ¢ = 9.7804A. The lattice angles are found to
be o — 83.070A, 3 — 84.112&,7 = 85.658 A, with Volume = 357.16 A’. All
the constituent atoms in the unit cell are situated at (2z) Wyckoff position with
multiplicity 2. The experimental crystal structure of K,BDAF (see Fig 6.1, 6.2,
6.3) consists of two C;N505K units connected along N5-Ns bond. This complete
molecule is arranged as layers along Z-axis in the unit cell and the adjacent in-
termolecular distances along Y-axis are found to be 2.843A through K-O bond
as shown in Fig 6.1, 6.2, 6.3. Similarly, its iso-structural compound K,C,N;,0;
(K,DNABT) [20] is also found to crystallize in P1 symmetry, triclinic structure
with Z=1. All the atoms are sitting at 21 Wyckoff position in the unit cell. From
K,BDAF to K,DNABT, a slight increment in the lattice parameters and lattice
angles are mainly observed due to change in the number of Carbon (-4), Nitro-
gen (+2), Oxygen (-6) atoms in the unit cell. To understand the role of excess
number of atoms on the structural stability via intermolecular interactions, we
have optimized the experimental K,BDAF crystal structure by using different
exchange-correlation functionals LDA, GGA (by applying PBE, PW91) which
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are implemented in CASTEP. The obtained lattice parameters (a, b, ¢), lattice
angles (o, 3, y) and volume (V) along with experimental data are tabulated in Ta-
ble 6.1. From these calculated results, we found that, the volume of the unit cell
is underestimated by 8.2% with LDA, and overestimated by 15.7%, 15.2% with
PBE and PW91. Moreover, these deviations are found to be more in K, DNABT
case, which is obvious due to excess interactions. In addition, the observed large
deviations in lattice vectors ‘a’ (-2.9%, 11.8%, 11.0%), ‘¢’ (-3.6%, 3.2%, 3.5%) of
K,BDAF with LDA, PBE, PW91 (see Table 6.1) clearly indicates the poor de-
scription of intermolecular, interlayer interactions along x and z-directions (see
Fig 6.1, 6.2, 6.3). Therefore, in order to get correct lattice vectors and volume,
we optimized the system by including the weak van der Waals (vdW) interac-
tions through PBE +G06 and PW91+ OBS dispersion correction methods. The
results show considerable improvement in the prediction of interactions between
the constituent atoms. The calculated unit cell volume with GO06 (2.8%) and OBS
(4.7%) dispersion corrected methods are found to be relatively in good agreement
with experimental data. The poor prediction of atomic interactions with different
functionals in K;BDAF than K, DNABT can be attributed to the more atomic in-
teractions due to excess number of C, N, O atoms in the unit cell. Hence, we have
used the G06 optimized crystal structure as an input for our further calculation

purposes.

Table 6.1: Calculated ground state lattice vectors (a, b and ¢, in A), volume (V,

in A3), density (p in gr/cc) of K,BDAF, using LDA, PBE, PW91 and dispersion
corrected PBE (PBE + G06), PW91 (PW91+ OBS) along with experimental data
[21]. The percentage of deviations in lattice parameters are given in parenthesis.

Symmetry Compound  Parameter LDA PBE G06 PW91 OBS Experiment
a 4786(2.9%)  5514(118%)  5.0562.5%)  5472(110%)  5.0803.0%) 4929
b 7328(25%)  7.5670.6%)  7537002%)  7.57808%)  7.5660.6%) 7517
¢ 9.428(3.6%)  10.0963.2%) 9777(0.03%) 10.1213.5%)  9.894(11%)  9.780
Vo 327540(8.2%) 413519(157%) 367414(2.8%) 411469(15.2%) 374.184(47%)  357.164
a
o

P-1 CeNioO1oK,
Z=1)

83.919 81.103 83.169 81.027 82.128 83.070
85.777 83.455 84.254 83.129 84.006 84.12
86.649 87913 85.779 87.400 86.229 85.658
228300.0%)  1.8083(13.6%) 2.0352(2.8%) 18173(13.2%) 1.9984(4.5%)  2.0936

-

=
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Figure 6.1: Experimental crystal structure of Potassium 4,4’-Bis (dinitromethyl)-
3,3’-azofurazanate (C4N1,00K)).

To understand the strength of lattice interactions, stress response and mechan-
ical stability of the explosives of present interest, initially we have calculated the
single crystal elastic constants and bulk modulus (B) values. It is well known
that, for triclinic crystal structure, the elastic tensor consists of 21 independent
elastic constants, i.e (1) Cyy, Cyp, C33 which will map applied longitudinal strains
into longitudinal stress in the parallel direction, (2) Ciz, Cy3, Cy3 will map longi-
tudinal strains into longitudinal stress in the orthogonal direction, (3) Cys, Cys,
Ci6, Ca3, Cas, Cas, Cas, Cs4, Css, Cs6 will map applied longitudinal strains into
shear stresses, (4) Cys, Css, Ce, Cus, Cs6 and Cse will map shear strains into shear
stresses [49]. We have calculated the magnitude of all these constants for K;BDAF,
K,DNABT using G06 optimised crystal geometries. The obtained results along

with bulk modulus values are tabulated in Table 6.2. Since there is an ambiguity
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Figure 6.2: Experimental crystal structure of K,BDAF and K,DNABT (left to
right) in y-z plane.

Figure 6.3: Experimental crystal structure of K;BDAF and K,DNABT (left to
right) in x-y plane.

about the correct mechanical stability criteria for triclinic systems and unavail-
ability of experimental data, we have verified the mechanical stability by follow-
ing Flix Mouhat [50] criteria. We found from elastic constant results (calculated
for the G06 optimized structures) that, all the diagonal elements are positive in
magnitude which in turn confirms that the studied materials are mechanically sta-
ble. Whereas, few off-diagonal elastic constants are showing negative magnitude.
These values simply inform that, for the applied strain, the stress component

in the resultant direction is tensile rather than compressive. The negative elas-
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tic components (see Table 6.2) of K,BDAF (8) and K, DNABT (9) informs that,
due to large tensile stresses K;DNABT may become relatively less stable than
K,BDAF. The comparison of parallel longitudinal stress components are show-
ing the following relations: (1) K;BDAF: Cy, > Ci3 > Cyy (more stiffer along
y direction); (2) K;DNABT: Cs3 > Cyp > Cyy (more stiffer along z direction).
Whereas the orthogonal longitudinal stress components show the relation Cy, >
Cy3 > Cy for both the crystals. Overall, the magnitude of Cy,, Cyy are found to be
more for K;DNABT and Css, Cyy, Cy3, Cys are higher for K;BDAF. This can be
attributed to the stronger interatomic interactions in x, y directions and weaker
interactions along z-axis of K;DNABT than K,BDAF. Therefore based on the
elastic constants magnitude we can conclude that, K;DNABT will show lowest
detonation sensitivity along y, x directions (hard to compress) and it is highly sen-
sitive along z direction. Whereas, K;BDAF will show low detonation sensitivity
along y direction and high sensitivity along x direction. Interestingly both mate-
rials show similar sensitivity along z direction. The calculated single crystal bulk
modulus and compressibility values K;BDAF (GO06: 20.22 GPa, 0.0494 (1/GPa))
and K, DNABT (21.01 GPa, 0.0475 (1/GPa)) also confirmed the same. However,
K,BDAF is found to be soft material than toxic primary explosive Pb(N;), (26
GPa[52], 41 GPa[53]) and harder than highly sensitive organic primary explosive
C;Ny; (12.6 GPa) [51]. From the obtained single crystal Young’s modulus (E) val-
ues using G06 along X, Y, Z directions, we find K,DNABT (20.0 GPa, 28.09 GPa,
32.85 GPa) > K,BDAF (17.31 GPa, 30.84 GPa, 24.71 GPa). This indicates that,
K,BDAF is stiffer in <010> direction and softer in <100> direction. Whereas,
K,DNABT 1s found to be stiffer in <001> and softer in <100> direction. In con-
trast, along <010> direction K,BDAF exhibits more strength than K, DNABT
and this can be attributed to the presence of extra nitrate group along y-direction
(see Fig 6.1, 6.2, 6.3).

Since the shear deformations play a crucial role in understanding the initia-

tion of detonation via friction sensitivity in explosives [54], we focused on cal-
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Table 6.2: Calculated single crystal elastic constants C;; and bulk modulus values
for K,BDAF, K;DNABT using PBE + G06 theoretical equilibrium volume’s.

Elastic constant C11 C22 C33 C44 C55 C66 C12 C13 C14 C15 C16
K,BDAF 30.52 53.55 38.80 13.85 17.21 18.34 22.84 15.26 -4.15 -1.50 0.38
K,DNABT 3193 37.53 47.77 11.26 12.47 14.04 14.87 18.05 -0.66 -1.40 -0.69

Elastic constant C23 C24 C25 Cz(, C34 C35 C}é C45 C46 C56 B
K,BDAF 10.54 -5.76 770 -7.07 -7.51 -8.08 5.64 -1.63 055 -8.79 20.22
K,DNABT 738 475 -329 444 218 571 -0.16 345 -542 -192 21.01

culating the polycrystalline elastic constants like bulk modulus, shear modulus
(G), Poisson’s ratio (o), Young’s modulus (E), using Voigt, Reuss, Hill approxi-
mations [55-57] and verified the mechanical strength of the studied materials in
bulk form. It is clear from the results (shown in Table 6.3) that, all the poly-
crystalline constants except Poisson’s ratio o are found to be higher for K,BDAF
than K;DNABT. The By > Gy values of K,BDAF (22.34 > 12.62) > K,DNABT
(21.49 > 11.21) suggest’s that, both crystals are more resistant to the hydrostatic
compression (volume change) than the uniaxial compression (shape change). Con-
sequently, K,BDAF is found to show more resistant against the hydrostatic, uni-
axial compression than K, DNABT. The increment of Gy value by ~ 12% of
K,BDAF over K;DNABT suggests the increased resistance to shear/highly insen-
sitive to friction. These observations are in good agreement with experimental
friction sensitivity (FS) trend K,BDAF (FS = 20 N) > K,DNABT (FS = 1 N)
[20, 21]. It is known that, according to the Pugh’s criteria [58], based on the B/G
ratio threshold value (1.75) one can predict whether the given material possesses
ductility or brittle nature. For the present materials the obtained By / Gy val-
ues 1.76, 1.91 (see Table 6.3) which are greater than 1.75 suggests that, both the
studied crystals are ductile in nature and ductility is increased from K,BDAF to
K,DNABT by ~ 8%. Similarly, to explore the response of the studied materials
to the applied uniaxial tensions, shear strains we have calculated the polycrys-
talline Young’s modulus and Poisson’s ratio’s (0.26, 0.27) using the relations E =

(9GB)/(G+3B) ;0= (E/2G)-1[59]. The difference in E values (see Table 6.3) of
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studied explosives indicate that, K;BDAF is more resistant to the applied uniaxial
strains. Further, it is known that the Poisson’s ratio = 0.1 for covalent materials
and it is equal to 0.25 for ionic materials [60]. This strategy in the present study
tells that, the studied materials possess mixed covalent-ionic nature. Moreover,
when o = 0.5 there will not be any change in the volume of the material to the ap-
plied strain. This criterion confirms that, a large volume change upon the applied
elastic strain occurs in both the studied crystals in polycrystalline form. These
observed difference in the o values (K,BDAF: 0.26 < K;DNABT: 0.27) along
with the crystal densities (2.09, 2.17) are well correlated to the experimentally
observed detonation velocities trend (K,BDAF: 8138 m/s < K,DNABT: 8330
m/s). Moreover, the observed bond strengths from relatively higher o value and
larger elastic constants (see Table 6.2) of K,DNABT are good in agreement with
the experimentally observed detonation pressure trend (K,BDAF: 30.1 GPa <
K,DNABT: 31.7 GPa). Further, we have also calculated the micro hardness (H)
H = (1-20)E / 6(1+0)) [567] value of the two explosives to know their response
to the applied small forces. From the obtained results, it is found that K,DNABT
(H = 0.64) can be considered as a relatively low-hardness material than K;BDAF
(H = 0.79). Hence, the calculated Young’s modulus and micro hardness values
collectively represent the experimentally observed large sensitivity to impact of
K,DNABT (1 Joule) than K,BDAF (2 Joule) [20, 21]. Additionally, the universal
anisotropy index of the present materials is also evaluated by Ranganathan and
Ostoja-Starzewski method [61]. It is known that, when the obtained universal
anisotropy factor is 1, then material is supposed to be fully isotropic otherwise
it will be anisotropic in nature. From our calculations, the anisotropy factor
of K,DNABT (1.56) and K,BDAF (2.33) are found to deviate largely from ‘1’
which in turn explain’s that, both the explosives possess large anisotropy and the
degree of anisotropy is found to be approximately double for K,BDAF than that
of K;DNABT. Overall, the calculated mechanical properties collectively indicate
that K,BDAF is more resistant to the impact, friction than K;DNABT and con-
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clusion drawn in this section are in consistent with experimental results trend.
Further, we compared the results with other well known explosives and non-
linear optical materials to find the applications of present studied compounds in
the respective fields. Interestingly, K;BDAF and K,DNABT showing high hard-
ness values than other well known explosive materials RDX (H = 0.241 GPa, E
— 18.4 GPa, ¢ = 0.11), PETN (H = 0.179 GPa, E = 13.7 GPa, o = 0.11) and
B-HMX (H = 0.403 GPa, E = 31 GPa, 0 = 0.06) [62]. In NLO applications
point of view, the present studied materials possesses similar hardness values as
well known KDP crystal (H ~ 1.4 GPa) [65] and higher than DAST (H ~ 0.31
GPa, The Young’s modulus = 13.8 GPa) crystal [63]. As we know, when a high
power laser is incident on a material for various optical purposes, its mechanical
stiffness is an important criterion to explain durability (damage threshold) of that
material. Hence, from our results we can conclude that K,DNABT, K,BDAF are
mechanically stable (durable) materials as like RDX, PETN, KDP, DAST crys-
tals.
Table 6.3: The calculated polycrystalline elastic constants ( bulk (Bx), shear mod-
uli (Gyx, By/Gy ratio) using the Voigt, Reuss, Hill approximations (X=V,R,H)

and the Poisson’s ratio o , Young’s modulus (E), micro hardness (H)). All values
are calculated at the G06 equilibrium volumes

Compound By Bx By Gy Gpg Gy By/Gy o E H
Ky,BDAF 2446 2022 2234 14.82 10.41 12.62 1.76 0.262 31.86 0.792
K,DNABT 21.98 21.01 2149 12.68 9.73 11.21 1.91 0.277 28.65 0.649

6.3.2 Born effective charges and vibrational properties

Born effective charge is a result of the coupling between the electrostatic fields and
lattice displacements. In order to explore more about the ionic, covalent bond-
ing nature and to get insight knowledge about the polarization mechanism, we
have calculated the BEC tensor and the infrared vibrational spectra of K,BDAF
and K,DNABT using DFPT method [64]. The resultant BEC values of each in-
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dividual atom of K,BDAF are tabulated in Table 6.4 and results of K,DNABT
are shown in Table 6.5. In both cases, the sum of all BEC values are resulting in
zero value (acoustic sum rule ¥,Z*; ; = 0), which indicates the good convergence
of our calculations within 0.0001 accuracy [67]. The tabulated results in Table
6.4 & Table 6.5 indicates that, the effective charges on all the atoms O, C, K,
N show large deviations from their corresponding ionic charges -2, +4, +1, -3
respectively. Because of the same symmetry, the effective charge tensors are fol-
lowing the below criteria in both the studied crystals: Z3; # Z3, # Z3; and Z;, #
7y, # 7, (herex,y, z varies from 1,2,3). Overall, the magnitude of BEC’s clearly
indicates that, the bonding between the constituent atoms in both the studied
materials are covalent in nature. We have shown the percentage of deviation in
effective charges on each atom from its ionic charge values along xx, yy, zz di-
rections in right side of Table 6.4 and Table 6.5. The order of BEC’s deviations
(or the strength of polarizability) of different atoms are showing the relation: N
> C > O > K in both the crystals. However, the strength of deviations for the
studied crystals shows the relation: K;BDAF (n~cs05k) > KoiDNABT (n>cs05k)
which clearly enlighten that, K,;BDAF is more polarizable and optically active
material than K, DNABT. Therefore, we further examined the direction depen-
dent polarizability strength of K,BDAF along xx, yy, zz directions and the con-
clusions are as follows: The atoms K;, Oy, O3, Ny, N,, N5, C;, C; are showing
large charge deviation along yy direction than in other two directions (see Table
6.4). Whereas, Oy, Ny, C; are showing more charge deviations along xx direc-
tion and O,, Os, Nj atoms are showing much deviation along zz direction. It
clearly indicates that, K,BDAF is more polarizable in yy direction than in other
two directions. Similarly, K;DNABT is found to be more polarizable along zz
direction due to Nitrogen atoms (see BEC deviation of N atoms in Table 6.5).
Since the ground state vibrational spectra give crucial information about the
intermolecular interactions in the low energy window, as a next step we have cal-

culated the zone centre vibrational frequencies of K,BDAF (infrared spectra (see
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Table 6.5: Calculated BEC’s for all inequivalent atoms of K;DNABT at the theoretical equilibrium volume (left side
table). Actual ionic chargesare O = -2, C = +4,K = +1, N = -3. Percentage of deviations of BEC’s all inequivalent
atoms are shown in (right side table) along xx, yy, zz directions.

A YASP: 73 VAP VAP, VAPS 73 VAP 733 2 2 Z's
K1 1.33219 0.00799 -0.05639 0.00631 1.25100 0.09472 -0.05055 0.03604 1.30748 K1 33 25 30
O1 -1.66470 0.44917 -0.18347 0.33715 -0.46322 0.01770 0.31955 -0.08651 -0.78304 o1 -16 -76 -60
O2 -0.69545 0.06379 0.07317 0.07458 -0.46053 -0.25732 0.14083 0.04653 -2.30666 02 -65 -76 15
N1 0.03418 0.12128 -0.14785 0.10252 0.17676 -0.09868 0.05860 -0.16808 0.31727 N1 -101 -105 -110
N2 -0.24047 -0.17928 0.20304 -0.18563 -0.49764 0.23518 0.05760 0.12992 0.10925 N2 91 -83 -103
N3 -0.18251 0.04464 -0.12016 0.09846 -0.15490 0.01574 -0.14192 -0.00439 -0.47899 N3 93 94 -84
N4 -0.28684 -0.07431 0.22461 -0.12714 -0.36905 -0.04702 -0.04136 -0.08349 -0.51493 N4 90 -87 -82
N5 -0.68149 0.07010 -0.70086 0.07736 -0.32336 -0.01659 -0.33284 0.11638 -1.03943 N5 -77 -89 -65
N6 2.04797 -0.63459 0.77261 -0.47208 0.29919 0.26538 -0.04105 -0.05249 3.05901 N6 -168 -109 -201
C1 0.33713 0.13123 -0.06470 0.08846 0.54176 -0.20910 0.03115 0.06608 0.33003 Ct 91 -8 91
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Fig 6.5)) and the results are tabulated in Table 6.6, 6.7, 6.8. Since the studied com-
pound crystallizes in P1 space group with z=1 formula unit (28 atoms), we have
obtained 81 optical modes along with three acoustic modes. This is consistent
with the group theory analysis distribution which is shown below:

Locoustic = 3 5 Dopric = 39 A, ® 42 A (here A, is IR active, A, is Raman active)

All the obtained zone centre vibrational frequencies are found to be real, which
indicates that the studied compound is dynamically stable at Brillouin zone cen-
tre. Since there are no other experimental and theoretical studies on vibrational
properties to compare, we have taken enough care in doing calculations by min-
imising the forces on each atom. We have assigned all the vibrational modes
for the corresponding frequencies and results are shown in Table 6.6, 6.7, 6.8.
However, out of the 81 calculated optical modes we found that, 39 modes (A,)
are IR-active and 42 (A, modes) are Raman active. From the modes assignment
analysis, it was found that, all the higher frequency modes (> 1000 cm™!) arise
mainly due to Asymm. bending and str. of (C,=N3-Os-N,;=C;) CNO ring about
C3-Ns or C,-C; bond. The detailed analysis is shown in Table 6.6. In mid fre-
quency range (from 300 cm™! to 1000 cm™!), vibrations are mainly arising from
Asymm. str., bending, breathing mode of CNO ring along with Asymm. str.,
bending, breathing of two NO; groups (i.e O1-N;-O,, O3-N,-O,) about C; atom.
Whereas in the low frequency range (< 300 cm™") vibrational modes arise due to
the Asymm. str. K; - O, bond and lattice modes(translational, rotational, swing-
ing, twisting of various atoms for different frequencies) (see Table 6.8, Fig 6.4).
Few animations of different vibrational frequency modes of K,BDAF are shown
in Fig 6.4 for further reference.

In order to know their intensity differences for analysing the structure and
polarization relation, we have calculated the IR-spectra of K;BDAF material and
plotted in Fig 6.5. The results are compared with its iso-structural crystal K DNABT
results reported in “J.Chem. Phys. 143, 064508 (2015)”. The top portion of Fig
6.5 (total IR-spectra) shows that, both the K;BDAF and K,DNABT explosives
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have unique/different vibrational spectra. This is helpful in detecting these two
explosives from one another. However, it is clear from Fig 6.5 that, the highest
intensity peaks of K,BDAF are located as follows:(1) 1223.95 cm™!, (2) 1408.31
cm!, (3) 1431.28 e, (4) 1112.12 ecm ™, (5) 982.63 cm™!, (6) 1495.00 cm 1.
These frequencies are mainly arising due to (1) Asymm. str. of N1-C1-N2; (2)
Asymm. str. of (O1-N1-O2-C1-O3-N2-O4) and Asymm. str. of CNO ring; (3)
Asymm. str. of (O1-N1-O2-C1-O3-N2-O4) and Asymm. str. of CNO ring; (4)
Breathing mode of (O1-N1-O2, O3-N2-O4); (5) Asymm. str. of CNO ring; (6)
Asymm. str. of CNO ring + C1 along C2-C1 direction. For simplicity, we made
an intensity difference analysis for one selected peak of both the studied materials
occurring at K,BDAF(1223.5 cm™!), K,DNABT (1239.3 cm™!) which is mainly
occurring due to N1-C1-N2 vibration. The BEC deviations of these atoms are
found to be 75% (N1), 115% (C1), 62% (N2) higher in K,BDAF than K,DNABT,
which leads to higher intensity peak occurrence for K;BDAF material. Similar
analysis is valid for all other high intensity peaks also.

In terms of terahertz frequencies, K,BDAF is having 12(IR)+ 14(R) modes
in 0-9 THz (Far-IR) window, 8(IR)+8(R) modes in 9-19.5 THz (Far-IR) win-
dow, 9(IR)+9(R) modes in 19.5-30.0 THz (Low wavelength IR (LWIR)) region,
10(IR) + 11(R) modes in 30-45 THz (Mid wavelength IR (MW1I)) region. Whereas,
K,DNABT is having 9(IR) + 11(R) modes in 0-9 THz window, 4(IR) +4(R) modes
in 9-19.5 THz window, 7(IR)+7(R) modes in 19.5-30.0 THz, 7(IR)+8(R) modes
in 30-45 THz range. The higher number of vibrational modes in each region with
larger intensities as shown in the vibrational spectra of K,BDAF over K, DNABT
clearly indicates that, K,BDAF is optically very active and sensitive. This can be
attributed to the presence of excess number of nitro groups and N-N bond be-
tween two CNO-rings with larger BEC’s in K,BDAF than in K,DNABT. As
we know explosives show very unique THz response in 0-20 THz region, we
have compared the present results with other THz absorption peak positions of
well known explosives like RDX (0.72, 1.26, 1.73 THz), PETN (1.73, 2.51, 2.01
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THz), HMX(1.58, 1.91, 2.21, 2.57, 1.84 THz), TNT (1.44, 1.91, 1.7, 5.6, 8.2,
9.1, 9.9 THz), NHsNO; (4, 7 THz) [68]. From these comparisons, we found
that K,BDAF is having more number of peaks within 0-10 THz energy window,
which clearly indicates that, detection of K,BDAF in THz region is more promi-
nent than other explosive materials. We have also compared the THz response of
K,BDAF with well known noncentrosymmetric organic nonlinear optical mate-
rial DAST which has similar composition (Cy3Hz6N,O;S). The absorption peaks
of DAST are reported at 1.1, 3.1, 5.2, 7.1, 8.4, 11, 12.3 THz along a-axis; and at
1.1, 1.3, 1.6, 2.2, 3, 5.2, 7.2, 9.6, 11.7 THz along b-axis [69]. Thus this compar-
ison describes that, the studied material K;BDAF is having more THz response
than unique DAST NLO material. Overall, from the vibrational properties anal-
ysis we can conclude that, K;BDAF will show better THz spectroscopic response
than K,DNABT, other well known explosives and highly nonlinear DAST crys-
tal. The results analysed in this section play a crucial role for conducting the

future detection and synthesis experiments.

6.3.3 Phonon dispersion and thermodynamic properties

In order to know the dynamical stability of the present primary explosive systems
in the entire Brillouin zone, we have calculated the complete phonon dispersion
alongI' - F — Q — Z — T high symmetry path using linear response method
as implemented in CASTEP. Both the obtained phonon dispersions are plotted
in 0-6 THz range and shown in Fig 6.6. The obtained results don’t show any neg-
ative or imaginary frequencies at any point in the Brillouin zone, which in turn
confirms that both the studied crystals are dynamically stable. It is found that, be-
low 6 THz, K, DNABT is having 16 optical phonon modes whereas K,BDAF is
having 22 optical phonon modes. This indicates that, K;BDAF is more sensitive
than K;DNABT to the applied external field thus it is easily detectable material.
Moreover, it is well known that the more number of soft modes (< 100 cm™!) can

lead to more anharmonicity thus more thermal expansion. It is also important
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Table 6.6: The calculated zone centre high frequency (> 1000 cm™!) vibrational modes of K,BDAF and their mode
assignments [Here Trans. = Translation, Asymm.= Asymmetric, str. = stretching]

Mode Frequency Symmetry Assignment

M84  1499.40 A,R) Asymm. bending of CNO ring+C1 along C2-C1 direction;

MS83 1495.00 A, (D) Asymm. str. of C3=N4 and C2-C1;

M82  1441.97 A,[R) Asymm. bending of C2-C1-N1-N2; Asymm. str. of CNO ring;
MS81 1431.28 A, Asymm. str. of (O1-N1-O2-C1-O3-N2-O4); Asymm. str. of CNO ring;
M80  1409.25 A,[R) Asymm. bending of N2-C1-N1; Asymm. bending of C2-C3-N5;
M79 1408.31 A, Asymm. str. of (O1-N1-O2-C1-O3-N2-O4); Asymm. str. of CNO ring;
M78 1360.51 A,R) Asymm. bending of CNO ring only;

M77  1351.94 A,R) Asymm. bending of (O1-N1-O2-C1-O3-N2-O4);

M76 1344.43 A0 Asymm. str. of (O1-N1-O2-C1-O3-N2-O4); Asymm. str. of CNO ring;
M75 1331.27 A,R) Asymm. bending of (O1-N1-O2-C1-O3-N2-O4);

M74 1329.08 A, Asymm. str. of (O1-N1-O2-C1-O3-N2-O4); Asymm. str. of CNO ring;
M73 1320.24 A, Asymm. str. of (O1-N1-O2-C1-O3-N2-O4); Asymm. str. of CNO ring;
M72  1316.93 A,R) Asymm. bending of (O1-N1-O2-C1-O3-N2-O4);

M71 1276.93 A, @) Asymm. str. of (O1-N1-O2-C1-O3-N2-O4); Asymm. bending of CNO ring;
M70  1265.32 A,R) Asymm. bending of N1-C1-N2 + C1;Asymm. bending of CNO ring;
M69 1250.40 A,R) Asymm. bending of N1-C1-N2;

Mé68 1223.95 A, Asymm. str. of N1-C1-N2;

Mé67 1118.57 A,R) Asymm. bending of (O1-N1-O2, O3-N2-O4);

Mé66 1112.12 A, Breathing mode of (O1-N1-O2, O3-N2-O4);

M65 1054.58 A, Asymm. str. of CNO ring and O3-N2-O4+C1;

Mé64  1045.45 A,R) Asymm. bending of total molecule;
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Table 6.8: The calculated zone centre low frequency (< 300 cm™!) vibrational modes of K,BDAF and their mode
assignments [Here Trans. = Translation, Asymm.= Asymmetric, str. = stretching]

Mode Frequency Symmetry Assignment

M29 247.65 A, (D Asymm. str. of O1-N1-O2-C1-N2-03-O4 about C1-C2 bond; Asymm. str. of C1-C2 bond and CNO ring;

M28 244.67 A, R) Asymm. bending of O1-N1-O2-C1-N2-03-O4;Asymm. bending of CNO ring;

M27 217.06 A, R) Asymm. bending of O1-N1-O2-C1-N2-O3-O4; Asymm. bending of CNO ring;

M26 205.19 A, R) Asymm. bending of O1-N1-O2-C1-N2-03-O4; Twisting of CNO ring about C2-C3;

M25 193.93 A, D Asymm. str. of CNO ring and O1-N1-C1;

M24 170.87 A, (@ Asymm. str. of K1-O3-N2-O4 bond; Asymm. str. of O1-N1-O2, N3-O5-N2;

M23 168.02 A, R) Swinging of O5-N4=C3-O5 about C2-C1;Asymm. bending of K1-O3-N2-O4;

M22 159.55 A, R) Asymm. bending of O4-N2-O3;

M21 157.29 A, O Asymm. str. of K1-O3-N2-O4 bond and Asymm. str. (O1-N1-O2);

M20 148.35 A, R) Asymm. bending of K1-O3-N2-O4 bond; Twisting of O1-N1-O2 along N1-C1 bond;

M19 139.67 A, D Asymm. str. of K1-O3; Asymm. str. of N2-C1-(O1-N1-O2); Swinging of CNO ring about C2-C3;

Mi8 137.66 A, R) Asymm. bending of K1-O3-N2, CNO ring AT C1-N4-C2; Translation of (O1-N1-02)-C1-(03-N2-O4);

M17 131.53 A, R) Twisting of (O1-N1-O2)-C1; Asymm. bending of (K1-O3-N2-O4) about N1-C1;

Mi6 130.59 A, (@) Twisting of (O3-N2-O4) along with K1-O3-N2 Asymm. str.; Swinging of N3-O5-N4 about C1-C2 axis;

M15 125.11 A, Q@ Asymm. str. of K1-O3; Asymm. str. of (O1-N1-O2)-C1; Asymm. str. of CNO ring at C2-C3 bond;

M4 122.29 A, R) Asymm. bending of (O1-N1-O2), (O3-N2-O4-K1) about C1-C2; Rotation of CNO-NS5 ring along C3-NJ5 axis;

M13 113.61 A, (@ Asymm. str. of K1-O3-N2;Asymm. stretch of (O1-N1-O2) along C1; Rotation of N5+CNO ring;

M12 110.84 A, R) Asymm. bending of (O1-N1-O2)-C1-(O3-N2-O4); Asymm. str. of K1-O3;

Mi1 109.17 A, @ Twisting of (O1-N1-O2); Twisting of (O3-N2-O4)+ Asymm. str. of K1-O3; Twisting of CNO ring along C2-C3 bond;
M10 89.66 A, R) Asymm. bending of (O1-N1-O2)-C1;Translation of (O3-N2-O4); Translation of (O3-N2-O4);

M09 82.99 A, D Asymm. str. of CNO ring at N3-O5-N4 bond; Asymm. str. of K1-O3 bond; Translation of (O1-N1-O2) + (O3-N2-O4);
Mo08 80.77 A, R) Swinging of (O1-N1-02) + (O3-N2-O4) along C1-C2 bond;

Mo7 64.99 A, D Rotation of total molecule;

Mo6 63.00 A, R) Translation of total molecule except N5; Asymm. bending of (O1-N1-O2);

MOo5 53.32 A, O Rotation of (O1-N1-O2) + (O3-N2-O4) about C1-C2 bond axis; Translation of N5+ (C2=N3-O5-N4=C3) ring; Asymm. str. of K1-O3;
Mo4 52.30 A, R) Swinging of (O1-N1-O2) + (O3-N2-O4) along C1-C2 bond; which involves Translation of (03-N2-O4), Twisting of (O1-N1-O2);

oS
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Figure 6.4: Snapshot images of few vibrational modes (M07, M11, M17, M56,
Mé62, M66, M68, M79, M81, M83) of K,BDAF.

to notice from the acoustic phonon modes that, the slopes of the acoustic modes
in case of K;DNABT is more when they are approaching to zero in the Brillouin
zone high symmetry point. Which clearly indicates that, low thermal conduc-
tivity, higher elastic constants may exist in K;DNABT than K,BDAF. Overall,
it is important to notice that, K;DNABT could be less thermally stable primary
explosive than K,BDAF. Our analysis are in good agreement with the reported
experimental decomposition temperature observations of K, DNABT (473.15 K)
and K,BDAF (502.15 K). The total phonon density of states(PDOS) calculated
on 5x3x3 Monkhorst-Pack grid are plotted as shown in Fig 6.6 (top portion). It is
clear from the plot that, in case of K;BDAF, the PDOS are randomly distributed
through out the energy window (0-47 THz) with a smaller gap between phonon
branches than K,DNABT and the intensity are found to be approximately simi-

lar. Which clearly indicates that phonon-phonon and electron-phonon couplings
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Figure 6.5: Calculated IR-spectra of K,BDAF, K,DNABT crystal structures op-
timized at GO6 level. Here, IR-spectra of K;DNABT is recalculated as reported
in “J. Chem. Phys, 143, 064508, 2015” and plotted on top of K,BDAF IR-spectra
for analysis purpose.

will be more in K,BDAF.

Further to know more details about the phase stability differences, we have
calculated the thermodynamic properties like Enthalpy (H), Free energy (F), En-
tropy (S,), Heat capacity (C,) and Debye temperature (©(V)) by using quasi-
harmonic Debye model[41]. The obtained results are shown in Fig 6.7. It is clear
from the plot that, K,;BDAF is showing higher enthalpy, lower free energy, high
entropy, higher heat capacity and lower Debye temperature than K,DNABT in
0- 1000K temperature window. This can be attributed to more lower soft modes
in K,BDAF leads to greater entropy thereby reducing the free energy. The heat

capacity curves for K;BDAF shows higher values throughout the studied temper-
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Figure 6.6: Calculated total phonon density of states (top) and phonon dispersion
curves (bottom) of K;BDAF (red in color), K;DNABT (blue in color) crystals
optimized at GO6 level, along the brillouin zone path G (0 00) — F (0 0.5 0) —
Q(00.50.5) = Z (000.5)— G (000)

atures, which clearly tell that K,BDAF is more stable material than K,DNABT.
The Debye temperature plot shows more or less similar behaviour at high tem-
peratures. Whereas in low temperatures dips are found at 25 K for K,DNABT,
at 15 K for K,BDAF. The corresponding Debye temperatures are found to be
327.4 K and 258.9 K. Since there are no experimental or theoretical studies re-

ported till date we could not compare our results. Overall, the Debye temperature
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analysis brief that, the highest temperature due to a single normal vibration for
K,DNABT is 68.5 K higher than K,BDAF. The lower heat capacity and higher
Debye temperature values clearly tell that K;DNABT is relatively less stable than
K,BDAF. Thus our results and analysis gives clear analogy for the differences in
the experimentally obtained decomposition temperatures of K;DNABT (491 K),
K,BDAF (502 K).
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Figure 6.7: Calculated thermodynamic properties (Enthalpy (H), Entropy (Sv),
Free energy (F), Heat capacity (Cy), O(V) Debye temperature) of K,BDAF,
K,DNABT up to 1000K temperature at G06 level.

6.3.4 Electronic band structure and density of states

It is known that bond dissociation energy of NO, group calculated from the iso-
lated molecule along with single crystal band gap value explains the trend of im-
pact sensitivity [70]. Therefore, accurate prediction of electronic band of ener-
getic materials plays a crucial role in understanding their photo decomposition

process. Many impact sensitivity versus electronic band gap correlation studies
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of explosives are reported in the literature with a conclusion that, lower band
gap materials are highly sensitive to impact [0, 71]. In view of these impor-
tant correlations, we have calculated the electronic band structure of K;BDAF
using different exchange-correlation functionals (LDA, GGA(PBE, PBEsol), de-
fault TB-mBJ, new parameterized TB-mB]J) to predict the accurate band gap using
full-potential linearized augmented plane wave (FP-LAPW) method [42]. The ob-
tained band gap values are shown in Table 6.9. It is clear from results that, band
gap values with LDA, PBE and PBEsol are showing < 2 eV magnitude, whereas
the present TB-mB] (default and new parameterized) and previously reported TB-
mB] results (2.08 eV obtained with PAW method in VASP [43]) shows band gap
value > 2 eV. It is well known that, normally DFT-LDA, DFT-GGA underes-
timate the band gap values due to their locality, energy independence with elec-
tron addition or removal and incorrect long wavelength limit. Whereas, new
TB-mB]J potential is known to predict accurate band gaps with similar accuracy
as expensive HSE or GW functionals with less computational cost [66]. Hence,
it is evident from the present study that, the band of K,BDAF lies around 3 eV.
We have compared the obtained band gap results with the other iso-structural
primary explosives like triclinic-K,DNABT (PBE(2.87),TB-mB]J (3.57)) [/2]; or-
thorhombic azides like a-Pb(N3), (2.42 €V), Cu(N3), (2.41 eV), a-Hg(N;), (2.41
eV) at GGAPWI1) level[19] and with novel organic nonlinear optical crystals
like monoclinic-DAST (experiment—2.33, DFT-D2—1.47), monoclinic-DSMS
(experiment— 2.33, DFT-D2—1.55) [73]. The results reveal that, the present ob-
tained TB-mB] band gap results are found to occur within the experimental values
range of K,BDAF iso-structural compounds.

The observed PBE, TB-mB] band gap value differences (~1.2 eV) between
K,BDAF and K,DNABT in turn tell that, K;BDAF is relatively more sensitive to
the light. This conclusion is contradicting with the experimental impact sensitiv-
ity observations. To address this issue, we have calculated the TB-mB]J electronic

band structure in the first Brillouin zone along high symmetry path T" (0, 0, 0) —



148 6.3. Results and discussion

7 (0,0,0.5) — Y (0, 0.5,0) — X (0.5, 0, 0) — V (0.5, 0.5, 0) — U (0.5, 0, 0.5) —
T (0,0.5,0.5) = R (0.5, 0.5, 0.5) — I" (0, O, 0) and the plot is shown in Fig 6.8(b).
It is clear from the obtained electronic band structure that, band gap is found
to occur along R to V high symmetry direction (indirect band gap). Whereas,
in case of K;DNABT the band gap occurrence was direct (along B). Which in-
forms that, it is easy to excite electrons from valence band to conduction band in
K,DNABT, whereas in K;BDAF one needs to input sufficient momentum trans-
fer to excite the electrons. Thus, K;DNABT is becoming sensitive than K,;BDAF.
Moreover, as both the studied explosives crystallize in noncentrosymmetric space
group, their recombination output in terms of direct and indirect band gap will
show strong impact on the optical stability of the explosive. Since K;DNABT
possess direct band gap, the conversion efficiency will be more due to radiative
transitions, whereas the possible non radiative electron-hole recombination in in-
direct band gap crystal K,BDAF consequently reduces the lifetime of the material
in radiation environment. But, from the phonon dispersion thermal conductiv-
ity guess, K;BDAF should be more stable by transferring the generated heat to
the surroundings efficiently than K,DNABT. Since this conclusion is also contra-
dicting with the impact sensitivity analysis and we addressed this issue in terms
of linear optical properties in the next section.

Further, in order to analyse the electrons excitation and bonding mechanism,
we have calculated the total and partial density of states (PDOS) of each element.
The resultant spectra are shown in Fig 6.8(a). It is clear from the DOS plots that,
hybridization of DOS of all the atom with other atoms are found to be very
strong. Which confirms that, the present studied compound is more covalent in
nature and strong ionic nature is observed via K1-O3 bond. The same result is
also confirmed from charge density plots as shown in Fig 6.8(c). We observed
that, there is considerable charge sharing between all the atoms, and was little
less for K1-O3 bond, which clearly indicates the presence of ionic nature in the

studied compound. This analysis is consistent with the BEC analysis as discussed
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in previous section. It can be seen from Fig 6.8(a) that, in top of the valence band
near the Fermi level Cl1-p states > 01,02,03,04,05-p states > N1,N2,N3,N5
-p states are more dominating. Whereas, C2-p, O5-p, N4-p, K1-p show lowest
contribution near the Fermi level. Therefore, C, O, N p-electrons will easily
get transfer from valence band to conduction band and participate in the optical

response.
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Figure 6.8: Calculated (a)partial density of states (DOS), (b) electronic band struc-
ture, (c) electron charge density maps of K,BDAF crystal structure optimized at
TB-mB]J level.
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Table 6.9: Calculated energy band gaps of K,BDAF at experimental crystal struc-

ture volume.

Functional LDA PBE PBEsol TB-mB] Parameter fixed-TB-mB]J
Band gap (V) 1.515 1.573  1.544 2.374 3.030

6.3.5 Linear optical properties and birefringence

As a further step we have calculated the linear optical properties of K,BDAF and
K,DNABT at TB-mB] level of accuracy using FP-LAPW. The calculated plots of
complex dielectric function (€), absorption spectra («), refractive index (n) spec-
tra with respect to the photon energy are shown in Fig 6.9. For both the studied
explosives, the curves of real part of dielectric function (¢; (w)) present in all di-
rections namely €, €, €, (see Fig 6.9) and shows large optical anisotropies with
respect to photon energy, especially in the low energy region. For the studied
crystals, the static dielectric constant values along different directions shows the
following trend: (1)K,BDAF: zz (high) > xx (mid) > yy (low); 2)K,DNABT:
yy (high) > xx (mid) > zz (low). In addition,from K,BDAF to K,DNABT the
anisotropies decreased along z direction, whereas along x and y directions in-
creased. However, the magnitude of ¢ in all three directions remains positive
from 0-12 eV range in case of K;DNABT. In case of K,BDAF, ¢,, (around 3.8
eV), €, (around 4.1 eV) becomes negative, becomes positive again after 5.5 eV.
Whereas, €, of K;BDAF remains as positive in the entire energy window (0-12
eV). In low energy (0-4 eV) region, the fluctuations in the real part of dielectric
function are more for K,BDAF than K;DNABT. As the photon energy increases,
these fluctuations become almost zero for K,BDAF, whereas for K,DNABT fluc-
tuations remain positive. Importantly, for K,BDAF: all three components €, €,,,
€., values approaches their lowest values (~1) at 6 eV and remains almost same
with further increase in photon energy. But, in case of K;DNABT, these val-
ues are more fluctuating and ended up to ~2 even at high energies. We further

calculated the imaginary part of dielectric function (¢; (w)) for both the crystals
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Table 6.10: Linear optical properties such as absorption coefficient (x 10* cm™),

refractive indices and birefringence of K,BDAF and K,DNABT

0] 00 (] , ,

) 49 a6 o) o) o) n  m m Mepa) BB
259 291 191 6.8 9598 354 161200 170757 13821 032544 1064 0:36519 0:25%4
1.9 191 2608 382 875 1560 139692 138268 1.63821 025553 500m 058501 0.27194

which represent the absorption of the material using Kramers-Kronig relations as
implemented in WIEN2K [42] and the results are shown in Fig 6.9. The static
values of ¢; (W), a (W), n(w) in xx, yy, zz directions and An value at static, 1064
nm, 532 nm are tabulated in Table 6.10 for further reference. The results show
that, from K,DNABT to K,BDAF (1) the real part of dielectric constant reduced
along zz-direction and increased along xx, yy directions. (2) Absorption coeffi-
cient decreased in xx, zz directions and increased in yy direction. (3) Birefringence
increased at static, 1064 nm and 532 nm.

It is clear from the €, (w) spectra of K,BDAF, K,DNABT explosives that, the
basic absorption is staring at 3.0 eV, 3.57 eV which are consistent with the ob-
tained and reported band gap values. Similar to complex e(w)), the absorption
and refractive index spectra also show a considerable anisotropy in all the crystal-
lographic directions for both the crystals. The absorption spectra of K;BDAF in
the low energy region shows the first high intensity absorption peak at 3.0 eV in
yy direction, at 3.5 €V in zz direction, at 4.2 €V in xx direction. The magnitude
of absorption of K,BDAF is found to decrease in the following order: (1) up to
7eV:yy — zz— xx, (2) up to 10eV: xx — yy — zz, (3) after 10eV: zz — yy — xx.
The absorption spectra of K;DNABT in the low energy region shows the first
absorption peak at 4.0 eV in zz direction, at 4.5 eV in yy direction, at 4.3 eV in
xx direction. The magnitude of absorption of K,DNABT is found to decrease in
the following order: (1) up to 5eV: yy — xx— zz, (2) up to 11eV: zz — xx — yy,
(3) after 12eV: zz — yy — xx. Overall, from K,DNABT to K,BDAF the opti-
cal absorption anisotropy increased. The highest absorption peaks lies at 3.5 eV
along yy direction for K,BDAF, and for K,DNABT it lies around 6 eV along zz
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Figure 6.9: Calculated linear optical properties (real and imaginary parts of com-
plex dielectric function; refractive index and absorption spectra) of K;BDAF crys-
tal structure at TB-mB] level.
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Figure 6.10: Calculated Birefringence of K;BDAF and K;DNABT at experimen-
tal crystal structure volume. Results are compared with KCaC O;F, KSrCOsF,
RbSrCO;F and CsPbCO;F (with and without spin-orbit effects)[44].

direction. Similar anisotropic behaviour is also observed in the refractive index
spectra and this is increased from K,DNABT to K,BDAF. The static values of
refractive index (see Table 6.10) show the following trend (1) for K,BDAF: n, >
n, > n, (2) for K,DNABT : n, > n, > n,.

As a further step, we have calculated the birefringence of K,BDAF with re-

spect to wavelength and compared the results with recent novel SHG carbonate

Table 6.11: The change in Born Effective charges along y-z (for K,BDAF), z-y
(for K;DNABT) directions of different atoms.

Atom K1 01 02 03 04 05 N1 N2 N3 N4 N5 - Cl Q G
Agy, 015207 037254 -1.06651 055195 -1.16813 -0.256% 155069 153083 -0.049%4 05976 012895 - -150755 076362 -0.07108
Atom K1 01 02 - - - N1 N2 N3 N4 N5 Né Cl

Ag,, 0.05648 031982 -1.84613 0.14051 0.60689 -0.32409 -0.14588 071607 275982 -0.21173
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fluoride materials. Since K,BDAF crystallize in triclinic crystal structure, there-
fore it is supposed to be a biaxial nonlinear crystal with two birefringence values.
We have taken the maximum A7n (0, - Dyin ) value among the two obtained
birefringence values with respect to the wavelength. The calculated maximum
birefringence value plots for K;DNABT and K,BDAF in different wavelength
regions (125 nm - 375 nm; 300 nm - 600 nm; 600 nm - 1200 nm) are shown in
Fig 6.10. It is clear from the plots that, the birefringence of K,BDAF is found
to be much higher than K;DNABT in 1200 nm - 350 nm wavelength window
and becomes negative after 350 nm. Whereas, the An of K;DNABT becomes
negative around 190 nm. Because of the increase in the low wavelength limit
of An from K,BDAF (350 nm) to K;DNABT (190 nm), it will become diffi-
cult to achieve phase matching condition to have good conversion efficiency in
K,BDAF after 350 nm. As we know, if the material is less transparent to the
generated second harmonic wavelength, then this newly generated wavelength
may heat up the system and ends up in damaging the crystal. In this point of
view, the high absorption coefficient, high refractive index and low birefringence
(see Fig 6.10) of K,DNABT at 532 nm (2.3 eV) (see Table 6.10) leads to produce
difficulties in achieving the phase matching condition. Moreover, due to low bire-
fringence value of K;DNABT over K,BDAF with respect to any incident wave-
length, K;DNABT will become more sensitive to light than K,;BDAF. We further
compared our results with recently reported promising nonlinear optical materi-
als like DAST, DSTMS. Importantly, we noticed that, K;BDAF is having almost
similar birefringence value when compared to DAST (0.39, 0.55, 0.64) [73] and
DSTMS (0.45, 0.63) [73]. With increased curiosity and to have a different compar-
ison, we have calculated the birefringence (An) values for KCaCO;F, KSrCOsF,
RbSrCO;F, CsPbCO;F crystals using our previously reported results [74] and
resultant spectra are shown along with K,DNABT and K,BDAF in Fig 6.10. It is
clear from the plots that, the birefringence of K,BDAF and K,DNABT is much
higher than all the carbonate fluoride nonlinear crystals (KCa (0.09), KSr (0.09),
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RbSr (0.08), CsPb (0.10)). Hence, from all the above observations it is clear that
the studied primary explosives are showing excellent birefringence than many
well known promising NLO materials. Especially at 375 nm K,BDAF crystal is
showing the birefringence value 1.8 which is equal to the An(at375nm) of DAST,
An(at375nm) of DSTMS and 3 times that of DAST-An(0) and DSTMS-A#(0)).
In order to know the contributions of different atoms to the huge birefringence
value [75], we have calculated the BEC differences of all the constituent atoms
re. (1) K1, O1-O5, N1-N5, C1-C3 atoms for K,BDAF (along y-z direction) and
(2) K1, O1, 02, N1-N6, C1 atoms for K;DNABT (along z-y direction). The re-
sults for both the studied crystals are tabulated in Table 6.11. It is clear from the
results that, in case of K;BDAF the positive contribution to the birefringence is
obtained from K1, O1, O3, N1, N2, N4, N5 atoms. Whereas the O2, O4, O5,
N3, C1, C2, C3 are showing negative contribution to the birefringence. In case of
K,DNABT, K1, N1, N2, N6 are showing positive contribution and O1, O2, N3,
N4, N5, C1 are showing negative contribution to the total birefringence. It is also
important to observe that, the positive contribution from K1 (0.095), O1 (0.692),
02 (0.779), N1 (1.410), N2 (0.923), N3 (0.274), N4 (0.742), N5 (0.845) atoms in-
creased and negative contribution from C1 is increased by 1.295. In conclusion,
from K, DNABT to K,BDAF the positive contribution to the birefringence from
the terminal NO; nitro groups and K-O bond is increased, whereas due to carbon

atom a slight negative contribution is observed from the tetrazole ring structure.

6.4 Conclusions

The knowledge about vibrational, electronic and optical properties of a noncen-
trosymmetric explosive materials plays a crucial role in exploring the phase tran-
sition mechanism, stand-off detection of HEM residues on the surfaces and inter-
faces. In the present study, we have explored the role of crystal structure, chemical

composition in predicting the structural, mechanical (single and polycrystalline
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properties), dynamical (vibrational IR-spectra analysis, born effective charges,
phonon dispersion spectra, thermodynamic properties), electronic and linear op-
tical properties of newly synthesized two noncentrosymmetric primary explo-
sives Potassium 4,4’-Bis (dinitromethyl)-3,3’-azofurazanate (K,BDAF), Potassium
1,1’-Dinitramino-5,5™-bistetrazolate (K;DNABT) using density functional theory
simulations. We correlated all our results with experimentally reported impact,
friction sensitivity parameters and successfully explained the reasons behind the
high sensitivity of K;DNABT. All the calculated properties clearly suggest that,
K,BDAF is found to be more stable, more polarizable and easily detectable than
K,DNABT. The calculated optical properties (low dielectric constant, high bire-
fringence value) suggest that, these studied organic explosive materials are show-
ing better features for NLO applications as well known organic DAST and DSTMS
crystals. We explained the reasons for this kind of optical response for the studied
explosive materials. Overall, our results are good in agreement with experimen-
tally reported sensitivity trends. Studies on the nonlinear optical Xz(';e) (2wiw,w)
dispersion of both explosive single crystals and comparison of these properties
with well known NLO materials are most important to explain the surface and

interface detection studies and the same will be reported in near future.
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Summary and future scope

7.1  Summary

In this chapter, we summarise the crucial outcomes of the thesis which are be-
lieved to show some good impact on the research community of understanding
nonlinear optical materials development. As we mentioned in motivation chap-
ter, the first aim of thesis is to understand structure-property correlations of var-
ious nonlinear optical materials and role of density functional theory functionals
in predicting the various ground state properties. The second aim of thesis is
to explore structure-property correlations of noncentrosymmetric green high en-
ergy materials. Since there are very less number of experimental & theoretical
reports available on the nonlinear optical responses and applications of explosive
materials in the literature, based on these expertise acquired from the first part of
thesis we focused on exploring the nonlinear applications of HEM’s using density
functional theory simulations. We further extended our analysis on explaining
the sensitivity correlations of these highly sensitive primary explosives.

In structural properties point of view, we observed that vdW interactions
are dominant in RbCaCO;F, CsCaCO;F, CsPbCO;F materials when compared
with other studied compounds. The elastic constants and bulk modulus results
reveal that all these materials except Lead carbonate are relatively harder than
KH,PO4 (KDP) crystal and mechanically stable. All the studied materials are
ductile in nature except KCaCOsF (which is found brittle) and show considerable

mechanical anisotropy. The vibrational properties study reveals that all these ma-

163



164 7.1. Summary

terials are dynamically stable at Brillouin zone centre. The charge density maps
and BEC analysis reveal the mixed covalent-ionic bonding character of the com-
pounds. This analysis also confirms the higher optical activity of CsPbCO;F than
other carbonates. The thermodynamic properties indicate that the lead based
compound possess the highest thermal conductivity (32.430 W/m K) among the
studied carbonate materials. The results also informs that the CsPbCOsF could
show better durability than LiNbO3, a-Si0;, CaCO3, Ba;B4O1; hexagonal NLO
materials. The structural, mechanical properties of K,BDAF and K,DNABT in-
forms that, these crystals are mechanically stable and possess lower bulk mod-
ulus values K,BDAF (18.91 GPa) < K,DNABT (22.4 GPa) than KDP and lead
azide Pb(N3),. The born effective charge (BEC), vibrational, thermodynamic and
phonon dispersion studies reveal that, both the crystals are dynamically stable and
K,BDAF is found to be more polarizable and easily detectable than K,DNABT.
Both crystals possess better Debye temperature values than well known organic
NLO material Urea (Debye: 135K; Melting: 408K) and better heat capacity values
than carbonate fluoride crystals.

In electronic properties point of view, these materials are wide band gap in-
sulators with good birefringence values and found to be good phase matchable
materials in UV and deep-UV regions. Our results confirm the presence of the
large SOI in CsPbCO;F compound and the splitting of Pb p-states is observed to
show considerable effects on the electronic band gap and related optical proper-
ties. The calculated static birefringence of CsPbCO;F is found to be larger than
the other carbonate fluorides. From the Born effective charge (BEC) analysis we
notice that, Cs atom shows negative contribution to total birefringence whereas
Pb, C, F atoms show positive contribution. We have analysed the different pos-
sible electronic transitions contributing to the optical properties. The calculated
nonlinear optical coefficients of CsPbCO;F single crystal using the FP-LAPW
method are found to be (di; = dj; = 4.35 pm/V at 1064 nm) 11.2 times higher

than dss of KDP. Overall, from our present electronic properties results we can
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say that CsPbCO;F is a good phase matchable NLO material in the UV region
among all the other carbonate fluorides. In case of metal organic NLO crystals,
the K,BDAF is found to be an indirect band gap material whereas K;DNABT is
direct band gap material. The density of states and charge density plots of these ex-
plosive materials describes that, both the crystals possess mixed covalent and ionic
bonding nature and these results are consistent with BEC analysis. From the op-
tical properties study, it is found that studied explosive materials have the lowest
dielectric constant than DAST crystal and show similar birefringence as DAST
and DSTMS nonlinear crystals. Overall, our results on K, DNABT, K,BDAF
are in good agreement with the experimentally reported sensitivity data. The
study of optical properties (low dielectric constant, high birefringence value) sug-

gests that, these studied organic explosive materials are showing better features
for NLO applications than best known organic DAST and DSTMS crystals.

7.2 Future scope

We successtully explained the reasons behind the experimentally reported sensi-
tivity trends of explosive materials using the structure-property correlation stud-
ies. We strongly believe that these kinds of studies must be continued to build
a database on explosive structure-sensitivities correlations with proper explana-
tions. The easy way to do this is through density functional theory simulations.
Especially, studies on the nonlinear optical Xl(']i) (-22w;w,w) dispersion of noncen-
trosymmetric explosive single crystals and comparison of these properties with
well known NLO materials are most important to design new efficient NLO crys-
tals. We strongly believe based on the reading of available literature on organic,
inorganic and semi-organic NLO materials and from our results on explosive ma-
terials that, one needs to initially understand the Xlﬁ) (-22w;w,w) dispersion of very
active explosives and make them more and more stable by suitable doping mech-

anism. This can be done by other way also, like first take a explosive molecule
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and explore its second harmonic generation capability at molecular level. Then
in second step, one needs to repeat this study at solid state level using density
functional theory simulations. Based on the outcome of the study on structure-
property correlation studies of noncentrosymmetric explosives, it is possible to
give new way to design a path breaking “highly nonlinear SHG material + sta-
ble explosive” for defence and optical technological applications. Later one can
synthesise these theoretically proposed molecules or crystals. Our present thesis
is the starting point in this direction. We continue this wonderful project till we
invent an ideal crystal for NLO applications. Importantly, it is known from the
literature that, the knowledge of structural, mechanical, vibrational, electronic,
optical properties and origin of polarizability of a noncentrosymmetric explosive
materials play a crucial role in understanding the phase transition & hot spot for-
mation mechanism’s and to explore stand-off detection of high energy material
(HEM) residues on the surfaces, interfaces. The studies in this point of view are
very scarce in the literature. To explore more about the laser-explosive matter
interactions for latest detection technologies [[], our proposed work is very im-

portant. Many suitable references are given in chapter 1 and 6.
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