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GENERAL INTRODUCTION



GENERAL INTRODUCTION

Nonlinear optical (NLO) materials development is crucial for the advancement of many
modern technologies such as telecommunication, signal processing, data storage, super-
resolution lithography ...etc. [1-3]. NLO materials with well-defined designs on (sub)
wavelength length scales, in particular, are considered important materials for the creation of
the next generation of integrated photonic circuits, [4-8]. One of the most widely studied NLO
phenomena is the second harmonic generation (SHG),[9] in which two photons of incident light
combine and form a photon with twofold frequency and energy, which is one of the most
extensively used second-order NLO phenomena. From a crystal structure standpoint, promising
second-order NLO crystals should form in non-centrosymmetric (NCS) space groups.
Unfortunately, NCS alone isn't enough to make an NLO material [10], A good NLO crystal
should dictate the following requirements for second-harmonic-generation (SHG) applications:
large NLO coefficient, a high value of laser damage threshold (LDT) that corresponds to band
gap value, transparency in the required region (should run across the two atmospheric windows

of 3-5 m and 8-12 m), moderate birefringence to allow phase matching, [11, 12].

Due to its multi-functional applications such as second-order nonlinear optics (NLO),
piezoelectric (PO), as well as electro-optic (EO). NCS polar crystals are considered the major

basis for modern fundamental material research [13-16].

According to their wavelength in the spectrum, these NLO materials are divided into
four categories.: deep-ultraviolet (deep-UV, A< 0.2 um), ultraviolet (deep-UV, 0.2 pm <A<0.4
pm), visible-near infrared (vis—NIR, 0.4 pm <A<3 pm), mid-and far-infrared (MFIR, including
3 pm <A<5 pm and 8 pm <A<13 pm), [12, 17-19].

The KTP (KTiOPOg4) crystal has a broad transmission range, high-frequency for
conversion efficiency, good phase-matchable wavelength, high laser damage threshold (LDT),
and outstanding physical and chemical stability in the case of the Vis-NIR region.[20]. Chinese
researchers have achieved significant advancements in the UV and deep-UV fields. The BBO
[21], and LBO [22], also referred to as the "Chinese card"” crystal, were created by Chen and
his associates. To create all-solid-state lasers by optical parametric oscillation (OPO) or
differential frequency generation (DFG), MFIR NLO materials are essential[23]. Numerous
cutting-edge fields of research and technology, including infrared remote sensing[24],

biological tissue imaging[25], and environmental monitoring [26], have significant uses for
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tunable narrowband lasers employing NLO crystals. [27]. The three MFIR NLO crystals that
are now commercially accessible have strong second-harmonic generation (SHG) coefficients:
AgGaS2 (AGS), AgGaSe2 (AGSe), and ZnGeP2 (ZGP).[28]. These materials can't be used to
generate MFIR lasers because of a few drawbacks. For instance, the AGS and AGSe laser
damage threshold (LDT) values are inadequate (only about 25 MW/cm2 and 11 MW/cm2,
respectively).[29] to support a powerful source of pumping. It is also not viable to use a Nd:
YAG laser as the pumping source due to the significant two-photon absorption (TPA) in ZGP
caused by its small bandgap (2.0 eV). Therefore, new MFIR NLO materials with good

performance are urgently needed given the current rapid growth of mid-IR lasers.[30].

In contrast, metal iodates are superior candidates for NLO due to their improved relevant
physical properties., [31]. They have a very wide transparency range stretching from the
ultraviolet region to the beginning of the far-IR region, and they are thermally stable at least up
to 400 C. They demonstrated good nonlinear optical coefficients and high optical damage
thresholds in the Kurtz and Perry powder SHG experiments.[31]. The only extensively
researched commercial iodate in this family is -LilO3[32]. However, it is only used to create
piezoelectric transducers in commercially available devices. This is due to several factors,
including impurities [24], inconsistent crystal formation[33], limited thermal stability, and local

structural and phase transitions after laser irradiation [34].

The main difficulty right now is to create anionic groups with large electron cloud
deformations, which will improve nonlinear polarizability and large NLO coefficients. By
boosting their ionicity, on the other hand, to widen the optical energy gap, NLO materials with
high LIDT values may be produced. For the same anionic group, these two characteristics,
however, frequently work against one another since strong ionicity can hinder electron
deformation and weak ionicity can result from significant electron cloud deformation.
Developing NLO materials with high NLO coefficients and LIDT values is crucial to resolving
this paradox. The following practical methods were suggested to achieve the final features; (i)
Important prospects for polar crystals include compounds with (n-1)d*ns® transition-metal
cations (Ag*, Cu*, Zn?*, Cd?*, etc.), which have a polar displacement of the d*° cation center.
(if) Second-order Jahn-Teller (SOJT) effect occur on by lone-pair electrons may affect
compounds containing ns2 main-group metal cations (Pb?*, Sn?*, Bi®*, I*®, Se**, Te**, etc.).[24,
35, 36]. (iii) Acentric building blocks like [PO4], [CrO4], and [104] are used to create [MO4]™
tetrahedrons. [35-37]. (iv) polar chalcogenide groups including ([TeSs]*", [AsSs]*, [SbSs]*,

etc). (V) There have been new developments in engineering, such as the 10xFsx (x=1, 2, 3)
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combination of fluoro-oxides and transition metal (TM) cations. [38-40]. When combining two
or more NLO-active types to create functional crystals with potent NLO effects, which can then
be further stacked in an additive model to produce structural building units,[39, 41].

First-principles calculations are a powerful and effective technique to study the crystal
structure and properties linked to the electron configuration of material before its synthesis in
recent years as a result of advancements in computational technology[42-47]. This thesis' goal
IS to examine these materials for a better understanding of the linear and non-linear optical
characteristics, piezoelectricity, and electro-optical activity, spread over the non-
centrosymmetric classes 2mm, 1(4), and 3m, based on the qualities described above. In reality,

there aren't many experimental or theoretical data points accessible for these qualities.
This thesis mostly relies on the following four chapters:

The first chapter is a bibliography that provides the NLO criteria and technique to generate
high-performance NCS crystal structures and enumerates the various fundamental ideas
connected to the phenomenon of linear and nonlinear. The promoters' NLO Compounds for the

atmospheric transparent windows of the main types are also briefly discussed.

The second chapter will cover the fundamental ideas of the theoretical framework, density
functional theory (DFT) and their formalization, density functional approximations that are
employed, density functional perturbation theory (DFPT), and the contemporary theory of

polarization.

The third chapter and the fourth chapter are devoted to the theoretical investigation of the
linear and nonlinear optical (NLO) properties of; RbLiCrOs, AgBi(CrOs4). and RbIO2F>,
CslO2F,, respectively, our theoretical investigation is extended to the determination of
information about the structural, electronic, elastic constant, piezoelectric, and electro-optic of

these compounds.
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I.1. Introduction

The optical properties of the material can be described as the interaction of the
electromagnetic wave with the matter, where the charged particles inside the medium interact
with this electric field and create polarization. Under normal conditions, the response of a
material induced by the electric field of this electromagnetic wave is linear. With the
development of the laser in the 1960’s, the optical increased response of the medium started
to vary from this linear behavior. these phenomena correspond to Nonlinear optics (NLO)
where the polarization induced inside material is not linear concerning the electric field owing
to this material being made up of asymmetric molecules whose atoms have very different
electron densities. In the nonlinear regime, the polarization can be extended in a Taylor series

in terms of the total field. The induced polarization of the material is written as;

P=go[XVE+%®.EE+%®.EEE...,] (1.1)
Linear non linear
P = PL + pNL. (1.2)

1.2. Linear Optics

Optical properties come among the important properties of a material, from the
dielectric function we can characterize how a material responds to the incident
electromagnetic wave of light. The transition from occupied to unoccupied states including
single-particle excitations and plasmons is caused by the electric field the linear response of a
material to electromagnetic radiation is described by the dielectric function (o), [1];

g(w) = &1(w) +igy (w) (1.3)

the &;(w) ; real part and &,(w);imaginary part of the dielectric function, which is closely

related to the electronic structure. The &, (w) of the dielectric function can be expressed,[2, 3]

2me?

e, YkveS(EE — Ef — hw) | < P lu.r |lPl¥ |2 (1.4)

£(w) =

Here g, is the dielectric constant at vacuum, Q is the volume of the simulation cell, hw is the
incident photon energy, u is the polarization vector of the incident electric field, u.r is the
momentum operator, W and WY are the wave functions of the conduction (c) and valence (V)

bands at the k-point respectively.
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The real part £;(w)of the dielectric function can be derived from the imaginary part
by the Kramers-Kronig relations, [4];

g1(w) =1+ 2pf° 2242 gg (1.5)

0 wZ-w2+iy

The principal value in this case is P. The imaginary portion of the dielectric function is
connected to optical absorption and optical transition processes, whereas the real portion of

the dielectric function is related to electronic polarization.

The additional optical properties, including ;absorption index I(), refractive index n(m),

loss-function L(®) and reflectivity R(w) are originate from &; (w)and &€, (w)

1.2.1. The refractive index n(®)

The refractive index (n) equals the difference between the speed of light in vacuum (c)

and the speed of that same light in the medium (v); n = ‘—CI The refractive index transforms

into a complicated function of the light wave frequency fi(w) = n(w) + iK(w). The
extinction coefficient is the term used to describe the relationship between the real portion
n(w)and the imaginary part K(w) of the complex refractive index fi(w). The real and
imaginary components of the dielectric function are directly proportional to the refractive
index n(w), [5].

n(w) =

Y
2 2] /2
21;(») T 2+€2(00) ] (1.6)

The relationship between static refractive index and dielectric function is seen in equation 1.7.
In accordance with equation 1.7, Analysis of the behavior of the static refractive index is done

using the behavior of the dielectric function..[6]:

n(w) =/ g(w) (1.7)

When a beam of nonpolarized light passes into crystal, the light is decomposed into 2
beams that refract at different angles. This phenomenon is called birefringence An(w), The
ray for which Snell’s law holds is called the ordinary or O-ray, and the other is called the
extraordinary or E-ray (Figure.l.1.).
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Indice optique
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Frequency

Figure. 1. 1. Double refraction at the boundary of an anisotropic medium.

Birefringent materials reflect optically anisotropic (depending on the direction of
light). This originates from their molecular and crystal structures. An(w), is a fundamental
parameter for optical devices such as;phase-matching crystal, and wave plates, , ...etc,.[7-
14].

1.2.2. The absorption coefficient 1(®)

The absorption coefficient reflect the ability material to absorbs energy

I(w) =V2w( fs%(oo) + &3 — sl(w))l/Z (1.8)

An electron absorbs a photon (from the incident beam) in fundamental absorption
I(w), moving from the valence to the conduction band. The energy of the photons must be

more than or equal to the energy gap (Eg) of the material, [15].

1.2.3. Electron energy loss function L(o)

Fast electrons cause core loss in the inner shell electrons or near-edge structure core
level excitation. Plasmon excitations make up the majority of this in the case of interband
transitions. The study of the phenomena connected to plasmon excitation has produced a
broad field of research known as plasmonic. In materials having a modestly positive
imaginary and negative real dielectric function, light induces the collective motion of
electrons, which is known as a plasmon. Both the dimensions of the plasmonic material in
relation to the excitatory radiation's wavelength and the characteristics of the excited electron

density wave determine whether plasmons are propagating plasmons (or plasmon polaritons)
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or confined surface plasmons. Peaks in the L(®) curve correlate to properties of the plasma
resonance [16], A plasma resonance can be produced even without a root in &1(o), that is, if
g1(m) = 0. In contrast, not all roots €1(®w) = Oresult in peaks in the electron energy-loss

spectrum, [17].

the L() function is calculated using the following relation, [18]:

Lw) = —2&) (1.9)

£1(w?)+&2(w?)
1.2.4. The reflectivity Rw
The reflectivity is the ratio of a wave's energy incident on a surface to its energy
reflected from it.

R(w) = (@)2 (1.10)

g(w)+1
1.3 Nonlinear Optics

In 1961, Peter Franken et al. [19] discovered the second harmonic generation (SHG),
which they used to detect the frequency doubling of a red laser passing through a nonlinear

medium. This was the first nonlinear process they were able to achieve using a laser.

According to Equation (I.1), the second-order susceptibility ¥ and third-order

susceptibility x® | respectively, and a tensor are needed to generate an infinite Taylor series.

The second-order nonlinear optical susceptibility is linked to a variety of phenomena,

including:

v' Second-harmonic generation (SHG); involves the absorption of two identical
photons and the production of polarization at a frequency twice as high.

v' Sum-frequency generation (SFG); includes the destruction of two photons with
different frequencies to create a single photon with the energy of the first two photons.

v Difference frequency generation (DFG); involves splitting an energetic photon into
two photons with lesser energies.

v The static Kerr effect (was first noticed in 1875 by John Kerr and is also known as
the quadratic electro-optic effect.[20].

v" The Pockels Friedrich Carl Alwin Pockels discovered the effect in 1893[20], which
will subsequently be referred to as the linear electro-optic effect in this thesis (LEO).
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The refractive index of a material exposed to a static or low-frequency electric field

changes in both of these processes.

We illustrate the physical phenomena regulated by the second-order nonlinear optical

susceptibility component in Figure 1.2.

()] '
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Figure. I. 2. Representation of second-order nonlinear optical processes. Schematic

representation of the SHG, SFG, and DFG, arranged in ascending order of configuration. The

SHG, SFG, and DFG are each represented by a graphic at a different energy level, [31].

One of the most popular nonlinear optical phenomena is second-harmonic generation
(SHG). If there is an excited state with an energy that is twice as high as the entering photons,
then there would be a real absorption of photons in this scenario. While many photons interact
during a harmonic production, there is no actual absorption. This three-level concept is
oversimplified when describing a genuine crystal because many-body effects manifest and
more layers are involved. The material must fall into one of the 21 non-centrosymmetric
(NCS) crystal classes to be used in SHG. Because NCS crystal classes lack an inversion
center, the atoms' dipole moments might not cancel, giving rise to polar crystal classes.
Because NCS crystal classes lack an inversion center, the atoms' dipole moments might not
cancel, giving rise to polar crystal classes. Not all NCS crystal classes are polar, but all polar
crystal classes are NCS. The even powered terms in the polarization power series fully
disappear as a result of possessing inversion symmetry since the positive and negative

polarizations with respect to time sum to zero.
PA(t) = yDE@(¢t) (1.12)

In a centrosymmetric medium, altering the sign of the applied electric field likewise requires

altering the sign of the polarization.
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—PA(t) = yP[-E(1)]? (1.12)
—PD(t) = yDE®(p) (1.13)
¥® =0 (1.14)

Therefore, P@(t) = —P@(t), which can only be the case if x®)is zero. Within
materials with centrosymmetric crystal classes, NLO phenomena like SHG are not

conceivable since the second-order linear susceptibility drops to zero.

The (NCS) crystals can only be utilized for the NLO, piezoelectric (PE), and electro-
optic (EO) these features are all present at the same time in crystals .The proportion of
acentric crystals, among all crystalline structures, makes up around 16%, but the proportion of
crystals with desirable features is less than 2%, which limits the number of NCS crystals with

a sufficient set of properties,[21, 22].

According to the Neumann principle, all crystal point symmetry components are
included in the symmetry group of any physical characteristic [23-25]. Consequently, the
relationship "structure-property" is the first crucial aspect of a triad (see figure 1.3). The 32-
point crystal symmetry defines the set of attributes, and there is a straightforward full one-to-
one relationship between the crystallographic structure and a set of potential physical
properties of crystals,[24, 26]. So, it is possible to create a full classification of the crystals on
this basis, [24, 26].

Property
Para-
meter
Composition Technology Structure

Figure. I. 3. Quaternion “composition-parameter-structure-property”, [37].

There are 21-point symmetry patterns among the acentric crystals, and only
piezoelectric crystals are primarily exploited today in the development of optoelectronic
devices, [27, 28]. According to Table 1.1,these crystals feature 20-point symmetry patterns
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[24-26, 29]. Additionally, they were separated into 6 affine groups (vertical column) based on
a particular arrangement of their acentric features,[24, 26]. Four acentric qualities exist:
enantiomorphism, piezoelectricity, polarity, and optical activity [24, 26, 30]. Ten polar
(pyroelectric) and ten nonpolar (pure piezoelectric) shapes make up the collection of

piezoelectric crystals.

Part of the polar crystals Enantiomorphism, polarity, and piezoelectricity in optical activity
may include ferroelectrics. Electro-optical (EO) and nonlinear optical (NLO) characteristics
are present in every piezoelectric crystal, [24, 25]. Piezoelectricity is the only acentric
characteristic of crystals in the sixth affine group (NLO and EQ). Piezoelectricity and polarity
are two acentric features of the crystals in the first affine group. Three acentric characteristics
piezoelectricity, polarity, and optical activity are present in the crystals of the second affine
group. Piezoelectricity, optical activity, enantiomorphism, and polarity are all acentric
qualities shared by the crystals in affine group three. Nonpolar crystals of the fourth affine
group exhibit enantiomorphism, piezoelectricity, and optical activity as three acentric
features. The fifth affine group of crystals exhibits the acentric properties of piezoelectricity

and optical activity.

Piezoelectricity and optical activity are two acentric characteristics of the fifth affine group of
crystals. As a result, each chosen affine group's crystal has a predetermined, straightforward
set of acentric qualities. Moreover, the crystal system allows for the division of 20
piezoelectric crystals into three horizontal lines: higher (cubic), middle (hexagonal, tetragonal,
and rhombohedral), and lower (orthorhombic, monoclinic, triclinic). Because of this,
orthorhombic monoclinic and triclinic crystals have three light refraction indices, hexagonal
tetragonal and rhombohedral crystals have two, and cubic crystals have one. The spaces

groups of the NSC class are presented in Table. I. 1.
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Table. 1. 2.All piezoelectric crystals' relationships between their "structure-property".

Para- T Td Cubic
Cev elastic Cs Ds Dsh, Csn Hexagonal
Cav Ca D4 D2d | Sa Tetragonal
Ferroelastic
Cs C2 Monoclinic
C1 Triclinic

v \Y Vi

Enantiomorphic

Optical active, OA

Polar, ferroelectric Nonpolar, piezoelectric

Nonlinear optical, Electro-optical, piezoelectric

The symmetry requirements for second-order NLO behavior, or second-harmonic

generation (SHG), are the same as those for piezoelectricity. [26].

Table. I. 3. the 32 groupings of crystallographic points. Point groups with only rotation axes

are referred to as being enantiomorphic and are written in red, whereas polar point groups are

bolded. Centrosymmetric point groups are written in blue. SHG is possible for all point

groups that are not indicated in blue.

Crystal system

32 Crystallographic Point Groups

Triclinic 1 1
Monoclinic 2 m 2/m
orthorhombic 222 mm2 mmm
Tetragonal 4 4 4/m 422 Amm | 42m | 4/mmm
Trigonal 3 3 32 3m 3m
Hexagonal 6 6 6/m 622 6mm | 62m | 6/mm
Cubic 23 m3 432 43m | m3m
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the lack of inversion symmetry is crucial for SHG the specific NCS point group
Therefore, it is no longer enough to describe x®as a scalar value. x®’can now be written
rather as a third-order tensor to encapsulate the symmetries of the crystal system along its
three. crystallographic axes X, y, and z which are denoted as 1, 2, and 3 respectively as the

subscripts for x®.

EQ1ER?
1pw2
@ @ @, .2 @ Ey°E
ppltwz X111 X122 X133X123 X113 X112 EZ’lEf"Z
wltw2| _ @ .2 2.2 .2 @ z Ez
Py = %0 X211 X222 X233X223 X213 Xo1z || pwipe? 4 gwzpel (1.15)
ppltw? @ @ . @ . @|[/7Y y o
X311 X322 X333X323 X313 X312][E01E®Z 4 E@2E0Y
[EQ1EY? + ER2EY |

P and E are now expressed in equation 1.15 in terms of their respective contributions
to the applied optical field as well as their crystallographic orientations (X, y, and z). Indicate

an optical frequency of w, and a frequency of w,respectively.

The 18 tensor elements are represented with a shortened notation to simplify equation

1.15. To indicate the location of the tensor element in the matrix, the last 2 digits are changed.

In In practical terms ,this means that the tensor elements crystallographic directions
commute and are thus open to permutation. Several tensor elements are transformed into
equivalent under Kleinman symmetry through these permutations of crystallographic
directions. For example:

di; = dyy; =dy; =dyg (1.16)

It is changed to 1, 2, 3, 4, 5, and 6, accordingly, from 11, 22, 33, 23, 13, and 12. Second-order

nonlinear optical susceptibility is denoted by a new variable, d, as per convention, where:
2
2dy = X5 (1.17)

The resulting expression for second-order polarizability is given with the contracted notation

when the two are factored out of the definition of d:
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EQ1ER?
ElewZ
1+02 y y
pplte dy; dyz dyz dyy dys dyg ES1E®2
PP1*02] = 28y |dpy dpp dp3 dps dps dye EolEw2 | pwZpel (1.18)
P(n)1+(u)2 d31 d32 d33 d34 d35 d36 y z y oz
4 E;"lE;‘(‘)Z-f-E;)ZE;?l
[E2Ey? + ER2Ey! |

With the aid of Kleinman symmetry, which says that the components of nonlinear
optical susceptibility tensors are frequency-independent, the formula for the second-order
nonlinear optical susceptibility tensor in equation (1.18), may be made simpler.[31]. This
presumption is accurate at low frequencies since the frequencies involved in SHG are

substantially lower than the material's resonance frequency.

Due to these, the degeneracies under Kleinman symmetry result in the reduction of the
d-unique tensor's elements from 18 to 10.

dy; dyp dyy dyy d3; dyy
dy; dz; ds; d3; diy dyp (1.19)
d3; ds; dy3 dyz dyjz dyy

Compounds with high dij values are the focus of research into NLO materials. High dij values
indicate effective SHG, a high-quality crystal would be oriented along the crystallographic

axis with the highest dij value.

1.3.1. Nonlinear Optics conditions

NLO effects are structurally restricted to compounds that have crystallized in NCS
space groups; this restriction is a necessity rather than a sufficient requirement, thus not all
NCS structures exhibit NLO effects.

Material must meet the following requirements in order to have practical applications:
[32-34]:

1. For high power laser output, its transparency region 2 should cover the two
atmospheric windows of 3-5 m and 8-12 m. A high laser damage threshold's
dependence on a material's bandgap is inherent.

2. For high power laser output, a high laser damage threshold (LDT). LDT is intrinsically
dependent on the bandgap of materials.[35].
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3. Large second-order NLO coefficients. Higher conversion efficiencies are achievable
in crystals with high NLO coefficients.

4. In frequency conversion procedures such optical parametric oscillation (OPO) and
optical parametric amplification, the moderate birefringence n is required to achieve
phase-matching (OPA).

5. For practical applications, good crystal growth habits and chemical stability are

essential.

Exploring crystals with exceptional NLO features, particularly those with large NLO
coefficients, high laser-induced damage thresholds (LIDTs), and phase match capability,
is important in light of societal progress and the growing need for NLO crystals.[36].

Building units should be positioned to promote cooperative effects in their structures
and have significant dipole moments for strong SHG intensity acentric constructions. The
optical energy gap of a material can be controlled by doping or chemical substitution, and it
has a significant impact on LDT readings. In order to increase nonlinear polarizability and
high NLO coefficients, the research strategy for creating NLO materials is to build anionic
groups with significant electron cloud deformations. On the other hand, by raising their
ionicity to expand the optical energy gap, NLO materials with large LDT values might be
produced. These two characteristics, frequently work against each other for the same anionic
group since strong ionicity can hinder electron deformation and weak ionicity can result from
significant electron cloud deformation. This contradiction must be resolved in order to create
NLO materials with high LDT values and NLO coefficients.

It was suggested in 2001 to use the functional moiety theory to describe the physical
behavior of structure-sensitive functional materials, [37]. The fundamental idea was that
certain functional moieties might sense vibrations in the spatial arrangement of the atoms that
made up those moieties. This sensitivity generated changes in different physical properties,
such as the optical, electric, and magnetic ones. To better illustrate this principle, certain
examples will be given. It is common knowledge that crystals without symmetric centers must
exhibit SO NLO characteristics in their atomic configurations. Nevertheless, certain NCS-
structured crystals are SHG-active whereas others are not. It could be helpful to study
different functional moieties’ influences on SO NLO characteristics to better understand this
issue. On the other hand, this idea could be used to comprehend the connection between the

crystal structures of NLO materials and their NLO characteristics. In order to study the
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crystals' NLO properties and better comprehend the connection between the crystals'
structures and NLO properties, theoretical calculations might also be used to determine
electronic band structure, SO NLO coefficient, and birefringence. [38].

1.3.2. Strategies for designing NLO Compounds

Some feasible methods were suggested for obtaining high-performance NCS crystal

structures, including

1) Transition metal d° cations, such as Ti**, Zr*", V®*, Nb°*, Cr®*, and W®", with
second-order Jahn-Teller (SOJT) distorted cations.

2) Cations such as Pb?*, Sb®", 1™, and Bi®*" exhibiting stereochemical activity of
lone pair electrons (SCALP).

3) planar triangle made up of conjugated combinations of BOs, CO3, NOs, and
B30Oes.
4) Polar displacement in d*° transition-metal cations such as Hg?*, Zn®*, and Cd?*.

5) The [MO4]™ tetrahedron is composed of acentric building blocks like [PO4],
[CrOg], [104], [Cr207], etc.[39].
6) Functional building units (FBUs) as MOxFax (X=1, 2, 3), [12, 40-49].

7) ns? main-group metal cations (Pb?*, Sn?*, Bi**, Se**, Te**, et al.) or (n-1) d*°ns®
transition-metal cations (Ag*, Cu*, Zn?*, Cd?*, et al.) are significant prospects
for polar crystals because the former polarizes the d'° cation center and the
latter [46, 50, 51].

1.4 Promotors NLO Compounds

For all-solid-state lasers, which are widely used in scientific and industrial applications
such as spectroscopy, free-space communication, generation of entangled photon pairs, and
environmental monitoring, nonlinear optical (NLO) materials are essential tools for achieving
frequency conversion [33, 38, 52, 53]. According to their working wavelength ranges, NLO
crystals could be divided into four major categories, i.e., deep ultraviolet (DUV, A<0.2 um),
ultraviolet (UV, 0.2um<A<0.4 pm), visible/near-infrared (vis—NIR,0.4 pm<i<3um), and
middle/far-infrared (MFIR, including 3<A<5um and 8<A<13 um atmospheric transparent
windows are the four main categories of NLO crystals based on their working wavelength

ranges.
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Numerous commercial NLO materials are already employed in the UV and vis-
NIR ranges, such as KH2PO4 (KDP),[54] LiNbO3 (LN),[55] KTiOPO4 (KTP), [56] p-BaB204
(BBO),[57] LiB3Os (LBO) , [58] CsB3Os (CBO), [59] and CsLiBsO10 (CLBO), [60].

Table. 1. 4. The NLO data of Borates, Niobates, Phosphates, chalcopyrite, lodate.

Compounds Space Band Tra_n sparent SHG intensity An Refs
group gap (eV) | region (um)
K562803F2
R32 6.19 0.155-3.6 di; =0.49 0.077 | [61, 62]
(KBBF)
d22=2.10
LiNbO3 (LN) R3c 3.1 0.33-5.5 d31=-4.35 0.080 [63]
d33=-27.2
dzz =1.6
ng§4 R3c 6.7 0.19-35 0.113 [63]
( ) d31=0.07
d3=-0.83
LiB3Os _
(LBO) Pna21 8 0,16-2,6 d33=0.05 0.045 [63]
d32=0.89
7,12
KH;PO4 - :
(KDP) 142d 0,18-1,7 0.39 0,035 | [64-66]
d31=-1.4
KTiOPO4 _
(KTP) Pna21 3.54 0,35-4,5 d33=10.7 0.090 | [12,67]
d32:2.56
AgGaSe; [63, 68]
142d 1.8 0.47-13.2 dss = 33 0.032
(AGSe)
AgGas; [63, 68]
142d 2.64 0.71-18.0 dss =13 0.053
(AGS)
ZnGeP;
142d 2.25 0.74-12 d36=68.9 0.062 | [68, 69]
(ZGP)
a-LilO3 P63 3.93 0.3-6 dn=4.1 0.047 [70]
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1.4.1. Borates (MBxOy)

numerous borate-based NLO materials have been continually developed, such as -
BaB.0s (B-BBO),[71] LiB3Os, [58] KBe2BOsF2(KBBF), [72]. Additionally, oxygen and
boron atoms can coordinate three or four times, creating (BO3)® planar triangles and (BO4)®
polyhedra. It is very helpful to the formation of huge macroscopic second-order susceptibility
and birefringence that the (BOs)® group has conjugated -orbital and highly anisotropic
electron distribution[72].  The electronegativity of boron and oxygen atoms differ
significantly, which is particularly advantageous for the transmission of short-wavelength
light. In order to successfully widen the energy bandgap and shift the absorption edge toward
the blue in borate crystals, dangling bonds on the oxygen anions in the B-O groups must be
removed [73, 74]. Borate-based compounds come in a variety of structural forms due to the
spatial combinations of the (BOs)®and (BOa4)* groups.

Two significant NLO borates, p-BaB204 (BBO) [71, 75] and LiB3Os (LBO) [58] In
the visible and UV spectrums, demonstrate exceptional NLO performance. In spite of this, the
comparatively small energy bandgap (Eg ~ 6.5 eV) in BBO as well as the low birefringence
value. (An ~0.04) in LBO limited their applications in the DUV region. Another interesting
NLO borate KBe.BOzF, (KBBF) [76-78] in Chen's team was found. This crystal has an
enormous energy bandgap (Eg = 8.3 eV) and a moderately potent SHG effect. (~1.2 x KDP),
[79]. This proves how advanced the crystals from the KBBF family that were used as the
DUV NLO crystals were. However, because of the weak interaction between an alkali metal
and fluorine cations, the KBBF family crystals' layering growth habit makes it extremely
difficult to grow single crystals, which severely restricts their usefulness. Therefore, it is
highly important to discover new borate-based crystals with good UV, especially DUV NLO
capabilities .[80].

1.4.2. Niobates (MNbxOy)

LiNbOs, which contains SOJT-active Nb°* cations, has been regarded as one of the
most commercial crystals for use in nonlinear optics because of its exceptional physical
features, including significant NLO coefficients, mild birefringence, ability to match phases,
and high crystal quality [81]. Despite the unique properties, LiNbO3 very low damage
threshold for photorefractive effects has limited the use of high power conditions and large

device apertures The narrow optical transparency window (0.35-5 um) of LiNbOs single
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crystals also makes it impossible to manufacture NLO devices operating at wavelengths
beyond 5 um [82].

1.4.3. Phosphates

Potassium dihydrogen phosphate (KH2PO4, KDP) is a fantastic nonlinear optical (NLO)
crystal with a high growth rate and optical homogeneity, which accounts for its widespread
demand for applications in UV-tunable laser systems, frequency conversion, and optical data
storage devices, laser-based imaging and remote sensing techniques, industrial photonics, and
optoelectronics devices , [83]. The phosphate (POs) group is primarily responsible for the
KDP crystal dominating second-order nonlinear optical (NLO) response, and the SHG
efficiency coefficient (dss) of the KDP crystal is estimated to be 0.39 pm/V, [66].

Potassium titanyl phosphate (KTiOPO4, KTP) One of the most famous nonlinear optical
crystals, [84]. Its nonlinear features are caused by its structure, which consists of chains of
interconnected stiff PO, tetrahedra and TiOs octahedra with alternating long and short Ti-O
links, [85]. High nonlinear coefficients, a broad range of angles and temperatures for phase
matching, low absorption in the range of 0.35 um to 4.5 um, strong mechanical stability, and
outstanding optical quality are KTP's advantages in the visible area. One of the few
drawbacks of KTP is that it is vulnerable to photochromic degradation, also known as grey-
tracking, which results in a gradual decline in light conversion efficiency, [86-88].

1.4.4. Chalcopyrite (ABXz)

At now AgGaS: (AGS), AgGaSe, (AGSe), and ZnGeP; are the only mid-IR NLO
crystals now available commercially (ZGP). They have high coefficients of second-harmonic
generation (SHG), according to [102]. These materials can't be used to generate mid-IR lasers
because of a few drawbacks, though. For instance, the AGS and AGSe laser damage threshold
(LDT) values are too low [103] to support a high-power pumping source. Meanwhile, the
strong absorption of two-photon in ZGP resulting from its small bandgap (2.25 eV) makes it
difficult to use a Nd: YAG laser as the pumping source, [98]. Since mid-IR laser technology
is now developing quickly, finding novel mid-IR NLO materials with good performance is
urgently, [89].
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1.4.5. lodate

Due to their relation to structural variations and several significant uses in nonlinear
optics, luminescence, photocatalysis, etc., iodates have drawn ongoing, intense research [90].
The iodates typically show strong second-order polarizability, significant optical anisotropy,
and NCS crystallization due to the lone-pair electron cation (1°*) with stereochemical activity.
Additionally, iodates are easily grown into large crystals under mild reaction conditions and
have a broad range of visible wavelength regions (from UV/Vis to Mid-Infra). Metal iodates
are also recognized to be prospective IR-NLO materials for their advantages of wide
transparency which can be up to 12 pm, big SHG coefficients, high LDTs, and the gentle
synthetic process, [38].

Metal iodates are also capable of taking on a range of unusual forms due to the presence of
stereophonically active lone pair electrons that could function as a structure-directing agent.
Asymmetric 103 or 104 groups additionally promote the growth of NCS structures with
favorable NLO characteristics. Metal iodates have a far larger translucent range (up to 12
pum), reaching the middle infrared area, than the NLO crystals used in the UV regions, such as
borates and phosphates. Additionally, the very highly asymmetric 105 group exhibits an
order of magnitude larger microscopic hyperpolarizability than that of PO, 3 group. In the Vis
, MIR, metal iodates are therefore potential second-order NLO materials.

Large NLO responsiveness, wide bandgap, high optical damage thresholds (LDT), and
exceptional thermal stability are just a few of the outstanding characteristics of the
commercial NLO crystal a-LilO3 ,[91]. Although the 103 groups in a-LilO3 are perfectly
parallelly aligned structurally and have the highest "addition" of the SHG effect, they have a
number of drawbacks, including moisture sensitivity, poor stability, the existence of
additional impurities, and ease of phase transition [107, 108]. Different NLO-active SBUSs,
however, may contribute to the anticipated variations in NLO performance from the
perspective of function optimization (For exmple, a high LDT value results from a wide band
gap, a wide transparency zone from the UV-Vis to the mid-infrared range, a big
structure, thermal stability, etc..)[92], Due to their extensive transparency from the visible
region to the beginning of the far-IR (12.5 m), metal iodates are excellent candidates for mid-
IR NLO applications.[93] The additive polarization of the acentric structural units can be
improved by using octahedrally-coordinated d°-TM cations susceptible to SOJT distortions.,
[94] While replacing the more electronegative 05 with the more cationic F~ in TM cationic

polyhedra can widen the band gap because of the more ionic M-F bonds.[95] Distorted M’On
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(M> = Pb?*, Te®, I°*, W8, etc.) Because of their higher polarization and lower phonon
frequencies, which increase the band gap and correspondingly the LDT, polyhedra made of
heavy element cations in d0/d10 topologies are advantageous for light transmission. [96, 97].
The creation of an acentric structure may be aided by charge-balancing polarizable
alkali/alkaline-earth cations with the proper ionic radii,[11]. These many functional SBUs
may play specific roles for a range of NLO properties, and the combining and further
alignment of these various NLO-active SBUs in one structure may result in a synergistic
improvement in the qualities.

The structurally described fluoro-iodates of recent times include various Fcontaining metal
iodates, all of which have very basic structures with solitary [IO2F2] anions (see figure 1.4).
Only isostructural compounds like K(IO2F2) (NCS, Pca2l), [98] Rb(IO2F2) (NCS, Pca2l),
[99] Cs(IO2F2) (NCS), [100].

I W
I

Figure. 1. 4. Fluoro-iodates ion, (102F2)%

1.4.6. Chromate

Another alluring research candidate is the chromate ion. The chromate ions (CrOs)?.,
(Cr207)2, and so forth are examples of these ligands. The development of materials for
quadratic nonlinear optics (NLO) is constrained by a number of stringent requirements, the
first of which is that the crystal structure be acentric and have trigonal pyramidal and
tetrahedral geometry (see figure 1.5). As a result, materials with acentric crystal structures,
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such as RbLiCrO4, K Th(CrO4)2, and Ag Bi(CrOa)2, crystallize[100-102].

1.67(4)

N <3 Q)
o - @
Ko )

0

Figure. 1. 5. Chromate ion, (CrO4)%.

1.5. Conclusion

In nonlinear optics, one of the most widely used is Second-harmonic generation which
involves the absorption of two photons of the same frequency and the creation of polarization
at twice this frequency. This effect emerges only in asymmetric molecules whose atoms have
very different electron densities. In this case, the true absorption of photons only occurs if
there is an excited state at twice the energy of the incoming photons. accordingly, the
nonlinear optics effects only occur in compounds crystallized in non-centrosymmetric space
groups. But NSC is not a sufficient condition. For practical applications, a material must
satisfy the following conditions; wide transparency region ,High LDT value, large nonlinear
optical coefficients and moderate birefringence An(w) .At now no one material has satisfied
all these conditions simultaneously, the great challenge now is to find nonlinear optical
material that has both strong nonlinear optical coefficients and large LIDT values. These two
factors are usually contradictory for the same anionic group, as high electron cloud
deformation could induce weak ionicity, and strong ionicity could make electron deformation
difficult. Since the current situation requires parallelism between large distorted units and
high ionicity in the same compound, the nonlinear optical materials based on metal flour-
iodate and chrome metal are excellent candidates owing to the instinct of the asymmetric

fluoro-iodate ion and chrome ion t a will investigated same of them in chapter 111 and IV.
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Chapter 11 Theoretical Framework, concept and formalism

11.1. Introduction

In materials science, computational algorithms are asked for specific data that can be
used to forecast a material's properties and its behavior under deformation or another physical
(or chemical) processes. The necessary quantities are derived by ab initio methods from the

estimated electronic structure.

11.2. Many-Body Problem

A solid is made up of a mixture of heavier, positively charged particles (nuclei) and
lighter, negatively charged particles (electrons). We have an issue with N+ZN
electromagnetically interacting particles if there are N nuclei. Due to the lightness of the
particles, quantum mechanics is required to solve this many-body problem, which is a
quantum many-body problem. Only the fundamental laws of quantum physics are used to
describe how electrons interact. The time-independent Schrodinger equation can be solved to

get the total amount of energy;

HI¥Y, >=E, |¥, > (11.1)
Unfortunately, for systems of interest in condensed matter physics or materials science,

the Schrddinger equation, which is the primary instrument in quantum mechanics, cannot be

precisely solved. To solve for models that are precise enough to provide a realistic description

of the systems and processes under study, a sequence of approximations must be made.

The system's precise many-particle Hamiltonian is as follows:

eZZ

H= ——Zl_' Zl Zl} |_)-—r | Zlij |Tz | Zut] |—> - | (11.2)

The electrons are at R; and have a mass of M;. The kinetic energy operator Ty, for the
nuclei is the first term, while T, for the electrons is the second. The final three terms describe
the Coulomb interaction between the nuclei Uyy,electrons Ug., and other nuclei Uye,,
respectively.[1, 2].

In 1928, BORN-OPPENHIEMER APPROXIMATION, based on the decoupling of the
nuclear and electronic dynamics (The mass of the nucleus Ml is considerably larger than the
mass of an electron me, meaning that the motion of the electrons is much faster and can
therefore be decoupled from the motion of the nuclei). This approximation leaves us with a
group of negatively interacting NZ particles that are travelling in the nuclei's potential. The
consequent division of the states into electronic and nuclear degrees of freedom is a very

helpful simplification of the issue that enables one to treat the nuclei according to classical
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principles. The electronic component of the system is still a quantum many-body problem;
due to the interaction between the electrons, the system's electronic wave-function is
dependent on their collective coordinates and cannot be dissociated into contributions from a
single electron. Then, one can write the electronic Hamiltonian as;

H=T,+ Ug + Upe (11.3)
In 1927, HARTREE, an approach for estimating the wave functions and energy of atoms
and ions that is based on the idea that electrons are independent The Hartree function, which
transforms the Z electron system into a collection of independent electrons by ignoring the
interactions between electrons and spin states, is used to describe this phenomenon. [4]. A few
years later, his students Fock and Slater each proposed a self-consistent function (SCF) with
consideration of Pauli principles and a multi-electron wave function in the form of a
determinant of one-particle orbitals (Slater-determinant) to overcome the complete loss of

consideration of the anti-symmetry of the electron system [5].

101(x1) @1(x2) oo eee oo @1 (xn) ]
P2(x1) @2(X3) e ven e @2 (xn)
HF 1 P3(X1) @P3(xX2) e vee s P3(xn)
U (Xq, . Xy) = ~ _ (11.4)
lonGe) @nGez) oo e i)

1 - . .
/ NI is the normalization constant.

The Hartree-Fock model's calculations are extremely difficult because there is no
self-interaction, the effect of exchange V; is introduced, and the correlation effect is not taken
into consideration. The Hartree-Fock (HF) model, however, takes into account that the

outcome is simply a rough estimate of the actual outcome , [6-8].

11.3.  Density Functional Theory (DFT)

For the analysis of medium- and large-scale systems, DFT has emerged as the preferred
technique. While formally precise, DFT is computationally very efficient thanks to the
introduction of the electronic density as a fundamental variable in place of the many-body

wave functions..

11.3.1. Hohenberg-Kohn theorems

The fundamental statement of DFT is that the problem of determining the ground-state

energy of a many-particle system, which is characterized by a many-particle wave-function

37



Chapter 11 Theoretical Framework, concept and formalism

Y,, can be mapped on a physically equivalent problem of determining the ground-state
electron densityp, .It is crucial to take into account all the significant contributions to the
kinetic and potential energies, while balancing with the calculation's efficiency. where H is

the Hamiltonian of Born-Oppenheimer;

H=T+ U+ Vo (11.5)
The Hamiltonian is completely governed by the potential vex: because T andU are the
same for all physical systems.
Vext = [drvexe (NP() (116)
which is an external potential for a single particle. This implies that every characteristic
of the system, such as the density p,(r): and ground-state wave functions ¥, is also governed
by the external potential: The first Hohenberg-Kohn theorem states that the inverse is also
true.
11.3.1.1 Theorem (Hohenberg and Kohn 1, [9].)
With the exception of a constant, the ground-state density po(r) of a system of

interacting particles in an external potentialV,,, (r)defines this potential completely.

Evolp] =< Wolp] [ Tlo] + Olp] + Volp] |¥[p] > (1.7)

11.3.1.2 Theorem (Hohenberg and Kohn 11, [9].)

For every external potential Vex, a functional for the total energy E[p] of the electronic
density p(r) may always be defined. The actual ground-state density p,(r) for a given vy(r):
Evolp] = Evolpo], which minimizes this functional.

Their first theorem states that the external potential v, (r) operating on the electron
system is implicitly determined (to within a trivial constant) by the ground-state single-
particle density p(r) .The Hamiltonian H is then finished by the external potential. All of the
system's ground-state characteristics are implicitly determined once the Hamiltonian is
understood. Given that the single-particle density depends only on three variables, this is a
significant reduction of the many-electron problem. Therefore, the single-particle density
may be thought of as having only one function, which includes all of the system's ground-
state properties in general and the entire ground-state energy in particular. The ground-state
electron density minimizes the total energy of the Z electron system, E[p], in accordance

with the second theorem, which is expressed as a variational principle. As a result,
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compared to the challenge of solving the 3N-dimensional Schrddinger equation,
determining the ground-state electron density and total energy is incredibly straightforward.
To determine the minimum of E[p], we simply vary the density p(r), a function with only
three variables.

The Hohenberg and Kohn theorems only state that there are one-to-one mapping links
between system attributes and electron density functional, but they don't specify what these
relationships are. Only one year after the publication of Hohenberg and Kohn's significant
study, Kohn and Sham published a paper[10], that transformed DFT into a useful tool and
reduced the multi-electron problem to a problem of non-interaction electrons in an effective
potential.

1.4 Kohn-Sham equations

Instead, Kohn and Sham (KS) proposed an additional system of free particles whose

electrical density and other characteristics would be identical to those of the actual system.

11.4.1. Definition (Kohn and Sham)

Any systems of interacting particles in the external potential V, can be transferred to a
system of hypothetical, non-interacting Kohn-Sham particles in the effective local potential Vs

S such that both have the same ground-state density p:

A=T+0+V, SH; =T, + V5 (11.8)
According to[11, 12] the total energy of a system of electrons travelling in an external
potential v, (r);
Elp] = Ts[p] + [p(r)Vexe(r)dr + J[p] + Exc[p] (1.9)
with exact equations for the Coulomb energy J[p];and non-interacting Kinetic energy

Ts[pl;

Jlp] = %ff%drdr’ (11.11)

The exchange-correlation functional, which may be divided into its exchange and
correlation parts (Exc[p] = Ex[p] + Ec[p]) contains all the complexity that is currently present
in many-body physics.

The Kohn-Sham equation's solutions are the orbitals that were used to generate the
density, p(r) = |‘Pi (r) |2.
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1
(=272 4 Ve ) + (1) + e () ) Wi (1) = 94 () (11.12)
where the Coulomb potential is V;(r) = [ |p(r )| dr’ ,and the exchange—correlation potential
r—r/
is given by the functional derivative of the exchange—correlation energy, Vi.(r) = %,

this is exact Kohn—Sham DFT, with the exact functional, the solution of the Kohn—Sham
(equation 11.12) to minimize the total energy (equation 11.9) yields the exact energy and
density of the Schrodinger equation.

For systems that are too complex or massive to be handled by trustworthy wave
function approaches, Kohn-Sham density functional theory has been regarded as being
particularly successful due to its high accuracy and low cost, [13]. For many electronic
structure calculations in quantum chemistry, software packages based on density functional
theory (DFT)[9] and the Kohn-Sham equation [10] for numerous quantum chemistry
calculations of electronic structure [14] because it favors it above other alternative approaches
by balancing the demands of accuracy and calculation speed. Although DFT is a theoretically
sound theory, in order to characterize the exchange-correlation effects in practice as precisely
as feasible, it is necessary to approximate the exchange-correlation (XC) energy, E,., as a
function of density.

Density functional approximations must be used because the precise form of E,.[p] is

uncertain (DFA). DFAs provide an approximate density, EREA and eigenvalues with the help

of their approximate energy expression, ERt2, and approximate Kohn-Sham potential,
{e™}.
I1.5. Density Functional Approximations

For any practical Kohn-Sham calculation, the exchange-correlation energy EXxc is the
quantity for which an approximative functional must be chosen. The local density
approximation (LDA), which solely considers the density at a specific position to calculate
the energy density at that point, was the first approximation to the XC energy. Since LDA is
determined using the uniform gas's known energy density, this is true for a uniform gas
exactly. The LDA approximation[15, 16] which serves as the foundation for the creation of

the majority of other kinds of approximations, takes the following form:

Exclp] = [ exc[p()]dr? (11.13)
The natural successor to LDA is a semi-local (or gradient-corrected) approximation that adds

information about the derivative of the density at that point, the gradient of the electron
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density is used to better describe atoms and molecules. Where &,.the exchange-correlation

1 4
energy per unit volume, which is a function of the electron density [e,. = _Z(SE)EPE]’ When

using GGA, the exchange-correlation energy is

Exc[p] = [ &4 [p(r), Vp(r)]d®r (11.14)
For ease of use, we only provide the exchange portion Ex of the functionals we tested, which
is the majority of the exchange-correlation energy. We then formulate the GGA exchange-

energy functional as follows:
ES%Alp] = —Cx [ p"/3 (F(s())d’r (11.15)
where Cx = (3/4)(3/T[)1/3and F(s) is the enhancement factor with s = |Vp |/(2pKF) and

Kg = (3m2p) /3.In this notation the LDA approximation corresponds to FLPA(s) = 1.
There are a number of approxapproximationsimation for E xc is flexible to employ, such as
Perdew- Burke- Ernzerhof (PBE 96), [17], Wu-Cohen 2006 (WC),[18] of GGA form, where

the enhancement factor in the PBE and WC are as follows;
k

PBE _ _

FFfPE(S) =1+k _1+§52 (11.16)
wC _ __k

FY¢(S)=1+k ) (1.17)

k
Where k=0.804 [19] , p=0.21951, and x(s) = 325% + (11— 32) $%e™5" + Ln(1 + CS*)(c =
0.0079325).

In terms of solids, Wu and Cohen [18] have demonstrated that their WC functional
outperforms LDA and PBE96 in terms of solid geometrical characteristics and bulk modulus.
For solids having 3D transition elements, PBE is thought to be the most effective strategy
[19]. However, for some classes of solids, such as the 5d transition metals, LDA is still among
the best methods[19]. In Refs , [19, 20]. For excited-state qualities, this is frequently not the
case.

The prediction of excited-state features is one of DFT's biggest weaknesses, though. For
instance, the KS band gap of semiconductors and insulators is frequently grossly
overestimated, and occasionally even a metallic state is obtained instead of an insulating state.
The energy difference between the conduction band minimum (CBM) and the valence band
maximum (VBM), as determined by a multiplicative (i.e., common for all orbitals) potential,
is what we refer to as the KS band gap ,[21]. The experimental band gap, which is determined
by subtracting the ionization potential from the electron affinity I-A, should not be compared

to the KS band gap in theory.
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In fact, the derivative discontinuityAxc,[22, 23] which can be as large as the KS band
gap itself, is one way that the precise KS band gap differs from the experimental one (see,
e.g., Ref. [24] ). According to some evidence, the KS band gap computed using LDA and
GGA may not differ significantly from the actual KS gap,[24] but these approximations have
a self-interaction inaccuracy, which is a problem, [25] and do not display a derivative
discontinuity (Axc = 0), which is crucial when comparing the KS band gap with the
experimental band gap, [22, 23]. This is because the exact exchange functional is subjected to
the optimum effective potential (OEP) approach, which results in KS band gaps that are
reasonably near to the experimental values, [26, 27] To obtain KS band gaps in good
agreement with experiment. However, this method requires a lot of computer power and is
probably in some ways "empirical” due to the missing xc. There are several approaches to
getting an estimate of the experimental band gap; one of them involves utilizing a
nonmultiplicative potential and a procedure that is outside the KS framework. Despite the fact
that the local-density approximation (LDA), [15] or the generalized gradient approximation
(GGA) [17] are generally wise options, but they fall short when considering strongly linked
electron systems like those seen in transition-metal combinations.

Recently, Tran and Blaha [28] developed a new semilocal potential that combines the
modified Becke-Johnson potential[29] and LDA, giving it the same precision as the more
costly hybrid functionals and GW techniques while being computationally as affordable as
LDA or GGA. By doing so, it can determine precise band gaps. The TB-mBJ potential is

expressed as follows [30] ;

_ 1[5 [to
Vo TON(r) = cBR(r) + (3c— 2);\/; /?((rr)) (11.18)

Where ps(r) = Zi"l |LPi,G |2 denotes the electron density and t; = % Z:\I:"l V¥, (DVWs is

the kinetic-energy density.

VBR(r) = — L - e—xg(r)_%xo(r)e—xg(r)) (1.19)

bs(r)

Using a nonlinear with and while, the becke roussel potential[31] , which was established

to simulate the coulomb potential induced by the exchange hole, is calculated. x, is calculated

using a nonlinear with py; , Vps, V%ps, andts , while bgis determined using by =

Porry ]
8T Py

The value of parameter ¢ in equation 11.18 is calculated using

1/3

’ /
c=a+p (= M013r’)1 2 (11.20)

Veell cell p(r’)
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where V. is the unit cell volume and o = —0.012 and f = 1.023 bohr!/? are
parameters determined according to a fit to experimental values [30].
The XC potential for equation (11.12) is obtained as the functional derivative of the XC-
energy functional Exc with respect to the electron density ps(Vycs = 6Exc/8ps). This is a
quick and trustworthy explanation for ground-state features that can aid in the interpretation
of experimental data and also has a amount of predictive power. Tran and Blaha[30] have
shown that, for the majority of cases, the TB-mBJ potential yields band gaps that are in good
agreement with experiment, leading to typical errors of lower than 10%. They have used the
TB-mBJ potential for several solids, including strongly correlated 3d transition metal oxides,
wide band gap insulators, and small band gap semiconductors. The BJ exchange potential has
been implemented [32] self consistently into the WIEN2K code[33] this uses the local orbitals
approach and the FP-LAPW wave to solve the KS equations for periodic systems. It would be
interesting to know which aspect of the modified Becke-Johnson potential, as compared to
other exchange-correlation functionals, is responsible for the calculations' best agreement
with the experimental spectra. The Becke-Johnson potential includes a term with the kinetic-
energy density [second term in equation] in addition to a term that models the Coulomb
potential of the exchange hole equation 11.19 The TB-mBJ exchange potential has the
advantage that, as a multiplicative potential, it has the ability to predict band gaps of
semiconductors and insulators with greater accuracy than any other multiplicative potential
and to do so at a computational cost comparable to a standard GGA calculation, [32].
Additionally, a parameter that modifies the weighting between these two elements is included
in the modified Becke-Johnson potential (equation 11.19) [30]. During the calculation, its
value is derived from each material’s electron density.
Using the equation, the band gap typically increases monotonically with respect to equation.
11.20 produces satisfactory results for a wide range of systems, including transition metal
oxides, wide gap insulators, and tiny band gap semiconductors.[34], Setting ¢ = 1 restores the
original Becke-Johnson potential. It is noteworthy that a functional derivative of an exchange

functional cannot be used to produce the TB-mBJ potential. (there is no Ex such that
viB~mBl — §E /8p, , [30, 35]. Consequently, this potential should not be used for force

X,0

calculations, energy comparisons, or geometry optimization, [32].
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I11.6. Numerical details
For Kohn-Sham equations to be solved, the basis function set must be chosen carefully.

On pseudo-potentials and a plane-wave basis set with explicitly periodic boundary conditions,
the majority of density functional theory computations on materials are conducted.

Equation 11.9 solution depends on the basis set used to expand the KS orbitals, which are
defined by u,, x.in equation 11.22 .

11.6.1. Bloch’s theorem

It is crucial to take into account the periodicity of the system in order to eliminate a sizable
number of electrons (proportional to the Avogadro number) in electronic structure
calculations for solids. This suggests that the substance being studied is crystalline. In such
scenario, periodic boundary conditions are accounted for by utilizing the crystal's translational
symmetry, and only the atoms contained within the crystallographic unit cell are explicitly
taken into account. Such a strategy is founded on Bloch theorem, which stipulates that for
potential with the lattice periodicity;

vs(r) = vg(r + R) (11.22)
where R is a lattice vector

The eigenstates of the single-particle Hamiltonian can be defined by;

ok = e up k(1) (11.22)
where u, kis a periodic function in the unit cell, i.e., u, x(r) = u,x(r + R). Bloch states of
equation 11.21 are defined by two indices n and k which represent the band index and the
crystal momentum, respectively.

Without any loss of information, the dependency of the Bloch states with respect to k can be
restricted to the first Brillouin zone (FBZ) of the reciprocal space. The Bloch theorem allows
us to integrate the expression of the energy over the (FBZ), that is, from the starting problem
of solving the KS equations for an infinite number of electrons, n in equation 11.9, to the

calculation for a finite number of bands at an unlimited number of k-points.

1

EKS [p] = F_fFBZ dKEK[pK] (“23)

VFBz

11.6.2. Plane waves and pseudo-potentials

Plane-waves (PWSs) have a number of benefits, including the following:(i) their
mathematical formulation is quite straightforward, (ii) Since there is no overlap between
them, they are mutually orthogonal. (iii) The absence of Pulay factors in the calculation of

energy derivatives is a particularly significant benefit of PWs that are unaffected by atomic
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locations. As a result, when a PW basis set is utilized, the HF equations for forces and force
constants are valid without any modifications. (iv) The Kinetic-energy cutoff and the fast
Fourier transform (FFT) technique make it possible to swiftly go from reciprocal to real
space, making it very easy to check for convergence by simply expanding the size of the basis

set. The KS orbitals are expressed as, using the plane-wave basis set.

Wk (r) = X Co (G)e " (11.24)
where the set of coefficients {C,, x} is obtained by diagonalizing the equation 11.9 matrix
form for each k-point, and the sum is carried out over all feasible reciprocal lattice vectors G.
The total over G is constrained to a set of reciprocal lattice vectors contained in a sphere of
radius |k +G | which is typically defined by the kinetic energy cutoff, in order to restrict the

expansion in equation 11.24.

2
nlel g (11.25)

2m cut

As a result, adjusting the calculation's convergence is as simple as raising the energy cutoff.

V()

-

(4

-~

Rrur—aff

Figure. I1. 1.Schematic illustration of pseudo-potential. Comparison of a wave function in the
coulomb potential of the nucleus blue to one in the pseudo potential black shows that, up to a
specific cutoff radius Rcut, the real and the pseudo wave functions and potentials are

identical.

The major challenges arises from the valence electrons' incredibly fast oscillations close
to the atom cores, which makes numerically representing this portion of the wave functions
highly expensive. It is permissible to think of core electrons as observers of the interactions of
atoms in molecules or solids because it has been established that the electrons that are
primarily involved in chemical bonding are those that are occupying the valence states.
Together with PPs, PWs are employed. A PP is a fake electron-ion interaction potential,

acting solely on valence electrons, that simulates the interaction with the inner electrons,
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which are thought to be frozen in the core, as well as the effective repulsion exerted by the
latter on the former due to their mutual orthogonality.

For systems with up to hundreds of atoms in the unit cell, the KS equations can be
solved quickly and effectively by using PWs and separable PPs, FFT, and iterative
diagonalization or reduction techniques. Because core valence electron oscillations no longer
exist, there is less of a demand for plane waves with high kinetic energy, which lowers the
value of E cut as defined in equation 11.25. The pseudo-wave functions fluctuate smoothly in
the core region, as seen in figure 111.1. The disadvantage of this strategy is that the majority of
pseudo-potentials are non-local, allowing various states to experience various potentials.

Local pseudo-potentials, in contrast, behave uniformly over all wave-functions, which
reduces their accuracy and discourages their use. Recasting the angular-momentum dependent
portion of PPs into a sum across a few projectors is highly practical from a computational
perspective (Kleinman and Bylander 1982). The introduction of this non-local component into
the potential results in the velocity operator no longer being the same as the momentum
operator P, this is known as the separable form of PP's. Certainly, we have;

o =i[H 1] =9+ i[Vuf] (11.26)
where V,,; denotes the pseudo-non-local potential's contribution. The optical response must
take this nonlocal contribution into account.

11.6.3. Full-potential augmented plane-wave (FP-APW)

The augmented plane wave (APW) method [36, 37] reliable computations of the
electrical and magnetic characteristics of polyatomic systems using density-functional theory,
and in particular its linearized form, the LAPW approach (DFT),[10, 38]. The program
package WIEN, a piece of code created by Blaha, Schwarz, and others, is one successful use
of the full-potential LAPW (FP-LAPW) technique.[39] . It has been effectively used to solve
a variety of issues, including those involving electric field gradients. [40] additionally,
systems like high-temperature superconductors [41], anti-ferromagnetic oxides, transition
metal surfaces, minerals, and even molecules, [42]. The application of atomic forces made it
possible to minimize the overall energy of a system by relaxing the atomic coordinates for

complicated systems, and even molecular dynamics became practical.

The augmented plane-wave (APW) approach divides space into non-overlapping
muffin-tin (MT) spheres centered at the atomic sites and an interstitial region (IR). The MT

spheres are commonly chosen so that they approximately (to account for structural
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relaxations) fill the maximum amount of space while not overlapping. The potential inside the
muffin tins is roughly spherically symmetric, and the interstitial potential is frequently kept
constant. Shape-approximations are a general term for the probable limitations. The basic set
for the IR consists of plane waves exp®k" This enables a precise description of both the
smoother portion of these values in between the atoms and the quickly varying (oscillating)
wave-functions, potential, and electron density close to the nuclei. Some significant benefits

of the plane-wave basis set include:

(i) Due to their simplicity, plane-wave based algorithms are easy to implement and have the
advantages of being orthogonal and diagonal in momentum space. (ii) The praise is due to
Slater. [43] Realizing that the plane wave expansion would converge very slowly, large wave
vectors (Kmax) would be required to accurately represent the wave-functions, making the setup
and diagonalization of the Hamiltonian matrix in terms of plane waves difficult, if not
impossible. This is because electron wave-functions near the nucleus are changing rapidly due
to the singularity of the crystal potential at the nucleus and the plane wave expansion would
converge very slowly.

later proposed replacing the Bessel functions j;(Kr) in the Rayleigh decomposition of
the planewave inside the sphere with radial functions u;(K,r), which match the Bessel
functions in value at the sphere radius Rmt and whose product with the spherical harmonics
Y. () are the solutions in a spherical potential. Slater noted that plane-waves solve the
Schroedinger The term "augmentation™ is used to describe this process. Consequently, the

single wave-functions are written as trial functions, W (r)

Pie(M =X |, ks Ry @G(K 1) (11.27)
In terms of the APW basis functions;
el(K+Gr interstitial region
oG(K,r) = c _ (11.28)
Ymap (Ku(r* |E)YL(r”) muffin — tin p

The position r inside the spheres u located at " (see Figure.ll.2.) is given with respect
to the center of each sphere. L abbreviates the quantum numbers 1 and m and u is the regular

solution of the radial Schradinger equation;

{ h? 02 b2 1(+1)
2mor2 2m r2

+ V() —E}ruy(r) =0 (11.26)

to the energy parameter E,. Here, V(r) is the spherical component of the potential V(r). The

coefficients V(r);
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j1(KRY)

zﬁ%K):aHK+G)=4namﬁkﬂﬁwﬂﬁ)mmW'

k=K+G (11.27)

are established by the necessity that, for the kinetic energy to be precisely characterized, the
wave-functions be continuous at the boundary of the muffin-tin spheres. The wave-function in
the interstitial region is solely determined by the variational coefficients cS.

The Hamiltonian may be formulated in terms of this basis if E were maintained constant and
only used as a parameter during the basis' creation. This would result in a typical secular
equation for the band energies, where a set of band energies E,, is computed for a particular k-
point in the Brillouin zone (BZ). Unfortunately, it turns out that if E is kept constant, the
APW basis does not provide enough variational freedom. Only when the energies are set to
the correct band energies E . can an accurate description be obtained (K,v). In this scenario,
the Hamiltonian matrix H is dependent on Eg,, H(Ek,), and cannot be found by a
straightforward diagonalization.

The secular equation's solution becomes a nonlinear issue, which is computationally
considerably more difficult than a secular problem because it depends on the band energies in
this case. Instead of diagonalizing a matrix to discover all the bands at a particular k, one
approach to solve this problem is to fix the energy E and scan over k to find a solution, i.e.,
find one band at a time.

As a result, in Slater's formulation of the approach, E is introduced as a second non-linear
variational parameter, changing the shape of the functions u | until the best shape is
discovered for the desired band energies Ex,, .The APW approach has a number of additional
drawbacks. The asymptote problem, or the decoupling of the radial function and the plane
wave when u;(R) in equation 11.27 reaches zero at the MT boundary, is the first and most
visible.[43]. Andersen created linearized techniques in the middle of the 1970s to get around
problems with the APW method caused by the Hamiltonian's energy dependence. [44]and
Koelling and Arbman , [45]. Based on an idea proposed by Marcus [46], The energy
derivatives of the basic functions u | in the muffin tins were added, however both w,and u, are
now evaluated at a fixed energy E;. The Taylor series thus takes the place of the radial basis
function's initial energy dependence:

w(E) = w(Ep) + (E — EPDw(E) + - (11.29)
following the linear term, ended. This causes a quadratic inaccuracy in the eigenvalue E;
divergence from the energy parameter E, which only affects the wave-functions up to the

fourth order.[45]. With this addition, the basic functions' explicit form is now:
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e((K+G) interstitial region

Tim(@LC () + bt (W (1) Vi (*)  muffin — tin p (11.30)

eG(K,r) = {

The energies E | are situated in the center of gravity of the | like bands in order to reduce the
linearization mistakes. It should be noted that the choice of the energy parameter affects the
wave function's nodal structure in a specific way. A basis function that uses the I=1 energy
parameter to describe a wave function that resembles a 2s in a particular muffin tin will not be
appropriate to describe a 3s or a 1s state. Naturally, the size of the muffin-tin radius, R, also
affects how flexible the fundamental function is; by selecting a lower R, two branches may
occasionally be pushed to “collapse” into one, [47]. On the other hand, less flexibility makes
it possible to calculate core- and valence states separately. Thus, in a normal computation,
only high-lying valence states (such as 3s, 3p, and 3d) are estimated, whereas extremely
localized states (such as 1s, 2s, and 2p) are disregarded. The 1=0 portion of the muffin-tin
potential is then used to address these states in a distinct calculation that is atomic in
nature.Since the a and b coefficients in equation 11.30 should ensure continuity across the
muffintin boundary, the plane-wave cutoff, G,,,xand the 1 cutoff, 1,,,.«, are normally chosen to
match: A planewave with wavevector Gp.x (given in inverse atomic units) has G .x =
1t nodes per atomic unit. A spherical harmonic with 1 = 1, has 2l,,.xnodes along a great

circle on the muffin-tin sphere, i.e., there are 1,,,,x/(TR)nodes per atomic unit.

\Ru Rp

Sphere B

Sphere a

Interstitial region

Figure. 1. 2. Distribution of the unit cell, an interstitial region and spherical regions: a and 8

spheres of muffin-tin radii R, and Rg, respectively, [47].
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1.7 Density functional Perturbation Theory (DFPT)
11.7.1. Introduction

The methods of density-functional theory (DFT) [47] and density-functional
perturbation theory (DFPT) [48] been demonstrated to successfully describe the dielectric,
piezoelectric, and nonlinear optical properties of a variety of materials with weak electronic

correlations,[49, 50].

Finite differences allow for the direct computation of many parameters of interest, such as
elastic constants from the stress resulting from a small applied strain or dynamical effective
charges from polarizations. [51] resulting from little displacements of the substrate. The usage
of DFPT methods, on the other hand, is growing in popularity since they may be used to
immediately compute such response properties without the need for numerous ground-state
calculations, delivering the needed response qualities in a more automated, systematic, and
reliable way. As a result, more advanced DFPT capabilities have recently been added to
various computer code packages that are often utilized by the community of computational
electronic structures. The open-source ABINIT computer package, which has the ability to
handle strain disturbances, is the example of this advancement that has gone the furthest. [52]
atomic displacement and electric-field perturbations, which were previously implemented,
have lately been added.

The possibility of treating three different types of perturbations in insulating crystals,
including periodicity-preserving atomic displacements (also known as zone-center phonons),
homogeneous electric fields, and homogeneous strains, in a systematic manner is made
possible by this research. Particularly in polar materials employed in contemporary
ferroelectric, piezoelectric, and dielectric applications, these three degrees of freedom are

frequently strongly correlated.
11.7.2. Formalism

11.7.2.1 Elementary response tensors

Take into account a crystal of insulation that contains N atoms per unit cell. The

reference state we select has the following properties: the atomic coordinates are R,(rﬁ), the
lattice vectors are a1, a2, and as, the cell volume is Qo, etc. Here, m is a composite label (atom
and displacement direction) spanning 1,..., 3N. We assume that this structure is the

equilibrium one in a vanishing macroscopic electric field.
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We look at three different types of perturbations that can be given to such a crystal:

(i) um= displacements of the atoms away from their equilibrium positions RES)

(ii) mj = strain in Voigt notation (j=1,......6)

(ii1) &= homogeneous electric fields where o = {x, y, z} are Cartesian directions.

We exclusively consider atomic displacements that maintain the periodicity of the
primitive cell, i.e., degrees of freedom that correspond to zone-center phonon modes.
Additionally, we will limit ourselves to only zero-temperature attributes (the entropy will
never enter, and the distinction between thermodynamic functions written in terms of
temperature vs. in terms of entropy will never arise).

The corresponding responses that are conjugate to these three perturbations are (i) forces Fm,
(ii) st oj, and (iii) polarizations P.. From these, one can construct the response functions of

primary interest: three diagonal-block tensors and the three off-diagonal-block tensors;

diagonal-block tensors off-diagonal-block tensors

Kmn = dFm/dpin (force-constant matrix) | Zme = dPo/dpm (Born effective charge)

xop = dPo/dep (dielectric susceptibility) Amj = dFm/dnj (internal strain)

Cik = doj/dnk (elastic constants) eqj = dPy/dn; (piezoelectric response)

However, to define these quantities carefully, it is important to clarify the constraints or
boundary conditions that apply to each definition.

The DFPT is systematically defining all response properties as appropriate second
derivatives of the energy E per unit volume with respect to the perturbations. To be more
precise, in the presence of strains we define E as the energy per unreformed unit cell volume
Qo, while in the presence of electric fields E is modified to become an electric enthalpy [53]
by adding a term proportional to -P.g, where P is the electric polarization, [51]. (While a direct
treatment of finite E-fields is now possible,[54, 55] only infinitesimal E-fields need to be

considered here.) In general, E as;

E(wen) = ﬂio [E(O) — Qe. P] (11.31)

cell

where E©

cell 1S the usual zero-field Kohn-Sham energy per cell of the occupied Bloch functions

and Q is the deformed cell volume.
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Accordingly, we write E = E(, €, 1) as a function of arguments pm, €4, and n;, as
E=E;+Antm + Aggq + A + %anumun + %Baﬁsaaﬁ + %Bjknjnk + BroMmEa +
BmjtmN;j + Bgj€qnj + terms of third and higher order (11.32)
The first-order coefficients Am, Aq, and A;j encode are the forces (Fm = —Qo Am), polarizations
(Po=—A,), and stresses (oj = Aj), respectively. (Here, we assume the atomic coordinates and
strains are fully relaxed in the reference system, so that Am= Aj =0) .

The diagonal-block second-order coefficients Bmn, Bus and Bjk and off-diagonal second-order
coefficients Bma, Bmj, and B, correspond to the force constant, elastic-constant, and
susceptibility tensors, and the Born-charge, internal-displacement, and piezoelectric tensors,
respectively, hence the elementary second-derivative response-function tensors are defined as

follows;
. 9%E
The force-constant matrix; Ky, = Qo YT (11.33)
. . . G 0%E
The frozen-ion dielectric susceptibility; g = " Gegoeg MM (11.34)
The frozen-ion elasti ;T = 2L 11.35
e frozen-ion elastic tensor; ik = Gnome 1 (11.35)
are the elementary diagonal-block tensors, while the off-diagonal blocks are;
2
The Born dynamical effective charge tensor; Z,, = _Qoaua—aEu - (11.36)
2
The force-response internal-strain tensor; Ap,;j = —Qq a: gu_ (11.37)
mOHj
The frozen-ion piezoelectri L By = — ok 11.38
e frozen-ion piezoelectric tensor; ey; = " deaom (11.38)

The bar on quantities X, C]-k, and &,; indicates a frozen-ion quantity, i.e., the fact that atomic
coordinates are not allowed to relax as the electric field or homogeneous strain is applied.
Note that the clamped-ion elastic tensor Cj and piezoelectric tensor €,; are generally not
physically relevant quantities, except in cases of high symmetry where atomic displacements
do not occur to first order in strain. The clamped-ion susceptibility tensor x,g is the purely
electronic one that is measured in response to optical fields at frequencies well above the
phonon-frequency range. The force-response internal-strain tensor Ay, should be
distinguished from the displacement-response internal strain tensor T'p; = Apy;(K™")p, that

illustrates the first order displacements yielding from a first-order strain. The piezoelectric
tensor ey describes the change of polarization arising from a strain, or stress arising from a

change of E field.
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We shall refer to the quantities defined in the equations. (11.33-11.38) as the “elementary” or
“bare” response tensors. These are the quantities that will be calculated once and for all using
the DFPT capabilities of a code package such as ABINIT.
11.7.2.2  Relaxed-ion tensors

Generally, the physical static response properties of interest must take into account the
relaxations of the ionic coordinates. This becomes especially important for non-
centrosymmetric polar systems, such as ferroelectric ones, where these various effects become
coupled. Instead of “clamped-ion” quantities ¥, C and € defined at fixed H, we can define the
corresponding “relaxed-ion” or “dressed” response tensors C, y, and e as follows

E(m,e) = muin E(wgn) (11.39)

Referring back to equation 11.32, setting dE/ du, = 0, dE/ dE, = 0, and dE/ dn; = 0,

and assuming that the reference configuration is one in which the forces Am vanish, we find

0= Bnml.lm + BnO(EO( + Bn]T]] (“39)

from which it follows that

Hm = _(B_l)mn[annj + Bro&al (11.41)

Defining
0%E

Xoap = — deq 055 |n (11.42)

02E
ik = 5o amy ¢ (11.43)

0%E

€qj = — deq om, (11.44)

and using equations. (11.33-11.38), we find that the physical relaxed-ion dielectric, elastic, and

piezoelectric tensors become;

Xap = Xap + 20 Zma (K™ mnZng (11.45)
Cik = Cjk — Qo Amj (K™ mnAnk (11.46)
Cqj = éjoc + Qalzma(K_l)mnAnj (| |.47)

the equations. (11.45- 11.47) cannot be naively evaluated as written because the force-constant
matrix K is singular, due to the fact that K has three vanishing eigenvalues associated with
translational symmetry.

11.7.2.2.1 Pseudo-inverse of the force-constant matrix

The force-constant matrix K should have three vanishing eigenvalues as a result of

translational symmetry. Moreover, in soft-mode systems, other eigenvalues may be close to
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zero. Thus, for the many operations that use K1, there is a danger of numerical instabilities
arising from attempting to invert a singular, or nearly singular, matrix. For this reason, the
implemented a careful procedure for obtaining the \pseudo-inverse" of K, is K1, it's meant
the pseudo-inverse. Briefly, we begin by identifying the three-dimensional space of acoustic
modes (i.e., uniform translations), and project the matrix K onto the complementary subspace
of dimension 3N — 3. We then invert in this subspace, reporting a warning message
if any eigenvalues are very small, and then transform back to the full space. Thus,
by construction, the resulting pseudo-inverse is zero in the subspace of translational
modes, and is the inverse of the original matrix in the complementary subspace.
As a result, any time K~!, is multiplied by another tensor, a pre-projection onto
the complementary subspace of dimension 3N — 3is effectively carried out. In other
words, \the acoustic sum rule is effectively enforced" in any operation involving K~1,

11.7.3. Other derived tensor quantities

In the above, we showed how to obtain the static dielectric susceptibility tensor xqg,
the elastic tensor Cj, and the piezoelectric tensor e,;. These quantities are defined under
conditions of controlled strain and electric field. From these three ingredients, it is straight
forward to form many other useful tensor quantities describing physical properties defined

under other constraints or boundary conditions.

11.7.3.1 Dielectric tensors

The susceptibility tensor x.p is defined at fixed strain; the corresponding dielectric

tensor is;
ap = E0(Bags + Xap) (1148)

where g, is the susceptibility of free space (SI units are used throughout) and the superscript
(n) indicates that the derivative is taken at fixed strain. Often one is interested instead in the

free -stress dielectric tensor

£ = £0(Bap + X2p) (11.49)

which incorporates the free-stress susceptibility x°. An expression for the latter is easily
derived from the elastic enthalpy;

H(o,€) = mnin[E(n, £) — ;0] (11.50)
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Following a line of reasoning similar to that leading from equation 11.38 to equation (11.44-
11.46) and setting o;= 0, one obtains;

Xap = Xap + €qj(c Djkep (11.51)
Typically, a dielectric measurement will access the true static susceptibility x°as long as the
frequency is much less than that of sample resonances (elongational, bending, or torsional
modes), and x™at frequencies much higher than sample resonances (but much less than
phonon frequencies).

we note that it is convenient to define inverse dielectric tensors for later use.

LM = (gM)~1 (11.52)
B = (o)1 (11.53)
11.7.3.2 Elastic and compliance tensors

When a crystal is subjected to an external loading (with the stress state described by a
stress tensoroy;), its shape and dimensions change. The change of a crystal geometry is
describe by the strain tensor g,;. Relation between these 2 tensors (within the linear elastic

limit) can be explained by the generalized form of Hooke’s law

0ij = Cijri€x (11.54)
The Cjjiq is characterizes the stiffness of the crystal. For this reason, Cy;y is often called elastic
stiffness constants. the term ‘‘elastic modulus’’ is sometimes used for an (in a sense) inverse
quantity Sy that expresses elastic compliance of the crystal.

%9

® _
Cjk T o

£ (11.55)
For some purposes, we may be interested instead in the elastic constant tensor at fixed
displacement field D:

995

D) _
Cjk T ooy

(11.56)

The inverse of the elastic constant tensor is the compliance tensor. It can be defined either at
fixed E or D:

@® _ on;

Siic = 390 |s (11.57)
s® _ o | (11.58)
jk 60'k D .

It is also straightforward to obtain the corresponding elastic compliance tensors either under
zero E-field boundary conditions
S@ = (c@®)-t (1.59)
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S@) = (c(P)H-1 (11.60)

11.7.3.2.1 Mechanical Properties

The elastic constants are the ratio of stress to the strain of material. These are essential
for describing the mechanical properties, type of bond, presence of different forces, and
mechanical stability of the compounds, [56, 57]. They are also useful in predicting the aging
behavior of the materials, [58]. Therefore, they have a great role in determining the strength
of the crystals. They are also associated with thermodynamic behavior such as thermal
expansion, specific heat, melting point, and Debye temperature.

v For orthorhombic type crystals there are 9 independent elastic constants (Ci1, Ciz,

Ci3, Ca22, Cz3, Cas, Cas, Css and Ces) ,[59];

Ci1 €2 Ci3 0 0 0
/0 Cz C3 0 0 0 \‘
0 0 C 0 0 0
Corthorombic:| 0 0 033 Cys 0 0 | (11.61)
\o 0o 0o 0 Cs O /
0o 0 o0 O 0 Ce

The mechanical stability criteria can be represented in a uniform manner for orthorhombic

structure Cii>0 (i=1-6), C11+C22+C33+2(Ci12+C13+C23)>0, C11+C22-2C12>0,

C11+C33-2C13>0, C22+C33-2C23>0 (11.62)
v For trigonal type crystals, there are 6 independent elastic constants (C., C., C., C..,
C33. C44)
Ci1 Ciz2 Ci3  Cyy 0 0
0 Gy Ciz —Cyy 0 0
o 0o c3 0 0 0

Ctrigonal - 0 0 0 C44 0 0 (“63)

0 0 0 0 Cia C14

0 0 0 0 0 Cos

Ce6 = (C11 - C12) /2.

The mechanical stability criteria can be represented in a uniform manner for trigonal

structure; Ca4 = 05 Cqq > [Cqa| 5 Cfy <% C44C6 ; Ci3 < %'Css "(€11+Cy2)  (11.64)

v For Tetragonal (1) type crystals, there are 7 independent elastic constants (Ci1, Ciz,
C13, C16, Cs3, Ca4, and Ces.)
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Ci1 Cz2 C3 0 0 Ci6

0 Ciy Ci3 O 0 —Ci16
0 0 C 0 0 0

CTetragonal = 0 0 33 C44 0 0 (I |65)
0 0 0 0 Cyu O

0 0 0 0 0 Cee
For tetragonal structures, the mechanical stability criterion can be represented uniformly;

Ciy >0 Cyy > |C12 | ;> 2-C36 < Cge(C1q1 —Cyz); > 2-C%5 < C33-(C13+Cy2)
(11.66)

The bulk (B) and shear (G) modulus are calculated from the Voigt-Reuss-Hill (V-R-H)
approximations. The Voigt (V) approximation represented the strain in the structure as upper
limit for the parameters that are expressed the elastic coefficients Cij. Unlike the Reuss (R)
approximation, that assumed, the parameters in lower limit through the elastic compliance

tensor Sij.
By = 3 (By + B (11.67)
Gy = 5 (Gy + Gp) (11.68)

In orthorhombic structure Voigt approximation, the bulk (Bv) and shear moduli (Gv) were

estimated as:

By=((C11+Ca2+Cas) +2(C12+Ci3+C23))/9. (11.69)
Gv=((C11+C22+C33) +2(C12+C13+Co3+ 3 (Cas+Cs5+Cos))/15. (11.70)
1/Br=(S11+S22+S33) +2(S12+S13+S23). (11.71)
15/GRr=4(S11+S22+S33)-4(S12+S13) +(S4s+Ss5+Se). (1.72)

In trigonal structure Voigt approximation, the bulk (Bv) and shear moduli (Gv) were

estimated as:

By = %[Cn + Ca2 + C33 + 2(Cy2 + Ca3 + Cy3)] (11.73)
Gy= 1_15 [Ci1 + Caz + C33 — € — Ca3 — Cy3 4+ 3(Cyq + Css5 + Cgo)] (11.74)
i = [S11 + S22 + S33 + 2(S12 + S23 + S13)] (11.75)
o = 15[4(S11 + S22 + S35 = S12 = 25 + S13) + 3(Sas + Sss + Seo)] (11.76)

In tetragonal structure VVoigt approximation, the bulk (Bv) and shear moduli (Gv) were

estimated as:
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By = [2-(C11+C12)9+4-C13+C33] (11.78)

Gy = M+3C11_3C1;;'6(2C44+C66) (1.79)
CZ

Bp= ¢ M= Cy1 + Ciz +2C33 — 4Cy3, C* = (Cyq + Cy2)C33 — 2CH5 (11.80)

_ 18.By 6 6 3(C11-Cip)?+12.CE6 2 — 202
Gr =15 [( c2 ) + (cu—c12 Tt @ )] €7 = (Caa + C12)Cos — 2Ci6

(1.81)

Due to the special importance of the Young, Shear, and Bulk moduli, Pugh’s ratio,

Anisotropy, and Poisson’s ratio for high-tech applications, which are computed from elastic

constants. The ratio of stress to strain that determines the stiffness of materials is called

young’s modulus, the greater its value stiffer will be the material, and vice versa. It measures

the ability of a material to withstand changes in length under a given amount of stress. It is
given by the equation [60]:

_ 9BG
E= 3.B+G (11.82)

The Poisson ratio determines the nature of the bond. Its values for covalent, ,ionic and
metallic bonds in a crystal are 0.1,, 0.25 and 0 respectively , [61]. Poisson’s ratio may also be
used for determining the central forces in solids, also indicate the compressibility of materials.

The Poisson’s ratio v is calculated from the following relation [60]:

3.B-2.G
" 2(3B+G) (11.83)

For central forces in crystals, the limits of Poisson’s ratio are 0.5 t00.25 , [58]. The
value of calculated Poisson’s ratio under consideration remains between these two limits
which reveal the predominance of the central inter-atomic forces. In addition, it can also
reflect the ductile and brittle property by (ductile> 0.26= v >brittle).

Bulk modulus B is one of the most important parameters of the engineering materials,
[62]it gives information about the nature of the bond and cohesive and binding energies of
the material,[63]. Shear modulus G is another important mechanical property that determines
the resistance toward reversible deformations resulting from shear stress. The harder a
substance is, the higher the shear modulus value becomes. It describes the hardness of
material better than that by bulk modulus. The criterion for brittleness or ductility of a
material is the value of the Pugh’s ratio, B/G.The lesser and higher values of the B/G ratio

than 1.75 reflect the brittle and ductile natures of the material, respectively, [64].
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11.7.3.2.2 The Debye temperature

The Op is known as an fundamental parameter related to many physical properties as
melting temperature and specific heat, [65]. The Debye temperature can be estimated from

the average sound velocity (v,,) by the following equation [66].

Op = i [ (22)1 Vi (11.84)

where h is Planck’s constant, k is Boltzmann's constant, N, is Avogadro's number, n is the
number of atoms per formula unit, M is the molecular mass per formula unit, p = m /Vis the

density, and vy, is given [67] as

v, = [%(2 )] 1/3 (11.85)

VP
where v; and v, are the longitudinal and transverse elastic wave velocity, respectively, which

are obtained from Navier's equation

6\1/2 3B+4G
v, = (;) and w = G (11.86)

11.7.3.2.3 Elastic anisotropy

Another interesting physical parameter related to the elastic properties of solids is
elastic anisotropy. It is the measure of the intensity of a property in different directions. In
different crystallographic planes, shear anisotropy gives a measure of the level of anisotropy
in atomic bonding in different planes. Additionally, it provides information on stiffness.
mechanical robustness and hardness ductility, binding, and brittleness between nearby atomic
planes

The elastic anisotropy of a crystal is characterized by the universal anisotropic index
AY and by the indexes describing the behavior in shear and compression (Ag and Ag). The
universal elastic anisotropy index AY and indexes A; and Agfor a crystal with any symmetry

may be proposed as follows [130, 131]:

AU=5§—Z+ﬁ—Z—6 (11.87)
5= l’j: Z X 100% (11.88)

Ag = OR % 100% 11.89
G~ Gy+Gpr 0 ( ' )

AU is single crystal elastic anisotropy[68]. Universal index is equal to zero for isotropic

materials. The deviation of AUfrom zero defines the extent of elastic anisotropy.
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Ag = A; = 0 represents the elastic isotropy, and Ag = Ag = 1 means the maximum elastic
anisotropy, [69].

The shear anisotropic factors provide measures of the degrees of anisotropy in atomic
bonding in different crystallographic planes. Therefore, the determination of the elastic
anisotropy of material is crucial to understanding its behaviors and finding means for
improving its hardness and durability.

Plotting mechanical moduli in two- and three-dimensional space as a function of direction is
the most effective technique to demonstrate the anisotropy of mechanical moduli.
The directional dependence of young modulus E or bulk modulus B from the elastic constants

or compliance constants:

v For the orthorhombic crystal system [70]

1
E:Sn(l‘f +15) 4 (2S13 + S4) (1315 + 1515) + S3313+(2S, + See)115+15(1 —15) (2545 +

S44) + [2111, (12 — 15)s46] (11.90)
% = (S11 + S12 + S13)l§ 4 (S12 + Sz2 + S33)15 4 (S13 + Sz3 + S33)15 (11.91)
v For trigonal crystal system [70]

%2511(1‘1L +15) 4 (2S13 + S4) (1315 + 1515) + S3313+(2S, + See)1F15+15(1 —15) (2543 +

S4a) + [2111,(1F = 15)s44] (11.92)
B= % = (S11 +S12 +S13) = (S11 +S12 — S13) — S13) 1§ (11.93)
v For tetragonal crystal system [70]

%2511(1‘1L +15) 4 (2S13 + S4) (1315 + 1515) + S3313+(2S; + See)115+15(1 —15) (2545 +

Sqa) + [2111, (12 — 15)s46] (11.94)
B= % = (S11 +S12 +S13) = (S11 +S12 — S13) — S13) 1§ (11.95)
11.7.3.3 Piezoelectric tensors

The piezoelectric property is the derivative of the polarization versus the homogeneous
strain, and therefore it is a mixed second-order derivative of the total energy versus electric
field and strain. When stress is applied to a piezoelectric crystal, its interior will produce a
polarization phenomenon where opposing positive and negative charges appear on its two
opposite surfaces. This phenomenon is called the positive piezoelectric effect. Unlike, also

deform when the electric field is applied in the polarization direction of the crystal.
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This phenomenon is called the reverse piezoelectric effect.

&nj = dju6eq

8Dy = dj60;

80j = —ej,bgq

8Dy = €j0n; (11.96)

The first of the four equations above is to describe the "converse™ piezoelectric effect,
while the second one describes the "direct” piezoelectric effect, and the third and the fourth
describe the "inverse" piezoelectric effect. Thus, one sometimes refers to d as the coefficient
of the "direct piezoelectric effect” while e (denoted as ¢ almost as often as e these notations
are equivalent) is the coefficient of the "inverse piezoelectric effect.” Restating, the
piezoelectric coefficients may be defined via;

— 9Da

— 6P(X 60']'

€jq = on; |£ = on; € or €ja = —a € (“97)
and

] i % | _ 0P
dj, = 5o, |G or dje = 20, '€~ g, |S (11.98)
The e and d tensors are related by;
€jy = Cj(lf)dka or, equivalently dig = Sj(l?eka (11.99)

We calculate the piezoelectric characteristics using homogenous stresses and electric

fields as perturbations. [70]

0 0 0 o ds —2d,,
dorthorombic = <—2dzz dp 0 d 0 0 ) (11.100)
dzq dz; dsz 0 0 0
—d, dp, 0 0 ds 0
dtrigonal = ( 0 0 0 dis 0 d12> (11.101)
dis dis dsz 0 0

0 0 0 dig dis 0
dtetragonal = 0 i 0 d_15 d14 0 (l |102)
dz; d33 0 0 0 dsg

11.7.3.1 Non-linear optical property

11.7.3.1.1 Introduction

The knowledge of the first-order derivatives of the wave functions is enough to
calculate the second-order derivatives of the total energy, this is a special case of a very

general theorem, known as the “2n+1 “theorem, which states that the knowledge of the
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derivatives of the wave-functions up to order n allows the calculation of the derivatives of the
energy up to order 2n + 1. In this context, the third-order derivatives of the total energy can be
obtained from the first-order derivatives of the wave-functions. This opens the possibility to
study phenomena that depends upon third-order anharmonic terms in the energy expansion
such as phonon line widths, Raman scattering cross-sections, or nonlinear optical responses
with a computational effort of the same order as for harmonic properties (because the time-
consuming step is the calculation of the first-order derivatives of the wave-functions).
11.7.3.1.2 “2n+1 “theorem

The calculations of nonlinear optical properties are based on the 2n+1 theorem , [71].
The ground state and the first-order perturbed densities can be used to calculate the mixed
third-rank derivatives of the energy by applying three Hermitian perturbations (24,

A,,and A3).

AqAsAe 1 03E
EMA243 = gm A1=0,=03=0 (”103)
can be computed from the ground-state and first-order wave-functions

E7\17\27\3 — l (\E’xﬂ\z}\s + \E’7\17\27\3 + \EA27\17\3 + \E’7\27\3)\1 + \E/)\3}\2)\1 + \E’?\37\17\2) (||104)
6

With the general expression of the third-order energy derivatives as;

EMMM::24<4Q1kT+vﬂghh|q§”+<qﬁlkT+v“y+thM|qﬁ3>+<

PO (T 4 vghrehs [Ww® s 4 w® [(T 4y gt [k 5] S p Mg, <

83Egxc[n@]
Sn(r)én(r)én(’")

ph |‘P§‘3 > +%f drdr'dr” nM(r)n*2(r")nt (") +

4 )] |

d?  8Epyx[n©@] |
dA; 8n(r)én(r’) A

A2
di;dA;  8n(r) =on™(r) +

1 ’ A3, , 1
o J drdr azon* O™ (r )] +5/dr

1 d3Egyc[n(?)] |

6 digdipdaz A=0 (11.105)

T is the kinetic energy and Eg..(resp.vuxc) IS the sum of the Hartree and exchange correlation
energy (resp. potential).The first-order potential vi‘&ccan be computed as a second-order

functional derivative of Eyy. [72]

Ae _ &Euxc[m@] a, g 4 8Emxc[n©)]
Vhxe = f dn(r)8dn(r’) n 2(r )dr + dA,  8n(r) |}‘=0 (“106)
Within the parallel gauge, the first-order Lagrange multipliers are given by

A 0 0
AR, =<y [T+ Veye + Vi) [p@ > (11.07)
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As a consequence of the “2n + 17 theorem, the evaluation of the equation. 11.105
requires no higher-order derivative of the wave functions than the first one. These first-order
wave functions are nowadays available in several first-principles codes. They can be
computed from the linear response by minimizing a stationary expression of the second-order
energy, [48].
11.7.3.1.3 Non-linear optical susceptibilities

In an insulator the polarization can be expressed as a Taylor expansion of the
macroscopic electric field

1 2

P= P+ X g+ Thoi X gk + - (11.108)

where P is the zero-field (spontaneous) polarization, Xi(]_n the linear dielectric
susceptibility (second rank tensor) and xi(jzlgthe second-order non-linear optical susceptibility
(third rank tensor). In the litterature on non-linear optics, was often finds another definition of
the nonlinear optical susceptibility: instead of xg?,g, it is more convenient to rely on the d
tensor defined as

1 (2

dijc = 5 X0 (11.109)

In general, the polarization depends on valence electrons as well as ions. we deal only
with the electronic contribution( ionic cores as clamped to their equilibrium positions).

) . _ @ . 2 .
Xijk (—wg—wy; wg, ‘”v) = Xijk (_‘”B_‘”Y' wg, (‘)Y) + Uijk(_‘*)ﬁ_“’v' wg, “’v) +

.2
lcijk(—wg—wy;wg,wy)

(L)B"'(L)y

(11.110)

The first term in equation 11.110 describes the contributions of the interband transitions
to second-order susceptibility. The second term represents the contribution from the
modulation of the linear susceptibility by the intraband motion of the electrons. Finally, the
third term describes the portion of the susceptibility resulting from the modification of
interband motion by the polarization energy associated with the interband motion, [73].

The negative value of dj;, coefficient means that the induced second-order susceptibility
is in the opposite direction from the external electric field. We should note that the NLO
coefficients are difficult to measure accurately and those values reported by various authors
are often in substantial disagreement , [74].Experimentally, The electronic contribution to the

linear and nonlinear susceptibilities is measured for electric fields at frequencies high enough

to exclude ionic relaxation but low enough to prevent electronic excitations. In xi(l.zk), this
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constraint implies that both the frequency of E, and it’s second harmonic, are lower than the
fundamental absorption gap.

The NLO susceptibility tensor djjis a third-rank tensor having the units of m/V (or
cm/statvolt). dyj, can be contracted to a 3x6 matrix, dir using simplified subscript indices since
J and k can be exchanged based upon intrinsic permutation symmetry arguments. We simplify
the notation by introducing a contracted matrix diiaccording to the prescription

jK— 11 22 33 23.32 31.13 21.12
l1- 1 2 3 4 5 6
The nonlinear susceptibility tensor can be represented as the 3x6 matrix

d11 d12 d13 d14 d15 d16
dll - d21 d22 d23 d24- d25 d26
d31 d32 d33 d34 d35 d36

(11.111)

The form of tensor dii has to be consistent with the symmetry of the crystal. Thus, not
even harmonics can be produced by materials with a center of symmetry or an inversion
center. When an NLO material is chosen for an application, the NLO coefficient and the
transparency range are among the most important properties. In general, a large NLO
coefficient is a desired characteristic of a device crystal. According to the requirements of
crystal symmetry, the number of independent components can be further reduced. di tensor

for some ferroelectric crystals is shown in the sequel (in VVoigt notation)
Point group 2mm

0 0 0 0 dy O
) (11.112)

dorthorombic = ( 0 0 0 d32 0 0
dz; d3; ds3 0 0 0

Point group 3m

—dp dp 0 0 d3; O
dtrigonal = ( 0 0 0 d31 0 d12> (“113)
dz; d3; dzz 0 0 0

Point group 4mm

0 0 0 d; dis 0
dtetragonal = 0 i 0 d_15 d14 0 (l | 114)
d3; dz; 0 0 0 dse
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11.7.3.1.4 Electrooptic tensor

The principal electro-optic (also known as Pockels) effect occurs in NCS compounds
when the change in refractive index is linearly proportional to the electric field. The variations
of refractive index (n) induced by a low-frequency electric field are as follows:

A(e™)y; = X5 -1 TijkEyk (11.115)
where (e7');; is the inverse of the electronic dielectric tensor and r;; the EO tensor.
Within the Born and Oppenheimer approximation, the EO tensor can be determine as

the sum of 3 contributions: a bare electronic part ruk, an ionic contribution r{™ and a

piezoelectric contribution r}?;{ezo The electronic part is due to an interaction of g, with the

valence electrons when considering the ions artificially as clamped at their equilibrium

positions. It can be computed from the non-linear optical coefficients. As can be seen from
equation 11.108, X ). defines the second-order change of the induced polarization with respect
to Ex. Taking the derivative of equation 11.108, we also see that xi(].z;(), defines the first-order
change of the linear dielectric susceptibility, which is equal to iAsﬂ. Since the EO tensor

depends on A(g1); rather than Ag;;, we have to transform Ag;;, by the inverse of the zero-

field electronic dielectric tensor , [75].

A = = Zhn=1 EmAE) mnEnl’ (11.116)
Using equation 11.116 we obtain the following expression for the electronic EO tensor
1]k = —8m 21 I'= 1(8_1)11)(11/1( (8_1)111 (”-117)

Equationl1.117 principal axes of the crystal under investigation [71]

—81'[ 2
rik = xf]k) (11.118)
where the n; coefficients are the principal refractive indices.

How ionic contributions came into being the EO tensor result of the atomic positions
relaxing as a result to the applied electric field E,and the variations of ¢;; induced by these

displacements. It is possible to calculate the ionic EO tensor as the sum of the transverse optic

phonon modes at g = 0;

i 4 o pm
i = —infn]z T (11.119)
i
o] \/—Zkﬁa = uyy, (kB) (11.120)
Pmk = 2k ZikgUm (kB) (11.121)
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where o™ is the Raman susceptibility of mode m, and pp,  the mode polarity that is directly
linked to the mode’s oscillator strength;
Sm,ap~Pm,a-Pm,p (11.122)
For simplicity, we have expressed equation 11.119 in the principal axes while a more general
the expression can be derived from equation 11.116.

Finally, the piezoelectric contribution is due to a relaxation of the unit cell shape due to
the converse piezoelectric effect [71], it can be computed from the elasto-optic coefficients

Pijuv and the piezoelectric strain coefficients dy,,,

piezo

lijk = 23,v=1 pijuvdkuv (11.123)
In the discussion of the EO effect, we have to specify whether we are dealing with strain
free (clamped) or stress-free (unclamped) mechanical boundary conditions. The clamped EO

tensor er takes into account the electronic and ionic contributions but neglects any

modification of the unit cell shape due to the converse piezoelectric effect [71, 76]

My = iy iy (11.124)
Experimentally, it can be measured for frequencies of Ex high enough to eliminate the

relaxations of the crystal lattice but low enough to avoid excitations of optical phonon modes

(usually above ~ 100 MHz). To investigate the unclamped EO tensor rij, , we have to add
the piezoelectric contribution to rij;
M = i + 1™ (11.125)
Experimentally, r;,can be measured for frequencies of Ex below the (geometry dependent)
mechanical body resonances of the sample [77](usually below ~ 1 MHz). The experimentally
determined NLO and linear EO coefficients can be either negative or
positive. The sign of these parameters will be often difficult to measure experimentally.
Besides, dij and EO tensors are expressed in the standard crystallographic coordinate system
in which the z direction represents the optical axis of the crystal. The negative value of di
coefficient means that the induced second-order susceptibility is in the opposite direction with
the external electric field. We should note that the NLO coefficients are difficult to measure
accurately and those values reported by various authors are often in substantial disagreement,
[74].

The linear EO effect is described by a third rank tensor, commonly represented as a 6 x
3 matrix. Since & IS real and symmetric, its inverse mij must also be real and symmetric, and

consequently rijx must be symmetric in its first two indices.
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This relationship can be written explicitly as;
11 T1z2 I3
Ip1 T2 I3

31 T3y I3z
Ti— 11.126
U=1Ty1 Typ Ty3 ( )

sy Isz Is3
Fg1 Te2 Teg3

The simplified linear EO coefficient tensors of some of the point groups;

Point group 31m,;

rqq 0 I3
/—I‘ll 0 Ti3 \
0 0 Is3

Ti= | 0 re; O | (11.127)
\r51 0 0/
0 -r11 0
Point group mmz2;
0 0 I'13
/O 0 r23\
0 0 I'33
Ti= | o " 0 (11.128)
I'sq 0 0
0 0 0
Point group 4 ;
r;; O 13
—I‘11 0 r13
0 0 33
Ti=| o re, 0 (11.129)
r51 0 O
0 -—rIyg 0

1.8 The modern theory of polarization
11.8.1. Introduction

For many years an unsolved problem in solid state physics was the correct definition
of polarization in periodic systems. This definition is intrinsically related to the one the dipole
operator, that is a problematic object for extended systems. In order to understand the
problem, let’s start the discussion from the polarization in isolated systems. In a system with
open boundary conditions, the dipole operator is well defined and therefore one can write
down the polarization as:

e<r>

P = =
v

% [ tn(r)dr (11.130)

where n(r) is the electronic density.
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The simplest idea for the definition of the polarization in periodic systems would be to
generalize the previous formula. The integral in equation 11.130 can be redefined in different
possible ways in periodic systems. In an insulator the contributions from the dipoles inside the

material cancel each other and only the surfaces contribute to the total polarization;

ap = Lot (11.131)
where Ao is related to the charges accumulated on the surfaces. This definition equation
[1.131 [77]is not suitable for numerical calculations because it requires the simulation of the
entire sample and moreover the above defined polarization is not a bulk property but it
depends from the surfaces.

The second possibility is to define the polarization as P =< T >.o/Veen -But this
definition is completely arbitrary. In fact, different choices of the unit cell give completely
different polarizations for the same material. A last possibility exists, the use of the dipole
matrix elements in terms of Bloch orbitals, but also in this case there is problem since the
dipole operator is unbounded in periodic systems. Finally, let mention that also the well know
Clausius-Mossotti formula for the polarizability cannot be used in real solids because wave-
functions are not localized objects.

The main reason makes polarization definition so difficult in solids; the dipole operator

is ill defined in periodic systems, because ' is not periodic while wave-functions are.
Until the early nineties, the formulation of a quantum-mechanical theoretical framework for
the study of the physics of electric polarization in solids had remained a challenging problem,
[78].This picture changed in 1993 when King-Smith and Vanderbilt (KS-V) [51] proposed a
formulation (the modern theory of polarization - MTP), the problem of a correct definition of
polarization solved, which resolved the conceptual difficulties associated with the definition
of this quantity for continuous, periodic, charge distributions.

In their seminal paper, they shown that bulk polarization can be expressed as a closed
integral on the wave-function phase in the Brillouin zone, a particular case of the Berry’s
phase. Their formulation solved all problems with the previous attempts to define the
polarization. In fact, the King-Smith and Vanderbilt (KSV) polarization is a bulk quantity, its
time derivative gives the current and its derivatives respect to the external field reproduce the
polarizabilities at all orders.

In their work, the electric polarization of an insulating crystal is related to a Berry
phase[79] computed from the valence wave-functions.Besides settling, the important
conceptual question related to the definition of polarization as a bulk quantity, the KS-V
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theory provided an entirely new framework for the computation of the polarization of a
crystal maintained at vanishing homogeneous electric field. Since its formulation, the theory
has been examined in greater detail by KS-V [51] and by Resta [78], and extended to many-
body systems by Ortiz and Martin , [80]. The relation between polarization and the phases of
the wave-functions has also led to a reexamination of the role this quantity plays in (DFT)[9]
formulation of the ground-state properties of extended systems.[72, 81-83].0f no less
importance is the conceptual relationship between the spontaneous polarization and the
centers of charge of the Wannier functions (WF) of the occupied bands, which was also
discussed by KS-V [51] and previously by Zak. [84] This connection was later generalized by
Nunes and Vanderbilt [85] (NV) to deal with insulators placed in non-zero external
homogeneous electric fields: they introduced field-dependent “polarized” WF’s and a method
for their computation.

Within DFT the NV method has recently been applied to the computation of the
polarized WF’s and the dielectric constant. The latter quantity is related to the change of
polarization due to a change of homogeneous electric field, in the linear regime, or
equivalently, to the second-derivative of the total energy with respect to the homogeneous
electric field. Specific treatments have been developed (noticeably within DFT) for the study
of the response of crystals to “external” perturbations, like phonons, stresses or homogeneous
electric fields. After the MTP was developed, Dal Corso and Mauri [86], building on the NV
work, gave a very succinct equation for the second-order susceptibility, which was later
effectively used to compute this quantity for a number of systems, [87] using the variation-
perturbation theory. The MTP method is used to directly implement the theory in reciprocal
space using the Berry phase associated with the occupied bands of the perturbed crystal.
Before its relationship with the electronic polarization was confirmed by ksv, the existence of

a band structure berry phase had previously been discussed by zak and colleagues.

11.8.2. Berry’s phase polarization
In the MTP [51, 77, 78] The self-consistent kohn-Sham potential is defined as the change

in electric polarization per unit volume caused by an adiabatic change in the crystalline

potential in the setting of DFT.

A2 0P
AP = [7 2 d) = P(A;) — P(y) (11.132)

with P(A) given in terms of a Berry phase associated with the occupied bands of the system

2ie
(2m)3

PO = — Yo [z dk < ulyg |vK |uﬁK > (11.133)

69



Chapter 11 Theoretical Framework, concept and formalism

where —e is the electron charge, A is a parameter representing the adiabatic change in the
potential, and the factor of 2 in the numerator accounts for spin (we will consider only spin-
unpolarized systems).

The gauge relation between periodic functions uyk + G(r) = e '%Tu,k(r)is established
by requiring that the Bloch eigenstates be periodic in reciprocal space, i.e., ¥,x = Wk + G,
where G is a reciprocal-lattice vector. With this choice of gauge, the polarization changes
given by equation 11.132 are defined to within a factor of (2e/Q)R, where R is a lattice
vector, [51] equation. 11.133 was derived under the restriction that the macroscopic electric
field inside the crystal vanishes. Moreover, it also requires that the set of wave-functions be
differentiable with respect to k.
The actual evaluation of the polarization in equation 11.134 is carried out on a discrete mesh
of points in reciprocal space. Because this expression depends on the phase relationships of
wave-functions at different k-points, the following discretized version was proposed by KS-
V:
PO) = 155 [dK L Z% tmfindet|< )y [, > ) (11.134)

where Py is the component of the polarization along the direction of a short reciprocal lattice
vector, Gy, and Ny is the number of k-points sampling the Brillouin zone along that direction
for each value of K,, with K; = K, + jG;/Ng.

From a calculational point of view, this discretized expression ensures that the final
result is unaffected by random numerical phases which may be introduced in the wave
functions at different k-points, when these are independently determined by the
diagonalization routine.However, Resta has taken the view that the discretized expression is
to be regarded as more fundamental than the continuous form, [87].For the formulation of the
electric-field response that we develop in the present work, discretization is crucial in order to
define a numerically stable minimization procedure. It is possible to convert the berry phase
expression into a real space integral involving the occupied bands' wannier functions, which
results in a physically transparent expression for the polarization in terms of the wannier

functions' centers of charge.
PV =-23,[ lro® |2dr (11.135)

where Q is the unit-cell volume.
In principle, the above expressions are valid only at vanishing electric field. However, it

was soon realized that equation. 11.135 could be extended to the non-zero field problem, by
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introducing the so-called polarized Wannier functions. Polarization effects were then related
to the field-induced shifts in the Wannier-function centers of charge. The equation. 11.134 is
applied to the non-zero-field problem, thus defining a field-dependent Berry phase containing
the polarization effects. This allows us to work out a perturbative approach for the finite-field
problem.

King-Smith and Vanderbilt demonstrated the validity of equation 11.135 by means of
Wannier functions. They supposed that is possible to map Bloch orbitals in maximal localized
Wannier functions then wrote the polarization in terms of the last ones, and finally show that
this is equivalent to the equation 11.134 Another proof was proposed some years later by R.
Resta that generalized the previous formula to the many-body case and show that it
reproduces the integral of the total current.
11.9.Conclusion

In this chapter, we present the basic principles of Theoretical Framework, Density
functional theory (DFT) and their Formalism, Density Functional Approximations which is
used, Density functional Perturbation Theory (DFPT), and the modern theory of polarization,
were presented in this chapter. A good choice of basis function set is crucial for solving
KohnSham equations. Our calculations performed on solids are based on both Plane waves
and pseudo-potentials(PP-PW) implemented in the ABINIT package and Full-potential
augmented plane-wave (FP-APW) implemented in the Wien2k package; Moreover, the elastic
properties and non-linear (NLO) properties, within the framework of the modern theory of
polarization and density functional perturbation theory (DFPT), making use of the 2n+1
theorem, are calculated and stored in the derivative database (DDB), and analyzed by the
ANADDB package within the ABINIT Package (chapter I1l and V)
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Results and discussions

In this part, we interpret and analyze the results of two compounds RbLiCrO4and

AgBi(CrOs4)2, each compound will be in a part independent.
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Compound RbLICrO4
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I11. A. 1. Introduction

In recent years, due to the improvement of computational technologies, it has been
proven that the first-principles calculation is a strong and useful tool to predict the crystal

structure and properties related to the electron configuration of material before its synthesis.

The acentric oxide building blocks like (AXs = BePs, SO4, CrOs4, POs)” have been
contributing to the most widely used second-order SO NLO materials in inorganic crystals such
as BaB204 (BBO), LiB3Os (LBO), KH2PO4 (KDP), KTiOPO4 (KTP), LiNbO3 (LN), ZnGeP>
and AgGaSe», [1-8]. The KTP crystal has a very high-frequency conversion efficiency, wide
transmission range, high laser damage threshold (LDT), and excellent physical and chemical
stability [9], but it suffered from susceptibility to photochromic damage, that is, grey-tracking,
that causes the slow deterioration of light conversion efficiency, [10-12].

Promising SO NLO materials should have a non-centrosymmetric (NCS) space group,
large NLO coefficients (strong second harmonic generation (SHG) intensity) large laser-
induced damage thresholds (LIDTs), and high thermal stability. the current situations consider
strong SHG response and high LDT value are the most important factors. Several aspects should
be considered to obtain NCS structures. These criteria were summarized in several articles, [13-
16].

The coordination of acentric ligands to cations favors the formation of NCS structures,
among these ligands, we can mention the chromate ion (CrO4)%, having a trigonal pyramidal
and tetrahedral geometry which leads to materials crystallizing with acentric structures such as
RbLiCrO4, K Th(CrO4), and Ag Bi(CrOa4)2, [17, 18].

In this part, we perform first-principles DFT calculations to investigate the electronic
ground state properties of the polar chromate RbLiCrOa, the framework of these structures are
built up of 6 membered rings of vertex-connected CrO4 and LiO4 tetrahedra changing their
orientations during phase transitions [19], due to the space group of RbLiCrOais (P31c) belongs
to the polar point group 3m [20], we calculate the nonlinear optical coefficients, electro-optic,
and piezoelectric tensors according on the density functional perturbation theory (DFPT), [21,
22].
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I11.A.2 Calculation Method

Our calculations are based on the framework of density functional theory (DFT). We
used two methods, the first is the all-electron full-potential linear augmented plane wave (FP-
LAPW) in a computer code WIENZ2k [23], having diverse approximations used as an exchange-
correlation functional (Uxc). The geometrical structures are optimized within the generalized
gradient approximation by Wu and Cohen (WC-GGA), [24]. The resulting relaxed geometrical
structures are used to calculate the ground-state properties utilizing the recently modified
Becke-Johnson potential (TB-mBJ) [25], which efficiently optimizes the other corresponding
potentials, especially for the electronic, band structures calculations, and linear optical
parameters. In the irreducible wedge of the corresponding first Brillouin zone, 162 k-points are
considered which to the grids of 12 12 10. we selected the muffin-tin radii (RMTS) to be 1.8
a.u. for Rb, 1.5 a.u. for Li, 1.5 a.u. for the Cr, and 1.4 a.u. for O. We further expanded the
corresponding potential plus the charge density in corresponding muffin-tin spheres (MT). we
put cut-off parameters Kmax= 7/Rmt and Imax =6. The RDLiCrO4 is with the electronic
configurations as Rb (4s? 4p® 5sY), Li (1s?2s?), Cr (4s! 3d°) and O (2s? 2p?).

Second, we adopt norm-conserving pseudopotentials based on the local density
approximation (LDA) as exchange-correlation potentials, we mainly used the ABINIT package.
The calculations of the piezoelectric property are based on linear response functions, while the
computations of nonlinear optical properties are based on nonlinear response functions. Most
properties of solids depend much more on the valence electrons than on the core electrons. The
wave functions are expanded up to a kinetic energy cutoff of 50 Hartree. Integrals over the
Brillouin zone (BZ) are approximated by sums on a 10 10 6 Monkhorst—Pack mesh of special
k-points, [26]. The second-order nonlinear optical susceptibilities and electro-optic coefficients
are obtained within a nonlinear response formalism taking advantage of the 2n + 1 theorem,
[27, 28].

I111.A.3. Ground state properties

I11.A.3.1. Structural properties

RbLiCrO4 material crystallize in an NSC trigonal symmetry space group, i.e. (P31c). The
illustrated figure.lll. A.1 give the crystal structure of the RbLiCrO4 crystal.
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Figure. I11.A. 1. Conventional Cell of RbLiCrOa,

A great deal of computational effort is required to determine both the lattice parameters
and the inner coordinates of all the atoms by ab initio calculations based on the DFT. In this
present work, we have calculated the stable atomic structure concerning the inner coordinates
of all the atoms in the unit cell, as well as the lattice parameters, atomic positions, and bond

lengths.

Structural optimization for the P31c space group(a=b#c) was performed in two steps.
Firstly, the fully relaxed crystal structure was obtained to determine the unstrained structure
with assumed lattice symmetry. Secondly, relaxation of atomic positions was carried by fixing
the lattice parameters to experimentally obtained values by using the minimized forces which

act on atoms.

In FP-LAPW, employing the (WC-GGA) approximation, we optimized the atomic
positions using the minimized forces which act on atoms, we examined the energy-volume
curve near the equilibrium volume, where we optimized the lattice constant ratio (ao/co, V) and

the atomic positions for several volumes.
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In PP-PW, the structural properties were generated using LDA-PW approximation.
Table.lll.LA.1 and table. I11.A.2 displays the optimized crystal structural data and atomic
positions; we analyzed the bond length in the table.ll1.A.3 for both methods, as compared to

experimental.

Compounds RbLiCrO4 , AgBi(CrO4)2

Table. I11.A. 1. Calculated and experimental lattice parameters of RbLiCrO4

Parameter Exp(A) [29] GGA-WC | AX/X | LDA-PW | AX/X
a(A) 5.40212 5.40359 0.05% 5.05843 6.38 %
C(A) 9.17530 9.25831 0.9% 8.77112 4 4%

Table. I11.A. 2. Calculated and experimental atomic positions of RbLiCrOg.
Atoms Exp. [29] GGA-WC LDA-PW

Rb (050 ;0) (050 ;0) (050 ;0)

Li (0.33333; 0.66667; (0.33333; 0.66667; (0.333; 0.6666;
0.18240) 0.18543) 0.190513)

Cr (0.33333; 0.66667; (0.33333; 0.66667; (0.3333; 0.66667;
0.79510) 0.79810) 0.7939010)

0(1) (0.33333; 0.66667; (0.33333;0.66667; (0.3333; 0.6666;
0.97310) 0.97810) 0.98393)

0(2) (0.34900;0.38640; (0.34900; 0.39648; | (0.3106; 0.3420283;
0.73870) 0.73865) 0 .73554)

Table. I11.A. 3. Calculated and experimental bond length of RbLiCrOs.

Binding length (A) | Exp[29] | WC-GGA | AX/X | LDA-PW | AX/X
Cr-O (1) 1.633 1.647 0.8 % 1.608 1.53%
Cr-0O (2) 1.642 1.643 0.06% 1.574 4.14%

Cr-Li 3.286 3.585 9.09% 3.397 3.37%
Li-O (1) 1.92 1,937 0.88% 1.7586 8.85%
Li-O (2) 1.946 1.947 0.05% | 1.75061 | 10.07%
Rb-O (1) 3.128 3.129 0.03% 3.397 8.5%
Rb-O (1) 2.962 2.976 0.47% 2.885 2.59%

Our optimized structure parameters result as listed in the table. 111.A.1, the optimized
lattice parameters in the case of FP-LAPW vyield a very good agreement compared to the
experimental lattice parameters with an overestimate than the corresponding experimentally
calculated results, which confirms the general (GGA) behavior which often overestimates the
lattice parameters of solid materials. For PP-PW, our lattice parameters are lesser than the

corresponding experimentally calculated results, which confirms the general (LDA) behavior

that often underestimates the lattice parameters.
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The results are listed in table I1I.LA. 3, the agreement between the theoretical and
experimental bond lengths was rather good, although small deviations existed because of the
different lattice parameters and their coordinates.

This reliability and significant consistency in-between our computed structural parameters
with corresponding experimental data verify the accuracy of our employed computational
approach and provide a validation of the reliability of the calculated results for the electronic

and optical properties.

111.A.3.2. Electronic structure

The chemical bond is one of among important factors that determine the geometrical
structure of a solid and its focused study is necessary for understanding the electronic structure
and its properties.

The electronic structure is comprised of the band structure, total and partial electronic state
density, and charge-density distribution.
111.A.3.2.1 Band structure

The line of high symmetry points of P31c (N°159) in the Brillouin zone is illustrated in
figure. 1. A.2.

HA

PB

Figure. 111.A. 2. The line of high symmetry points of P31c (159) in the Brillouin zone.
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E-E; (eV)

Figure. I11.A. 3. Calculated band structure by (WC-GGA) for RbLiCrOa.

Our calculated electronic band structure of RbLiCrOs is illustrated in the figure.A.111.3 by
(WC-GGA) approximation, which is along the selected previous path. By the analyzed band
structure of RbLiCrO4 from the valence-band (which is at the top i.e., the maximum of HOVB
which is the (highest occupied valence-bands) and the corresponding conduction-band bottom
i.e., the minimum of LUCB which is the (lowest un-occupied conduction-bands, RbLiCrO4 has
an indirect band gap between the point I" for the top of valance band and point M of the bottom

for the conduction band with the energy value of 2.90 eV.

By using TB-mBJ potential our computed band gap value is opening than the WC-GGA
approximation by 0.7 eV value with display indirect electronic transition from HOVB by the
point I" to the LUCB point M with the energy value of 3.60 eV is shown in the Figure.lll. A.4.
Because there is no experimental data available for the electronic structure of our study
compound, from the successful of TB-mBJ potential we adopt it to investigate the others

properties.
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Figure. I11.A. 4. Calculated band structure by (TB-mBJ) for RbLiCrOa.
111.A.3.2.2 Density of states

For explain the contributions of various electronic states in the valence/conduction and to
determine the characters’ band of RbLiCrOs with further details, we calculated the total density
of states i.e. (T-DOS), and the partial density of states which is (P-DOS), as presented in the
figure.lll. A.5. The non-centrosymmetric sublattices states occupying near the Fermi level have
important contributions to SHG response. Where the major electronic states near the Fermi
level are mainly consist from d state of the Chrome atom and p state of the Oxygen atom, with
very little contributions of p states Rubidium and Lithium atoms. We can consider his small
contributions as negligible state, so, we can say that the Chrome- Oxygen unit is the main source
of second-harmonic generation response in RbLiCrOa.
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Figure. I11.A. 5. Calculated total and partial DOS for RbLiCrOa.

111.A.3.2.3. Charge-Density Distribution

For the calculated stable configuration, the valence charge distribution was calculated to

clarify the character of the bond among atoms of RbLiCrOa.

Figure.lll.A.6 shows the distribution of the valence charge in the unit cell. The
distribution is spherical around the Chrome or the Oxygen atoms, this situation can be described
by the covalent character, the distributions is not spherical around the Lithium atom and the
ligand (CrOs), can be described by double characters band, while the charge distributions

between the Rubidium atom and the ligand (CrO4) indicating the character ionic between them.

86



Chapter 111 Compounds RbLiCrO4 , AgBi(Cr0O4)2

Figure. I11.A. 6. Calculated density of charge in a plane containing Rb, Cr and O atoms.
111.A.3.3. Optical properties

The optical properties can provide more detailed information about the electronic
structure of the materials. It is well-known that the optical properties are very sensitive to the
energy band gap. Therefore, the accuracy of our results will be sensitive to the selection of the
exchange-correlation functional and it can play a major role in the accuracy of our results, based
on previous experiences with using TB-mBJ potential, we have used TB-mBJ potential to
calculate the electronic band structures and hence the optical properties RbLiCrO4[30, 31].

In this part, we investigated the optical response of RbLiCrO4 in the energy range 0— 40
eV. A linear response of a material to electromagnetic radiation is described by calculating the
real e1(w) and imaginary 2(w) parts of complex dielectric function € (w), (see chapter 1). In the
trigonal crystal structure, the optical spectra are anisotropic along the crystallographic a, and ¢
axes are plotted in figure. 111.A.7. So, according to the symmetry of the crystal, the dielectric

tensor has only one dependent component (exx=€yy#€zz).
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Figure. I11.A. 7. Calculated imaginary g2(w) and real €1(®) parts of the dielectric function for
RbLIiCrOas.

The e(w) in figure.lll.A.7, is a display of the main 9 peaks (A, B, C, D, E, F, G, H, )
which are related to the interband transitions from the valence to the conduction band states,
based on the TDOS (Figure .111.A.5) we can determine these transitions, which are given in the
table. I11. A.4, these transitions are including; plasmons and single-particle excitations, which

are caused by the electric field of a photon which contributes to the second-order NLO
properties.

Table. I11.A. 4. Peak positions of the 2(m) spectrum together with the dominant inter-band
transition contributions to every peak for RbLiCrOa.

Dominant inter-band transition contributions

Peak position | Energy(eV) Valence band (VBs) Conduction band (CBs)
A 3.86 d-Cr p-O
B 4.77 d-Cr p-O
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C 6.39 s, p-Li, p-Cr, s-O d-Cr, p-O
D 6.88 s, p-Li, p-Cr, s-O d-Cr, p-O
E 8.42 p-Li, s, d-Cr, d-Cr, p-O
F 9.23 s-RDb, S, p-Li d-Cr, p-O
G 11.86 s-Rb, S, p-Li d-Cr, p-O
H 14.39 s-RDb, S, p-Li d-Cr, p-O
I 20.33 s, p-Li s-Rb

The real part €1(®) provides information on the behavior of electromagnetic waves in the
material according to crystallographic directions (figures.I11.A.7.) which reflects the behavior
isotropic in plus haut energy. when g1(®) values become negative in some regions [7.15t0 9.78]
eV and [20.31 to 22.44] eV this means that there is a total reflection of the incident
electromagnetic waves. Those points that correspond to plasmon frequencies and the negative
regions of 1(w) be examined in figure.lll.A.7. The g1xx () and €12; (®) take zero values at the
following photon energies (7.04;7.75;8.56;9.07;20.49;22.11)eV and
(7.85;8.26;9.37;9.78;20.72;21.83) eV, respectively. The static dielectric constants, ;(0), were

calculated as 3.30 toward a and 2.95 toward c directions.

The other optical properties such as absorption coefficients I (»), refractive index n (w),

energy loss function L (@), and reflectivity R (o) are plotted in the figure.lll.A.8.
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Figure. 111.A. 8. Calculated optical properties: absorption coefficient I(w) (10™*/cm),
reflectivity R(w), electron energy loss function L(w) and refractive index n(w) as function of
energy of the incident photon for RbLiCrOa.

The absorption coefficient I(w) show an gap at 3.61 eV, which is reflected in the
transparency of our compound along with the Infrared (IR), Visible (Vis), and ultraviolet (UV).
A substantially increased absorption occurs in VUV, UV-C region, while a steeper increase

emerges in the EUV region.

It is known that the refractive index n(w) can be obtained theoretically from the
dielectric function (see chapter I). Furthermore, our calculated frequency dependent, refractive
index n(w) is in figure.lll. A.8. The corresponding static values of the refractive index, n(w)
for RbLiCrO4 that were observed are n,,(0) = 1,81176 and n,,(0) = 1,71433 respectively.
For frequency doubling and generation of sum and difference frequencies, it is required that the
incoming and generated lights are in a defined phase relation along the path of interaction. It is
well known to phase matching. Birefringent phase matching An(w) is a technique for achieving
phase matching of a nonlinear process by exploiting the birefringence of a nonlinear crystal.
Therefore, the birefringence properties of LiRbCrOs as nonlinear crystal (ne( ny,(0))>

no(n,,(0))) make this compound potential candidate for these applications, [32] . The
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calculated wavelength Birefringent index for LIRbCrOg crystals is shown in figure.lll.A.9. As

a phase matching crystal in order 0.047.

1,0

M

—— % RbLi(Cr0,)

o
()]
|

o
o

Birefringence An(w)

&
©
1
e ——

N
(&)
1

N
=)

10 15 20 25
Energy(eV)
Figure.ll1l.A. 9. Birefringence of LiIRbCrOg.
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When the refractive index n(w) of a material depends on the wavelength of light or
photon frequency (photon energy), this dependence is called the dispersion (dn/dE) of the
material. There are two types of dispersion: normal and anomalous. The region in which the
frequencies range lies below resonance frequency w, is called the normal dispersion region. In
this region n increases with increasing frequency (increasing photon energy), dn/dE is positive.
The anomalous dispersion region is that of the frequencies range lies that above w,. In this
region n decreases with increasing frequency (increasing photon energy), dn/dE is negative[33,
34] which is clear from the figure.lll.A.8, that the refractive index n(w) increases with
increasing photon energy at the range of photon energies lower than 3.64 eV (the energy gap
of the material is 3.60 eV). This means that the RbLiCrO4 has normal dispersion at this range
of photon energies. The reverse behavior of n(w) at the range of photon energies above 3.64
eV indicates the effect of fundamental absorption edge and the anomalous dispersion, [34].
These parameters are used to determine the propagation of light through the optical medium.
In telecommunications, for example, the dispersion and its parameters are used to describe the
processes which cause that the signal carried by the electromagnetic wave and propagating in

an optical fiber to be degraded as a result of the dispersion phenomena. This degradation occurs
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because the different components of radiation having different frequencies propagate with

different velocities.

The essential optical parameter energy loss function i.e., L(®), which tells and describe
the energy lost by fast moving electrons, traversing in a material. From the shown figure. I11.
A.8, itis clear that Ly, (w) and L,,(w)are demonstrate one maximum peak which is at 9.27 eV,

and 9.68 eV, respectively. These values are of L(w) is related to plasma frequency hw,, and the

phenomena is known to be plasma resonance, [35]. Beyond these observed high values the
energy loss function, L(w) declines rapidly, which is a correlation with maximum peak
occurred in our reflectivity spectra and to the crossing zero of refractive index static value, and

correspond to edges in the reflection spectrum R (w) which presented in figure. 111.A.8.

111.A.3.4. Mechanical and piezoelectric properties

To investigate the structural stability of RbLiCrOas, we calculate the elastic constants by
processing homogeneous strains as perturbations based on DFPT.

Elastic anisotropy of crystal results in different features of bonding in different directions.

The prediction of six non-zero elastic constants of this compound are Ci1, C12, C13, Cu4,
Css, and Ca4. Additionally, it should be pointed out that Ces= (C11— C12)/2, of the trigonal system
(space group P31c), are presented in table. I1I.A. 5. There is no experimental or theoretical data
on the elastic properties of RbLiCrO4 for comparison.

In table.lllLA.5, the point group of RbLiCrO4 belongs to the triangle crystal. As
mentioned in chapter I, the triangle crystal needs to satisfy the Born mechanical stability
criterion. The results are presented in the table.A.I11.5 reveals that the elastic constants of the
RbLiCrOg satisfy the constraints of the Born stability condition. Therefore, the structure of
RbLiCrOs is stable.

Table. I11.A. 5. The calculated elastic constants Cj; (in GPa) for RbLiCrOa.

Elastic Constants Cu Co Cuis Cu Css Cu
RbLICrO, 242.90876 83.11265 60.53233 23.08618 270.22082 58.72605

We can estimate the elastic anisotropy using simple ratios of the elastic constants. As there is a
difference between C11 and Cass, RbLiCrO4 will show anisotropy in its elastic properties, while

the comparative values of C12 and Cy3 indicate the ductile nature of RbLiCrOa.
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Voigt -Reuss -Hill presented the well-known way to quantify mechanical behavior of
crystals,
based on the predicted Cjj’s Calculated elastic modulus are listed in the table. I11.A. 6; Bulk
modulus B(GPa), Shear modulus G(GPa), Young’s modulus E(GPa), Poisson’s ratio v are
computed as to equations in chapter II.
Table. 111. A. 6. Bulk modulus B (GPa), shear modulus G (GPa), Young's modulus E (GPa),
Poisson’s ratio v and B/G ratios for RbLiCrOa.

Modulus Bv Br B Gv Gr G E \Y B/G

RbLiCrO4 | 129.38 | 129.37 | 129.37 | 72.797 | 61.314 | 67.055 | 171.53 | 0.28 | 1.92

The RbLiCrO4 has a comparatively low shear modulus, which is indicative of its low
coefficient of friction and good machinability. The ratio of the bulk modulus B to shear elastic
constant Cas is used to measure the plasticity, [36] . The values of (C11 — C12) and young’s
modulus E can also estimate the plasticity of materials [37]. RoLiCrOa4 has better plasticity due
to its smaller values of (C11 — C12) and E. The Pugh’s criterion B /G and the Frantsevich rule v
which are justified the ductile nature of RbLiCrOa.

111.3.4.1. Debye temperature

The Op calculated from elastic constants using the Voigt -Reuss -Hill approximation method is
calculated from the single-crystal elastic constants, which is proportioned to the studied vm (the
average sound velocity), v (the longitudinal sound velocity), and v; (transverse elastic wave

velocity) are given in chapter Il.

Table. I11. A. 7. Transverse (v: in m/s), Longitudinal (vi in m/s), mean sound velocity (vm in
m/s) and Debye temperature (®p in K) for RbLiCrOa.

Vi \Y/ Vm (05}

RbLiCrOs 5203.66 2647.7 2967.1 4448

From table.A.111.7. RbLiCrO4 has the Debye temperature (444.8K).
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111.A.3.4.2. Anisotropic factors

There are a variety of methods to characterize the anisotropy of a crystal structure, for
instance, the universal elastic anisotropy index AY, the percent bulk and shear modulus factors
(As and Ag). (See chapter I1). These all factors are listed in table. 111. A.8.

Table. 111. A. 8. Universal anisotropy factor (AY), percentage of bulk module (Ag) and shear
modulus (Ag) anisotropy factors for RoLiCrOa.

Anisotropy AY As (%) Ac (%)

RbLiCrO4 0.93 0 0.08

From table.A.111.8. AU is 0.93, this value deviates from 0, indicating the relatively elastic
anisotropy characteristic of RbLiCrO4.In addition, the percent of Ag factor is 0, meaning that
compressibility is isotropic unlike the percent of Ac factor is 0.08 which reflect the small
anisotropic of resistance from shear stress.

For better visualization of the anisotropy of young module E and bulk module B, the anisotropy

of the two molds in 2D and 3D was plotted by the relationships as mentioned in chapter II.

We have studied the bulk module for all directions, the 2D and 3D representation of shear
modulus in the xy, xz, and yz planes for RbLiCrO4 is shown in the figure. I11.A.10. From figure.
I11.A. 10, the 2D and 3D directional dependence are exhibit a spherical shape and circular shape,
respectively, which reflects an isotropic material.

The 2D and 3D directional dependences of the young module at different planes for
RbLiCrOg are plotted in figure. I11. A.11. From figure. I1I.A. 11 we can see that the 2D and 3D
figures of the young module for RbLiCrO4 have more deviation in circular shape and sphere

shape, which indicates that the young module shows strong anisotropic for different planes.
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Figure. I11.A. 10. The 2D projection of bulk moduli and your 3D projection of RbLiCrOa.
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Figure. I11.A. 11. The 2D projection of Young and your 3D projection of RbLiCrOg.

111.A.3.4.3. Piezoelectric property

To investigate the piezoelectric properties of RbLiCrOas, we calculate the piezoelectric
constants by treating homogeneous strains as perturbations based on DFPT. Our compound
under 31m group point to the triangle crystal. According to Voigt notations (see chapter 1),
The obtained piezoelectric tensor of RbLiCrO4 has four independent elements; dis, d22, da1, da3
are resumed in the table .A.I11.9.

Table. A. 111. 9.Relaxed ion piezoelectric tensor dij in (pC/N) for RbLiCrO4

dis d22 ds1 ds3

LiRbCrOas 22.24 0.014 -1.68 3.20

From table A.I11.9, we see that; RbLiCrO4 shows the value of the largest component dis
among the others, which is about nine times larger than that of a-quartz di1(-2.3 pC/N). The
large value of dis means that; the polarization along the direction (001) is easily affected by
external stress. The large piezoelectric constants reveal that RbLiCrOa is a promising candidate

piezoelectric material.
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I111.A.3.5. Nonlinear optical properties

I11.A.3.5.1. nonlinear optical susceptibilities

The RbLiCrO4belongs to the 31m point group, therefore it has second-order susceptibility

x @ is double the SHG coefficient dij. First of all, we note that the equations for SHG consist
of a number of resonant terms. In this sense the imaginary part,ImXi(ji)(—Zw, w, w) (equation

11.110) resembles €, (w) and provides a link to the band structure. The difference, however, is

that whereas in &, (w)only the absolute value of the matrix elements squared enters, the matrix

elements entering the various terms in Imxszg (w) are more varied. they are in general complex

and can have any sign. Thus, ImXi(jZk)(w) can be both positive and negative. Secondly, both

resonances appear when 2 equals an interband energy and when o equals an interband energy.
Third, we note that the 2m resonances occur at half the frequency corresponding to the interband
transition. Thus, the incoming light need not be as high in the ultraviolet (UV) to detect this
higher lying interband transition.

This is important for wide band gap material like RbLiCrO4 compound where laser light
sources reaching the higher interband transitions are not available. Nevertheless, one still need

to be able to detect the corresponding 2 signal in the UV. That is attributed to the fact that the

second harmonic response ImXi(ji) (w) contains the 2m resonance along with the usual ®
resonance. The structure in ImXi(].Zk)(w) can be understood from the structures in &,(w)

.Unfortunately, the intrinsic richness of the ImXi(].Zk) (w) spectra remains largely to be explored

experimentally.

By using electric fields and atomic displacements as perturbations based on DFPT.
According to the Kleiman symmetry relation[38, 39], there is only four independent SHG
coefficients are given in table.ll1.A.10. The calculated results show that the three independent
elements of the NLO tensor of this compound are ds1, d22, and ds3 (\Voigt notations). If we
compared our result for referential available results materials NLO such as KDP (d33=0.39
pm/V) and KTP (d3 = 6.5 d32 =5.0, d3s= 13.7, d24= 7.6, d15= 6.1) we can present RbLiCrO4 as

larger than KDP and lesser than KTP component in nonlinear optical magnitude.
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Table. A. 111. 10. Static nonlinear optical coefficients dij (pm /V) for RbLiCrOa.

ds1 d22 ds3

RbLiCrO4 -1.621 2.2712 451

The real response for each material corresponds to their desr, which depends on the
anisotropy, optical axis, crystal orientation, phase matching types ...etc. For this crystal class
(31m), the des is directly related to dz1 and do2, for all different possible phase matching types.
the defr possible values, depending on crystal rotation and phase matching type by the following
relations;

desr = d345inO — d{5c0s0Osin3¢

desr = dy; cos?0cos3¢ — d;scosOsin3¢p

The direction of the wave vector is specified by spherical coordinates (8, ¢) referenced

to the crystalline axes; pis the birefringent walk-off angle.

I11.A.3.5.2 Electro-optic tensor

As we obtained the second-order nonlinear optical susceptibility, all the elements that are
needed to calculate the EO tensor, which describes the dependence of the optical dielectric
tensor on the static (or low-frequency) electric field, are available. With the same procedure as
second-order nonlinear optical susceptibility (see chapter I1).For ease of comparison, the EO
coefficients of RbLiCrOs, total and electronic contribution is also listed in the table. A .111.11.

Our obtained EO coefficients are riz, ris, rss, and rsy.

The large NLO susceptibilities and EO coefficients reveal that the RbLiCrO4 is a high-
performance nonlinear optical crystal. Moreover, the electronic contributions are found to be

small.

Table .A. 111. 11. linear electro-optic (EO) rij (Pm / V) for RbLiCrOas.

I I3 I's1 I'33
Electronic contribution 1.106 0.789 0.789 -1.995
Total contribution -3.70 -0.886 -0.886 -2.170
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I11.A.4. Conclusion

In summary, we perform first-principles DFT calculations to investigate systematically the
lattice dynamics, electronic structure, dielectric, linear optical, and piezoelectric properties of
the polar chromate RbLiCrO4 owing the space group of RbLiCrO4 (P31c) belongs to the polar
point group 3m. The theoretical results of lattice dynamics, atomic position, and binding length
by both methods FP-LAPW and PP-PW are compared to the available experimental data and a
good agreement is found.

In the FP-LAPW method the electronic properties were investigated by TB-mBJ potential
which was that improve them significantly for the opening of the band gap than the GGA-WC
approximation (2.9 eV). It’s exhibited an electronic indirect band gap (3.6eV). The calculations
of the dielectric spectra €(m) in the energy range 0—40 eV. Therefore, from calculated absorption
spectra I(w) the large band gap 3.61 eV, is reflected in the transparency of Rb Li CrO4 along
with the Infrared (IR), Visible (Vis), and ultraviolet (UV). The birefringence of RbLi(CrO4)
(An=0.047). The loos spectra L(m) have a few main peaks, which are related to excitation (VBs
to BCs). The energy of the maximum of L(w) (9.47 eV) is related to the energy of volume
plasmon hwp,.

In the PP-PW method, the computed elastic constant indicates that the compound is
mechanically stable according to the elastic stability criteria. We have calculated the bulk
moduli, shear moduli, Young moduli, Poisson ratio, Debye temperature, and anisotropy value
from the obtained elastic constants according to the Voight-Reuss-Hill approximation. Our
compound possesses ductile nature with respect to the B/G criterion and Poisson's ratio.
Additionally, the calculated young have suggested that this compound is a potential hard
material and has strong bonds. The obtained Debye temperature value for RbLiCrO4 indicates,
relatively, thermal conductivity and confirms the strength of chemical bonding in the crystal
structure. Furthermore, the elastic anisotropy has been visualized in detail by plotting the
directional 2D and 3D dependences of bulk and Young's moduli.

A large SHG coefficients ds;= -1.621 pm/V, d22=2.272 pm/V, and d33=4.51 pm/V than KDP
(0.39 pm/V) [84] and KTP (dz = 6.5, d32 =5.0, d33= 13.7, d2s= 7.6, d15= 6.1) and high electro-
optic coefficients which has a great potential as a candidate material for the (IR), (Vis), and
(UV) regions.

One the other hand, Rb Li CrO4 exhibit higher piezoelectric coefficients dis, d2o, da1, dzs are
22.24 pC/N,0.014pC/N, -1.68pC/N,3.20 pC/N which in comparison with quartz (di4 = 0.727
pC/N, di1 = 2.310 pC/N) promising candidate for piezoelectric applications.
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Part B

Compound AgBi(CrOa):2
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111.B.1. Introduction

The Non-centrosymmetric (NCS) polar crystals display the main part of natural minerals
and are considered the main basis for Modern fundamental material science owing to their
multi-functionally applications such as second-order nonlinear optics (NLO) piezoelectric
(PO), electro-optic(EO) and optoelectronics, [40-47]. However, these crystals’ high
performance (NLO) in the mid-infrared region has of great attention due to their application in

field remote sensing, telecommunication, laser guidance, and medical diagnostics, [48-52].

A good mid-IR NLO crystal must dictate the following requirements for second-
harmonic-generation (SHG) applications; large NLO coefficient, the high value of laser damage
threshold (LDT) that correspond to band gap value, transparency in the requited region,
moderate birefringence to allow phase matching, thermal and mechanical stability. To obtain
the last features, firstly must provide inherently NSC molecules, so some feasible strategies
were proposed including; (i) Compounds containing (n-1)d*ns® transition-metal cations are
important candidates for polar crystals(Ag*, Cu*, Zn?*, Cd?*, et al) has a polar displacement of
d20 cation center (ii) Compounds containing ns2 main-group metal cations (Pb?*, Sn?*, Bi®*, I*®,
Se**, Te**, et al) could be subjected to the second-order Jahn-Teller (SOJT) effect caused by
lone-pair electrons [14, 53, 54]. (iii) (iii) The [MO4]"tetrahedron is acentric building block
such as [PO4],[CrO4],[104]... [55-57]. (iv) polar chalcogenide groups ([TeS3]*, [AsS3]*,
[SbS3]*, etc), [58].To achieve functional crystals with strong NLO effects can combine two or
more types of NLO-active and be further stacked in an additive model to afford structural
building units, [59-61].

These mid-IR NLO crystals can be classified into three categories according to their
compositions: (1) IR NLO chalcogenide, such as AgGaS; [62] AgGaSe; [63],ZGP [6] etc;
possess very large SHG responses but relatively low LDTs. (2) IR NLO oxides including
KTiOPO4,[2] LiNbO3 [2] etc; normally possess large LDTs and NLO responses but narrow IR
transparency (usually < 6 pm). (3) IR NLO iodates comprising XIO3 (X = Li,[64] Rb,[64, 65]
Cs [66]), Nal3Os,[67] etc, iodates usually have wide transparent range (0.4-12 um) in the IR
region. Despite metal oxide NLO crystals have been developed for ultraviolet, visible and

near-infrared regions ,but rarely to found excellent mid-IR NLO crystals. [61]

Double bismuth-argent chromate Ag Bi (CrOa)2 crystalize in the tetragonal space group
of 14 belonging to the polar point group 4, he exhibits two types of polyhedra [AgOs] and

[BiOg], each one consisting from dodecahedron [AgO g] shares four others with four different
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dodecahedra [BiOsg] and vice versa; each of the vertices of the dodecahedron [AgOs] or [BiOs]
is in common with a chromate tetrahedron [CrO4]. On the other hand, each oxygenate belonging
to a chromate group is also bonded to a silver atom and a bismuth atom, [18].

This part is devoted to the theoretical investigation of the linear and nonlinear optical
(NLO) properties, The experimental data show that this compound is not only promising in the
field of nonlinear optical (NLO) through building structural but also as a potential candidate
for electrochemical with carried at the empirical level , [68]. Our theoretical investigation is
extended to the determination of information about the electronic, linear optical, elastic,
piezoelectric, electro-optic coefficient, and nonlinear optical (NLO) properties of Ag Bi (CrOa4):
by using a first-principles calculation based on the density functional theory (DFT) that

nowadays has become a powerful tool for predicting accurately the properties of materials.

111.B.2. Calculation Method

In this work, we adapt our calculation within the framework of density functional theory
(DFT) by using different methods. At first, we have used the full-potential linearized augmented
plane wave method (FP-LAPW) [69] implemented in WIEN2K code[70] , because this method
treated very accurately the core of the electron, [71]. The generalized gradient approximation
(GGA) by Wu and Cohen (GGA-WC) [24] is adopted for the electron exchange and correlation
(Uxc)for calculation of lattice dynamical . In order to obtain more accurately the band gap (EQ)
, we adopting the Tran and Blaha modified Becke-Johnson potential (TB-mBJ) [72-74] into
properties like electronic and linear optical . The last proprieties of Ag Bi(CrO4), were studied
with use the values of Rt were taken as 2, 2,1.6 and 1.4 Ag, Bi, Crand O respectively. The
valence electrons in electronic configuration are as follows; Ag: 5st 4d'°, Bi: 6s2 6p®, Cr 4s! 3d°,
and O :2s? 2p*. The plane wave cut-off for the basis function was set to Rkmax 7.0 and for the
irreducible Brillouin Zone (BZ) the integration was use on the grid of 379 (12 12 27) k points.

The calculations of elastic and piezoelectric (PO) properties are based on linear response
functions, while the second-order nonlinear optical (NLO) and electro-optic (EO) tensor are
based on nonlinear response. The linear and nonlinear response are calculated within the
framework of modern theory of polarization and DFPT. We use the local density Perdew—
Wang92 functional approximation (LDA-PW) [75, 76] as the exchange correlation potential
implemented on ABINIT code. A 6 x 6 x 6 Monkhorst-Pack k-point mesh is used with a plane
wave cut-off of 30 hartrees. The elastic constants we can obtained from the second derivatives

of the total energy versus strain , while the other quantities mentioned above are related to
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spontaneous polarization which it calculated by using a Berry-phase approach, [77]. The
nonlinear optical and electro-optic (EO) tensors, are calculated based on (2n+1) theorem [78]
which is present the computation of third-order energy by Taylor expansion can be obtained
the electric polarization [78] for calculated the derivatives of the total energy versus to electric
fields and strains with is the piezoelectric tensor [78] which are implemented systematically in
ABINIT code.

111.B.3. Ground state properties

111.B.3.1 Structural properties

Structural properties are the first fundamental step to predicting other properties of the
studied material. Therefore, their good determination led to afford accurate information’s. so
After the fixing of computation parameters, considering the experimental lattice as starting
point, we have determined the cell parameters after relaxation of the atomic positions to
minimize the Hellmann-Feynman forces exerted on each atom, [79]. The lattice parameters and
atomic positions calculated are listed in the table. 111.B. 1 and 2, respectively where they are
compared to the experimental data. The Ag Bi (CrO4)> compound investigated has a tetragonal

structure of space group 14 (No. 82), the crystal structure is shown in figure. 111. B.1.

Figure. 111.B. 12. Conventional cell of Ag Bi (CrOa)..

In the FP-LAPW method, we needed optimization many cycles (volume and c/a ) to
reach the optimal structure by using GGA-WC approximation, we can observe that their GGA-

WC is overestimate the lattice parameters with is agree with the trend of the GGA for the
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structural parameters,[80]. In the PP-PW method by using LDA-PW approximation after we
have optimized and relaxation of the atoms to annul Hellmann-Feynman forces in the structure
as a prerequisite, our results exhibit an underestimate of the lattice parameters is close to
experimental data which is an agreement of trend general of LDA-PW approximation, [79]. In
general, our results show a very good arrangement with experimental data.

Table. 111.B. 12. Calculated and experimental lattice parameters of AgBi(CrOa4)>.

Parameter Exp [18] GGA-WC AX X LDA-PW AX X
a(A) 5.0978 5.0987 0.01% 5.0067 1.79%
c(A) 11.6514 11.6554 0.03% 11.2586 3.37%

Table. 111.B. 13.Calculated and experimental atomic positions of AgBi(CrOa)a.

atom
Exp [18] GGA-WC LDA-PW
S
Ag (0; 0.5; 0.75) (0; 0.5; 0.75) (0; 0.5; 0.75)
Bi (0.5;0.5;0) (0.5;0.5; 0) (0,5; 0,5; 0)
Cr
(0; 0; 0) (0; 05 0) (0; 05 0)
1)
Cr
@ (0.5; 0; 0.75) (0.5; 0; 0.75) (0.5; 0; 0.75)
o (0.86939;0.24338;0.9235 (0.86949; (0.93573; 0.32803;
2) 0.24438.92362) 0.84295)
0 (0.24338;0.13061;0.0764 | (0.23061;0.15662;0.0923 (0.22131;
8) 5) 0.8290070.84295)
0 @) (0.13061;0.75662;0.9235 | (0.13062;0.75672;0.9245 | (0.17099;0.64268;0.84147
2) 2) 5)
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(0.75662;0.86939;0.0764

(0.75662;0.86929;0.0765

(0.79984;0.92074:

2)

O 4)

8) 8) 0.06676)
06 (0.37694;0.24126;0.8293 | (0.37695;0.24426;0.8296 (0.35731;

8) 8) 0.28039 ;0.84295)

(0.24126;0.62306;0.1706 | (0.24326;0.62326;0.1716 | (0.20015;0.58838;0.13235

O (6)

2) 2) )
o (0.62306;0.75874;0.8293 | (0.62336;0.75974;0.8296 (0.79984; 0.7

8) 8) 2074:0.86764)
0@ (0.75874;0.37694;0.1706 | (0.75974;0.37994;0.1736 (0.73251; 0.41161;

2)

0.16764)

As well as bond length Which is show excellent agreement between the experimentally [18]

data and results of our calculation for AgBi(CrOs4)2 compound are summered in the

table.111.B.4.This level of agreement is important to validate our comparisons between

resultants structures and experimental structures.

Table. 111.B. 14. Calculated and experimental bond length of AgBi(CrOa)z.

Bond length (A) Exp [18] GGA-PBE AX /X LDA-PW AX /X
Cr (1)-0 1,686 1.663 1.36 % 1.819 7.88 %
Cr (2)-O0 1,647 1.661 0.85 % 1.816 10.26 %
Ag-O 2,526 2.49 1.42 % 2.485 1.62%
Bi-O 2,467 2.45 0.68 % 2.49 0.93%
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111.B.3.2. Electronic structure

111.B.3.2.1. Band structure
The chemical bond is one of among important factors that determine the geometrical
structure of a solid and its focused study is necessary for understanding the electronic structure

and its properties.

The line of high symmetry points of 14 (82) in the Brillouin zone is illustrated in figure. 111.B.2.

Figure. 111.B. 2. The line of high symmetry points of 14 (82) in the Brillouin zone.

In this section, we provide a study of the electronic structure by the computed electronic
energy band dispersion along the selected high-symmetry lines within the BZ using the GGA-
WC and TB-mBJ are depicted in figure. 11l. B.3 and 4, respectively. The GGA-WC show no
band gap, while TB-mBJ show the AgBi (CrOa4)2 has an indirect band gap semiconductor, where
the valence band maximum is located at the I" point while the conduction band minimum is
located at the N point which ranges from 1.38 eV.

The experimental band gap for AgBi(CrOs)2 is not yet available, we adopt the TB-mBJ
potential to investigate the other properties .
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Figure. 111.B. 4. Calculated band structure for AgBi(CrQOa4), using TB-mBJ.

111.B.3.2.2. Density of states

Figure. 111.B.5. shows the total and partial density of states (DOSs) of Ag Bi (CrOa)2. The
valence band (Bv) can be divided into two energies range from [ -5.83; -0.94] eV and [-0.75;0]
eV, the former consists of the Ag-d state with contributions from the O-p, Cr-d states, and the
Bi-s, p states, the latter consists Ag-d, Cr-d, O-p, there are hybridizations between Cr-d and O-
p, Bi-p and Ag-d with O-p state. Above the Fermi level conduction band (Bc), the total DOS
mainly arises from Ag -s,d, Cr-d, Bi — p, and O-p states.
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The charge distribution of Ag-O and Cr-O bonds indicates that the empty (3d°) orbital in
Cr more easily forms a covalent bond with O atoms than the fully occupied (4d*°) orbital in Ag.
This hybridization results in a lowering of symmetry about Cr atom (SOJT effects) [81-87] with
hence plays an important role in a variety of important properties such as; the piezoelectric and
nonlinear optical properties of Ag Bi(CrOz)4. While at the bottom of the (Bv) as the filled Ag
(4d'%) orbital interact with the O 2p orbital and appear at higher energy in (Bc) the unfilled
Ag 5st state, that means the lowest energy excitation from the (Bv) to the (Bc) is occurring
from Ag (4d'°) — O 2p orbitals to the unfilled Ag 5s orbitals so this charge transfer play a key
role in reducing the bandgap. On another side, the hybridization between the dominated O-2p
states with minor Bi-6s states upper valence band, is responsible for the asymmetric local
environment of electron distribution around the Bi atoms due to the presence of a stereo-

chemically active electron lone pair. [88].
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Figure. 111.B. 5. Calculated partial and total DOS for Ag Bi (CrOa)z.
111.B.3.2.3. Charge-Density Distribution
Obviously in the figure. 111.B.6. The density of charge indicates that; the chemical
bonding of the Cr-O confirms the covalent trend and both Ag-O, Bi-O bonds have double

character the former is a more ionic trend and the latter is more covalent.

107



Chapter 111 Compounds RbLiCrO4 , AgBi(Cr0O4)2

Figure. 111.B. 6. Calculated density of charge in a plane containing Ag, Cr and O atoms.

111.B.3.3. Optical properties

The response of materials to electromagnetic radiation is described by the optical
constants, the linear response was determined for AgBi(CrO4)2 in our work by the conventional
optical effects such as; refractive index n(w), absorption coefficient I(w), loss function L(®) and
reflectivity R(w)are displayed in figure. 111.B. 8. These last optical constants can be extracted
from the complex dielectric functions € (®) = €1 (o) + ig2 (o), which is mainly characterized by
the imaginary part 2(w) which adopt the electronic properties and the real part €1(®) which

adopt on the electronic polarizability with are displayed in figure. 111. B.7.
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Energy (eV)

Figure. 111.B. 7. Calculated imaginary &2(®) and real e1(w) parts of the dielectric function for
Ag Bi (CrOa)z.

The formula expression for the £2(®w) can be found in chapter I. It's calculated by a direct
evaluation of the transition matrix elements between the valence and conduction bands. In
general, second-order NLO properties are determined by the optical excitations from all
occupied states of the VBs to all unoccupied states of the CBs via the intermediate states. We
can identify these excitations by comparing the PDOS plots (figure. 111.B.5) [89]. Based on the
TDOS (figure. 111.B.5), we can note the positions of the main 9 peaks A, B, C, d, E, F, J, H, |

transition that contribute dominantly to the optical structures are given in the table. 111.B.15.

Table. 111.B. 15. Peak positions of the e2(®) spectrum together with the dominant inter-band

transition contributions to every peak for AgBi(CrQOa4)..

Dominant inter-band transition contributions

Peak position | Energy(eV) | Valence band (VBs) | Conduction band (CBs)

A 2.5 d-Ag, d-Cr, p-O p-Bi
B 3.4 d-Ag, s-Bi, p-O p-Bi, d-Cr
C 5.6 s-Bi, p-O d-Ag, p-Bi, d-Cr
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D 7.28 s-Bi, p-O d-Ag, p-Bi, d-Cr
E 8.18 p-Bi, p-O d-Ag, d-Cr
F 10.68 s-Bi, d-Cr, p-O d-Ag, p-Bi
G 13.4 s-Bi p-Bi, d-Cr, p-O
H 15.2 s-Bi, d-Cr, p-O s-Ag, p-Bi
| 16.3 s-Bi, d-Cr, p-O s-Ag, p-Bi
J 20.6 d-Bi, s-O d-Ag, d-Cr, p-O

The curve g1(w) is calculated from the imaginary part by a transformation of The
Kramers-Kronig (KK) relations (the equations given in chapter 1).In AgBi(CrOa). the €1(®)
decreases from 7.5 for €1xx and 6.52 for €12, t0 across zero, There are two intervals of negative
value, the firstin [ 7.34 eV to 10.22 eV] range and the second in [20.54 eV to 22.56 eV] with
exhibit an anisotropic quite obvious owing of this anisotropy, the found the e1xx(®) change
sign at 7.34 eV which is different from that for 122(®) at 8,33 eV for the first region and €12z(®)
at 20.54 eV and e1xx(®) at 21.12 ¢V for the second region. This negative sign difference causes
to extended frequency window of the Plasmonic field, in this range the intrinsic plasmonic
excitations can boost nonlinear optical effects owing to the coupling of light to plasmons with
electromagnetic waves leading to the strong local electromagnetic field, this field has a strong
sensitivity to refractive index change with hence to influence significantly the optical processes
and nonlinear response enhancing [90]. After the second region negative our compound settle
down almost close to 0 as an isotope characteristic compound.

The other optical properties such as absorption coefficients I (»), refractive index n (o),

energy loss function L (@), and reflectivity R (@) are plotted in figure. 111.B.8.
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Figure. 111.B.8. Calculated optical properties: absorption coefficient I(w) (10*/cm),
reflectivity R(w), electron energy loss function L(w) and refractive index n(w) as function of

energy of the incident photon for Ag Bi (CrOa)».

we present the refractive indices n(w) to assess the optoelectronic of Ag Bi (CrOa)2 the
distinct refractive index become promising in the near UV region. Mean zero-limit of n(®) is
related with static limit of €1(®) by the relation n(w) = m . The birefringence An (®) is
one of the catalysts whether an NLO material has the value of the study because of its strong
correlation with phase-matchability, a phenomenon underling for effective NLO[91] , so we
present the An () in figure.ll1.B.9. It is noteworthy that Ag Bi (CrOa4)2 has reasonably high
birefringence positive (Nxx-Nzz)~0.18 (An greatly surpasses 0.08) [52, 92, 93] that changes
alternately between positive to negative values along the range study suggesting its versatility

character behaviors witch make a potential candidate for these applications, [32].
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Figure. 111.B.9. Birefringence of AgBi(CrOa).

The absorption coefficient I(w) show an optic gap at 1.5 eV, hence is reflected in the
transparency of our compound along the mid-infrared region,. A substantially increased
absorption first occurs in VUV, UV-C region, while a steeper increase emerges in the EUV

region.

The loss function is an important factor to measure the energy loss of an electron of fast
velocity traversing a material. This curve is usually associated with a peak at an energy which
gives the bulk plasma frequency, wp, A sharp maximum of the L(w) spectrum located at
approximately 24 eV that is consistent with the onset of €2< 1 and &1 = 0, in this point Ag Bi
(CrOa4)2 becomes transparent with corresponding to edges in the reflection spectrum R (o).

111.3.4. Mechanical and piezoelectric properties

To study the structural stability should be investigated of the elastic constants Cjj of solids
to understand many of their fundamental physical properties, owing gives important
information predictions about the mechanical stability, strength, stiffness, hardness, and ductile
or brittleness behavior of materials, [94]. In addition, there are another physical parameter
related to the elastic properties of solids is the elastic anisotropy, the good proper description
of it gives insight into understanding the anisotropic behavior of different bonding natures in

different planes crystallographic, [95].
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The predicted elastic constants of tetragonal 14 AgBi (CrQO4), are shown in table.lll. B.
6. For the mechanically stable crystal, the elastic constants should be satisfying the conditions
indicated in chapter I1. The Cjjcalculated are satisfy mechanical stability criteria suggesting that

the examined system is mechanically stable.

Table. 111.B. 16.The calculated elastic constants Cjj (in GPa) for AgBi(CrOa)2.

Elastic Constants Cu Cu Cis Cis Css Cua Ces

Ag Bi (CrOa): 218.56 | 123.99 | 112.53 | -16.36 | 243.39 | 60.71 | 76.15

The elastic constants Ci11 and Casz are mainly related to the resistances to linear
compression in <100> and<001> directions, respectively, and the other elastic constants
namely Ci2, C13, Cas, and Cep are closely associated with are related to the elasticity in shape.
According to table. I11.B. 6, Cs3 > Cy1, which indicates that the atomic bonding strength along
the <001> direction between the nearest neighbors is stronger than that along the <100>
direction. This means that the compressibility along the x-axis should be more easily than along
the z-axes, [95] .On the other hand, we can be explained their elastic anisotropic by the ratios
of C11/Cs3 [96], the higher (lower) value of the ratio than 1.0 indicates the more compressible z
(x) axis than the x (z) axis. It can be seen that for our compound lower is 0.8 than 1.0, with
mean the <100> direction is more compressible than the <001> direction.

In addition, Ceg is greater than Cs4 implies that the <1 0 0> (0 1 0) shear is harder than the <1
00> (00 1) shear [97].

Based on the predicted Cjj’s, the elastic modulus (bulk modulus B, shear modulus G,
Young’s modulus E, and Poison’s coefficient v) is shown in table. I1l. B.7. can be calculated
according to the Voigt-Reuss-Hill method, which was mentioned in chapter I1.

Table. 111.B. 17. Bulk moduli B (GPa), shear moduliG (GPa), Young moduli E (GPa),
Poisson ratio v and G/B ratios for Ag Bi (CrOa)>.

Modulus Bv Br B Gy Gr G E v G/B
Ag Bi

(CrOa4)2. | 153.19 | 153.08 | 153.13 | 61.613 | 58.269 | 59.941 | 159.07 | 0.32 | 0.39

The large value of Bulk modulus B is closely related to the bond strength among atoms in

the crystal, which presents the ability of material volume to resist elastic deformation.
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According to Pugh criteria, the G/B ratio of 0.57 separates ductile and brittle materials (ductile<
0.57<brittle). In addition, Poisson ratio can also reflect the ductile property by (ductile> 0.26=
v >prittle). In our case, the value of the G/B is smaller than 0.57 and higher than 0.26 which
indicates the character ductile. However, the bond strength among atoms resulting in the higher
value B will lead to weaker ductility in the crystal. Is known that if the value of E increases, the
material is stiff [98], In this context, the AgBi(CrOs). is implying its high hardness and strong
bonding.

111.B.3.4.1. Debye temperature

Many physical properties of a solid such as; thermal conductivity and melting
temperature-related by the fundamental parameter Debye temperature with is related by the

mean velocity (vm), the longitudinal (vi), and transverse (vt) elastic wave velocity.

Table. 111.B. 18. Transverse (vi in m/s), Longitudinal (vi in m/s), mean sound velocity (v in
m/s) and Debye temperature (Op in K) for AgBi(CrOa)>.

Vit Vi Vm (06

AgBi(CrOa):2 3657,85 1861,17 2085,68 347,498

From table. 11l. B.8. AgBi(CrOa)> has the Debye temperature (347.49 K). This value
implies, relatively, better thermal conductivity and strength of chemical bonding, the strong
chemical bonding leads to higher melting temperature and higher hardness. It can be also noted

that the transverse sound velocities are faster than longitudinal and mean sound velocities.

111.B.3.4.2. Anisotropic factors

The universal elastic anisotropy index AY, the percent elastic anisotropy in shear (Ac),
and compression (Ag) to estimate the anisotropic characteristic by the relations given in chapter
1.

Table. 111.B. 19. Universal anisotropy factor (AY), percentage of bulk module (Ag) and shear
modulus (Ag) anisotropy factors for AgBi(CrOa)a.

Anisotropy AY As (%) Ac (%)

Ag Bi (CrOa): 0.28 0.035 0.027
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For isotropic materials must be AY = 0 and As=As=0. The further the values deviate from
zero, the larger the anisotropy of the material. The predicted values are tabulated in the table.lll.
B. 9.

AY is 0.28, this value deviates slightly from 0, indicating the relatively small elastic
anisotropy characteristic of Ag Bi (CrOa)2, In addition, the calculated Ag (0.035) is relatively
high than Ac (0.027), meaning that compressibility anisotropy is larger than shear anisotropy.
Most crystals exhibit elastic anisotropy of varying degrees in different planes and directions.
The three-dimensional surface and the plane projections (XY), (XZ), and (YZ) are given in
Figure. 111.B.10. and 111.B.11, are showing the variation anisotropy of the Young and bulk

modulus of the directional dependences with can be defined as given in chapter I1.

200

Figure. 111.B.11. The 2D and 3D projections of bulk moduli of AgBi (CrO4)>.

For an isotropic system, 3D directional dependence should be a spherical shape, while the

deviation degree from spherical shape give rise to the content of anisotropy.

The variation of Young's modulus shows great anisotropy in all planes and directions

showing that possesses a maximum of young modulus for XY plane and a minimum for XZ
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and YZ planes. Additionally, the variation of bulk modulus with Bmax for XZ and YZ planes
and Bmin for XY plane.

111.B.7.4.3. Piezoelectric property

Piezoelectric property is the ability of acentric materials to create an electric potential in
response to applied mechanical stress. Then, piezoelectricity is associated with the lattice
deformations and depends on the polarization in crystals for more detail, [77]. We have four
independent piezoelectric constants, in Voigt, notations are presented in the table. 111.B.10.
which in comparison with quartz (dis = 0.727 pC/N, d11 = 2.310 pC/N) suggests that promising
candidate for piezoelectric applications.

Table. 111.B. 20. Relaxed ion piezoelectric tensor dijj in (pC/N) for AgBi(CrOa)2.

dis dis ds1 dss

Ag Bi (CrOa): 176 -4.72 -10.47 -10.92

111.B.3.5 Nonlinear optical properties

111.B.3.5.1. nonlinear optical susceptibilities

The SHG phenomenon of a polar material is identified from how the electrons of the
medium respond to the oscillating electric field E of light. The polarization is linearly dependent
on the applied field. Which can be described by the electric polarization P by Taylor expansion

as;
2 2
P (@) = goxijp (@) Ej(@1)Ex(02)

P@ s second-order polarizations, o denoting the electric permittivity of the vacuum and using
the Einstein summation convention,o is the frequency of the response signal while w, and
w,are those of the pump lights with w = w; + w,and the nonlinear electric susceptibility
tensor (SHG coefficient tensor) x?2is a third-rank tensor which presented as the second-order
functional derivatives of P with respectto E. The analysis symmetries of material NLO to find
nonzero SHG coefficients Xizjk is necessary to understand why an NLO material has an SHG
response, and understand its relation to the electronic structure of the material. The space group

of material is dictated by the crystal symmetry and other symmetries governing the
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susceptibility tensors , [99]. The second-order electronic susceptibility Xizjk has 27 components,
Xizjk by the application of symmetries the SHG tensor in Voigt notation for space group of 14

leads to only two nonequivalent components di4,d15 [38] were presented in the table.l11.B.11,if
we compared our result for referential available results materials NLO such as KDP(0.39
pm/V) [100] and KTP (d3 = 6.5 d32 =5.0,d33= 13.7, d24= 7.6 ,d15= 6.1). we can present the Ag

Bi (CrOg4)2 as promising in nonlinear optical.

Table. 111.B. 21.Static nonlinear optical coefficients dij (Pm / V) for Ag Bi (CrOa)2.

dis dis

Ag Bi (CrOu): 8.5 16.71

The real response for each material corresponds to their defr, which depends on the
anisotropy, optical axis, crystal orientation, phase matching types ...etc. For this crystal class
(4), the defr is directly related to di4 and dss, for all different possible phase matching types. the
defr possible values, depending on crystal rotation and phase matching type by the following

relations;

derr = (dq4sin2¢ + dy5sin2¢)sinO
ders = (dq5sin2¢ + dq4Sin2¢)sinO

The direction of the wave vector is specified by spherical coordinates (6, ¢) referenced

to the crystalline axes; pis the birefringent walk-off angle.

111.B.3.5.2. Electro-optic tensor

Another nonlinear optical property is the electro-optic effect which reflects the change in
refractive index caused by a static electric field. This modified refractive index leads to changes
in phase, amplitude, or path of light traveling through a medium and is exploited in various
technological applications , [101]. It contains three contributions, a purely electronic one, an
ionic contribution, and a piezoelectric contribution. For details, we refer the reader to Veithen
etal, [102]. The obtained EO tensor (Voigt notations) of the AgBi(CrQOa4), has four independent
elements[103] are present in table.B.111.12. We adopt here the EO tensor from total and
electronic contribution that is directly related to the nonlinear optic tensor [102].
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Table. 111.B. 22.linear electro-optic (EO) rij (Pm / V) for AgBi(CrOas)2

Compounds RbLiCrO4 , AgBi(CrO4)2

I3 ra1 I's1 I'63
Electronic contribution -0.83 -0.51 -0.99 -0.42
Total contribution 1.01 -2.08 -3.07 -0.38

111.B.4. Conclusion

In summary, we perform first-principles DFT calculations to investigate systematically
the lattice dynamics, electronic structure, dielectric, linear optical, and piezoelectric properties
of the polar double bismuth-argent chromate AgBi(CrOa4). belongs to the polar point group 4.
The theoretical results of lattice dynamics, atomic position, and binding length by both methods
FP-LAPW and PP-PW are compared to the available experimental data and a good agreement
is found.

In the FP-LAPW method the electronic properties were investigated by TB-mBJ potential
which were improved significantly for the opening of the band gap than the GGA-WC
approximation. It’s exhibited an electronic indirect band gap (1.38¢V). The calculations of the
dielectric spectra g(w) in the energy range 0-40 eV, Therefore, the large birefringence of
AgBi(CrO4)2 (An=0.18) makes this compound a potential candidate for these applications. The
calculated wavelength dispersions of the absorption index reflect the optical band (1.5eV)
which is transparency along the mid-infrared region. The loos spectra L(w) have a few main
peaks, which are related to excitation (VBs to BCs). The energy of the maximum of L(w) (24
eV) is related to the energy of volume plasmon (hwy).

In the PP-PW method, the computed elastic constant indicates that; AgBi(CrOs). is
mechanically stable according to the elastic stability criteria. We have calculated the bulk
moduli, shear moduli, young moduli, Poisson ratio, Debye temperature, and anisotropy value
from the obtained elastic constants according to the Voigte-Reuss-Hill approximation. Ag
Bi(CrOs4)2 possess ductile nature with respect to the B/G criterion and Poisson's ratio.
Additionally, the calculated young have suggested that this compound is a potential hard
material and has strong bonds. The obtained Debye temperature value for AgBi(CrOa)2 indicate,
relatively, thermal conductivity and confirm the strength of chemical bonding in the crystal
structure. Furthermore, the elastic anisotropy has been visualized in detail by plotting the

directional 2D and 3D dependences of compressibility and Young's modulus.
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a large SHG coefficients di4= 8.55 pm/V and d15=16.71 pm/V than KDP (0.39 pm/V and high
electro-optic coefficients which has a great potential as a candidate material for the mid-IR
region.

One the other hand, AgBi(CrOa)2 exhibit higher piezoelectric coefficients di4, dis, da1, d3s are
1.76 pC/N, -4.72 pCIN, -10.47 pC/N, -10.92 pC/N which in comparison with quartz (di4 = 0.727
pC/N, di1 = 2.310 pC/N) promising candidate for piezoelectric applications.
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In this part, we focused on the theoretical investigation of the properties of fluoro-iodate.

RbIO2F, CslO2F2, each compound will be in a part independent.
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IV.A.L. Introduction
In recent years, Infrared nonlinear optical (IR-NLO) materials with a height Laser

damage threshold (LDT) had great attention in materials science due to their significant
military and civilian applications, for example; the ferroelectricity, piezoelectricity, and second-
order nonlinear optical (NLO) properties,[1-3]. The development of IR-NLO materials is still
limited, [4, 5]. Currently, commercial IR-NLO materials are only available for; AgGaS:
(AGS)[6] , AgGaSe: [7] , and ZnGeP> [8] ; the two former are suffered lower (LDTs), while
the ZnGeP2 have strong two-photon absorption within their working wavelength range. As a
result, their applications cannot be fully satisfied.

Metal iodates are one of the important types of inorganic functional materials for various
fields of study like nonlinear optical (NLO), ferroelectric, and piezoelectric properties [9-11]
unit with the lone electron pair of 1™ ion, They have been able to produce materials with
outstanding second harmonic generation (SHG) capabilities, including a wide transparency
range from visible to the beginning of the far-IR region, as well as moderate birefringence to
fulfill phase matching behaviors, [12, 13]. In this family, LilOz is the only compound, used in
commercial devices, and its fabrication is limited to piezoelectric transducers [14, 15], owing
to many reasons; lowly of the damage threshold laser (LDT), low thermal stability[16], little
reproducibility of growth of the crystal [17], and presence of impurities [18]. Therefore, new
engineering strategies have been developed, such as; the combination with functional building
units 10xF4x (x=1, 2, 3) in fluoro-oxoidates and transition metal (TM) cations [19-22], which
greatly enrich the researches of iodates, with excellent NOL properties, such as Bi(103)F2[23],
RblO2F2[24], CslO2F2[25], Ce(103)2F2.H20[26], BisOF3(103)s[27], CsBi(103).Fs and
KBi2(103)2Fs[28], where the introduction of electronegative fluorine is an effective strategy in
metal iodates to obtain high LDT.

Rb (1053) is transparent from (0.3—13) um, thus confirming its wider optical transmission
range to extend its applications in the entire ultraviolet, visible and NIR regions. The optical
band gap is found to be 4 eV from the Tauc’s plot. As an inorganic material, the developed
crystal has moderate SHG efficiency (20 times KDP), good thermal stability of 550 °C, and
high LDT of 125 MW/cm? (20 times AgGaS; )[24].

In 2016, Qi Wu et al[24] synthesized a new polar iodate Rb(IO2F2 ), by replacing
oxygen with fluorine atoms in the Rb(IO3) compound. They found that it crystallizes in the

acentric space group Pca2; with a thermal stability at up to 400 °C, a wide transparency range

128



Chapter IV Compounds RbIO,F,, CslO,F,

(2.5-12.34) um and a highest LDT value of 156 MW/cm? (33 times AgGaS; ), [7] . It has a
band gaps of 4.2 eV, exhibiting a good SHG effect (4 times KDP[29]). ). Its SHG coefficients
(dij) have been determined by the ab initio calculations, using plane-wave pseudo-potential, as
implemented in CASTEP code, [24].

In this part , we are interested in the fluoridate RblO2F> because it satisfies the basic
requirements for NLO application , [24]. To determine its performance in various properties
such us lattice dynamics, electronic structure and optical properties, we have performed first-
principles calculations DFT with the Full Potential Linearized Augmented Planes Waves (FP-
LAPW) method. The space group of (Pca2:), for the compound RblO2F», belongs to the point
group mmz2 as multifunctional non-Centrosymmetric space group (NCS). Using the pseudo-
potential plane waves (PP-PW) method, based on the density functional perturbation theory
(DFPT), we carried out the calculations of the mechanical properties, nonlinear optical

coefficients, electro-optic tensors and piezoelectric.

IVV.B.2. Computational details

In this study, we have used the ab-initio calculations, based on the density functional
theory (DFT), [30, 31]. The ion-electron interactions characterizes the separation of valence
and core states by the FP-LAPW method [32] implemented in the WIEN2K Package, [33]. To
treat the exchange and correlation potential (Uxc) we used the Generalized Gradient
Approximation GGA developed by Perdew-Burker-Ernzerhof (GGA-PBE)[34] to calculate the
structural properties (lattice parameters: a, b and ¢ and atomic positions). We used Tran and
Blaha modified Becke-Johnson (TB-mBJ) [35] potential to investigate the electronic and linear
optical properties .The muffin-tin radii values Rmt were fixed to 1.8, 1.4, 1.75 and 1.4 Bohr
for Rb, F, 1 and O atoms, respectively, and their valence states are taken respectively 4s24 p®5s?,
2s22p°, 4d1%s?5p?and 2s22p?. We used full relativistic effects for core states to treat their fully
relativistically effects. The number of the plane wave functions for parameter Rmt x Kmax =7.
For The special K-point of irreducible Brillion zone (IBZ), we have used (10x12x10) grid to
calculate the structural properties. In order to obtain a good convergence of the electronic and
linear optical properties, (12x14 x12) grid has been used. Moreover, the elastic properties and
non-linear (NLO) properties, within the framework of modern theory of polarization and
density functional perturbation theory (DFPT), making use of the 2n + 1 theorem, are calculated
and stored in the derivative database (DDB), and analyzed by the ANADDB package within in
ABINIT Package [36]. The self-consistent norm-conserving pseudo potentials, used in our
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computations, generated by the Troullier-Martins scheme [37], are used to perform this study.
The exchange-correlation terms were treated with the LDA parameterized by Perdew—Wang 92
(LDA-PW), [38, 39] . A convergence study was made 30 Hartree for cutoff energy and a 6x6x6
mesh grid. The ground state structure was fully optimized by minimizing the total energy and

Hellmann—-Feynman forces.

IV .B.3. Ground state properties

IV .B.3.1 Structural properties

RbIO2F; crystallizes in the NCS orthorhombic with space group Pca2: (Figure. IV.A.1) After
optimizing the structural parameters (bo/ao, Co/ao, V), the atomic positions are relaxed to reduce
the Hellmann-Feynman forces and energy. The calculated parameters, atomic positions and
binding length of RblO2F; are listed in table. IV.A.1 ,2 and 3 ,respectively, with the available
experimental lattice parameters, [24]. From these results, we observe that the GGA-PBE
overestimate the lattice parameters while LDA-PW underestimate it. These results are in
agreement with the general trend of both methods in structural parameters [40]. The results are
listed in table IV.A.1,2 and 3, the agreement between the theoretical and experimental atomic

positions and bond lengths have good accord.

Figure. IV.A. 1. Conventional cell of RbIO2F2

Table. IV.A. 1.Calculated and experimental lattice parameters of Rb1O2F

Parameters Exp [24] GGA-PBE AX X LDA-PW AX IX
a(A) 8.567 8.679 1.3% 7.793 9.03%
b(A) 6.151 6.231 1.3% 5.825 5.29%
¢ (A) 8.652 8.765 1.3% 7.856 9.2%
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Table. IV.A. 2. Calculated and experimental atomic positions of RblO2F.

Atomes Exp[24] GGA-PBE LDA-PW
F(1) | (0.4269; 0.2415; 0.5338) (0.42662 ;0.24345 (0.42502;0.24670
;0.53416) ;0.54455)
F(2) (0.5731;0.7585 ;0) (0.57338 ; 0.75655 (0.57497;0.75329
;0.03416) ;0.04455)
I (0.49321;0.94720 (0.49250 ; 0.94659 (0.50056;0.93782
;0.46628) ;0.46671) ;0.46133)
O(1) | (0.2974; 0.8583; 0.4418) (0.29607 ; 0.85829 (0.28440;0.84098
;0.44171) ;0.43910)
0O(2) | (0.7026 ; 0.1417 ; 0.908) (0.70393 ; 0.1417 ; (0.70260;
0.94171) 0.14170;0.9418)
Rb (0.21229;0.53082 (0.21205; (0.20217;0.53876
;0.68916) 0.53071 ;0.68873) ;0.67831)
Table. IV.A. 3. Calculated and experimental bond length of RbIO2F.
Bond length (A) | Exp [24] | GGA-PBE AX /X LDA-PW AX X
F(2)-1 1.985 2.024 1.96% 1.835 7.55%
F(2)-1 2.017 2.054 1.83% 1.903 5.65%
1-0(2) 1.764 1.799 1.98% 1.758 0.34%
1-0(2) 1.777 1.804 1.51% 1.718 3.32%
IVV. A.3.2. Electronic structure

It’s very useful to understand the electronic properties (band structures, state densities

and charge density) of solids, owing to the fact that most of the physical properties of solids are

related to them.

1V.A.3.2.1 Band structure

The line of high symmetry points of Pca2: (29) in the Brillouin zone is illustrated in
Figure. IV.A.2
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Figure. IV.A. 2.The line of high symmetry points of Pca2; (N°29) in the Brillouin zone.
The band structure of RbIO2F. is calculated using the TB-mBJ potential along the high

symmetry directions in the Brillouin Zone (BZ). The calculated energy band structure is
represented in figure. IV.A. 3. There is an indirect band gap between the point X for the top of
valance band (Vg) and point Y of the bottom for the conduction band (Cg) with the energy value
of 4.17 eV. Our result is in a good agreement with the experimental result, which is 4.2 eV with
an error of 0.47%. While in the other calculation, using the LDA approximation, as
implemented in the CASTEP code, is yield a difference of 1.9 % [24] . Therefore, in our study,
the TB-mBJ potential shows its ability to accurately treat the E4 quantifying, confirming its

efficiency as in many theoretical studies , [41].
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Figure. IV.A. 3.Calculated band structure by (TB-mBJ) for RbIO2F>.
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IV.A.3.2.2. Density of states

The total and partial densities of states (TDOS and PDOS) for RbIO2F, in the region
of [-25 to 18] eV, are shown in figure.IV.4. In this figure, the zero scale of energy reveals the
Fermi energy. Under the Fermi level, there is the valence band (Vg) state while the conduction
band (Cg) state is located above it. The PDOS show that the Rb atom is positioned by 4s? and
4p®orbitals in the (Vg) at [-23.6, -23.5] eV and [-8.8, -7.5] eV, respectively, exhibiting localized
non-bonding orbitals. The Vg along [-22.02, -9. 95] eV is known Dby four energy bands; the
first one [-22.16,-21.29] eV is mainly formed by the 2s? orbital of F atom and particularly by
the 5s2orbital of | atom , the second energy band [-18.8,-18.04] eV is dominated by the 2s?
,5s2,2s? orbitals for F, 1 and O atoms, respectively, the third one [-17,-16.24] eV is mainly
formed by the 2s?orbital of O atom and particularly by 5p? orbital of | atom , and the last one
[-11.3,-9.88] eV is formed by the 5s? orbital of | atom and a small contribution of both 2s? and
2p° orbitals of O and F atoms . These bands, mentioned above (Vg), arise from the short 1-O
and I-F links. The energy ranges near the Fermi level can be divided into three different energy
bands around [-5.9, -5.4] eV, [-5, -3.5] eV, [-3.1, -1.5] eV, and [-1.3, O] eV.

[-5.9, -5.4] eV exhibits a localization of the 2p®, 4p°®, 5p? orbitals of F, Rb and | atoms,
respectively. [-5, -3.5] eV shows a hybridization of the 2p®, 2p* and 5p? orbitals of F, O, |
atoms, respectively. [-3. 1, -1.5] eV is dominated by 2p°, 2p*, 4p°® orbitals of F, O, Rb atoms,
respectively, with small contributions of a mix 5s? and 5p? orbitals of I atom. [-1.3, 0] eV is
mainly formed by 2p*orbital of O atom and by the contributions of 2p®, 5p? orbitals of F and |
atoms. Usually non-centrosymmetric sublattices with the states occupying near the Fermi level
have important contributions to SHG response [42], denoting that the 1-O-F units are the key
index for determining the nonlinear properties in the RblO2F> compound. The CB is mainly

formed by the 2p° and 5p? orbitals of F and | atoms, respectively.
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Figure. IV.A. 4. Calculated partial and total DOS for RbIO2F.
IV.A.3.2.3. Charge-Density Distribution

The total charge density is a powerful tool to characterize the nature of the chemical bonds
in RblO2F2, through the shapes of the planar charge density around the atoms figure. IV.A.5,
illustrates the planes, containing Rb, I and O atoms for RblO2F2. We find out that 1-O and I-F
are the covalent bond. The quasi-spherical charge distributions around the site of Rb-O bond
indicate the pronounced covalent bond character. Therefore, Rb-F is ionic bond. These results

are confirmed from the reported DOS.

Figure. IV.A. 5.Calculated density of charge in a plane containing Rb, O and I atoms.
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IV.A.3.3. Optical properties

The dielectric function and its evolution are the most important properties to reveal the
optical responses and guide the design of related devices. The dielectric function & (o) = &1 (®)
+ ig2 (w), consists of two contributions: The imaginary part €2 (o) of the interband contribution
and real part 1 (). It can be calculated via the Kramers-Kronig relation, which is typically
treated in plasmatic transition. This process is defined as the interaction of photons from an
electromagnetic wave with electrons in a crystal, expressed by the equations are given in
chapter 11. we have systematically investigated the dielectric constant of RblO2F2 over an ultra-
broad spectral range (040 eV) as shown in figure.IV.A.6. e2(®) is determined by the electronic
inter-band transitions, which are related to the valence and conduction band states involved in
the optical transition. Our curve, in figure.IV.A.6, reflects the presence of 12 main peaks

positioned at different energies which are given in table. IV.A.4
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Figure. IV.A. 6.Calculated imaginary e2(w) and real €1(w) parts of the dielectric function for
RbIO2F.
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Table. IV.A. 4.Peak positions of the e2(®) spectrum together with the dominant inter-band

transition contributions to every peak for RblO2F.

Dominant inter-band transition contributions
Peak position Energy(eV) Valence band (VBs) Conduction band (CBs)
A [4.51;4.82;4.51] p-F, p-O s-1
B [5.68;6.1;5.38] p-F, p-O, p-Rb s-1
C [7.3;6.65;6.21] p-F, d-1, p-O, p-Rb p-1
D [8.24;7.56;8.44] p-F, d-1, p-O, p-Rb p-1
E [9.26;8.47;9.7] p-F, d-1, p-O, p-Rb p-1
F [10.61;9.6;10.26] p-F, p-O p-1
G [11.4;11.81;11.68] p-F, d-1, p-Rb p-O
H [13.45;13.3;13.4] p-Rb p-1
I [16;15.25;15] s-1 s-F, p-1, p-O
J [16.89;17.11;17] p-Rb, p-F p-F
K [18.81;18.7;18] p-Rb p-F
L [20.74;20.32;20.33] s-F, s-1, s-O p-F, p-1, s-p -Rb

It should be emphasized that any peak of e2(w) can result from several direct and indirect

inter-band transitions with the same energy. The limit static €1 (0) of dielectric constant is very

important to assess anisotropy and birefringence. figure.IV.A.6, illustrates the polarization of

RbIO2F», showing an intrinsic anisotropy, and identical performance of the (100) and (001)

planes, unlike the (010) plane.
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The epsilon-across-zero points, in the real part of dielectric function, are related to the
surface plasmon modes in RblO2F,, and raised by hybridization of photons and Plasmon of
metal. Plasmon-Polariton waves are electromagnetic waves that involve a quasi-particle.
(SPP)[43], which propagates at the junction of a conductor and a dielectric [44]. Typically, the
negative sign of &1 is used to represent this [45]. Hence, RblO2F> shows two across- zero; the
first at [7.5,8.2] eV by (010) direction, and the second at [18.7,19.08] eV by all directions of
the system. This strong anisotropy leads to an extended frequency window VUV, UV-C and
EUV. All of the electrons in the system oscillate in these intervals, implying that the RbIO2F>
compound exhibits an entire reflection due to its metallic behaviour. On the other hand, this
coupling produces a highly enhanced sensitivity in the IR detection of the RbIO2F2surface.
Significant optic functions can be estimated using the parts of dielectric such as; absorption
coefficient I(w), refractive index n(w), energy-loss L(w) optical and reflectivity index R(w),
illustrated in figure. IV.A.7.
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Figure. IV.A. 7. Calculated optical properties for RblO2F»: absorption coefficient I(®) (10
4/cm), reflectivity R(w), electron energy loss function L(®) and refractive index n(o) as
function of energy of the incident photon.

Figure.IV.A.7. shows the inter-band absorption spectrum I(w). The absorption edge
starts from 4.26 eV, which exhibits a threshold between direct transition of the lowest CB and

the highest VB. From band structure, this direct transition occurs at the Y point with a value of
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4.21 eV. This result is in a very good agreement with corresponding results (absorption
coefficient) with a percentage error of 1.1%. Consequently, RbIO2F, crystal is transparent in
the infrared range (IR), visible (Vis) and part of ultraviolet (UV-A) while the maximum of

absorption coefficient has the point around 19.4 eV (EUV).

Figure. IV.A.7, also illustrates the behaviour of the refractive index n (w), which follows
the behaviour of real part €1 (w) with energy photon incident through equation in chapter I. The

calculated static limit for refractive indices nxx, nyy and nz; are 1.70886, 1.66088 and 1.70295 .

The birefringence index An () shown in figure.IV.A.8, according to the dispersion
curve, the crystal RblIO2F> is optically positive in the limit static on the order of 0.047. If we
compare our result of the refractive and birefringence index to those induced by the calculation
in ref [24] 0.058, there is a small difference, due to the difference in the two utilized codes. In
addition, based on the curve An(w) and n (®), Rb1O2F> can be classified as frequency-doubling
(SHG) crystal, due to the fact that it satisfies the phase-matching criteria inside its transparent
zone, which extends to the mid-IR region.
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Figure. IV.A. 8. Birefringence of RblO2F-.

Figure.IV.A.7, shows the electron energy loss L(w). As expected from real part of

dielectric function, the anisotropic nature of the RblIO2F> is manifested in L(w) through main
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peaks, occurring at the energy Zop for different directions of light polarizations. L(w) describes
the interaction of rapidly traversing electrons in a solid. At the same time, it expresses two types
of excitations; firstly, the collective excitation such as plasmons, excitons... etc. Surface
plasmon-polaritons (SPP) can be determined according to real part of the dielectric function
[45, 46]. It takes the value of 8.21 eV by (010) direction, and 19.72 eV by all direction of
material. Therefore, it can be identified as an optical mode between the interface of a dielectric
and a metal. Secondly, the one-electron excitation is due to the inter band transitions [45,
46].The values of €1 and &2 should tend to zero during this peak excitation. These are consistent
with the highest peak in the energy loss function, where wp, is called screened plasma frequency
(volume plasmon-polaritons), positioned at wpxx=23eV, wpyy =23.5 eV and wpz = 21.5 V. At
this point, the material RbIO2F> has behaviour of a free electron gas. Hence, at these
frequencies’ energy, the reflectivity spectra, in figure.IV.A.7, shows an abrupt reduction in

reflectivity.

IV.A.3.4. Mechanical and piezoelectric properties

Mechanical properties of a solid are known by an applying of external stress. The elastic
constants Cj;are known as the ratio of stress to strain of a material. They have a great role to
describe the mechanical properties of the materials such as; the stability, stiffness of the solid
and bond strength between adjacent atomic planes. In addition, they are related also with
thermodynamic behaviour such as; Debye temperature, specific heat [47-49]. Hence, we
calculated the elastic constant for RblO2F2 orthorhombic structure with space group Pca2i,

Using LDA-PW approximation implemented in ABINIT code.

It is well known that; the orthorhombic system has 9 independent elastic coefficients as
follows; Ci11, C12, C13, C22, C23, Cas, Cas, Css, and Cee are given in table. 1V. A.5, they must obey
the criteria of stability (see chapter I1)

Table. IV.A. 5.Calculated elastic constants Cij(in GPa) for RblO2F.

Elastic Cu C2 Css Cus Css Ces Cu Cs Cas
Constants

RblIO2F2 | 305.51 | 292.89 | 300.96 | 109.66 | 100.16 | 78.2 | 100.93 | 81.99 | 113.6

After fulfilled the stability conditions for orthorhombic structure, we can confirm that

the RblO2F.is mechanically stable. The bigger value of C11 than Cz2 and Cas, as shown in table.
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IV.A. 5, indicates that the (100) plane has weak compressibility compared to the other two
planes (010) and (001). On the other hand, because C»2 has a lower value than C1; and Css, we
may assume that RbIO2F,'s thermal expansion will occur mostly along the (010) plane. Casis
very important parameter to assess the hardness of the materials with indirectly manner because
it exhibits the resistance against the monoclinic shear distortion along (100) plane, while the
Cee parameter exhibits resistance to shear in (110) plane. The large value of Cas indicates that
RbIO2F has a strong ability to resist the monoclinic shear distortion in the (100) plane. Our
findings show that the plane (100) has more mechanical qualities than other planes.

Other parameters such as Debye temperature, anisotropic factors Elastic Modulus,
anisotropic factors, and Debye temperature can be computed using elastic constants.

In general, elastic moduli are used mainly to describe the behaviour of materials, using
the following approximations; Voigt, and Reuss. Hill proved the intermediate between Reuss
and Voigt approximations, representing the lower and upper limits. The calculated Voigt,
Reuss, and Hill bulk (Bv, Br, Bn), shear (Gv, Gr, Gn), Young's moduli (E), B/G ratio and
Poisson ratio (v) are resumed in the table. IV.A. 6

Table.IV.A.6 shows that Young's modulus is greater than bulk B and shear G moduli,
indicating that the RblO2F, compound is more resistant to elastic deformation. Our B/G value
of 1.71 is slightly smaller than 1.75 (criteria which speared the brittle and ductile manner), so
RblO2F, material behaves as least ductile. For the Poisson ratio (v) [49], we find 0.25 which
is smaller than 1/3, corresponding to a brittle behaviour. In this context, the ionic contribution
to inter atomic bonding is dominant [50]. In orthorhombic structure, Cauchy pressure in three
different planes; (100) = (C23-Cas), (010) = (C13-Css) and (001) = (C12-Ces) are equalled to
3.94GPa, -18.25GPa and 22.72GPa respectively. The positive and negative values indicate
metallic and brittle bonds, respectively; nonetheless, the high Cauchy pressure value, whether
positive or negative, indicates the ionic bonds [51] and means that RbIO2F; is harder in the
(100) plane, as predicted by the Cjj values, and that the ionic bond is dominant in the other

planes. These results can be confirmed using the above electronic proprieties.
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Table. IV.A. 6. Bulk moduli B (GPa), shear moduli G (GPa), Young's moduli E (GPa),
Poisson’s ratio v and B/G ratios) of RblO2F.

Modulus Bv Br B Gv | Gr G E v B/G

RblO2F 165.8 | 165.8 | 165.8 | 97.8 | 96.1 | 96.9 | 243.3 | 0.25 | 1.7

IV.A.3.4.1. Debye temperature

The thermodynamic properties of the material are very useful to describe the chemical
bonding and thermal properties of materials , [52]. During the laser cladding process, the
compound undergoes rapid heating and cooling. The specific heat and melting temperature have
a close relationship to the Debye temperature (@5). Usually, the bigger @, reflect the larger
micro-hardness. The results are summarized in table. IV.7, which are consistent with the

pervious results about intermediate hardness for RblO2F-.

Table. IV.A. 7.Transverse (vt in m/s), Longitudinal (vi in m/s), mean sound velocity (vm in
m/s) and Debye temperature (@p in K) ) of RbIOF».

\ \ Vi Op

RbIO2F2 679.24 944.06 750.78 110.21

However, we can use our computation of the mechanical properties of RbIO2F», as a

reference tool, for further analysis or experimental research.

IV.A.3.4.2. Anisotropic factors

Elastic anisotropy can help to measure various properties such as; shear anisotropic (Ag),
bulk anisotropic (Ags) and anisotropy of young modulus. It can also give information of atomic
planes behaviour among different directions. We have estimated the universal anisotropic index

(AY) and the percent anisotropy (As, Ag) in different planes, as summarized in table. IV.A.8.
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Table. IV.A. 8.Calculated universal anisotropic index (AY), anisotropy factors (Ag and Ag) of
RblO2F.

Anisotropy AY As (%) Ac (%)

RbIO2F2. 0.09 0.03 0.88

When the universal anisotropy index AY=0, the crystal can be considered as isotropic [53]
as seen in table. IV.A.8, the universal anisotropy index A is characterized RbIO2F, by a modest
value indicating somewhat anisotropic nature. Clearly demonstrates that Ag value is much
smaller than the Ac value, implying that the anisotropic resistance to reversible deformations,
created by shear stress [44], is more relevant than the anisotropic resistance to volume change,
caused by an applied pressure [49].

We can more intuitively characterize the anisotropy of Young E and Bulk B modulus, by
employing their 2D (circular) and 3D (spherical) representations to judge the isotropic and
anisotropic properties. We illustrate 2D and 3D projection of the directional dependencies of
the Young's and bulk Modulus for the planes XY, XZ, YZ in figures. IV.A.9 and 10, respective.
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Figure. IV.A. 9.The 3D projection of bulk moduli and your 2D projection of RblO2F
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Figure. IV.A. 10. The 3D projection of Young and your 2D projection of RbIO2F.

The degree of anisotropy is determined by the deviation of circular or spherical shapes. As a
result, the anisotropy of Young's modulus in planes is more obvious than the anisotropy of the

bulk modulus, despite the fact that the bulk modulus has a similar anisotropic nature in planes.

IV.A.3.4.3. Piezoelectric property

The piezoelectric stress tensor response, induced by third-rank tensor, which describes
the dielectric response to a strain in crystals, is exceptional only for NCS materials and is
expressed by:

oP; | dul

oP; e
d: =—+-Y,—
R Og; + ﬂZk ouk '€ dg;

wherei=1;2;3,j=1;2;:::;6, kis the atom index. Using the Berry-phase approach,
the piezoelectric coefficients Pi are calculated directly from the fluctuation in the intensity of
the polarization in the I direction caused by the application of strain j, where j is a component
of the strain tensor., which is evaluated using modern theory of polarization, e is the electron
charge, Q is the unit cell volume, u¥ is the i component of the displacement of the k-the
atom[54, 55]. Our compound RbIO2F; belongs under mm2 class, so it exhibits five nonzero
components, namely dis, d24, da1, d32, dss, are resumed in table.A. 1V.9. Unfortunately, there are
no experimental or theoretical piezoelectric data for RbIO2F2. For comparison, the well-known
piezoelectric material a-quartz has only two independent piezoelectric coefficients, i.e., d11 and
di14. From table.IV.A.9, we see that; for RblO2F2 shows the value of the largest component dis
among the other's (7.82 pC/N), which is about three times larger than that of a-quartz d11(-2.3
pC/N).
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Table. IV.A. 9. Relaxed ion piezoelectric tensor djj in PC/N for RblO2F.

dis d2s4 ds1 ds2 ds3

7.827 6.542 -1.1356 -0.327 4.3441

The large value of dis means that; the polarization along the direction (001) is easily
affected by external stress. The large piezoelectric effect in RblO2F2 demonstrates its potential

applications in sensors fields, surface and bulk acoustic waves.

IV.A.3.5 Nonlinear optical properties

IV.A.3.5.1. Nonlinear optical susceptibilities

Nonlinear optics has important applications thanks to phenomena related to frequency
mixing such as second harmonic generation (SHG) in many technical areas such as
optoelectronics, laser science, and optical signal processing. By the application of an electric
field, a large relative displacement of cationic and anionic sub lattices appears which then
induces a shifting of polarization in crystal. The vector polarization P for the macroscopic
electric field E can be expressed by a Taylor expansion:

1 2
P, = P§ + in(i VE, +in(ik) EEx + -
j Tk

Where i, j, k denotes Cartesian components. Our compound RblO2F belongs to the non-
centro-symmetric component under mma2 class. We have only considered the second harmonic

term, exhibiting the nonlinear optical susceptibility of the second order [56]. We can use the
relationship: d;; =%Xizjk- djj is known as the non-linear optic (NLO) coefficient or the

piezoelectric strain tensor, to represent the third order derivative of the energy of polarization
with respect to electric field components , [57]. The Voigt notation represents the NLO tensor
(3x6 matrix) by three independent elements nonzero; dis, d24 and dsz are -0.534 pm/V, -1.125
pm/V and -10.04 pm/V, respectively.
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Table. IV.A. 10. Static nonlinear optical coefficients dj; (pm /v) for RbIO2F».

d1s=d31 dos = da2 ds3

RbIO2F2 0.535 1.125 10.042

The real response for each material corresponds to their der, which depends on the
anisotropy, optical axis, crystal orientation, phase matching types ...etc. For this crystal class
(2mm), the desf is directly related daz, d22, and dss for all different possible phase matching types.
The defr possible values, depending on crystal rotation and phase matching type by the following

relations;

dess = dy5 sin?@ +dy, cos?@
desr = d3; sin?@ +d3, cos?@
dess = dy5Sind
desr = d34Sin0
desr = d3,8in0
defr = dyysind
The direction of the wave vector is specified by spherical coordinates (6, ¢) referenced to

the crystalline axes; pis the birefringent walkoff angle.

IV.A.3.5.2 Electro-optic tensor

The electro-optic tensor has been calculated, using the Born-Oppenheimer

approximation, from the interaction between the electric field E and constitutions of the crystal.

An important phenomenon appears in RbIO2F (class mm2) which is the EO effect with
non-zero five independent elements rus, r23, rs3, ra2 and rsy. The results of the total and electronic
contribution in the EO are resumed in table. IV.A.11. The main contribution comes from the
r3 which means that; there is a low-frequency mode combining high polarity and high Raman
intensity, [58]. The highly distorted structure of RblO2F, is favourable for obtaining a large
linear EO effect.
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Table. IV.A. 11. linear electro-optic (EO) rij (Pm / V) for RbIO2F».

Compounds RblO,F,, CslO,F,

I's1 Ia2 I3 23 33
Electronic contribution 0.216 0.554 0.217 0.679 4.038
Total contribution -0.211 1.109 0.242 0.283 14.346

IV.A.4. Conclusion

In this work, we used ab-initio method based on DFT and DFPT within GGA-PBE, TB-
mBJ and LDA-PW to investigated RblO2F,. Both the calculated lattice parameters are in
agreement with the experimental results. For the electronic structure of the system, an indirect
band gap is found to be (4.17 eV) with a deviation of 0.47% from the experimental value. The
optical properties were computed and argued in detail. From the calculated absorption spectra
which ensures the high transparency in the infrared, visible and part of ultraviolet (UV-A)
ranges, the calculated value of the birefringence An (®) for RblO2F2 shows that it is a uniaxial
positive crystal and has a small birefringence (0.047). The obtained elastic constants indicate
that RblO2F> is mechanically stable. The higher value of Young's modulus than bulk modulus
and shear modulus, makes RblO2F.a has a greater resistance to elastic deformation. Moreover,
B/G ratio show the intermediate hardness of RblO2F.. In addition, the anisotropy of the elastic
properties is discussed. We have investigated the NLO susceptibilities and EO tensor. The point
group mm2 of RblO2F; have three independent elements di5=-0.534 pm/V, d24=1.125 pm/V,
and ds3=-10.04 pm/V. and the electronic contribution EO tensor has five independent elements
ri3=0.21 pm/V, rz= 0.67pm/V, r3s= 4.03pm/V, rs2=0.55pm/V and rs5;=0.16pm/V. For the
piezoelectric stress tensor, there are five independent nonzero elements dis=7.827 pC/N,
024=6.542 pC/N, d31=-1.13 pC/N, d32=-0.32 pC/N, and dz3=4.34 pC/N.
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Part B

compound CslOzF

147



Chapter IV Compounds RbIO,F,, CslO,F,

IV.B.1. Introduction

lodates have attracted continuously intensive studies due to their plentiful structures and
many important applications in the fields of nonlinear optics, luminescence, photocatalysis, etc,
[59-61]. Owing to the lone-pair electron cation (I°*) with stereochemical activity, the iodates
tend to crystallize in non-centrosymmetric (NCS) structures and usually show strong second-
order polarizability and large optical anisotropy, [12, 62, 63] Moreover, iodates have wide
transparent wavelength regions (from UV/Vis to Mid-Infra) and are easy to grow sizable
crystals via mild reaction conditions. During the last few decades, a large number of iodates
with strong second harmonic generation (SHG) responses and wide transparent ranges have
been reported, for example, a-LilO3,[64] Aglz0s,[65] BaNbO(103)s, [66] BiOIO3,[67] etc.

Recently, fluorine-containing systems for designing optical materials,[68, 69]such as
iodates, [69]borates,[70]carbonates,[71]phosphates,[72]etc. are very attractive, because the
introduction of the F anions into the maternal systems can not only regulate the crystal structure,
but also broaden the band gap and generate high laser damage threshold (LDT).

Fluoro-iodine materials provide a good platform for new materials that are promising for
optoelectronic and photonic (efficient optical second harmonic (SHG) generation). More
recently, there have been a lot of research efforts dedicated to the nonlinear optical (NLO)
properties of these Fluoro-iodine materials because of their unique combination of chemical,
structural, and optical properties.A large number of NLO materials have been reported in this
regardsuchas;RblO2F2[24],CslO2F2[25],Bi(103)F2[23],BiFSe03[73],BizOF3(103)4[27],ABi2(l
03)2Fs(A=K, Rb and Cs)[28], Li7(TeO3)3F[74], ABi»SeOsFs (A= K and Rb)[75], SbFz [76],
NaShsF1o [77], K2SbF2Cls [78] and KBisF13[79], most of which exhibit large SHG effects and
large band gap. Therefore, searching for fluorine-containing compounds could also be a good
strategy to explore materials with large band gaps and thus high LDT in the UV region.

The NSC CslO2F> exhibit good nonlinear optical property with large second-harmonic
generation (SHG) effects ( 3 x KH2PO4), wideband gaps ( 4.56 eV), wide transmittance ranges
(~0.27-5.5 um), and high laser damage thresholds (15 x and 20 x AgGasS, respectively), which
shows that they are potential nonlinear optical materials in near-ultraviolet to mid-infrared, [25].
To investigate its performance in various properties such as lattice dynamics, electronic
structure, optical, mechanical, nonlinear optical coefficients, electro-optic tensors, and

piezoelectric. properties, we have performed by first-principles calculations DFT.
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IVV.B.2. Calculation Method

All calculations presented in this part are based on the density functional theory (DFT)
[30, 31]combined firstly, with the (FP-LAPW) method, as implemented in the WIEN2 k code
[32, 33]. To perform calculations of the structural properties, we used Generalized
Gradient Approximation GGA was developed by Perdew-Burker-Ernzerhof (GGA-PBE) [34].
The recently developed modified Becke-Johnson exchange potential (TB-mBJ) is used for the
electronic and optical properties, [35]. The valence electron configurations used in the
calculations are Cs(5d'%6s%6p?), 1(4d*°5s25p?), O(2s?2p*) and F(2s22p°). In the present work, the
wave function, charge density, and potential are expanded by spherical harmonic functions
inside non-overlapping spheres surrounding the atomic sites (muffin-tin spheres) and by a plane
wave basis set in the remaining space of the unit cell (interstitial region). The plane-wave cutoff
which controls the size of the basis, defined by the product of the smallest atomic sphere radius
times the magnitude of the largest reciprocal lattice vector (Rmtmin.Kmax), was set to 7.0. The
muffin tin radii were set t01.8, 1.75, 1.4, and 1.4 atomic units (a.u) respectively. For a band
structure representation, we chose the grid (12 14 12) k-points was generated in the irreducible

part of the Brillouin zone (BZ) to compute the total and projected.

And secondly, we implement the calculations using plane-wave energy cutoff of 50
Hartree and 6 6 6 Monkhorst—Pack grid of Brillouin-zone k-points sampling is used to optimize
the structure is used to extract the physical properties. The exchange and correlation effects are
treated within the local density approximation (LDA). The structures are fully optimized until
the residual forces acting on each atom are less than 107 (hartree/bohr).Density-functional
perturbation theory (DFPT)we used to extract the following physical quantities.[80, 81] ; The
elastic constant, piezoelectric constant, nonlinear optical coefficient, and electro-optic
coefficient, which was we employ ABINIT code in the present study.

IV.B.3. Ground state properties
IV.B.3.1 Structural properties

CslOzF; crystallizes in the NCS structure, which is orthorhombic with the space group
Pca21(No. 29) as presented in the figure. IV.B.1.
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Figure. IV.B. 11. Conventional cell of CslOzF.

After optimizing the structural parameters, the atomic positions are relaxed to reduce the

Hellmann-Feynman forces and energy, the relaxed lattice parameters for the a, b, and ¢ crystals

are presented in the table.IV.B.1, and are compared with previous experimental data. Our

calculated lattice parameters and unit cell volume for CslOzF, are compared with the

experimental data, [25]. Our computed lattice parameters for CslO2F, by LDA approximation

are underestimated by an error not exscinding 8 %, which is consistent with the general trend

of the LDA.for the GGA-PBE approximation is overestimate the all-lattice parameter by 2.5%

which is consistent with the general trend of the GGA.

Table. IV.B. 12.Calculated and experimental lattice parameters of CslO2F.

parameters Exp (A) [25] GGA-PBE AX X LDA-PW AX X
a(A) 8.781 9.009 2.5% 8.198 6.63%
b(A) 6.3771 6.542 2.5% 6.242 2.1%
c(A) 8.868 9.098 2.5% 8.201 7.52%

Table. 1V.B.2. Calculated and experimental atomic positions of CslO2F.

Atoms Exp. [25] GGA-PBE LDA-PW
(0.93120 ; 0.75150 (0.93220 ;0.76150;
F(L) (0.93522; 0.75101;0.35509)
:0.35040) 0.35340)
o) (0.94080; 0.67000 (0.91280; 0.67040; (0.94564; 0.645512;
:0.26690) 0.23310) 0.229297)
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(1.00905; 0.95851 (1.49095; 0.95851; (0.99426;0.98315; 0.29341)
;0.20381) 0.29619)
(0.47270; 0.10450 (0.48170; 0.14550;
O(1) (0.47540 ;0.12464 ;0.01150)
;0.01470) 0.02530)
(0.79890 ; 0.11820 ; (0.70110; 0.11820;
0(2) (0.785251 ;0.12147 ;0.27095)
0.27420) 0.27420)
(0.78520 ; 0.47162 (0.71480 ; 0.47162
Cs (0.78568;0.45954;0.01363)
;0.02371) ;0.02371)

Table. 1V.B. 3. Calculated and experimental bond length of CslO2F.

Bond length (A) Exp [25] GGA-PBE AX /X LDA-PW AX /X
F (1)-1 1.981 2.032 2.5% 1.76 11.1
F (2)-1 2.014 2.06661 2.5% 1.89 6.15
1-O (1) 1.754 1.79936 2.5% 1.701 3.02%
1-O (2) 1.767 1.81261 2.5% 1.725 2.3%

Similarly, for the parameter lattice parameter, both LDA and GGA-PBE approach tends
to underestimate and overestimate, respectively, the bond length in table. IV.B. 3 are in
agreement with data. On another side, the atomic positions in table.IV.B.2 are also shown in

good accord with experimental atomic positions.

1VV. B.3.2. Electronic structure

The electronic structure is an important quantity dominating the material’s properties,

and its study is necessary to bridge the relationship between the material structure and

properties.

IV.B.3.2.1 Band structure
The band structure of CslO2F along the high-symmetry directions in the first Brillouin
zone (BZ) is TB-mBJ potential which is shown in figure V. B. 2. It is to be noted that the band

structure of the orthorhombic structure is determined according to the orthorhombic Brillouin
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zone and the electron dispersion curves of the orthorhombic (Pc21a) structure are determined
along with ten different symmetry directions in the BZ. The experimental band gap is 4.56 eV,
the analysis of our result reflect that the CsIO2F2 is an indirect band gap insulator with valence
band maximum at I" and conduction band minimum at Y point by 4.54 eV value of band gap,
which underestimate the value of band gap by 0.4 % it is well known that TB-mBJ produces
band gap values in close agreement with experimentally measured values, in our case is

confirmed case the trend general of this functional.

||

Figure. IV.B. 12. Calculated band structure by using TB-mBJ functional for CslO2F.

IV.B.3.2.2. Density of states

To know the predominant states near valence and conduction bands we have plotted the
density of states using TB-mBJ functional as shown in the figure. 1V.B.3, As shown in the
figure. IV.B.3, the VB edge below the Fermi level at [-1.1;0] eV is mainly composed of O-p
states with a slight I- p and F-p states, while the bottom of CBs is occupied by I-p states, which

indicates that I-O-F units are the main sources to determine the magnitude of band gaps.
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Figure. I1V.B. 13. Calculated total and partial DOS for CslO2F-.

1V.B.3.2.3. Charge-Density Distribution

Chemical bonding can be well understood from the charge density calculations. We have
plotted the charge density difference plot for the CslO2F2 host compound as shown in the figure.
IV.B.4. From the figure, we can see that the charge present between I, F, and O atoms are
mutually shared indicating the covalent nature of the I-O and I-F bond. The quasi-spherical

charge distributions between Cs-O indicate the ionic nature of bonding.

Figure. IV.B. 4. Calculated density of charge in a plane containing Cs, I and O atoms.
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IVV.3.3. Optical properties

The analysis of the optical properties of the materials leads to a better understanding of

the electronic structure and vice versa.

To understand the response of the system to electromagnetic radiation, we have calculated
the complex dielectric function &(w), absorption coefficient I(w), refractive index n(w), electron
energy loss function L(w), reflectivity R(w) of the host compound. The imaginary part of the
complex dielectric function is calculated from the momentum matrix element between the filled
and unfilled states. The real part of the dielectric function is calculated from the imaginary part
of the dielectric function by using the Kramers-Kronig relation. The calculated dielectric
function is shown in the figure. IV.B.5 with real and imaginary parts as a function of photon

energy.

E1xx

Eryy
€1zz

_3 ] » I L I > I %
0 10 20 30 40

Energy(eV)

Figure. IV.B. 14. Calculated imaginary &2(w) and real e1(w) parts of the dielectric function for
CslOzF.

The imaginary part of the dielectric function has about 7 peaks (A, B, C, D, E, F, and G)
principal, which is due to the transition of electrons from the valence band to the conduction

band that is resumed in the table. IV.B.4
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Table. IV.B. 4. Peak positions of the e2(®) spectrum together with the dominant inter-band

transition contributions to every peak for CslOzF..

Dominant inter-band transition contributions
Peak position Energy(eV) Valence band (VBs) | Conduction band (CBs)
A [4.96;4.93;4.63] p-F, p-O p-I
B [5.83;5.76;6.09] p-F, p-O p-I
C [7.35;7.11;7.04] p-F, p-O p-1
D [8.46;8.31;8.46] p-Cs, p-F p-I
E [10.07;9.82;10.07] p-Cs, p-F p-l
F [11.74;9.82;11.74] p-1, p-O p-F
G [12.65;13.6;13.42] p-1, p-O p-F

The real part of the dielectric function shows that CslO2F. is an optically anisotropic
compound in the along energy region [0-20] eV unlike along energy region [20-40] eV. The
real part of the dielectric function goes to negative values at [13.54-20.33] eV of energy, for

this region of energy, will be contributed to enhancing their nonlinear optical property.

The other optical properties such as absorption coefficients I (o), refractive index n (o),

energy loss function L (), and reflectivity R (®) are plotted in the figure. 1V.B.6.
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Figure. 1V.B. 15. Calculated optical properties: absorption coefficient I(m) (104/Cm),
reflectivity R(w), electron energy loss function L(w) and refractive index n(w) as function of
energy of the incident photon for CslO2F.

The refractive index n(w) plots as a function of photon energy, the static refractive index
values are found to be 1.79287;1.7245;1.7751 along X; y; z directions respectively. As the
birefringence reflects the optical anisotropy of a crystal, and also it is an essential qualification
to achieve phase matching, we plotted the birefringence An (®)in the figure. IV.B.7. We present

that the An (@) CsIO2F has birefringence positive (nxx-nyy) ~0.06.

We have also calculated the other important optical property i.e., frequency-dependent
absorption I (o). For the present studied CsIO2F», there is no absorption below 4.58 eV which
shows CslO2F; to be a transparent material below 4.58 eV. Consequently, the CslO.F; crystal
is transparent in the infrared range (IR), visible (Vis), and part of ultraviolet (Deep UV (DUV,
uUv-C)).

Electron energy loss L (o) function is also calculated from the dielectric. The significant
peaks of the function are called the plasma peaks, and they indicate the electronic charge
oscillations in the system, and the corresponding frequencies are called plasma frequencies. The
plasma peaks are observed around the energy of Lxx (o) =22.48 eV, Lyy (®) =21.88eV, Lz (®)

= 22.48eV. We have noticed that at these values of plasma peak energies, the real part of the
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dielectric function crosses the zero value and becomes negative. The reflectivity plot of CsIO2F
is correlated with the maximum peak that occurred in our reflectivity spectra and to the crossing

zero of refractive index static value, and correspond to edges in R (o).
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Figure. 1V.B. 16. Birefringence of CslOzF-.

IV.B.3.4. Mechanical and piezoelectric properties

The elastic property of a material is governed by the atomic arrangements and strength
of the bonds between the atoms which make up the material. In other words, the elastic property
is determined by the strain (relative change of atom arrangements) and the stress (force per unit
area) within a material that has undergone deformation.

The elastic constants Cj; are determined by the response of a material to external forces
(stresses), the orthorhombic phase is known by nine independent elastic constants (Ci1, Ci2,

C13, C22, C23, Cs3, Cas, Css, and Ces) Which are gathered in the table. 1V.B.5.
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Table. 1V.B. 5. The calculated elastic constants Cjj (in GPa) for CslO2F».

Elastic
Constan Cu C2 Css Cu Css Ces Cu Ciu Ca
ts
CSIOsF 260.50 | 244.365 | 244.971 | 89.42 | 83.46 | 90.40 | 95.63 | 82.915 | 114.72
S 4 2 9 6 7 0 9 3

According to the table. IV.B.5. which reveals that the elastic constants are position and
satisfy the stability conditions mentioned in chapter Il which declared that the compound

CslOzF2 is mechanically stable.

From table. IV.B.5, it can be seen that the compression constants C11, Cz2, and Czs are
more important than those of the shear Cass4, Css, and Ces, Which shows that the compound
CslO2F has a very low shear deformation compared to the compression deformation. The
constants Cz. and Csz are almost equal and less important than C1; for CslO2F2, which reflect
the sensitivity of the atomic bond characteristics of the planes (010) and (001) compared to the
planes (100) to external conditions.

The other mechanical properties; the bulk modulus B, the shear modulus G, Young’s
modulus E, and Poisson’s ratio v are collected in table.I\VV.B.6. They are calculated from the
elastic constants Cjj in the VVoigt-Reuss-Hill approximation (see chapter I1)

Table. I1V.B. 6. Various elastic modulus in units GPa and B/G ratio and Poisson ratio v for
CslOaF.

Modulus Bv Br B Gv Gr G E v B/G

CslO2F2 | 148.49 | 148.38 | 148.43 | 83.099 | 81.755 | 82.427 | 208.66 | 0.265 | 1.8

Based on the mechanical properties the behaviors of materials can be introduced
according to different criteria such as the Pugh ratio (B/G) and Poisson ratio (v) our results are
represented in the table. 1V.B.6, reveals the ductile behavior of CslO2F». The higher the young
modulus E value the more rigid the material.

To our knowledge, there are no experimental or theoretical results for comparison

purposes, so our results can be considered as a reference for the other works.

IV.B.3.4.1. Debye temperature

In general, the temperature of Deby ®p is a very important fundamental parameter to

characterize the thermodynamic properties which are related to the elastic constants of one of
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the properties is thermal conductivity. One of the methods to determine the ®p from the
transverse velocity of sound v, , the longitudinal velocity of sound v;, and the average velocity
of sound vm Which is given in the table. IV.B.7.

Table. IV.B. 7. Longitudinal (v, in m/s), transverse (v,,, in m/s), mean sound velocity (v, in

m/s) and Debye temperature (®p in K) calculation of CslO2F-.

Vi \| Vin ®p

CslOz2F2 2146.112 4217.862 2405.003 345.467

IV.B.3.4.2. Anisotropic factors

Elastic anisotropy provides important information that allows the analysis of variations in
the different mechanical properties of a material according to different crystallographic
directions.

According to the table. IV.B.8, the universal calculated index AY is 0.082 which indicate a
modest value indicating a somewhat anisotropic nature. In addition, the anisotropy index Ag is
significantly higher than that of Ag which shows a very remarkable elastic anisotropy behavior
for CslO2F»., and has a low resistance to plastic deformation by the shear modulus but a high
resistance to elasticity by the bulk modulus.

Table. 1V.B. 8. The calculated universal anisotropic index (AY), bulk anisotropy (Ag and Ag),
the shear anisotropic factors (A1, Az, Asz) and the bulk anisotropic factors (Ba, Bb, Bc) of
CslOzF-.

Anisotropy AY As (%) Ac (%)

CslOz2F2 0.082 0.03 0.81

For better visualization of the anisotropy of Young's modulus E and bulk modulus B, the
anisotropy of the two molds in 2D and 3D was traced by the relationships are illustrated in
chapiter 11

Figure. 1V.B.8 and 9 present the projection of the directional dependencies of Young's
modulus and the bulk modulus for the planes XY, XZ, YZ. The deviation of the shape of
circulars indicates that the degree of anisotropy of the young modulus is more than the bulk
modulus. Figure.lV.B. 8 presents projections of 3D surfaces to illustrate elastic anisotropy more

directly and reveal interlayer anisotropy of Young's modulus and Bulk modulus.
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Figure. I1V.B. 18. The 3D projection of Young moduli and your 2D projection of CslOzF
IV.B.3.4.3. Piezoelectric property

The piezoelectric constant dij describes the coupling between dielectric properties and
elastic properties, we have calculated the piezoelectric constant of CslO2F. using density-
functional perturbation theory, and they are listed in table.1\VV.B.9. We have five independent
piezoelectric constants, in VVoigt, notations are presented in table.IV.B.20, which in comparison
with quartz (dis = 0.727 pC/N, d1u1 = 2.310 pC/N) suggests that CslO.F, has great important than
quartz.

Table. 1V.B. 9.Relaxed ion piezoelectric tensor dij in pC/N for CslO2F.

dis d2s ds1 ds2 ds3

5.64 6.46 3.73 -1.28 8.85
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IV.B.3.5 Nonlinear optical properties

IVV.B.3.5.1. nonlinear optical susceptibilities
It is well known that nonlinear optical properties are more sensitive to small changes in

the band structure than the linear optical properties. This is attributed to the fact that the second
harmonic response xi(jzk) () involves 2m resonance in addition to the usual o resonance. Both

the 2 o and o resonances can be further separated into inter-band and intra-band contributions.

Second-order nonlinear optical tensor coefficients dij = % )(flz,z in pm/V and calculated

the polarization is calculated using Berry-phase methods, which does not require the random
phase approximation and thus includes local field effects properly. The resulting nonlinear
optical coefficients are given in table. 1VV.B.10.

Table. 1V.B. 10. Static nonlinear optical coefficients dij (Pm / V) for CslO2F>.
dis=da1 d24 = ds2 ds3

CslOzF2 -0.339 -0.811 -9.097

The calculated results show that the three independent elements of the NLO tensor of
this compound are dis=da1, d24 = ds,, and dsz (\VVoigt notations). If we compared our result for
referential available results materials NLO such as KDP (d33=0.39 pm/V) we can present

CslO2F; as potential in nonlinear optical magnitude.

I1VV.B.3.5.2 Electro-optic tensor

The linear electro-optical coefficient (abbreviated as EO) or Pockels coefficient reflects
the linear dependence of the refractive index on an applied electric field, and the CslO2F2
structure has five independent elements. The electronic and total contributions are given in the
table. IV.B.11.

The large NLO susceptibilities and EO coefficients reveal that the CslO2F; is a high-

performance nonlinear optical crystal.
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Table. 1V.B. 13. EO tensor in (pm/V) for CslOzF.

I's1 Ia2 i3 I'23 I'33
Electron contributions 0.168 0.490 0.1673 0.592 455
Total contributions -0.357 1.340 0.205 0.514 13.24

IVV.B.4. Conclusion
In the present part, the structural and electronic properties of the CslO2F: is studied
within density functional theory (DFT). The Generalized Gradient Approximation GGA
developed by Perdew-Burker-Ernzerhof (GGA-PBE) is used to calculate the lattice parameters.
The calculated lattice parameters show good behavior according to the experimental data. we
adopted Tran and Blaha modified Becke-Johnson (TB-mBJ) potential to investigate the energy
band gap; an indirect band gap is found to be (4.54 eV) which underestimate the value of the
band gap by 0.4 % than the experimental value, the optical properties such as dielectric function,
refractive index, and absorption coefficient, were calculated and explained in detail, from the
calculated absorption spectra which ensure the high transparency in the infrared, visible and
part of ultraviolet (Deep UV(DUV, UV-C) ranges, the calculated value of the birefringence An
(w) for CslO2F2 show that it is a uniaxial positive crystal and has birefringence (0.06). All these
computations were performed using the FP — LAPW method.
we also used DFPT within LDA-PW approximation to obtain; The elastic constants
indicate that CslO2F is mechanically stable and the higher value of Young's modulus than the
bulk modulus and shear modulus, making CslO2F> a has a greater resistance to elastic
deformation, Moreover, B/G ratio and v shows the hardness of CslO2F.. In addition, the
anisotropy of the elastic properties is discussed. We have investigated the NLO susceptibilities
and EO tensor. The point group mm2 of RbIO2F2 have three independent elements dis=-
0.339pm/V, d24=-0.811 pm/V, and dz3= -9.097pm/V,and the electronic contribution EO tensor
has five independent elements r13=0.1673 pm/V, r2z= 0.490 pm /V, ra3= 4.55pm/V, r4,=0.490
pm/V and rs51=0.16pm/V. For the piezoelectric stress tensor, there are five independent nonzero
elements d15=5.64 pC/N, d24=6.46 pC/N, d31=-3.73pC/N, d32=-1.28 pC/N, and d33=8.85 pC/N.
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General conclusion and perspective

The main objective of this work is to calculate the physical properties of some families of
fluoro-iodates and metal chromates especially the quadratic ONL coefficients, distributed over
the non-centrosymmetric classes 2mm, 14, and 3m. Additionally, to piezoelectricity properties.
For this purpose, the first-principles calculation is performed to predict the crystal structure and
properties related to the electron configuration by performing first-principles DFT and DFPT

calculations.

The polar chromate Rb Li CrO4 has the space group (P31c) belongs to the polar point
group 3m. It’s having an electronic indirect band gap (3.6eV) which depend on a high LDT
value. the VB edge below the Fermi level is mainly composed of Cr-d and O-p states with slight
Li-s states, while the bottom of CBs is occupied by Cr-d and O-p states, which indicates that
Cr-Ounits are the main sources to determine the magnitude of band gaps and the main sources
of SHG responses. The large optical gap at 3.61 eV, is reflected in the transparency of RbLiCrO4
along with the Infrared (IR), Visible (Vis), and ultraviolet (UV). Therefore, the small
birefringence (An=0.047) can restrict their applications in the transparent region. the computed
elastic constant indicates that the compound is mechanically stable according to the elastic
stability criteria. Our compound possesses ductile nature. A large SHG coefficient
d,=-1621pm/V ,d,, =2272pm/V, and dy=451pm/Vand high electro-optic

coefficients which has a great potential as a candidate material for the (IR), (Vis), and (UV)
NLO region. One the other hand, RbLiCrOs exhibit higher piezoelectric coefficients
dy, d,,, d,, d,, are 22.24pC/N,0.014pC/N,-1.68pC/N,3.20pC/N  which in
comparison with quartz (d, =0.727 pC/N, d,; =2.310 pC/ N ), RbLiCrO4 a promising

candidate for piezoelectric applications.

The polar double bismuth-argent chromate AgBi(CrOa.)2 has the space group of Ag
Bi(CrOa4)2 (14)belongs to the polar point group 4. It’s exhibited an electronic indirect bandgap

(1.38eV). The electronic properties were investigated, the VB edge below the Fermi level is
mainly composed of Cr-d, O-p states, which indicates that Cr-Ounits are the main sources of
SHG responses. The optic gap is 1.5 eV which is reflected in the transparency of AgBi(CrOa)2
along the mid-infrared region. Therefore, the large birefringence of AgBi(CrOs). (An=0.18)
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makes this compound a potential candidate in the mid-infrared region. AgBi(CrOa)2 possesses
ductile nature with large SHG coefficients di4= 8.55 pm/V and d15=16.71 pm/V than KDP (0.39
pm/V) and has high electro-optic coefficients which have great potential as a candidate material
for the mid-IR NLO region. One the other hand, AgBi(CrOa). exhibit higher piezoelectric
coefficientsd,,, d,, d,,, d,; are 1.76 pC/N, —4.72pC/N, -10.47 pC/N, -10.92 pC/N

which in comparison with quartz, AgBi (CrOs4). a promising candidate for piezoelectric

applications

The polar fluoro-oxidates RblO2F, has the space group (Pca21) belongs to the polar point
group mmz2. the electronic structure of the system has an indirect bandgap by (4.17 eV) with a
deviation of 0.47% from the experimental value. the Vg edge below the Fermi level is mainly
formed by the p orbital of the O atom and by the contributions of p orbitals of F and | atoms.
The Cg is mainly formed by the p orbitals of F and | atoms, respectively denoting that the 1-O-
F units are the key index for determining the nonlinear properties in the RbIO2F, compound.
From the calculated absorption spectra which ensure the high transparency in the infrared,
visible, and part of ultraviolet (UV-A) ranges, the birefringence An (®) for RbIO2F2 shows that
it has a small birefringence (0.047). The elastic constants indicate that RblO2F, is mechanically
stable and the elastic moduli possesses intermediate hardness. A large SHG coefficient of
RblO2F2;d,; =-0.534 pm/V , d,, =1.125 pm/V , andd,, =-10.04 pm/V . and the electronic

contribution EO tensor makes a potential candidate for nonlinear applications. piezoelectric
coefficients;d, =7.827 PC/N, d,, =6.542PC/N,d,, =-1.13PC/N, d,,=-032PC/N,

andd,, =4.34 PC/ N, which in comparison with quartz have RblO2F2 a promising candidate

for piezoelectric applications.

The polar fluoro-oxidates CslO2F> has the space group (Pca2:) belongs to the polar point
group mmz2. the electronic structure of the system has an indirect bandgap is found to be (4.54
eV) which underestimate the value of the bandgap by 0.4 % than the experimental value. the
VB edge below is mainly composed of O-p states with a slight I- p and F-p states, while the
bottom of CBs is occupied by I-p states, which indicates that I-O-F units are the main sources
to determine the magnitude of band gaps. from the calculated absorption spectra which ensure
the high transparency in the IR, vis, and part of ultraviolet (Deep UV (DUV, UV-C) ranges, the
birefringence An (@) for CslO2F2 shows that it has a birefringence (0.06). The elastic constants

indicate that CslO2F> is mechanically stable and possesses ductile nature. A large SHG
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coefficient of CslOzF2; d, =-0.339 pm/V, d,, =-0.811pm/V , andd,, = —9.097 pm/V , and the

electronic contribution EO tensor makes a potential candidate for nonlinear applications.

Piezoelectriccoefficients;d,, =5.64 pC/N ,d,, =6.46 pC/N ,d,, =-3.73pC/ N

d, =-1.28pC/N, and d,, =8.85pC/ N which in comparison with quartz have CslOzF: a
promising candidate for piezoelectric applications.

To further enrich this list, it would be desirable to extend this study by adopting the Strategies

for designing NLO compounds to foresee new materials that meet at all levels ONL conditions,

by a combination of chemical elements of the periodic table, to have a larger data bank
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Abstract- It is well known that the DFT approaches have the ability to accurately predict the ground-state properties of the
materials, and the developed analysis tools are vital to investigating their intrinsic mechanism. According to the non-
centrosymmetric classes 2mm, 147, and 3m. In this study, the linear and nonlinear optical properties are investigated and
analyzed using the density functional theory by full-potential linearized augmented plane wave (FP-LAPW) and plane wave
pseudo-potential (PP-PW). The FP-LAPW method is used to study the electronic properties and linear optical properties with
the recently developed density functional of Tran and Blaha. Furthermore, optical features such as dielectric functions,
absorption coefficient, refractive index, reflectivity, and electron energy loss function are calculated for photon energies up to
40 eV. The elastic constant, nonlinear optical (NLO), linear electro-optical, and piezoelectric tensor within the framework of
the modern theory of polarization and density functional perturbation theory (DFPT) are studied by the PP-PW approximation.
Based on the semi-empirical relations, Young's modulus, shear and bulk modulus, Poisson’'s ratio, anisotropic factors, sound

velocities, and Debye temperature.

Keywords: DFT, TB-mBJ, Mechanical properties, nonlinear Optical properties, and Piezoelectricity

Résumé- 11 est bien connu que les approches DFT ont la capacité de prédire avec précision les propriétés de I'état fondamental

des matériaux, et les outils d'analyse développés sont essentiels pour étudier leur mécanisme intrinséque.Selon les classes non
centrosymétriques 2mm, 14" et 3m.Dans cette étude, les propriétés optiques linéaires et non linéaires sont étudiées et analysées
en utilisant la théorie de la fonctionnelle de la densité par le plein potentiel linéarisé augmenté onde plane (FP-LAPW) et le
pseudo-potentiel onde plane (PP-PW). La méthode FP-LAPW est utilisée pour étudier les propriétés électroniques et les
propriétés optiques linéaires avec la fonctionnelle de la densité récemment développée par Tran et Blaha. De plus, les
caractéristiques optiques telles que les fonctions diélectriques, le coefficient d'absorption, I'indice de réfraction, la réflectivité,
la fonction de perte d'énergie des électrons sont calculées pour des énergies de photons jusqu'a 40 eV. La constante d'élasticité,
I'optique non linéaire (NLO), I'électro-optique linéaire, et les tensions piézoélectriques dans le cadre de la théorie moderne de
la polarisation et de la théorie de perturbation fonctionnelle de la densité (DFPT) sont étudiées par I'approximation PP-PW. Sur
la base des relations semi-empiriques, le module de Young, les modules de cisaillement et compressibilité, le coefficient de

Poisson, les facteurs anisotropes, les vitesses du son et la température de Debye.

Mots-clés : DFT, TB-mBJ, propriétés mécaniques, propriétés optiques non linéaires et piézoélectricité
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