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Abstract

First-principle calculations within the framework of density functional theory (DFT) are
considered as one of the most advanced computational methods in quantum mechanics to
address the microscopic properties of many body systems in finer detail. The entire research
work in this dissertation is primarily focused on understanding the structural, electronic and
optical properties of technologically relevant materials using first-principle calculations. In the
early phase of research, technologically relevant material Mercurous Chloride (Hg2Cly) is
considered as a reference compound and its structural, electronic and optoelectronic properties
have been studied in detail from first-principle calculations. The electronic band gap of the
Hg2Cl> compound has been estimated from the DFT calculations upon inclusion of different
hybrid and non-hybrid exchange-correlation functionals and on-site Coulomb repulsion term.
Detailed investigations show that the Hg.Cl> system is a wide band gap charge transfer
insulator. The Mulliken bond population, electronic charge density distribution and Bader
charges analyses have been performed to unveil the covalent and ionic interactions between
Hg and CI atoms of Hg-Cl,. The Natural Bond Orbital analyses have been studied to gain
deeper insights into the charge transfer interactions between Hg and Cl atoms of the Hg.Cl»
compound. The pressure-driven structural phase transitions from the body—centred tetragonal
to base—centred orthorhombic and from the base—centred orthorhombic to primitive
orthorhombic phases of the same compound have been explored from first-principle DFT and
Born — Oppenheimer molecular dynamics (BOMD) calculations. The key phonon modes
behind these phase transitions and the nature of structural phase transitions have been unveiled.
The electronic and optoelectronic properties of the Hg>Cl> system in its various phases have
also been explored. Modulations of electronic band gaps and optoelectronic parameters such
as complex dielectric functions, absorption coefficients, optical conductivities, refractive
indices of the system have been critically unveiled under external pressure. Temperature-
induced structural phase transition and negative thermal expansion behaviour of the Hg.Cl.
compound have been further studied from DFT and BOMD calculations. The key phonon
modes responsible for the body-centred tetragonal to base—centred orthorhombic phase
transition and negative thermal expansion of the compound have been investigated. Recently,
the band gaps of nitride perovskites with general formula ABN3 (“A” and “B” are cationic
elements) have been predicted from machine learning models and DFT calculations. Four

machine learning models such as multi-layer perceptron, gradient boosted decision tree,



support vector regression and random forest regression have been considered to predict the
band gaps of the nitride perovskite compounds. The band gaps of two nitride perovskites
CeMoN3 and CeWN3 have been further predicted from DFT calculations as well as machine
learning methods. The entire study is expected to provide a wealth of information in
understanding the structural, electronic and optical properties of technologically relevant

materials from first-principle calculations.
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Introduction



Chapter 1

1.1. Overview

“Materials” in general refer to substances that can be used in technology and medicine
for the welfare of mankind. It encompasses a wide range of substances, including natural
resources like wood, metal ores, and minerals, as well as synthetic materials like plastics,
ceramics, and composites. Materials are essential in the manufacturing and construction
industries, as they govern the properties, strength, durability, and appearance of products and
structures. Advances in material science have led to the development of new materials with
unique properties, enabling innovations in various fields such as aerospace, electronics,
medicine, and renewable energy. From the early age of human civilization, the
characterizations and use of different materials became one of the most important parts of the
sustenance of living. Interestingly, the use of materials belongs to three separate periods in the
historical timeline which include Stone, Bronze, and Iron Ages [1-3]. Stone Age is marked to
have lasted around 3.4 million years and ended between 4000 BCE and 2000 BCE. This age
was significant for the use of different tools that had sharp points, chiselled edges, and
percussion surfaces and are now being recognized to have ended with the emergence of metals
[4,5]. The Stone Age can further be divided into three distinct periods such as the most
primitive Paleolithic era, a transitional period with finer tools reckoned as the Mesolithic era,
and the final stage known as the Neolithic era. In the Neolithic era, agriculture became an
important part of the lifestyle and thus the first transition from hunter-gatherer societies to the
settled lifestyle of inhabiting towns and villages was observed. At the end of the Neolithic era,
the use of copper was considered as the commencement of the Bronze Age. The Bronze Age
spanned around 3300 BCE to 1200 BCE, where the extensive use of copper, and gold mostly
for ornamentation, and bronze in proto-writing were noted [6,7]. The remarkable use of bronze
is significant from the scientific point of view as well because it is not a pure metal, instead an
alloy containing primarily copper and around 12% tin together with other metals (ca. Al, Mg,
Ni, Zn) and sometimes metalloids like arsenic or silicon, or non-metals such as phosphorous.
The practice of copper, gold, and bronze thus led to the development of early urban civilization
at the later stage of the Bronze Age. Moreover, the people in the pre-historic era not only knew
how to prepare alloys but were quite aware of using them in printing and state-of-the-art tools
for household/ hunting applications. Iron age, which is recognized as the final epoch of the
three historical metal ages, were started around 15" century BCE and continued approximately
till the 3 century BCE, where iron workings were explicitly practiced, the most prominent

example being the Painted Grey Ware culture of India and Nok culture of Nigeria [8-12].
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Chapter 1

Since then, with the advancement of science the world has beheld different techniques
for the extractions, characterizations and applications of fascinating materials that find wide
range of applications in technology and medicine. However, understanding the structural,
electronic and optical properties of materials were far from analytical consequences until the
development of faster computations [13-23]. With the development of quantum mechanics
along with the advancement of modern computational facilities and techniques, the “many-
body theory” that can address the microscopic properties of materials in finer detail has
experienced a paradigm shift in the offing of materials sciences, condensed matter and

chemical physics.
1.2. Many-body theory

Materials on a quantum scale are polyatomic systems consisting of large number of
interacting atoms. The physics of understanding the collective behaviour of such a large
number of interacting atoms is designated as “many-body theory” in material sciences. A year
after the discovery of the Schrédinger equation in 1926 [24], a comprehensive Hamiltonian of
the many-body systems was framed and the general Hamiltonian for “N” nuclei and “n”
electron systems is mathematically represented as

h? e? VA e? 1 N h? 2 1 ZIZ]eZ
H=-yr lyz_yn &, &5 1 _gw M ga 1y Zhe (19
=1 om i ame, 21—1 |Tl‘—RI| 2 Zli] |7'i_7'j| Zl—l 2M; R, 2211] IR, —R]| ( )

where r; and R; represent the position of electron i and nucleus I with charge —e and Z,e
respectively of the system. The first term in the Hamiltonian is the kinetic energy associated
with the “n” electrons, the second term is the attractive Coulomb potential generated from the
contribution of “N” nuclei and “n” electrons of the system, the third term signifies the repulsion
between electron-electron interactions, the fourth and the final terms are the respective kinetic

energy and the attractive potential of the “N” nuclei of the many-body system.

However, the nucleus in an atom is ~ 1830 times heavier than the electron, so in
practice, the electrons are considered to be moving in a fixed nuclear frame at a given instant
of time. This approximation is known as the Born-Oppenheimer (BO) approximation [25] and
under such approximation, the general Hamiltonian for “n” electron systems is expressed as

~ h? e? Z e? 1
= —_yn " _yZ_ N ! =y, . ——
H = i=1ym Vri 4me, 21=1 lri—Ry| + 2 Zl-‘#} |Ti—rj| (12)
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One of the major challenges in the formalism of many-body theory over the past two
decades has been the correct interpretation of structural, chemical and physical (ca. electronic,
optical, magnetic, transport) properties of many-body systems. The physical properties of
electrons in a many-body system were tried to explain from the assumptions of independent
particle approximation. This is particularly successful when one deals with broad energy bands,
associated with a large value of the kinetic energy. In such cases, the valence electrons are
considered to be highly itinerant and are almost delocalised over the entire solid. The typical
time spent of valence electrons near a specific atom in the crystal lattice is very short. In such
a scenario, the valence electrons are well described using a wave-like picture, in which

individual wavefunction can be calculated from an effective one-electron periodic potential.

Two years later, in 1929, British physicist Paul Dirac emphasized the inherent
difficulties in solving the Schrddinger equation for complex many-body systems [26]. The
many-body Hamiltonian is hard to solve due to the existence of third term in equation (1.1) or
(1.2), i.e. the electron-electron interactions. To address the issue of electron-electron
correlations in the above referred Hamiltonian, several single-particle approximations in the
form of first-principle calculations have been introduced to understand the physics of many-
body systems [27]. In this context, the mean-field theory (MFT) [28,29], as reported by Hartree
based on the self-consistent field approach, was the first prominent approach to solve the
modified Hamiltonian as framed in equation (1.2) [30]. According to MFT, each electron is
subjected to move in an average or mean-field created by all other electrons in an atom. The
MFT takes into account the electron-electron correlation term in the Hamiltonian and the
associated Schrodinger equations are then solved utilizing an iterative method. Though
Hartree's theory is successful in predicting the electronic properties of some molecules and
solids, however, it does not take into the anti-symmetric nature of electronic wave functions.
Later, with the independent insights from Slater [31,32] and Fock [33], Hartree reformulated
his theory as Hartree-Fock theory by incorporating the anti-symmetric nature of the electronic
wave functions as the electronic exchange term [34]. While Hartree-Fock theory is moderately
successful in predicting the electronic structures of molecules and solids, the major drawback
of this theory is the neglect of electron correlations for the electrons of opposite spins.
Moreover, the Hartree-Fock theory fails to describe the magnetic properties of materials
accompanying with the transition metals like Fe, Pt, Pd, Mn, Cu, Ni etc. and their respective

electronic properties [35-42].
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An alternative approach to solve the many-body Hamiltonian is the density functional
theory (DFT) which takes into account the electron correlation explicitly. The semi-classical
approach of DFT was initially suggested by Thomas and Fermi (TF) [43,44]. This theory
included the oversimplified electron-electron interactions classically and thus their theoretical
predictions in most cases are far from experimental results. The modification of the TF model
was proposed by Hohenberg, Kohn and Sham [45,46]. This DFT method uses local density
approximation (LDA) and generalized gradient approximation (GGA) to address the electron
correlations which is proven to be successful in predicting the electronic band structures as
well as the ground state properties of some significant materials such as NaX (X = F, Cl), SiOz,
Al, B20s3, boron nitride (BN), LiX (X= F, Cl, Br and 1) etc. [47-51] in harmony with the

experimental observations.

Surprisingly, for system having transition metal (TM) and/ or heavy fermion (HF)
elements, the conventional DFT approach struggles to reproduce any meaningful results and
fails to explain the experimentally observed insulating behaviours of such materials. While the
typical DFT suggests the metallic properties of TM compounds and HF systems, in reality they
turn out to be insulators [17,52-57]. The apparent disagreement between the theoretical
predictions and experimental observations for these classes of materials stems from their strong

electron correlations linked with partially occupied “d” and “f” electronic orbitals.
1.3. Strongly correlated systems

Systems containing TM and/ or HF elements, the valence electrons of those compounds
are found to spend larger time around a given atom in the crystal lattice and hence have
tendency towards localization. In such case, the effects of statistical correlations between the
motions of electrons become important. In this regard, the particle-like picture may in fact be
more appropriate than a wave-like one over those time scales, involving wavefunctions
localized around specific atomic sites. Materials in which electronic correlations are significant
are generally associated with narrow energy bands and moderate values of the bandwidth. The
small kinetic energy of valence electron implies a longer time spent on a given atomic site. It
also implies that the ratio of the on-site Coulomb repulsion (U) between electrons and the
available kinetic energy (W) becomes larger. As a result, delocalising the valence electrons
over the whole solid may become less favourable energetically, and therefore the
corresponding electrons are found to remain localised. In a simplified picture, the

wavefunctions for the “d” or “f” orbitals of the TM compounds or rare-earth/ actinide elements
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are localized more closely to the nucleus in comparison to the wavefunctions associated with
the “s” or “p” orbitals of similar energies. Thus the relative motions of the “d” or “f” electrons
are statistically more correlated than for the electrons residing in the “s” or “p” orbitals.
Moreover, these “d” or “f” electrons sit on the atoms to which they belong to and refuse to
move. If this happens to all the electrons close to the Fermi energy level (Ef), the solid becomes
an insulator. This insulator is difficult to understand in the wave-like picture as it is not caused
by the absence of available one-electron states due to destructive interference in reciprocal k-
space, resulting in a band gap in the conventional band insulators. The mechanism of those
unconventional insulators was reported by Mott and Peierls way back in 1949 [58]. Thus, the
typical DFT formalism under LDA or GGA approximation cannot explicitly consider such
electron correlation effect on such systems of interest and thus fails to establish the correct
Hamiltonian that can reproduce closely with the experimental results. In this context, the
inclusion of on-site coulomb repulsion “U” in the DFT calculations eventually splits the
metallic bands of those unconventional systems into two discrete sets of Hubbard bands [ca.
Upper (UHB) and Lower Hubbard bands (LHB)] leaving behind a band gap between them
which is in close agreement with the experimental observations. Such insulators are recognized
as Mott or Mott — Hubbard (M-H) insulators [59]. However, apart from M-H insulators, there
are another type of strongly correlated insulators known to be of charge transfer (CT) type [59].
The complete picture concerning the electronic properties of the compounds behaving as
insulators, in general, can be accomplished by considering the p orbitals of the anions or the
ligands surrounding the TM ions or rare earth elements. An electron from the p orbitals of the
anion or the ligands can be transferred to the respective TM elements of the compound resulting
in an energy cost of Act, known as CT energy. Interestingly, the characterization of the TM
compounds exhibiting insulating behaviour can be explored from the Zaanen —Sawatzky —
Allen diagram (ZSA) as depicted in the seminal work way back in 1985 [60]. A schematic
representation of the ZSA diagram is shown in Figure 1.1. From Figure 1.1, it is observed that
while U < Act denotes the insulator to be of M-H type, U > Acton the other hand signifies the
system to be of CT insulator type.
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Mott-Hubbard Insulator Charge-Transfer Insulator
4 U<Acr U>Aqr
d a r r
N U Act
— A(:T —— U
>
Density of states Density of states

Figure 1.1. A schematic Zaanen —Sawatzky — Allen diagram representing Mott-Hubbard and

charge transfer insulator [Er denotes the Fermi energy level].

1.4. Machine learning

Despite the considerable success of first-principle calculations in estimating the
physical and chemical properties of many-body systems, the major pitfalls of such calculations
are that they are computationally demanding and need high-end computational facilities to run
them. Recently, machine learning (ML) can be considered an effective alternative route to
avoid the inherent computational costs linked with first-principle calculations and helps in
establishing a simple model to predict the properties of materials in short intervals of time. ML,
which is reckoned as a subset of artificial intelligence, has gained significant attention in recent
years due to its widespread applications across different fields of research [61-75]. The primary
objectives of ML rely on developing different algorithms that can learn and create statistical
models for data analysis and prediction. ML algorithm works on a self-learning mechanism
based on the data provided and makes accurate predictions between the input and predicted
variables without having been programmed explicitly for a given task. To establish a more
accurate ML model, the quality and quantity of the dataset used for training purposes play an
important role. The identification and isolation of the training dataset are the first steps of the
ML approach. The isolated data must be homogenized and cleaned before it can be used for
training purposes. Therefore, the data are then processed by eliminating the possible erroneous,

missing or inconsistent data points (outliers).
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ML algorithms, in general, follow two different learning processes which include
supervised and unsupervised learnings. While in supervised learning the training set should
consist of both the input and their corresponding out variables, the unsupervised learning on
the other hand draws interfaces about the input data without any prior knowledge of the
associated output variables. The supervised learning is broadly categorized into two types such
as classification and regression techniques where the predicted variables are designated as of
categorical and continuous types, respectively. In unsupervised learning, the clustering and
principle component methods are considered to identify the undetected patters in the data.

1.5. Literature review

Since the advancement of computational facilities, scientists and their research groups
all over the world are trying to explore intriguing properties of many-body systems from first-
principle calculations and ML methods. Recent works of some renowned research groups who

are working in this area of research are highlighted below.
1.5.1. National status

U Waghmare et al. of Jawaharlal Nehru Centre for Advanced Scientific Research have
been extensively working on exploring the underpinning physics behind the phase change
materials from first-principle and spectroscopic studies. For example, their first-principle
effective Hamiltonian and Raman spectroscopic studies show the pressure driven structural
phase transition of Ta;NiSs system from its base-centered orthorhombic (Cmcm) to primitive
orthorhombic (Pmnm) at transition pressure ~ 4.2 GPa [76]. This system also exhibits
semiconductor to metallic transition at pressure ~ 10.8 GPa. Their studies further reveal the
topological insulating phase of TIBiSe. compound under the application of hydrostatic
pressure. Moreover, their first-principle DFT calculations suggest the phonon anomalies and
band inversion in the electronic band structure of the compounds are responsible for change in
mirror Chern number and Z» topological invariant, which in turn result the pressure-induced
topological crystalline insulator phase in TIBiSe> at pressure ~ 2.5 GPa. In another work, the
same group has explored the superconducting state in weak topological insulator BiSe above
pressure ~ 7 GPa [77]. Their combined DFT and spectroscopic studies indicate that BiSe
system crystallizes to trigonal (P3m1) phase, undergoes structural phase transitions from
trigonal (P3m1) to orthorhombic (Cmcm) and from orthorhombic (Cmcm) to cubic (Pm3m)

phases at transition pressures ~ 8, 13 GPa respectively. Distinct superconducting properties of
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the compound have also been reported by them at the elevated pressure 8 and 13 GPa. Their
studies as a whole identify the use of hydrostatic pressure as a potential pathway for exploring
the structural phase transitions, topological crystalline insulating and superconducting phases
of the materials.

T Saha-Dasgupta of S.N. Bose National Centre for Basic Sciences and her group are
employing an understanding of the strongly correlated systems like perovskites and double
perovskites from first-principle and ML calculations. Recently, one of their first-principle
calculations reveals the unconventional multipolar magnetism in vacancy-ordered 5d? halide
double perovskite Cs;WCls stems from the interplay between the strong atomic spin-orbit
coupling (SOC) and Coulomb interactions [78]. Weak interactions between the non-Kramers
doublets and weak intersite hopping are also found in the Cs;WCls system. Such intersite
interactions of the compound may be responsible for long-range ferro-octupolar order at
temperature ~ 5.5 K. In another study, they explored the structural and magnetic properties of
Hund’s metal BaRuO3 perovskite form DFT and dynamical mean field theory (DMFT)
calculations [79]. Their findings show that while the cubic phase of BaRuOs shows
ferromagnetic behaviour, the hexagonal phase of the same compound exhibits paramagnetic
behaviour. Interestingly, the paramagnetic phase of hexagonal BaRuOs carries long-range
antiferromagnetic order, which opens up the possibility of achieving a rare example of
antiferromagnetic metal. This group also predicted thirty-three stable magnetic double oxide
perovskites with general chemical formula A2BB’Os comprised of 3d and 4d or 5d transition
metals at their B and B’ sites [80]. They used different ML models such as J48, random tree,
random forest, and REP tree to classify between double and non-double perovskite compounds.

Their study would help in discovering new magnetic double perovskites.

D Jana of University of Calcutta and his group are broadly working on the electronic
optical magnetic and thermoelectric transport properties of materials, especially the two-
dimensional (2D) systems, from first-principle and ML studies. Recently, they have predicted
two new unexplored phases of germa-graphene structures GeCs and GeCs from first-principle
calculations [81]. Electronic band structures of these compounds, as estimated from tight-
binding model, exhibit semi-metallic band structures with parabolic valence band maximum
(VBM) and conduction band minimum (CBM). The lattice thermal conductivities of these
systems have been unveiled from the interatomic force constants which were trained from the
moment tensor potential function in ML methods. GeC3z and GeCs compounds are found to

show thermoelectric figure of merit (ZT) in the range ~ 0.28 — 0.85, which is suggested to
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endure their applications towards thermoelectric devices. In another work, they studied the
optoelectronic and thermoelectric properties of two 2D C3N-based hetero-bilayers which
include CsN/Graphene and CsN/hexagonal boron nitride (hBN) from first-principle
calculations [82]. Their findings suggest that although both the monolayers exhibit low ZT at
room temperature (300 K), the ZT values of the systems increase with an increase in
temperature. Moreover, both compounds show high optical absorption coefficients within the
visible electromagnetic energy window ranging between 1.6 and 3.1 eV. Their report also
indicates the possibilities of these hetero-bilayers as potential candidates in thermal transport,
waste-heat recovery and optoelectronic devices. Of late, they have also studied the
thermoelectric properties of ternary metal chalcogenides BazMnXs (X = Te, Se, S) from first-
principle DFT and machine learning interatomic potential (MLIP) [83]. Their DFT calculations
reveal that all these materials have direct electronic band gaps in the range of ~ 1.3 — 1.9 eV
which may be suitable for photovoltaic applications. They have reported maximum ZT values
of ~ 0.74, 0.66 and 0.42 that have been achieved at 700 K for Ba2MnSes, BaoMnTes and
Ba>MnS3 systems respectively, reflecting their prospects as thermoelectric materials.

P Deb et al. of Tezpur University have recently investigated the thermoelectric
properties and large magnetic proximity in monolayer- Crla/1T-MoS2 van der Waals
heterostructure from first-principle DFT followed by Boltzmann transport theory [84]. They
have reported marked magnetic proximity of the said heterostructure stems from large
magnetic anisotropy energy and spin polarization, which are estimated to be 2.21 meV and
12.30%, respectively. A high ZT value of ~ 6.0 of the system has been observed by them. They
have suggested the significance of magnetic proximity which governed the high ZT value of
the heterostructure which might bear technological relevance in low-dimensional
thermoelectric devices. The group also works upon the underlying physics behind the
electrocatalytic activities of different systems toward hydrogen evolution reaction (HER)
process. For example, they have considered N-doped graphene/MoS,/N-doped graphene
trilayer structure [85] and metalloprotein (interaction of bacteriorhodopsin protein with metal
nanoparticle Ag) [86] as model system for electrocatalysis of hydrogen using first-principle
DFT calculations. By estimating the electronic structures, Gibbs free energies, Reaction
pathways and volcano plot analyses of the studied systems, they have inferred that N — doping
on graphene layer and Ag ion assimilation on active sites of bacteriorhodopsin protein

significantly modulate the hydrogen binding energies resulting the enhancement in HER
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activity. Their findings divulge the improved efficiencies of the studied compounds for HER

can complement future hydrogen economy.

S Chattopadhyaya et al. of Tripura University are working on introspecting the
electronic, optical and transport properties of different alloys from first-principle calculations.
Recently they have investigated the elastic and thermal properties of quaternary alloys CdxZn;.-
xSeyTery and MgxZn1xSyTei.y from DFT calculations followed by full-potential linearized
augmented plane wave (FP-LAPW) approach [87,88]. Their study reveals that while the elastic
stiffness constants, hardness, thermal conductivity and melting temperature of MgxZni1xSyTe:1-
y (CdxZn1xSeyTe1.y) system increase nonlinearly with increasing S (Se) concentration at fixed
Mg (Cd) concentration, the above-mentioned parameters of both the compounds however show
reverse tendency with increasing Mg (Cd) concentration under fixed S (Se) concentration.
Their findings reveal that these alloys may be used as appropriate materials for different
thermal barrier coating and thermal management applications. In another work, the group has
unveiled the structural, electronic and optoelectronic properties of ternary alloy BexMgi-xS
from first-principle calculations [89]. While the lattice parameters and band gap of the BexMg;-
xS system decrease with increasing Be concentration, the bulk modulus on the other hand
increases with increasing Be concentration. The compound also shows structural and optical
anisotropy and hence significant uniaxial birefringence phenomenon. The peaks of the
dielectric function versus electromagnetic wave energy plots are reported to be observed in the
ultraviolet (UV) region of electromagnetic spectra, which in turn suggest immense applications
of the alloy in optoelectronic and luminescent devices capable of working in the UV region of

electromagnetic wave.

S Bhattacharya and his group from Indian Institute of Technology Delhi are involved
in understanding fascinating spin-splitting phenomena that play a pivotal role in spintronics.
Recently, they have observed strong Rashba-Dresselhaus effects in ferroelectric bulk
perovskites CsPbF3z and K103 from the first-principle calculations [90,91]. They have primarily
studied the electronic band structures of the compounds with the aid of spin-orbit coupling
(SOC) to unveil the Rashba-Dresselhaus spin-splitting. To further explore the nature of spin-
splitting, whether it is Rashba or Dresselhaus type, they estimated the 2D contour plots of the
spin texture in the kx — ky momentum plane. For R3c phase of the CsPbF3 system, they found
the negligible contribution of out-of-plane spin component (S;), however, distinct signature of
in-plane spin components (Sx, Sy) was noticed in the spin texture plots. This result indicates

the dominance of Rashba splitting over Dresselhaus splitting [91]. They have also calculated
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the Rashba and Dresselhaus parameters (ag and ap) for the R3c phase of CsPbFs compound
from the DFT calculations and estimated to be ~ 1.05 (0.41) and 0.15 (0.08) eVA respectively
for CBM (VBM) in harmony with the two-band k.p perturbation theory. To understand the
Rashba-Dresselhaus effects for the rhombohedral R3c phase of KIOs compound[90], they have
used DFT in unification with SOC to calculate the electronic properties of the compound.
Interestingly, different type of Rashba spin-splitting followed by “novel spin textures” have
been reported by them for the said phase of the compound. To unveil this new spin texture,
they have suggested four-band k.p perturbation theory instead of two-band model. Moreover,
they were succeed in enhancing the values of ag of the compounds under the application of
external uniaxial strain and proposed both CsPbFs and KIOz as promising candidates for

spintronics devices.

J Chowdhury et al. of Jadavpur University have been working on understanding the
structural, electronic, optical and thermoelectric properties of technologically relevant
materials from first-principle and ML studies [92-105]. Recently, this group has predicted the
band gaps of nitride perovskites (ABNz) having formation energies < -0.026 eV and band gaps
ranging from ~ 1.0 to 3.1 eV, form ML and DFT calculations [103]. They have considered
four supervised ML models such as multi-layer perceptron (MLP), gradient boosted decision
tree (GBDT), support vector regression (SVR), random forest regression (RFR) along with
electronic band structures and optoelectronic parameters such as complex dielectric functions,
absorption coefficients to predict the band gaps of the ABN3s systems. Their observation opens
an alternative route to in estimating the band gaps of nitride perovskites by avoiding the
inherent computational costs linked with DFT calculations. In another recent work, they have
investigated the strain driven modulations in thermoelectric properties of 2D SiH and GeH
monolayers from first-principle calculations [102]. Their study reveals that both SiH and GeH
monolayers show minimum lattice thermal conductivities (~0.55 and 0.69 Wm™'K™!) and
maximum ZT values (~1.26 and 0.81) at room temperature and under 2% compressive strain.
The have suggested the efficacy of external strains in modulating the thermoelectric properties
of 2D SiH and GeH monolayers which in turn will bear relevant technological applications in
thermoelectric devices. The group also works upon understanding the electrocatalytic activities
for water splitting in different systems such as Ce-doped NiSe, Fe-doped NiCo.Ses and Co-
doped NigsSg systems from first-principle calculations [96,100,104]. The electronic properties
and electrochemical reaction pathways, which are the key players in unveiling the

electrocatalytic mechanism, have been estimated in their studies.
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1.5.2. International status

V Anisimov of M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian
Academy of Sciences and his group are extensively working on understanding the strongly
correlated systems from first-principle DFT and DMFT studies. They have explored the
electron correlation effects in paramagnetic face-centred cubic cobalt (Co) [106] and Co-based
superconductor CuCo0,S4 [107] from the DFT + DMFT approach. Their studies reveal that the
momentum dependence static magnetic susceptibility of Co stems from the ferromagnetic
correlations. Furthermore, they have also reported smaller local and fluctuating spin moments
of CuCo2S4in contrast to Fe-based superconductors are responsible for the pairing mechanism
in CuCo2Ss4. In another work, the same group investigated the correlated nature of electronic
energy states in the PboCu(PO4)sO system using the DFT+DMFT level of theory [108].
Interestingly, their study shows that the p — p-orbitals of oxygen play a major role in the
electronic properties of the compound and therefore the band structure cannot be solely
estimated from the two-band Hubbard model. They have also reported that the doping of

electrons in PbgCu(PO4)sO can alter its charge transfer insulating nature to metallic behaviour.

O K Andersen et. al. of Max Planck Institute for Solid State Research, Germany
recently reported the structural and electronic properties of quasi-one-dimensional (1D)
systems such as LiMoeO17 from first-principle DFT calculations [109,110]. This compound
exhibits conducting behaviour and the band structure, which is localized in a large energy
window around the Fermi energy level, is formed by three Mo tog-like extended Wannier
orbitals. Their study also reveals that the complex shape of the Fermi surface depends strongly
on the Fermi energy level in the band gap, implying significant sensitivity to Li stoichiometry
of electronic properties dependent on the Fermi surface, such as Fermi surface nesting or
superconductivity. In another study the group have employed first-principle based foundation
to derive a formalism for numerical 3D interpolation across a hard-sphere interstitial from the
cubic-harmonic projections of the target density function, p(r), and its first three radial
derivatives at the spheres. Whereas this calculation is found to suffice for closely-packed
structures, additional information such as the integral of p(r) over the interstitial and/or the
values at specific points deep inside the interstitial iS needed for open structures. This was
illustrated by application to a constant function and to the valence charge densities in Si, ZnSe,
and CuBr compound, interpolated across either the bcc- or the zinc-blende-structured

interstitial, depending on whether or not the voids were filled with empty spheres [111].
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S H Nagqib et al. of University of Rajshahi, Bangladesh are working on understanding
the elastic, electronic, optical and thermoelectric properties of novel materials under their
pristine or defect conditions. Recently, they have studied the elastic, thermal and optoelectronic
properties of XBi> (X = K, Rb) [112] and Xlrz (X = La, Th) [113] compounds from first-
principle DFT calculations. Detailed investigations of optical absorption, reflectivity spectra
and the refractive index of XBi> (X = K, RDb) indicate that these systems can be used as solar
reflectors and ultraviolet absorbers. Moreover, they have calculated the superconducting
transition temperature (T¢) for Lalrz and Thirs compounds and are estimated to be ~ 4.91 and
5.01 K, respectively [113]. In another article, they reported the modulations of electronic,
optical, mechanical and thermoelectric properties of the KTaOs compound with sulfur (S)
substitution [114]. Surprisingly, their study unveiled fascinating structural phase transitions
where the cubic KTaOz undergoes to tetragonal phase for KTaO>S and KTaOS, compounds,
eventually remaining in the cubic phase for KTaSs system. The modified band gap and optical
properties of KTaO>S compound reflect considerable potential for its application in
photovoltaics, presenting promising opportunities in improving solar energy conversion

efficiency.

S Picozzi et al. and her group from Consiglio Nazionale delle Ricerche (CNR-SPIN),
Italy are mainly focussed to explore different intriguing quantum phenomena and spin-splitting
of novel materials from first-principle calculations. Recently they have showed the Rashba
effect of BiCoO3z compound from the DFT calculations [115]. BiCoOz crystal shows perovskite
like structure and exhibits multiferroic (ferroelectric and antiferromagnetic) behaviour below
Néel temperature (Tn) = 420 K. Their study unveiled larger Rashba parameter (= 0.74 eVA) of
the system and suggested BiCoOz as a potential candidate for spin —field effect transistor [115].
They suggested the general trend of multiferroic materials which exhibit Rashba-Dresselhaus
spin-splitting. According to them, the Rashba-Dresselhaus effects are generally observed in
non-centrosymmetric crystals which either exhibit ferroelectric (FE) — nonmagnetic (NM) or
FE — antiferromagnetic (AFM) properties. On contrary, ferromagnetic (FM) systems do not
exhibit RD splittings as their on-site exchange interaction term (J) largely splits the electronic
bands and form an unpaired band consisting of both up and down spins. Paraelectric (PE)
compounds also do not show any such effect due to the absence of spontaneous electrical
polarization. In another paper, the group has explored the spin-chirality driven multiferroicity
in van der Waals 2D Monolayers from first-principle calculations [116]. This work shows a

remarkable role of spin-lattice coupling on magnetoelectricity, which in turn indicates a
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significant contribution of spin-orbit coupling driven by anions. Moreover, their study further
reveals such multiferroic compounds exhibit considerable spin-driven structural distortions

which may promote the multifunctional spin-electric-lattice couplings [116].
1.6. Summary of thesis chapters

The dissertation aims to understand the structural, electronic and optical properties of
technologically relevant materials from first-principle calculations. The thesis report has been
framed in the following way. After discussing a general introduction to material sciences,
many-body theory, strongly correlated systems and machine learning in Chapter 1, Chapter 2
focuses on the computational methodologies such as the first-principle DFT framework,
calculations of phonon dispersion relations, Born-Oppenheimer molecular dynamics (BOMD)
simulations, calculations of optical properties and machine learning methods. Chapter 3 aims
to understand the structural and electronic properties of the Mercurous Chloride (Hg2Cl>)
compound from first-principle DFT calculations. The charge-transfer insulating property of the
Hg2Cl> compound has been elaborately discussed in Chapter 3. In Chapter 4, the pressure-
driven structural phase transitions of the Hg>Cl> compound at room temperature (T = 300 K)
have been deliberated. The transition pressures linked with the structural phase transitions of
Hg.Cl. system from its body-centred tetragonal [14/mmm (D;/)] — base-centred orthorhombic
[Cmem (D;7)] phase and from base-centred orthorhombic [Cmcm (D;7)] — primitive
orthorhombic [Pnma (D;5)] phase have been unveiled in Chapter 4. The key vibrational
phonon modes linked with these structural phase transitions and the type of phase transition
have also been shared. Chapter 5 discusses the alterations of electronic and optoelectronic
properties of the Hg.Cl, system under the application of pressure. The electronic band
structures, anisotropic optoelectronic parameters such as complex dielectric function [e(w)],
absorption coefficient [a(w)], optical conductivity [ (w)], refractive indices (n., n,), optical
birefringence (An) of Hg.Cl> at ambient conditions and under external pressures have been
enlightened in Chapter 5. Chapter 6 is framed with the temperature-dependent structural phase
transition and negative thermal expansion behaviour of the Hg>Cl, compound. The transition
temperature associated with the structural phase transition of the system from 14/mmm (D;/
— Cmcm (D7) phase has been revealed in this chapter. The corresponding order parameter,
key phonon modes responsible for structural phase transition and negative thermal expansion
behaviour have also been highlighted in Chapter 6. In Chapter 7, the band gaps of nitride

perovskites, with general chemical formula ABN3, have been predicted from machine learning
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and DFT calculations. Four machine learning models such as support vector regression (SVR),
gradient boosted decision tree (GBDT), random forest regression (RFR) and multi-layer
perceptron (MLP) have been considered for predicting the band gaps of the ABNsz — type
compounds. The band gaps of two nitride perovskites CeMoN3z and CeWNs3, so predicted from
their electronic band structures, dielectric functions, absorption coefficients and machine
learning models, have also been highlighted in Chapter 7. The overall conclusions and future

perspective of research work have been discussed under Chapter 8.
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2.1. Introduction

This chapter is focused on the computational methodologies that have been employed
in the entire research work of the thesis. The first-principle calculations have been carried out
within the density functional theory (DFT) framework as implemented in Quantum
ESPRESSO (QE) software [1-3]. The single particle approximation such as DFT in the form
of first-principle calculations may be considered as one of the most advanced approximate
methods to address the microscopic properties of the materials in finer detail [4-6]. First-
principle calculations in general estimate the atomistic properties of the compounds from
charge (e) and mass (m) of the electrons for the systems in hand and are found to be extremely
successful not only in reproducing the experimental observations [4-11], but may also in
predicting the properties of new materials before experiments [12-19]. The DFT method as
formulated by Hohenberg, Kohn and Sham [20,21], has drawn significant attention over the
last thirty years in the theoretical advancements of both chemical and condensed matter physics
[22-26]. DFT method not only simplifies the complexities of using multidimensional abstract
wavefunctions but leverages the use of experimentally observable electron density function

p(r) for many-body systems.
2.2. Formalism of DFT

In the DFT framework, the total ground state energy (E,) of a many-body system is
formulated in terms of functional of electron density [p(r)]. The energy functional (Eq¢[p(1r)])

can be expressed as:

Eolp(M)] = (T [p(M]) + (Vae [o()]) + (Vee[p (1] 2.1)

where Ty and V,,, are the respective kinetic energy and repulsive Coulomb potential functionals
of electron densities. The “<....>” bracket symbolises the expectation value of the quantity
located inside it. Here, V,,. denotes the attractive potential between the electrons and nuclei and

is expressed as:

Vel p@)D = [ A1 Vg p() = = T 171 [ 52 drs (2.2)

where Z, is the atomic number of the nucleus “I” and r,; denotes the distance between the

electron and nucleus I.

Page | 24



Chapter 2

Equation (2.1) is now represented as:

Eolp(m)] = (Txlp(@D) + [ dr Voo p(r) + (Vee[p(M])

or
Eolp ()] = (Telp(r)) = Znuctei 1 Z1 [ 52 dry + (Voo [p()]) 23)

To grapple with equation (2.3), a fictitious reference model of non-interacting electrons
has been considered [20,21]. These non-interacting electrons exhibit similar electron density
distribution to a real ground state system. Deviations (A) of (Tx[p(1)]) and (V,.[p(r)]) from

their respective reference (ref) systems can then be expressed as [27]:

MTglp(M]) = (Tklp (1) = Tk [p (@) rey (2.4)
A(‘/ee[p(r)p = <Vee[p(r)]) - <Vee[p(r)])ref (2.5)
where Vee 0@ Drer = . pl(:l)_pfrf)drldrz (2.6)

Equation (2.3) is further modified to
Eolp(r)] = [ dr Ve p(@) + (Tilp(res + 3 [f S22 drydry + Exclp)]  (2.7)
where

Exclp(M] = MTxlp(M]D) + MVeelp(r)]) (2.8)

Here, Ex is termed as exchange-correlation (XC) functional.

Now, in Equation (2.7), (Tx[p(r)]),.r refers to the expectation value of the sum of one-
electron kinetic energy operators in the ground state wavefunction [@,.¢(rq, 72, 73, ....... )]

of the reference system, and is represented as:

(Tlp@rer = (Pregl =5 T2 VE|@rer) (2.9)

Since these hypothetical electrons are non-interacting, ¢,..r can be written in the form of a

Slater determinant [20,28] with Kohn-Sham (KS) orbitals of the i particle (¢°) and spin

functions (a, B). More precisely for a four-electron system
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P (Ma(l) PSWBN) X Da(l) 5K (DR
oo = PiS(2)a(2) ¢SRIBER) K (a2 5 (2)B(2)
T oK (3)a3) X B)BB) 55 B)aBB) XS (B3)BB)
P Ma(®) PSMBMA K Da®) K HBA)

(2.10)

The quantity (Tx[p(1)])res can thus be expressed in terms of ¢;° and is represented as:

(Telp(M)Drep = — Z Z{OE IV ) (2.11)

In this context, Equation (2.7) can again be expressed as:

Eolp()] = [ dr Voo p(r) = 3 ZEIS|VE|0F5) + 5 [[ EF2E 2 drydry + Exclp@]  (212)

Since,

p =32 |p1|’ (213)

Now, substituting p in Equation (2.12) and differentiating E,[p(r)] with respect to ¢X5 by
considering ¢X5 as orthonormal [29] lead to the KS equation which is mathematically

represented as:

2
[_ Zh_mvz ne(r) + f plra) drz + 2Exclp)] ] ¢ EiKS(pLKS

1| ap(r)
or
_ ﬁ p(r2) aExc [o(M)] KS 1KS
[ Zm Znuclell flrz r1| ap(r) ]¢ Ei (pi (2-14)

where EXS is the KS orbital energy eigenvalues of i™" particle. Moreover, the clever choice of
XC functional Ex.[p(7)] in Equation (2.14) is considered an important factor in estimating the
electronic and/or optical band gaps of the compounds with profound accuracies in line with the
experimental results [30-38].

The DFT formalism was successfully implemented in the first-principle calculations by
Roberto Car and Michele Parrinello for the first-time way back in 1985 [39]. Car and Parrinello
in their seminal work pointed out two key features which include the plane wave basis for
electronic wavefunctions and pseudopotentials instead of ionic interactions for DFT
calculations. The choice of plane wave basis set in the first-principle DFT calculations is
advantageous as it is complete, unbiased and independent of atomic positions of the system
[40,41].
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2.3. The exchange-correlation functional

DFT is an elegant technique not only in reproducing the experimental observations [4-
11] but also in predicting the electronic, optical and magnetic properties of new materials prior
to experiments [12-19]. Both the electronic as well as the optoelectronic properties are
primarily guided by the band gap (Eg) of the materials. While DFT calculations with local
density approximation (LDA) and generalized gradient approximation (GGA) are found to
underestimate Eg values in general [33,42-44], the unscreened hybrid and Perdew—Burke—
Ernzerhof—Hartree—Fock exchange (PBEOQ) functionals on the other hand overestimate band
gap energies of the compounds relative to their experimental counterparts [45-47]. In this
context, DFT calculations, as accomplished from single-shot GW (GoW,) approximation and
hybrid XC functionals such as Heyd-Scuseria—Ernzerhof (HSE), Becke-3-parameter-Lee-
Yang-Parr (B3LYP), B3PW91 are known to predict the Eq values of the compounds close to
the experimental results [30-32,34,42,48-53]. The primary driving force behind the success of
hybrid functional stems from the mutual effects of both the Hartree—Fock (HF) exchange and
LDA/ GGA approximation that are incorporated into the hybrid functional. For example, while
the Perdew-Burke-Ernzerhof (PBE) XC energy functional (ESS4), which is a simplified

parametrization form of GGA, is represented as [54]:
ESE4(ny,my) = [d3rnex (n)Fxe(r, s, Q) (2.15)
the mathematical form of HSE functional (EZS%) on the other hand can be expressed as [55]:
EFSE = 1/, ™R (0) + 3/, Ef"™F (w) + Ef°P"" (w) + EEPE (2.16)

where “n” is the sum of electron spin densities ny and n;. The quantities ey and Fx. denote the
exchange energy per electron and non-local spin-polarized enhancement factor, respectively.
The parameters 7, s, { symbolize local Seitz radius, dimensionless density gradient factor and
relative spin-polarization respectively. The symbols “X”, “C”, “SR” and “LR” represent the
exchange, correlation, short-range and long-range terms respectively in the energy functional.
“o” governs the extent of short-range interactions. The difference of Eq values between HSE
and PBE functionals can be rationalized from the fact that the HSE functional, which consists
of screened Coulomb potential for HF exchange, considers the exact mixing of both the HF
and PBE exchange only for short-range interactions. This mixing allows the exchange hole to

become delocalized among its nearest neighbours, which in turn results in Eg values that are
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reported to be closer to experimental observations in contrast to the same being performed with
PBE functional [55].

2.4. DFT calculations linked with strongly correlated systems

The simplest model which can describe the physics of these strongly correlated systems
is the “Hubbard model” [56-61]. The Hubbard Hamiltonian (Hyypparq) 1S mathematically

represented as:
Hyupbara = —t2<ijso (ng Cjo T C,'Ta Cig) T UXingingy (2.17)

where < i, j > signifies nearest-neighbour atomic sites. The quantities c{fa, ¢j - and n; 5 are the
respective creation, annihilation and number operators for electrons of spin ¢ located at atomic
site i or j. Here, “t” and “U” are the hopping amplitude and on-site Coulomb interaction

respectively. The total energy within the LDA+U or GGA+U approach can be expressed as:

EvvaseearulP()] = Eipaseealp(] + Enuvpara (Mo )| = Eacl™)]  (218)

where E ;. represents the double-counting term; nf,fm, are called occupation numbers, which

define the projections of occupied KS orbitals (¢2,) on localized wavefunctions v, and are

denoted as

n = Yup FSy < o010l >< Pl g, > (2.19)

where F,, is the Fermi-Dirac occupation for KS energy states having band indices “b” and k-

points “k”.

Besides the success of LDA+U and/ or GGA+U methods in describing the physical
phenomena of many strongly correlated systems, the most surprising situation for strongly
correlated systems is observed when the electrons are neither localized nor itinerant but settle
in between the two extremes. To understand the correct physics of such systems, the dynamical
mean field theory (DMFT) is considered as one of the most prominent methods [62,63]. The
DMFT Hamiltonian is mathematically represented as

! ! J t t
— g o o o
Hpmer = UZi,a,i,l ngn;; +Zi,a,i,l¢m(V - 60‘,0")ni,lni,m - EZi,G,i,lim Cilo Cila'Cime' Cimo —

J T t o
?Ziﬁ,i'lim Ci16C 16" Cimo Cima' — Yio A€ ng) (2.20)
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where V denotes the inter-orbital Coulomb interaction of electrons, J and J’ represent the Hund
exchange and pair hopping terms respectively of the orbitals (I and m) at site i. However, the
calculations involving DMFT are outside the scope of this dissertation and hence have not been

elaborated here.
2.5. Optimization and convergence criteria

The crystal structures are primarily optimized using the “variable-cell relaxation” (VC-
relax) method followed by the Broyden-Fletcher-Goldfarb-Shanno scheme [64-67]. The
projector augmented wave (PAW) pseudopotentials [68] have been considered to incorporate
the electron-ion interactions of the compounds and the XC term of the pseudopotential has
been accomplished from any of the above-referred functionals. The crystal structures of the
system are allowed to relax until the Hellmann—Feynman force, total electronic energy, and
cell pressure attain their specified convergence criteria. The plane wave kinetic energy cut-off
for the valance electrons and the size of the k-point mesh, as obtained from the Monkhorst-
Pack grid scheme, have been to be fixed for DFT calculations.

2.6. Calculations of phonon dispersion relations

Phonons are quasiparticles that represent the collective vibrational modes of atoms in a
crystalline material. In simpler terms, they're the units of vibrational energy that propagate
through a material, similar to how photons are units of light energy. These vibrations can be
thought of as waves travelling through a material's atomic lattice, affecting its thermal, and
elastic properties. Phonons play a crucial role in understanding phenomena like lattice thermal

conductivity, superconductivity, and thermal expansion in materials.

Here, the phonon dispersion relations have been estimated from both the density
functional perturbation theory (DFPT) and supercell approach as implemented in QE [1-3] and
Phono3py [69] suites of software. The DFPT calculation is in general performed on the unitcell
geometry of the crystal whose phonon data have been estimated through the diagonalization
and sampling of dynamical matrix D(k) for any arbitrary wave vector k. The second-order
(harmonic) interatomic force constants (IFCs) on the real-space grid have been extracted from
the backward Fourier transform approach of calculated D(Kk). The supercell approach, however,
follows the finite atomic displacements and calculates the phonon frequencies by considering

both the second-order as well as third-order (anharmonic) IFCs of the systems.
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2.7. Born-Oppenheimer molecular dynamics simulations

In Born-Oppenheimer molecular dynamics (BOMD) simulations, the motion of the
atoms is calculated by solving Newton's equations of motion using the forces derived from the
potential energy surface, which represents the total energy of the system as a function of nuclear
coordinates. The potential energy surface is typically obtained from quantum mechanical
calculations such as DFT.

Here, the BOMD simulations have been accomplished from the NPT ensemble whose
temperature is controlled by the Andersen or Nose-Hoover thermostat. The simulations have
been performed over a time step of 1 or 2 fs and the estimated free energies (F) of the

compounds have been calculated using the following relation [70]:
F(T,V) = E(V) + Fo (T, V) + Fpp(T, V) (2.21)

where E measures the total ground state energy of the supercell, V' signifies the supercell
volume at temperature T, F, (T, V) and F,,(T,V) are the free energies of the electrons and
phonons respectively. F,;(T,V) can be estimated using the following mathematical relation
[71,72]:

Fo (T, V) = kgT [dv Ngy(v) [nInn+ (1 —n) In(1 — n)] (2.22)
where N,;(v) is the electronic density of states and n is the Fermi occupation number.

F,, (T, V) has been calculated under the thermodynamic integration approach [72,73]

and is expressed as:
For(T,V) = [ dv (F({R}) — Fu(fRID — Ty % wy; Di(T, V), (2.29)

where “F,;({R;}) — F.,({R?})” corresponds to the difference in electronic free energies at a
certain point of ionic coordinates {R;}. u; = {R;} — {R}}, m is the atomic mass and D
represents the dynamical matrix of the system. “(........),” represents the thermodynamic

average and has been estimated using the BOMD simulations.
2.8. Calculations of optical properties

The optical properties of a system have been estimated from the linear response theory
and these properties of a crystal under electromagnetic radiation can be readily envisaged from
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the frequency-dependent (w) complex dielectric function e(w). The complex function e(w) is

mathematically expressed as:
e(w) = g(w) +igy (w) (2.24)
where &, (w) and €, (w) are the real and imaginary parts of € (w).

While &; (w) depicts the linear polarization and dispersion of the incident light passing
through the crystal, &, (w) on the other hand may be directly correlated with the electronic band
structure and absorption of incident radiation by the crystals. The imaginary part of the
dielectric function &, (w) is estimated from the first-order time-dependent perturbation theory
following the simple dipole approximation. In the long wavelength (q — 0) limit, &,(w) is

represented as [74]:

(@)= N ey <kilwrlkf> |2 x 8 [E(k) — E(k) — ho]  (2.25)

w?m2v

where V is the volume of unitcell. The quantities | k,i > and | k, f > represent the valance and
conduction band states respectively over the wave vector k, u and r are the polarization and
position vectors of the electromagnetic wave respectively. The real part of &;(w) can be
accomplished from &,(w) using the Kramers — Kronig relation [75,76] and is depicted as

follows:

e(w)= 2P [ 29D gy (2.26)

- w
where P is the Cauchy principal value.

The frequency-dependent complex dielectric function of any dispersive materials
carries a wealth of information relating to their optical properties. For example, the complex

refractive index N(w) is related to e(w) through the following simple relation:

N(w) = & (w) =n (w) + ik () (2.27)

where the real part of the complex refractive index is expressed as:

1
2
2+ e +ée
et (2.28)

n(w) = >
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and the corresponding imaginary part, known as the extinction coefficient (k), is expressed by

the following equation:

,s%+s§—el 2
k(w)=|+—— (2.29)

2

The absorption coefficient [a(w)] refers to the attenuation of incident radiation in
percentage as it propagates per unit distance through the materials. It is closely associated with

the extinction coefficient of the material and also with &, (w) through the following relation
a(w)=— = —&(w) (2.30)

where c is the speed of light in vacuum.

The imaginary part of the dielectric function &,(w) is closely related to the optical
conductivity o(w), which provides valuable information about the conduction of free charge
carriers over a defined range of energies of incident photons. The optical conductivity o(w) is

mathematically expressed as:

o(w) = 22 (2.31)

2.9. Machine learning methods

The data-driven machine learning (ML) models between the characteristics features and
the target variable can be framed and the accurate prediction of data will be estimated from
their respective performances. The characteristics of the ML model can be estimated from the

Pearson correlation coefficient (p) which is expressed as [77]:

I (=D i=y) (2.32)

R R

where xi and y; are the comparative features of x and y respectively, x and y are their respective
average values, N represents the total number of samples in the training set. The performance
of the ML model has been determined from root-mean-square error (RMSE), mean absolute
error (MAE) and evaluation coefficient (R?) values. RMSE, MAE and R? have been calculated

using the following relations:
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1
RMSE = |2 31,00 - 77 (2.3
1
MAE = — ZX1 |y — (2.34)
N Pa—
R2 = 1 — Zi=Gim»)? (2.35)

Z?Izl(yi_y)z

respectively. Where y; and y are the respective input and predicted values of the dataset. A
schematic diagram of ML workflow in predicting the materials' properties such as band gaps
of materials is shown in Figure 2.1.

A8 0D o ‘ M Test set

1 | 275 Rz - 094 /!‘!’

2

A -‘ » =
|||||u..

I
=

~

(5
b3

Predicted band gap (eV)
I
=3
29

N [ I I =
l I’.Dll 125 i:;ultﬁa;:ﬂgzaéil;‘f;g 2.75 3.00
Database Data pre-processing Model construction  Predicting band gaps
construction Normalization, Outlier elimination,  Choice of Algorithm, of compounds

Instances and Features Feature selection through Heatmap R?

Figure 2.1. Schematic representation of machine learning workflow in predicting band gaps of

the materials.

Here, the supervised models such as support vector regression (SVR), gradient boosted
decision tree (GBDT), random forest regression (RFR) and multi-layer perceptron (MLP)
algorithms were considered in the research works [78]. The algorithms were realized using the
Scikit-learn software package within the Python 3.9 framework [79]. The parameters of the
algorithms were optimized and the model performances were estimated using the grid search
of the average RMSE of each model validation set. The target variable was predicted from the

SVR model using the following mathematical relation:

forr@) = EiLi(ai —a))K (i y) +b (2.36)

where a; and a; are non-negative multipliers for each observation yi, K is the kernel or radial
basis function which is used to calculate the difference between training (yi) and predicted (y)

values of the target variable, “b” can be estimated from the Lagrange function.
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The values of the target variable, so predicted from the GBDT algorithm, are

represented using the following expression:

feeor (V) = fo(y) + 2%:125:1 Om,; [y € Ry ) (2.37)

where f,(y) is an initial single decision tree; M, J and @, ; are the number of regression trees,

number of leaf nodes of the trees and the best fitting value respectively for each set of leaf
nodes R, ;.

Using the RFR model the predicted target variable can be represented as:

frer(Y) = {=1211¥=1Cn I(y € Dy)/t (2.38)

where t runs from 1 to T and T represents the number of formed classification or regression
trees. Cn signifies the mean value of dataset D for randomly selecting N training samples from
the said dataset.

The target variable, so predicted from the neural network-based MLP framework, can
be expressed using the following mathematical function:

fure ) = T Wy 0(Wy; + by) + by (2.39)

where Woij and Wl” are the weights of i" neurons in the output and 1" layers respectively, b,

and b, represent the respective output layer and hidden biases.
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3.1. Introduction

In this chapter, the structural and electronic properties of Mercurous chloride (Hg2Cly)
have been studied. Hg>Cl, commonly referred to as “calomel”, is an insulator and finds
extensive applications as white pigment and electrodes in electrochemistry [1,2]. Moreover,
the compound is known to exhibit unique anisotropic behaviour with strong birefringence,
effective for making polarizing prism [3,4]. Recently, Hg2Cl2 has shown early promises to be
used as acousto-optic tunable filters for the development of hyperspectral imagers covering the
UV-Vis-LWIR region [5]. Here, the electronic band gap of the compound in its body-centred
tetragonal [14/mmm (D17)] phase has been comprehensively studied under different exchange-
correlation (XC) functionals and on-site Coulomb repulsion (+Uqq) in DFT calculations.
Additionally, the nature of the insulator, whether it is Mott-Hubbard (M-H) or of charge

transfer (CT) type is also unveiled in detail.
3.2. Crystal structure of Hg>Cl, compound

Mercurous Chloride at room temperature and under ambient pressure crystallizes to the
tetragonal phase and falls under 14/mmm (space group no. 139) space group symmetry. The
crystal structure and the associated lattice parameters of the Hg>Cl, compound in its 14/mmm
phase are reported from the experimentally determined X-ray [6] and neutron diffraction [7]
data. The unitcell of Hg>Cl, comprises of one formula unit (Z = 2) with 8 atoms, where Hg and
Cl are at 4e (0, 0, 0.11577) and 4e (0, 0, 0.3380) Wyckoff sites. Starting from the
experimentally determined lattice parameters a = b and ¢ (a = b = 4.4795 A, ¢ = 10.9054 A),
the unit cell associated with the 14/mmm phase of Hg»Cl> has been optimized from GGA
calculations using PBE, PBEsol, BLYP, B3LYP and HSE functionals. Before the relaxation of
the structure, the plane wave kinetic energy (KE) cut-off for valence electrons and k-point
mesh were fixed. While the specific KE cut-off for the valance electrons of the Hg.Cl
compound has been estimated from the total self-consistent field (SCF) energy versus KE cut-
off plots for different XC functionals, the mesh of the k-point grid has been accomplished from
the variations of total SCF energy as a function of k points for a fixed KE cut-off. The changes
in total SCF energies of Hg.Cl, compound as functions of plane wave KE cut-off and k-point
mesh are shown in Figure 3.1(a) and 3.1(b) respectively. From Figure 3.1(a), it is seen that the
KE cut-off ~ 50 Ry is sufficient to carry out further calculations to estimate the size of the k —

point grid. For a fixed energy cut-off at 50 Ry, Figure 3.1(b) shows successful convergences
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of total energies for the k — point mesh > 5 x 5 x 5. These results collectively suggest that
the k- point mesh of 9 x 9 x 9 and 50 Ry KE cut-off are sufficient to carry out the first-
principle DFT calculations for predicting the optimized structure of the Hg>Cl, compound.

However, denser k-point mesh can be further considered for non-SCF calculations of the

compounds.
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Figure 3.1. Total SCF energy versus (a) plane wave kinetic energy cut-off and (b) k-point
mesh plots for HSE, B3LYP, BLYP, PBE and PBEsol functionals [The KE cut-off of 50 Ry

and k-point mesh of 9 x 9 x 9are marked with vertical dashed vertical lines].

The optimized lattice parameters and unitcell volume of the Hg>Cl> system have been
estimated from PBE, PBEsol, BLYP, B3LYP and HSE functionals. The results are shown in
Table 3.1. From Table 2.1, it is clearly seen that the estimated lattice parameters and unitcell
volume of Hg.Cl,, as obtained from HSE functional, are in exact agreement with the
experimental results as reported elsewhere [8]. However, no significant alterations in lattice
parameters and unitcell volume of the compound have been observed for PBE, PBEsol, BLYP,
B3LYP functionals in comparison to the experimental result [8]. Hence, to reduce the

computational cost the non-hybrid XC functionals like PBE, PBEsol, BLYP can be used in
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estimating the optimized lattice and structural parameters of the materials in the DFT

calculations.

Table 3.1. Lattice parameters and unitcell volume of Hg.Cl. as estimated from HSE, B3LYP,

BLYP, PBE and PBEsol functionals.

Exchange-correlation a=b
functionals (A)

HSE 4.482

B3LYP 4.482

BLYP 4.478

PBE 4.481

PBEsol 4.479

Experiment [8] 4.482

(A)

10.910

10.890

10.900

10.910

10.890

10.910

Volume

(A%

219.164

218.762

218.572

219.065

218.470

219.164

The associated optimized structural parameters such as bond length, bond and dihedral

angles of the Hg>Cl> compound as enumerated from the GGA-HSE level of theory are also

shown in Table 3.2. From Table 3.2, it is found that the estimated parameters from HSE

functional are in excellent agreement with the experimental results in general and with the

observations as reported by Dorm et al. [8].
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Table 3.2. Optimized lattice and structural parameters for the tetragonal phase of Hg.Cl;

compound.

Measured parameters . . .
Havighurst  Dorm Kleier ~ Pelant  Nicholas

192
(1926) [6] et al. et al. et al. et al.

(1971)  (1980)  (1987)  (1989)
(8] [] [4] [7]

Lattice parameters (A)

a=b 4.470 4.482 - 4.478 4.479 4.482
¢ 10.890 10.910 - 10.910 10.905 10.910
Statistical average of bond lengths (A)
Hg(C) - CI(L) - 2.430 2.430 2.420 2.362 2.424
Hg(A) - Hg(C) - 2.526 2.600 2.530 2.595 2.526
Hg(C) - CI(V) - 3.209 3.210 3.210 3.206 3.210
Statistical average of bond angles (degree)

Hg(A) — Hg(C) - CI(L) - 180 180 180 180 180
CI(V) - Hg(C) - CI(V) - - - - - 161.92
Hg(A) — Hg(C) - CI(V) - - - - - 99.04

Statistical average of dihedral angle (degree)
CI(L) - Hg(C) — Hg(A) - 180 180 180 180 180 180
CI(L)

The optimized geometrical structure of Hg2Clz, as obtained from GGA-HSE level of
theory is shown in Figure 3.2. The crystal structure marks the presence of apparently distorted
octahedral environments with corner-sharing Hg (Cent) atoms. The magnified view of the
quasi-octahedral environment is shown in Figure 3.2(c). From Figure 3.2(c), it is seen that the
neighbouring chlorine [CI(V)] and apical mercury [Hg(Ap)] atoms at the vertices form the
distorted octahedron Hg(Cent)Hg(Ap)[CI(V)]s with Hg (Cent) at its centre. Several distorted
octahedra are dispensed in three-dimensional space over the crystal lattice whose depiction is
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shown in Figure 3.2(a). Each of the distorted corner-sharing octahedron will now be designated
as Hg(C)Hg(A)[CI(V)]s henceforth just for the sake of simpler nomenclature. The distortion in
the octahedron is manifested by the decrease in CI(V)-Hg(C)-CI(V) angle ~ 161.92%along the
a-b plane [Figure 3.2(c)]. Interestingly, the Hg(C) — CI(V) bond lengths for each of the CI(V)
pairs are equal and are ~ 3.21 A. However, one of the neighbouring CI(V) atom form a CI(V)—
Hg(C)-Hg(A) linear chain with the associated angles ~ 180°. To distinguish the chlorine atom
[CI(V)] involved in the linear chain from the rest, we designate it as CI(L). The linear CI(L)—
Hg(C)-Hg(A)—CI(L) chain of Hg2Cl. in the 14/mmm phase is considered to be responsible for
large anisotropy, birefringence and low transverse acoustic wave velocity of the compound
[3,4]. In this new nomenclature, the associated octahedron in the crystal lattice of the Hg2Cl>
compound will be designated as Hg(C)Hg(A)[CI(V)]4CI(L) hereafter. The CI(L)-Hg(C),
Hg(C)-Hg(A) bond lengths are not equal and estimated to be 2.424A, 2.526 A respectively.
The deviation in bond length of ~ 0.102A primarily signifies that Hg(C) is off-centred and
shifted more towards the vertex, albeit lying undeviated on the local c-axis. Closer inspection
of the supercell unveils another interesting feature concerning dispositions of the octahedral
domains. The repetitive octahedra are connected through CI(L)-Hg(C)-Hg(A)-CI(L) linear
chain with the corresponding dihedral angle ~ 180° (Figure 3.2(a)).

(b) ci(L) (c) et
Hg(C) s g(C eV
[
Hg(A) Hg(A)

CI(L) a< | CI(L)
CI(L)-Hg(C)-Hg(A)-CI(L) linear chain b Hg(C)Hg(A)CI(V),CI(L) Octahedron

Figure. 3.2 (a) Supercell (2 x 2 x 2) of the tetragonal phase (14/mmm) of Hg>Cl> compound.
The magnified view of the supercell showing (b) linear chain comprising of CI(L)-Hg(C)
Hg(A)-CI(L) atoms (c) the octahedral environment. [Cl atoms are shown in red and the Hg

atoms are shown in emerald blue].
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3.3. Dynamical stability of Hg>Cl> compound

To ensure the dynamical stability of the Hg2Cl. compound, the phonon dispersion curve
along the '-M—X—I'>P high symmetry direction has been estimated from GGA
calculations in conjunction with HSE functional. The dispersion curves together with phonon
density of states (PhDOS) are shown in Figure 3.3. From the dispersion plot, it is seen that all
the twenty-four phonon modes at any k points on the dispersion spectra (Figure 3.3) show
positive values thereby affirming the dynamical stability of the system. The phonon frequencies
of the Hg,Cl. crystal system span a narrow wave number window ranging from 0 to 300 cm™.
The optical phonon modes at relatively higher frequencies ~ 85 — 300 cm™ emanated mainly
from CI atoms, while those at ~ 85 — 150 cm™* frequency window, both Cl and Hg atoms are
seen to contribute. At a comparatively lower frequency window (55 — 65 cm), the optical
phonons explicitly originate from the Hg atoms. The wide dispersions of optical phonon modes
in three distinctively different frequency windows are owed to different atomic masses of the
constituent Hg and CI atoms of the Hg2Cl> system. The acoustic phonon modes are also
observed at the lowest frequency window spanning in the range 0 - 45 cm™. The cross-over
regions between the optical and acoustical phonon vibrational modes are observed in the
frequency range 35 — 45 cm™. Moreover, this mixing of low-frequency optical phonons with
transverse acoustic and longitudinal acoustic modes may primarily suggest considerable

thermal conductivity [10] of the Hg>Cl> compound.
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300

(a) (b) Total PhDOS
T Hg(C)
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K? ==V
\
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Frequency (cm™)

7

Figure 3.3. (a) Phonon dispersion curve along the high-symmetry points ' -M—X—I"—P
and (b) the total and partial PhDOS of the tetragonal phase of Hg-Cl> compound calculated at
ambient pressure in GGA — HSE level of theory. (Magenta colour traces indicate optical
phonon modes, while those with cyan and light green colours illustrate transverse and
longitudinal acoustic phonon modes in the phonon dispersion curve. [Distinct LO — TO

splitting are marked in the figure.]

Since Hg2Cl: is an ionic solid the phonon dispersion calculations have been performed
by considering the coupling between the macroscopic electric field and the atomic
displacements. These calculations help to identify the Longitudinal Optical - Transverse
Optical (LO-TO) splitting, resulting from loss of degeneracies of the optical phonon vibrations.
The LO-TO splitting are observed near the r point at 84 cm™ and 135 cm™ in the phonon
dispersion spectrum. The LO modes are estimated to have greater frequencies than the TO
modes (w,o > w;p). The rationale behind it is due to the fact that the local field around the
neighbouring atoms induce polarization in opposite direction for the LO modes, while the
polarization is induced in the same direction for the TO modes. The Longitudinal Acoustic-
Transverse Acoustic (LA —TA) modes are also observed in the lowest phonon branches at ~
14.723 cm! near the Brillouin zone boundary. The various LO-TO and LA-TA splitting of the

phonon modes are marked in Figure 3.3(a).
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3.4. Electronic properties of Hg>Cl> compound

The electronic band gap (Eg) value of the 14/mmm phase of Hg>Clz under ambient
pressure has been estimated from the DFT calculations with varied levels of theory using
different XC functionals. The estimated values of Eg are shown in Table 3.3. From Table 3.3,
it is observed that the Eg values, as attained from the HSE, B3LYP and BLYP functionals,
predict a larger band gap (3.43eV - 3.93 eV), while for the functionals PBE and PBEsol the
calculated Eg4 values are grossly underestimated. The predicted Eg value (~ 3.93 eV) for the
I4/mmm phase of the Hg>Cl> compound, as obtained from the HSE functional, closely matches
its optical band gap (~ 4.0 eV) at room temperature as reported elsewhere [11]. Thus we
primarily believe that the hybrid HSE functional can reproduce the band gaps of the materials

quite satisfactorily with the experimental observation.

Table 3.3. The estimated values of band gap of Hg2Cl: in the tetragonal phase as obtained from

different exchange-correlation functionals.

Exchange-correlation Functionals Band Gap (eV)

HSE 3.93
B3LYP 3.78
BLYP 3.43

PBE 2.80
PBEsol 2.79

Figure 3.4(a) shows the E — k diagram of the tetragonal phase of Hg.Cl, along the high
symmetry direction '-M—X—I'—P in the reciprocal k space, as estimated from GGA — HSE
calculations. Direct Eq ~ 3.93 eV is observed at the high symmetry point M. No trace of
dispersive energy states is noted near the Fermi level (Er) in the E-k diagram. These results
signify that the 14/mmm phase of Hg>Cl> compound represent a wide band gap insulator.
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Figure 3.4. (a) Electronic band structure for the tetragonal phase of Hg.Cl. as estimated from
GGA calculations in conjunction with HSE functional along the high-symmetry direction
I'-M—X—I'—>P [The band gap and the Fermi energy (Er) are shown in black arrow and
black dashed line respectively]. (b) Variations of Eq for Hg.Cl> compound as a function of on-
site Coulomb repulsion +Uqq. The Eg values have been estimated from the GGA - HSE (red
trace) and GGA - BLYP (blue trace) calculations.

Interestingly, Hg is a post transition metal whose “d” orbitals are completely filled. We
are interested to see the effect of on-site coulomb repulsion on the estimated Eg4 value of Hg2Cl>
compound. The strength of Hubbard “+Uqq” interaction has been varied over a wide range from
410 12 eV. Figure 3.4(b) shows the variation of E4 for different values of +Uqq as obtained from
the GGA calculations with hybrid HSE and non-hybrid BLYP functionals. No change in Eq4
value of Hg>Cl> has been observed upon the inclusion of +Uqq term for the GGA calculations
with both the functionals HSE and BLYP. These observations indicate that the incorporation
of the Hubbard +Uqq term does not affect the estimated band gap value of Hg>Cl.. The apparent
inertness on the variation of the band gap of Hg2Clz upon inclusion of the Hubbard +Ugq
parameter may be rationalised. The Hg atoms of Hg.Cl, have completely filled 5d° orbitals.
This precludes the electrons to hop from any degenerate d orbitals to the other upon excitation,
resulting in no energy cost +Uqgq associated with them (d™d™ » d™ 1d™*1). This result
suggests that Hg>Cl2 is an insulator but not of strongly correlated M—H type. However, in this
context, it may be mentioned that electrons from the occupied 6s orbital of Hg are free to hop

towards the vacant 3p orbital of Cl atoms, whose possibility will be explored later.
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3.5. Electronic density of states

To introspect the bonding configurations of the Hg>Cl> compound and to explore the
possibility of whether the compound falls under the class of charge transfer insulator or not,
the total and orbital resolved projected atomic density of states (TDOS and PDOS) of the
studied system have been performed within DFT framework for GGA — HSE level of theory.
The results of the calculations are shown in Figure 3.5. The TDOS calculations clearly show
the depletion of electronic energy states in the vicinity of the Ef, signifying the insulating
behaviour of the compound. The orbital resolved PDOS for the atoms Hg(C), Hg(A) - 5d, 6s
orbitals and CI(L), CI(V) - 3p and 4s orbitals have been estimated and are shown in Figure
3.5(b) and 3.5(c) respectively. The top of the valance bands of the compound, ranging between
-4 and 0 eV, are mainly dominated by CI(L) - 3p, 4s; CI(V) - 4s and Hg(C), Hg(A) - 6s orbitals.
Partial overlap of the 6s orbitals of Hg(C) and Hg(A) may suggest weak to moderate s-s
hybridization between two Hg atoms [12,13]. Significantly enough, substantial overlap
between the 3p orbital of CI(L) atom with Hg(C), Hg(A) - 6s orbitals have been noticed. These
observations may signify strong covalent interactions resulting in the formation of directional
o bond between Hg(C), Hg(A) and CI(L) atoms as a result of s-p hybridizations. The result
follows the earlier report that depicts the molecular structure of Mercurous Halides [9].
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Figure 3.5. (a) TDOS spectrum of the tetragonal phase of Hg2Cl as estimated from GGA level
of theory in conjunction with HSE functional. (b) Orbital resolved PDOS plots of the 5d and
6s orbitals of Hg(C) and Hg(A) atoms. (c) PDOS spectra of the 3p and 4s orbitals of CI(L) and
CI(V) atoms.

Interestingly, Figure 3.5 further shows that the bottom of the conduction band is
dominated by Hg(C), Hg(A) - 6s; CI(L), CI(V) — 4s orbitals with weak trace from the
contributions of CI(L) and CI(V) - 3p orbitals. The relative weights from the contributions of
Hg - 6s or CI - 3p orbitals in the conduction band of the compound can be readily envisaged
from the PDOS plots. While the 6s orbitals from both the Hg(C) and Hg(A) atoms show intense
peaks around -4 to 4 eV, the peaks emanating from the 3p orbital of CI(V) are comparatively
weak and ill resolved. No prominent trace of bands originating from the 5d orbitals of either of
Hg atoms is observed. These observations collectively suggest strong s-p and comparatively
weak s-s hybridizations between Hg(C), Hg(A) - 6s with CI(L) -3p and Hg(C) - 6s with Hg(A)

- 6s atoms respectively. The strong s-p hybridizations may result in charge transfer (CT)
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interactions [14-17] between Hg(C and A) and the surrounding CI(L) atoms forming the linear
CI(L)-Hg(C)-Hg(A)-CI(L) chains of Hg.Cl.compound. Moreover, the weak but definite
overlap between Hg(C) - 6s and CI(V) - 3p, 4s may also suggest remote possibility of CT
interactions between Hg(C and A) and neighbouring CI(V) atoms. In the absence of on-site
Coulomb repulsion +Ugq (vide ante) resulting in upper and lower Hubbard bands, the transfer
of electrons between Hg and Cl is associated with energy cost leading to CT interaction energy
(AcT). This in turn results in wide band gap opening, thereby identifying the compound to
behave like a CT insulator. Significantly enough, the energy dispositions in the PDOS plots
(Figure 3.5) in the case of Hg.Cl. do not follow the nature of Zaanen — Sawatzky — Allen (ZSA)
diagram [18], as frequently observed for CT insulators with p-d hybridizations. The above
observations further indicate that the ZSA diagram, which is considered the hallmark of CT
insulators for TM compounds, is not necessary to be strictly obeyed in the case of CT insulators
for post-transition metals like Hg. However, in this connection, it may be relevant to mention
that apart from being a CT insulator Hg and CI atoms of the Hg>Cl, compound can undergo
long-range ionic interactions between the Hg* cation and CI" anions as evinced from the LO-

TO splitting of the phonon modes near the rpoint (vide ante).
3.6. Bond population analysis

To gain deeper insights concerning the covalent and/or ionic characters of bonding in
Hg2Cl>, the Mulliken bond population analyses [19] have been carried out in terms of atomic,
orbitals and effective valance charges of Hg and Cl atoms present in the compound. The results
of the Mulliken bond population analysis have been illustrated in Table 3.4. From Table 3.4 it
is observed that the atomic Mulliken charges for Hg(C), Hg(A), CI(L) and CI(V) atoms are
0.13, 0.15, — 0.10 and — 0.18 respectively. In general, the normal atomic charge values for pure
ionic states of Hg and Cl atoms are +12 and —7 respectively. The deviation of Mulliken charge
values from pure ionic states of Hg and Cl atoms indicates the prevalence of covalent
interactions between Hg and ClI atoms. The key contribution for the CT interaction between
Hg(C / A) and CI(L / V) atoms has been significantly noticed from the individual 6s and 3p
orbital charges of Hg (+1.05 e, +1.01 e) and CI (+5.30 e, +5.19 e) atoms respectively. This
implies CT interaction from 6s orbitals of Hg(C / A) to 3p orbitals of CI(L / V) atoms. The
estimated observations are in line with the PDOS as discussed earlier (vide ante). Moreover,

the effective valence charges on Hg(C) / Hg(A) atoms have been estimated to be +11.87e / +
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11.85e. The non-zero values of effective valance [20] signify the presence of both the covalent

and ionic bonds in Hg2Cly, albeit the covalent bond dominates in the compound [21].

Table 3.4. Charge spilling parameter (%), individual Orbital, Mulliken and Effective Valance

charges on Hg and CI atoms in Hg-Cl> compound.

Atoms  Charge spilling Total Mulliken Effective

parameter (%) charge charge Valance

charge

Hg(A) 0.002 1.01 091 9.93 11.85 +0.15 +11.85
CI(L) 1.79 530 0.00 7.10 -0.10 -
Cl(V) 199 519 0.00 7.18 -0.18 -

3.7. Electronic charge density distribution and the Bader charge

analyses

To understand more closely the covalent and long-range ionic interactions between Hg
and Cl atoms and the CT mechanism (vide ante) of Hg.Cl», the electron charge density in the
valance band of the compound has been estimated and is shown in Figure 3.6. From Figure 3.6
it is seen that the electronic charge density distributions around Hg(C / A) and CI(L) atoms in
the linear CI(L)-Hg(C)-Hg(A)-CI(L) chains of Hg.Cl> compound are non — spherical,
suggesting covalent interactions between them [21]. This is further substantiated by the
considerable overlap of electron clouds between Hg(C), CI(L) and Hg(A), CI(L) atoms. All
these observations are in close agreement with the orbital resolved PDOS of the compound
(Figure 3.5).

The electron cloud density distribution, as shown in Figure 3.6, further unveils some
interesting aspects. Depletion of electronic charge cloud density between Hg(C), CI(V); Hg(A),
CI(V) and Hg(C), Hg(A) atoms have been noticed. While the depletion of electron cloud
between the former pairs of Hg(C), CI(V) and Hg(A), CI(V) atoms may portend long-range
ionic interactions between them, however for the latter pair [ca. Hg(C) and Hg (A) atoms]
appreciable charge transfer from Hg(C / A) to the neighbouring Cl atoms may be presaged.
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Figure 3.5. The electronic charge density distribution map of Hg>Cl> compound. (Isosurface
value = 0.009).

This result is further substantiated from the differential charge density distribution map
as shown in Figure 3.7. From Figure 3.7, it is found that the differential Bader charge densities
on Hg(C) and Hg(A) atoms are 0.14 e and 0.16 e respectively, while for CI(L) it is -0.09 e and
for CI(V) it is estimated to be -0.20 e. Positive values of differential charge densities on Hg
(+0.14 e, +0.16 e) and negative values of the same in the Cl atoms (-0.09 e, -0.20 e) indicate
charge transfer from Hg to Cl atoms [89, 90].
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Figure 3.6. Differential charge density distribution (a) side view and (b) planer view along bc
- plane of the 2 x 2 x 2 supercell of Hg.Cl, compound as estimated from the Bader charge
analysis. [Emerald blue and the red colour balls in the ball and stick model of Hg>Cl> compound

indicate Hg and CI atoms respectively. Isosurface level = 0.010].

3.8. Natural bond orbital analysis

To gather more information concerning the CT interactions between Hg and CI atoms
of the Hg2Cl> compound, the Natural Bond orbital (NBO) analyses have been performed. The
basic concept behind the NBO analyses was suggested by Lowdin in his seminal work and had
been reported elsewhere [22]. NBO analyses generate molecular orbitals of the compound from
the Lewis concept that depict localized and doubly occupied electron pair orbitals in one, two
or three-centred regions representing lone pairs (LPs) and chemical bonds (BD, 3C)
respectively. NBO calculations have been performed by considering the probable interactions
between the donor (filled) and the acceptor (vacant) NBOs in terms of stabilization energy E»,
as estimated from the second-order perturbation theory. The stabilization energy E» associated

with the delocalization (i — ;) energy ( AE;;) is represented as:
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<o|F|lo;>
EZ = AEU =4(q; L (31)

Sj— &j

where g; is the orbital occupancy of the donor, F is the Fock or Kohn-Sham matrix and also
known as effective orbital Hamiltonian. The diagonal elements & (~ < g;|F|o; >) and ¢
(~ < aj|F" |aj >) are the orbital energies of donor and acceptor respectively. The stabilization
energies (E2) of the relevant bond-bond Hg(C) — Hg(A) (o) / Hg(C) — CI(L) (o) and bond-
antibond Hg(C) — Hg(A) (o) / CI(L) — CI(V) (") interactions have been estimated and are
shown in Table 3.5. From Table 3.5 it is seen that the interaction between Hg(C) — Hg(A) (o)
/ Hg(C) — CI(L) (o) shows strong stabilization accounting for the large E> value (5.85 kcal /
mol) in comparison to the Hg(C) — CI(V) (o) / CI(L) — CI(V) (c") interaction. The large
stabilization energy (E2) depicting bond-bond Hg(C) — Hg(A) (o) / Hg(C) — CI(L) (o)
interactions signify considerable CT from Hg(C / A) to CI(L) atoms in accordance to our earlier

conjecture ( vide ante ).

Table 3.5. Bond-bond and bond — antibond interactions for the Hg and CI atoms of Hg.Cl;

compound.
Bond - bond/antibond Stabilization energy  Fock matrix element
Interactions (E2) (Fij)
(kcal / mol) (a.u.)
Hg(C) — Hg(A) (o) / Hg(C) — CI(L) (o) 5.85 0.033
Hg(C) — Hg(A) (o) / CI(L) — CI(V) (¢") 0.58 0.010

Figure 3.8 further shows the 2D- contour plots depicting bond-bond Hg(C) — Hg(A) (o)
/ Hg(C) — CI(L) (o) and bond-antibond Hg(C) — CI(V) (c) / CI(L) — CI(V) (") interactions.
The 2D contour plot for the Hg(C) — Hg(A) (o) / Hg(C) — CI(L) (o) bonding orbital reveals
considerable overlap in the region of Hg(C) - Hg(A) and Hg(C) - CI(L) bonds (Fij = 0.033 a.u.)
thereby promoting the CT interactions .
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(A)

cI(V) ®

E, = 5.85 kcal/mol ; F;; = 0.033 a.u E, = 0.58 kcal/mol ; F;; = 0.010 a.u

Figure 3.7. 2D orbital contour diagram for(A) Hg(C) — Hg(A) (o) bonding and Hg(C) — CI(L)
(o) bonding, (B) Hg(C) — CI(V) (5) bonding and CI(L) — CI(V) (c") antibonding pre-NBO.

3.9. Distortions of the octahedral domains within the crystal lattice

From the analyses of the PDOS, as discussed in the earlier section, we believe the self-
consistent energy alignment through hybridization may primarily stand responsible in the
formation of distorted octahedral domains of Hg(C)Hg(A)[CI(V)]4CI(L) in the crystal structure
of the Hg>Cl, compound. In each octahedral domain [vide supra, cf. Figure 3.2 (c)] one Hg(A)
and five Cl [among them four are neighbouring CI(V) and one is CI(L)] atoms form the vertices
of the octahedron with Hg(C) at the centre. We are interested to see how the presence of the
neighbouring CI [CI(V) and /or CI(L)] atoms influence the energy levels associated with the 5d
orbitals of both Hg(C) and Hg(A) atoms despite screening from their respective 6s orbitals.
The orbital-resolved PDOS of the 5d orbital of Hg(C) and Hg(A) atoms are shown in Figure
3.9. From Figure 3.9(A) (upper left panel) it is seen that near the valence band edge, loss of
degeneracy of the 5d orbitals of Hg(C) has been observed. The splitting of d orbitals in the
PDOS spectrum appears as two distinct branches. While the former branch at higher energy is
dominated by the overlapped dx%.,, dxy and d.x orbitals, the latter is mostly comprised of
overlapped dx%.?, ds;%r%, dxy, dyz and dx orbitals. Interestingly the 5d orbitals of Hg(A) atom
around the valence band do not show any loss of degeneracy [Figure 3.9(A) (lower left panel)].
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These results may suggest that the loss of degeneracy in the 5d orbitals of Hg(C) atom in the
valence band may result in the structural distortion of the octahedral domains in the lattice of

the Hg2>Cl> compound (vide ante) in pursuit for achieving the minimum energy configuration.
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Figure 3.9. (A) Splitting of 5d orbitals of Hg(C) and Hg(A) atoms in presence ligand CI(L)
and neighbouring CI(V) atoms in the octahedral environment. (a) Right panel shows the
magnified views of the splitting of 5d orbitals of Hg(C) and Hg(A) atoms near the Fermi
energy.

3.10. Conclusions

The structural and electronic properties of Hg2>Cl> in its tetragonal phase have been
investigated from density functional theory calculations. The SCF energies and the associated
lattice parameters and of the above-referred compound have been estimated from the GGA
calculations in conjunction with PBE, PBEsol, BLYP, B3LYP and HSE correlation
functionals. Detail calculations using the GGA-HSE level of theory suggest that Hg-Cl. is a
wide band gap CT insulator with a band gap ~ 3.93 eV. Moreover, the effects of on-site
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Coulomb repulsion +Ugq on the Eg of the compound have also been explored. Interestingly
although the compound is suggested to be a CT insulator, however the corresponding energy
dispositions in the orbital resolved PDOS plots do not obey the ZSA diagram. These
observations suggest that the ZSA diagram, which is considered as the hallmark of CT
insulators for transition metal compounds, is not seen to be followed in the case of CT
insulators of the post-transition metals like Hg. The PDOS spectra further revealed strong
covalent as well as CT interactions between Hg(C)/ Hg(A) and CI(L) atoms in the linear CI(L)—
Hg(C)-Hg(A)—CI(L) chains of the compound. The Mulliken bond population analyses and the
electronic charge density distributions unveiled the existence of weak ionic interactions (in
addition to the covalent and CT interactions) mostly among the Hg(C / A) and CI(V), that form
the distorted octahedral domains in the crystal lattice of Hg>Cl>. The NBO analyses had also
been carried out to gain deeper insights into the CT interactions between Hg and CI atoms of
the compound. Distortions of the octahedral domains within the crystal lattice of Hg2Cl» have
been deciphered from the loss of degeneracies in the 5d orbitals of Hg(C) atom in the valence

band of the Hg2Cl> compound.
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4.1. Introduction

This chapter reports the pressure-driven structural phase transitions of the Hg.Cl>
compound at room temperature (T = 300 K). Phase transitions are considered as one of the
fundamental physical processes that have drawn significant attention over the years among
physicists and chemists. During the phase transition, the physical and thermodynamic
parameters of a system can alter significantly, as it transforms one physical state to another.
The most familiar example of phase transitions in nature is the conversion of ice to water and
then into vapour with the temperature rise [1-3]. However, in de facto there exist many exotic
examples of phase transitions in physics that include conversions of ferromagnetic/
antiferromagnetic materials into paramagnetic at the Curie point (Tcurie)/ Neel temperature (Tn)
[4-11], the transformation of conducting materials into superconductors at the critical
temperature [12,13], conversion of the normal fluid Helium-I to the superfluid Helium-II at the
lambda point [14-16], order-disorder phase transition in brass [17], the temperature and/or
pressure driven structural phase transitions in the crystals [18-38], to name a few. Here, the
pressure-driven phase transitions of Hg.Cl, have been estimated from from first-principle
density functional theory (DFT) and Born-Oppenheimer molecular dynamics (BOMD)
calculations. The associated phonon dispersion relations, key phonon modes and the nature of
the phase transition whether it is “displacive” or of “order-disorder” type have been highlighted

here.

4.2. Alterations of lattice and structural parameters of Hg.Cl.

under pressure

Figure 4.1(a) shows the variation in the ratio of the refined unitcell volume ratio (V/Vo,
where Vo is the unitcell volume of 14/mmm phase at P = 0 GPa) of Hg.Cl, compound as a
function of external pressure. Interestingly, with a slight increase in P, the V/Vratio shows a
sharp rise with a peak at 0.25 GPa, beyond which the V/V ratio falls monotonically until
around P between 8 and 10 GPa, where a definite change in the gradient of the slope is
observed. Significantly enough the pressure Pt~ 0.25 GPa at which the V/Vy ratio attains the
maximum value corresponds to the first structural phase transition of Hg.Cl, crystal from its
tetragonal phase to the base-centered orthorhombic one [14/mmm (D;/) — Cmcm (D3])] as

reported elsewhere [39-41]. Our first-principle calculations further suggest a nearly two-fold
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increase in the unitcell volume at P = 0.25 GPa, mostly involving larger increments of the
associated lattice parameters “a” and “b” in comparison to “c”. Changes in the lattice
parameters of the Hg2Cl> crystal as a function of P are shown in Figure 4.1(b). Such doubling
of the unit cell is also reported for the Hg2Cl. crystal as it undergoes temperature-driven
structural phase transition from tetragonal to base-centered orthorhombic [14/mmm (D1]) —
Cmcm (D57)] phase at 185 K [42,43]. With an increase in the external pressure P > 0.25 GPa,
the V/Vo decreases smoothly till ~ 8 GPa, while beyond that pressure, distinct change in the
slope is noticed at ~ 9 GPa, primarily signifies the occurrence of the second phase transition
for the crystal. Presence of second phase transition ~ 9 GPa has recently been estimated
experimentally by Roginskii et al. from the low frequency Raman spectroscopic studies [44].
The associated lattice parameters ~ P = 9 GPa show overall small decrement in the “a”, “b”
and “c” values in comparison to that estimated between 0.5 GPa and 8 GPa external pressure
[Figure 4.1(b)]. In fact the external pressure P = 9 GPa may mark the pressure driven second
phase transition of Hg-Cl, crystal from base-centered orthorhombic [Cmcm (D37)] to primitive
orthorhombic [Pnma (D;£)] phase. The experimental observation further suggests that the
base-centered orthorhombic phase of Hg>Cl, remains stable within 0.25 < P < 9 GPa external
pressure just before the onset of the second phase transition [44]. However, in general both the
phase transitions at P= 0.25 GPa and 9 GPa for the Hg>Cl> compound are accompanied by the
discrete changes in volumes, thereby suggesting such transitions to be of first order type.
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Figure 4.1. (a) V/Voand (b) lattice parameters versus pressure plots under different external
pressure ranging from 0 GPa to 14 GPa. [The transitions pressures (Pt): and (Pt)2 are marked

in the figures as vertical dotted (---) lines].
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Figure 4.2(a) shows the refined optimized geometries depicting the crystal structures of
Hg.Cl, compound at 0.25 GPa, 6 GPa and 9 GPa, representing the Cmem (D37) and Pnma
(D1£) phases respectively. The corresponding lattice and the structural parameters associated
with the above referred Cmem (D17) and Pnma (D) phases of the compound are also shown
in Table 4.1. The experimentally determined lattice parameters for Pnma (D2¢) phase of the
compound is not available in the literature, however for the Cmcm (DJ7) phase the available
experimental results are depicted in Table 4.1. The structural and lattice parameters associated
with the base-centered orthorhombic Cmcm (D) phase of Hg2Cl,, as estimated from the first-
principle calculations, are in close harmony with the experimental result [43]. The refined
structural parameters as reflected from the Table 4.1 show alterations in Hg(C)-Hg(A), Hg(C)—
CI(L), Hg(C)-CI(V) bond lengths of the compound as it undergoes structural phase changes
from the body-centered tetragonal to base-centered orthorhombic (14/mmm — Cmcm) and
primitive orthorhombic phases (Cmcm — Pnma) at two different pressures. These structural
phase changes also lead to variations in the bond angles CI(V)-Hg(C)-CI(V), Hg(A)-Hg(C)-
CI(V) involving Hg(C & A) and neighbouring CI(V) of the compound which in turn results in
the distortion of the octahedral domains within the crystal lattice. Significantly enough, the
average dihedral angle of CI(L)-Hg(C)-Hg(A)-CI(L) shows deviation from planarity and loses
its linear form as the system undergoes pressure-driven phase transition from the body-centered
tetragonal to base-centered orthorhombic (I4/mmm — Cmcm) and primitive orthorhombic
phases (Cmcm — Pnma). The variation of the above-referred dihedral angle with pressure is

shown in Figure 4.2(b).
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Figure 4.2. (a) Refined structures of the 14/mmm phase at 0.25 GPa, Cmcm phase at 6 GPa
and 9 GPa external pressure for the Hg>Cl> compound calculated at room temperature (Hg
atoms are shown in emerald blue and Cl atoms are shown in red). (b) Variation in CI(L)-
Hg(C)-Hg(A)-CI(L) average dihedral angle as function of pressure as calculated from the

refined structures.
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Table 4.1. Computed refined lattice and structural parameters for tetragonal 14/mmm, Cmcm

and Pnma phase of Hg>Cl> compound as obtained from BOMD simulations.

Measured parameters

14/mmm cmcm

This study Experiments This Experiments This
[45,46] study [43] study

Lattice Parameters (A)

4.489 4.470, 4.480 6.299 6.290 5.752

b 4.489 4.470, 4.480 6.249 6.240 5.751

¢ 10.929 10.890, 10.910  10.857 10.860 10.677

Volume (A3)
v 220.23 (Vo) 217.60, 218.97 427.36 426.25 342.14
Average bond length (A)
Hg(C)-Hg(A) 2.526 2.526 2.617 - 2.624
Hg(C)-CI(L) 2.424 2.434 2.522 - 2.528
Average bond angle (degree)

Hg(C)-CI(V) 3.210 3.209 3.160 - 3.154
CI(V)-Hg(C)-CI(V) 161.920 162.240 169.290 - 171.120
Hg(A)-Hg(C)-CI(V) 99.040 - 95.270 - 95.130
CI(L)-Hg(C)-Hg(A)- 180.000 180.00 171.260 - 170.140

CI(L)

To estimate precisely the transition pressure (Pt), the variation of enthalpy (H) with
pressure for 14/mmm, Cmcm and Pnma phases of Hg>Cl crystal at room temperature have been
estimated using the following relation:

H=E+PV (4.1)
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where E, V are the total energy and volume of the respective unitcells associated with 14/mmm,
Cmcm and Pnma phases of the Hg>Cl, compound respectively and P is the applied external
pressure on them. The respective variations of H for 14/mmm, Cmcm and Cmcm, Pnma phases
of Hg>Cl> as a function P are shown in Figure 4.3. The transition pressure (Pt) corresponds to
the point on the H-P plots where the two enthalpy values for the above mentioned phase pairs
of the compound [ca. 14/mmm, Cmcm and Cmcm, Pnma] become equal. From Figure 4.3(a)
and 4.3(b), it is observed that the H-P plots for 14/mmm, Cmcm and Cmcm, Pnma phases of
Hg2Clz intersect at P = (P1)1 = 0.25 GPa and P = (Pt)2= 9 GPa. Thus the external pressures
(P)1 and (Pr)2 are related to the transition pressures that correspond to the respective first
14/mmm (D}]) — Cmcm (D37) and second Cmem (D17) — Pnma (D;5) structural phase
transitions of the system. The results are in concordance with the experimental observations
that clearly predict the pressure induced phase transition of the Hg2Cl> crystal at P ~ 0.25 GPa
and 9 GPa [39-41,44].

a . b) -3645.6 .
( )-3645.3 F : —— |[4/mmm ( ) o—Cmem (P, =9 GPa €=
i —°—Cmcm —+—Pnma
1
-36456r 3 (Py),=0.25GPa -3645.9} ; L*
! HE
—~ 364591 P=9GPa *
S - azb#c
x© & -3646.2} -
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Figure 4.3. The enthalpy — pressure plots and associated structural evolutions for (a) 14/mmm,
Cmcm phase and (b) Cmcm, Pnma phases of Hg.Cl, compound [The transitions pressures are

marked in the figures as vertical dotted lines].

4.3. Phonon dispersion relations and phonon density of states of

Hg2Cl> compound at various phases

The Hg2Cl> crystal at ambient pressure crystallizes to 14/mmm space group symmetry.

However, under different external pressures at P = 3, 6 GPa the compound belongs to Cmcm
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phase while at 12 GPa, we observe Pnma space group. The Hg2Cl, crystal in each of the above-
referred phases contains eight atoms in their respective unitcells. Thus 21 optical and 3 acoustic
phonon branches are expected to appear in their phonon dispersion spectra. The left panels of
Figures 4.4 [Figure 4.4(A, B)] and 4.5 [Figure 4.5(A)] show the phonon dispersion curves of
the Hg2Cl> crystal representing 14/mmm and Cmcm, Pnma phases respectively along the high
symmetry directions [ >M—X—I'—P and ' -Z—X—I'—Y of the Brillouin zone. The total
and atom resolved phonon density of states (PhDOS) related with the dispersion curves are
also shown in the right panels of the Figure 4.4 [Figure 4.4 (a, b)] and Figure 4.5 [Figure 4.5
(@)]. The phonon dispersion curves for the crystal in general show the distinct presence of
transverse acoustic (TA) and longitudinal acoustic (LA) phonon branches in the expected lower
frequency window ranging from ~ 0 cm™ - 40 cm™. Among them the TA branch is doubly
degenerate along X—I" direction for the tetragonal and along I'— Z for the orthorhombic
phases of the crystal. From Figure 4.4 nesting of the optical phonon branches for the 14/mmm
phase of the compound at ambient pressure are seen in three distinct frequency regions
spanning from ~ 27.9 cm™ - 54.1 cm™, 91.6 cm™ - 143.3 cm™ and 195 cm™ - 271.4 cm™. The
dispersions of the phonon branches in the high frequency region are little more pronounced
than for the low lying phonon branches ~ 27.9 cm™ — 54.1 cm™* and 91.6 cm™ — 143.3 cm
frequency regions. The corresponding total and atom resolved PhDOS [Figure 4.4 (a)] reveal
that the phonon branches in the low frequency range (~ 27.9 cm™ —54.1 cm™) are linked with
vibrations involving Hg atoms, while in the high frequency region (91.6 cm™ — 143.3 cm™ and
195 cm™? - 271.4 cm™) larger weights on the PhDOS are owed to the vibrations of the ClI
sublattices. However, the phonon branches for the Hg2Cl> crystal with space group 14/mmm at
ambient pressure do not show any imaginary frequencies, signifying the structure to be
dynamically stable. Interestingly, upon compression the phonon dispersion spectrum of the
compound at P = 0.25 GPa shows remarkable changes in their general features. It is marked by
the decrease in frequencies of the optical I'1s, M1s, X11, P11 and slowest transverse acoustic
(TAz1) X1 phonon modes of vibrations at the respective high symmetry points I', M, X, P and X
in the Brillouin zone. Among them, the decrease in frequency of the TA1 X1 mode at the X high
symmetry point of the Brillouin zone boundary for the Hg>Cl. crystal in the tetragonal 14/mmm
phase at room temperature is reported to decrease with increase in P from 0 to 0.25 GPa [41].
Moreover, hardening in the optical phonon frequencies of the 24, M24, X22 and P24 modes are
also observed. The corresponding PhDOS as shown in the Figure 4.4(b) exhibits broadening
and shifts in the peak positions associated with Hg and CI atoms in the frequency range ~ 0
cm™®—69.5 cm™ and ~ 84.6 cm™ - 155.6 cm™. The reason behind the broadening of PhDOS
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spectra of Hg»Cl at an external pressure P = 0.25 GPa in contrast to that estimated for P = 0
GPa may be attributed to the increase of phonon energy states in the above-referred frequency
range (~ 84.6 cm™ - 155.6 cm™). Incidentally, experimental results and our first-principle
calculations suggest that external pressure P ~ 0.25 GPa happens to be the transition pressure
(Pr)1 which is explicitly linked with the first 14/mmm (D;/) — Cmcm (D37) structural phase

transition of the system.
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Figure 4.4. Left panel shows the phonon dispersion curves along the high-symmetry points
I'->M—X—I'—P and the right panel depicts the total and partial PhDOS of the BOMD refined
structure of Hg>Cl, compound at P = 0 GPa and P = 0.25 GPa as estimated from the HSE level
of theory. [Blue and purple colour traces indicate optical phonon modes in 27.9 cm™ - 143.3
cmtand 195 cm™ - 271.4 cm frequency windows respectively, while those with magenta and
green colours illustrate transverse and longitudinal acoustic phonon modes respectively in the

phonon dispersion curve. LO-TO splittings are marked in the Figure 4.4(A).]
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Interestingly after the first phase transition at (Pt)1, at higher external P > 0.25 GPa the
Hg2Cl> compound exits in the Cmcm. The system is known to remain dynamically stable in the
same phase over the external pressure range 0.25 GPa < P <9 GPa [44]. The phonon dispersion
spectra of the Hg2Cl. crystal and their related PhDOS at the external pressures P = 3, 6 GPa
thus show no significant alterations in the dispersion behaviour of the phonon branches. These
features are apparent in Figure 4.5(A). At pressure P = 9 GPa, appreciable changes in the
dispersive features of the phonon branches are noticed. While decrement in frequencies of the
phonons linked with I'1s, Z1, Z15, X112 and Y11 modes of vibrations are estimated from the first-
principle calculations, concomitant upshifts of I'24, Z24, X22and Y24 modes at the respective high
symmetry points I', Z, X and Y in the Brillouin zone are also observed. Figure 4.5(a) shows
the associated PhDOS of the compound at P = 9 GPa. The PhDOS shows remarkable changes
in the features displaying significant shifts in the peak positions linked with Hg and CI atoms
of the compound together with the emergence of energy states particularly in the frequency
window ~ 84 cm™* — 162 cm. Significantly enough the external pressure ~ P = 9 GPa is the
transition pressure (Pr). that signifies the second phase transition of the Hg2Cl> crystal leading
to Cmcm — Pnma structural changes (vide supra). The condensations of Y11 and Z; phonons
in Cmcm — Pnma phase transition are in excellent agreement with the results of the earlier
studies as reported by Roginskii et al. [44]. At P > 9 GPa, Hg.Cl is dynamically stable and
exists in primitive orthorhombic phase with Pnma space group symmetry. A representative
phonon dispersion spectrum along with its associated PhDOS for the Pnma phase of the

compound at P = 12 GPa is shown in Figure 4.5.
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Figure 4.5. (A) Phonon dispersion curves of the orthorhombic (Cmcm and Pnma) phases of
Hg2Cl2 along the high-symmetry points '-Z—X—I'—Y and the (a) total and partial PhDOS
of the compound calculated at P = 3, 6, 9 and 12 GPa as estimated from the HSE level of theory.

4.4. Pressure dependence key phonon modes and their

corresponding Cartesian displacements

To gain more insights on the dependence of phonon frequencies as function of external
pressures leading to the first 14/mmm — Cmcm and second Cmcm — Pnma structural phase
transitions at (Pt)1 = 0.25 GPa and (Pt)2 = 9 GPa respectively of the Hg.Cl. compound, the
variations of the phonon frequencies at different high-symmetry points in the Brillouin zone of
the 14/mmm and Cmcm phases of the system with pressure have been estimated. The respective

variations are shown in Figure 4.6(a) and Figure 4.6(b). From Figure 4.6(a) and Figure 4.6(b),
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it is found that the low frequency phonons in the frequency range 27.9 cm™ — 143.3 cm
undergo noticeable downshifts while the high frequency ones in ~ 195 cm™—271.4 cm™ region
is appreciably hardened. The other striking feature of the frequency vs pressure plots is the
distinct changes in the slopes at P = 0.25 GPa and 9 GPa, which incidentally correspond to the
transition pressures (Pt)1and (P1)2 linked with the first and the second pressure driven phase
transitions of the Hg>Cl, compound, respectively. Surprisingly, beyond (Pt)1 = 0.25 GPa and
(P1)2 = 9 GPa, the phonon frequencies show no significant variations with P, suggesting the
presence of Cmcm and Pnma phases of the Hg2Cl> compound over a wide range of external
pressures ranging from ~ 0.5 GPa — 8 GPa and above 9 GPa respectively. Figure 4.6(b) further
entails the variation in frequencies of the optical phonon branches associated with I'1s, Z1, Z1s,
X11, Y11 and T24, Z2a, X22 and Y24 modes with pressure. The former phonon modes show a
gradual decrease in frequencies while the latter reflects the opposite trend at the onset of the
second phase transition pressure (Pt)2 =9 GPa. At P > 9 GPa, the phonon frequencies show no
appreciable variations with P again suggesting the second structural phase transition from base-
centered orthorhombic (Cmcm) to primitive orthorhombic (Pnma) phase of the compound at
pressure 9 GPa.

In this connection, considerable attention may be drawn from the estimated low-
frequency Raman active modes of the Cmcm and Pnma systems at the I' point. The
experimental observations of the low-frequency Raman mode v; at ~59 cm™ (calculated 44
cm™) and the liberational mode ~ 137 cm™* (calculated 126.9 cm™) belonging to Bzg and Byg +
Bsg irreducible representations respectively closely match with our calculated frequencies [44].
Among them the Byg mode at ~ 59 cm™ had been experimentally reported to get soften and
downshifted to ~ 56 cm™ (calculated. 41.1 cm™) during Cmecm — Pnma structural phase
transition of the Hg.Cl, compound at 9 GPa in concordance with our theoretical estimations.
However, discrepancies in the assignment of the low-frequency Raman active mode belonging
to the Aq irreducible representation have been noted. While this mode was experimentally
observed to be at ~ 46 cm™ by Roginskii et al. [44], however, A. A. Kaplyanskii reported the
same to be at much higher frequency ~ 275 cm™ [47]. Our theoretical calculations estimate the
frequency of this mode to be at 272.5 cm™ in close agreement with the report of A. A.
Kaplyanskii. Although our estimated frequency does not match with the result of Roginskii et
al., yet subsequent hardening of this Ag mode (from 272.5 to 298.7 cm™) with increase in
pressure is still reflected from our first-principle calculations in harmony with that observed in

the experimental observations [44,47].
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Figure 4.6. Pressure-dependent phonon frequencies at high-symmetry q points (a) I', M, X, P
for the tetragonal (I14/mmm) phase and (b) I, Z, X, Y for the orthorhombic (Cmcm) phase of
the Hg.Cl> compound.

To understand the structural deformations associated with the decrement and hardening
of the optical phonon frequencies of Hg.Cl, compound under external pressures leading to
l4/mmm (D}]) — Cmcm (D37) and Cmem (D27) — Pnma (D3f) structural phase transitions at
(P1)1 =0.25 GPa and (P1)2=9 GPa respectively, the cartesian displacements of atoms for some
of the representative phonon modes are considered. The results are shown in Figure 4.7(a) and
Figure 4.7(b). From Figure 4.7(a), it is clearly seen that the phonon modes I'15 and X1 of the
Hg2Cl> compound involve displacements of the Cl atoms only along the basal ab-plane, while
the Hg atoms remain stationary. The phonon mode X involves displacements of both Hg and
Cl atoms in the ab-plane. These modes of vibrations may not only result in the bending of linear
CI(L)-Hg(C)-Hg(A)-CI(L) chain but also may promote increments in the lattice parameters
“a” and “b” of the compound. Figure 4.7(a) also shows the atomic displacements of I'24 and
X22 phonon modes mostly involving stretching of the linear CI(L)-Hg(C)-Hg(A)-CI(L) chain
Cl atoms in opposite directions along the crystallographic ¢ — axis. These results collectively
signify some alterations in the lattice parameters of the Hg-Cl, at P= 0.25 GPa which in turn
may result in the first phase transition of the compound from the body-centered tetragonal

I4/mmm (D;/) to the base-centered orthorhombic Cmcm (D) phase.
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(b)

Figure 4.7. (a) Schematic representations of eigenvectors and atomic displacements for I'1s,
X1, X11, I'24 and X22 phonon modes of the tetragonal (14/mmm) phase of Hg2Cl» at 0.25 GPa.
(Large Hg atoms are shown in emerald blue and small Cl atoms are shown in red. The green
arrows signify the atomic displacements). (b) Schematic diagrams of eigenvectors and atomic
displacements for I'1s, I'24, Y11, X11 and X22 phonon modes of the orthorhombic (Cmcm) phase
of Hg.Cl, at P = 9 GPa. (Large Hg atoms are shown in emerald blue and small Cl atoms are

shown in red. The green arrows signify the atomic displacements).

Similar observations may be drawn from the representative I'1s, Y11, X11, I'24 and X22
phonon modes linked with the Cmcm phase of Hg2Cl. at 9 GPa. The cartesian displacements
of the above referred modes are shown in Figure 4.7(b). The atomic displacements of the
phonon vibrational signatures, as shown in Figure 4.7(b), in general suggest small variations
in the lattice parameters of the compound which may lead to the second structural phase

transition from Cmcm to Pnma phase of Hg.Cl, crystal at P = 9 GPa.
4.5. Nature of the structural phase transitions

Two types of structural phase transitions have been observed in general. In an “order-
disorder” type structural phase transition the potential energy hypersurface for the collective
atomic displacements shows multiple potential wells of equal depths. Atoms jump over the
finite potential barrier between the two nearest local potential minima within longer intervals
of time. However, for “displacive” type structural phase transition, the potential energy
hypersurface of the Cartesian displacements of atoms exhibits a single global minimum at

equilibrium. The atoms move to and fro about the equilibrium of the potential energy
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hypersurface with frequencies that link with the order of the phonon frequencies. The
magnitude of Kjj(X) determines the curvature, while its sign signifies the nature of the potential
energy hypersurface. Positive values of Kij(A) suggest the single minimum on the local potential
energy hypersurface signifying a “displacive” type structural phase transition. The negative
values of Kijj(A) on the other hand correspond to the multiwell nature of the potential energy
hypersurface and link the phase transition to be of “order-disorder” type [22,48-53].

The Hellmann-Feynman forces have been estimated separately from the independent
displacements of Hg and Cl atoms of Hg.Cl, crystal along X, y and z directions for the
tetragonal (14/mmm) and orthorhombic phases (Cmcm, Pnma) of the compound. To understand
the nature of the pressure-driven structural phase transitions the on-site force constants Kij(Hg)
and Kjj(Cl) for the Hg.Cl> system belonging to its 14/mmm and Cmcm, Pnma phases have been
calculated. The calculations reveal force constants Kij(Hg) = Kij(Cl) = 0 for i # j, while Kii(HQ)
and Kii(Cl) exhibit non-zero values. The non-zero values of the force constants Kii(Hg) and
Kii(Cl) along xx, yy and zz directions are shown in Table 4.2. Interestingly, the non-zero on-
site force constants for Hg and Cl atoms are found to be positive in the first 14/mmm (D}]) —
Cmcm (D37) phase transition. These results signify the displacive nature of the first structural
14/mmm — Cmcm phase transition of the Hg>Cl> compound at P = 0.25 GPa. Interestingly, the
z - z-components of the non-zero value of force constant Kz, for Hg and CI atoms show negative
values for the second phase transition associated with Cmcm — Pnma transition at 9 GPa. This
observation suggests that the second phase transition for the Hg>Cl> compound at P = 9 GPa
represents an order-disorder type.

Table 2. Calculated non-zero components of on-site force constants for different phases of

Hg.Cl, compound.

On-site force constants
Phases (N/m)

Kxx(Hg) Kyy (Hg) Kz (Hg) Kxx (C') Kyy (C|) Kz (C|)

14/mmm (P =0.25 GPa) 0.50 0.50 0.92 1.58 1.58 2.07

Cmem (P = 9 GPa) 017 021 -0.07 0.17 107  -0.17
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4.6. Conclusions

This chapter reports the underpinning physics behind the pressure-induced structural
phase transitions of the Hg.Cl, compound at room temperature. The phonon modes linked with
the phase transitions of the compound have been critically explored for its tetragonal and
orthorhombic phases from their corresponding phonon dispersion relations and PhDOS.
Pressure dependence of the phonon modes at the respective high-symmetry points has also
been investigated to get deeper insights into their role in the structural phase transitions of the
compound. The nature of the phase transition, whether it is “displacive” or of “order-disorder”

type, has been predicted.
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Chapter 5

5.1. Introduction

In this chapter, the pressure-driven modulations in optoelectronic properties of the
Hg2Cl> compound have been discussed. The system exhibits pressure-induced structural phase
transitions from body-centred tetragonal [I4/mmm (D}7)] — base-centred orthorhombic
[Cmem (D1)] phase and from Cmem (D27) to the primitive orthorhombic [Pnma (D35)] phase
at external pressure 0.25 and 9 GPa respectively [1]. The electronic and the associated optical
properties of the Hg>Cl, compound in terms of complex dielectric function [e(w)], absorption
coefficient [a(w)], optical conductivity [o(w)], refractive indices (n., n,), optical
birefringence (An) under ambient conditions and external pressures have been highlighted in

this chapter.

5.2. Electronic band structures of Hg2Cl.compound under ambient

and external pressures

Figure 5.1 shows the electronic band structures of the body-centred tetragonal
(14/mmm) and orthorhombic (Cmcm, Pnma) phases of the Hg.Cl, crystal under ambient
conditions and external pressures. From Figure 5.1 it is apparent that at ambient pressure (ca.
P = 0 GPa), where Hg>Cl> crystallizes to 14/mmm phase, shows a direct gap opening around
the Fermi energy level (Ef) with electronic band gap energy (Eg) ~ 3.93eV, where both the
valence band maximum (VBM) and the conduction band minimum (CBM) are located at the
same high-symmetry point M. The estimated value of Eg~ 3.93 eV, so obtained from the GGA-
HSE level of theory, is in close harmony with the experimentally determined optical band gap
(~4.0-4.1eV) for 14/mmm phase of the compound at room temperature [2]. Small deviation
(~ +0.07 eV) in the recorded optical band gap energy from the estimated E4 value may be due
to the contribution from the excitonic effects which are not considered in the band structure

calculations.

With the application of pressure in the range of 0.25 - 14 GPa, small increments in the
Eg values of the compound have been noticed, although both the VBM and CBM are now
shifted from M to T, the Brillouin zone centre. The shift in the direct band gap position from
M to I' high symmetry points may be identified with the pressure-dependent structural phase
transition of the Hg2Cl> crystal, which eventually leads to the overall reduction in symmetry

from tetragonal [I14/mmm] to orthorhombic [Cmcm, Pnma] phases of the compound. The
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reduction in symmetry due to phase transition is not only limited to the obvious changes in the
high symmetric points [[>M—X—I'—>P in tetragonal (I4/mmm) as compared to X—I
—Z—Y—-TI for base-centred (Cmcm) and primitive (Pnma) orthorhombic phases) in the E-k
diagrams but also depict distinguishable variations in the dispersion relations of the energy
bands, as evinced in Figure 5.1. The alterations in the electronic band structures linked with
different phases of the compound at P = 0, 6 and 12 GPa in turn may modulate their
corresponding optical properties, whose detail discussions will be presented in the next section
of the chapter. However, the Egvalues, as estimated from the DFT calculations with GGA-HSE
level of theory, for all the three phases (ca. P = 0, 6 and 12 GPa) of Hg.Cl, crystal, further
recognize them as wide band gap insulators where electronic transitions from valence to the

conduction bands account for their respective optical absorptions.
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Figure 5.1. Electronic band structure for (a) tetragonal (14/mmm) and orthorhombic (b) Cmcm
and (c) Pnma phases of the Hg.Clo compound along the high symmetry points
'-M—X—I'—-P and X—>I'->Z—Y—-I respectively. The band gaps and the Fermi energies

(Er) are shown as black vertical arrows and black horizontal dashed lines respectively.
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5.3. Optoelectronic properties of Hg2Clz crystal under ambient and

external pressures

Hg.Cl, crystal is known to possess large elastic and structural anisotropies at room
temperature and under ambient pressure [3]. The anisotropies in the physical properties of the
compound are mainly attributed to the presence of parallel CI(L)-Hg(C)-Hg(A)-CI(L) linear
chains directed along the crystallographic c-axis representing [001] direction [4]. The ingrained
anisotropies associated with the elastic and physical properties of the compound may presage
similar direction dependence behaviour in the optical properties as well. The optical properties
of the Hg.Cl, crystal are thus initially investigated for all the three [100], [010] and [001]
polarization directions of the incident electric field. However, the optical properties of the
compound are found to be identical in both [100] and [010] polarization directions, but are
substantially altered along the [001] direction. The electric field components along [100]/ [010]

and [001] directions are owed to E, and E| respectively.

5.3.1. The dielectric function &4 (w)

Figure 5.2(a) shows the variation of the real part of the complex dielectric function
[, (w)] as a function of the incident electromagnetic field energy (Eem) for Hg2Cl> crystal
under ambient pressure P = 0 GPa and at P = 6, 12 GPa, where the compound exists in
tetragonal [14/mmm (D}7)] and orthorhombic [Cmcm (D17), Pnma (D;5)] phases respectively.
The static dielectric constant &, (0) of the compound at P = 0 GPa has been estimated to be ~
4.9 for [001]/ E}, while it is close to zero along [100] and [010]/ E, polarization directions of
the electric field. The estimated value of &, (0) ~ 4.9 for Hg2Cl> crystal under ambient pressure
P is in close agreement with the calculated value ~ 4.6 reported by Sobolev et al. [2]. Distinct
anisotropies in the &, (w) values are also noted for two different polarization directions of the
incident electromagnetic wave. For E; polarization of the electric field, &, (w) shows the
maximum positive value at ~ 4.5 eV, beyond which it gradually decreases and becomes
negative over the energy range ~ 5 — 7 eV. The real part of the dielectric function &; (w) is
linked with the dispersion and linear polarization of light as it propagates through the material
medium [5-7]. The maximum dispersion is achieved at the resonance frequency that
corresponds to Eem value at ~ 4.5 eV for E; polarization. However, for Eem > 9 eV, & (w)
becomes nearly zero. Interestingly, the dispersive nature of £, (w) for E, is markedly different

from that estimated for the E; polarization. Over a wide energy range from 0 - 4 eV, & (w)
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remains nearly zero and is consistent with the static value of the dielectric constant &;(0).
However, within ~ 4.6 - 7.5 eV, it becomes negative, beyond which &;(w) increases and
becomes zero in the high energy limit. The negative values of &, (w) for the Hg>Cl. crystal
under ambient pressure at room temperature in the 5.12 — 6.97 eV and 4.6 — 7.5 eV energy
windows for E; and E, polarization directions of the electric field respectively signify the

metallic Drude like features of the compound.

Interestingly, under the application of external pressures (ca. P = 6 and 12 GPa), the
variations in &; (w) for Hg2Clz as a function of incident Eem for both E} and E, polarizations
show remarkable differences in their features in comparison to that recorded under ambient
condition at P = 0 GPa. The static dielectric constant &;(0) of the compound at P =6 and 12
GPa have been estimated to be ~ 4.86 and 4.65 respectively for [001]/ E; polarization directions
of the electric field, while both the values of &;(0) are 2.2 and 1.68 along [100]/ [010]/ E
polarization directions respectively. The variations in &; (w) of the Hg.Cl, compound at P = 6,
12 GPa with change in incident Eem for E} and E, polarizations follow similar traces, although
clear anisotropies in the values of &;(w) are noted for two different polarization states of the
incident radiation. However, both the traces show a resonance peak maximum at ~ 4.8 eV,
which is slightly shifted towards a higher frequency in comparison to that estimated under
ambient pressure (~ 4.5 eV, P = 0 GPa). The slight change in the resonance frequency may be
attributed to the variation in electronic band energy states as reflected from the corresponding
E-k diagram in the first Brillouin zone (vide supra, cf. Section 5.2). Significantly enough, the
&1 (w) vs energy plots for the Hg2Cl> crystal at P = 0 and 6, 12 GPa, as shown in Figure 5.2(a),
show unique characteristic features that can be directly correlated with the tetragonal and
orthorhombic phases of the compound under study. The tetragonal phase of Hg>Cl> crystal is
known to exist under ambient pressure (P = 0 GPa) while under external pressure the system
undergoes structural phase transitions from tetragonal [I4/mmm (D;;)] to orthorhombic [Cmcm
(D17), Pnma (D5£)] phases at transition pressures (P)1 = 0.25 GPa and (P1).=9 GPa [1]. The
other striking observation has been the small decrements in the &, (0) values of the compound
with an increase in P. This is an expected observation as &,(0) scales inversely with Egq

following Penn’s model [8].
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Figure 5.2. The (a) real and (b) imaginary part of the complex dielectric function of Hg.Cl>
compound as a function of energy under ambient pressure P = 0 GPa and under external
pressures P = 6 GPa and 12 GPa along [001]/ E, and [100]/ E, directions of polarization as
estimated from GGA — HSE level of theory.

5.3.2. The dielectric function &, (w)

The variations of the imaginary part of the complex dielectric function [e,(w)] with
energy for Hg.Cl. crystal under ambient (P = 0 GPa) and external pressures P = 6 and 12 GPa
are shown in Figure 5.2(b). The dielectric function &,(w) signifies the interband transitions
and identifies frequency-dependent attenuation of incident electromagnetic field energy (Eem)
by the materials. The take-off or critical value of &, (w) is intrinsically related to the Eq of the
compound [9,10]. The critical values of &, (w) for both E; and E, polarization directions of the
electric field have been estimated to be ~ 3.92, 4.00 and 4.05 eV when the crystal is subjected
to external pressures P = 0, 6 and 12 GPa respectively. These results follow the estimated Egq
values of the compound under similar perturbations (cf. Section 5.2). The critical value of
&, (w) of the compound at room temperature and under ambient pressure is in close agreement
with the result as suggested by Sobolev et al. [2]. The structured bands are visible in &, (w)

versus energy plots [Figure 5.2(b)] whose peaks are owed to the interband transitions of the
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compound. The peak positions of these bands at ~ 4.67 and ~ 5.71 eV under ambient and
external pressures P = 6, 12 GPa respectively have unique characteristics of their kind that
allow one to identify the tetragonal and orthorhombic phases of the compound under
investigation. Furthermore, the anisotropies in the &,(w) values of the compound under
ambient conditions and external pressures are distinctly identified for both the polarization
directions of the incident electric field. However, large to moderate positive values of &, (w) in
the energy range 4.5- 12 eV for both E; and E, polarizations [Figure 5.2(b)] may signify strong
absorption of the incident electromagnetic wave by this compound in this energy window. This
is also reflected in a(w) and o(w) plots as shown in Figure 5.3, where both the absorption
coefficient and the optical conductivity exhibit appreciable values in the 4.5 - 12 eV energy

window of the electromagnetic spectrum.
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Figure 5.3. (a) Optical absorption coefficient and (b) optical conductivity of Hg>Cl. compound
as a function of energy under ambient (P = 0 GPa) and external pressures (P = 6 GPa and 12
GPa) along [001]/ E; and [100]/ E, directions of polarization as obtained from GGA — HSE
level of theory. [The characteristic peaks in the orthorhombic phases of the Hg>Cl> compound

are marked with dotted arrows].

Closer inspections of a(w) and o(w) plots (Figure 5.3) reveal certain interesting

features. Both these plots show the appearance of a well-resolved band peaked at ~ 5.80 eV for

Page | 85



Chapter 5

E, polarization (along [001] direction) of the incident electric field. This band appears in a(w)
and o(w) plots for the Hg-Cl> under external pressures P = 6 and 12 GPa, where the crystal
exists in the orthorhombic phase at room temperature. This peak eventually disappears when
the system crystallizes to the tetragonal phase under ambient pressure. The physical origin of
the peak at ~ 5.80 eV in the absorption coefficient a(w) and optical conductivity o(w) for E,
[001] polarization of the incident electromagnetic field energy (Eem) at P = 6 and 12 GPa
[Figure 5.3(a)] may be rationalised from the corresponding crystal structures of the compound.
Interestingly, the crystallographic c-axes representing [001] direction of the compound under
elevated pressures (ca. P =6 and 12 GPa) are marked by the presence of parallel CI(L)-Hg(C)-
Hg(A)—CI(L) distorted chains in contrast to parallel linear chains of the same under ambient
pressure [1]. The distortions of the linear CI(L)-Hg(C)-Hg(A)-CI(L) chains at P = 6 and 12
GPa result in the alterations of electronic arrangements which in turn may promote excitonic
transitions leading to a large increase in the absorption coefficients [a(w)] and associated
optical conductivities [o(w)] for E; polarization of the incident electric field at ~ 5.80 eV [11].
The variations in electronic arrangements of the Hg>Cl> compound under ambient (P = 0 GPa)
and elevated pressures (P = 6 and 12 GPa) are reflected from their corresponding E-k diagrams
as depicted in Figure 5.1 (vide supra, cf. Section 5.2). The appearance of this characteristic
peak at ~ 5.80 eV thus may be intrinsically related to the orthorhombic phase of Hg.Cl. crystal
at elevated pressure. The appearance and disappearance of the band peaked at ~ 5.80 eV in
a(w), o(w) plots as a function of energy, akin to ~4.67 and ~ 5.71 eV peaks in the &, (w) plots
(vide supra) may be considered as a signature band that carries the latent information regarding
the crystal system (tetragonal or orthorhombic) of the compound not only under ambient

condition but also when subjected to elevated pressure.

Interestingly both a(w) and o (w) plots at ambient and under external pressures (P = 6
and 12 Pa) for E; and E, polarizations begin at ~ 3.92, 4.00 and 4.05 eV respectively which
corresponds to the take-off or critical values €, (w) of the compound under study. The critical
values &,(w) of the compound in turn are linked with Eg of the systems. These calculations
thus help us to cross-check the Eg values of the compounds from their corresponding optical
properties. It may be relevant to mention that although in a strict sense, a(w) signifies the
optical band gap of a compound, for wide band gap insulators as in the case of Hg»Cly, this
energy gap value closely resembles Eq where interband transitions account for the optical
absorption. Moreover, in the energy windows ~ 0 — 3.9 eV, and beyond ~ 15 eV, the a(w)

value of the compound under external pressures P = 0 and 6, 12 GPa for both E, and E,
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polarizations of the incident electric field show zero or almost negligible values. These results
suggest that Hg>Cl> crystal remains highly transparent in the energy windows ~ 0 - 4 eV, and
above 15 eV under a wide range of external pressures spanning between 0 — 14 GPa regardless
of the structural phase transitions at (Pt)1 = 0.25 GPa and (Pt)2 = 9 GPa. The wide spectral
range of transparency covering UV-Vis-LWIR and extreme UV regions of the electromagnetic
spectrum together with pronounced optical properties make Hg»Clz a promising material for

various applications in acousto-optic devices.

5.3.3. Refractive indices (n,, n,) and the optical birefringence (An)
of Hg2Cl:

Anisotropic crystals are composed of complex atomic lattice orientations with varying
electrical, optical and mechanical properties depending upon the polarization direction of the
incident electromagnetic field energy (Eem). As a result, the refractive indices of the anisotropic
crystals also vary with the polarization direction of the electromagnetic wave, giving rise to
direction-dependence trajectories and velocities of the emergent ray. This phenomenon is
designated as double refraction and the emergent ray whose velocity is independent
(dependent) of propagation direction is termed as ordinary (extraordinary) ray. The
corresponding refractive indices for the ordinary (O) ray are designated as n,while that for the
extraordinary (E) ray as n,. The difference in refractive indices (An = n, — n,) between the
extraordinary and ordinary rays is termed as optical birefringence of the doubly refracting
crystal [12]. In the present context, the directions of the O and E- rays after double refraction
through the Hg2Cl. crystal have been identified with E; and E; polarizations of the electric
field along [100]/ [010] and [001] directions respectively. The anisotropic response of the
complex dielectric functions &; (w) and &, (w) for the uniaxial Hg2Cl2 crystal under ambient (P
= 0 GPa) and external pressures P = 6 and 12 GPa for both E, and E| polarizations of the
incident electric field invoke us to study in details the real part of the complex refractive index

[n(w)] and the corresponding birefringence (An) value of the material.

Figure 5.4(a) shows the variations of refractive indices n, and n, as a function of
incident Eem for the Hg2Cl> crystal under ambient and external pressures P = 6 and 12 GPa.
From Figure 5.4(a), it is observed that n, and n, values of the compound under ambient (ca. P
= 0 GPa) and external pressures (ca. P = 6 and 12 GPa) are nearly independent of incident Eem

in the energy window ~ 0 to 4.1 eV. However, beyond this energy window both n,, n, values
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of Hg>Cl> under ambient condition/ under external pressures (P = 6, 12 GPa) increase, attaining
maximum values at ~ 4.62, 4.52 eV/ 4.71, 5.35 eV and then decrease again with an increase in
Eem within the energy window ~ 4.70 — 6.50 eV/ 5.73 — 6.05 eV. The increase in the values of
refractive indices with Eem in the above-referred energy window may be related to large
opacity and low phase velocities of the propagating electromagnetic rays inside the compound
[13,14]. The shifts in the peak values of n, and n, for the compound are intrinsically related
to the corresponding complex dielectric functions [e(w)] which in turn are linked with the
electronic band structures of the compound under ambient (P = 0 GPa) and external pressures
(P =6, 12 GPa). Interestingly, the characteristic peaks in n(w) versus energy plots for n,, (n.)
at ~ 4.62, (4.52) eV owed to Hg>Cl> crystal in ambient condition (ca. P = 0 GPa) and ~ 4.71
(5.35) eV under external pressures P = 6, 12 GPa may be directly related with the tetragonal
and orthorhombic phases of the system under study. The Hg-Cl. crystal at ambient conditions
and under external pressures at P = 6, 12 GPa is indeed known to exist in body-centred

tetragonal (I14/mmm) and orthorhombic (Cmcm, Pnma) phases respectively [1].

Moreover, Figure 5.4(a) also shows marked differences between the values of n, and
n, not only for the crystal under ambient conditions but also under high external pressures. The
difference (An) between the values of n, and n, makes the Hg-Cl. crystal optically birefringent
and is expected to show the birefringence phenomenon. The calculated birefringence value
An = 0.64 at ~ 2 eV for the studied compound under ambient conditions is in excellent
agreement with the reported value ~ 0.65 — 0.66, as depicted in the available works of literature
[15]. This result further justifies the level of theory used in the first-principle calculations which
has the unique power to reproduce the experimentally determined optical band gap, imaginary
part of the complex dielectric function, refractive indices and optical birefringence of the
compound [2,15]. In this connection, it may be worth mentioning that the first-principle
calculations with the GGA-HSE level of theory are known to reproduce the experimentally
determined band gaps and optical properties of different materials with profound accuracies

and have been reported elsewhere [4,16-19].

Figure 5.4(a) further reveals that both the values of the refractive indices (n,, n.) of the
compound in ambient condition and under external pressures P = 6, 12 GPa are less than 1 for
the incident energies above ~ 9 and 12 eV respectively. These results signify that the phase
velocity (v,) of the incoming wave within the crystal exceeds the speed of light “c” in vacuum

at the energy windows above ~ 9 eV for the tetragonal (14/mmm) phase and above ~ 12 eV for
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the orthorhombic (Cmcm, Pnma) phases of the compound. Beyond the above-referred energy

windows, the Hg2Cl, crystal is thus turned into exotic metamaterials or left-handed materials

and is expected to show non-linear optical properties and superluminal characteristic features
[20-23].
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Figure 5.4. (a) Real part of the refractive index n(w) of the Hg>Cl> compound computed as a

function of energy under ambient (P = 0 GPa) and external pressures (P = 6 GPa and 12 GPa)
along [001]/ E, and [100]/ E, directions of polarization. The visible region (~ 1.5 eV to 3 eV)

is shaded with blue in each plot. (b) The birefringence (An) as a function of external pressure

for Hg2Cl> compound as estimated from GGA — HSE level of theory. [The transition pressures

are marked in the figures as vertical dotted lines].

The variation in An for Hg2Cl> crystal as a function of external pressure is shown in

Figure 5.4(b). From Figure 5.4(b) it is seen that An increases with an increase in P. However,

deeper inspection further reveals distinct changes in the slopes of the curve at P ~ 0.25 and 9

GPa which incidentally correspond to the transition pressures (Pt)1 and (P). associated with

l4/mmm (D}7) — Cmcm (D37) and Cmcm (D37) — Pnma (D3f) structural phase transitions of

the compound. Appreciable increments in the optical birefringence with pressure are associated

with an increase in the anisotropic behaviour of the crystal as it undergoes two consecutive

phase transitions from tetragonal to the orthorhombic phases of the compound at P = 0.25 and
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9 GPa. We believe that such changes in the optical birefringence with P will help in designing
improved optoelectronic devices such as polarized lasers, waveguides and fibre-optic

communication systems in future endeavours [9,24-27].
5.4. Conclusions

Pressure-induced modulations in the optoelectronic properties of the Hg>Cl> compound
have been explored in detail for the first time from first-principle calculations. Crystal
structures and the pressure-driven structural phase transitions from the tetragonal [14/mmm
(D1)] to orthorhombic [Cmcm (D37) and Pnma (D;5)] phases of the compound have been
critically explored. Variations in the optoelectronic properties of the material in ambient
conditions and under external pressures have been explored in terms of complex dielectric
functions, absorption coefficients, optical conductivities, refractive indices and optical

birefringences.
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6.1. Introduction

The present chapter aims to understand the temperature-dependent structural phase
transition and negative thermal expansion (NTE) behaviour of the Hg>Cl> system. At room
temperature (T = 300 K) and under ambient pressure (P = 0 GPa) Hg2Cl> is known to crystallise
in the body-centred tetragonal [I4/mmm (D}])] phase. Experimental observations suggest that
Hg.Cl> compound at low temperature (T ~ 186 K) encounters 14/mmm (D}/) — base-centered
orthorhombic [Cmcm (D37)] structural phase transition and finally end up in the Cmcm (D57,
phase [1-5]. Here, the temperature-dependent 14/mmm (D3;) — Cmcm (D) structural phase
transition and NTE of the compound have been unveiled from the first-principle density
functional theory (DFT) and Born-Oppenheimer on the fly molecular dynamics (BOMD)
simulations. The order parameter, the nature of the phase transition and the Griineisen
parameters have also been unveiled. The present study will help to identify the key phonon
modes that stand responsible for the above referred phase transition and NTE behaviour of the
said compound.

6.2. Modulations of lattice and structural parameters of Hg.Cl>

compound with temperature

The Hg2Cl> compound, at room temperature (T = 300 K) and at P = 0 GPa, crystallizes
in the body-centered tetragonal phase with 14/mmm (D17) space group symmetry (space group
no. 139). The variations in the supercell energy (E) of the Hg2Cl, compound in its 14/mmm
phase at room temperature (T = 300 K) with time is shown in Figure 6.1(a). After primary
relaxations marked by concomitant rise in energy with time, the system attains equilibrium
energy value after a lapse of ~ 10 ps. The refined supercell geometry of the system, so extracted
from the BOMD simulation run at 30 ps time scale, is depicted in Figure 6.1(b).
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Figure 6.1. (a) Temporal variations of total energy and (b) the optimized geometry of 2x2x2
supercell for the I4/mmm phase of Hg.Cl, crystal at room temperature (T = 300 K) as
accomplished from the BOMD simulations. [Emarald blue and red colours show Hg and CI

atoms respectively].

To comprehend the temperature-dependent structural phase transition of the studied
system, variation in the supercell volume (V) of Hg>Cl. crystal in its 14/mmm phase as a
function of temperature has been primarily estimated. The result is shown in Figure 6.2(a).
Interestingly, with a decrease in temperature from 300 K, a slight increase in V' has been
noticed until the temperature (T) attains 188 K, where distinct discontinuity in V-T curve has
been observed. Before this discontinuity, the system remains in the 14/mmm phase. The sharp
discontinuity in the V'-T curve is followed by an appreciable rise in the supercell volume from
~ 1779.89 to 3420.44 A3. Supercell volume ~ 3420.44 A2 corresponds to the base-centred
orthorhombic [Cmcm (D;;)] phase of the compound. Such doubling of volume is also reported
for the Hg-Cl; crystal as it undergoes temperature-dependent structural phase transition from
14/mmm (D}/) — Cmcm (D;7) phase at T = 185 K [6]. However, with further decrease in
temperature from T = 188 K, the supercell volume of the system increases monotonically. The
prominent discontinuity in the V-T curve at T = 188 K indicates structural phase transition of
the Hg.Cl, compound from body-centered tetragonal [I4/mmm (D;/ )] to base-centered
orthorhombic [Cmcm (D37)] phase. Strikingly enough this temperature T = 188 K closely

corresponds to the transition temperature (T¢) ~ 186 K where the compound is experimentally
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reported to undergo temperature dependent 14/mmm (D;/) — Cmcm (D7) structural phase
transition [1]. Furthermore, the structural phase transition at T = 188 K for Hg2Cl> system is
associated with the discrete changes in supercell volume with temperature. The alterations in
the lattice parameters (a, b, ¢) of Hg>Cl, compound as a function of temperature are shown in
Figure 6.2(b). Akin to the V-T plot [Figure 6.2(a)], the variations in the lattice parameters of
the compound with temperature are marked by noticeable discontinuities at T = 188 K, which
further corresponds to T that leads to the 14/mmm (D}7) — Cmcm (D;7) structural phase

transition of the system under study.

In this connection, it is worth mentioning that the decrease in supercell volume with
temperature [Figure 6.2(a)] promotes the negative thermal expansion (NTE) behaviour of the
compound in the temperature window ranging between 300 and 80 K. To understand the NTE
of the system, the volumetric coefficient of thermal expansion () has been estimated using the

following relation

1ov
var

(6.1)

The a values for the 14/mmm and Cmcm phases of the Hg>Cl> compound at T = 300 and 185 K
are found to be -1.34x10* K and -7.62x10* K* respectively. The a value for the 14/mmm
phase of the compound at T = 300 K closely resembles to the experimental observations as
reported elsewhere [7,8]. Moreover, the NTE of the system may be linked with the variation
of the crystallographic c-axis which is found to be significantly decreased with increase in T
[Figure 6.2(b)]. The detail discussion on NTE of Hg.Cl> compound will be unveiled in the later

section.
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Figure 6.2. (a) Supercell volume and (b) lattice parameters versus temperature plots as
obtained from the BOMD simulations [The transition temperature T¢ has been marked with

vertical dotted (---) lines.]

The optimized crystal structure for the Cmcm (D7) phase (that is experimentally
known to remain stable at T < 186 K [1]) of Hg=Cl. at temperature T = 185 K, so accomplished
from the BOMD simulations is shown in Figure 6.3(a). The variation of the average CI(L)-
Hg(C)-Hg(A)-CI(L) dihedral angle as a function of temperature is shown in Figure 6.3(b).
From Figure 6.3(b) it is seen that the average value of CI(L)-Hg(C)-Hg(A)-CI(L) dihedral angle
deviates from planar dispositions (from 180° to 170.54°%) of the associated atoms as the
compound undergoes temperature dependent structural phase transition from the body-
centered tetragonal to base-centered orthorhombic [I4/mmm — Cmcm] phase at T = 188 K.
Deviation from planarity of the CI(L)-Hg(C)-Hg(A)-CI(L) chain in the Hg>Cl, system in turn
can alter its anisotropic behaviour and this anisotropy may become more prominent as the

compound undergoes phase transition at the specified Te.
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Figure 6.3. (a) Optimized 2x2x2 supercell for the Cmcm phase of Hg.Cl, at T = 185 K (Hg
atoms are shown in emerald blue, while Cl atoms are in red colours). (b) Average CI(L)-Hg(C)-
Hg(A)-CI(L) dihedral angle as a function of temperature as obtained from the BOMD

simulations.

6.3. Order parameter associated with the paraelastic to ferroelastic

phase transition

The order parameter associated with 14/mmm (D1}]) — Cmcm (D1]) structural phase
transition of the Hg>Cl> compound at T, =188 K has been estimated from the second rank strain

tensor function (e;;) [9-11]. Hg2Cl2 is known to undergo ferroelastic to paraelastic phase
transition with temperature [1,12,13]. While spontaneous strain is harboured in the ferroelastic
phase of the compound, the paraelastic phase on the other hand does not show any such
behaviour. In this temperature-dependent paraelastic to ferroelastic phase transition of Hg>Cl»
compound, the strain tensor function e;; is thus considered as the order parameter. Strain tensor
e;; = 0 represents the paraelastic phase of the compound with no spontaneous strain. However,

e;; 7 0 suggests the ferroelastic behaviour of the system with spontaneous strain.

The tensor function is represented as

1
€ij = NG (éxx — eyy) (6.2)
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where
Cxx = @ (6-3)
and
¢2-a)
ey, = 22— (6.4)

a

where “a”, “c” and “ag”, “co” are the lattice parameter of the body-centered tetragonal (I14/mmm)
structure and base-centered orthorhombic (Cmcm) phases of the compound respectively.
Figure 6.4(a) shows the variation of e;; (here the order parameter) as a function of temperature.
Interestingly while e;; shows near zero value for T > 188 K, however, for T < 188 K non-zero
value of e;; has been estimated. Zero and non-zero values of e;; indicate that the Hg2Cl, system
belongs to the respective paraelastic 14/mmm and ferroelastic Cmcm phases above and below
T =188 K. Furthermore, the marked changes in the order parameters for the Hg>Cl, compound
at T = 188 K, not only corroborates 14/mmm (D;/) — Cmcm (D3} structural phase transition

at the pre referred temperature but also unveil T¢ = 188 K for such transition.
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Figure 6.4. (a) Variations of e;; (order parameter) as a function of temperature as obtained
from BOMD simulations. (b) The Helmholtz free energy difference versus temperature plots

for 14/mmm and Cmcm phases of the Hg2Cl> compound.
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6.4. Helmholtz free energy and transition temperature

To precisely determine the transition temperature (T¢) linked with 14/mmm (D}/) —
Cmcm (D37) structural phase transition of Hg>Cl> compound, the Helmholtz free energies (F)

of the systems have been estimated using the following relation:
F(T,V) = E(V) + Fo(T,V) + Fpp(T,V) (6.5)

where E is the total ground state energy of the respective supercells, V signifies the supercell
volume at temperature T, F,;(T,V) and F,,(T,V) are the Helmholtz free energies of the

electrons and phonons respectively.

The variations of Helmholtz free energy difference (AF) as a function of temperature
for the 14/mmm and Cmcm phases of the compound are shown in Figure 6.4(b). From Figure
6.4(b), it is seen that the AF-T plots for the 14/mmm and Cmcm phases of the system intersect
at temperature T = 186 K. The point of intersection at T = 186 K not only signifies the
isoenergetic point where both the phases of Hg.Cl. share the common Helmholtz free energy
but also marks the transition temperature (T¢) that is linked with 14/mmm (D}/) — Cmcm (D3,
structural phase transition of the compound. Interestingly, the result is in complete agreement
with the experimental observation where reported T¢ =186 K associated with 14/mmm (D;/) —
Cmcm (D) structural phase transition of the system was reported [1]. The AF-T plots further
divulge that body-centered tetragonal (14/mmm) phase of the compound is thermodynamically
more stable above T. = 186 K, while below T (T < T¢) it is the base-centered orthorhombic

(Cmcm) phase that is estimated to be thermodynamically stable.
6.5. Phonon dispersion relations at various temperatures

Figure 6.5(A) and Figure 6.6(A) show the phonon dispersion spectra for the 14/mmm
and Cmcm phases of Hg2Cl, compound along the high symmetry directions [>M—X—I'—P
and '-Z—X—T'—Y respectively. The total and partial phonon density of states (PhDOS) for
the 14/mmm phase of system at T = 300 K is shown in Figure 6.5(a) while that for the Cmcm
phase at T= 185 K is depicted in Figure 6.6(a). The transverse acoustic (TA), longitudinal
acoustic (LA) phonon modes are observed in the low frequency window of the phonon
dispersion spectra ranging between ~ 0 — 1 THz and 0 — 0.95 THz for the 14/mmm and Cmcm
phases of Hg>Cl> compound respectively. The TA phonon branches are found to be doubly

degenerate between '-=M, X— T" and I'—P directions for the 14/mmm phase of the compound,
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while the same is observed along I'»Z, Z—X and 'Y directions for the Cmcm phase. The
optical phonon branches for both the 14/mmm and Cmcm phases of the Hg.Cl, compound at T
= 300 and 185 K respectively are localized in two disparate frequency regions ranging from ~
0.69 — 4.41 THz, 7.07 — 8.85 THz and 0.64 — 4.56 THz, 6.76 — 8.76 THz. The corresponding
PhDOS plots for the 14/mmm, Cmcm phases of the system [Figure 6.5(a), 6.6(a)] indicate that
the low and high frequency phonons are dominated by twisting/ wagging/ scissoring and
stretching modes of the compound respectively. Interestingly, no imaginary or negative
frequency has been noticed in the phonon dispersion curves. This result signifies that 14/mmm
and Cmcm phases of the Hg.Cl> compound at T = 300 and 185 K are dynamically stable.

Surprisingly, at T = 186 K, the phonon dispersion spectra [Figure 6.5(B)] exhibit
prominent changes in the dispersions of the phonon branches, of which the slowest transverse
acoustic Xi, low-lying optical Xg, I's, I'10, M1s and P11 phonon modes undergo remarkable
softening by decreasing their frequencies at the respective high symmetry points, X, I', M and
P. Besides, at T = 186 K, hardening of the optical I'23, X24 and M24 phonon modes have also
been noticed at the high-symmetry points I', X and M respectively in the Brillouin zone. The
alterations in phonon frequencies of I's and I'23 modes with temperature are in close agreement
with the temperature dependent v; (Eg) and v, (A1g) Raman active vibrations respectively as

the compound suffers 14/mmm — Cmcm structural phase transition at T ~ 186 K [2,4,5].
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Figure 6.5. The phonon dispersion spectra along the high-symmetry points '-M—X—T"—P
for the 14/mmm phase of Hg>Cl» at T = (A) 300 K and (B) 186 K. The total and atom resolved
PhDOS for 14/mmm phase of the compound for temperature (a) 300 K and (b) 186 K.

Moreover, below T.= 186 K, the base-centered orthorhombic [Cmcm (D37)] phase the
compound is again found to be dynamical stable as it is evident from the corresponding
phonon dispersion spectra [Figure 6.6(A)]. The phonon dispersion spectra at T = 185 K show
noticeable changes in their spectral features with respect to the phonon modes as estimated at
T =186 K and are marked by hardening of X1 and I'1o phonons and softening of I'2z and X4
phonon modes. The hardening and softening of these phonon modes in phonon dispersion
spectra at T = 185 K thereby allow the system to achieve dynamical stability. In this
connection it is relevant to mention that similar softening of X1, Xs, I's, I'10 and I'15s phonon
modes and hardening of I'2z and X24 phonons have also been observed in the phonon
dispersion spectra for the Cmcm phase of the system at T = 186 K. The corresponding phonon
dispersion spectra and PhDOS for the Cmcm phase of the compound at T = 186 K are shown

in Figure 6.6(B) and 6.6(b) respectively.
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Figure 6.6. (A) The phonon dispersion curves along the high-symmetry points
'-Z—X—-T'—-Y for the Cmcm phase of Hg.Cl> compound at T = (A) 185 K and (B) 186 K.
The total and atom resolved PhDOS for Cmcm phase of the compound estimated at temperature
(a) 185 K and (b) 186 K.

6.6. Identifying the key phonon modes responsible for structural

phase transition

To identify the key phonon modes responsible for the temperature dependent phase
transition of the Hg>Cl, compound, the variations in vibrational frequencies for some of the
representative Xz, Xg, X24, I's, I'10 and I'23 phonon modes with temperature have been estimated.
The results are shown in Figure 6.7. From Figure 6.7, it is observed that the frequencies of the
acoustic X1 and low-lying optical phonon modes Xs, I's, I'10 at 186 < T < 300 K are almost
independent of temperature. However, at T = 186 K, these modes undergo sharp drop in

frequencies portending the transition temperature T, associated with temperature dependent
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structural phase transition of the system. Furthermore, the high-frequency Xz4 and I'23 optical
phonon modes, like the acoustic phonons, remain independent with temperature except at T =
186 K, where instead of softening exhibit appreciable hardening of the vibrational frequencies.
All these observations collectively suggest that acoustic X; and optical Xs, X2s, I's, I'10, 23
phonon vibrations may be responsible for the temperature-dependent 14/mmm (D;/) — Cmcm
(D37) structural phase transition of the Hg>Cl, compound at the transition temperature (T = T

= 186 K).
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Figure 6.7. Variations of phonon frequencies as a function of temperature for the phonon

normal modes X1, Xs, X24 and T's, I'10, I'23 along the respective high-symmetry points X and T".

The cartesian displacements of the relevant X1, Xs, X24,I'10, I"23,and M24 phonon modes,
as estimated from the first-principle calculations are shown in Figure 6.8. From Figure 6.8, it
is observed that the high frequency optical X24 and I'23 phonon modes are strongly linked with
the vibrations of Hg atoms along the crystallographic c - axis. While the acoustic X1 and optical
Xs, M24 phonon modes are involved with the atomic displacements of both Hg and Cl atoms,
the T'io phonon is associated with the vibrations of Cl atoms of the compound. Visual
inspections of the cartesian displacements linked with the pre referred phonon modes of the

compound not only suggest perturbations in the lattice parameters (a, b, ¢) of the system but
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also signify considerable alterations of the linear CI(L)-Hg(C)-Hg(A)-CI(L) chain from its
planar dispositions as the compound undergoes structural phase transition from the body-
centered tetragonal to base-centered orthorhombic [14/mmm (D}/) — Cmcm (D;7)] phase at T¢
=186 K.
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Figure 6.8. Schematic diagrams of eigenvectors and cartesian displacements of X1, Xg, Xos,
I'10, I'23, and Ma4 phonon modes for the 14/mmm phase of Hg>Cl> compound at T = 186 K.
(Emarald blue and red colours represent Hg and Cl atoms respectively. The green arrows
illustrate the directions of cartesian displacements).

6.7. Nature of structural phase transition

To understand the nature of the structural phase transition whether it is “displacive” or
of “order-disorder” type, the on-site interatomic force constants [Kjj(A)] for an atom A have
been calculated from the respective supercells of the compound. The magnitude of Kjj(L)
determines the curvature, while its sign signifies the nature of the potential energy
hypersurface. Positive values of Kjj(X) suggest the single minimum on the local potential energy

hypersurface signifying “displacive” type structural phase transition. The negative values of
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Kij(A) on the other hand correspond to the multiwell nature of the potential energy hypersurface

and linked the phase transition to be of “order - disorder” type [14-20].

The on-site interatomic forces have been calculated by displacing the Hg and CI atoms
with an amplitude of +0.03 A from their respective equilibrium positions along the
crystallographic x, y and z directions for the 14/mmm (D;/) and Cmcm (D) phases of the
Hg>Cl> compound. The off-diagonal (i # j) IFCs Kjj(Hg) and Kij(Cl) for the 14/mmm phase of
the compound are found to be zero, however, the diagonal components (i = j) of the IFCs
Kii(Hg) and Ki;i(Cl) are estimated to have non-zero values at transition temperature T = 186 K.
The non-zero positive values of force constants along xx, yy and zz directions [Kxx(HQ) =
Kyy(Hg) = 0.18 N/m, Kzz(Hg) = 0.61 N/m, Kux(Cl) = Kyy(CI) = 0.33 N/m, Kz(CI) = 1.39 N/m]
thereby suggest the nature of 14/mmm (D}/) — Cmcm (D3}) structural phase transition is of

“displacive” type in harmony with the available experimental observations [1].
6.8. Grineisen parameter and NTE of Hg.Cl. compound

To precisely understand the NTE behaviour of the Hg.Cl> compound, the mode
Grineisen parameters for the phonon modes have been estimated. The volume-dependent
mode Grineisen parameter y;(Kk) is defined as [21]:

9 [In wj(k)]

Vi) = — = (6.6)

where w;(K) is the phonon frequency of the j-th phonon mode with wavevector k while V is
the volume of the unitcell of the compound. The weighted average Grineisen parameter yg,,q

can be expressed as:

Sy ¢k

The specific heat [C; (k)] of the j-th phonon mode for the wave-vector k is calculated using the
following relations [22]:

hw;()1%  explhw;(k) / kpT]
kgT [exp[rw (k) / kpT] —1]2

(k) = k| (6.8)

where kg and h are the Boltzmann and reduced Planck’s constants respectively.
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Variation of mode Griineisen parameter as a function of frequency for the body-
centered tetragonal (I14/mmm) and base-centered orthorhombic (Cmcm) phases of the Hg2Cl»
compound are shown in Figure 6.9(a) and 6.9(b) respectively. Interestingly, from Figure 6.9(a)
and 6.9(b), the average values of Grineisen parameter are found to be —0.56 and —0.64
respectively for 14/mmm and Cmcm phases of the compound. The negative values of y,,,, of
Hg2Cl in its high and low-temperature phases (I14/mmm and Cmcm), however represent an
unconventional phenomenon called NTE. The low-temperature Cmcm phase shows stronger

NTE behaviour (ya,y = —0.64) than that of its high-temperature counterpart (y,,4 = —0.56).

This result is in harmony with the inference so predicted from the corresponding volumetric
coefficient of thermal expansion (a) values [vide supra, section 6.2]. Figure 6.9(a) and 6.9(b)
further depict that, the acoustic phonon modes (TA and LA) in the low frequency window
ranging from ~ 0 — 1 THz and the low-lying optical phonons in the frequency region ranging
between ~ 0 — 4 THz show significant negative values of mode Griineisen parameters, while
small negative values of mode Griineisen parameters come from the high-frequency optical
phonon modes localized in the frequency window ranging from ~ 7 to 8.85 THz. The larger
negative Griineisen parameters, as observed for the LA, TA and low-lying optical phonon
modes, are the key candidates for the generation of soft phonon modes which further promote

the structural instability and the phase transition of the compound [23,24].
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Figure 6.9. Mode Griineisen parameters as a function of frequency for the (a) 14/mmm and (b)

Cmcm phases of Hg.Cl, compound.
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6.9. Conclusions

Temperature dependent structural phase transition of Hg>Cl, compound has been
studied from the first-principle DFT and BOMD calculations. At transition temperature T¢ =
186 K, the system is found to transform from the body-centered tetragonal (14/mmm) to the
base-centered orthorhombic (Cmcm) phase. The structural deformation of Hg>Cl> compound
with temperature has been primarily predicted from the alterations of structural parameters and
Helmholtz free energy difference. The phonon dispersion relations have been estimated to
explore the key phonon modes associated with the phase transition of the compound. While
the order parameter e;; suggests its paraelastic to ferroelastic phase transition at Tc, the on-site
force constants Kjj(A) indicate the phase transition to be of “displacive” in nature. The negative

values of mode Griineisen parameters reveal the NTE of Hg>Cl> compound.
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7.1. Introduction

In this chapter, the band gaps of nitride perovskites have been predicted from machine
learning (ML) and first-principle DFT calculations. Perovskites are ternary compounds with a
general chemical formula ABX3 where “A” and “B” are cationic elements and “X” can be
either oxygen or halogens in anionic forms. While “A” atoms are located in the cuboctahedral
cavities of the crystal, “X”” atoms on the other hand form corner-sharing BXe octahedra. Despite
considerable successes of oxide and halide perovskites, recently much attention has been
focused on the syntheses and first-principle density functional theory (DFT) calculations of
nitride perovskites having general formula ABN3s [1-5]. Of late, ABN3 systems have found
potential applications as topological insulators, photovoltaic cells and are being successfully
used as optical luminescent materials [4,6,7]. Here, the band gaps (Eg) of ABN3 perovskites
have been predicted from different ML models. The DFT studies have been performed to
estimate the electronic band structures, Eg values and optoelectronic properties of two new
nitride perovskites CeBN3s (B = Mo, W).

7.2. Machine learning

7.2.1. Data cleaning and pre-processing for machine learning

The raw data of inorganic ABNs—type perovskite compounds have been obtained from
the available works in the literature [1-5,7-13]. By selecting all possible combinations of
cations as “A” and “B”, a set of 5566 inorganic ABN3z — type perovskites have been initially
selected for model evaluation. Lead (Pb) containing perovskites in all combinations, due their
inherent toxic characters, are not considered in the above mentioned dataset. In the next step,
the samples have been primarily identified according to their respective formation energies
(Ex). Using support vector classification (SVC), the samples are then categorized by eliminating
those candidates that show Ef > thermal excitation energy (Etn ~ -0.026 eV) at room
temperature (T = 300 K) [14]. To implement SVC, initially, 5566 samples were randomly
divided into 4866 (~ 87%) and 700 (~ 13%) samples as training and test set, respectively.
Figure 7.1(a) shows the Eras a function of sample number of the test dataset as obtained from
SVC algorithm. From Figure 7.1(a), it is observed that the samples are segregated into E+< Eh
and Ef> Eh classes. The merit of this SVC algorithm is then tested from confusion matrix and
receiver operating characteristics (ROC) curve [15]. The results are shown in Figure 7.1(b) and

7.1(c) respectively. From Figure 7.1(b), the correctly identified compounds with Ef< Etn and
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Es > En classes are observed to be 482 [true positive (TP)] and 181 [true negative (TP)],
respectively. However, the number of incorrectly identified samples under Ef< Etn and Ef >
Emn classes are found to be 18 [false positive (FP)] and 19 [false negative (FN)], respectively.
Out of 700 test dataset, it is found that only 5% samples (37 out of 700) have been misclassified,
which in turn suggests the reliability of the SVC model to segregate the samples into their
respective classes. The F1 score of the model, as attained from confusion matrix, is

mathematically expressed as

2XRecallXPrecision

F1 score = — (7.2)
Recall+Precision
. TP
where Precision = (7.2)
TP+FP
and Recall = —= (7.3)
TP+FN

The F1 score is calculated to be 96.2% which also suggests the better performance of the said
model. The ROC curve, as depicted in Figure 7.1(c), represents the relation between the TP
rate (sensitivity) and FP rate (1 - specificity). From Figure 7.1(c), the area under curve (AUC)
is estimated to be 0.98. The AUC closer to 1 further signifies the excellent segregation between

the Ef < Eth and Ef> Eth classes.
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Figure 7.1. (a) Formation energy as a function of sample numbers for 700 test sets as estimated

from SVC model. [The horizontal dashed line represents formation energy (Ef) = -0.026 eV].

(b) Confusion matrix representing the correlation between predicted and actual values in form

of true positive (TP), false negative (FN), false positive (FP) and true negative (TN) values for

the tested samples. [Ef< Etn and Ef> Etn symbolize the formation energies below and above
Em (= -0.026 eV), respectively]. (c) The ROC curve illustrating the TP and FP rates of the test

datasets.

Here we primarily focused on ABN3 compounds which bear potential applications as

photovoltaic and optical luminescent materials, the selection space has thus been further

narrowed down to 1563 samples which exhibit Eg values spanning in the range from 1.0 to 3.1

eV. The Eg4 of the compounds in general are linked with the proposed 145 feature descriptors

which include electronegativity, atomic weight, covalent radius, d valance electrons etc.

[14,16]. Out of 145 feature descriptors, 117 feature attributes such as Mendeleev number,

electronegativity, covalent radius, d valance electrons etc. of ABN3 perovskites have been

initially framed for the target variable Eg. With these 117 features, the Pearson correlation

heatmap is constructed and the result is shown in Figure 7.2(a). The features having absolute

correlation values < 0.89 and with multiple collinearities between them have been eliminated.

The final top 10 feature descriptors which include electronegativity, d valance electrons,
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formation energy, p valance electrons, Mendeleev number, specific volume of ground state,
mean covalent radius, space group number, melting temperature and atomic weight, have been
selected using the de-correlation method for further model evaluation. The heatmap portraying
the evaluated top 10 feature descriptors and their order of importance are shown in Figure
7.2(b) and 7.2(c), respectively. From Figure 7.2(c), it is clearly seen that the electronegativity,
d valance electrons and mean covalent radius show predominant contributions in predicting Eq

values of the ABN3 compounds.
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= _ 0.75 2
® = k | 0.50 @ 3
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Figure 7.2. (a) and (b) Heatmap representing the initial 117 and final top 10 features
respectively of ABN3 perovskites [Yellow and dark blue colors in the heatmap represent the
respective strong and weak correlations among the features]. (c) The relative importance of top
10 features of the compounds. [Feature indices (in the order of importance): 1-
electronegativity, 2- d valance electrons, 3- formation energy, 4- p valance electrons, 5-
Mendeleev number, 6- specific volume of ground state, 7- atomic weight, 8- mean covalent

radius, 9- melting temperature and 10- space group number].
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The correlations between E4 and electronegativity, mean covalent radius and d valance
electrons can be rationalized. Electronegativity is a measure of ability to attract electrons of
two bonded atoms towards their valence electrons. This ability results the delocalized
distribution of valence electrons, which in turn influences the nature of the bonding as well as
the Eq values of the compounds [17-19]. The mean covalent radii of the constituent atoms are
intrinsically linked with the electronegativity of the system. Systems with constituent atoms
having larger mean covalent radii thus result in decrease in electronegativity of the compounds
in general [20]. Hence, the mean covalent radius is considered as an important feature
descriptor in modulating the Eq4 values of the systems. The d valence electrons play major roles
in the formation of energy bands in the electronic band structure and has direct impact on the
Eg of the materials. Larger number of d valence electrons can realign the Fermi energy level
(EF) through p-d and s-d hybridizations, which in turn may alter the Eg values of the compounds
[14].

7.2.2. Machine learning model training and validation

To precisely predict the band gaps of ABN3 —type perovskite compounds, four ML
models such as support vector regression (SVR), gradient boosted decision tree (GBDT),
random forest regression (RFR) and multi-layer perceptron (MLP) have been considered. The
accuracy of each model has been tested by selecting their respective hyperparameters. The list
of hyperparameters of each model are shown in Table 7.1. From the dataset of 1563 ABN3
perovskites and their top 10 feature descriptors (vide supra), 1363 (~ 87%) samples have been
randomly selected for training and the rest 200 (~ 13%) samples have been set for testing of
each model. The random selection has been considered two times for each model to confirm
the statistical validity of the results. The performance of ML model has been estimated by
calculating the RMSE, MAE and R? values. The RMSE, MAE and R? values of each model
for the test dataset, so attained from the 10 — dimensional feature space, are illustrated in Table
7.1.
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Table 7.1. Statistics of different ML models and their corresponding hyperparameters for

predicting bandgaps of ABN3 perovskites.

Models Hyperparameters MAE RMSE R?

MLP solver = adam, alpha = 1e-8, tol = 1e-6, 0.16 0.22 0.74

max_iter = 5000, random_state = 0

GBDT n_estimators = 2000, max_depth = 30, 0.10 0.15 0.90

min_samples_split =2

SVR ¢ =50, gamma = 10, epsilon = 0.05, kernel = 0.08 0.13 0.91
'rbf’
RFR max_depth = 30, min_samples_split = 2, 0.03 0.11 0.94

n_estimators = 2000, min_samples_leaf = 1,

random_state =0

From Table 7.1, it is observed that while RFR predicts the Eq values of the compound
with 3% MAE; SVR, GBDT and MLP predict the same Eg within MAEs of 8%, 10% and 16%
respectively. From Table 7.1, the RFR algorithm shows lowest RMSE (= 0.11 eV) and highest
R? (= 0.94) values in contrast to the other models. R? (RMSE) values of GBDT, SVR and MLP
models are estimated to be 0.90 (0.15 eV), 0.91 (0.13 eV) and 0.74 (0.22 eV) respectively.
These results collectively suggest the reliability of the RFR model in predicting the band gaps
of ABNs — type perovskite compounds. The bivariate plots from the RFR model showing both
the predicted, input band gap values for the training and testing datasets are shown in Figure
7.3(a). From Figure 7.3(a), strong linear correlation [with R? = 0.98 (training set) and 0.94 (test
set)] between the predicted and input Eg values have been observed in both the training and test
datasets. This result further justifies the accuracy of RFR model in predicting the band gaps of
ABN3 perovskites. The corresponding bivariate plots between the predicted and input values
of Eg, as accomplished from SVR, GBDT and MLP ML models, are also shown in Figure
7.3(b), 7.3(c) and 7.3(d) respectively. From Figure 7.3(b, ¢, d), moderate to weak linear
correlations between the predicted and input Eg values have been observed as the model goes

from SVR, GBDT to MLP algorithms. The above results as a whole suggest the superiority of
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the RFR algorithm as an effective ML model is predicting the band gaps of ABN3 compounds
in contrast to SVR, GBDT and MLP algorithms.
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Figure 7.3. Fitted bivariate plots showing the variations of predicted and input band gaps of
ABN3 perovskites for both the training and test datasets as obtained from (a) RFR (b) SVR (c)
GBDT and (d) MLP models.
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Additionally, two newly synthesized nitride perovskites CeMoNsz and CeWNs, as
reported elsewhere [11], have been selected for first-principle DFT calculations. Their
electronic band structures, Eq values and optoelectronic properties have been studied from DFT
calculations. The Eg values of the said systems have been predicted from both the DFT as well
as RFR ML model to verify the accuracy of ML model in predicting Eg values of ABN3

compounds.

7.3. Crystal structures and thermal stabilities of the CeBN3z (B =
Mo, W) compounds

At room temperature (T = 300 K) and under ambient pressure (P = 0 GPa), CeBNz3 (B
= Mo, W) crystalize to primitive orthorhombic phase and belong to Pmc2; space group
symmetry with space group no. 26. The optimized unitcell geometries of the compounds, as
obtained from first-principle DFT calculations with GGA — PBE level of theory, are shown in
the upper panel of Figure 7.4. The lattice parameters of the CeMoN3 (CeWN3) crystal system
have been estimated to be a=5.789 A (5.686 A), b =5.854 A (5.667 A) and c = 7.776 A (8.027
A) which are in close agreement with the experimentally determined X-ray diffraction data as
reported elsewhere [11]. From Figure 7.4(a, b), it is observed that B (= Mo, N) and N atoms
from several distorted octahedral environments within the crystal structure and B atom, which
is located at the center of each BNg octahedron, is found to be shifted towards the apical N
atom. The distorted octahedron, aka pyramidal coordination and large c/a ratio of CeBN3z may
result large spontaneous ferroelectric polarization in the said systems under study [21,22]. To
comprehend the thermal stabilities of the compounds at T = 300 K, the BOMD simulation has
been performed over a time span of 20 ps under time step of 1 fs. Temporal variations of free
energies of CeBNz3 systems at T = 300 K are shown in the lower panel of Figure 7.4. From
Figure 7.4(c, d) it is found that both the crystal structures attain their respective stabilizing free
energy values after a time lapse of ~ 5 ps. The refined geometries of the compounds, so obtained

from the BOMD simulation run at 15 ps, are shown in the inset of Figure 7.4(c, d).
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Figure 7.4. Optimized crystal structures of (a) CeMoNs and (b) CeWNs compounds as
obtained from DFT calculations. Free energy as a function of time for (c) CeMoN3 and (d)
CeWNs3 systems as attained from BOMD simulation. [Inset of (c) and (d) show the respective
supercell geometries of CeMoN3 and CeWN3 so obtained from the BOMD simulation run at

15 ps which is marked with vertical arrows.]

7.4. Estimation of band gaps for CeBN3s (B = Mo, W) compounds

The E-k diagrams of CeBNs systems for B = Mo, W along '->Y—>S—X—-TI
—R—U—T—Z high-symmetry direction have been estimated from DFT calculations at PBE,
HSEO06, GoWo@PBE and GoWo@HSEO06 level of theories. The results are shown in Figure 7.5.
The estimated Eg4 values of the compounds from the corresponding E-k diagrams are listed in
Table 7.2. Interestingly the E-k diagrams for both CeMoN3 and CeWN3s compounds show the
existence of indirect band gaps ranging from 0.94 — 1.60 and 1.00 — 1.81 eV, respectively.
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Presence of indirect band gaps with gap openings in the range 0.94 — 1.81 eV may render their

applications in photovoltaics [23-27].

The Eg values of CeMoN3z and CeWN3 compounds are predicted to be ~ 1.55 and 1.76
eV from RFR ML model for the GoWo@HSEQG6 input of 1.60 and 1.81 eV respectively. While
the DFT calculations at HSE06 and GoWo@HSEOQ6 level of theories can closely predict the
experimentally observed Eg4 values of the systems within < 1% error [28-34], the predicted Eq
values of CeBN3z (B = Mo, W) compounds as obtained from RFR ML model are estimated
within an error of ~ 3% with standard deviation of ~ 0.035. The selective choice of
GoWo@HSEOG level of theory in the DFT calculation as input for the prediction of band gaps
is thus meaningful, given its efficacy in reproducing the experimental band gaps of many such

compounds as reported elsewhere [35-38].

Table 7.2. Band gap of CeBNz3 (B = Mo, W) compounds under different levels of theory in the

DFT calculations

Band gaps (eV)
Level of theories CeMoNs3
PBE 0.94 1.00
HSEO06 1.57 1.80
GoWo@PBE 1.46 1.71
GoWo@HSE06 1.60 1.81
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'-Y—>S—»X—->I'->R—-U—->T—Z high-symmetry direction as obtained from PBE and
GoWo@HSEOQ6 levels of theory. [Horizontal dashed line and inclined arrow represent Fermi

energy level and band gap respectively].
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7.5. Optoelectronic properties of CeBNs (B = Mo, W) systems

Electronic band structures are intrinsically linked with the optoelectronic properties of
the systems in general. The optoelectronic properties of CeBN3z (B = Mo, W) crystal systems
have been estimated from the frequency (w) dependent complex dielectric function [e(w)].
Since, the Pmc2; phase of the compounds are structurally anisotropic, the incident
electromagnetic (EM) field components along the direction of a, b and ¢ — crystallographic
axes are designated as xx, yy and zz, respectively in the consequent calculations. Figure 7.6(A)
and 7.6(B) show the variations of real part of e(w) [¢;(w)] as a function of incident EM wave
energy (Ewm), so obtained from GoWo@HSEO6 level of theory, for CeMoNs; and CeWNs
compounds respectively. From the upper panel of Figure 7.6, static values of &, (w) [&,(0)]
have been estimated to be ~ 5.85 (5.80), 4.77 (5.99) and 5.93 (5.90) for CeMoN3z (CeWN?3)
system along xx, yy and zz polarization directions respectively of the incident EM wave. These
non-zero values of &; (0) for all the three polarization directions indicate their semiconducting
nature so attained from the E-k diagrams [vide ante, Figure 7.5]. The most intense structure
band of &;(w) for CeMoN3; (CeWNs3) compound is obtained at Em ~ 1.45 (1.85) eV which
corresponds to maximum dispersion of the EM wave. However, beyond Em ~ 3.75 (6.86) eV,
&; (w) values of CeMoN3 (CeWNs3) system gradually decrease and attain negative values within
the energy window Em ~ 4.72 (7.86) — 10.42 (13.39) eV. The negative values of &; (w) signify

metallic Drude — like behaviour of the compounds within the said energy windows [29,39,40].
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Figure 7.6. Left panel: (A) Real and (a) imaginary parts of dielectric function versus incident
EM wave energy for CeMoN3 compound. Right panel: (B) Real and (b) imaginary parts of

&(w) as a function of EM wave energy for CeWN3s compound.

The &,(w) is known to correlate directly with the band gaps of the compounds in
general. Figure 7.6(a) and 7.6(b) depict the variations of &,(w) as a function of Em for CeMoN3
and CeWNB3 systems respectively, so attained from GoWo@HSEO6 level of theory. From Figure
7.6(a, b) the critical or take-off values of &, (w) have been observed at Em ~ 1.60 (1.81) eV for
CeMoN3 (CeWNs3) compound for all the three polarization directions. The critical or take-off
values of &, (w) are in exact agreement with the E4 values of the systems, as obtained from the
GoWo@HSEO6 level of theory (vide ante, Table 7.2). Interestingly, the take-off values of &, (w)
are found to be independent of polarization directions of EM wave. Moreover, finite values of
&, (w) between Em ~ 2.30 (2.40) and 10.01 (12.50) eV for CeMoNs; (CeWNs) crystal
corroborate strong attenuation of the incident EM wave by the systems within the said energy
window [29,39].

The response of strong attenuation of the incident EM wave inside the CeBN3z (B = Mo,
W) compounds, so reflected in the &,(w) - Em plots (Figure 7.6), can also be attributed from

their absorption coefficients [a(w)] and optical conductivities [o(w)]. Figure 7.7 shows the
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variations of a(w) and o(w) as function of Em of the systems. Akin to ,(w) - Ewm plots, the
critical values of both a(w) and o (w) are found at Em ~ 1.60 (1.81) eV for CeMoN3 (CeWN5)
crystal system for all the three polarization directions. Hence these calculations help to recheck
the Eq4 values as obtained from electronic band structures and &,(w) - Em plots. From Figure
7.7, finite values of a(w)/ o(w) have been observed within Em ~ 2.30/ 2.30 to 11.43/ 10.01
eV, 16.47/16.55t0 18.77/ 18.64 eV and 2.40/ 2.40 to 17.90/ 12.50 eV for CeMoNz and CeWN3
compounds, respectively. The finite values of a(w) and/ or o (w) within the specified energy
window signify large opacity and high optical conductivity of the said systems [29,39].
Moreover, the high transparency of CeMoN3 (CeWNs) compound within the energy window
~0-1.60 eV (0 - 1.81 eV) has also been noticed in a(w) - Em and o(w) - Em plots (Figure
7.7). The high transparency of the said systems covering visible and Infrared (IR) regions of
the EM wave may promote them as potential candidates for optical luminescent materials and
IR detectors [39,41,42].
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Figure 7.7. Left panel: (A) Optical absorption and (a) conductivity as a function of incident
EM wave energy for CeMoN3z compound. Right panel: (B) Optical absorption and (b)

conductivity as a function of EM wave energy for CeWN3 compound.
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7.6. Conclusions

The band gaps of ABN3 perovskites have been predicted from ML models based on the
feature descriptors. The dataset of 1563 ABN3 perovskites, which show Ef< -0.026 eV and Eq
values spanning in the range from 1.0 to 3.1 eV, have been selected from initial 5566 samples
for ML model evaluation. The Eq values of the compounds are found to be linked with 117
feature descriptors. The top 10 feature descriptors have been selected by eliminating those
features which show absolute correlation values < 0.89 and low rank of importance.
Correlations between the band gap and the topmost 3 features such as electronegativity, mean
covalent radius and d valance electrons have also been discussed. Four supervised ML models
such as MLP, GBDT, SVR and RFR have been considered to predict their band gaps. The
accuracy of each model has been tested from MAE, RMSE and R? values. The RFR algorithm
shows lowest RMSE (= 0.11 eV) and highest R? (= 0.94) values in comparison to other models.
R?values and the corresponding bivariate plots suggest the superiority of RFR algorithm as an
effective ML model is predicting the band gaps of ABN3 perovskites in contrast to SVR, GBDT
and MLP algorithms. Two newly synthesized ABNz — type perovskites CeBNz (B = Mo, W)
have been further chosen and their electronic band structures and optoelectronic properties
have been studied from DFT calculations. The E4 values of CeBN3 (B = Mo, W) compounds
have been estimated from DFT calculations at PBE, HSE06, GoWo@PBE and GoWo@HSEQ6
level of theories. The Eq values of CeMoN3 and CeWN3s compounds have been predicted to be
1.55 and 1.76 eV from RFR algorithm for the GoWo@HSEOQ6 input of 1.60 and 1.81 eV
respectively. The Eg4 values of the systems have also been verified from their respective

optoelectronic parameters such as &, (w), a(w) and o (w).
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Chapter 8

In summary, the dissertation reports the structural, electronic, and optical properties of
technologically relevant materials from first-principle calculations. Chapter 1, which includes
the overall introduction, highlights a brief historical timeline of different ages of materials and
their uses for the welfare of mankind. Understanding of many-body theory, strongly correlated
systems, and the machine learning approach in estimating the materials' properties have been
discussed in Chapter 1. Recent works of renowned research groups working in the area of first-
principle calculations have also been showcased in this chapter. In Chapter 2, the computational
methodologies such as the first-principle DFT framework, calculations of phonon dispersion
relations, Born-Oppenheimer molecular dynamics (BOMD) simulations, calculations of
optical properties and machine learning methods, have been discussed. Chapter 3 focuses on
understanding the structural and electronic properties of the Mercurous Chloride (Hg2Cl>)
compound from first-principle DFT calculations. The charge-transfer insulating property of the
Hg2Cl> compound has been elaborately discussed in Chapter 3. In Chapter 4, the pressure-
driven structural phase transitions of the Hg>Cl> compound at room temperature (T = 300 K)
have been deliberated. The structural phase transitions of Hg>Cl. system from its body-centered
tetragonal 14/mmm (D}/) — base-centred orthorhombic Cmem (D;/) phase and from base-
centred orthorhombic Cmcm (D}7) — primitive orthorhombic Pnma (D;£) phase at transition
pressure 0.25 and 9 GPa respectively have been unveiled in Chapter 4. The key vibrational
phonon modes linked with these structural phase transitions and the type of phase transition
have also been discussed. Chapter 5 is devoted to understand the pressure-induced modulations
of electronic and optoelectronic properties of the Hg.Cl, system. The electronic band
structures, anisotropic optoelectronic parameters such as complex dielectric function [e(w)],
absorption coefficient [a(w)], optical conductivity [ (w)], refractive indices (n., n,), optical
birefringence (An) of Hg.Cl, at ambient conditions and under external pressures have been
critically enlightened in Chapter 5. Chapter 6 is framed with the temperature-dependent
structural phase transition and negative thermal expansion behaviour of the Hg>Cl> compound.
The structural phase transition of the system from 14/mmm (D;/) — Cmcm (D) phase at
transition temperature T. =186 K has been discussed here in detail. The associated order
parameter, key phonon modes responsible for structural phase transition and negative thermal
expansion behaviour have also been highlighted in Chapter 6. In Chapter 7, the band gaps of
nitride perovskites, with general chemical formula ABN3, have been predicted from machine
learning and DFT calculations. Four machine learning models such as support vector regression

(SVR), gradient boosted decision tree (GBDT), random forest regression (RFR) and multi-
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layer perceptron (MLP) have been considered for predicting the band gaps of the ABNz— type
compounds. The band gaps of two nitride perovskites CeMoN3z and CeWN3, so predicted from
their electronic band structures, dielectric functions, absorption coefficients and machine
learning models, have also been highlighted in Chapter 7. The overall dissertation report is
expected to provide a wealth of information in understanding the structural, electronic and

optical properties of technologically relevant materials from first-principle calculations.

Phonon dispersion relation and electronic band structure of a system are intrinsically
linked with its lattice thermal conductivity and thermoelectric transport property respectively.
Recently thermoelectric materials have drawn significant attention as they are one of the most
viable options to convert waste heat into electricity and resolve the energy crisis of the
environment [1-4]. The energy conversion efficiency of a thermoelectric system can be
estimated from a dimensionless quantity, known as the thermoelectric figure of merit (ZT) and
ZT can be obtained from the simple mathematical relation:

S%6T

T =17r

(8.1)

An ideal thermoelectric compound with high ZT demands a larger Seebeck coefficient (S),
high electrical conductivity (o) as well as low lattice (k;) and electronic thermal conductivities
(k.) at a certain temperature (T). The future work is thus to explore the lattice thermal
conductivities and thermoelectric properties of novel materials from first-principle calculations
and molecular dynamics simulations. Special focus will be given to identify the contributions
of particle and wave-like phonons in k;. However, the estimation of k; is computationally
demanding and may alter according to the choice of third and fourth-order interatomic force
constants (IFCs). Therefore, the future work also aims to unveil the k; of the compounds from
machine learning interatomic potentials under the moment tensor potentials and/ or neural

network potentials framework [5,6].

Recently, spintronics has emerged as one of the most promising technologies in
materials industries to resolve the key issues that exist in today’s conventional electronic
devices. Spintronic systems, which exhibit splitting of degenerate electronic energy bands into
two spin-split states having opposite spin polarizations, are correlated with the Rashba-
Dresselhaus (RD) effects [7-9]. In a simple picture, a spin-polarized relativistic electron with
momentum k interacts with the local electric field of the crystal and results in the generation

of an effective magnetic field. The effective magnetic field lifts the spin degeneracy in the
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momentum space, showing the phenomena called RD effects. After the discovery of RD
effects, the effects paved the way for the field of spintronics which is expected to bring a new
revolution in discovering the next generation superfast energy-efficient computers and
topological quantum computations. As a result, the involvement of researchers behind the RD
effects has increased considerably in recent years. Large-size electronic equipment, which
generates excessive heat, can be mapped into a single chip by combining the main functions of
the semiconductors and magnetic storage devices through spintronics. Of late, the innovations
of new materials like organic semiconductor spintronics, quantum dots spintronics, molecular
and graphene spintronics open the possibilities of fabricating robust, cheap, and small-size
devices that show faster operation, low power consumption, and high storage density [10-13].
Figure 8.1 shows a schematic representation of some exotic physical and transport properties
that originated from spin-orbit interaction in conjunction with the broken inversion symmetry
of a crystal. Thus, one of the future works also focuses on unveiling the Rashba and/ or
Dresselhaus-type effect in novel materials from first-principle calculations by estimating the

splitting of electronic band structures.

Opto-spintronics
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Figure 8.1. Schematic representation of some fascinating physical and transport properties
originated from spin-orbit interaction in conjunction with broken inversion symmetry of a

crystal. © World Scientific Publishing Company [14].
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ABSTRACT

This paper reports for the first time an in-depth study based on first-principle calculations to unveil the underlying physics that governs the
pressure induced structural phase transitions of Hg,Cl, compound at room temperature. The phonon dispersion relations and phonon

density of states have been critically explored for the tetragonal and orthorhombic phases of the compound to unveil the phonon modes |

associated with the phase transitions. The nature of the phase transition whether it is “displacive” or of “order-disorder” type has also been
explored. We believe that the present study based on density functional theory and Born-Oppenheimer molecular dynamics calculations
will help understand the underlying physics behind the above referred phase transitions and the anisotropic behavior of the compound,
which in turn bears technologically significant relevance for its applications in optoelectronic devices, acousto-optic tunable filters, and in

fiber-optic communication systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0068049

I. INTRODUCTION

Phase transition happens to be a fascinating physical phenom-
enon that engrossed the human minds over centuries. It is a
process in which thermodynamic systems change from one state to
the other with varying physical properties. The most common
example of nature is the melting of ice into water in the liquid
state, which on further heating turns to vapor. However, besides
this, there exist many exotic examples involving the transformation
of phases, which are not only interesting from physics points of
view but are technologically very significant. Dramatic changes in
the physical properties of materials upon changes in phases involve
transitions from ferromagnetic to paramagnetic behaviors of mate-
rials at the Curie point, ordinary conducting to superconducting
materials below the critical temperature (T.), etc. "' Moreover
transitions from normal fluid helium (He-I) to the superfluid

helium-IT at the “lambda (A)” point,'*"* order-disorder transition
in brass,"” glass-liquid phase transition in polymer at glass transi-
tion temperature (T,),' superconductor-insulator quantum phase
transition,’” and structural transitions from one solid phase to
another with temperature and/or external pressure are also some
prominent examples of phase transitions.' "’

Mercurous chloride (Hg,Cl,), commonly referred to as
calomel, is a wide bandgap insulator and finds extensive applica-
tions as white pigment and electrode material.~>* This compound
is reported to show strong birefringence, as a response to its aniso-
tropic physical properties.”’ ™ The anisotropic behavior of mercu-
rous halide crystals not only makes them effective for designing
polarizing prisms but also find their applications in acousto-optic
tunable filters for the development of hyperspectral imagers cover-
ing wide UV-Vis-Long Wavelength Infrared (LWIR) spectral

26'8S°2l ¥20z 8unr L0
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window of the electromagnetic spectrum.’” At room temperature
and under ambient pressure (P=0GPa), Hg,Cl, compound is
known to exist in the tetragonal 14/mmm (Dj]) phase. The material
is reported to undergo a temperature dependent structural phase
transition from the body-centered tetragonal [I4/mmm (D))]
phase to the base-centered orthorhombic [Cmcm (D%)] phase at
~185 K.>>~*° Moreover, at room temperature, Hg,Cl, also exhibits
pressure induced structural phase transition from the I4/mmm
(D}}) » Cmcm (D}]) phase at a pressure of 0.25 GPa."""** Lately,
the prevalence of another structural phase transition of the com-
pound from the base-centered orthorhombic [Cmcm (D}))] to the
primitive orthorhombic [Pnma (D}¢)] phase at relatively higher
external pressure (P) = 8.95 GPa has been reported.43

Although the existences of pressure induced phase transitions
of Hg,Cl, have been reported, yet the underpinning physics behind
these transitions are not being addressed in detail. Considering the
above issue in mind, here we report a detailed study on the pressure
induced structural phase transitions of the compound based on first-
principle calculations. The nature of the phase transition whether it
is “displacive” or of “order-disorder” type has also been investigated.
We believe that the in-depth study on the pressure induced structural
phase transitions of Hg,Cl, at room temperature from the first-
principle density functional theory(DFT) and Born-Oppenheimer
molecular dynamics (BOMD) will help us to understand the under-
lying physics behind the above referred phase transitions and the
anisotropic behavior of the compound, which in turn will be helpful
for its applications in various optoelectronic devices, acousto-optic
tunable filters, and in fiber-optic communications.

Il. COMPUTATIONAL DETAILS

The crystal structure belonging to the tetragonal (I4/mmm)
phase of Hg,Cl, at room temperature (300 K) and at ambient pres-
sure (P =0 GPa) has been obtained from the experimentally deter-
mined x-ray diffraction data.** The experimentally determined
crystallographic data of the compound are initially optimized
within the static DFT (0K) framework using hybrid generalized
gradient approximations (GGA) plus Heyd-Scuseria—-Ernzerhof
(HSE)* exchange-correlation (XC) functional with the aid of
Quantum ESPRESSO (QE) software.’*™® The 5d'%s® and 3523p5
electrons for the Hg and Cl atoms, respectively, are considered
valence electrons and are represented as plane wave with kinetic
energy cutoff of 50 Ry. The interactions between the electrons and
the ions have been incorporated through the pseudopotential using
the projector augmented wave (PAW) method."” The systematic
convergence criterion of total electronic energy in geometry opti-
mization was primarily set to 10"°*Ry with threshold of the
Hellman-Feynman force of 107> a.u. at a maximum cell pressure of
1072 GPa. The unit cell comprising of eight atoms in the tetragonal
structure of the Hg,Cl, compound has been sampled with a
gamma-centered k-point mesh of 9 x 9 x 9 grid generated through
the Monkhorst-Pack method. However, after optimization, the
actual convergences of forces and energies have been achieved to be
~0.00026 a.u. and 2.5 x 107" Ry, respectively, for the pre-referred
kinetic energy cutoff value of 50 Ry. Figures S1(a) and S1(b) in the
supplementary material show the variations of the Hellman-
Feynman force and total self-consistent field (SCF) energy for the
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body-centered tetragonal (I4/mmm) phase of the Hg,Cl, com-
pound under ambient condition as a function of plane wave kinetic
energy cutoff. From Fig. S1 in the supplementary material, it is
clearly seen that the kinetic energy cutoff for the plane wave at
50 Ry is fairly good to carry out the DFT calculations for the above
referred phase of the compound.

The optimized geometry associated with the tetragonal phase of
the Hg,Cl, compound under ambient condition as attained from the
static  DFT calculations is further refined from the Born-
Oppenheimer molecular dynamics (BOMD) simulation. The BOMD
simulation has been performed within the same DFT framework
with kinetic energy cutoff set at 50 Ry; threshold for total electronic
energy and maximum Hellman-Feynman force were fixed at
10 Ry and 107> a.u., respectively, at a maximum cell pressure of
1072 GPa. The electron-ion interactions in the BOMD simulation
have been incorporated using the same PAW method as used for the
static DFT calculations. The NPT ensemble was chosen for the simu-
lation run, and the Andersen thermostat™ was used to control the
temperature of the ensemble. For the BOMD simulation, the tetrago-
nal phase of the Hg,Cl, compound at room temperature (300 K) has
been initially equilibrated for 10 ps and then simulated further for
another 48 ps with a chosen time step of 2 fs. Static DFT calculation
followed by the BOMD simulation eventually result in the accom-
plishment of refined structural parameters for the tetragonal phase
of the compound at room temperature and at ambient pressure
(P =0GPa). This refined structure of the compound at room tem-
perature and at ambient pressure is then further relaxed using the
“variable cell molecular dynamics” (VC-MD) method. The cell pres-
sure has been varied from 0 to 14 GPa at room temperature to
achieve the BOMD simulated structural parameters and atomic posi-
tions of the base-centered [Cmcm (D%)] and primitive [Pnma
(D1$)] orthorhombic phases of the compound.

The refined structural parameters of the body-centered tetrag-

onal and base-centered, primitive orthorhombic phases of the com-
pound at room temperature (300 K) and under ambient/external
pressures so accomplished from the BOMD simulations have been
utilized to generate the phonon dispersion spectra and phonon
density of states (PHDOS) within harmonic approximation and
single point calculations using the linear response theory in the
density functional perturbation theory (DFPT) framework from the
unit cell geometry of the Hg,Cl, compounds.”’ ™ The phonon
data have been estimated through the diagonalization and sampling
of the dynamical matrix D(k) for any arbitrary wave vector k. The
interatomic force constants on the real-space grid have been
extracted from the backward Fourier transform approach of the cal-
culated D(k). A denser Fourier re-interpolated grid of k-point
mesh 19 x 19 x 19 has been chosen for estimating the phonon dis-
persion spectra and PHDOS. The non-analytical term corrections
have been applied in the phonon dispersion curves to isolate the
LO-TO splitting in the phonon spectra.

I1l. RESULTS AND DISCUSSION

A. Structural analyses and pressure dependent phase
transition of the Hg,Cl, compound

At room temperature and ambient pressure, Hg,Cl, crystal-
lizes in the body-centered tetragonal phase with the I4/mmm
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(space group no. 139) space group symmetry.* The unit cell of
Hg,Cl, comprises of one formula unit (Z=2) with eight atoms,
where Hg and Cl are in the respective 4e (0, 0, 0.11577) and 4e (0,
0, 0.3380) Wiyckoft sites. The variations in the total energy (E) of
the body-centered tetragonal [I4/mmm (D}])] phase of Hg,Cl,
under ambient condition as a function of unit cell volume (V), as
accomplished from the static DFT calculation, is shown in
Fig. 1(a). The E-V plot has been fitted using fourth order Birch-
Murnaghan equation of states.”™”” From Fig. 1(a), it is observed
that total energy for the I4/mmm (D}]) phase of Hg,Cl, attains the
minimum energy at unit cell volume of 219.16 A>. The optimized
structure of Hg,Cl, at this unit cell volume is equilibrated for a
time scale of 48 ps for further refinement. Fluctuations of the total
energy of the system as a function of time are shown in Fig. 1(b).
After primary flexing and relaxation, the energy of the system
attains an equilibrium configuration after 10 ps time scale of the
simulation run. To address the implications of finite size
effects,”™”’ the convergences of energy and volume for the tetrago-
nal [[4/mmm (D}])] phase of the Hg,Cl, system as a function of
N-atom cell size (N=8, 16, 32, 64) have been estimated. The
representative plots are shown in Figs. S2(a) and S2(b) in the
supplementary material, respectively. From Figs. S2(a) and S2(b) in
the supplementary material, we can see clearly that both the energy
and the volume of the system in its tetragonal (I4/mmm) phase
remain almost constant for 8, 16, 32, and 64 atoms.

The refined optimized geometry of the compound as obtained
from BOMD calculations in the tetragonal phase at room tempera-
ture (300K) and at ambient pressure (P =0 GPa) along with its
structural parameters is shown in Fig. 2 and Table I, respectively.
The lattice and structural parameters associated with the tetragonal
(I4/mmm) phase of Hg,Cl, are in close agreement with the experi-
mental results as extracted from x-ray** and neutron powder dif-
fraction data.”® The optimized structure of Hg,Cl, at room
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temperature and at ambient pressure as shown in Fig. 2(a) marks
the presence of distorted octahedral domains with corner sharing
Hg atoms. The zoomed-in-view of the distorted octahedron is
shown in Fig. 2(c). From Fig. 2(c), it is clearly seen that the neigh-
boring chlorine CI(V) and apical mercury Hg(A) atoms at the ver-
tices form the distorted octahedron Hg(C)Hg(A)[Cl (V)]s with Hg
(C) at its center. Several distorted octahedra are spanned in three-
dimensional space over the crystal lattice whose illustration is
shown in Fig. 2(a). However, one of the neighboring CI(V) atoms
forms a CI(V)-Hg(C)-Hg(A) linear chain with the associated
angles of ~180°. To separate this chlorine CI(V) atom involved in
the linear chain from the rest, we designate it as CI(L). The linear
CI(L)-Hg(C)-Hg(A)-CI(L) chain of Hg,Cl,, as shown in Fig. 2(b),
directed along the crystallographic ¢ axis, is considered to be
responsible for large anisotropy, birefringence, and low transverse
acoustic (TA) wave velocity of Hg,Cl,.”*”"™" The associated octa-
hedron in the crystal structure of Hg,Cl, is re-labeled as Hg(C)Hg
(A)[CI(V)]4CI(L) henceforth.

Figure 3(a) shows the variation in the ratio of the refined unit
cell volume ratio (V/V,) of the Hg,Cl, compound as a function of
external pressure.”””” Interestingly, with slight increase in P, the V/
V) ratio shows a sharp rise with a peak at 0.25 GPa, beyond which
the V/Vj ratio falls monotonically until around P between 8 and
10 GPa, where a definite change in the gradient of the slope is
observed. Significantly enough the pressure P~ 0.25 GPa at which
the V/V, ratio attains the maximum value corresponds to the first
structural phase transition of Hg,Cl, crystal from its tetragonal
phase to the base-centered orthorhombic one [I4/mmm
(D)) > Cmem (D)))] as reported elsewhere.”** Our first-
principle calculations further suggest nearly twofold increase in the
unit cell volume at P =0.25GPa, mostly involving larger incre-
ments of the associated lattice parameters “a” and “b” in compari-

son to “c.” Changes in the lattice parameters of the Hg,Cl, crystal

-4500 (b)

-4560

-4620

-4740}
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FIG. 1. (a) Total energy vs volume curve for the unit cell geometry for the body-centered tetragonal phase [I4/mmm (D}])] of Hg.Cl, as obtained from the static DFT calcu-
lations at the HSE level of theory. (b) Total energy of the body-centered tetragonal phase [I4/mmm (D};)] of Hg,Cl, as a function of time as estimated from the BOMD sim-
ulations. (Vertical blue arrow shows the time at which the refined geometry of the compound being extracted.)
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(B)

ci(L)

Hg(C)
Hg(A) <
ci(L) ab7[

CI(L)-Hg(C)-Hg(A)-CI(L) linear chain Hg(C)Hg(A)[CI(V)1,CI(L) Octahedron

FIG. 2. (a) Refined optimized geometry for the tetragonal (l4/mmm) phase of
Hg,Cl, crystal at room temperature (300K) and at ambient pressure
(P=0GPa) as obtained from BOMD calculation. The zoomed-in-view of the
structure showing (b) linear chain of the molecule containing of Cl(L)-Hg(C)-Hg
(A)-CI(L) atoms and (c) the distorted octahedron Hg(C)Hg(A)[CI(V)]4CI(L). (Hg
atoms are shown in emerald blue and Cl atoms are shown in red.)

as a function of P are shown in Fig. 3(b). Such doubling of the unit
cell is also reported for the Hg,Cl, crystal as it undergoes tempera-
ture driven structural phase transition from the tetragonal to base-
centered orthorhombic [I4/mmm (D}]) - Cmcm (Dj})] phase at
185 K.°® With an increase in the external pressure P >0.25 GPa,
V/V, decreases smoothly until ~8 GPa, while beyond that pressure,
a distinct change in the slope is noticed at ~ 9 GPa, primarily signi-
fies the occurrence of the second phase transition for the crystal.
The presence of second phase transition at ~9 GPa has recently
been estimated experimentally by Roginskii et al from low-
frequency Raman spectroscopic studies.”” The associated lattice
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parameters ~P =9 GPa show overall small decrement in the “a,
“b,” and “c” values in comparison to that estimated between 0.5
and 8 GPa external pressure [Fig. 3(b)]. In fact, the external pres-
sure ~P =9 GPa may mark the pressure driven second phase tran-
sition of the Hg,Cl, crystal from the base-centered orthorhombic
[Cmem (D}])] to the primitive orthorhombic [Pnma (D}5)] phase.
The result as estimated from the BOMD calculations thus closely
matches with the experimental observation. Representative plots,
showing the temporal variations of energies for high pressure
Cmcm (Dj]) and Pnma (Dj}5) phases of the system, are depicted in
Fig. S3 in the supplementary material. The variations in the total
energy for Cmcm (D%) and Pnma (Défl) phases of the Hg,Cl,
compound as a function of unit cell volume, as accomplished from
BOMD simulations, are fitted using fourth order Birch-
Murnaghan equation of states””” and are shown in Fig. $4 in the
supplementary material. As for the tetragonal [I4/mmm (D}])]
phase of Hg,Cl,, the consequences of the finite size effects for the
orthorhombic [Cmem (D)) and Pnma (D}5)] phases of the com-
pound have also been considered. Figures S5(a) and S5(b) in the
supplementary material show the convergences of energy and
volume for the Cmem (D}]) and Pnma (D}}) orthorhombic phases
of the Hg,Cl, system as a function of N-atom cell size (N =38, 16,
32, 64). From Fig. S5 in the supplementary material, one can
clearly see that both the energy and the volume of the Hg,Cl,
system in its orthorhombic [Cmem (Dj7) and Pnma (Dj5)] phases
remain almost constant for 8, 16, 32, and 64 atoms.

The experimental observation further suggests that the base-
centered orthorhombic phase of Hg,Cl, remains stable within
0.25<P <9 GPa external pressure just before the onset of the
second phase transition.”” However, in general, both the phase
transitions at ~P =0.25 and 9 GPa for the Hg,Cl, compound are
accompanied by the changes in volumes, thereby suggesting such

transitions to be of first order type. The nature of such structural

phase transitions from I4/mmm (D}]) - Cmcm (D}7) and from

TABLE I. Computed refined lattice and structural parameters for tetragonal 14/mmm, Cmcm, and Pnma phases of the Hg,Cl, compound as obtained from BOMD simulations.

Phases
I4/mmm Cmcm Pnma

Measured parameters This study Experiments*** This study Experiments®’ This study
Lattice parameters (A)

a 4.489 4.470, 4.480 6.299 6.290 5.752

b 4.489 4.470, 4.480 6.249 6.240 5.751

c 10.929 10.890, 10.910 10.857 10.860 10.677
Volume (A%)

\%4 220.23 (Vo) 217.60, 218.97 427.36 426.25 342.14
Average bond length (A)

Hg(C)-Hg(A) 2.526 2.526 2617 2.624

Hg(C)-Cl(L) 2.424 2434 2.522 2.528
Average bond angle (deg)

Hg(C)-CI(V) 3.210 3.209 3.160 3.154

Cl(V)-Hg(C)-CI(V) 161.920 162.240 169.290 171.120

Hg(A)-Hg(C)-CI(V) 99.040 95.270 95.130

CI(L)-Hg(C)-Hg(A)-CI(L) 180.000 180.00 171.260 170.140
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Cmem (D}]) — Pnma (Dj5), whether they are “displacive” or of
“order-disorder” type, will be unveiled later.

Figure 4(a) shows the refined optimized geometries depicting
the crystal structures of the Hg,Cl, compound at 0.25, 6, and
9 GPa, representing the base-centered orthorhombic [Cmcm (D%)]
and primitive orthorhombic [Pnma ((D;g)] phases, respectively.
The corresponding lattice and structural parameters associated with
the above referred Cmcm (Dgl) and Pnma (D;Z) phases of the
compound are also shown in Table I. The experimentally deter-
mined lattice parameters for the Pnma (D;g) phase of the com-
pound are not available in the literature; however, for the Cmcm
(D)) phase, the available experimental results are depicted in
Table 1. The structural and lattice parameters associated with the
base-centered orthorhombic Cmcm (D)) phase of Hg,Cl,, as esti-
mated from the first-principle calculations, are in close harmony
with the experimental result.”” The refined structural parameters as
reflected from Table T show alterations in Hg(C)-Hg(A), Hg(C)-Cl
(L), and Hg(C)-CI(V) bond lengths of the compound as they
undergo structural phase changes from the body-centered tetrago-
nal to base-centered orthorhombic [[4/mmm (Dj;)—> Cmcm
(D3)] and primitive orthorhombic phases [Cmem (Dj]) — Pnma
(D59)] at two different pressures. These structural phase changes
also lead to variations in the Cl(V)-Hg(C)-CI(V) and Hg(A)-Hg
(C)-CI(V) bond angles involving Hg(C and A) and neighboring CI
(V) of the compound, which in turn results in the distortion of the
octahedral domains within the crystal lattice. Significantly enough,
the average dihedral angle of CI(L)-Hg(C)-Hg(A)-CI(L) shows
deviation from planarity and loses its linear form as the system
undergoes pressure driven phase transition from the body-centered

2.0

|
( a ) ?‘)ho\o\o

|

|

|

1.8} T
|

|

|

I
)
I
I
1.6 |

—> (P;), =0.25 GPa

1.4¢

VIV,

0.8 L
-2 0 2 4 6 8

Pressure (GPa)

16

ARTICLE scitation.org/journalljap

tetragonal ~ to  base-centered  orthorhombic [I4/mmm
(D}}) - Cmcm (Dj;)] and primitive orthorhombic phases [Cmcm
(D;Zl) — Pnma (D;fl)]. The variation of the above referred dihedral
angle with P is shown in Fig. 4(b). However, in this connection, it
may be relevant to mention that the differences in the structural
parameters associated with the compound at P =0.25, 6, and 9 GPa
[Fig. 4(a)] are indeed very minute, so it is not possible to capture
these changes from their respective images.

To estimate precisely the transition pressure (Pr), the variation
of enthalpy (H) with pressure for body-centered tetragonal [I4/
mmm (Dj}])] phase, base-centered orthorhombic [Cmem (DY)],
and primitive orthorhombic [Pnma (Dég)] phases of Hg,Cl, crystal
at room temperature has been estimated using the following rela-
tion:

H=E+PV, (1)
where E and V are the total energy and volume of the respective
unit cells associated with 14/mmm (D}}), Cmcm (Dj7), and Pnma
(D5%) phases of the Hg,Cl, compound, respectively, and P is the
applied external pressure on them. The respective variations of H
for 14/mmm (D)), Cmem (D}7) and Cmcm (D})), and Pnma
(D;g) phases of Hg,Cl, as a function P are shown in Fig. 5. The
transition pressure (Pr) corresponds to the point on the H-P plots
where the two enthalpy values for the above-mentioned phase pairs
of the compound [ca. I4/mmm (Dj]), Cmcm (D)) and Cmcm
(D)), and Pnma (Dj9)] become equal. From Figs. 5(a) and 5(b), it
is observed that the H-P plots of I4/mmm (D)), Cmcm (D}]) and

Cmcm (Dj7), and Pnma (Dj5) phases of Hg,Cl, intersect at
12.0 [ |
(b) !
| 1
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FIG. 3. (a) VIV, and (b) lattice parameters vs pressure plots under different external pressure ranging from 0 to 14 GPa. The transitions pressures (Pt); and (Pt), are

marked in the figures as vertical dotted (—) lines.
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FIG. 4. (a) Refined structures of the 14/mmm phase at 0.25 GPa and the Cmcm phase at 6 and 9 GPa external pressure for the Hg,Cl, compound calculated at room tem-
perature (Hg atoms are shown in emerald blue and Cl atoms are shown in red). (b) Variation in Cl(L)-Hg(C)-Hg(A)-Cl(L) average dihedral angle as a function of pressure

as calculated from the refined structures.

P =(P1); =0.25 GPa and P = (P1), =9 GPa. Thus, the external pres-
sures (Pt); and (Pr), are related to the transition pressures that
correspond to the first [4/mmm (D)) - Cmcm (Dj7) and second
Cmcm (D}]) —Pnma (D)) structural phase transitions of the
system. The results are in concordance with the experimental
observations that clearly predict the pressure induced phase transi-
tion of the Hg,Cl, crystal at P ~ 0.25 and 9 GPa.""™"

B. The phonon dispersion relations and the phonon
density of states of the Hg,Cl, compound at various
phases

The Hg,Cl, crystal at ambient pressure crystallizes to 14/mmm
(D)) space group symmetry. However, under different external
pressures at P =3 and 6 GPa, the compound belongs to the Cmcm
(D%‘) phase while at 12 GPa, we observe the Pnma (D;Z) space
group. The Hg,Cl, crystal in each of the above referred phases con-
tains eight atoms in their respective unit cells. Thus, 21 optical and
3 acoustic phonon branches are expected to appear in their phonon
dispersion spectra. The left panels of Fig. 6 [Figs. 6(A) and 6(B)]

and Fig. 7 [Fig. 7(A)] show the phonon dispersion curves of the
Hg,Cl, crystal representing body-centered tetragonal [I4/mmm
(Dj7)], base-centered orthorhombic [Cmcm (D}/)], and primitive
orthorhombic [Pnma (DJf)] phases, respectively, along the high-
symmetry directions r-M->X->I->P and
I'5Z—-X—->T—>Y of the Brillouin zone. The total and atom
resolved PHDOS related with the dispersion curves are also shown
in the right panels of the Fig. 6 [Figs. 6(a) and 6(b)] and Fig. 7
[Fig. 7(a)]. The phonon dispersion curves for the crystal in general
show the distinct presence of transverse acoustic (TA) and longitudi-
nal acoustic (LA) phonon branches in the expected lower frequency
window ranging from ~0 to 40 cm™'. Among them, the TA branch
is doubly degenerate along the X —T" direction for the tetragonal
and along I' - Z for the orthorhombic phases of the crystal. From
Fig. 6, nesting of the optical phonon branches for the body-centered
tetragonal [[4/mmm (D}])] phase of the compound at ambient pres-
sure is seen in three distinct frequency regions spanning from
~27.9-54.1, 91.6-143.3, and 195-271.4cm™". The dispersions of the
phonon branches in the high frequency region are little more pro-
nounced than for the low lying phonon branches at the ~27.9-54.1
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FIG. 5. The enthalpy—pressure plots for (a) |4/mmm and Cmcm phase and (b) Cmcm and Pnma phases of the refined structure of Hg,Cl, compound. The inset of (a)
shows the zoomed-in-view of the enthalpy—pressure plots for 4/mmm and Cmcm phases of the compound in the low-pressure domain ranging from pressure 0-0.5 GPa.
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FIG. 6. Left panel shows the phonon dispersion curves along the high-
symmetry points ' - M — X —T — P and the right panel depicts the total
and partial PHDOS of the BOMD refined structure of Hg,Cl, compound at P =0
and P =0.25 GPa as estimated from the HSE level of theory. (Blue and purple
color traces indicate optical phonon modes in 27.9-143.3 and 195-271.4 cm™"
frequency windows, respectively, while those with magenta and green colors
illustrate transverse and longitudinal acoustic phonon modes, respectively, in the
phonon dispersion curve). LO-TO splittings are marked in (A).

and 91.6-1433cm™' frequency regions. The corresponding total
and atom resolved PHDOS [Fig. 6(a)] reveal that the phonon
branches in the low frequency range (~27.9-54.1cm™") are linked
with vibrations involving Hg atoms, while in the high frequency

region (91.6-143.3 and 195-271.4cm™), larger weights on the

PHDOS are owed to the vibrations of the Cl sublattices. However,
the phonon branches for the Hg,Cl, crystal with the space group 14/
mmm (D}) at ambient pressure do not show any imaginary fre-
quencies, signifying the structure to be dynamically stable.
Interestingly, upon compression, the phonon dispersion spectrum of
the compound at P =0.25 GPa shows remarkable changes in their
general features. It is marked by the decrease in frequencies of the
optical T'j5, Mys, Xi3, P13 and slowest transverse acoustic (TA;) X;
phonon modes of vibrations at the respective high-symmetry points
I', M, X, P, and X in the Brillouin zone. Among them, the decrease
in the frequency of the TA; X; mode at the X high-symmetry point
of the Brillouin zone boundary for the Hg,Cl, crystal in the tetrago-
nal I4/mmm (D}]) phase at room temperature is reported to
decrease with the increase in P from 0 to 0.25 GPa.”” Moreover,
hardening in the optical phonon frequencies of the I54, Myy, Xy,
and P,; modes is also observed. The corresponding PHDOS as
shown in Fig. 6(b) exhibits broadening and shifts in the peak posi-
tions associated with Hg and CI atoms in the frequency range of
~0-69.5 and ~84.6-155.6 cm™". Similar broadening of the PHDOS
is also observed for hafnium when subjected to external pressure and
has been reported elsewhere.”’ The reason behind the broadening of
PHDOS spectra of Hg,Cl, at an external pressure P =0.25 GPa in
contrast to that estimated for P=0GPa may be attributed to the
increase of phonon energy states in the above referred frequency
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FIG. 7. (A) Phonon dispersion curves of the orthorhombic (Cmcm and Pnma) phases of Hg,Cl, along the high-symmetry points ' - Z — X — T — Y and the (a) total
and partial PHDOS of the compound calculated at P =3, 6, 9, and 12 GPa as estimated from the HSE level of theory.

range (~84.6-155.6 cm™"). Incidentally, experimental results and our
first-principle calculations (vide ante) suggest that external pressure
P ~0.25 GPa happens to be the transition pressure (Pr);, which is
explicitly linked with the first I4/mmm (D}]) - Cmcm (D}}) struc-
tural phase transition of the system.

Interestingly, after the first phase transition at (Pt);, at higher
external P>0.25GPa, the Hg,Cl, compound exits in the base-
centered orthorhombic phase [Cmcm (D;Z)]. The system is known
to remain dynamically stable in the same phase over the external
pressure range 0.25 < P <9 GPa.”’ The phonon dispersion spectra of
the Hg,Cl, crystal and their related PHDOS at the external pressures
P =3 and 6 GPa, thus, show no significant alterations in the disper-
sion behavior of the phonon branches. These features are clearly
apparent in Fig. 7(a). At pressure P =9 GPa, appreciable changes in
the dispersive features of the phonon branches are noticed. While
decrement in frequencies of the phonons linked with T'ys, Z;, Z;s,
Xi1, and Y;; modes of vibrations are estimated from the first-
principle calculations, concomitant up shifts of 'y, Z54, X5, and Yo
modes at the respective high-symmetry points I', Z, X, and Y in the
Brillouin zone are also observed. Figure 7(a) shows the associated
PHDOS of the compound at P=9GPa. The PHDOS shows

remarkable changes in the features displaying significant shifts in the
peak positions linked with Hg and Cl atoms of the compound
together with the emergence of energy states particularly in the fre-
quency window ~84-162cm™". Significantly enough, the external
pressure ~P =9 GPa is the transition pressure (Pr), that signifies the
second phase transition of the Hg,Cl, crystal leading to Cmcm
(DY) > Pnma (D) structural changes (vide ante). The condensa-
tions of Y;; and Z; phonons in the Cmcm (D%’) — Pnma (D;i)
phase transition are in excellent agreement with the results of the
earlier studies as reported by Roginskii et al”> At P>9 GPa, Hg,Cl,
is dynamically stable and exists in the primitive orthorhombic phase
with Pnma (Dj$) space group symmetry. A representative phonon
dispersion spectrum along with its associated PHDOS for the Pnma
(D3%) phase of the compound at P = 12 GPa is shown in Fig. 7.

C. Pressure dependence on the phonon normal modes
at high-symmetry points of the Hg,Cl, compound and
their corresponding eigenvectors

To gain more insights into the dependence of phonon fre-
quencies as a function of external pressures leading to the first 14/
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mmm (D)) —» Cmem (D)) and second Cmecm (Dj7) - Pnma
(D55) structural phase transitions at (Pr); = 0.25 and (Pr), =9 GPa,
respectively, of the Hg,Cl, compound, the variations of the phonon
frequencies at different high-symmetry points in the Brillouin zone
of the tetragonal [[4/mmm (Dj;)] and orthorhombic [Cmcm
(D;Zl)] phases of the system with pressure have been estimated. The
variations are shown in Figs. 8(a) and 8(b). From Figs. 8(a) and 8(b),
it is clearly seen that, in general, the low-frequency phonons in the
frequency range of 27.9-143.3 cm™" undergo noticeable downshifts
while the high frequency ones in the ~195-271.4cm™" region are
appreciably hardened. The other striking feature of the frequency vs
P plots is the distinct changes in the slopes at P=0.25 and 9 GPa,
which incidentally correspond to the transition pressures (Pr); and
(Pr), linked with the first and the second pressure driven phase tran-
sitions of the Hg,Cl, compound. Strikingly enough, beyond
(P);1 =0.25 and (Pr), =9 GPa, the phonon frequencies show no sig-
nificant variations with P, suggesting the presence of base-centered
orthorhombic [Cmem (D};)] and primitive orthorhombic [Pnma
(D;g)] phases of the Hg,Cl, compound over a wide range of external
pressures ranging from ~0.5 to 8 and above 9 GPa, respectively.
Figure 8(b) further entails about the variation in frequencies of the
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optical phonon branches associated with I'js, Z, Z;5, X;;, and Yy,
and Ty, Z,4 X35, and Y,4 modes with pressure. The former phonon
modes show gradual decrease in frequencies while the later reflect
the opposite trend at the onset of the second phase transition pres-
sure (P),=9 GPa. At P >9 GPa, the phonon frequencies show no
appreciable variations with P again suggesting the second structural
phase transition from the base-centered orthorhombic [Cmecm
(D%Zl)] to the primitive orthorhombic [Pnma (Difl)] phase of the
compound at a pressure of 9 GPa.

In this connection, considerable attention may be drawn from
the calculated low-frequency Raman active modes of the Cmcm
and Pnma systems at the I" point. The experimental observations of
the low-frequency Raman mode v} at ~59 em™' (caled. 44 cm™)
and the liberational mode ~137 cm™" (caled. 126.9 cm™") belonging
to B,y and By, + Bs, irreducible representations, respectively, closely
match with our calculated frequencies.”” Among them, the B,,
mode at ~59 cm™" had been experimentally reported to get soft-
ened and downshifted to ~ 56 cm™" (caled. 41.1 cm™!) during the
Cmem (D}]) — Pnma (D%g) structural phase transition of the
Hg,Cl, compound at 9 GPa in concordance with our theoretical
estimations. However, discrepancies in the assignment of the low-
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FIG. 8. Pressure dependent phonon frequencies at high-symmetry q points (a) I', M, X, and P for the tetragonal (14/mmm) phase and (b) I, Z, X, and Y for the ortho-

rhombic (Cmem) phase of the Hg,Cl, compound.
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frequency Raman active mode belonging to the A, irreducible rep-
resentation have been noted. While this mode was experimentally
observed to be at ~46cm™’ by Roginskii et al;® however,
Kaplyanskii reported the same to be at much higher frequency of
~275 cm™".%* Our theoretical calculations estimate the frequency of
this mode to be at 272.5cm™" in close agreement with the report of
Kaplyanskii. Although our estimated frequency does not match
with the result of Roginskii et al., yet subsequent hardening of this
Ag mode (from 272.5 to 298.7 cm™}) with an increase in pressure is
still reflected from our first-principle calculations in harmony with
that observed in the experimental observations.">"*

To understand the structural deformations associated with the
decrement and hardening of the optical phonon frequencies of the
Hg,Cl, compound under external pressures leading to I4/mmm

e

FIG. 9. Schematic representations of eigenvectors and atomic displacements for T'ys, X1, X141, I'24, and X, phonon modes of the tetragonal (I4/mmm) phase of Hg,Cl, at
0.25 GPa. (Large Hg atoms are shown in emerald blue and small Cl atoms are shown in red. The green arrows signify the atomic displacements.)

ARTICLE scitation.org/journalljap

(D)) - Cmem (D)) and Cmem (D)) — Pnma (Dj) structural
phase transitions at (Pr);=0.25GPa and (Pt),=9 GPa, respec-
tively, the Cartesian displacements of atoms for some of the repre-
sentative phonon modes are considered. They are shown in Fig. 9
and Fig. S6 in the supplementary material. From Fig. 9, it is clearly
seen that the phonon modes I';5 and X;; of the Hg,Cl, compound
involve displacements of the ClI atoms only along the basal ab
plane, while the Hg atoms remain stationary. The phonon mode X;
involves displacements of both Hg and Cl atoms in the ab plane.
These modes of vibrations may not only result in the bending of
linear CI(L)-Hg(C)-Hg(A)-CI(L) chain but also may promote
increments in the lattice parameters “a” and “b” of the compound.
Figure 9 also shows the atomic displacements of I',; and X,
phonon modes mostly involving stretching of the linear CI(L)-Hg

%
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TABLE II. Calculated non-zero components of on-site force constants for different phases of Hg,Cl, compound.

On-site force constants (N/m)

Phases K (Hg) K,y (Hg) K,, (Hg) K (C1) K,y (C1) K,, (Cl)
I4/mmm (P = 0.25 GPa) 0.50 0.50 0.92 1.58 1.58 2.07
Cmcm (P =9 GPa) 0.17 0.21 -0.07 0.17 1.07 -0.17

(C)-Hg(A)-CI(L) chain Cl atoms in opposite directions along the
crystallographic ¢ axis. These results collectively signify some alter-
ations in the lattice parameters of the Hg,Cl, at P =0.25GPa,
which in turn may result in the first phase transition of the com-
pound from the body-centered tetragonal I4/mmm (D}]) to the
base-centered orthorhombic Cmcm (D}7) phase.

Similar observations may be drawn from the representative
T'ys, Y11, X1, oy, and X5, phonon modes linked with the ortho-
rhombic (Cmcm) phase of Hg,Cl, at 9 GPa. The Cartesian
atomic displacements of the above referred modes are shown in
Fig. S6 in the supplementary material. The atomic displacements
of the phonon vibrational signatures, as shown in Fig. S4 in the
supplementary material, in general suggest small variations in the
lattice parameters of the compound that may lead to the second
structural phase transition from the base-centered orthorhombic
[Cmcm (Dj7)] to the primitive orthorhombic [Pnma (DJ$)] phase
of the Hg,Cl, crystal at P =9 GPa.

D. Nature of the structural phase transitions of Hg,Cl,:
Is it displacive or order-disorder type?

Two types of structural phase transitions, namely, displacive
and order-disorder types driven by the soft phonon modes are
known to exist.””™*" For both displacive and/or order-disorder
types of structural phase transitions, the high and the low symme-
try phases are known to be disordered and ordered, respectively. In
displacive-type phase transition, the potential energy hypersurface
in the multidimensional configuration space of the collective dis-
placements of atoms has a single global minimum at the equilib-
rium configuration. The atoms with varying kinetic and potential
energies move to and fro about the equilibrium configuration of
the potential energy hypersurface with frequencies that match with
the order of the phonon frequencies. For order-disorder type phase
transition, the potential energy hypersurface for the Cartesian dis-
placements of atoms belonging to the system exhibits multiple
wells of equal depths. Atoms jump over the finite barrier heights
between the two adjacent local minima within much longer time
intervals. To determine the nature of phase transition, on-site force
constant value Kj(u) for an atom p has been estimated from the
first-principle calculations. This estimated force constant values
together with their algebraic signs indicate the curvature and the
nature of the potential energy surface. The negative values of K;;(u)
signify the multiwell nature of the local potential energy surface,
while the positive values correspond to a surface with single
minimum. The positive and the negative values of the force con-
stants thus decide the nature of the phase transition to be “displa-
cive” or of “order—disorder” types, respectively.

The Hellmann-Feynman forces have been calculated sepa-
rately from the independent displacements of Hg and Cl atoms of
the Hg,Cl, crystal along the x, y, and z directions for the tetragonal
(I4/mmm (D}])] and orthorhombic phases [Cmcm (D)), Pnma
(D] of the compound. To understand the nature of the pressure
driven structural phase transitions, the on-site force constants
Kj;(Hg) and K;(Cl) for the Hg,Cl, system belonging to its [I4/
mmm (D})] and [Cmem (Dj}))], [Pnma (D}5)] phases have been
estimated from the DFPT calculations using the linear response
theory. The DFPT calculations reveal force constants
K;;(Hg) =K(Cl) =0 for i#j, while K;(Hg) and K;(Cl) exhibit
non-zero values. The non-zero values of the force constants
K;;(Hg) and K;;(Cl) along the xx, yy, and zz directions are shown
in Table II. Interestingly, the non-zero on-site force constants for
Hg and Cl atoms are found to be positive in the first I4/mmm
(D}}) = Cmcm (D)) phase transition. These results signify the dis-
placive nature of the first structural 14/mmm (D]) -» Cmem (D3]
phase transition of the Hg,Cl, compound at P =0.25GPa.
Interestingly, the z-components of the non-zero value of force
constant K,, for Hg and Cl atoms show negative values for the
second phase transition associated with Cmem (Dj7) — Pnma
(D3§) transition at 9 GPa. This observation suggests that the second
phase transition for the Hg,Cl, compound at P =9 GPa represents ¢
an order—disorder type.

26'8S°2l ¥20z 8unr L0

IV. CONCLUSIONS

This paper reports for the first time a detailed study based on
first-principle calculations that unveil the underpinning physics
behind the pressure induced structural phase transitions of the
Hg,Cl, compound at room temperature. The phonon modes linked
with the phase transitions of the compound have been critically
explored for its tetragonal and orthorhombic phases from their cor-
responding phonon dispersion relations and PHDOS. The pressure
dependence of the phonon modes at the respective high-symmetry
points have also been investigated to get deeper insights on their
role for the structural phase transitions of the compound. The
nature of the phase transition, whether it is “displacive” or of
“order-disorder” type, has been predicted. We believe that the
present study based on DFT and BOMD calculations will unveil
the underlying physics behind the phase transitions and the aniso-
tropic behavior of the compound, which in turn bears technologi-
cally significant relevance for its applications in optoelectronic
devices, acousto-optic tunable filters, polarized lasers, and in fiber-
optic communication systems. The first-principle calculations to
explore the temperature dependent phase transition of Hg,Cl, are
under way and will be focused in a separate publication.
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SUPPLEMENTARY MATERIAL

The supplementary material includes the Hellman-Feynman
force and total self-consistent field energy for the body-centered
tetragonal (I4/mmm) phase of Hg,Cl, compound as a function of
plane wave kinetic energy cutoff as estimated from the static DFT
calculations (Fig. S1), total energy and volume for the body-
centered tetragonal (I4/mmm) phase of Hg,Cl, compound as a
function of N-atom cell (Fig. S2), the temporal variation of total
energy of the Cmcm (Dj]) and Pnma (Dj}) phases of the Hg,Cl,
compound (Fig. S3), total energy vs volume curves for the Cmcm
(D;Zl) and Pnma (Dig) phases of Hg,Cl, as obtained from BOMD
calculations (Fig. S4), total energy and volume for the base-
centered (Cmcm) and primitive (Pnma) orthorhombic phases of
Hg,Cl, as a function of N-atom cell (Fig. S5), and the schematic
diagrams of eigenvectors and atomic displacements for I'ys, Ty,
Y11, X115, and X,, phonon modes of the orthorhombic (Cmcm)
phase of Hg,Cl, at P =9 GPa (Fig. S6).
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HIGHLIGHTS

e The structural and electronic properties
of Hg,Cl, have been investigated.

e The first-principles calculation was per-
formed using GGA with hybrid
functionals.

e The covalent and ionic interactions be-
tween Hg and Cl atoms have been
studied.

e The NBO analyses have been performed
to understand the CT interactions.

e The effect of Hubbard + Ugq and SOC
have also been explored.
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GRAPHICAL ABSTRACT

ABSTRACT

The structural and electronic properties of Mercurous Chloride (HgyCly) in its tetragonal (I4/mmm) phase at
room temperature have been investigated from the first principle calculations. Detail calculations within the
framework of density functional theory (DFT) upon incorporation of spin-orbit coupling (SOC) reveal that Hg,Cly
is a wide band gap charge transfer (CT) insulator with band gap energy (Eg) ~ 3.96 eV. Despite being a CT
insulator, the orbital resolved PDOS of Hg>Cl, compound exhibit energy dispositions that do not obey the Zaanen
— Sawatzky — Allen (ZSA) diagram. The effect of on-site Coulomb repulsion (Hubbard +Ugq) on the band gap of
the compound has also been studied in detail. The Mulliken bond population, electronic charge density distri-
bution and Bader charges analyses have been explored to unveil the covalent and ionic interactions between Hg
and Cl atoms of the HgyCly compound. The Natural Bond Orbital (NBO) analyses have been performed to gain
deeper insights on the CT interactions between Hg and Cl atoms of Hg,Cl,. The rationale behind the distortions of
the octahedral domains within HgsCl, crystal has also been elucidated in detail.

1. Introduction

systems (HFs) containing rare earth (RE) or actinide (Ac) elements
[1-8]. The local density approximation (LDA) or generalized gradient

One of the major challenges in the formalism of many body theory approximation (GGA) within DFT formalism proved to be unexpectedly
over the past two decades has been the correct interpretation of elec- successful in predicting the electronic band structures as well as the
tronic properties of the transition metal oxides (TMOs) or heavy fermion ground state properties of some significant materials such as reduced
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graphene oxide [9], aluminene [10], RuO, [11], LiX (X =F, Cl, Brand I)
[12] in harmony with the experimental observations. However, for
TMOs or HFs, both the formalisms struggle to reproduce any meaningful
results and fail to explain the experimentally observed insulating be-
haviours of such materials. While both the LDA and GGA calculations
suggest the metallic properties of the TMOs or HFs, in reality they turn
out to be insulators [7,13-17]. The apparent disagreement between the
theoretical predictions and experimental observations for these classes
of materials was closely studied to understand the underlying physics
behind them [6,13,14,18,19]. The root cause behind such anomaly was
identified to be due to the presence of partially occupied d and f elec-
trons in such systems of interest. In a simplified picture, the wave-
functions for the d or f orbitals of the transition metals (TMs) or RE/Ac
elements are localized more closely to the nucleus in comparison to the
wavefunctions associated with the s or p orbitals of similar energies [6,
13,14,20,21]. Thus the relative motions of the electrons confined within
these orbitals are statistically more correlated than for the electrons
residing in the s or p orbitals. In defacto, both the LDA and the GGA
formalisms do not explicitly take into account such electron correlation
effect on such systems of interest and thus fail to establish the correct
Hamiltonian that can reproduce closely with the experimental results.
Thus the inclusion of on-site Coulomb repulsion (+Ugq) eventually splits
the metallic bands as suggested from LDA or GGA calculations into two
discrete sets of Hubbard bands [ca. Upper (UHB) and Lower Hubbard
bands (LHB)] leaving behind a large band gap between them which is in
close agreement with the experimental observations. Such systems are
recognized as Mott — Hubbard (M — H) insulators [13,14,22-29].
However apart from M — H insulators there are other type of insulators
known to be of charge transfer type [26,30-34]. The complete picture
concerning the electronic properties of the compounds behaving as in-
sulators in general can be accomplished by considering the p orbitals of
the anions or the ligands surrounding the TM ions or rare earth elements.
An electron from the p orbitals of the anion or the ligands can be
transferred to the respective TM elements of the compound resulting in
an energy cost of Act, known as CT energy. Interestingly, the charac-
terization of the TM compounds exhibiting insulating behaviour can be
explored from the Zaanen — Sawatzky — Allen diagram as depicted in the
seminal work way back in 1985 [26]. The energy dispositions of the
d orbitals for the TMs and p orbitals of the surrounding anions (or li-
gands) as estimated from first principle calculations and/or X-ray ab-
sorption — emission spectroscopic studies (XAS and XES) decide the
nature of the insulator to be of M — H or of CT type [34,35].

Keeping the above things in mind the present paper reports an in-
depth study on the electronic properties of HgsCl, at room tempera-
ture (300 K), where the compound is known to exist in the tetragonal
phase. HgoCly, commonly referred to calomel, is an insulator and find
extensive applications as white pigment and electrodes in electro-
chemistry [36,37]. Moreover the mercury (I) halide compounds are
known to exhibit unique anisotropic behaviour with strong birefrin-
gence, effective for making polarizing prisms [38-40]. Of late these
compounds show early promises to be used as acousto-optic tunable
filters for the development of hyperspectral imagers covering the
UV-Vis-LWIR region [41]. Recently temperature dependent X-Ray
diffraction (XRD) studies of the tetragonal phase of HgsCl, reveal
negative thermal expansion coefficient of the compound over wide
temperature domain ranging from 30° - 250 °C [42]. In fact the
tetragonal phase of Hg,Cly at room temperature happens to be one of the
most useful compounds that finds extensive applications as calomel
electrodes, piezoelectric and birefringent materials and in acousto —
optic tunable filters. This paper may thus be considered as the first
comprehensive report where the band gap of HgsCls in its tetragonal
phase has been suggested from the first principle calculations. The ef-
fects of +Uqgq and the spin — orbit coupling on the band gap of the
compound have also been reported. Moreover, the nature of this insu-
lator, whether it is M — H or of CT type in conjunction with covalent
and/or ionic character is also explored in detail.
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2. Computational details

The first principle calculations have been performed using general-
ized gradient approximations within the DFT frameworks implemented
in Quantum ESPRESSO (QE) software [43-45]. Electron-ion interactions
have been incorporated through the pseudopotentials using Projector
Augmented Wave (PAW) method [46]. The GGA calculations within
DFT framework have been performed in conjunction with non — hybrid
PBE [47], PBEsol [48], BLYP [49] and hybrid B3LYP [50] and HSE [51]
exchange-correlation (XC) functionals. Rationale behind the specific
uses of hybrid functionals B3LYP and HSE in the first principle calcu-
lations is owed to the fact that both these functionals in conjunction with
GGA can reproduce the experimentally determined band gaps of
different materials with profound accuracies [52-57]. The convergence
criterion of total electronic energy has been set to 108 a.u. with the
threshold of maximum Hellman-Feynman force of 1073 a.u. The
maximum cell pressure and temperature have been fixed to 10> GPa
and 300 K respectively throughout the optimization steps of the calcu-
lation. The plane wave kinetic energy (KE) cut-off for the first principle
calculations was set at 50 Ry. The specific KE cut-off for the system
under study has been estimated from total self-consistent field (SCF)
energy versus kinetic energy cut-off plot for the associated charge den-
sity of ~ 400 Ry. A specific grid of 9 x 9 x 9 gamma-centred k-point
mesh with Monkhorst-pack was set initially from the total SCF energy
versus k-point mesh plots for optimization and SCF energy calculations.
Later a dense k — point grid of 19 x 19 x 19 has been taken for further
refined non-self-consistent field (nSCF) calculations involving density of
states (DOS) and band structures of the compound.

Phonon dispersion spectrum and phonon density of states (PhDOS)
have been estimated within harmonic approximation using the linear-
response method through density functional perturbation theory
(DFPT) [58,59]. The phonon data have been estimated through the
diagonalization and sampling of dynamical matrix D(k) for any arbi-
trary wave vector k. To explore the effect of +Ugq correction on the band
gap of the HgyCly compound, the GGA + U calculations have been
performed [22,26,28]. The rotationally invariant formalism of +Ugq
correction introduced by Dudarev et al. was used to implement the
Coulomb repulsion term +Ugqq [60] for 5d orbital of Hg atom. To
investigate the relativistic effects of the heavy Hg element on the band
gap of the compound, the spin-orbit interaction [61] and non-collinear
magnetism [62] has been taken into account in the above referred
relativistic PAW pseudopotential.

The Bader charge analyses have been performed to estimate the
differential charge distribution and the electron charge density localized
in the valence band of the compound using BADER CHARGE ANALYSIS
code developed by Henkelman Group [63-65]. The natural bond orbital
analyses have been performed from the DFT calculation at HSEH1P-
BE/SDD level of theory using Gaussian 09 [66] and with GENNBO 5.0W
suit of software. The 2D orbital contour diagrams are obtained from
NBOView 6.0 [67] embedded in the GENNBO 5.0W suite of the
software.

3. Results and discussions
3.1. Structure of HgsCly compound

Mercurous Chloride at room temperature crystallizes in the tetrag-
onal phase and falls under I4/mmm (space group no. 139) space group
symmetry. The crystal structure and the associated lattice parameters of
HgsCl, compound in the tetragonal phase are reported from the exper-
imentally determined X-Ray [68] and neutron diffraction [69] data. The
unit cell of HgyCly comprises of one formula unit (Z = 2) with 8 atoms,
where Hg and Cl are at 4e (0, 0, 0.11577) and 4e (0, 0, 0.3380) Wyckoff
sites. Starting from the experimentally determined lattice parameters a
=bandc (a=b=4.4795 .7\, ¢ = 10.9054 /0\), the unit cell associated
with the tetragonal (I4/mmm) phase of HgoCl, has been optimized from
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GGA calculations using PBE, PBEsol, BLYP, B3LYP and HSE exchange
correlation functionals. Prior to optimizations, the plane wave kinetic
energy cut-off for the valence electrons and the size of the k — point grid
has been fixed. While the KE cut-off for the valence electrons of HgsCly
compound has been estimated from the total SCF energy versus KE
cut-off plots for different GGA-XC functionals; the mesh density of the
grid has been accomplished from the variations of total energy as a
function of k points for a fixed KE cut-off. The changes in the total SCF
energies of HgyCly compound with plane wave KE cut-off plots and
k-points are shown in Fig. 1 (a) and Fig. 1 (b) respectively. It is clearly
seen from Fig. 1 (a) that the KE cut-off ~ 50 Ry is sufficient to carry out
further calculations to estimate the size of the k — point grid. For a fixed
energy cut-off at 50 Ry, Fig. 1 (b) shows successful convergences of total
energies for the k — point mesh > 5 x 5 x 5. These results collectively
suggest that the k-point mesh of 9 x 9 x 9 and 50 Ry KE cut-off are
sufficient to carry out the first principle calculations for predicting the
optimized structure and the electronic properties of the HgoCly com-
pound. However for nSCF calculations involving DOS and band struc-
tures of HgyCly more denser k — point grid 19 x 19 x 19 have been
considered.

The total SCF energies (E) for the unit cell of HgoCl; as a function of
unit cell volumes (V) have been estimated from the GGA — XC (XC =
PBE, PBEsol, BLYP, B3LYP and HSE) calculations for the KE cut-off of the
plane wave fixed at 50 Ry and mesh sizes each comprising of 9x 9x 9 k-
points. The E versus V plots for different levels of theory are shown Fig. 2
(a, b). All the plots, so generated from the first principle calculations, are
fitted using Birch-Murnaghan equation of state [70,71]. From Fig. 2 (b),
it is clearly seen that the unit cell of HgsCl; exhibits lowest SCF energy
for the GGA - HSE calculations. The unit cell volume ~ 219.164 A3
corresponding to the minimum SCF energy ~ — 891.260 Ry closely
matches with the experimental observations as reported from the
neutron diffraction studies (~ 219 /0\3).

The optimized lattice parameters, the optimized volumes of the unit
cell and their respective SCF energies, as obtained from different levels
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of theory, are shown in Table S1 (supplementary material). Table 1
further shows the optimized lattice and structural parameters of HgsCl,
compound as enumerated from GGA-HSE level of theory for direct
comparison with the available experimental results. From Table 1, it is
clearly seen that estimated parameters from GGA-HSE calculations are
in excellent agreement with the experimental results in general and with
the observations as reported by Dorm et al. [72].

The optimized geometrical structure of HgoCly, as obtained from
GGA-HSE level of theory is shown in Fig. 3. The crystal structure marks
the presence of apparently distorted octahedral environments with
corner sharing Hg(Cent) atoms. The magnified view of the quasi octa-
hedral environment is shown in Fig. 3 (¢). From Fig. 3 (c), it is clearly
seen that the neighbouring chlorine [CI(V)] and apical mercury [Hg
(Ap)] atoms at the vertices form the distorted octahedron Hg(Cent)Hg
(Ap)[CL(V)]s with Hg(Cent) at its centre. Several distorted octahedra are
dispensed in three dimensional space over the crystal lattice whose
depiction is shown in Fig. 3 (a). Each of the apparently distorted corner
sharing octahedron will now be designated as Hg(C)Hg(A)[CL(V)]s
henceforth just for the sake of simpler nomenclature. The distortion in
the octahedron is manifested by the decrease in Cl(V)-Hg(C)-CI(V)
angle ~ 161.92° along the a-b plane [Fig. 3 (c)]. Interestingly, the Hg
(C)-CI(V) bond lengths for each of the CI(V) pairs are equal and is ~
3.21 A. However, one of the neighbouring Cl(V) atom form a CI(V)-Hg
(C)-Hg(A) linear chain with the associated angles ~ 180°. To isolate the
chlorine atom [CI(V)] involved in the linear chain from the rest, we
designate it as CI(L). The linear CI(L)-Hg(C)-Hg(A)-CI(L) chain of
Hg»Cl, in tetragonal (I4/mmm) phase is considered to be responsible for
large anisotropy, birefringence and low transverse acoustic wave ve-
locity of the compound [38-41,74]. In this new nomenclature, the
associated octahedron in the crystal lattice of the HgoCly compound will
be designated as Hg(C)Hg(A)[CI(V)14CI(L) hereafter.

The CI(L)-Hg(C), Hg(C)-Hg(A) bond lengths are not equal and
estimated to be 2.424 A, 2.526 A respectively. The deviation in bond
length of ~ 0.102 A primarily signifies that Hg(C) is off-centered and
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Fig. 1. Total SCF energy versus (a) plane wave kinetic energy cut-off and (b) k — point mesh plots for HSE, B3LYP, BLYP, PBE and PBEsol functionals within GGA
method. The KE cut-off of 50 Ry and k-point mesh of 9 x 9 x 9 are marked with black dashed vertical lines (----- ).
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Table 1
Optimized lattice and structural parameters for the tetragonal (I4/mmm) phase of Hg,Cl, compound.
Measured parameters Havighurst Dorm et al. (1971) [72] Kleieret al. (1980) [73] Pelantet al. (1987) [40] Nicholas et al. (1989) [69] This Study
(1926) [68]
Lattice parameters A)
a=b 4.470 4.482 - 4.478 4.479 4.482
c 10.890 10.910 - 10.910 10.905 10.910
Statistical average of bond lengths A)
Hg(C)-CI(L) - 2.430 2.430 2.420 2.362 2.424
Hg(A)-Hg(C) - 2.526 2.600 2.530 2.595 2.526
Hg(C)-CI(V) - 3.209 3.210 3.210 3.206 3.210
Statistical average of bond angles (degree)
Hg(A)-Hg(C)-Cl(L) - 180 180 180 180 180
CI(V)-Hg(C)-CI(V) - - - - - 161.92
Hg(A)-Hg(C)-CI(V) - - - - - 99.04
Statistical average of dihedral angle (degree)
CI(L)-Hg(C)-Hg(A)-CI(L) 180 180 180 180 180 180

shifted more towards the vertex, albeit lying undeviated on the local c -
axis. Closer inspection of the supercell unveils another interesting
feature concerning dispositions of the octahedral domains. The repeti-
tive octahedra are connected through CI(L)-Hg(C)-Hg(A)-CI(L) linear
chain with the corresponding dihedral angle ~ 180° (Fig. 3 ().

3.2. Phonon dispersion and total phonon density of states of HgxCl, in the
tetragonal phase

To ensure the dynamical stability of HgoCly compound, the phonon
dispersion curve along the '-M—X—I'-P high symmetry points has
been estimated from GGA calculations in conjunction with HSE func-
tional. The dispersion curve together with phonon density of states are
shown in Fig. 4. From the dispersion plot, it is seen that all the twenty
four phonon modes at any q points on the dispersion spectra (Fig. 4)
show positive values thereby affirming the dynamical stability of the
system. The phonon frequencies of the HgyCly crystal system spans a
narrow wave number window ranging from 0 to 300 cm ™. While the
optical phonon modes at relatively higher frequencies ~85 — 300 cm ™

are emanated from Cl atoms, while those at ~85 — 150 cm ™! frequency
window, both Cl and Hg atoms are seen to contribute. At comparatively
lower frequency window (55 — 65 cm ™), the optical phonons explicitly
originate from the Hg atoms. The wide dispersions of optical phonon
modes in three distinctively different wavenumber windows are owed to
different atomic masses of the constituent Hg and CI atoms of the Hg,Cl,
system. The acoustic phonon modes are also observed at lowest fre-
quency window spanning in the range 0 — 45 cm™!. The cross over re-
gions between the optical and acoustical phonon vibrational modes is
observed in the frequency range 35 — 45 cm™*. Moreover this mixing of
low - frequency optical phonons with transverse acoustic and longitu-
dinal acoustic modes may suggest good thermal conductivity [75] in
Hg»Cly compound.

Since Hg»Cl, is an ionic solid the phonon dispersion calculations
have been performed by considering the coupling between the macro-
scopic electric field and the atomic displacements. These calculations
help to identify the Longitudinal Optical - Transverse Optical (LO - TO)
splitting, resulting from loss of degeneracies of the optical phonon vi-
brations. The LO - TO splitting are observed near the r point at 84 cm™!
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Cci(V)

Hg(C)Hg(A)CI(V),CI(L) Octahedron

Fig. 3. (a) Supercell (2 x 2 x 2) of the tetragonal phase (I4/mmm) of Hg>Clacompound. The magnified view of the supercell showing (b) linear chain comprising of Cl
(L)-Hg(C)-Hg(A)-CI(L) atoms (c) the octahedral environment. (Cl atoms are shown in red and the Hg atoms are shown in emerald blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and 135 cm ™! in the phonon dispersion spectrum. The LO modes are probable band gap energy of the tetragonal (I4/mmm) phase of Hg,Cl, at

estimated to have greater frequencies than the TO modes (w0 > ®710).
The rationale behind it is due to the fact that the local field around the
neighbouring atoms induce polarization in opposite direction for the LO
modes, while the polarization is induced in the same direction for the TO
modes. The Longitudinal Acoustic - Transverse Acoustic (LA — TA)
splitting is also observed in the lowest phonon branches at ~ 14.723
cm ! near the Brillouin zone boundary. The various LO - TO and LA - TA
splitting of the phonon modes are marked in Fig. 4 (a).

3.3. Electronic properties of Hg2Cl, compound in the tetragonal phase

The Hg" ion of the successive distorted octahedra prevalent in the
supercell of HgyCl, and the surrounding Cl™ ligands have electronic
configurations of [Xe]4f**5d'%s' and [Ne]3s?3p°® respectively. The

room temperature and ambient pressure has been estimated from the
first principle study for GGA calculations with varied levels of theory
using different exchange correlation functionals. The estimated values

Table 2

The estimated values of band gap of Hg,Cl; in the tetragonal phase as
obtained from GGA calculations in conjunction with different exchange
functionals.

GGA with exchange functionals Band Gap (eV)

HSE 3.93
B3LYP 3.78
BLYP 3.43
PBE 2.80
PBEsol 2.79
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of Eg are shown in Table 2. From Table 2, it is clearly seen that the Eg
values, as estimated from the first principle study with HSE, B3LYP and
BLYP exchange functionals, predict a larger band gap (3.43eV - 3.93 eV),
while for the functionals PBE and PBEsol the calculated Eg4 values are
grossly underestimated. It is reported that GGA calculations with hybrid
HSE functional has the capability to reproduce the experimental band
gaps quite satisfactorily [54,76-78]. Thus we primarily believe that the
predicted Eg value of the HgoCl, compound at room temperature in its
tetragonal (I4/mmm) phase to be ~ 3.93 eV, whose optical band gap at
room temperature in this phase is experimentally reported to be ~ 4.0
eV [79].

Fig. 5 shows the E — k diagram of the tetragonal phase of Hg,Cl, at
room temperature and ambient pressure along the high symmetry points
I'-M—-X—I'-P in the reciprocal k space, as estimated from GGA - HSE
calculations. Direct band gap ~ 3.93 eV is observed at the high sym-
metry point M. No trace of dispersive energy states are noted near the
Fermi level (Ep) in the E-k diagram. These results signify that the
tetragonal (I4/mmm) phase of Hg>Cly compound represent a wide band
gap insulator.

Interestingly, Hg is a post transition metal whose “d” orbitals are
completely filled. We are interested to see the effect of on-site Coulomb
repulsion on the estimated Eg value of Hg>Cl compound. The strength of
Hubbard “+Uyq” interaction has been varied over a wide range from 4 to
12 eV. Fig. S1 (supplementary material) shows the variation of Eg for
different values of +Ugq as obtained from the GGA calculations with
hybrid HSE and non-hybrid BLYP functionals. No change in E; value of
HgsCl, has been observed upon the inclusion of +Ugq term for the GGA
calculations with both the functionals HSE and BLYP. These observa-
tions indicate that the incorporation of the Hubbard +Uygq term has no
effect on the estimated band gap value of HgyCly. The apparent inertness
on the variation of band gap of Hg>Cly upon inclusion of the Hubbard
+Uq4q parameter may be rationalised. The Hg atoms of HgoCly have
completely filled 5d*° orbitals. This precludes the electrons to hop from
any degenerate "d" orbitals to the other upon excitation, resulting in no
energy cost +Ugq associated with them (d*d" » d*'d**!). This result
suggests that Hg,Cl, is although an insulator but not of strongly corre-
lated M — H type. However in this context it may be mentioned that
electrons from the occupied 6s orbital of Hg are free to hop towards the
vacant 3p orbital of Cl atoms, whose possibility will be explored later.
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Fig. 5. Electronic band structure of the tetragonal phase of Hg»Cl,as calculated
from GGA calculations in conjunction with HSE functional along the high-
symmetry points '-M—X—I'-P. The band gap and the Fermi energy (Eg)
are shown in black arrow and black dashed line respectively.
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3.4. Total electronic density of states (TDOS) and orbital resolved
projected atomic density of states (PDOS) of HgzCly compound

To introspect the bonding configurations of Hg»Cl; compound and to
explore the possibility whether the compound falls under the class of
charge transfer insulator or not, the TDOS and PDOS calculations have
been performed within DFT framework for GGA — HSE level of theory.
The results of the calculations are shown in Fig. 6. The TDOS calcula-
tions clearly show depletion of electronic energy states in the vicinity of
the Fermi energy level, signifying the insulating behaviour of the com-
pound. The orbital resolved PDOS for the atoms Hg(C), Hg(A) - 5d, 6s
orbitals and CI(L), CI(V) - 3p and 4s orbitals have been estimated and are
shown Fig. 6 (b) and 6 (c) respectively. The top of the valence bands of
the compound, ranging between - 4 and 0 eV, are mainly dominated by
CI(L) - 3p, 4s; CI(V) - 4s and Hg(C), Hg(A) - 6s orbitals. Partial overlap of
the 6s orbitals of Hg(C) and Hg(A) may suggest weak to moderate s-s
hybridization between two Hg atoms [80,81]. Significantly enough,
substantial overlap between the 3p orbital of CI(L) atom with Hg(C), Hg
(A) - 6s orbitals have been noticed. These observations may signify
strong covalent interactions resulting in the formation of directional ¢
bond between Hg(C), Hg(A) and CI(L) atoms as a result of s-p hybrid-
izations. The result is in accordance with the earlier report that depicted
the molecular structure of Mercurous Halides [73].

Interestingly, Fig. 6 shows that the bottom of the conduction band is
dominated by Hg(C), Hg(A) - 6s; CI(L), CI(V) — 4s orbitals with weak
trace from the contributions of CI(L) and CI(V) - 3p orbitals. The relative
weights from the contributions of Hg - 6s or Cl - 3p orbitals in the
conduction band of the compound can be readily envisaged from the
PDOS plots. While the 6s orbitals from both the Hg(C) and Hg(A) atoms
show intense peaks around —4 to 4 eV, the peaks emanating from the 3p
orbital of CI(V) are comparatively weak and ill resolved. No prominent
trace of bands originating from the 5d orbitals of either of Hg atoms is
observed. These observations collectively suggest strong s-p and
comparatively weak s-s hybridizations between Hg(C), Hg(A) - 6s with
CI(L) -3p and Hg(C) - 6s with Hg(A) - 6s atoms respectively. The strong s-
p hybridizations may result in charge transfer (CT) interactions [82-85]
between Hg(C and A) and the surrounding CI(L) atoms forming the
linear CI(L)-Hg(C)-Hg(A)-CI(L) chains of Hg>Cly compound. Moreover
weak but definite overlap between Hg(C) - 6s and CI(V) - 3p, 4s may also
suggest remote possibility of CT interactions between Hg(C and A) and
neighbouring CI(V) atoms. In absence of on-site Coulomb repulsion
+Uqgq (vide ante) resulting to upper and lower Hubbard bands, the
transfer of electrons between Hg and Cl are associated with energy cost
leading to CT interaction energy (Acr). This in turn results in wide band
gap opening and thereby identifying the compound to behave like a CT
insulator. Significantly enough, the energy dispositions in the PDOS
plots (Fig. 6) in case of HgsCly do not follow the nature of Zaanen —
Sawatzky — Allen diagram [26], as frequently observed for CT insulators
with p-d hybridizations. Above observations further indicate that the
ZSA diagram which has been the hallmark of CT insulators for TM
compounds is not necessary to be strictly obeyed in the case of CT in-
sulators for the post transition metals like Hg. However, in this
connection it may be relevant to mention that apart from being a CT
insulator Hg and Cl atoms of the Hg,Cly; compound can undergo long
range ionic interactions between the Hg" cation and Cl~ anions as
evinced from the LO - TO splitting of the phonon modes near the I" point
(vide ante).

3.5. Bond population analysis of HgzCly compound

To gain deeper insights concerning the covalent and/or ionic char-
acters of bonding in Hg,Cly, the Mulliken bond population analyses [86]
have been carried out in terms of atomic, orbitals and effective valence
charges of Hg and Cl atoms present in the compound. The results of the
Mulliken bond population analysis have been illustrated in Table 3.
From Table 3 it is observed that the atomic Mulliken charges for Hg(C),
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Fig. 6. (a) TDOS spectrum of the tetragonal phase of Hg,Cl, as estimated from GGA level of theory in conjunction with HSE functional. (b) Orbital resolved PDOS
plots of the 5d and 6s orbitals of Hg(C) and Hg(A) atoms. (c) PDOS spectra of the 3p and 4s orbitals of CI(L) and CI(V) atoms.

Table 3

Charge spilling parameter (%), individual Orbital, Mulliken and Effective Valance charges on Hg and Cl atoms in Hg5Cl, compound.

Atoms Charge spilling parameter (%) s p d Total charge Mulliken charge Effective Valance charge
Hg(C) 0.002 1.05 0.91 9.91 11.87 +0.13 +11.87

Hg(A) 1.01 0.91 9.93 11.85 +0.15 +11.85

CI(L) 1.79 5.30 0.00 7.10 -0.10 -

CI(V) 1.99 5.19 0.00 7.18 -0.18 -

Hg(A), CI(L) and CI(V) atoms are 0.13, 0.15, — 0.10 and — 0.18 respec-
tively. In general the normal atomic charge values for pure ionic states of
Hg and Cl atoms are +12 and — 7 respectively. The deviation of Mulliken
charge values from pure ionic states of Hg and Cl atoms indicate the
prevalence of covalent interactions between Hg and Cl atoms. The key
contribution for the CT interaction between Hg(C/A) and CI(L/V) atoms
has been significantly noticed from the individual 6s and 3p orbital
charges of Hg (+1.05 e, +1.01 e) and Cl (+5.30 e, + 5.19 e) atoms
respectively. This implies CT interaction from 6s orbitals of Hg(C/A) to
3p orbitals of CI(L/V) atoms. The estimated observations are in line with
the PDOS as discussed earlier (vide ante). Moreover the effective valence
charges on Hg(C)/Hg(A) atoms have been estimated to be +11.87 e/+
11.85 e. The non — zero values of effective valence [87] signify the
presence of both the covalent and ionic bonds in HgoCl,, albeit the co-
valent bond dominates in the compound [88].

3.6. Electronic charge density distribution and the Bader charge analyses
of HgaCly

To understand more closely the covalent and long range ionic in-
teractions between Hg and Cl atoms and the CT mechanism (vide ante) of
HgyCly, the electron charge density in the valence band of the compound
has been estimated and is shown in Fig. 7. From Fig. 7 it is clearly seen
that the electronic charge density distributions around Hg(C/A) and Cl
(L) atoms in the linear CI(L)-Hg(C)-Hg(A)-CI(L) chain of Hg,Cl, com-
pound are non - spherical, suggesting covalent interactions between
them [88]. This is further substantiated by the considerable overlap of
electron clouds between Hg(C), CI(L) and Hg(A), CI(L) atoms. All these
observations are in close agreement with the orbital resolved PDOS and
bond population analysis studies as discussed earlier (cf. 3.4 & 3.5).

The electron cloud density distribution as shown in Fig. 7 further
unveils some interesting aspects. Depletion of electronic charge cloud
density between Hg(C), Cl(V); Hg(A), CI(V) and Hg(C), Hg(A) atoms
have been noticed. While the depletion of electron cloud between the
former pairs of Hg(C), CI(V) and Hg(A), C1(V) atoms may portend long
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Fig. 7. The electronic charge density distribution map of Hg»Cl, compound.
(Isosurface value = 0.009).

range ionic interactions between them, however for the later pair [ca.
Hg(C) and Hg (A) atoms] appreciable charge transfer from Hg(C/A) to
the neighbouring Cl atoms may be presaged.

This result is further substantiated from the differential charge
density distribution map as shown in Fig. 8. From Fig. 8, it is found that
the differential Bader charge densities on Hg(C) and Hg(A) atoms are
0.14 e and 0.16 e respectively, while for CI(L) it is — 0.09 e and for CI(V)
it is estimated to be — 0.20 e. Positive values of differential charge
densities on Hg (+ 0.14 e, + 0.16 e) and negative values of the same in
the Cl atoms (— 0.09 e, — 0.20 e) indicate charge transfer from Hg to Cl
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atoms [89,90].

3.7. Natural bond orbital analysis

To gather more information concerning the CT interactions between
Hg and Cl atoms of the HgyCl, compound, the Natural Bond orbital
(NBO) analyses have been performed. The basic concept behind the NBO
analyses was suggested by Lowdin in his seminal work and had been
reported elsewhere [91]. NBO analyses generate molecular orbitals of
the compound from the Lewis concept that depict localized and doubly
occupied electron pair orbitals in one, two or three centred regions
representing lone pairs (LPs) and chemical bonds (BD, 3C) respectively.
Detail discussions and comprehensive reviews on the basic concept and
applications of NBOs are depicted in several literatures reported else-
where [92-100]. NBO calculations have been performed by considering
the probable interactions between the donor (filled) and the acceptor
(vacant) NBOs in terms of stabilization energy E,, as estimated from the
second order perturbation theory. The stabilization energy E; associated
with the delocalization (i — j) energy AEj is represented as:

< g
E,=AE;j=q;

f’m >
(@]

g — &

where g; is the orbital occupancy of donor, F is Fock or Kohn-Sham
matrix and also known as effective orbital Hamiltonian. The diagonal

elements ¢ (~ < ¢;|F

0;>) and ¢ (~ < aj’? ‘aj >) are the orbital en-

ergies of donor and acceptor respectively. The stabilization energies (Ez)
of the relevant bond-bond Hg(C)-Hg(A) (c)/Hg(C)-Cl(L) (o) and bond-
antibond Hg(C)-Hg(A) (c)/Cl(L)-Cl(V) (c*) interactions have been
estimated and are shown in Table 4. From Table 4 it is clearly seen that
the interaction between Hg(C)-Hg(A) (c)/Hg(C)-CI(L) (c) shows strong
stabilization accounting to the large E; value (5.85 kcal/mol) in com-
parison to the Hg(C)-Cl(V) (c)/CI(L)-CI(V) (c*) interaction. The large
stabilization energy depicting bond-bond Hg(C)-Hg(A) (6)/Hg(C)-CI(L)
(o) interactions signifies considerable CT from Hg(C/A) to CI(L) atoms in
accordance to our earlier conjecture (vide ante).

Fig. 9 shows the 2D-contour plots depicting bond-bond Hg(C)-Hg(A)
(6)/Hg(C)-CI(L) (o) and bond-antibond Hg(C)-CI(V) (c)/Cl(L)-CI(V)
(c*) interactions. The 2D contour plot for the Hg(C)-Hg(A) (c)/Hg(C)—

Fig. 8. Differential charge density distribution (a) side view and (b) planer view along bc - plane of the 2 x 2 x 2 supercell of Hg>Cl, compound as estimated from the
Bader charge analysis. [Emerald blue and the red colour balls in the ball and stick model of Hg>Cl, compound indicate Hg and Cl atoms respectively. Isosurface level
= 0.010]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 4
Bond - bond and bond - antibond interactions (in kcal/mol) for the Hg and Cl
atoms of Hg»Cl, compound as calculated from HSEH1PBE/SDD level of theory.

Bond - bond/antibond Stabilization energy Fock matrix element

Interactions (Eo) (Fyp
(kcal/mol) (a.u.)

Hg(C)-Hg(A) (6)/Hg(C)-CI(L) (6)  5.85 0.033

Hg(C)-Hg(A) (6)/CI(L)-CI(V) (6*)  0.58 0.010

CI(L) (o) bonding orbital reveals considerable overlap in the region of
Hg(C)-Hg(A) and Hg(C)-CI(L) bonds (F;; = 0.033 a.u.) thereby promot-
ing the CT interactions.

3.8. Distortions of the octahedral domains within the crystal lattice of
HgZClg

From the analyses of the PDOS, as discussed in the earlier section, we
believe the self-consistent energy alignment through hybridization may
primarily stands responsible in the formation of distorted octahedral
domains of Hg(C)Hg(A)[CL(V)]4CI(L) in the crystal structure of the
HgCl, compound. In each octahedral domain (Fig. 3 (c)) one Hg(A) and
five Cl [among them four are neighbouring C1(V) and one is CI(L)] atoms
form the vertices of the octahedron with Hg(C) at the centre. We are
interested to see how the presence of the neighbouring Cl [CI(V) and/or
CI(L)] atoms influence the energy levels associated with the 5d orbitals
of both Hg(C) and Hg(A) atoms despite of screening from their respec-
tive 6s orbitals. The orbital resolved PDOS of 5d orbital of Hg(C) and Hg
(A) atoms are shown in Fig. 10. From Fig. 10 (A) (upper left panel) it is
seen that near the valence band edge, loss of degeneracy of the 5d or-
bitals of Hg(C) has been observed. Similar observation is also noticed for
different compounds and has been reported elsewhere [101-103].
Splitting of d orbitals in the PDOS spectrum appears as two distinct
branches. While the former branch at higher energy is dominated by the
overlapped dxz_yz, dyy and dx orbitals, the latter is mostly comprised of
overlapped dxz_yz, d322_r2, dyy, dy; and d,x orbitals. Interestingly the 5d
orbitals of Hg(A) atom around the valence band do not show any loss of
degeneracy [Fig. 10 (A) (lower left panel)]. These results may suggest
that the loss of degeneracy in the 5d orbitals of Hg(C) atom in the
valence band may result in the structural distortion of the octahedral
domains in the lattice of the Hg>Cls compound (vide ante) in pursuit for
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achieving the minimum energy configuration.

3.9. The effect of SOC on the band gap of the compound

Although the on-site Coulomb repulsion between the “d” electrons of
Hg in Hg2Cly is suggested to play no role in the generation of band gap of
the compound (vide ante), yet the effect of Eg upon inclusion of SOC has
still been estimated. The SOC is primarily included in the calculations to
account the relativistic effects of the heavy Hg atom. In presence of SOC,
the GGA calculations with HSE functional suggest an overall increment
in the band gap of the compound by 34 meV as shown in Fig. S2 (sup-
plementary material).

Thus the “d” orbitals of Hg though have no apparent effect on the Eg
of HgyCl, due to the absence of on-site Coulomb repulsion, however
these orbitals can perturb the band gap due to SOC. The SOC effect can
further induce splitting of p orbitals associated with Cl atoms. The
combined effect of SOC on the splitting of d orbitals of Hg atoms and p
orbitals of Cl atoms may result in the increase in band gap of the com-
pound by 34 meV. Thus the overall E for the tetragonal (I4/mmm) phase
of Hg,Cl, after considering the SOC effect has been finally predicted to
be ~ 3.96 eV, whose experimental band gap has been reported as ~ 4.0
eV [79].

4. Conclusion

The structural and electronic properties of HgoCly at room temper-
ature in its tetragonal phase have been investigated from density func-
tional theory calculations. The SCF energies and the associated lattice
parameters of the above referred compound have been estimated from
the GGA calculations in conjunction with PBE, PBEsol, BLYP, B3LYP and
HSE exchange-correlation functionals. Detail calculations using GGA-
HSE level of theory suggest that HgsCly is a wide band gap CT insu-
lator with band gap ~ 3.93 eV. Moreover the effects of on-site Coulomb
repulsion +Ugq and the SOC on the Eg of the compound have also been
explored. Interestingly although the compound is suggested to be a CT
insulator, however the corresponding energy dispositions in the orbital
resolved PDOS plots do not obey the Zaanen-Sawatzky-Allen diagram.
These observations suggest that the ZSA diagram, which being consid-
ered as the hallmark of CT insulators for transition metal compounds, is
not seen to be followed in the case of CT insulators of the post transition
metals like Hg. The PDOS spectra further revealed strong covalent as

e m——

E, = 0.58 kcal/mol ; F;; = 0.010 a.u

Fig. 9. 2D orbital contour diagram for(A) Hg(C) — Hg(A) (c) bonding and Hg(C) — CI(L) (c) bonding, (B) Hg(C) — Cl(V) () bonding and CI(L) - CI(V) (¢*) antibonding

pre-NBO.
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Fig. 10. (A) Splitting of 5d orbitals of Hg(C) and Hg(A) atoms in presence ligand CI(L) and neighbouring CI(V) atoms in the octahedral environment. (a) Right panel
shows the magnified views of the splitting of 5d orbitals of Hg(C) and Hg(A) atoms near the Fermi energy.

well as CT interactions between Hg(C)/Hg(A) and Cl(L) atoms in the
linear CI(L)-Hg(C)-Hg(A)-CI(L) chains of the compound. The Mulliken
bond population analyses and the electronic charge density distributions
unveiled the existence of weak ionic interactions (in addition to the
covalent and CT interactions) mostly among the Hg(C/A) and CI(V), that
form the distorted octahedral domains in the crystal lattice of HgsCly.
The NBO analyses had also been carried out to gain deeper insights on
the CT interactions between Hg and Cl atoms of the compound. Dis-
tortions of the octahedral domains within the crystal lattice of HgCl,
have been deciphered from the loss of degeneracies in the 5d orbitals of
Hg(C) atom in the valence band of the HgsCl, compound. The predicted
value of the band gap ~ 3.96 eV from the first principle calculations,
close to experimentally reported optical band gap ~ 4.0 eV and the
structural details of HgoCl, at room temperature in the tetragonal phase
is expected to provide a strong foundation for future applications of this
material in acousto — optic tunable filters, thermoelectric conversion
systems and fuel cells.
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Optical properties linked with various phases of Hg2Cly crystal under ambient and different external pressures
have been explored in detail from the first-principle calculations for the first time. Crystal structures and pressure
driven structural phase transitions of the compound have been critically explored. Electronic and the associated
anisotropic optical properties of the HgoCl, crystal that prevails in its various phases under ambient and external
pressures have been elucidated in terms of complex dielectric functions, absorption coefficients, optical con-

ductivities, refractive indices and optical birefringences. We believe that the present in-depth study on the optical
properties of HgoCl; compound will not only decipher the underlying physics behind the anisotropy of the crystal
but will help to design improved optoelectronic devices in the future endeavours.

1. Introduction

Understanding the optical properties of 2D or 3D materials from first-
principle calculations have drawn significant attentions in recent years
[1-22]. Recently, the first-principle calculations had been reported for
the analyses of metal halides of ABXs-type super-alkali perovskites in
estimating their stable dynamics performance and high efficiency first
obtained by introducing HsO cation [23]. Two-dimensional lead-free
hybrid halide perovskite using superatom anions with tunable electronic
properties had also been reported from the first-principal calculations
[24]. Moreover, tunable electronic structures and high efficiency ob-
tained by introducing superalkali and superhalogen into AMXjs-type
perovskites had also been estimated from the first-principle calculations
[25]. Thus the results of the first-principle calculations alone or in
unison with the experimental observations not only provide strong
foundations for the futuristic applications of these materials in opto-
electronic devices but also help to explore the underlying physics that
drive their optical responses [26-41].

Mercurous chloride (Hg»Cly), commonly known as calomel, is a wide
band gap charge-transfer insulator and finds extensive applications as
white pigment and electrode material [42-45]. Recently, we reported
structural and electronic properties of the compound from first-principle
calculations [45]. Under ambient pressure (P = 0 GPa) and at room
temperature, Hg,Cly crystallizes in the body-centered tetragonal [14/

mmm (D}7)] phase [46], shows anisotropic physical properties and
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E-mail address: joydeep.chowdhury@jadavpuruniversity.in (J. Chowdhury).

https://doi.org/10.1016/j.mseb.2022.115903

exhibits strong birefringence [43,44,47]. The ingrained anisotropic
behaviour of the compound makes it effective for designing polarizing
prisms and provides a leeway towards it applications in acousto-optic
tuneable filters for the fabrications of hyperspectral imagers [48].
Interestingly, at low temperature ~185 K, the material is known to
exhibit structural phase transition from body-centred tetragonal [I14/
mmm (D}])] to the base-centred orthorhombic [Cmcm (D}])] phase
[49-53]. Apart from thermally driven phase changes, the Hg,Cl; com-
pound also shows pressure (P) induced structural phase transition from
14/mmm (D}}) - Cmem (D}7) phase at the transition pressure (P1); ~
0.25 GPa [54-57]. Of late, at higher external pressure (P) > 8.95 GPa,
the existence of yet another orthorhombic phase (primitive ortho-
rhombic [Pnma (DL$)]) of the compound had been reported [57,58]. The
existence of this primitive orthorhombic phase appears as a consequence
of the structural phase transition from Cmem (D}7) — Pnma (D}?) phase
at the second transition pressure (P)2 ~ 8.95 GPa. The above referred
temperature and pressure driven phase transitions of Hg>Cly may lead to
the changes in the electronic properties of the compound which in turn
can modulate their respective optical responses. The alterations in the
optical properties of the compound, that exists in various phases, may
provide the fundamental inklings towards their possible applications in
optoelectronics and in hyperspectral imagers.

Keeping the above issues in mind, this paper reports for the first time
an in-depth study based on first-principle calculations that portrays the
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optical properties linked with the various phases of Hg,Cl crystal under
ambient and external pressures. The entire article is organized in the
following manner. While Section 2 discusses about the computational
details, Section 3.1 is devoted on the crystal structures and pressure
driven structural phase transitions of Hg>Cl, compound. Electronic and
optical properties of the HgsCl, crystal in terms of complex dielectric
function [e(w)], absorption coefficient [a(w)], optical conductivity
[o(w) ], refractive indices (n., n,), optical birefringence (An) etc. under
different pressures are focussed in Section 3.2 and 3.3 respectively.
Finally, the overall summary of the work is represented under the
“Conclusions” section.

2. Computational details

The crystal structure belonging to the body-centered tetragonal [14/
mmm (D}‘Z)] phase of Hg,Cly; compound under ambient condition (P =
0 GPa) has been optimized within the framework of Density Functional
Theory (DFT). The DFT calculations have been accomplished from
generalized gradient approximations (GGA) in conjunction with
Heyd-Scuseria-Ernzerhof (HSE) [59] exchange-correlation (XC) func-
tional with the aid of Quantum ESPRESSO (QE) software [60-62]. Va-
lance electrons of HgyCly compound that comprise the plane wave for
the DFT calculations, have electronic configurations of 5d'%6s? and
3s%3p° for Hg and Cl atoms respectively. The plane wave kinetic energy
cut-off has been taken to 50 Ry with a gamma-centred k-point mesh of 9
x 9 x 9 grid generated through Monkhorst-Pack. The electron-ion in-
teractions between the above referred valence electrons and the ions
have been accomplished through the pseudopotential using Projector
Augmented Wave (PAW) method [63,64]. The systematic convergence
criteria for the estimation of total electronic energy of Hg>Cl, compound
in its tetragonal [[4/mmm (D}‘Z)] phase has been set to 108 Ry with the
threshold of maximum Hellman-Feynman force and cell pressure fixed
at 10° a.u. and 102 GPa respectively. The optimized structure, so
generated for the tetragonal phase of HgoCl, at ambient pressure, has
been further relaxed using the “variable cell relaxation” (VC-relax)
method by varying the cell pressure from 0.1 to 14 GPa to attain the
lattice and structural parameters for the base-centered [Cmcm (D%)]
and primitive [Pnma (D%ﬁ)] orthorhombic phases of the compound. The
variations of the total energy as a function of plane wave kinetic energy
cut-off and k-mesh grid for the orthorhombic (Cmcm and Pnma) phases
of HgyCly compound are depicted in Fig. S1 (a) and S1 (b) (Electronic
Supplementary Material) respectively. From Fig. S1, it is clearly seen
that the plane wave kinetic energy cut-off of 50 Ry with k-mesh of 9 x 9
x 9 grid is sufficient enough to carry out the first-principle calculations
for the above referred phases of the system.

To estimate the electronic band structures and the optical properties
for the tetragonal and orthorhombic phases of HgsCly compound, a
denser k-point mesh of 19 x 19 x 19 Monkhorst-Pack grid has been
used. The optoelectronic parameters like complex dielectric functions,
absorption coefficients, optical conductivities and refractive indices
have been accomplished from a post-processing code epsilon.x [65]
implemented in QE software with optical broadening of 0.14 eV.

3. Results and discussion

3.1. Crystal structures and pressure driven structural phase transitions of
HgyCly

Hg,Cl, at room temperature crystallizes to [4/mmm space group
symmetry and represents a body-centred tetragonal phase under
ambient pressure (P = 0 GPa). The unit cell of the compound is
composed of one formula unit (Z = 2) with 8 atoms, where Hg and Cl
atoms are placed at 4e (0, 0, 0.11577) and 4e (0, 0, 0.3380) Wyckoff
sites respectively. The variation in total energy (E) as a function of the
unit cell volume (V) of the Hg,Cly crystal in its tetragonal phase [14/
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mmm (D}@], so obtained from the first-principle calculations, has been
fitted using fourth order Birch-Murnaghan equation of states [66,67]
and the result is shown in Fig. 1. From Fig. 1 it is seen that E primarily
decreases with increase in V, attains a minimum value at ~ 219.16 A3
and increases again with further increase in the unit cell volume.

The optimized crystal structure of the compound at the minimum
value of E is shown in Fig. 2 (a). The crystal structure of HgyCl, com-
pound in its tetragonal phase [I4/mmm (D},Z)], as shown in Fig. 2, is
marked by the presence of parallel CI(L)-Hg(C)-Hg(A)-CI(L) linear
chains aligned parallel to the crystallographic c - axis along [001] di-
rection. The enlarged view of Cl(L)-Hg(C)-Hg(A)-CI(L) linear chain is
shown in Fig. 2 (b). The linear chain arrangements of the Cl and Hg
atoms in Hg,Cl, directed along the crystallographic c - axis are known to
promote strong anisotropy in the physical properties of the crystal
[48,68-70], which in turn result in its remarkably large birefringence
value (An) ~ 4+0.65 [71]. However, closer look at the crystal structure
further displays the existence of distorted octahedral domains formed
through the coordination of Hg atoms in the unit cell. The zoomed-in-
view of one such distorted octahedron is shown in Fig. 2 (c). The api-
cal mercury Hg(A) and the neighbouring chlorine CI(V) atoms form the
skeleton of the distorted octahedron Hg(C)Hg(A)[Cl(V)]s with Hg(C) at
its centre. The lattice along with the relevant structural parameters of
the HgyCly compound in the tetragonal (I4/mmm) phase, as obtained
from DFT calculations, are shown in Table 1. The estimated values are in
close agreement with the available experimental results so predicted
from X-Ray [46] and neutron powder diffraction studies [71].

Fig. 3 shows the effect of external pressure on the normalized lattice
parameters a/ag, b/by and c/cy of the HgoCly crystal. Normalizations
have been done with respect to the optimized lattice parameters ag, by,
and cg of the compound in its body-centred tetragonal [[4/mmm (D}Jl)]
phase at ambient pressure (P = 0 GPa). Interestingly, with slight in-
crease in P from 0 GPa to 0.25 GPa, sudden rise in both a/ag and b/bg
ratios have been noticed, while in the same pressure range the other
normalized lattice parameter c/cq ratio shows small decrement in its
absolute value. Incidentally at P ~ 0.25 GPa, where such variations in
the ratios of the normalized lattice parameters are perceived, have been
reported to be the transition pressure (Pt); that leads to the pressure
driven first structural phase transition of the compound from body-
centered tetragonal [I4/mmm (D}tZ)] to the base-centered ortho-
rhombic [Cmem (D}7)] phase [54-57]. However, at P > 2 GPa, both a/ag
and b/by ratios exhibit small decrements in their respective absolute
values until around 8 GPa, where sudden changes in the slopes are
observed. For P > 8 GPa, a/ap and b/by ratios further depict gradual
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Fig. 1. Energy versus volume plot for the 14/mmm phase of Hg,Cl, crystal
under ambient pressure (P = 0 GPa) as estimated from GGA - HSE level of
theory. The minimum energy and corresponding unit cell volume are marked
with blue dashed line.
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Hg(C)Hg(A)[CI(V)]1,CI(L) Octahedron

Fig. 2. (a) Optimized geometry for the tetragonal (I4/mmm) phase of Hg,Cl, crystal at ambient pressure (P = 0 GPa). The zoomed-in-view of the structure showing
(b) linear CI(L)-Hg(C)-Hg(A)-CI(L) chain and (c) the distorted octahedron Hg(C)Hg(A)[CI(V)14Cl(L). (Large Hg atoms are shown in emerald blue and small Cl atoms

are shown in red).

Table 1
The optimized lattice and structural parameters for I4/mmm, Cmcm and Pnma
phases of Hg,Cl, compound as estimated from GGA-HSE level of theory.

Parameters Phases
I14/mmm Cmem Pnma
This Experiments  This Experiments  This
study [46,72] study [69] study
a(A) 4.482 4.470, 4.480 6.299 6.290 5.752
b (A) 4.482 4.470, 4.480 6.249 6.240 5.751
c (/ﬂ\) 10.910 10.890, 10.857 10.860 10.677
10.910
Hg(C)-Hg 2.526 2.526 2.617 - 2.624
@A
Hg(C)-Cl 2.424 2.434 2.522 - 2.528
w A&
Hg(C)-Cl 3.210 3.209 3.160 - 3.154
()]
CI(V)-Hg 161.920°  162.240° 169.290° - 171.120°
(©)-Cl
(%]
Hg(A)-Hg 99.040° 95.270° - 95.130°
(C)-Cl
v
Cl(L)-Hg 180.000°  180.000° 171.260° - 170.140°
(C)>-Hg
(A)-CI(L)

decrement in their values. The c/cq ratio of the compound on the other
hand in the range 2 GPa < P < 8 GPa shows a flat trace followed by the
change in slope at P = 9 GPa, beyond which the said ratio again almost
remains parallel to the abscissa. Significantly enough P = 9 GPa is
known to correspond with the transition pressure (Pt), that marks the
pressure driven second phase transition of the Hg,Cl; crystal from base-
centered orthorhombic to the primitive orthorhombic [Cmcm (D%) -
Pnma (Dég)] phase [57,58]. The overall results as a whole signify in-
crements in the lattice parameters a and b with contraction of c at the
onset of the first pressure driven phase transition 14/mmm (D}Jl) -
Cmem (DY) at (Pr); = 0.25 GPa. The second phase transition from
Cmem (D)) — Pnma (D}9) phase at (Pr)2 = 9 GPa is characterized by the
contractions of the lattice parameters a and b, while the length of c

remains almost unaltered. Interestingly from Fig. 3 it is clearly seen that
sudden changes in the slopes of the normalized lattice parameters at the
external pressures P = 0.25 GPa and 9 GPa incidentally coincide with
the respective (Pp)s that are known to promote pressure induced struc-
tural phase transitions of the HgyCly crystal at room temperature
[54-56,58]. Furthermore, the structural phase transitions at (P1); =
0.25 GPa and (P1)2 = 9 GPa for Hg,Cls compound is accompanied by the
changes in lattice parameters (a, b, c) and volume of the crystal with
external pressures, suggesting the phase transitions to be of first order
type due to breaking of the associated translational symmetry. Such
structural phase transition driven by the breaking of translational
symmetry is a well-known physical process and has been observed for
different exotic materials reported elsewhere [73-78].

To enumerate the transition pressures (P1) precisely from the first-
principle calculations, the variations in enthalpy (H) with induction of
P for I4/mmm (D}7), Cmem (D)) and Pnma (D}?) phases of the com-
pound at room temperature have been estimated using the following
relation:

H=E+PV @

where E, V are the total energy and volume of the unit cells associated
with 14/mmm (D}/), Cmem (D}7) and Pnma (D}%) phases of the HgxCl,
and P represents the respective external pressures subjected on them.
The variations in H with P for HgyCly crystal belonging to I4/mmm
(DY), Cmem (DY) and Cmem (DY), Pnma (D}9) phases are shown in
Fig. 4 (a) and 4 (b) respectively.

The transition pressure refers to the point on the abscissa of the H-P
plots where the enthalpy values for [4/mmm (D}Z), Cmcm (D%) and
Cmem (DY), Pnma (D}9) phases of the system become identical. From
Fig. 4 (a) and (b), it is seen that the enthalpies for the I4/mmm (D};Z),
Cmem (DY) and Cmem (D7), Pnma (D}9) phases of the HgyCl, crystal
become equal at the respective points of intersection at pressure (P1); =
0.25 GPa and (Pt)2 = 9 GPa. These (P1); and (P); signify the transition
pressures associated with the first I4/mmm (D}”Z) — Cmem (D%Z) and
second Cmem (D}7) — Pnma (DJ9) structural phase transitions of the
system at room temperature. The evolutions of above referred structures
of the compound under external pressures are also shown in Fig. 4 (a)
and (b). These results, so obtained from first-principle calculations, are
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in excellent agreement with the experimental observations that suggest
pressure induced structural phase transitions of the HgsCl, crystal at P
= 0.25 GPa [54-56] and 8.95 GPa [58]. The H-P plots, as shown in Fig. 4
(a) and (b), further show that the body-centered tetragonal [I4/mmm
(D3] phase of Hg,Cl, crystal is thermodynamically more stable than
base-centered [Cmem (D}7)] and primitive [Pnma (D}g)] orthorhombic
phases of the compound. The fitted [66,67] E vs V plots for the Cmcm
(D}7) and Pnma (D9) phases of the system, as shown in Fig. S2 (Elec-
tronic Supplementary Material), further substantiate our conjecture
along with the E vs V plot for I4/mmm (D}7) phase in Fig. 1. The opti-
mized crystal structures for Cmem (D}7) and Pnma (D}) phases of
Hg,Cly compound along with the associated lattice and structural pa-
rameters are shown in Fig. 5 and Table 1. From Table 1, it is clearly seen
that apart from changes in lattice parameters, the average Cl(L)-Hg(C)—
Hg(A)-CI(L) dihedral angle of the compound also undergoes deviation
from planarity and becomes distorted as the system undergoes pressure
induced 14/mmm (D}7) - Cmem (D}}) and Cmem (D)) — Pnma (DL
structural phase transitions at (Py); = 0.25 GPa and (Pt); = 9 GPa
respectively.
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Fig. 5. The optimized geometries for the orthorhombic (a) Cmcm and (b)
Pnma phases of Hg»Cl, compound as estimated from the GGA-HSE level of
theory. (Large Hg atoms are shown in emerald blue and small Cl atoms are
shown in red).
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3.2. Electronic band structures of HgoCl, crystal under ambient and
external pressures

Fig. 6 shows the theoretically simulated electronic band structures of
the tetragonal (I4/mmm) and orthorhombic (Cmcm, Pnma) phases of
the HgyCl, crystal under ambient and external pressures respectively.
From Fig. 6 it is apparent that at ambient pressure (ca. P = 0 GPa), where
HgsCl, crystallizes to I4/mmm phase, shows a direct gap opening with
electronic band gap energy (Eg) ~ 3.93 eV, where both the valence band
maximum (VBM) and the conduction band minimum (CBM) are located
at the same high-symmetry point M. The estimated value of Eg ~ 3.93 eV
is in close harmony with the experimentally determined optical band
gap (~ 4.0-4.1 eV) for I4/mmm phase of the compound at room tem-
perature [42]. Small deviation (~ +0.07 eV) in the recorded optical
band gap energy from the estimated E; value may be due to the
contribution from the excitonic effects [79,80] which are not considered
in the band structure calculations.

With the application of pressure in the range of 0.25 — 14 GPa, small
increment in the Eg values of the compound have been noticed, although
both the VBM and CBM are now shifted from M to I', the Brillouin zone
centre. The shift in the direct band gap position from M to I' high-
symmetry points may be identified with the pressure dependent struc-
tural phase transition of the Hg,Cl crystal, which eventually leads to the
overall reduction in symmetry from tetragonal [[4/mmm (D}7)] to the
orthorhombic [Cmem (DY), Pnma (D9)] phases of the compound. The
reduction in symmetry due to phase transition is not only limited to the
obvious changes in the high symmetric points (' > M - X - ' > P in
tetragonal [I4/mmm] as compared to X - I' > Z - Y — I for base-
centred [Cmem (D}7)] and primitive [Pnma (D1$)] orthorhombic pha-
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alterations in the electronic band structures linked with different phases
of the compound at P = 0, 6 and 12 GPa in turn may modulate their
corresponding optical properties, whose detail discussions are presented
in the next section of the manuscript. However, the Eg values, as esti-
mated from the DFT calculations, for all the three phases (ca. P = 0, 6
and 12 GPa) of Hg»Cl, crystal, further recognize them as wide band gap
insulators where electronic transitions from valence to the conduction
bands account for their respective optical absorptions.

3.3. Optical properties of Hg2Cl, crystal under ambient and external
pressures

The linear response and the optical properties of a crystal under
electromagnetic radiation can be readily envisaged from the frequency
dependent complex dielectric function ¢(w) [81,82]. The complex
function ¢(w) is mathematically expressed as:

e(w) = &1(0) +iex(w) 2)
where ¢ (w) and ¢;(w) are the real and imaginary parts of ¢(w) respec-
tively.

While &;(w) depicts the linear polarization and dispersion of the
incident light passing through the crystal, €2(w) on the other hand may
be directly correlated with the electronic band structure and absorption
of incident radiation by the crystals. The imaginary part of the dielectric
function &;(w) is estimated from the first-order time dependent pertur-
bation theory following the simple dipole approximation. In the long

wavelength (q — 0) limit, ¢;(w) is represented as [83]:
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Fig. 6. Electronic band structures for (a) tetragonal (I4/mmm) and orthorhombic (b) Cmcm and (c¢) Pnma phases of the Hg,Cl, compound along the high symmetry
pointsT > M —>X—->T —>Pand X - I' > Z - Y — I respectively. The band gaps and the Fermi energies (Er) are shown as black vertical arrows and black horizontal

dashed lines respectively.
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where V is the volume of unit cell. |k,i > and |k,f > represent the va-
lance and conduction band states respectively over the wave vector k, u
and r are the polarization and position vectors of the electromagnetic
wave respectively. The real part ¢; () can be accomplished from &, (®)
using the Kramers — Kronig relation [84,85] and is depicted as follows:

4

where P is the Cauchy principal value.

The frequency dependent complex dielectric function of any
dispersive materials carries wealth of information relating to their op-
tical properties. For example, the complex refractive index N(w) is
related with e(w) through the following simple relation:

N(w) = V¢e(w) = n(w) + ik(w) 5)
where the real part of the complex refractive index is expressed as

2 2 %
n(w) = <7V€1+282+81> 6)

and the corresponding imaginary part, known as the extinction coeffi-
cient (k), is expressed by the following equation:

k(o) = <7V8%+28581> )

The absorption coefficient a(w) is referred to the attenuation of
incident radiation in percentage as it propagates per unit distance
through the materials. It is closely associated with the extinction coef-
ficient of the material and also with &, () through the following relation

2k
a(w) = Lo 2ez(m)
nc

®
where c is the speed of light in vacuum.

The imaginary part of the dielectric function &;(®) is closely related
with the optical conductivity o(w), which provides valuable information

(@) 15 P=0GPa ——[001]/E,
oo ——[100] /E,
EX’
wF
iy
0 2 4 6 8 10 12 14
18 P=6GPa —[0011/E,
& 9 —[100]/E,
=0
0 2 4 6 8 10 12 14
18 P=12GPa — [001]/E,
& 9 —[100]/E,
(A)F o
0 2 4 6 8 10 12 14
Energy (eV)

Materials Science & Engineering B 284 (2022) 115903

pertaining to the conduction of free charge carriers over a defined range
of energies of incident photons. The optical conductivity ¢(w) is math-
ematically expressed as:
wey

o )]

o(w) =

3.3.1. Linear response of the complex dielectric function for the HgsCly
crystal

Hg,Cl, crystal is known to possess large elastic and structural an-
isotropies at room temperature and under ambient pressure [86]. The
anisotropies in the physical properties of the compound are mainly
attributed to the presence of parallel Cl(L)-Hg(C)-Hg(A)-Cl(L) linear
chains directed along the crystallographic c - axis representing [001]
direction. The ingrained anisotropies associated with the elastic and
physical properties of the compound may presage similar direction
dependence behaviour in the optical properties as well. The optical
properties of the Hg,Cl, crystal are thus initially investigated for all the
three [100], [010] and [001] polarization directions of the incident
electric field. However, the optical properties of the compound are
found to be identical in both [100] and [010] polarization directions,
but are substantially altered along the [001] direction. The electric field
components along [100]/[010] and [001] directions are owed to E;
and E|| respectively.

3.3.2. The dielectric function &;(w)

Fig. 7 (a) shows the variation of the real part of the complex
dielectric function [e;(w)] as a function of the incident electromagnetic
field energy (Egm) for HgoCly crystal under ambient pressure P = 0 GPa
and at P = 6, 12 GPa, where the compound exists in tetragonal [14/mmm
(D)1 and orthorhombic [Cmem (DY]), Pnma (D1%)] phases respectively.
The static dielectric constant &;(0) of the compound at P = 0 GPa has
been estimated to be ~ 4.9 for [001]/ E| while it is close to zero along
[100] and [010]/E, polarization directions of the electric field. The
estimated value of &1 (0) ~ 4.9 for Hg,Cl, crystal under ambient pressure
P is in close agreement with the calculated value ~ 4.6 reported by
Sobolev et al. [42]. Distinct anisotropies in the ¢;(w) values are also
noted for two different polarization directions of the incident
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Fig. 7. The (a) real and (b) imaginary part of the complex dielectric function of Hg,Cl; compound as a function of energy under ambient pressure P = 0 GPa and
under external pressures P = 6 GPa, 12 GPa along [001]/ E|| and [100]/ E, directions of polarization as estimated from GGA — HSE level of theory.
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electromagnetic wave. For E|| polarization of electric field, &; (w) shows
maximum positive value at ~ 4.5 eV, beyond which it gradually de-
creases and becomes negative over the energy range ~ 57 eV. The real
part of the dielectric function & (w) is linked with the dispersion and
linear polarization of light as it propagates through the material medium
[28,34,37,38,87-92]. The maximum dispersion is achieved at the
resonance frequency that corresponds to Egy value at ~ 4.5 eV for E||
polarization. However, for Egy > 9 eV, ¢(w) becomes nearly zero.
Interestingly, the dispersive nature of ¢; (w) for E, is markedly different
from that estimated for the E|| polarization. Over a wide energy range
from 0 — 4 eV, ¢; (w) remains nearly zero and is consistent with the static
value of the dielectric constant ¢ (0). However, within ~ 4.6 - 7.5 eV, it
becomes negative, beyond which ¢; (w) increases and becomes zero in
the high energy limit. The negative values of ¢; (w) for the Hg,Cl; crystal
under ambient pressure at room temperature in the 5.12 — 6.97 eV and
4.6 - 7.5 eV energy windows for E|| and E, polarization directions of the
electric field respectively signify the metallic Drude like features of the
compound. The positive values of ¢ (w) spanned in 0 — 5.12 eV for E]|
and 0 — 4.6 eV for E, polarizations are intrinsically related with the
interband transitions linked with the optical features of the crystal
[93-95].

Interestingly, under the application of external pressures (ca. P = 6
and 12 GPa), the variations in ¢; (@) for HgoCly as a function of incident
Egm for both E|| and E, polarizations show remarkable differences in
their features in comparison to that recorded under ambient condition at
P = 0 GPa. The static dielectric constant ¢; (0) of the compound at P = 6
and 12 GPa have been estimated to be ~ 4.86 and 4.65 respectively for
[001]/ E|| polarization directions of the electric field, while both the
values of €;(0) are 2.2 and 1.68 along [100]/[010]/ E, polarization
directions respectively. The variations in &; (w) of Hg2Clo compound at P
= 6, 12 GPa with change in incident Egy for E|| and E, polarizations
follow similar traces, although clear anisotropies in the values of ¢; (w)
are noted for two different polarization states of the incident radiation.
However, both the traces show resonance peak maximum ~ 4.8 eV,
which are slightly shifted towards higher frequency in comparison to
that estimated under ambient pressure (~ 4.5 eV, P = 0 GPa). The slight
change in the resonance frequency may be attributed to the variation in
electronic band energy states as reflected from the corresponding E-k
diagram in the first Brillouin zone (vide supra, cf. Section 3.2) [37].
Significantly enough, the ¢; (w) vs energy plots for the HgxCl, crystal at
P = 0 and 6, 12 GPa, as shown in Fig. 7 (a), show unique characteristic
features that can be directly correlated with the tetragonal and ortho-
rhombic phases of the compound under study. At room temperature the
tetragonal phase of HgoCly crystal is known to exist under ambient
pressure P = 0 GPa while under external pressure the system undergoes
structural phase transitions from tetragonal [I4/mmm (D}UZ)] to ortho-

rhombic [Cmcm (D%), Pnma (D19)] phases at transition pressures (Pr)q
= 0.25 GPa [54-57] and (P1)2 = 9 GPa [57,58]. The other striking
observation has been the small decrements in the ¢;(0) values of the
compound with increase in P. This is an expected observation as &1 (0)
scales inversely with Eg following Penn’s model [96]. Small increments
in the Eg values with increase in P have indeed being estimated from the
first-principle calculations and are depicted in the preceding section
(vide supra).

3.3.3. The dielectric function e2(w)

The variations of the imaginary part of the complex dielectric func-
tion [e2(w)] with energy for HgaCly crystal under ambient (P = 0 GPa)
and external pressures P = 6 and 12 GPa are shown in Fig. 7 (b). The
dielectric function e; () signifies the interband transitions and identifies
frequency dependent attenuation of incident electromagnetic field en-
ergy (Egy) by the materials [28,34,37,38,87-92]. The take-off or critical
value of &z(w) is intrinsically related with the Eg of the compound
[37,38,90,97,98]. Interestingly, the critical values of ¢;(w) for both E||
and E, polarization directions of the electric field have been estimated
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to be ~3.92, 4.00 and 4.05 eV when the crystal is subjected to external
pressures P = 0, 6 and 12 GPa respectively. These results are in accor-
dance with the estimated E; values of the compound under similar
perturbations (cf. Section 3.2). The critical value of ¢3(w) of the com-
pound at room temperature and under ambient pressure is in close
agreement with the result as suggested by Sobolev et al. [42]. The
structured bands are visible in &;(w) versus energy plots [Fig. 7 (b)]
whose peaks are owed to the interband transitions of the compound
[34,38,87,99-101]. The peak positions of these bands at ~ 4.67 and ~
5.71 eV under ambient and external pressures P = 6, 12 GPa respectively
have unique characteristics of their kind that allow one to identify the
tetragonal and orthorhombic phases of the compound under investiga-
tion. Furthermore, the anisotropies in the &;(w) values of compound
under natural conditions and under external pressures are distinctly
identified for both the polarization directions of the incident electric
field. However, large to moderate positive values of ¢;(w) in the energy
range 4.5 — 12 eV for both E|| and E, polarizations [Fig. 7 (b)] may
signify strong absorption of the incident electromagnetic wave by this
compound in this energy window. This is clearly reflected in a(w) and
o(w) plots as shown in Fig. 8, where both the absorption coefficient and
the optical conductivity exhibit appreciable values in 4.5 — 12 eV energy
window of the electromagnetic spectrum.

Closer inspections of a(w) and o(w) plots (Fig. 8) reveal certain
interesting features. Both these plots show the appearance of a well
resolved band peaked at ~ 5.80 eV for E|| polarization (along [001]
direction) of the incident electric field. This band appears in a(w) and
o(w) plots for the Hg»Cly under external pressures P = 6 and 12 GPa,
where the crystal exists in the orthorhombic phase at room temperature.
This peak eventually disappears when the system crystallizes to the
tetragonal phase under ambient pressure. The physical origin of the
peak at ~ 5.80 eV in the absorption coefficient a(w) and optical con-
ductivity o(w) for E|| [001] polarization of the incident electromagnetic
field energy (Egym) at P = 6 and 12 GPa [Fig. 8 (a)] may be rationalised
from the corresponding crystal structures of the compound. Interest-
ingly, the crystallographic c - axes representing [001] direction of the
compound under elevated pressures (ca. P = 6 and 12 GPa) are marked
by the presence of parallel Cl(L)-Hg(C)-Hg(A)-CI(L) distorted chains in
contrast to parallel linear chains of the same under ambient pressure
(vide supra, cf. Table 1) [69]. The distortions of the linear CI(L)-Hg(C)—
Hg(A)-CI(L) chains at P = 6 and 12 GPa result in the alterations of
electronic arrangements which in turn may promote excitonic transi-
tions leading to large increase in the absorption coefficients [a(w)] and
associated optical conductivities [¢(w)] for E|| polarization of the inci-
dent electric field at ~ 5.80 eV [102]. The variations in electronic ar-
rangements of the HgoCly compound under ambient (P = 0 GPa) and
elevated pressures (P = 6 and 12 GPa) are clearly reflected from their
corresponding E-k diagrams as depicted in Fig. 6 (vide supra, cf. Section
3.2). The appearance of this characteristic peak at ~ 5.80 eV thus may
be intrinsically related with the orthorhombic phase of Hg,Cls crystal at
room temperature. The appearance and disappearance of the band
peaked at ~ 5.80 eV in a(w), o(w) plots as a function of energy, akin ~
4.67 and ~ 5.71 eV peaks in the &3(w) plots (vide supra) may be
considered as a signature band that carries the latent information
regarding the crystal system (tetragonal or orthorhombic) of the com-
pound not only under ambient condition but also when subjected to
external pressures.

Interestingly both a(w) and ¢(w) plots at ambient and under external
pressures (P = 6 and 12 Pa) for E|| and E, polarizations begin at ~ 3.92,
4.00 and 4.05 eV respectively which corresponds to the take-off or
critical values ¢;(@) of the compound under study. The critical values
£2(w) of the compound in turn is linked with Eg, as discussed earlier (vide
supra). These calculations thus help us to cross-check the Eg values of the
compounds from their corresponding optical properties. It may be
relevant to mention that although in strict sense a(w) signifies the op-
tical band gap of a compound, but for wide band gap insulators as in the
case of HgoCl, this energy gap value closely resembles with E; where
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Fig. 8. (a) Optical absorption coefficient and (b) optical conductivity of Hg,Cl, compound as a function of energy under ambient (P = 0 GPa) and external pressures
(P = 6 GPa and 12 GPa) along [001]/ E|| and [100]/ E, directions of polarization as obtained from GGA — HSE level of theory. The characteristic peaks in the

orthorhombic phases of the Hg»Cl, compound are marked with dotted arrows.

interband transitions only account for the optical absorption. Moreover,
in the energy windows ~ 0 — 3.9 eV, and beyond ~ 15 eV, the a(w)
values of the compound under external pressures P = 0 and 6, 12 GPa for
both E|| and E, polarizations of the incident electric field show zero or
almost negligible values. These results suggest that Hg,Cly crystal re-
mains highly transparent in the energy windows ~ 0 — 4 eV, and above
15 eV under wide range of external pressures spanning between 0 and 14
GPa regardless of the structural phase transitions at (Pt); = 0.25 GPa
and (P7)2 = 9 GPa. The wide spectral range of transparency covering
UV-Vis-LWIR and extreme UV regions of the electromagnetic spectrum
together with pronounce optical properties make Hg,Cl, a promising
material for various applications in acousto-optic devices.

3.3.4. Refractive indices (n,, n,) and the optical birefringence (An) of the
HgyCly crystal

Anisotropic crystals are composed of complex atomic lattice orien-
tations with varying electrical, optical and mechanical properties
depending upon the polarization direction of the incident electromag-
netic field energy (Egy). As a result, the refractive indices of the aniso-
tropic crystals also vary with the polarization direction of the
electromagnetic wave, giving rise to direction dependence trajectories
and velocities of the emergent ray. This phenomenon is designated as
double refraction and the emergent rays whose velocity is independent
(dependent) of propagation direction is termed as ordinary (extraordi-
nary) rays. The corresponding refractive indices for the ordinary (O-) ray
are designated as n, while that for the extraordinary (E-) ray as n,. The
difference in refractive indices (An = n, —n,) between the extraordinary
and ordinary rays is termed as optical birefringence of the doubly
refracting crystal [103]. In the present context, the directions of the O-
and E- rays after double refraction through the Hg»Cl, crystal have been
identified with E, and E|| polarizations of the electric field along [1 001/
[010] and [001] directions respectively. The anisotropic response of
the complex dielectric functions ¢; (») and €2 (w) for the uniaxial HgyCly
crystal under ambient (P = 0 GPa) and external pressures P = 6, 12 GPa
for both E, and E|| polarizations of the incident electric field invoke us to
study in details the real part of the complex refractive index [n(w)] and
the corresponding birefringence (An) value of the material.

Fig. 9 (a) shows the variations of refractive indices n, and n, as a
function of incident Egy for the HgoCly crystal under ambient and
external pressures P = 6 and 12 GPa. From Fig. 9 (a), it is observed that
n, and n, values of the compound under ambient (ca. P = 0 GPa) and
external pressures (ca. P = 6 and 12 GPa) are nearly independent of
incident Egy in the energy window ~ O to 4.1 eV. However, beyond this
energy window both n,,n, values of Hg>Cly, under ambient condition/
under external pressures (P = 6, 12 GPa) increase, attain maximum
values at ~ 4.62, 4.52 eV/ 4.71, 5.35 eV and then decrease again with
increase in Egy within the energy window ~ 4.70 - 6.50 eV/ 5.73 - 6.05
eV. The increase in the values of refractive indices with Egy in the above
referred energy window may be related to large opacity and low phase
velocities of the propagating electromagnetic rays inside the compound
[34,37]. The shifts in the peak values of n, and n, for the compound are
intrinsically related with the corresponding complex dielectric functions
[e(w)] which in turn are linked with the electronic band structures of the
compound under ambient (P = 0 GPa) and external pressures (P =6, 12
GPa). Interestingly, the characteristic peaks in n(w) versus energy plots
for n,, (n.) at ~ 4.62, (4.52) eV owed to HgyCly crystal in ambient
condition (ca. P = 0 GPa) and ~ 4.71 (5.35) eV under external pressures
P = 6, 12 GPa may be directly related with the respective tetragonal and
orthorhombic phases of the system under study. The HgyCl, crystal at
room temperature, under ambient condition and under external pres-
sures at P = 6, 12 GPa is indeed known to exist in body-centered
tetragonal (I4/mmm) and orthorhombic (Cmcm, Pnma) phases respec-
tively (vide supra).

Moreover, Fig. 9 (a) also shows marked differences between the
values of n, and n, not only for the crystal under ambient condition but
also under high external pressures. The difference (An) between the
values of n, and n, makes Hg,Cl; crystal optically birefringent and is
expected to show birefringence phenomenon. The calculated birefrin-
gence value An = 0.64 at ~ 2 eV for the studied compound under
ambient condition is in excellent agreement with the reported value ~
0.65 — 0.66, as depicted in the available literatures [48,70]. This result
further justifies the level of theory used in the first-principle calculations
which has the unique power to reproduce the experimentally deter-
mined optical band gap, imaginary part of the complex dielectric
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Fig. 9. (a) Real part of the refractive index n(w) of Hg>Cl, compound computed as a function of energy under ambient (P = 0 GPa) and external pressures (P = 6 GPa
and 12 GPa) along [001]/ E|| and [100]/ E, directions of polarization. The visible region (~ 1.5 eV to 3 eV) is shaded with blue in each plot. (b) The birefringence
(An) as a function of external pressure for Hg,Cl, compound as estimated from GGA — HSE level of theory. The transitions pressures are marked in the figures as

vertical dotted lines.

function, refractive indices and optical birefringence of the compound
[42,48,70]. In this connection it may be worth to mention that the first-
principle calculations with GGA-HSE level of theory are known to
reproduce the experimentally determined band gaps and optical prop-
erties of different materials with profound accuracies and have been
reported elsewhere [104-110].

Fig. 9 (a) further reveals that both the values of the refractive indices
(ny, n.) of the compound in ambient condition and under external
pressures P = 6, 12 GPa are less than 1 for the incident energies above 9
and 12 eV respectively. These results signify that the group velocity (vg)
of the incoming wave within the crystal exceeds the velocity of light “c”
in the energy windows above 9 eV for the tetragonal (I4/mmm) phase
and above 12 eV for the orthorhombic (Cmcm, Pnma) phases of the
compound. Beyond the above referred energy windows (ca. P = 0 and 6,
12 GPa) the Hg,Clj crystal is thus turned to exotic metamaterials or left-
handed materials and is expected to show non-linear optical properties
and superluminal characteristic features [37,90,111-116].

The variation in An for HgsCly crystal as a function of external
pressure P is shown in Fig. 9 (b). From Fig. 9 (b) it is clearly seen that An
increases with increase in P. However, deeper inspection further reveals
distinct changes in the slopes of the curve at P ~ 0.25 and 9 GPa which
incidentally correspond to the transition pressures (Pp); and (Pr)s
associated with I4/mmm (D}7) — Cmem (D}7) and Cmem (D}]) — Pnma
(D%}?) structural phase transitions of the compound (vide supra). Appre-
ciable increments in the optical birefringence with pressure are associ-
ated with increase in anisotropic behaviour of the crystal as it undergoes
two consecutive phase transitions from tetragonal to the orthorhombic
phases of the compound at P = 0.25 and 9 GPa. We believe that such
changes in the optical birefringence with P will be helpful in designing
improved optoelectronic devices such as polarized lasers, waveguides
and fiber-optic communication systems in future endeavours
[117-120].

4. Conclusions

Pressure induced modulations in the optoelectronic properties of
Hg2Cly compound have been explored in detail for the first time from
first-principle calculations. Crystal structures and the pressure driven
structural phase transitions from the tetragonal [I4/mmm (D}UZ)] to
orthorhombic [Cmem (D)) and Pnma (D18)] phases of the compound
have been critically explored. Variations in the optoelectronic properties
of the material in ambient condition and under external pressures have
been explored in terms of complex dielectric functions, absorption co-
efficients, optical conductivities, refractive indices and optical bi-
refringences. We believe that the present study will help to unfold the
anisotropic properties of the crystal which in turn may be helpful in
designing improved optoelectronic devices such as polarized lasers,
waveguides and fiber-optic communication systems.
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1. Introduction

Phase transitions are considered as one of the fundamental physical processes that have drawn sig-
nificant attentions over the years among the physicists and chemists. During phase transition, phys-
ical and thermodynamic parameters of a system can alter significantly, as it undergoes
transformation from one physical state to another. The most familiar examples of phase transitions
in nature is the conversion of ice to water and then into vapour with the rise in temperature [1-3].
However, in de facto there exists many exotic examples of phase transitions in physics that include
conversions of ferromagnetic/ antiferromagnetic materials into paramagnetic at the Curie point
(Tcurie)/Neel temperature (Ty) [4-11], transformation of conducting materials into superconduc-
tors at the critical temperature [12,13], conversion of the normal fluid Helium-I to the superfluid
Helium-II at the lambda point [14-16], order-disorder phase transition in brass [17], the tempera-
ture and/or pressure driven structural phase transitions in the crystals [18-38], to name a few.
Mercurous chloride (Hg,Cl,) aka calomel is reckoned as a charge transfer insulator [39] and is
extensively used as electrode material, white pigment and polarizing prisms [40-42]. The material is
known to show strong birefringence, befitting its use in acousto-optic tuneable filters for the devel-
opment of hyperspectral imagery over large UV-Vis-LWIR window of the electromagnetic spec-
trum [43,44]. Hg,Cl, also exhibits the negative thermal expansion (NTE) behaviour at high
temperature [45,46]. At room temperature (T'=300 K) and under ambient pressure (P =0 GPa)
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9 Supplemental data for this article can be accessed online at https://doi.org/10.1080/01411594.2023.2209258.
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Hg,Cl, is known to possess in the body-centered tetragonal [I4/mmm (Dy;)] phase and undergoes
pressure-driven structural phase transitions where the successive transformations from the body-
centered tetragonal [I[4/mmm (Dj;)] — base-centered orthorhombic [Cmcm (Dj;)] and from the
base-centered orthorhombic [Cmcm (D%)] — primitive orthorhombic [Pnma (Dig)] phases of
the compound at transition pressures (Pr) 0.25 and 9 GPa, respectively have been reported exper-
imentally and from the first-principle calculations [22,47-50]. Experimental observations also
suggest that Hg,Cl, compound at low temperature (ca. T~ 186 K) encounters I4/mmm (D}]) —

Cmcm (D) structural phase transition and finally end up in the base-centered orthorhombic
[Cmcm (Dj})] phase [51-55]. Though the existence of two different phases of the Hg,Cl, compound
with temperature has been reported experimentally from anomalous X-ray transmission, inelastic
neutron and Raman scattering studies [51-54], the underlying cause that drives this transition has
not been addressed so far. Understanding the physics behind the above referred phase transition
and NTE behaviour will not only help for the sensible futuristic designs of improved functionalized
systems or the prototypes but also can augment their applications surpassing the existing real-world
technologies.

Considering the above issues in mind, the present paper reports for the first time a detail study
on the temperature dependent I4/mmm (Dy;) — Cmcm (Dj]) structural phase transition of the
compound from the first-principle density functional theory (DFT) and Born-Oppenheimer on
the fly molecular dynamics (BOMD) simulations. The order parameter, nature of the phase tran-
sition and the Griineisen parameters have also been unveiled. The present study will help to identify
the key phonon modes that stand responsible for the above referred phase transition and NTE
behaviour of the compound. We believe that this in-depth study may be helpful for its applications
in fibre-optic communications, thermomechanical actuators and in fuel cells.

2. Computational methodology

The first-principle density functional theory (DFT) calculations have been accomplished from gen-
eralized gradient approximation (GGA) with the Heyd-Scuseria-Ernzerhof (HSE) exchange-cor-
relation functional [56] using Quantum ESPRESSO (QE) software [57-59]. The crystal structure
of the body-centered tetragonal [I4/mmm (D}j1 ] phase of Hg,Cl, compound at room temperature
(T=300K) has been primarily noted from the experimentally determined X-ray diffraction data
[60]. The experimentally determined structural parameters of the compound have been initially
optimized through the variable cell relaxation scheme following Broyden-Fletcher-Goldfarb-
Shanno (BFGS) method [61-64] at pressure (P) =0 GPa using the DFT method. The electron-
ion interactions have been taken into account from the pseudopotential approach using the projec-
tor augmented wave (PAW) method [65]. Valance electrons 5d'%s? and 3523p5 associated with the
respective Hg and Cl atoms of the compound are represented as plane wave with kinetic energy cut-
off at 80 Ry. The unitcell of Hg,Cl, crystal system is allowed to relax until the Hellmann-Feynman
(H-F) force reaches a value less than 10™* Ry/Bohr for the maximum cell pressure of 1072 GPa and
the total electronic energy difference <10™'* Ry. A gamma-centered k-point mesh of 10x10x 10
Monkhorst-Pack grid has been fixed for the optimization of the crystal structure. To precisely esti-
mate the relativistic effect of heavy Hg atom, the spin-orbit coupling (SOC) correction and relati-
vistic pseudopotentials have been incorporated in the calculations.

Using optimized geometry of the unitcell, a 2x2x2 supercell with 64 atoms for the tetragonal
(I4/mmm) phase of Hg,Cl, compound has been constructed. Born-Oppenheimer on the fly mol-
ecular dynamics (BOMD) simulations for the I4/mmm phase of Hg,Cl, compound have been
accomplished at room temperature (T=300 K) on the supercell. The BOMD simulations have
been accomplished using HSE + SOC level of theory keeping the convergence criteria for H-F
force, cell pressure and total electronic energy similar to that used for the static DFT calculations.
On the fly molecular dynamics simulations have been performed using ‘variable-cell molecular
dynamics’ method as implemented in QE software [57-59]. Total energy of the supercell (E), so
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obtained from the simulation run at the optimized volume (V) are then estimated by changing V" of
the systems. The E-V plots are finally fitted using fourth-order Birch-Murnaghan (B-M) equation
of states [66,67]. All the simulations were performed within the chosen NPT ensemble whose temp-
erature is controlled by the Nose-Hoover thermostat [68-70]. In the BOMD simulation, the super-
cell for the I4/mmm phase of Hg,Cl, system at room temperature has been equilibrated initially for
10 ps followed by further simulations for 48 ps with the time step of 1 fs. The refined structure of
Hg,Cl, at room temperature (T = 300 K), as obtained from the BOMD calculations, is then relaxed
again by decreasing the temperature of the ensemble spanning in the range from 275 to 80 K to
attain the BOMD simulated supercell geometry for the low temperature base-centred orthorhombic
[Cmcm (Dj))] phase of the Hg,Cl, compound. The output files, so generated after running the
BOMD simulations, consist of the atomic positions, Bravais-lattice indices, lattice parameters
and their corresponding angles of the refined optimized structures of the compounds. The sym-
metries of those structures have been systematically determined by extracting the BOMD simulated
output files in the visualization software packages XCrySDen [71] and VESTA [72]. In this connec-
tion it may be relevant to mention that in the present report, we started our calculation from exper-
imentally determined X-ray diffraction data for the I4/mmm phase of Hg,Cl, compound at T'=
300 K, hence, we subsequently estimate the temperature-dependent phase transition of the com-
pound at lower temperature where the system is shown to undergo structural phase transition
from I4/mmm to Cmcm phase.

The temperature dependent phonon dispersion spectra, phonon density of states (PhDOS) and
Griineisen parameters for the I4/mmm and Cmcm phases of the Hg,Cl, system have been estimated
by calculating second (harmonic) and third-order (anharmonic) interatomic force constants (IFCs)
K;j(A) following the supercell approach using Phono3py suite of software [73]. The Kj;(A) for atom A
has been estimated by introducing a set of finite atomic displacements with the amplitude of + 0.03
A to the supercells along x, y and z directions in three — dimensional Euclidean space. The magni-
tude of Kjj(A) determines the curvature, while its sign signifies the nature of the potential energy
hypersurface. A denser grid of 30x30x30 k-point mesh has been used for calculating the phonon
dispersion spectra, PhDOS and Griineisen parameters. The transverse optical (TO) and longitudi-
nal optical (LO) phonon modes have been isolated from the non-analytic term correction at long-
wavelength (k — 0) limit.

3. Results and discussions

3.1. Crystal structures and temperature dependent structural phase transition of Hg,Cl,
compound

The Hg,Cl, compound, at room temperature (T'= 300 K) and at P = 0 GPa, crystallizes in the body-
centered tetragonal phase with I4/mmm (D,]) space group symmetry (space group no. 139) [60].
The chosen unitcell of the crystal contains one formula unit (Z =2) with the Wyckoft sites at 4e
(0, 0, 0.1157) and 4e (0, 0, 0.3380) are occupied by Hg and Cl atoms, respectively. Total energy
of the unitcell (E) versus unitcell volume (V) for the I4/mmm (D,]) phase of Hg,Cl, system, as
obtained from the static DFT calculations at HSE + SOC level of theory, is shown in Figure 1(a).
The discrete points in the E versus V plot has been fitted using fourth order B-M equation of states
[66,67]. From Figure 1(a), it is seen that E attains minimum value in the E-V curve at ~ —455.873
Ry/atom for V ~ 219.16 A>. The optimized unitcell structure for I4/mmm phase of the compound is
shown in Figure 1(b).

The nomenclature of the unitcell, as shown in Figure 1(b), has been adopted from our earlier
report that depicted the structural and electronic properties of the compound under ambient con-
dition [39]. Apical and the central mercury atoms are denoted as Hg(A) and Hg(C), respectively,
while the linear and the neighbouring chlorine atoms for the compound are represented as CI(L)
and CI(V), respectively, much in the same way as reported in our earlier publication [39]. The
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Figure 1. (a) Total energy of the unitcell versus unitcell volume plots for /4/mmm (blue trace), Cmcm (red trace) phases of Hg,Cl,
compound and (b) optimized geometry of the unitcell for /4/mmm phase of the compound as obtained from the static DFT cal-
culations using HSE + SOC level of theory. [Vertical black arrows show the unitcell volume at minimum energy configuration on
Figure (a). Emerald blue and red colours represent Hg and Cl atoms, respectively on Figure (b)].

crystal structure of the Hg,Cl, compound in I4/mmm (D}UZ) phase (Figure 1(b)) harbours successive
distorted octahedral domains comprising of Hg(C), Hg(A) and CI(L), CI(V) atoms dispensed in the
three-dimensional space. The associated lattice and structural parameters of the compound are
shown in Table 1.

The variations in the supercell energy (E) of the Hg,Cl, compound in its I4/mmm phase at room
temperature (T =300 K) with time is shown in Figure 2(a). After primary relaxations marked by
concomitant rise in energy with time, the system attains equilibrium energy value after a lapse of
~ 10 ps. The refined supercell geometry of the system, so extracted from the from the BOMD simu-
lation run at 30 ps time scale, is depicted in Figure 2(b).

The variation in the supercell volume (V) of Hg,Cl, crystal in its [4/mmm phase as a function of
temperature is shown in Figure 3(a). Interestingly, with decrease in temperature from 300 K, slight
increase in V' has been noticed until the temperature (T') attains 188 K, where distinct discontinuity
in V-T curve has been observed. Before this discontinuity, the system remains in the I4/mmm
phase. The sharp discontinuity in the V-T curve is followed by appreciable rise in the supercell
volume from ~ 1779.89 to 3420.44 A>. Supercell volume ~ 3420.44 A’ corresponds to the base-cen-
tered orthorhombic [Cmcm (D}])] phase of the compound. Such doubling of volume is also
reported for the Hg,Cl, crystal as it undergoes temperature dependent structural phase transition
from I4/mmm (D}]) — Cmcm (D}]) phase at T=185K [76]. However, with further decrease in
temperature from T = 188 K, the supercell volume of the system increases monotonically. The pro-
minent discontinuity in the V=T curve at T =188 K indicates structural phase transition of the

Table 1. The lattice and structural parameters for the 14/mmm phase of Hg,Cl, compound as accomplished from the DFT
calculation with HSE + SOC level of theory.

Parameters This Study Experiments [74,75]
a=b (A) 4482 4479, 4480

c(A) 10.910 10.905, 10.910

Vv (R3) 219.16 218.77, 218.97
Hg(C)-Hg(A) (A) 2.526 2.595, 2.526
Hg(0)-CI(L) (A) 2424 2.362, 2430

CI(L)-Hg(C)-Hg(A)-CI(L) (degree) 180 180
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Figure 2. (a) Temporal variations of total energy and (b) the optimized geometry of 2x2x 2 supercell for the /4/mmm phase of
Hg,Cl, crystal at room temperature (T = 300 K) as accomplished from the BOMD simulations. (Emarald blue and red colours show
Hg and Cl atoms, respectively).

Hg,Cl, compound from body-centered tetragonal [I4/mmm (D}UZ)] to base-centered orthorhombic
[Cmcm (D;;)] phase. Strikingly enough this temperature T = 188 K closely corresponds to the tran-
sition temperature (T.) ~ 186 K where the compound is experimentally reported to undergo temp-
erature dependent I4/mmm (D};Z) — Cmcm (D%) structural phase transition [51]. Furthermore, the
structural phase transition at T, = 188 K for Hg,Cl, system is associated with the discrete changes in
supercell volume with temperature. This result indicates first-order phase transition of the system
due to breaking of the translational symmetry. The alterations in the lattice parameters (a, b, ¢) of
Hg,Cl, compound as a function of temperature are shown in Figure 3(b). Akin to the V-T plot, the
variations in the lattice parameters of the compound with temperature (Figure 3(b)) are marked by
noticeable discontinuities at T'= 188 K, which further corresponds to T, that leads to the I4/mmm
(Dy;) — Cmcm (Dj}) structural phase transition of the system under study.
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Figure 3. (a) Supercell volume and (b) lattice parameters versus temperature plots as obtained from the BOMD simulations. The
transition temperature T. has been marked with vertical dotted (------ ) line.
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In this connection it is pertinent to mention that the decrease in supercell volume with temp-
erature (Figure 3(a)) promotes the negative thermal expansion (NTE) behaviour of the com-
pound in the temperature window ranging between 300 and 80 K. To understand the NTE of
the system, the volumetric coefficient of thermal expansion (a) has been estimated using the fol-
lowing relation.

10dv
voT~

(1)

The « values for the I4/mmm and Cmcm phases of the Hg,Cl, compound at T'= 300 and 185 K are
found tobe —1.34x10™* K™ and —7.62x10™* K™ respectively. The a value for the I4/mmm phase of
the compound at T'= 300 K closely resembles to the experimental observations as reported elsewhere
[45,46]. Moreover, the NTE of the system may be linked with the variation of the crystallographic c-
axis which is found to be significantly decreased with increase in T (Figure 3(b)). The detail discussion
on NTE of Hg,Cl, compound will be unveiled in the later section.

The total energy for the base-centered orthorhombic [Cmcm (D;Z)] phase of Hg,Cl, com-
pound (that is experimentally known to remain stable at T'< 186 K [51]) as a function BOMD
simulation time and supercell volume are shown in Figure S1 (Supplementary Information).
The E - V plot for the Cmcm phase of the compound, as estimated from the DFT calculation,
is also depicted in Figure 1(a). The optimized crystal structure for the Cmcm (D)) phase of
Hg,Cl, at temperature T=185K, so accomplished from the BOMD simulations is shown in
Figure 4(a). The unitcell for the Cmcm phase of the crystal also contains one formula unit (Z
=2) and eight atoms in its unitcell (64 atoms in the 2x2x2 supercell). The corresponding lattice
and the structural parameters are shown in Table S1 (Supplementary Information). The lattice
and structural parameters belonging to the supercell for Cmcm (Dj;) phase of the compound,
as estimated from the BOMD calculations, are in close agreement with the available experimental
results reported elsewhere [76]. From Tables 1 and S1, it is clearly seen that the structural par-
ameters of the Hg,Cl, system show distinct changes in the average value of CI(L)-Hg(C)-Hg
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Figure 4. (a) Optimized 2x2x2 supercell for the Cmcm phase of Hg,Cl, at T= 185 K (Hg atoms are shown in emerald blue, while
Cl atoms are in red colours). (b) Average CI(L)-Hg(C)-Hg(A)-CI(L) dihedral angle as a function of temperature as obtained from
the BOMD simulations.
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(A)-CI(L) dihedral angle and Hg(C)-Hg(A), Hg(C)-CI(L) bond lengths as it undergoes struc-
tural phase transitions from I4/mmm (D}]) — Cmcm (D)) phase at T, =188 K. The variation
of the average CI(L)-Hg(C)-Hg(A)-CI(L) dihedral angle as a function of temperature is
shown in Figure 4(b). From Figure 4(b) it is seen that the average value of ClI(L)-Hg(C)-Hg
(A)-CI(L) dihedral angle deviates from planar dispositions (from 180° to 170.54°) of the associ-
ated atoms as the compound undergoes temperature dependent structural phase transition from
the body-centered tetragonal to base-centered orthorhombic [I4/mmm — Cmcm (D,;)] phase at
T'=188 K. Deviation from planarity of the CI(L)-Hg(C)-Hg(A)-CI(L) chain in the Hg,Cl, sys-
tem, in turn, can alter its anisotropic behaviour and this anisotropy may become more promi-
nent as the compound undergoes phase transition at the specified T..

3.2. Order parameter linked with the paraelastic to ferroelastic phase transition of Hg,Cl,
compound

The order parameter associated with I4/mmm (D) — Cmcm (Dj}) structural phase transition of
the Hg,Cl, compound at T, = 188 K has been estimated from the second rank strain tensor function
(eij) [77-79]. Hg,Cl, is known to undergo paraelastic to ferroelastic phase transition with tempera-
ture [51,80,81]. While spontaneous strain is harboured in the ferroelastic phase of the compound,
the paraelastic phase on the other hand does not show any such behaviour. In this temperature
dependent paraelastic to ferroelastic phase transition of Hg,Cl, compound, the strain tensor func-
tion e;; is thus considered as the order parameter. Strain tensor e;; = 0 represents the paraelastic
phase of the compound with no spontaneous strain. However, e; # 0 suggests the ferroelastic
behaviour of the system with spontaneous strain.
The tensor function is represented as

e = J% (e — €); @)
where
o= @79, 3
and
(%)
on= L, @)

[P EN ]

where ‘@’, ‘¢’ and ‘ay’, ‘cy’ are the lattice parameter of the body-centered tetragonal (I4/mmm) struc-
ture and base-centered orthorhombic (Cmcm) phases of the compound respectively. Figure 5 shows
the variation of e;; (here the order parameter) as a function of temperature. Interestingly while e;;
shows near zero value for T'> 188 K, however, for T'< 188 K non-zero value of e;; has been esti-
mated. Zero and non-zero values of e;; indicate that the Hg,Cl, system belongs to the respective
paraelastic I4/mmm and ferroelastic Cmcm phases above and below T =188 K. Furthermore, the
marked changes in the order parameters for the Hg,Cl, compound at T = 188 K, not only corrobo-
rates [4/mmm (D)) — Cmcm (Dj]) structural phase transition at the pre referred temperature but
also unveil T. =188 K for such transition.

3.3. Helmholtz free energy and transition temperature

To precisely determine the transition temperature (T.) associated with I4/mmm (Dj;) - Cmcm
(D%) structural phase transition of Hg,Cl, compound, the Helmholtz free energies (F) of the
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Figure 5. Variations of e; (order parameter) as a function of temperature as obtained from BOMD simulations.

systems have been estimated using the following relation:
E(T, v) = E(v) + Fa(T, v) + Fp(T, v), (5)

where E is the total ground state energy of the respective supercells, V'signifies the supercell volume
at temperature T, Fo(T, v) and F (T, v) are the Helmholtz free energies of the electrons and pho-
nons, respectively. F,(T, v) can be estimated using the following relation [82,83]:

Fu (T, v) ~ kT Jdv N, (v) [nlnn+ (1 —n)ln (1 — n)], (5a)

where N,(v) is the electronic density of states and » is the Fermi occupation number.
F,n(T, v) has been calculated within the thermodynamic integration approach [83,84] and is
expressed as

1
Fpu(T,v) = |dvFq({Ri}) — Fa({R)}) — = uiuj Dy(T, v),, (5b)
0 ij 2

where F({R}) — F4({R%}) corresponds to the change in electronic free energy at a certain fixed
point of ionic coordinates ({R;}). u; = {R;} — {RV}, m is the atomic mass and D represents the
dynamical matrix of the system. The thermodynamic average ({........ )») has been estimated
using the BOMD simulations.

The variations of Helmholtz free energy difference (AF) as a function of temperature for the I4/
mmm and Cmcm phases of the compound are shown in Figure 6. From Figure 6, it is clearly seen
that the AF-T plots for the I4/mmm and Cmcm phases of the system intersect at temperature T =
186 K. The point of intersection at T'= 186 K not only signifies the isoenergetic point where both
the phases of Hg,Cl, share the common Helmholtz free energy but also marks the transition temp-
erature (T,) that is linked with I4/mmm (Dj;]) — Cmcm (DJ]) structural phase transition of the
compound. Fortuitously, the result is in complete agreement with the experimental observation
as reported elsewhere who reported T. =186 K associated with I4/mmm (D}]) — Cmcm (DY)
structural phase transition of the system [51]. The AF-T plots further divulge that body-centered
tetragonal (I4/mmm) phase of the compound is thermodynamically more stable above T.=
186 K, while below T, (T < T,) it is the base-centered orthorhombic (Cmcm) phase that is estimated
to be thermodynamically stable. In this connection it may be relevant to mention that the same
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Figure 6. The Helmholtz free energy difference versus temperature plots for /4/mmm and Cmcm phases of the Hg,Cl, compound.

Cmcm phase of Hg,Cl, compound has been observed when the system is subjected to external
pressure P = 0.25 GPa [22,48-50] as the one that is estimated at P=0 GPaand T = 186 K [51]. How-
ever, at room temperature and P =9 GPa the same compound is known to exist in the primitive
orthorhombic (Pnma) phase [22,47].

3.4. Phonon dispersion relations at various temperatures

Hg,Cl, compound belongs to the body-centered tetragonal [I4/mmm (D}])] phase at room temp-
erature. However, below the transition temperature T. = 186 K, the system crystallizes to the base-
centered orthorhombic [Cmcm (D%Z)] phase (vide supra). Figures 7(A) and 8(A) show the phonon
dispersion spectra for the I4/mmm and Cmcm phases of Hg,Cl, compound along the high sym-
metry directions s M - X ->T - Pand I - Z—- X —>T =Y, respectively. The total and partial
phonon density of states (PhDOS) for the I4/mmm phase of system at T = 300 K is shown in Figure
7(a) while that for the Cmcm phase at T =185 K is depicted in Figure 8(a). The transverse acoustic
(TA), longitudinal acoustic (LA) phonon modes are observed in the low-frequency window of the
phonon dispersion spectra ranging between ~ 0-1 THz and 0-0.95 THz for the I4/mmm and
Cmcm phases of Hg,Cl, compound, respectively. The TA phonon branches are found to be doubly
degenerate between I' > M, X — I' and I' - P directions for the I4/mmm phase of the compound,
while the same is observed along I' — Z, Z - X and I' — Y directions for the Cmcm phase. The opti-
cal phonon branches for both the I4/mmm and Cmcm phases of the Hg,Cl, compound at T =300
and 185 K, respectively, are localized in two disparate frequency regions ranging from ~ 0.69 to 4.41
THz, 7.07 to 8.85 THz and 0.64 to 4.56 THz, 6.76 to 8.76 THz. The corresponding PhDOS plots for
the I4/mmm, Cmcm phases of the system (Figures 7(a) and 8(a)) indicate that the low- and high-
frequency phonons are dominated by twisting/wagging/scissoring and stretching modes of the
compound respectively. Interestingly, no imaginary or negative frequency has been noticed in
the phonon dispersion curves. This result signifies that I4/mmm and Cmcm phases of the Hg,Cl,
compound at T'=300 and 185 K are dynamically stable.

Surprisingly, at T=186 K, the phonon dispersion spectra (Figure 7(B)) exhibit prominent
changes in the dispersions of the phonon branches, of which the slowest transverse acoustic Xj,
low-lying optical Xg, T's, I'19, M5 and P;; phonon modes undergo remarkable softening by decreas-
ing their frequencies at the respective high symmetry points, X, I', M and P. Besides, at T=186 K,
hardening of the optical '3, X,4 and M,4 phonon modes have also been noticed at the high-
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Figure 7. The phonon dispersion spectra along the high-symmetry points —-M—X—TI—P for the [4/mmm phase of Hg,Cl, at T
= (A) 300 K and (B) 186 K. The total and atom resolved PhDOS for [4/mmm phase of the compound for temperature (a) 300 K and
(b) 186 K.

symmetry points I', X and M, respectively, in the Brillouin zone. The alterations in phonon frequen-
cies of I's and I',; modes with temperature are in close agreement with the temperature dependent
v1 (Ep) and vy (A;,) Raman active vibrations respectively as the compound suffers I4/mmm —
Cmcm structural phase transition at T ~ 186 K [52,54,55].

Surprisingly, below T, = 186 K, the base-centered orthorhombic [Cmcm (DJ])] phase of the com-
pound is again found to be dynamical stable as it is evident from the corresponding phonon dis-
persion spectra (Figure 8(A)). The phonon dispersion spectra at T'=185K show noticeable
changes in their spectral features with respect to the phonon modes as estimated at T=186 K
and are marked by hardening of X; and I'jy phonons and softening of I';; and X,; phonon
modes. The hardening and softening of these phonon modes in phonon dispersion spectra at T
=185 K thereby allow the system to achieve dynamical stability. In this connection, it is relevant
to mention that similar softening of X;, Xg, I's, I'io and I';s phonon modes and hardening of I';3
and X,, phonons have also been observed in the phonon dispersion spectra for the Cmcm phase
of the system at T=186 K. The corresponding phonon dispersion spectra and PhDOS for the
Cmcm phase of the compound at T'=186 K are shown in Figure 8(B) and 8(b), respectively.

3.5. Identifying the phonon modes responsible for phase transition

To identify the key phonon mode/ modes responsible for the temperature dependent phase tran-
sition of the Hg,Cl, compound, the variations in vibrational frequencies for some of the represen-
tative X, Xg, X24, I's> ['10 and '3 phonon modes with temperature have been estimated. The results
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Figure 8. (A) The phonon dispersion curves along the high-symmetry points [-Z—X—T—Y for the Cmcm phase of Hg,Cl, com-
pound at T=(A) 185 K and (B) 186 K. The total and atom resolved PhDOS for Cmcm phase of the compound estimated at temp-
erature (a) 185 K and (b) 186 K.

are shown in Figure 9. From Figure 9, it is observed that the frequencies of the acoustic X; and low-
lying optical phonon modes Xg, I's, I'1o at 186 < T < 300 K are almost independent of temperature.
However, at T'=186 K, these modes undergo sharp drop in frequencies portending the transition
temperature (T,.) associated with temperature dependent structural phase transition of the system.
Furthermore, the high-frequency X,4 and I',3 optical phonon modes, like the acoustic phonons,
remain independent with temperature except at T'=186 K, where instead of softening exhibit
appreciable hardening of the vibrational frequencies. All these observations collectively suggest
that acoustic X; and optical Xg, X,4, I's, I'10, 23 phonon vibrations may be responsible for the temp-
erature dependent I4/mmm (Dj;) — Cmcm (Dj}) structural phase transition of the Hg,Cl, com-
pound at the transition temperature (T'=T. = 186 K).

The cartesian displacements of the relevant X;, Xg, X54 I'1o, I'23, and M, phonon modes, as esti-
mated from the first-principle calculations are shown in Figure 10. From Figure 10, it is observed
that the high frequency optical X,, and I',; phonon modes are strongly linked with the vibrations of
Hg atoms along the crystallographic ¢ - axis. While the acoustic X; and optical Xg, M,, phonon
modes are involved with the atomic displacements of both Hg and Cl atoms, the I';y phonon is
associated with the vibrations of Cl atoms of the compound. Visual inspections of the cartesian dis-
placements linked with the pre referred phonon modes of the compound not only suggest pertur-
bations in the lattice parameters (g, b, ¢) of the system but also signify considerable alterations of the
linear CI(L)-Hg(C)-Hg(A)-CI(L) chain from its planar dispositions as the compound undergoes
structural phase transition from the body-centered tetragonal to base-centered orthorhombic
[I4/mmm (Dy;) — Cmcm (Dj})] phase at T, = 186 K.



PHASE TRANSITIONS (&) 457

2.0 F——h——k- *

k44210
N G X
F_: 1.6} ) 8
> e -
. n—a— r
g 1.2 B 3’ 6
g e—o—ao @
o 0.8 :
o
[ X1
0.4} q
9.0 :
o
§ 8.7F r.—o—.—.—)ﬁ(
= ) 24
> I
O 8.4t —>»T =186 K
[ 1 c
g A
g 8.1} e—eo—o T _F
el : 23
1
1

100 150 200 250 300
Temperature (K)

Figure 9. Variations of phonon frequencies as a function of temperature for the phonon normal modes X, Xg, X4 and I, I'1o, 23
along the respective high-symmetry points X and T.

3.6. Displacive or order-disorder type phase transition

To understand the nature of the structural phase transition whether it is ‘displacive’ or of ‘order-
disorder’ type, the on-site interatomic force constants [K;i(A)] for an atom A have been calcu-
lated from the respective supercells of the compound. In order-disorder type structural phase
transition the potential energy hypersurface for the collective atomic displacements shows mul-
tiple potential wells of equal depths. Atoms jump over the finite potential barrier between the
two nearest local potential minima within longer interval of time. However, for displacive
type structural phase transition, the potential energy hypersurface of the cartesian displacements
of atoms exhibits a single global minimum at equilibrium. The atoms move to and fro about the
equilibrium of the potential energy hypersurface with frequencies which link with the order of
the phonon frequencies. The magnitude of Kj;(1) determines the curvature, while its sign sig-
nifies the nature of the potential energy hypersurface. Positive values of K;;(1) suggest the single
minimum on the local potential energy hypersurface signifying ‘displacive’ type structural phase
transition. The negative values of K;;(1) on the other hand correspond to the multiwell nature of
the potential energy hypersurface and linked the phase transition to be of ‘order - disorder’ type
[22,85-90].

The on-site interatomic forces have been calculated by displacing the Hg and Cl atoms with an
amplitude of +0.03 A from their respective equilibrium positions along the crystallographic x, y
and z directions for the I4/mmm (D}]) and Cmcm (Dj]) phases of the Hg,Cl, compound. The
off-diagonal (i #j) IFCs K;i(Hg) and K;(Cl) for the I4/mmm phase of the compound are found
to be zero, however, the diagonal components (i = j) of the IFCs K;;(Hg) and K;;(Cl) are estimated
to be have non-zero values at transition temperature T, = 186 K. The non-zero positive values of
force constants along xx, yy and zz directions (K, (Hg) = K,,(Hg) = 0.18 N/m, K_(Hg) = 0.61 N/
m, K. (Cl)=K,,(Cl)=0.33N/m, K_(Cl)=1.39N/m] thereby suggest the nature of I4/mmm
(D}}) = Cmcm (Dj;) structural phase transition is of ‘displacive’ type in harmony with the available
experimental observations [51].
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3.7. Griineisen parameter and negative thermal expansion of Hg,Cl, compound

To precisely understand the negative thermal expansion (NTE) of Hg,Cl, compound, the mode
Griineisen parameters for the phonon modes have been estimated. The volume dependent mode
Griineisen parameter v;(k) is defined as [91]

3 [In w;(k)]

0= v

(6)

where w;(k) is the phonon frequency of the j-th phonon mode with wave vector k while V is the
volume of the unitcell of the compound. The weighted average Griineisen parameter v,,, can be
expressed as

Sy G
yavg - Zk C](k)

The specific heat [Cj(k)] of the j-th phonon mode for the wave-vector k is calculated using the
following relations [73]

7)

Cj(k) — ks |:f’l wj(k)i|2[ eXp[h a)j(k) / kgT]

ksT | [exp [h wj(k) / kgT] —1]* ®

where kg and A are the Boltzmann and reduced Planck’s constants respectively.
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Figure 11. Mode Griineisen parameters as a function of frequency for the (a) I4/mmm and (b) Cmcm phases of Hg,Cl, compound.

The variation of mode Griineisen parameter as a function of frequency for the body-centered
tetragonal (I4/mmm) and base-centered orthorhombic (Cmcm) phases of the Hg,Cl, compound
are shown in Figure 11(a,b) respectively. Interestingly, from Figure 11(a,b), the average values of
Griineisen parameter are found to be —0.56 and —0.64, respectively for I4/mmm and Cmcm phases
of the compound. The negative values of v,,, of Hg,Cl, in its high and low-temperature phases (I4/
mmm and Cmcm), however represent an unconventional phenomenon called NTE. The low temp-
erature Cmcm phase shows stronger NTE behaviour (7y,,, = —0.64) than that of its high tempera-
ture counterpart (7,,s = —0.56). This result is in harmony with the inference so predicted from the
corresponding thermal expansion («) values [vide supra, Section 3.1]. Figure 11(a,b) further depict
that, the acoustic phonon modes (TA and LA) in the low frequency window ranging from ~ 0 to 1
THz and the low-lying optical phonons in the frequency region ranging between ~ 0 and 4 THz
show significant negative values of mode Griineisen parameters, while small negative values of
mode Griineisen parameters come from the high-frequency optical phonon modes localized in
the frequency window ranging from ~ 7 to 8.85 THz. The larger negative Griineisen parameters,
as observed for the LA, TA and low-lying optical phonon modes, are the key candidates for the gen-
eration of soft phonon modes which further promote the structural instability and the phase tran-
sition of the compound [92,93]. The NTE materials are known to subtle for their wide applications
in developing high precision optical equipment, fibre-optic communication systems, and in fuel
cells [93,94]. Besides, both the room temperature I4/mmm and low-temperature Cmcm phases of
Hg,Cl, compound can be used as a composite with other positive thermal expansion materials
to form a zero thermal expansion coefficient compound which in turn may be useful in seismo-
graphs, thermomechanical actuators and in aerospace components [95-98].

4, Conclusions

Temperature dependent structural phase transition of Hg,Cl, compound has been studied from the
first-principle DFT and Born-Oppenheimer on the fly molecular dynamics calculations. At tran-
sition temperature T, = 186 K, the system is found to transform from the body-centered tetragonal
(I4/mmm) to the base-centered orthorhombic (Cmcm) phase. The structural deformation of Hg,Cl,
compound with temperature has been primarily predicted from the alterations of structural par-
ameters and Helmholtz free energy difference. The phonon dispersion relations have been esti-
mated to explore the key phonon modes associated with the phase transition of the compound.
While the order parameter e;; suggests its paraelastic to ferroelastic phase transition at T, the
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on-site force constants K;;(1) indicate the phase transition to be of ‘displacive’ in nature. The nega-
tive values of mode Griineisen parameters reveal the negative thermal expansion of Hg,Cl, com-
pound. We believe that this paper will not only provide a wealth information to study the
temperature dependent structural phase transition from first-principle calculations, but may pro-
mote Hg,Cl, for its future applications in low-temperature physics, thermomechanical actuators,
fibre-optic communication systems and in fuel cells.
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The present paper is primarily focused on predicting the band gaps of nitride perovskites from machine
learning (ML) models. The ML models have been framed from the feature descriptors and band gap
values of 1563 inorganic nitride perovskites having formation energies <—0.026 eV and band gaps
ranging from ~1.0 to 3.1 eV. Four supervised ML models such as multi-layer perceptron (MLP), gradient
boosted decision tree (GBDT), support vector regression (SVR) and random forest regression (RFR) have
been considered to predict the band gaps of the said systems. The accuracy of each model has been
tested from mean absolute error, root-mean-square error and determination coefficient R? values. The
bivariate plots between the predicted and input band gaps of the compounds for both the training and
test datasets have also been estimated. Additionally, two ABNz-type nitride perovskites CeBNsz (B = Mo,
W) have been selected and their electronic band structures and optoelectronic properties have been
studied from density functional theory (DFT) calculations. The band gap values of the said compounds
have been estimated from DFT calculations at PBE, HSE06, GoWo@PBE, GoWo@HSEQ6 level of theories.
The present study will be helpful in exploring the ML models in predicting the band gaps of nitride
perovskites which in turn may bear potential applications in photovoltaic cells and optical luminescent
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1. Introduction

Perovskites are ternary compounds with general chemical
formula ABX; where “A” and “B” are cationic elements and “X”
can be either oxygen or halogens in anionic forms. While “A”
atoms are located in the cuboctahedral cavities of the crystal,
“X” atoms on the other hand form corner sharing BXs octa-
hedra. These compounds are known to show fascinating phys-
ical and chemical properties and find extensive applications in
the fabrications of solar, fuel cells, energy conversion and
optoelectronic devices."*® Moreover, perovskites containing
heavy fermionic elements, that show Rashba splittings, find
promising applications in spintronics.****

Despite considerable successes of oxide and halide perov-
skites, recently much attention has been focused on the
synthesis and first-principle calculations of nitride perovskites
having general formula ABN;."*™*° Of late, ABN; find potential
applications as topological insulators, photovoltaic cells and are
being successfully used as optical luminescent materials.*®?%*
The primary driving force behind the realization of ABN; stems
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from their extraordinary electronic, optical and magnetic
properties of nitride compounds. For example, 2D hexagonal
boron nitride is used in 5G wireless technology.”” Vanadium
nitride (VN), niobium nitride (NbN) and tantalum nitride (TaN)
compounds are commonly employed in the fabrications of high
- T. superconductors, supercapacitors and batteries.>*>’

Barring several attributes, syntheses of nitride perovskites
are experimentally challenging as their synthetic protocols
demand oxygen free environment.”® Despite this limitation,
successful preparations of ThTaN;, LaWNj;, LaReN;, LaMoN3,
CeMoN;, CeWN3;, YMoN; and YWN; systems have so far been
reported.”®3' Readers who are interested in their synthesis
procedures are referred to the literature®** as depicted under
reference section. Interestingly, these nitride perovskites find
wide applications as topological insulators, spintronics and
microelectromechanical devices.>"***

Considering the enormous applications of nitride perovskites,
in silico approaches alone or in conjunction with experiments
have been successfully applied to predict the structure-function
relationships of these compounds. A combined minima hopping
method and density functional theory (DFT) calculations have
been performed to predict the crystal structures and band gaps
(E,) of twenty-one ABN; perovskites such as LaBN; (B = Re, W,
Mo, Tc, Os, Cr, Mn, Co), SrBN; (B = Re, W, Tc), CaBN; (B=Re, W,
Mo, Tc), BaBN; (B = Re, W) and YBN; (B = Re, W, Mo, Tc)."
Those systems were observed to be thermodynamically stable
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and proposed to have excellent chances of being experimentally
accessible.” Recently, the first-principle DFT calculations have
been carried out to calculate the magnetic moments and ther-
modynamic stabilities of some rare-earth nitride perovskites
ABN; (A = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu and B = Re, W) and suggested their numerous technological
applications in the domain of nitride materials.'® In this regard
DFT is now recognized to be an elegant approach to estimate the
electronic and optoelectronic properties of the materials under
study. Both the electronic as well the optoelectronic properties
are primarily guided by the band gaps of the materials. While
DFT calculations with local density approximation (LDA) and
generalized gradient approximation (GGA) underestimate E,
values,*~¢ the unscreened hybrid and Perdew-Burke-Ernzerhof-
Hartree-Fock exchange (PBEO) functionals overestimate band
gap energies of the compounds relative to their experimental
counterparts.*’?*° In this regard DFT calculations, as accom-
plished from single-shot GW (G,W,)) approximation using hybrid
exchange-correlation (XC) functionals such as Heyd-Scuseria-
Ernzerhof (HSE), Becke-3-parameter-Lee-Yang-Parr (B3LYP) and
B3PW91 are known to predict the E, values of the compounds
close to the experimental results.'******® The major pitfalls of
such calculations are that they are computationally demanding
and need high end servers to run them. In this context, the
machine learning (ML) is now considered as an effective alter-
native route to avoid the inherent computational costs linked
with DFT calculations and helps in establishing a simple model
between the characteristics features of materials and the target
variable (here Eg).**° Although ML approach is successfully
implemented recently to predict the band gaps of oxide, halide
perovskites and double perovskite compounds,”®® no such
report is found in predicting the band gaps of nitride perovskites.

Considering the above issues in mind, the present paper is
aimed to predict the band gaps of ABN; perovskites from ML
models. The DFT studies have been performed to estimate the
electronic band structures, E, values and optoelectronic prop-
erties of two new nitride perovskites CeBN; (B = Mo, W). The
manuscript has been organized in the following manner. In
Section 2, the computational methodology, which includes ML
methods and first-principle DFT calculations, has been dis-
cussed. Cleaning and preprocessing of data for ABN; perov-
skites have been shared in Section 3.1. In section 3.2, the
training and validation of ML models have been deliberated.
Section 3.3 is devoted to understand the structural properties
and stabilities of two newly discovered nitride perovskite
compounds CeBNj; (B = Mo, W). Section 3.4 is framed with the
calculations of electronic band structures and band gaps of
CeBN; compounds using different level of theories in DFT
calculations. The corresponding optoelectronic properties have
also been highlighted in the Section 3.5. Overall conclusions of
this work have been discussed under Section 4.

2. Computational methodology
2.1. Machine learning models

To predict the band gaps of nitride perovskite compounds, the
ML models such as support vector regression (SVR), gradient
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boosted decision tree (GBDT), random forest regression (RFR)
and multi-layer perceptron (MLP) algorithms have been
considered. The input data consist of material descriptors of
nitride perovskites and their corresponding target variables E,.
The algorithms have been realized using the Scikit-learn soft-
ware package within the Python 3.9 framework.®” The parame-
ters of the algorithms have been optimized and the model
performances have been estimated using the grid search of the
average root-mean-square error (RMSE) of each model valida-
tion set. The E, values have been predicted from SVR model
using the following mathematical relation:>

N
Sovr(y) = (@ —a))K(yi,y) +b (1)
i=1
where a; and a; are non-negative multipliers for each observation
;. Kis the kernel or radial basis function which is used to calculate
the difference between training (y;) and predicted (y) values of
band gaps. “b” can be estimated from the Lagrange function.
The E, values, so predicted from the GBDT algorithm, are
represented using the following expression:*

Jowor(v) = fo(y) + Z Z@m,fl(ye Riy) (2)

where fo(y) is the initial single decision tree. M, J and @, are the
number of regression trees, number of leaf nodes of the trees
and the best fitting value respectively for each set of leaf nodes
R

Using RFR model the predicted E, can be represented as:*

N

Srer () = Z ZC,,](yE D,)/t (3)
=1 n=1
where ¢ runs from 1 to T and T represents the number of formed
classification or regression trees. C, signifies the mean value of
dataset D,, for randomly selecting N training samples from the
said dataset.
The E, values, so predicted from neural network based MLP
framework, can be expressed using the following mathematical
function:

N
Sae(y) =Y Wol6(WiTy; + br) + by @)
j=1
where W,/ and W}/ are the weights of ith neurons in the output
and Ith layers respectively. b, and b, represent the respective
output layer and hidden biases respectively.
The characteristics of each model have been estimated from
the Pearson correlation coefficient (p) which is expressed as:*

N

>

>(x; — )
P
ey

where x; and y; are the comparative features of x and y respec-
tively, x and y are their respective average values. N represent total
number of samples in the training set. The accuracy of each ML
model has been determined from RMSE, mean absolute error

i

(5)

=

-7)
1 i — y)z
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(MAE) and evaluation coefficient (R*) values. RMSE, MAE and R*
have been calculated using the following relations:

(6)

)
g: (vi— y)z

R=1- ’;l (8)
S iy

respectively. Where y; and y are the respective input and pre-
dicted values of the dataset.

2.2. First-principle DFT calculations

The first-principle calculations have been carried out under the
DFT framework within Quantum ESPRESSO (QE) software.®””* The
crystal structures of CeBN; (B = Mo, W) compounds have been
primarily optimized using “variable-cell relaxation” method fol-
lowed by Broyden-Fletcher-Goldfarb-Shanno scheme.””” The
Born Oppenheimer molecular dynamics (BOMD) simulations have
then been performed at T = 300 K on the supercell structures (2 x
2 x 2) of the compounds, so obtained from the optimized unitcell
geometries of the said systems. BOMD simulations have been
accomplished from the NPT ensemble whose temperature is
controlled by the Nose-Hoover thermostat. The projector
augmented wave (PAW) pseudopotentials™ have been included to
consider the electron-ion interactions and the exchange-
correlation (XC) term of the pseudopotential has been imple-
mented from Perdew-Burke-Ernzerhof (PBE) XC functional”
which is known as a parameterization form of GGA. The valence
electrons of Ce, B (B = Mo, W) and N atoms have been considered
as plane wave with kinetic energy cut-off of 80 Ry. Each crystal
structure is allowed to optimize until the Hellmann-Feynman force
attains a value <10 Ry Bohr * for total electronic energy differ-
ence <10~ ® Ry at P = 0 GPa. A gamma-centered k-point mesh of 10
x 10 x 10 grid under Monkhorst-Pack scheme has been set for
geometry optimization and self-consistent-field (SCF) calculations.

The electronic band structures of CeBNj crystal systems have
been estimated from different level of theories such as PBE,
HSE06, GoW,@PBE and Go,W,@HSEO06 in the DFT calculations.
The optoelectronic properties of the said compounds have been
calculated from SCF method as employed in QE software.” The
optical broadening of 0.15 eV has been considered for esti-
mating the optoelectronic parameters which include complex
dielectric function [e(w)], absorption coefficient [¢(w)] and
optical conductivity [o(w)].

3. Results and discussions
3.1. Data cleaning and pre-processing for machine learning

The raw data of inorganic ABN;-type perovskite compounds
have been obtained from the available literature.'> 9128317980

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

By selecting all possible combinations of cations as “A” and “B”,
a set of 5566 inorganic ABN;-type perovskites have been initially
selected for model evaluation. Lead (Pb) containing perovskites
in all combinations, due their inherent toxic characters, are not
considered in the above mentioned dataset. In the next step, the
samples have been primarily identified according to their
respective formation energies (Ef). Using support vector classi-
fication (SVC), the samples are then categorized by eliminating
those candidates which show E¢ > thermal excitation energy (Erp,
~ —0.026 eV) at room temperature (T = 300 K).*” To implement
SVC, initially 5566 samples have been randomly divided into
4866 (~87%) and 700 (~13%) samples as training and test set,
respectively. Fig. 1(a) shows the E; as a function of sample
number of the test dataset as obtained from SVC algorithm.
From Fig. 1(a), it is observed that the samples are segregated
into Ef < Etp, and Ef > Epy, classes. The merit of this SVC algo-
rithm is then tested from confusion matrix and receiver oper-
ating characteristics (ROC) curve.*® The results are shown in
Fig. 1(b) and (c) respectively. From Fig. 1(b), the correctly
identified compounds with E¢ < Ep, and Ef > Eqy, classes are
observed to be 482 [true positive (TP)] and 181 [true negative
(TP)], respectively. However, the number of incorrectly identi-
fied samples under E < Ery, and E; > Eqy, classes are found to be
18 [false positive (FP)] and 19 [false negative (FN)], respectively.
Out of 700 test dataset, it is found that only 5% samples (37 out
of 700) have been misclassified, which in turn suggests the
reliability of the SVC model to segregate the samples into their
respective classes. The F1 score of the model, as attained from
confusion matrix, is mathematically expressed as:

2 x recall x precision

F1 score = — (9)
recall + precision
TP
h ision = ——— 10
where precision = — P (10)
TP
and recall = m (11)

The F1 score is calculated to be 96.2% which also suggests
the better performance of the said model. The ROC curve, as
depicted in Fig. 1(c), represents the relation between the TP rate
(sensitivity) and FP rate (1 - specificity). From Fig. 1(c), the area
under curve (AUC) is estimated to be 0.98. The AUC closer to 1
further signifies the excellent segregation between the Ef < Eqy,
and E¢ > Epy, classes.

Here we primarily focused on ABN; compounds which bear
potential applications as photovoltaic and optical luminescent
materials, the selection space has thus been further narrowed
down to 1563 samples which exhibit E, values spanning in the
range from 1.0 to 3.1 eV. The E, of the compounds in general are
linked with the proposed 145 feature descriptors which include
electronegativity, atomic weight, covalent radius, d valence
electrons etc.>”*' Out of 145 feature descriptors, 117 feature
attributes of ABN; perovskites have been initially framed for the
target variable E,. The list of 117 features such as Mendeleev
number, electronegativity, covalent radius, d valence electrons

RSC Adv, 2024, 14, 6385-6397 | 6387
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etc. are shown in Table S1 (ESI).f With these 117 features, the
Pearson correlation heatmap is constructed and the result is
shown in Fig. 2(a). The features having absolute correlation
values <0.89 and with multiple collinearities between them have
been eliminated. The final top 10 feature descriptors which
include electronegativity, d valence electrons, formation energy,
p valence electrons, Mendeleev number, specific volume of
ground state, mean covalent radius, space group number,
melting temperature and atomic weight, have been selected
using the de-correlation method for further model evaluation.
The heatmap portraying the evaluated top 10 feature descrip-
tors and their order of importance are shown in Fig. 2(b) and (c),
respectively. From Fig. 2(c), it is clearly seen that the electro-
negativity, d valence electrons and mean covalent radius show
predominant contributions in predicting E, values of the ABN;
compounds.

The correlations between E, and electronegativity, mean
covalent radius and d valence electrons can be rationalized.
Electronegativity is a measure of ability to attract electrons of
two bonded atoms towards their valence electrons. This ability
results the delocalized distribution of valence electrons, which
in turn influences the nature of the bonding as well as the E,
values of the compounds.?*® The mean covalent radii of the
constituent atoms are intrinsically linked with the electroneg-
ativity of the system. Systems with constituent atoms having
larger mean covalent radii thus result in decrease in electro-
negativity of the compounds in general.** Hence, the mean

6388 | RSC Adv, 2024, 14, 6385-6397

covalent radius is considered as an important feature
descriptor in modulating the E, values of the systems. The
d valence electrons play major roles in the formation of energy
bands in the electronic band structure and has direct impact
on the E, of the materials. Larger number of d valence electrons
can realign the Fermi energy level (Eg) through p-d and s-
d hybridizations, which in turn may alter the E, values of the
compounds.*”

3.2. Machine learning model training and validation

To precisely predict the band gaps of ABN;-ype perovskite
compounds, four ML models such as SVR, MLP, GBDT and RFR
have been considered. The accuracy of each model has been
tested by selecting their respective hyperparameters. The list of
hyperparameters of each model are shown in Table 1. From the
dataset of 1563 ABN; perovskites and their top 10 feature
descriptors (vide supra), 1363 (~87%) samples have been
randomly selected for training and the rest 200 (~13%) samples
have been set for testing of each model. The random selection
has been considered two times for each model to confirm the
statistical validity of the results. The performance of ML model
has been estimated by calculating the RMSE, MAE and R>
values. The RMSE, MAE and R” values of each model for the test
dataset, so attained from the 10-dimensional feature space, are
illustrated in Table 1.

From Table 1, it is observed that while RFR predicts the E,
values of the compound with 3% MAE; SVR, GBDT and MLP

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compounds. [Feature indices (in the order of importance): 1-electronegativity, 2-d valence electrons, 3-formation energy, 4-p valence electrons,
5-Mendeleev number, 6-specific volume of ground state, 7-atomic weight, 8-mean covalent radius, 9-melting temperature and 10-space group

number].

predict the same E, within MAEs of 8%, 10% and 16% respec-
tively. From Table 1, the RFR algorithm shows lowest RMSE
(=0.11 eV) and highest R* (=0.94) values in contrast to other
models. R> (RMSE) values of GBDT, SVR and MLP models are
estimated to be 0.90 (0.15 eV), 0.91 (0.13 eV) and 0.74 (0.22 eV)
respectively. These results collectively suggest the reliability of
the RFR model in predicting the band gaps of ABN;-type
perovskite compounds. The bivariate plots from the RFR model
showing both the predicted, input band gap values for the
training and testing datasets are illustrated in Fig. 3(a). From
Fig. 3(a), strong linear correlation [with R* = 0.98 (training set)
and 0.94 (test set)] between the predicted and input E, values
have been observed in both the training and test datasets. This
result further justifies the accuracy of RFR model in predicting
the band gaps of ABN; perovskites. The corresponding bivariate
plots between the predicted and input values of Eg as

accomplished from SVR, GBDT and MLP ML models, are also
shown in Fig. 3(b-d) respectively. From Fig. 3(b-d), moderate to
weak linear correlations between the predicted and input E,
values have been observed as the model goes from SVR, GBDT
to MLP algorithms. The above results as a whole suggest the
superiority of the RFR algorithm as an effective ML model is
predicting the band gaps of ABN; compounds in contrast to
SVR, GBDT and MLP algorithms.

Besides, two newly synthesized nitride perovskites CeMoN;
and CeWNj3, as reported elsewhere*® and whose band gaps are
yet to be explored, have been selected for first-principle DFT
calculations. Their electronic band structures, E, values and
optoelectronic properties have been studied from DFT calcula-
tions. The E, values of the said systems have been predicted
from both the DFT as well as RFR ML model to verify the

Table 1 Statistics of different ML models and their corresponding hyperparameters for predicting bandgaps of ABN3z perovskites

Models Hyperparameters MAE RMSE R®

MLP Solver = adam, alpha = 1 x 10™%, tol = 1 x 10~°%, max_iter = 5000, random_state = 0 0.16 0.22 0.74
GBDT n_estimators = 2000, max_depth = 30, min_samples_split = 2 0.10 0.15 0.90
SVR C =50, gamma = 10, epsilon = 0.05, kernel = ‘rbf' 0.08 0.13 0.91
RFR max_depth = 30, min_samples_split = 2, n_estimators = 2000, min_samples_leaf = 1, random_state 0.03 0.11 0.94

=0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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accuracy of ML model in predicting E; values of ABN;
compounds.

3.3. Crystal structures and stabilities of the CeBN; (B = Mo,
W) compounds

At room temperature (7= 300 K) and under ambient pressure (P
= 0 GPa), CeBN; (B = Mo, W) crystalize to primitive ortho-
rhombic phase and belong to Pmc2, space group symmetry with
space group no. 26. The optimized unitcell geometries of the
compounds, as obtained from first-principle DFT calculations
with GGA-PBE level of theory, are shown in the upper panel of
Fig. 4. The lattice parameters of the CeMoN; (CeWN3) crystal
system have been estimated to be a = 5.789 A (5.686 A), b =
5.854 A (5.667 A) and ¢ = 7.776 A (8.027 A) which are in close
agreement with the experimentally determined X-ray diffraction
data as reported elsewhere.?® From Fig. 4(a and b), it is observed
that B (=Mo, N) and N atoms form several distorted octahedral
environments within the crystal structure and B atom, which is
located at the center of each BNy octahedron, is found to be

© 2024 The Author(s). Published by the Royal Society of Chemistry

shifted towards the apical N atom. The distorted octahedron,
aka pyramidal coordination and large c/a ratio of CeBN; may
result large spontaneous ferroelectric polarization in the
systems under study.**® The ferroelectric polarization values of
CeMoN; and CeWN; compounds are estimated to be ~47.24
and 49.68 pC cm™ > respectively along the direction of crystal-
lographic c-axis. To comprehend the thermal stabilities of the
compounds at 7' = 300 K, the BOMD simulations have been
performed over a time span of 20 ps under time step of 1 fs.
Temporal variations of free energies of CeBN; systems at T =
300 K are shown in the lower panel of Fig. 4. The free energies
(F) of the compounds have been estimated using the following
relation:*®

F(T,v) =EWV)+ Fa(T,v) + Fpn(T,v) (12)

where E measures the total ground state energy of the supercell,
v signifies the supercell volume at temperature T, F (T, v) and
Fpn(T,v) are the free energies of the electrons and phonons
respectively. F(7T,v) can be estimated using the following
mathematical relation:*>*°

RSC Adv, 2024, 14, 6385-6397 | 6391
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Fa(T,v) = kBTJvael(v) i+ (1= min(l—n)]  (13)
where N,(») is the electronic density of states and  is the Fermi
occupation number. Fy,(7,v) has been calculated under the
thermodynamic integration approach®®* and is expressed as:

Fu(T,v) = L dv<Fel({Rl}) — Fa({R"}) - Z';u,-u,-D,-,(T,u)>
(14)

where “F({Ri}) — Fa({R,°})” corresponds to the difference in
electronic free energies at a certain point of ionic coordinates
{Ri}. u; = {R;} — {R°}, m is the atomic mass and D represents the
dynamical matrix of the system. “(...... ), represents the ther-
modynamic average and has been estimated using the BOMD
simulations. From Fig. 4(c and d) it is found that both the
crystal structures attain their respective stabilizing free energy
values after a time lapse of ~5 ps. The refined geometries of the
compounds, so obtained from the BOMD simulation run at 15
ps, are shown in the inset of Fig. 4(c and d).

3.4. Estimations of E; values for CeBN; (B = Mo, W)
compounds

The E-k diagrams of CeBN; systems for B= Mo, W along I — Y
—-S—>X—>T —>R—U— T — Zhigh-symmetry direction

6392 | RSC Adv, 2024, 14, 6385-6397

have been estimated from DFT calculations at PBE, HSE06,
GoW,@PBE and GoW,@HSEO06 level of theories. The results are
shown in Fig. 5 and S1 (ESI).} The estimated E, values of the
compounds from the corresponding E-k diagrams are shown in
Table 2. Interestingly the E-k diagrams for both CeMoN; and
CeWN; compounds show the existence of indirect band gaps
ranging from 0.94-1.60 and 1.00-1.81 eV, respectively. Presence
of indirect band gaps with gap openings in the range 0.94-
1.81 eV may render their applications in photovoltaics.”>*® In
this connection it may be relevant to mention that while the PBE
functional is known to underestimate the E, values of the
systems in general,'*%*3%4443 the HSE06 functional on the
other hand can predict the E, values of the compounds in close
agreement with the experimental observations.'*3*%%**” The

Table 2 Band gaps of CeBNz (B = Mo, W) compounds as obtained
from DFT calculations at different level of theories

Band gaps (eV)

Level of theories CeMoON; CeWN;
PBE 0.94 1.00
HSEO06 1.57 1.80
GoW,@PBE 1.46 1.71
GoW,@HSE06 1.60 1.81

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HSE06 XC energy functional (Exg-"®) is mathematically
expressed as:*®

ENSE° = 1/AEN" S¥(w) + 3/14EPS S¥(w)
+ X R (w) + B¢ (15)
where “X”, “C”, “SR” and “LR” symbolize the exchange, corre-
lation, short range and long range terms respectively in the
energy functional. “w (=0.2)” governs the extent of short range
interactions. The difference of E, values between HSE06 and
PBE functionals can be rationalized from the fact that the
HSEO06 functional, which consists of screened Coulomb poten-
tial for Hartree-Fock (HF) exchange, considers the exact mixing
of both the HF and PBE exchange only for short-range interac-
tions. This mixing allows the exchange hole to become delo-
calized amonyg its nearest neighbors, which in turn results in £,
values which are reported to be closer to experimental obser-
vations in contrast to the same being performed with PBE
functional.®®
The E, values of CeMoN; and CeWN; compounds are pre-
dicted to be ~1.55 and 1.76 eV from RFR ML model for the
GoW,@HSEO06 input of 1.60 and 1.81 eV respectively. While the
DFT calculations at HSE06 and GoW,@HSEO06 level of theories
can closely predict the experimentally observed E, values of the
systems within <1% error,***>5897:99.1% the predicted E, values

© 2024 The Author(s). Published by the Royal Society of Chemistry

of CeBN; (B = Mo, W) compounds as obtained from RFR ML
model are estimated within an error of ~3% with standard
deviation of ~0.035. The selective choice of GoW,@HSE06 level
of theory in the DFT calculation as input for the prediction of
band gaps is thus meaningful, given its efficacy in reproducing
the experimental band gaps of many such compounds as re-
ported elsewhere.*****"1%

3.5. Optical properties of CeBN; (B = Mo, W) systems

Electronic band structures are intrinsically linked with the
optoelectronic properties of the systems in general. The opto-
electronic properties of CeBN; (B = Mo, W) crystal systems have
been estimated from the frequency (w) dependent complex
dielectric function [¢(w)]. Since, the Pmc2,; phase of the
compounds is structurally anisotropic, the incident electro-
magnetic (EM) field components along the direction of a, b and
c-crystallographic axes are designated as xx, yy and zz, respec-
tively in the consequent calculations. Fig. 6(A) and (B) show the
variations of real part of ¢(w) [¢1(w)] as a function of incident EM
wave energy (Ey), so obtained from G,W,@HSE06 level of
theory, for CeMoN; and CeWN; compounds respectively. From
the upper panel of Fig. 6, static values of ¢;(w) [¢4(0)] have been
estimated to be ~5.85 (5.80), 4.77 (5.99) and 5.93 (5.90) for
CeMoN; (CeWN;3;) system along xx, yy and zz polarization
directions respectively of the incident EM wave. These non-zero

RSC Adv, 2024, 14, 6385-6397 | 6393
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values of &(0) for all the three polarization directions indicate
their semiconducting nature so attained from the E-k diagrams
[vide ante, Fig. 5]. The most intense structure band of ¢;(w) for
CeMoN; (CeWN3;) compound is obtained at Eyy ~1.45 (1.85) eV
which corresponds to maximum dispersion of the EM wave.
However, beyond Ey ~3.75 (6.86) eV, &1(w) values of CeMoN;
(CeWN;3) system gradually decrease and attain negative values
within the energy window Ey; ~4.72 (7.86)-10.42 (13.39) eV. The
negative values of ¢(w) signify metallic Drude - like behaviour
of the compounds within the said energy windows.*»*>1%

&(w) is known to correlate directly with the band gaps of the
compounds in general. Fig. 6(a) and (b) depict the variations of
ex(w) as a function of Ey for CeMoN; and CeWN, systems
respectively, so attained from G,W,@HSEO06 level of theory.
From Fig. 6(a and b) the critical or take-off values of &,(w) have
been observed at Ey ~1.60 (1.81) eV for CeMoN; (CeWN;)
compound for all the three polarization directions. The critical
or take-off values of &,(w) are in exact agreement with the E,
values of the systems, as obtained from the GoW,@HSEO06 level
of theory (vide ante, Table 2). Interestingly, the take-off values of
&y(w) are found to be independent of polarization directions of
EM wave. Moreover, finite values of ,(w) between Ey ~2.30
(2.40) and 10.01 (12.50) eV for CeMoN; (CeWNs;) crystal

6394 | RSC Adv, 2024, 14, 6385-6397

corroborate strong attenuation of the incident EM wave inside
the crystal systems within the said energy window.*>*

The response of strong attenuation of the incident EM wave
inside the CeBN; (B = Mo, W) compounds, so reflected in the
&x(w)-Ey plots (Fig. 6), can also be attributed from their absorption
coefficients [«(w)] and optical conductivities [o(w)]. Fig. 7 shows the
variations of ¢(w) and ¢(w) as function of Ey; for the referred
systems. Akin to e,(w)-Ey plots, the critical values of both a(w) and
o(w) are found at Ey; ~1.60 (1.81) eV for CeMoN; (CeWNs) crystal
system for all the three polarization directions. Hence the esti-
mations of a(w) and o(w) help to recheck the E, values as obtained
from electronic band structures and e,(w)-Ey; plots. From Fig. 7,
finite values of (w)/a(w) have been observed within Ey; ~2.30/2.30
to 11.43/10.01 eV, 16.47/16.55 to 18.77/18.64 eV and 2.40/2.40 to
17.90/12.50 eV for CeMoN; and CeWN; compounds, respectively.
The finite values of «(w) and/or o(w) within the specified energy
window signify large opacity and high optical conductivity of the
said systems.”** Moreover, the high transparency of CeMoNj;
(CeWN;) compound within the energy window ~0-1.60 eV (0-1.81
€V) has also been noticed in a(w)-Ey and o(w)-Ey plots (Fig. 7).
The high transparency of the said systems covering visible and
Infrared (IR) regions of the EM wave may promote them as
potential candidates for optical luminescent materials and IR

detectors. 105106

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

The band gaps of ABN; perovskites have been predicted from
ML models based on the feature descriptors. The dataset of
1563 ABN; perovskites, which show E¢ < —0.026 eV and E, values
spanning in the range from 1.0 to 3.1 eV, have been selected
from initial 5566 samples for ML model evaluation. The E,
values of the compounds are found to be linked with 117 feature
descriptors. The top 10 feature descriptors have been selected
by eliminating those features which show absolute correlation
values <0.89 and low rank of importance. Correlations between
the band gap and the topmost 3 features such as electronega-
tivity, mean covalent radius and d valence electrons have also
been discussed. Four supervised ML models such as MLP,
GBDT, SVR and RFR have been considered to predict the band
gaps of these nitride perovskite compounds. The accuracy of
each model has been tested from MAE, RMSE and R? values.
The RFR algorithm shows lowest RMSE (=0.11 eV) and highest
R* (=0.94) values in comparison to other models. R* values and
the corresponding bivariate plots suggest the superiority of RFR
algorithm as an effective ML model is predicting the band gaps
of ABNj; perovskites in contrast to SVR, GBDT and MLP algo-
rithms. Two newly synthesized ABN;-type perovskites CeBN; (B
= Mo, W) have been further chosen and their electronic band
structures and optoelectronic properties have been studied
from DFT calculations. The E, values of CeBN; (B = Mo, W)
compounds have been estimated from DFT calculations at PBE,
HSE06, GoW,@PBE and GoW,@HSEO6 level of theories. The E,
values of CeMoN; and CeWN; compounds have been predicted
to be 1.55 and 1.76 eV from RFR algorithm for the
GoW,@HSE06 input of 1.60 and 1.81 eV respectively. The E,
values of the systems have also been verified from their
respective optoelectronic parameters such as ¢,(w), a(w) and
d(w). We believe that this study will help to unveil the efficacy of
ML models in predicting the band gaps of nitride perovskites
which in turn will bear potential applications as photovoltaic
and optical luminescent materials.
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