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ABSTRACT

To unravel the structural, chemical and mechanical stabilities, electronic, thermoelectric,
and optically driven transport properties of pristine and site-substituted complex tran-
sition metal oxides (titanates and vanadates), we have employed the density functional
theory (DFT) and the dynamical mean field theory (DMFT) approach. The continuous
time quantum Monte-Carlo (CT-QMC) with hybridization expansion technique is used
as impurity solver of DMFT and the maximum entropy model (MEM) is employed
for analytic continuation (AC). The study also investigates the metal insulator phase
transition (MIT) of the strongly correlated electronic materials by analyzing the variation

of spectral density with onsite Coulomb interaction (U) and thermodynamic parameter

().

Here, the structural, chemical, and mechanical properties of vanadates: (Laj;_SrxVOs3)y,
(Caj_xSrxVO3), and (La;_xCayxVO3)y, and titanates: (La;_xCayxTiOs3)y,, (La;_xSrTiO3),
and (Ca;_xYTiO3), systems studied using the first-principles based calculations. The
energy minimization curves, and negative values of cohesive energy (CE) and forma-
tion energy (FE) reveal their higher structural and chemical stabilities, indicating that
these pristines and the site-substituted vanadates and titanates are chemically stable
and viable for laboratory synthesis. The modulus of elasticities, Poisson’s and Pugh’s
ratios, anisotropy factor, and Cauchy pressure of the systems indicate their mechanical
stabilities and the results suggest that superstructures are elastically weaker than pristine

systems.

The DFT calculation shows the pristine CaVOs3, SrVO3, LaVOg, LaTiO3,YTiO3, YVOs3
and all the superstructures are metallic/semiconducting in nature which contradicts the
experimental information, whereas resembles with other theoretical calculations. The
pristine SrTiO3 and CaTiO3 found to be band insulators with band gaps 3.42 eV and
2.76 eV respectively, which resembles closely to other available information. For the
realistic picture of electronic structures, DMFT approach (CT-QMC data) along with
MEM are employed and found that MIT parameters for pristines and superstructures
of vanadate systems are mentioned in the parentheses, CaVO3 (U = 5.0 eV, 8 = 6.0
(eV) 1), LavO3 (U=4.5¢V, =8.0(eV)™}), SrVO3 (U=25¢V, 3=6.0 (eV)™),
LaSrV,04 (U =4.0 eV, 5 =10.0 (¢V)™!) and Lay 4CapsVO3 (U =5.0 eV, 5 = 10.0
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(eV)™1), respectively. Similarly, the DMFT results of pristines and superstructures of
titanate systems are also computed (mentioned in the parentheses) as, LaTiO3 (U = 4.0
eV, 3=8.0(V)™h), YTiO; (U=5.0eV, 3=10.0 (¢V)™!), LaSrTi,Os (U=4.7 ¢V, 3 =
6.0 (eV)™!), Lag 3Sry»TiO3 (U=3.2¢eV, 3=10.0 (¢V) !)and Ca,Y;_,TiO3 (U=5.0

eV, 3=7.0 (eV)™ 1), respectively, and found to be consistent with other results.

The analysis of characteristic sharp quasi-particle peaks reveal that vanadate, Lag 40510.60 VO3
and titanate, Lag 89St 20 TiO3 superstructures show metallic phases in same set of MIT

parameters, (U=3.0eV, 5 =6.0 (eV)™).

The set of Mott quantum critical point (QCP) for Lag 49Cag.60 VO3 system is observed
for an elevated temperatures at (Uc = 2.95 eV, ¢ = 23.58 (eV)™!). The clear Mott
gaps for Lag 40Cag.60 VO3, and Lag gpSrg.00TiO3 are computed as 0.73 eV (U =5.0 eV,
B=10.0 (V)Y and 0.74eV (U=3.2¢V, 5 =10.0 (¢V)™!), respectively.

The BoltzTraP calculations show that Lag 40Cag.60 VO3 and Lag ggSr.20TiO3 systems have
peak values of electrical conductivities (2.11 x 102 (Q.m.s)~%, 3.75 x 10 2° (Q.m.s)~1), and
thermal conductivities (1.54 x 10'® W/(m.K.s) and 2.68 x 10 W/(m.K.s) ), respectively,
at room temperature (300 K) for a given chemical potential (u = —0.14eV’). Both have the
larger Seebeck coefficient (S), and thermoelectric power factor (TPF) indicating that
these superstructures are better candidate for thermoelectric applications. The study of
Seebeck coefficient and Hall coefficient reveal that the thermoelectric phase transition

occur due to the site-substitutions of the superstructures.

The photo-induced behaviors of materials in IR-to-UV regions, including visible region
are investigated using the dielectric function, index of refraction, ELOSS function,
absorptivity, reflectivity, optical conductivity and sumrule. The Drude peaks result
support the model parameters (U and ) of DMFT calculation for the optically driven

MIT in Lag 40Sr9.60 VO3 and Lag goSrg.20 TiO3 superstructure systems.

Finally, the study of the MIT model parameters and diverse phase diagrams help us to
fabricate these materials to design Mottronic devices (neuromorphic computing, quantum
computing, resistive memory devices and artificial neurons), and energy harvesting

devices (photovoltaics, solar and radioisotope thermoelectric generators and freezers).
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In this work, the stability, electronic transport, and thermoelectric and optically induced
behaviors of the site-substituted complex transition metal oxides: (La,Sr)TiO3/(Ca,Y)VOs,
that include band insulators, Mott insulators, semiconductors and correlated metals are
examined through theoretical and computational approach. These materials are complex
chemical systems with strongly correlated electronic systems due to their couplings
of various degrees of freedoms (charge, spin, orbital, and lattice interactions). The
site-substituted superstructures of complex transition metal oxides (TMOs) in the var-
ious dimensions and morphologies harbors many promising materials of exotic novel

behaviors.

To understand these phenomena, we need to probe the scientific philosophy of physical
sciences in relation to their communities for the benefit of society as a whole. P.W.
Anderson introduced the concept of "More is Different" to explain the complex behaviors
(Popper, 1957; Anderson, 1963). The complex physical systems exhibit exotic behaviors
beyond their microscopic constituents, and there are no simple rules or principles to
examine and predict larger assemblies of matter. Physicists use fundamental laws of
nature to describe natural phenomena. The theory of broken symmetry no doubt help
to interpret and explain these phenomena (Kuhn, 2012). The scale change impact the
understanding of physical phenomena, requiring a different set of fundamental rules and
laws. As for example, the general theory of relativity is crucial for cosmological scales,

while quantum mechanics is important for atomic and subatomic scales.



1.1.1 Philosophy of the Present Study

The theoretical physicists employed systematic studies to draw logical conclusions,
while majority of the experimental physicists sought emergent behavior in complex

interactions (Losee, 2001; Kuhn, 2012). Kuhn’s normal science paradigm shift (Popper,
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Figure 1: The various complex systems evolve through self-organization as the fundamental cause of
emergentism (Sayama, 2015).

1957; Feyerabend, 2017) embraces new standards for right and wrong, emphasizing the
importance of science and technology for human civilization and global justice. Emergent
behavior in physical systems is a complex phenomenon involving various academic
disciplines and complex interactions (Conway, 1970; Anderson, 1972; Bar-Yam et al.,
1998). Emergentism in philosophy explores larger entities’ behaviors through interactions
with smaller, simpler entities, based on the belief in emergence phenomena (Fig. 1)
(Sayama, 2015). Human knowledge has evolved through observation, experimentation,
and trials and errors methods. Philosophers and scientists study various aspects of the
world, including the tiniest quarks to the structure of our universe with the help of a
suitable model (Popper, 1957; Kuhn, 2012) and a testing environment with reasonable

defining parameters are necessary.



Apart from the fundamental knowledge and philosophical insights, TMOs (Byrd et al.,
1995) have a diverse variety of technological applications, such as dielectrics, ferro-
electrics, magnetic and Mottronics applications. TMO surfaces/interfaces (Dong ef al.,
2008; Saeed et al., 2014) play critical roles in catalysis, sensing, fuel cells, and photo-
voltaics. Their conduction qualities range from insulators to semiconductors, metals to

superconductors, and they are sometimes found in the same superstructures.

The complexity of TMOs electronic structures presents significant challenges in physics,
especially in the Hubbard model. The electron-electron interaction in the 3D shell
produces complex correlation phenomena, making early solid state physics difficult to
understand. TMO bulk and surface crystal structures are complex, with dislocations,
defects, and vacancies. Proper lattice positions and theoretical calculations on defect

sites are required to handle and manage these flaws.

Here, we performed the dynamical mean field theory (DMFT) and the maximum entropy
model (MEM) to investigate transport properties and other physical properties of pristine

and site-substituted complex TMOs.

1.1.2 Strongly Correlated Electronic System

Electronic correlations are a fascinating field in condensed matter physics, involving the
interacting electronic systems, which cannot be described by Slater determinants of the

Hartree-Fock (HF) method.

The MIT occurs when electron-electron Coulomb repulsion limits delocalization to
lower kinetic energy. Correlations are the dependence of an object or event on another,
affecting its energy. The techniques to address the correlation effect include upgrading
DFT methods to local density approximation (LDA) plus Coulomb interaction (U),
DMFT and many more (Silver et al., 1990; Vaugier et al., 2012; Rozenberg, 2019).

Mathematically, correlation is a mathematical quantity describing the variation of corre-
lated objects between any two random variables X and Y (Arfken et al., 2011; Vaugier

et al., 2012; Rozenberg, 2019), the expectation value of XY can be expressed as,

E[XY] = E[X|E[Y] + cov(X,Y) (1.1)



which is not the product of expectation values, where cov(X, Y) # 0 "measures" the

degree of correlation between X and Y.
cov(X,Y) = E[(X — E[X])(Y — E[Y])] (1.2)

In physics, the charge density for an interacting system (Vaugier et al., 2012; Rozenberg,

2019). For the interacting system,

(n(ri)n(r;)) # (n(r;)) (n(r;)) (1.3)

This is because electrons interact via the Coulomb interaction and the Pauli principle.

Electronic correlations are physical effects beyond static mean-field theories, incorpo-
rating electron interactions through an effective background potential. These approx-
imations preserve the single-particle approximation, as the Hamiltonian is effectively

non-interacting after being determined self-consistently.

Tight-binding approximation (TBA) model (Martin, 2004; Vaugier et al., 2012; Rozen-

berg, 2019) of atomic chain can be expressed as,
Hrp = —t Y _ & ,¢, (1.4)
(ii),w

where (i, j) denotes a summation exclusively.

The hoping integral derived from the summation of nearest-neighboring sites (Imada

et al., 1998; Vaugier et al., 2012) is,

(= / (G0 (r — 2)| |0 (r))dr (1.5)

Hamiltonian decreases exponentially with the lattice spacing a. A Fourier transformation

may be used to solve this Hamiltonian, resulting in the dispersion.
e(k) = —2tcos(k.a) (1.6)

The system is metallic at half-filling with a single electron per site, crossing the Fermi

level at k = (n + 1)5-. As lattice spacing increases, band width falls.
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The TBA model assumes electrons are closely bonded to individual atoms, with atomic-
like orbitals overlapping nearby orbitals. The underlying mechanism of transport events
is dictated by the fundamental component of the physical parameter of the materials
under consideration. The charge interaction parameter, (U/t), and spin-orbit coupling
parameter, (\/t) are the major parameters for metal-insulator phase transitions (Vale et al.,

2018), where t is the electron hopping parameters see (Appendix-I).

As a preliminary observation, the problem of electronic interactions differs greatly
between isolated atoms and atoms in solids. The main distinction is the potential
of non-local and long-range screening inside solids, which significantly reduces the
effective Coulomb repulsion between electrons (Imada et al., 1998; Vaugier et al., 2012).
Condensed matter theories encounter basic concerns about how strong the screening is
and how to account for it in models. The insertion of the well-known Hubbard parameter
U in the single-orbital Hubbard-Kanamori-Gutzwiller model (Hubbard, 1963) were the

early attempts for this purpose.

An effective Coulomb interaction (U) parameter, setting at a lower order of magnitude
than the bare atomic interactions due to screening. It represents the Coulomb energy
cost for inserting and removing electrons at the same atomic site or to the difference
in affinity and ionization energy (Fig.2) (Vaugier et al., 2012), as represented by the

following equation,
U = E(@"") + E(d"™!) — 2E(d") (1.7)

The Hubbard U parameter represents the total energy of a system with n electrons filling
the d shells of an atom. It has evolved from a local intra-orbital parameter to a more

general on-site, inter-site, and interaction parameter.

------------------

Figure 2: Schematic representation of electron addition and removal from a given atomic shell (Vaugier
etal.,2012).



TMOs and related superstructures are being explored for smart materials due to their
rich behavior of complex interactions. These interactions are governed by local broken
symmetry, electrostatic coupling, charge transfer, strain of various external fields resulting

in novel emergent phenomena (Held, 2007).

In recent years, the nanoscale materials’ with low-dimensional structure acts as a fasci-
nating field of research in various scientific and technological disciplines. Quantum ma-
terial interfaces and superstructures engineering have potential applications in everyday
life, including smart device applications based on oxide interfaces, organic superstruc-
tures, van-der-Waals superstructures, and electrostatically constructed superstructures

(Nekrasov et al., 2005; Gibert et al., 2012).

To examine the filling and band control Mott MIT, the ideal cubic phase of LaVOs is
electronically reconstructed to a supercell, La; ,Ca, VO3 (x =0, 0.40, 0.60, 1). The
study of quantum-matter superstructures and their applications will be a highly rewarding

and exciting field of modern science and technology for decades to come (Zubko et al.,

2011).

The DFT often fails to represent strongly correlated systems (SCS) and DMFT relies on
identifying suitable models for specific materials, with effective dynamical single site
lattice models being popular to address the problem (Kotliar & Vollhardt, 2004; Held,
2007). The successful theoretical explanation of strongly correlated materials relies on
judicious integration of ab-initio electronic structure and advanced numerical many-body

theory, like DMFT (Hirsch & Fye, 1986; Georges et al., 1996).

Furthermore, a comprehensive study of electronic and atomic reconstructions of super-
structures of two different TMOs with various site substitution of Ca-atoms in LaVOs;
supercell is investigated for the novel properties of correlated system (Metzner & Voll-
hardt, 1989; Rubtsov et al., 2005; Saeed et al., 2014). The DFT with DMFT can be
used to study Mottronics devices, including resistive switches, sensors, memory devices,
gbits, magnetic storage and etc. (Paudyal et al., 2006; Palczewski et al., 2008; Kaphle
et al., 2015). It is used for theoretical examinations of materials like TMOs, with the
Hubbard satellite prediction being a significant success. The CT-QMC is a family of
stochastic algorithms that extends the entire partition function of a system as a sequence

of Feynman diagrams to solve the AIM at finite temperature. Wick’s expansion is used



to convert time ordered group diagrams into determinants, and the resultant series are
stochastically summed up using Markov chain Monte Carlo. The quantum impurity
problems explain the behavior of a magnetic impurity placed in an electronic bath (host)

in general.

The Anderson impurity model (AIM), representing an infinite-dimensional lattice system
with an impurity randomly interacting with the surrounding electronic bath, is effective
for understanding magnetic impurities in metallic hosts. This approach can be used to
solve lattice models like the Hubbard model at half filling (Kotliar & Vollhardt, 2004;
Vollhardt, 2012). The filling control method and band control method are used in the MIT
in the La; _,Ca,VOg3 system (Maiti et al., 2004). The filling control method involves the
substitution of holes or electrons, while the band control method involves site substitution
of La -ion with Ca -ion. These experimental methods provide valuable insights into the

complex behavior of the system (Blaha et al., 2002; Sevik, 2010).

The transport coefficients are extremely important for predicting and designing novel
materials in a variety of domains, including superconductors, transparent conductors,
transparent insulators, intermetallic phases, and efficient thermometric materials. Be-
cause of the weak orbital overlap, TMOs have narrow conduction band (CB), with

localized electrons having low carrier mobilities.

TMOs are potentially recognized as thermoelectric (TE) materials with a scalability for
higher temperatures, in addition to the fact that perovskite materials are advantageous for
the construction of high efficiency solar cells (Walia et al., 2013; Shi & Jayatissa, 2018).
They have higher Seebeck coefficients (S), lower the electronic part of thermal conduc-
tivity (). For the pristine CaVO3 and LaVOj3 and their superstructures, we estimated the
Hall coefficient (Rz7), molar specific heat capacity (C), magnetic susceptibility (), and
so on (Chuang et al., 2001; Nekrasov et al., 2005; Sevik, 2010).

In addition to their electronic and thermoelectric properties, the elastic properties of
TMOs is another avenue of exploration. Knowledge and understanding of their behavior
under severe constraints of high pressure and temperature environments are crucial for
new advances and innovations in materials in contemporary technologies of various

fields(Reinle-Schmitt ez al., 2012).



There are several approaches of DMFT that can be employed, including CT-QMC
(Werner et al., 2006; Gull et al., 2007), numerical renormalization group (NRG) (Bulla
et al., 2008), exact diagonalization (ED), and others (Imada et al., 1998). The electronic
structure of undoped and doped LaVO3; was investigated for Mott-Hubbard splittings
(Georges et al., 1996; Kowalski et al., 2019). Mott-insulators with strong repulsive
interaction between electrons can be altered by chemical doping, strain, and external
field application (Imada et al., 1998; Janod et al., 2015). This electronic phase transition
leads to MIT, resistive switching (RS), ferroelectrics, and superconductivity. Researchers
are working on smart electronic devices with ultrafast switching rates and low power

consumption (Inaba et al., 1995; Nekrasov et al., 2005).

Indeed, the computational physics emerged out from the computers’ ability to solve
intractable physical problems, making it a speciality and reality (Chatterjee et al., 2019).
The MEM, based on Bayesian statistical inferences (Jarrell & Gubernatis, 1996; Bergeron
& Tremblay, 2016), is used to reconstruct noisy and oversampled quantum Monte Carlo
(QMC) data. This technique can investigate the Mott-Hubbard MIT of TMOs materials
(Parragh et al., 2012; Prezioso et al., 2015).

In many-body problems, the electronic Green’s function (GF) is typically estimated in terms of
imaginary-time or Matsubara frequency using numerical methods such as QMC. The imaginary-
time GF, G(7) is related to the spectral function (SF), A(w) via a Laplace transform, (iw, — w),
also known as the analytic continuation. A little change in G(7) correlates to a large difference
in A(w) during its computation, possibly leading to the unphysical situation. That is, the simple
inversion of the integral computation is proven to be ill-posed causing a higher numerical noise,

resulting in some unphysical situations (Gull & Skilling, 1984; Silver et al., 1990).

The MEM, which is based on the conditional probabilities to obtain the most probable spectrum,
is one of the main mathematical tools for solving such problem. Maximum entropy method
efficiently solves optimization issue assuming default Gaussian probability distributions (Guber-
natis et al., 1991; Jarrell & Gubernatis, 1996; Yoo et al., 2005). Well-designed quantum matter
heterostructures are environmentally friendly and commercially viable. Studying structural,
electrical, and electrical properties using theoretical models like DMFT, DMRG, and CT-QMC
can reveal emergent phenomena like MITs, T superconductivity (Calandra & Gunnarsson, 2002)

and much more.



Theoretical study on the Hubbard model’s electric-field-driven breakdown of a Mott
state agrees with an intuitive explanation for the beginning of transition (Stoliar et al.,
2017). In all pristine and superstructures of TMOs, the Mott mechanism facilitates the
transition from a low resistance state (LRS) to a high resistance state (HRS) and vice

versa (Riickamp et al., 2005).

Mott insulators are a class of strongly correlated materials with a variety of emergent new
properties that make them suitable for designing artificial neurons for neural networks.
This can be accomplished by exploiting the RS that happens in these materials in the
presence of an external field (Von Neumann, 1986; Janod ef al., 2015; Stoliar et al.,
2017). The Mott-FET, which serves as a paradigm for a new category of electronic
devices in the Mottronics family, employs the MIT as its fundamental mechanism i.e. a
transition from LRS to HRS or vice versa. Intensive research is now being undertaken to
control the mechanisms that rely on voltage, strain, pressure, and optical stimulations

(Kravtsov et al., 2011; Yao et al., 2020).

One of the fundamental aims of thermoelectric research is to improve the efficiency of
various heat-to-electricity conversion technologies. The current goals in this field of
study is to create unique and smart material systems with increased conversion efficiency
(Hicks & Dresselhaus, 1993; Honda et al., 2002; Bell et al., 2009). The ground breaking
work of Hicks and Dresselhaus inspired the concept of decreasing dimensionality to
increase the figure of merit for the best values in bulk materials (Hicks & Dresselhaus,

1993; Hirayama et al., 2012).

With the motivation of above mentioned examples and methodologies, we have em-
ployed the first-principles based self-consistent calculations for investigating the relevant
properties of complex TMOs materials. This work intends to investigate the various
properties of various pristines and site-substituted superstructures of titanates (LaSrTiOg,
LaCaTiyOg4, La; _,Sr, TiO5 and Ca;_, Y, TiOs3), and vanadates (Ca; _,Sr, VO3, LaSrV,Og,

La;_,Sr; VO3 and La; _;Ca, VO3) systems.

Furthermore, we also extended our work to investigate the influence of cation site-
substitutions on MIT of compounds using DFT and DMFT along with MEM. The
theoretical insights regarding CT-QMC technique along with the analytic continuation

(AC) through MEM for the various behaviors of the materials has also been described.



1.2 Rationale of the Study

There are several models and procedures that used to uncover and modify the physi-
cal phenomena of TMOs and their superstructures, including site-substituted hetero-

superstructures (Bell et al., 2009). TMOs are complex quantum materials with correlated

Strong correlation  Quantum Hall

A Quantum
computing

Spin-orbit
interaction

Berry phase

Superconductivity

Figure 3: The schematic of rationales for the study of TMOs and its superstructure as quantum materials
(Imada et al., 1998; Tokura et al., 2017; Zunger & Malyi, 2021) .

electronic systems, involving charge, spin, orbital, and lattice interactions. These struc-
tures exhibit unique novel properties due to competing phase transitions in all dimensions
and morphologies (Fig. 3) (Imada et al., 1998; Tokura et al., 2017; Zunger & Malyi,
2021). In order to compute the realistic picture of electronic structure of strongly corre-
lated electronic system and study the Mott-Hubbard MIT, we used self-consistent DMFT
calculations (CT-QMC hybridization technique) (Georges et al., 1996; Kowalski et al.,
2019). Spectral density (SD) distribution was computed using CT-QMC data through the
MEM for statistical inferences (Shao et al., 2017).

The chemical doping, strain, and external field application can change the strong repul-
sive interaction between electrons in Mott-insulators (Imada er al., 1998; Janod et al.,

2015). In fact, ferroelectrics, superconductivity, MIT, and RS are all the outcome of this
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electronic phase transition. Researchers are developing smart electronic gadgets with
extremely fast switching speeds and little power usage (Nekrasov et al., 2005; Xue et al.,

2013; McNally et al., 2019).

These materials have direct applications in modern smart devices, including Mottronics
(resistive switches, sensors, actuators etc.); memory devices (gbits; magnetic storage,
resistive memory devices, artificial neurons etc.); thermoelectric devices (generators,
freezers etc.); and other diverse functional materials (Dong et al., 2008; Pickett et al.,

2013; Yao et al., 2020; Zunger & Malyi, 2021).

In this study, we have used the standard DFT and DMFT along with MEM to explore
the electronic transport behaviors, and thermoelectric and optically driven transport
properties of the pristines and the electronically reconstructed superstructures of vanadate

and titanate systems.
Research Gaps

The present study is focused to go more insight into theoretical models and to work on

the research gaps obtained from the literatures, viz.

* There is a lack of systematic study of the various properties of pristine and site-

substituted superstructures of titanates and vanadates.

* There is a minimal study of the effects on Mott-Hubbard band splittings of cation
site-substitutions of various proportions of cations in the superstructures of titanate

and vanadate systems.

* There is lack of study of thermoelectric and optically driven transport properties
of site-substituted superstructures of titanates and vanadates for predicting and

designing efficient energy devices.

The systematic and comparative study of the model parameters for MIT phase transitions and
other properties of these complex TMOs are crucially important for tunability for the Mottronics
devices, quantum and neuromorphic computing devices, resistive memory devices, machine

learning devices and energy harvesting devices.

To explore the above research gaps, we are motivated to work on system’s properties like stability,
electronic transport, thermoelectric and optical conductivity, and tuning behaviors to gain deeper

insights.
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1.3 Objectives

The objectives of the present study are organized as follows:

1.3.1 General Objective

Investigation of Transport Properties of Site-substituted Superstructures of Complex

TMOs: (La,Sr)TiO3 /(Ca,Y)VOs.

1.3.2 Specific Objectives

1. Study of the various stabilities of pristines and site-substituted superstructures
of titanates: [LaSrTi,Og, LaCaTi,Og, La;_,Sr,TiO3; and Ca;_,Y,TiOs], and
vanadates: [Ca;_,Sr, VO3, LaSrV,0g, La;_,Sr, VO3 and La; _,Ca, VO3] systems.

2. Study of the electronic transport, and thermoelectric and optically driven trans-
port properties of pristines and site-substituted superstructures of titanates and

vanadates.

3. Study of Mott-Hubbard band splittings of the pristines and their site-substituted

superstructures for investigating its tunability of MIT parameters.

1.4 Organization of Study

The thesis entitled "Investigation of Transport Properties of Site-substituted Superstruc-
ture of Complex TMOs: (La,Sr)TiO3/(Ca,Y)VO3", comprised of the following six

chapters:

Chapter-1: The first chapter presents a brief introduction to the scientific philosophy
and methods of doing science in connection with the research objectives. Motivation
and rationale of study of the SCS in relation to the investigation of MIT, including other

physical properties of the TMOs. It also provides the research gaps of the present study.

Chapter-2: This chapter deals with the review of findings of previous work related
to present study. This provides the idea of various properties of TMOs, and their
superstructures, synthesis process, and their applications. The research questions to be
done with motivation have described which ultimately provides the concept to develop

and modify the objectives of the present study.
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Chapter-3: We present the general theoretical methods, the extended methodology for
the ab-initio study of pristine TMOs and their superstructures. The theoretical back-
ground (DFT, DMFT, MEM and others) for the investigation of structural, mechanical
stability, electronic transport including Mott-Hubbard metal insulator transitions (MIT),

and thermoelectric transport and optically influenced transport properties are discussed.

Chapter-4: The overall results of present calculation with physical reasoning are
explained within this chapter. This explanation includes the study of the structural,
chemical, mechanical stabilities in one section whereas the detail explanation of the
electronic transport properties are given in next section before thermoelectric and
optically driven transport properties of the strongly correlated pristines and their site

substituted superstructures of titanates and vanadates systems respectively.

Chapter-5: The conclusion and recommendations chapter contains the conclusions of
main finding of the present work. Further, what can be done in future is recommended

as a further research possibilities.

Chapter-6: Summary contains the key points of findings of the present work in brief

which describes whole idea of our research work.

Finally, we have included the references, appendices, publications, and participations in

the last portion of the thesis.
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CHAPTER 2

LITERATURE REVIEW

The TMOs are strongly correlated electronic systems with strong electron-electron
interactions comparable to or greater than kinetic energy. These class of quantum
materials unequivocally harbors a large number of novel smart behaviors, which are
extremely useful for the current and future technological needs. In this study, we examine
the structural, chemical, mechanical, electronic transport and other physical properties
of the complex TMOs, which is mainly focused on the investigation of Mott-Hubbard
MIT of these materials. The metallic phase of the Hubbard model (d — o0) is used to
investigate quasi peaks and Hubbard bands in these systems, using generic properties
on the single-impurity Anderson model and self-consistency condition. We are actually
motivated to do this research work based upon the following chronologically ordered

literature reviews as follows.

Thermal issues are a significant limiting factor in complementary metal oxide semi-
conductor (CMOS) scaling, causing over half of electrical failures. Thus, studying
thermal management and logic flow concurrently is crucially important for system-level

approaches (Bar-Cohen, 1987).

The concept of maximum entropy using the Bayesian statistical inferences were intro-
duced by Jarrell ez al. (1996), for the analytical continuation of QMC data to analyze the
strongly correlated system (Jarrell & Gubernatis, 1996). The effect on metal insulator
transition (MIT) of materials through filling control, band control, dimensionality, va-
cancy effects, etc. were investigated theoretically and experimentally on various TMOs

(Titanates/Vanadates/Ruthanates/Manganates/Nickelates/Cuprates) (Imada et al., 1998).

Sachdev, in 1999, investigated the competing ground states in low dimensions and

nonzero temperature dynamic features around QCP using a simple model for correlated
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systems in a two-dimensional square lattice electron gas (Sachdev, 1999). Inoue et al.
(2002), used a detailed de Haas-van Alphen effect of the perovskites for testing the
electronic structure calculations in a 3d TMOs through experimental and Fermi surface

study of the cubic perovskite structures (Inoue et al., 2002).

Sekiyama et al. (2004), studied Sr;_, Ca,VOj3 systems using the bulk photoemis-
sion spectra and the LDA + DMFT with non-perturbative technique (Sekiyama et al.,
2004). Piskunov et al. (2004) studied the electronic structures using HF and DFT with
B3PW, B3LYP correlations for the titanates of (Ba,Sr,Pb) and compared the band gaps
(Piskunov et al., 2004). Ohtomo et al., in the same year, studied polar discontinuities
at hetero-interfaces in crystalline materials, which cause local atomic and electronic
structures, impacting electron mobility in LaAlO3/SrTiO3 systems (Ohtomo & Hwang,
2004; Nazir et al., 2015). By the same year, Maiti et al. investigated the electronic and
transport properties of La; _, Ca, VOs, for x= 0.4 and 0.5, studied using the experimental
method (polycrystalline samples were prepared from stoichiometric amounts of predried
La;03,CaCOg3, and V505 and characterized by EDAX, XRD, XPS etc.) (Maiti et al.,
2004).

Ferrero et al. (2005), studied the Mott MIT in infinite dimensions using Gutzwiller
variational wave function and dynamical mean-field theory, which was compatible with
various scenarios, including narrow-gap semiconductors and semimetals (Ferrero et al.,
2005). In the same year, Riickamp et al., investigated the competition between orbital
fluctuations (for dominant exchange coupling) and crystal field effect (CFE) splitting

(for dominant coupling to the lattice) at low energies (Riickamp et al., 2005).

Held (2007), investigated the realistic picture of electronic structures of SCSs using
LDA + DMFT (IPT, NCA etc.) and experimental (PES, XAS etc.) for the various
titanates/vanadates/ruthanates systems (Held, 2007). In the same year, Haule studied the
electronic structures of SCS through computational method (DMFT within full-potential
method (Haule, 2007). Dong et al. (2008) studied the metal-insulator physics of early
TMOs (ABOj type with rare earth using the DFT + U and DFT + DMFT approaches,
with an emphasis on p-d covalency. This led to the metal-insulator phase diagrams for

materials.
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All deep-space probe power sources use thermoelectric (TE) generators like radioisotope
thermoelectric generator (RITEG) and solar thermoelectric generator (STEG) to convert
heat generated by nuclear fissile materials and solar radiation to electricity. Many
low-power devices, such as hearing aids and wrist watches, use micro-thermoelectric

generators (Ryu et al., 2010; Kanatzidis, 2010; LeBlanc, 2014).

The theoretical analysis of Matsubara GFs of quantum impurity models, based on
Legendre orthogonal polynomials, revealed that their direct representation is more
compact, enabling the development of a systematic technique for filtering out Monte-
Carlo noise in physical quantities (Boehnke et al., 2011). Hirayama et al. (2012),
studied the band structure of LaAlO3/SrTiOj3 interfaces with strongly entangled bands.
For transition metal-oxide heterostructures, the effective Hamiltonian parameters are
computed using a multi-scale ab-initio approach for correlated electrons and a constrained
random phase approximation (Hirayama et al., 2012; Gandolfi et al., 2017; Santana
et al., 2020). In the same year, Vaugier et al. investigated the materials with strong
electronic Coulomb interactions to compute the local effective Coulomb interaction
matrix, and Hund’s exchange J in TMOs (Vaugier et al., 2012). For mapping the
electronic reconstruction at the interface in LaVO3/SrVOj5 heterostructures, the Pulsed

Laser Deposition, HAADF-STEM, STEM-EELS etc. were employed (Tan et al., 2013).

Mahmood et al. (2014), investigated the high thermopower at ambient temperature in
n-type AgNbO3 compared to AgTaOs utilizing FP-LAPW + LO approach employed
by the BoltzTraP code in the DFT framework (Mahmood et al., 2014). The resistive
switching (RS) in a narrow gap Mott insulators ( V;_,Cr,)203 , Ni(S,Se); , AM,4Qg )
and correlated systems are studied experimentally for designing and testing artificial

neuron (Von Neumann, 1981; Janod et al., 2015; Fournier et al., 2020).

Benedict et al. (2016), examined the essential TE parameters of LaCoO3 (Benedict et al.,
2016), the influence of the exposure of electron beam on various characteristics were
investigated. Transparent conductive oxides (TCOs) of perovskite type are promising
candidates for photovoltaic applications (Zhang et al., 2016; Jellite et al., 2018). ABOs
perovskite oxide with material modification via doping will enhance the conductivity. By
mixing and doping materials, the ideal TCO with improved transparency and electrical

resistivity (crucial optoelectrical characteristics) were obtained (Zitko et al., 2013; Riza
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et al., 2016). Tunability of electron-electron interaction could be useful tool in simulating
quantum devices. Complex oxide hetero-structuring method are used to store qubits
or perform gate operation in quantum computing systems (Zhong & Hansmann, 2017;
Ohshima et al., 2017). Topologically protected qubits or hybrid systems (e.g., N-V

centers) with quantum wires for superconducting qubits are feasible.

It is demonstrated that strongly correlated metallic perovskites are a novel family of
materials with high potential for RS applications due to their inherent MIT features,
which enhance a robust volumetric RS effect. The artificial neuron can be achieved by
taking use of the RS that happens in the correlated materials in an electric field (Pruschke
& Bulla, 2005; Feng & Lam, 2011; Stoliar et al., 2017). Eisenlohr et al. (2019), studied
the Mott quantum criticality in the Hubbard model (Vale e al., 2018; Eisenlohr et al.,

2019) using the DMFT, power-law spectra, and scaling (analytically and numerically).

Madsen et al. (2018), described that the BoltzTraP algorithm interpolates band structures,
calculates semi-classical transport coefficients, explores thermoelectric transport proper-
ties using linearized Boltzmann transport equation (BTE) (Madsen et al., 2018). The
thermoelectric phenomena is a method for converting waste thermal energy into useful
electricity without the need of hazardous chemicals such as CFCs or other components

for cooling the environment (Adewale et al., 2018; Wang et al., 2019).

Nanowires can effectively satisfy the criteria for high performance thermoelectric devices
(Dominguez-Adame et al., 2019). Experimentally grown set of 6 nm thick samples of
high-quality, surfaces namely LaNiO3 on LaAlO3 (LNO/LAQO), NdNiO3 on LaAlO;
(NNO/LAO) and NdNiO3 on NdGaO3; (NNO/NGO) using CSD method and characterized
with C-AFM, STM, TEM, PPMS (Gonzalez-Rosillo et al., 2020). The upconversion
(UC) emissions and their ambient dependencies of SrTiOs polycrystals co-doped in
Er*t and Yb3* at different substitution sites were investigated using the experimental

synthesis and characterizations with XRD, PLE (Shin er al., 2021).

Ronchi et al. (2021), reported that the MIT are the basic mechanism for Mottronics
to regulate MIT via voltage, strain, heat, and light stimulations (Ronchi ef al., 2021).
Resistive Random Access Memory (RRAM) are promising candidates for universal
memory in future devices due to their excellent scalability, endurance, retention, and

switching speeds, surpassing current technologies like Flash and Dynamic RAM.
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Beck et al. (2023), have investigated the thickness dependence of electronic reconstruc-
tion within the LaVO3/SrVOs layers. The layer dependent spectral weight at Fermi level
as well as the layer dependent ty, occupations as a function of Coulombian interaction,

U parameter (Beck & Ederer, 2023).

Based upon the above literature review, we are motivated to focus our study on the
structural, chemical, mechanical stabilities, and thermoelectric and optically induced
transport properties of pristines and site-substituted titanates: CaTiOg, LaTiOs, SrTiOs,
YTiOj3, LaSrTiyOq, LaCaTiyOg, Cag 33Y (.67 T103 and Lag g St 29 TiO3 systems, and the
vanadates: CaVOj3, LaVO3, SrVO;, YVO3;, (La;_(Sr,VO3),, (Ca;_«Sr,VO3), and
(La;_+Ca,VO3),, systems, which are useful for the tuning behaviors TMOs materials

for all smart devices of current and future technological needs.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Theoretical Background

To comprehend the microscopic behaviors of a material, one must address the atomistic
level of investigation, where the individual identity of electrons is ignored. The basic
methodologies for studying their desirable properties varies depending on their atomic
or molecular organizations. We have used the standard DFT for the stability, electronic
transport properties, and optical properties, whereas the DMFT along with the DFT
data for studying the metal-insulator phase transition using MEM. We also perform a
complementary calculation using the MEM for the realistic representation of DMFT
data. The quantum mechanical method of the many body SWE represents the electronic
structure (properties) of a material made of numerous interacting nuclei and electrons

(Martin, 2020).

3.1.1 The Many-Body Schriodinger Equation

The Hamiltonian for the Schrodinger wave equation for a many-body system with

electrons and nuclei (Born & Oppenheimer, 1927) is,

o _ 52 2 l e2 N l ZIe2
H - 2me 21:1 vl + 2 Zl?ﬁ‘] |I‘i—1'j‘ 2 ZI,I ‘I‘i—RI|

BPVEi 1 Z175¢2
- ZI 2M +3 ZI;&J [Ri—R;| (.1

where the indices I, J sum over all nuclei, whereas i, j sum over the electrons with m,

and M; representing the masses of electron and nucleus, respectively (Fig. 4).

In short, the equation (3.1) can be expressed as,

~

H=T.+ Ve + Vxe + Tx + Vxn. (3.2)
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Figure 4: The schematic representation of interacting ionic cores and electrons in many-body system
(Martin, 2020).

where,
T, = —% >, V2 K. E.of electrons
Vee = % > 4 ﬁ :  Electron and electron Coulomb repulsion energy
Ve = —3 Dot |rizi(§1‘ :  Electron and nuclei Coulomb attraction energy
Tn=-Y 22_1\1% : K. E of nuclei
VNN = % > 2] % :  N-N Coulomb repulsion energy

If (R, ry) is the complete w.f. of the system, so that the Schrédinger equation becomes,

A

H’QD(RI, I‘I) = E¢<RI, I‘I) (33)

The Schrédinger equation is exact but unachievable due to a high computational cost.
Born and Oppenheimer proposed the Born-Oppenheimer approximation (BOA) in 1927
to overcome such problems and separate nuclear and electronic motion, providing
essential information for solving the Schrodinger equation (Ashcroft & Mermin, 1976;

Martin, 2020).

3.1.1.1 Born-Oppenheimer Approximation (BOA)

In BOA the nuclei are assumed to be at rest, compared to electron motion calculated

using the Schrodinger equation. An external potential is generated by nuclei, separating
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the wavefunction into nuclear and electronic components (Born & Oppenheimer, 1927)

as,
Y(Ry, 1) = X(R1).¢(Ry, 11) (3.4)

where y (R;) represents nuclei and ¢(Ry, ry) represents electronic parts of the wavefunc-
tion. The electronic portion of the Hamiltonian comprises of interacting electrons under

the influence of a static external (nuclear) potential as given by,

. - 1 Z1e? 1 e?
H. = — 2_Z —_— = _ 3.5

Hence, the Schrodinger equations for the interacting nuclear part of Hamiltonians can be

written as,

[— S Gmy

oM, x(Ri1) = E'x(Ry) (3.6)

The energy eigenvalues of a system with interaction potential, V(R ), are parametrically
dependent on nuclear positions. It can be obtained by solving equations (3.3), which
can be used to solve nuclear motion. The energy of the system can be approximated
using these solutions (3.6). There are various approaches for using independent particle
approximation, viz. (a) the wave-function method and (b) density-functional theory
method. We discuss Hartree (Hartree et al., 1939; Perdew et al., 1996) and Hartree-

Fock (Fock, 1930; Eschrig, 1996) approximations within the wave-function approach.

3.1.1.2 Hartree Approximation

D. R. Hartree (Hartree et al., 1939) was the first to create independent electron approxi-
mation, in which electrons are uncorrelated except for the Pauli-exclusion principle. Each
electron moves under the effective potential of average Coulombian interactions, and the
overall w.f. of electrons is the product of N one-electron w.f., Thus, the many-body wave

function may be expressed as,

Yu(re,re, -+, ) = ¢1(r1)Pa(ra), -, Pulrn) (3.7)
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The total energy can be computed as,

Hog(ry,ra, -+, tn) = Ey(ry,ra, -+, Tn) (3.8)

The self-consistent variational approach is used to find the solutions. Although the
Hartree’s principle helps in reducing the complexity of the interacting many electron
system, it ignores antisymmetric electronic wave-functions and does not account for

exchange and correlation energy.

3.1.1.3 Hartree-Fock Approximation

Hartree-Fock (HF) theory introduces anti-symmetric electronic wave function for the
inclusion of spin degree of freedom (Fock, 1930; Hartree et al., 1939; Lowdin, 1955),
where the wave functions are expressed in terms of single Slater (Slater, 1951; Becke,

1993) determinant of N different orbitals with spin indices, o; as,

¢1(I‘1701) ¢1(I'2,02) Cbl(rman)

1 | ¢a(r1,01) @a(r2,00) -+ Pa(rn, 04)
dur = =1 , | (3.9)
¢n(r170-1) ¢n(r270-2> ¢n(rnaan)
Hence the Hamiltonian equation in the form of ¢;(r) becomes (in Hartree units),
(=5 + Vew) 6i(x) + [ & (2 0,0 07 (1)) )
- Zj;ﬁi ¢3k (r ) i(r )5(r)0 sisj — €ipi(r). (3.10)

This Hamiltonian includes exchange potential, which is defined by,

Z - r,| 6 (1) 5(r) (3.11)

The Hartree-Fock approximation (Fock, 1930; Hartree et al., 1939; Léwdin, 1955), which

incorporates Hartree and exchange terms in screening potential is,
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2

\V4 N ~
_7 + Vext + vsc ¢i(r) = 6iqsi(r) (312)
with
\A/sc = \A/H + \A/X

The 1°! and 2" terms on Lh.s. of equation (3.12) consists of electron kinetic energy
and electron-ion interaction energy, respectively, and 3¢ term represent the electrostatic

interactions between electrons, including self-interaction.

The equation excludes the self-interaction term, following the Pauli-exclusion principle.

0

The electron correlation, crucial in systems, is not included, which can be taken as E_, .,

- E% . Hartree and Hartree-Fock approximations are useful but require to handle a
large number of variables (3N degrees of freedom) and need of a high computational
cost. DFT, based on the Thomas-Fermi model, is an alternative approach for solving
many-electron wave-functions with a single electronic density variable, extracting all

information from electronic wave-functions.

3.1.1.4 Thomas-Fermi-Dirac (TFD) Model

Thomas and Fermi used electron density to solve interacting particle systems (Thomas,
1927; Fermi, 1928; Dirac, 1930), allowing the total energy as the functional of electron

density with external potential V.., (r) as,

Erp[n(r)] = C1 [(n(r)*?d®r + [ Vexe(r)(n(r))**d*r
+5 [ [ B grdy (3.13)
The 1! term on r.h.s. of equation (3.13) relates the KE of non-interacting electrons
in HEG (in atomic units, m, = ¢ = h = & =1) with C; = $(37°)*®. The 2"
term represents Coulomb interaction between nuclei and electrons, and the last term,
called Hartree energy, which represents electrostatic Coulomb repulsion energy between

electrons.
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The kinetic energy of HEG can be derived using KE density information by summing

up all the free - electron energy states, €, = k—; up to the Fermi wave vector, kp =

[372n(r)]'/? as

- / 4mkdk = Cy(n(r))?/? (3.14)

The interchange and correlation of electrons were ignored in the Thomas-Fermi model
(Thomas, 1927; Fermi, 1928; Dirac, 1930). Later that year, Dirac expanded the local

exchange term with C, = -3 (2 )/ and hence the TFD equation expressed as,

Errpl(r)] = Cy / (a(r))*Bdr + / Ve (1) (1)) 3P

3,13,/ 4/3 13
// ]rl—rJ]d dr+C/(()) d°r (3.15)

Minimizing energy functional (3.15) for all possible n(r’) with [ n(r’)dr’ = N can obtain

ground state energy and density.

Although the Fermi-Dirac model is credited for developing the notion of density-
functional theory, it lacks information on shell structures of atoms and molecular binding

energy. In this context, It fails to describe electrons in solids.

3.1.1.5 Hohenberg-Kohn Theorems

The Hohenberg-Kohn (HK) theorems (Hohenberg & Kohn, 1964) are fundamental
building blocks of modern DFT, establishing density as the basic variable in interacting
particles subjected to external potentials. There are two HK theorems described here

under,

Theorem I : The non-degenerate ground state electron density determines the external
potential, Vo (r) uniquely (one-to-one correspondence between ground state density

and external potential) of interacting particles, except for a constant.

There is a unique one-to-one correspondence of external potential V., (r) with ground

state density (Fig. 5).

Theorem II: The total energy functional EF¥[n(r), Ve (v)] reaches its minimum value

(global minimum) with the ground state electron density ny(r), corresponding to a
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Figure 5: The ground state density of interacting particles system uniquely related to the external potential
(Hohenberg & Kohn, 1964).

constant external potential, V . (r), such that,
E"¥ (1), Vexe(r)] > E™ g (r), Vexe (1)] (3.16)

for each of the trial electron density n(r).

That is to say there is only one global minimum ground state density, ny(r) for the given
system (Fig. 6). Furthermore, the known GS particle density ny(r) allows to calculate

the various properties of the system.

Global Minimum

Figure 6: The global minimum ground state density is a unique parameter for a many-body system
(Hohenberg & Kohn, 1964).

The HK energy functional (excluding nuclear interaction energy) can be expressed as,
E™n(r), Vext (r)] = T[n(r)] + Eme[n(r)] + / Vexe(r)n(r)d’r (3.17)

The first and second terms on r.h.s represent KE and Coulomb potential energy of

interacting electrons, which are unaffected by external potential and represented by a
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functional of density, F[n(r)],
Fin(r)] = Tn(r)] + Ein[n(r)]. (3.18)

The third term in equation (3.17) reveals unique electron-nuclei interactions, which is a

linear functional of electron density and F[n(r)], it becomes,
EHOn(1); Ve (r)] = Fln(r)] + / Vet (r)n(r)d%r (3.19)

Again, the second HK theorem asserts that the energy functionals minimizing density is
the exact GS density, thereby enabling the minimization of the energy functional (3.19)

with the electron density variations.

All of the GS properties of the system may then be determined in principle using this
information. However, the exact energy functional is unknown in reality. The functional
of the electron-electron interaction term E;,,;(n(r)) is also unknown. The KS model

(Kohn & Sham, 1965) solves, actually the algorithm difficulty.

3.1.2 The Density Functional Theory (DFT)

The DFT represents many-body particles system by assuming ground state density ng(r)
as a single variable (Kohn & Sham, 1965). This electron density functional explains
electronic properties of solids, molecules, and finite systems, encapsulating information

from many-body wavefunctions and reducing degree of freedom.

A single DFT-based Schrodinger equation, solves N-electron systems with 3N degrees
of freedom. Thomas and Fermi introduced the concept in 1927 (Thomas, 1927; Slater,
1930), followed by Dirac’s correction with exchange and correlation terms in 1930. The

TFD approximation gained practical use with the HK theorems and KS formulation.

3.1.2.1 Kohn-Sham Equations

The Kohn-Sham (KS) equation (Kohn & Sham, 1965), based on HK theorems, studies
the system’s electronic structure using auxiliary particle approximation and exchange-
correlation functional. However, exchange-correlation functional is unknown, requiring

approximations for energy density functional. The accuracy for the calculations is
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purely dependent on the approximations used in exchange-correlation functionals, such
as LDA and GGA for calculations in analyzing various condensed matter systems.
These approximations are accurate for most of the systems, including semiconductors,
metals, insulators, and molecular systems with covalent or ionic bondings. KS equations

published in 1965 led to accurate analysis of the properties of condensed matter system.

Furthermore, the hybrid systems (Becke, 1993; Casida & Chong, 1995; Adamo & Barone,
1999), and van der Waals effects (KlimeS & Michaelides, 2012) have been added to
standard DFTs to compensate for shortcomings. Electrons move under the potential
Vi s(r), rather than the original system’s potential. The Hamiltonian for an auxiliary

independent particle system can be expressed as follows,
. 1, o
HKS = —§Vi + VK3<I'). (320)

For N-independent electrons, we may have N Schrodinger equations,
1, «
_Qvi + Vks(r) | i(r) = eti(r) (3.21)

We may obtain the GS energy densities or energies by solving these equations iteratively

until we reach a self-consistent condition see (Appendix-II).

Each electron will occupy the orbitals with the lowest eigenvalue ¢;. The density of the

auxiliary system is,

n(r) = Z [¥i(r)[? (3.22)

With the density of the orbitals, the GS energy functional for a many-body interacting

system using the KS model (Kohn & Sham, 1965) is expressed as,
E[n(r)] = Ts[n(r)] + Eg[n(r)] + Exc[n(r)] + /Vext(r)n(r)dgr (3.23)

The first term (3.23) on the right is (independent-particle) kinetic energy ,

Ty[n(r)] = Z / U (r) V2 U(r) (3.24)
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The second term is referred to as classical electrostatic energy (Hartree energy), and
the third term is referred to as exchange correlation (XC) energy. A self-consistent
solution requires an approximation since the XC energy (Laird e? al., 1996; Tao, 2005)
is unknown. This term comprises (a) the difference between the precise KE and the
non-interacting KE assumed in the KS method (b) all remaining many body interactions
between electrons that are not included in the Hartree term, such as exchange and

correlation energies.

The last term denotes the external field, if any, as well as the potential due to nuclei. The
GS of the energy functional can be found by minimizing the equation w.r.t. electron
density while keeping the number of electrons conserved. This approach may be used to

compute the equivalent KS one-particle potential (Kohn & Sham, 1965) as,

~

Vis(r) = Vext(r) + Vir(r) + Vxel(r) (3.25)
-V OEn[n(r)] | OExc[n(r)]
= Veu(r) + 505~ T ot (3.26)
where Vxo = %gg—([rn)(r” is the functional derivative of XC energy, and is called XC
potential. Similarly Vi = aEafl[(I; ()r)] is the Hartree potential. The equations (3.21) together

with (3.22) and (3.25) are called KS equations, and can be solved self-consistently.

Furthermore, the Kohn-Sham energy functional after diagonalization is given by,

Bialu(r)] = 3 - - / / %dd i / excn(®)n()d

[ 9Exc
on(r)

n(r’)d*’ (3.27)

where, the 1°¢ term in right hand side is the sum of energy of each orbitals, 2"¢ term is the Hartree

potential, the 37 term is the XC energy functional, and 4" term is the XC chemical potential.

3.1.2.2 Exchange-Correlation Functional

The KS method calculates particle kinetic energy, Hartree energy, and exchange correlation
energy for a system of interacting particles. It uses the self-consistent approach and the KS
potential for charge density calculation. The XC term requires approximations like LDA and
GGA (Perdew et al., 1996). Additional interactions can be considered based on relevance in the

calculations.
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3.1.2.3 Solution of KS-Equation

The KS approach is an iterative method that starts with selecting an initial electron density
based on atoms’ electron densities. The KS potential is determined using this density,
which is then used to solve KS equations and determine new electron density. The system
is considered conversed if the difference is less than the set thresholds (criteria), and
necessary properties are extracted. If the difference is greater than the threshold, the
previous iteration’s density is mixed with the new ones, and the procedure is repeated
until convergence criteria are achieved. In this study, we have used pseudo-potential
based quantum espresso frameworks and full-potential based WIEN2k frameworks for

the ab-initio calculations, which are described briefly as follows:

3.1.2.4 Pseudo-potentials and Plane Waves

The solution of the SWE for a periodic system satisfy the fundamental property of

Bloch’s theorem (Bloch, 1929)) and may be written as,

Yi(r) = we(r)e™r (3.28)

where, uy(r) is the periodic potential that is compatible with the period of the unit cell.
In this scenario, the Schrodinger equation may be solved individually for each value of k.

ik.r

The functions e"“* are known as plane waves, and k’s are the reciprocal vectors.

These plane waves are orthonormal and independent of positions and energy, making
them suitable for exact variational calculations based on a discrete numerical grid.
However, an infinite sum of plane waves is not practical for real-world computations. In
real-world computations, the wave function should be described by plane waves within
a specific energy cut-off, E.,;. Caution should be used when defining E.,; to ensure
smooth wave function and proper convergence of parameters like total energy. Choosing

E..: is a trade-off between accuracy and computational resource cost.

In all electron DFT computations, wave functions are used for solving numerous basis
functions, including core and valence electron wave functions. Core electron wave
functions have a significant Fourier component, while valence wave functions are smooth
on the exterior but have wiggles near the nucleus Fig.7 (Mizutani, 2001). Nodal structures

of valence electron wave functions are useful for orthogonality but require larger plane
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wave cut-off and plane waves. A pseudopotential is a virtual potential that freezes core
electrons with nuclei, eliminating the need for separate wave functions. This reduces
wave functions, basis sets, and matrices size, eliminating Coulomb singularity at the

origin and reducing the number of wave functions needed for a coherent model.

-
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Figure 7: The schematic of pseudo-potential (effective potential) model (red solid lines). The
dashed blue lines depict the Coulomb potential(full potential) and the upper corresponding
pseudo- wavefunction (red solid line) and full wavefunction (blue dashed lines) near the nucleus.
Outside the cutoff radius (r.), the pseudopotential and pseudo wavefunctions are compatible with
the real system or full potential approach (Mizutani, 2001).

As previously mentioned, pseudopotentials replace the strong electrostatic potential of
nuclei and core electrons. This provides the same wave function outside the core as the

true wave function to accustom the real properties.

The electrons in the inner and outer areas of the cutoff radius are referred to as core and
valence electrons, respectively. Because the core electrons are frozen to the nucleus,
potentials with small (r.) are referred to as hard pseudopotentials, while those with
larger (r.) are referred to as soft pseudopotentials. Regardless of whether any of the
pseudopotentials are correct, a good pseudopotential should be soft and transferable
(Martin, 2020). A soft pseudopotential contains fewer valence electrons and needs fewer
plane waves due to the larger (r.). A pseudopotential must perform consistently over a
wide range of chemical conditions in order to be transferable, and softer pseudopotentials

may have limitations in this regard.
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A norm-conserving pseudopotential conserves electronic charge, ensuring accurate
description of scattering features. However, they have high computational cost. Ultrasoft
pseudopotentials reduce this cost by having separate cutoffs for charge density and kinetic
energy. Selecting the right pseudopotential is a complex task with careful consideration

to maintain desirable properties at reasonable costs.

All electron method like Gaussian functions (Pietro & Hehre, 1983), projector augmented-
wave (Blochl et al., 1994), and linearized muffin-tin orbitals (Jarlborg & Arbman, 1977;
Faleev et al., 2005) treat core and valence electrons equally. The FP-LAPW method
(Blaha et al., 2020) provides an exact basis for all-electron computations, enabling

investigations of electronic structures in various materials and chemical compositions.

3.1.2.5 FP-LAPW Basis and LO Extensions

The FP-LAPW approach divides space into muffin-tin (MT) spheres and the interstitial
region (IR), treating core states as localized in a spherically symmetric atomic potential.
The augmented plane wave basis functions for valence electrons are piecewise defined,
and the LAPW basis sets energy-dependent radial functions with energy-independent
functions evaluated at predefined energy parameters E;, linearly superposed to match
plane waves at MT sphere edges. In this basis there are two radial functions for an-

gular momentum quantum numbers [: the solution w(r, E;) and its energy derivative,

1‘11(1', El) = 8u1(r, E)/aE’E:El

The radial functions, u(r, E) can be represented linearly in E — E; using the LAPW
basis set, providing an accurate all-electron description for various materials (Krasovskii
et al., 1993). The linearization error is determined by energy parameters E; and MT radii
R /7, which cannot be chosen using a variational method. Ideally, E; and R ;7 should
not affect the final results within a reasonable error. Implementing LO for the expansion

of the basis can solve this issue.

The spherical effective potential near atomic nuclei is used to compute core states from
the relativistic radial Dirac equation. Core states decrease towards the MT sphere

boundary, ensuring they are orthogonal to the radial functions needed for the LAPW
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basis for valence electrons (Singh, 1991; Betzinger et al., 2011).

\/Lﬁe"(kJrG)r forr € IR

r —
() SR (r,, El)Yy(r,) forr € MT,
L

(3.29)

The equation is based on the unit-cell volume, €2, reciprocal lattice vectors, G, angular
momentum and magnetic quantum number (L = (I, m)), position vector (r,,) relative to
the MT sphere center (R*) of atom(«) and its spherical harmonics (Y, (r,)). The cutoff
parameter G, restricts the number of basis functions and implies the cutoff parameter

lmaza With I < [42q via the rule of thumb, 0.0 = GraaRaurra (Sjfistedt et al., 2000).

3.1.3 The Local Density Approximation (LDA)

The major problem of DFT is to choose a suitable exchange and correlation functionals
is the major challenge of DFT calculation. The LDA is being the most commonly used
approximation (Perdew et al., 1998; Cohen et al., 2007), which is the foundation for all
approximate exchange-correlation functionals and presupposes homogeneous probability
density in the system under investigation. Its core concept is a uniform electron gas and

the premise that E,. may be expressed as follows,
ER(r)) = [ n)excinm)ds (3.30)

Here, exc[n(r)] denotes the XC energy per particle of a UEG with density n(r). We

may calculate the XC potential by taking the functional derivative of EX2A[n(r)] as,

()] = A S — exeln(e)] () 50 ) (30

The XC energy per particle, exc[n(r)] can be further divide into exchange part and

correlation part as,

exc[n(r)] = ex[n(r)] + ec[n(r)] (3.32)
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Now, equation (3.30) can be written as,
Exc*n(r)] = / n(r) [ex[n(r)] + e[n(r)]] ¢’r = Ex[n(r)] + Ec[n(r)]  (3.33)

For a spin polarized system,

ER g (r), (1)) = | mi)escng 1),y (1))
= / n(r) [ex[ng (r), ny ()] + ey (v), ny ()] d*r - (3.34)
The exchange term, ex [n(r)] was derived originally by Bloch and Dirac in atomic units
as,

4
exln(r)] = — 228 (3.35)

Ts

where, 7, is the radius of a sphere for an electron, which can be computed by, (47/3)r3 =
n(r)~!. The correlated part was first estimated by E. P. Wigner, which can be computed

as,

0.44
ec[n(r)] = 78 (3.36)

The LDA accuracy is satisfactory in condensed matter systems but less in atomic and

molecular physics.

3.14 GEA, GGA, mBJ and Beyond

The LDA employs density information at point r, considering the spatially inhomo-
geneous density n(r). It includes rate of variation in the functional using semilocal
functionals like gradient-expansion approximations (GEA) and GGA. GEA systemati-
Vn(r)

etal., 1998; Kurth et al., 1999; Casida, 2009), such as the lowest-order gradient correction

cally computes gradient-corrections of the type |Vn(r) 2, V?n(r), etc. (Perdew

’

to the Thomas-Fermi approximation as,

Ts[n(r)] = TV [n(r)] = TXPA[n(r)] + :—m / d3r % (3.37)
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where, the 2" term on the r.h.s is called the Weizsicker term.

Similarly, in the exchange term,

Exla®)] ~ B )] = B ()] - ol [ 00 aaw)

The 2" term on the right hand side is the lowest-order gradient correction to EXP*[n(r)],
which do not improve the approximation but worsen it. Higher-order(e.g. o< |Vn(r)|*
or o< |Vn(r)|? with a, B > 2) corrections are complex to compute. In the 1980s, GGA
was discovered, which incorporates density gradient corrections in exchange-correlation
functional E x¢[n(r)], addressing the limitation of power-series-like systematic gradient

expansions.

The exchange correlation energy (Perdew et al., 1998; Cohen et al., 2007), Exc[n(r)] in
GGA is;

ESSA n(r)] = /f[n(r),Vn(r)}d?’r (3.39)

The symbol f is some functional of n(r) and it’s gradient Vn(r).

The XC energy EGS[n(r)] of the GGA approach consists of exchange and correlation
parts, similar to LDA. There are various methods employed to obtain exchange correlation
functionals, with popular and reliable GGAs being Perdew-Burke-Ernzerhof (PBE)
(Perdew et al., 1998) and BLYP (Lee et al., 1988; Finley, 2004). Additionally, the other

GGA-type functionals are also being used, and the new ones are being developed.

Beyond GGA, the modified Becke-Johnson (mBJ) potential, meta-GGA and hyper-GGA
are also employed for the popular approximations of ex¢|[(n+, ny); r], for the accuracy
and realistic calculations, which are the function of parameters at point r, and different
other parameter selections as depicted by the different rungs of a "Jacob’s ladder" (Perdew
et al., 1998; Kurth et al., 1999; Casida, 2009) of approximation see (Appendix-III). As

the accuracy tend to rise up the ladder, so as the efficiency falls down the ladder.

The modified Beck-Johnson (mBJ) potential as given by,

BJ (. _ BR l\/? to(r)
VX’U(I')—VX’U(I')—FW 6\ () (3.40)
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where, n,(r) = X7 |1 ,(r)|? is the electron density and

1
t, = iz}i’lwia.ww (3.41)

is kinetic energy density, and

1 1
V) = s (1= e = L e (3.42)

is the Becke-Roussel potential.

To be noted here, the Coulomb potential is modeled using exchange hole, where x,,(r)

involves terms like, n,, Vn,, V?n, and t,. With,
bo(r) = [xte /8mn,] " (3.43)

This is the new scheme of potential to enhance the band gap of the materials. The
TB-mBJ potential consists of a modified version of BJ potential for exchange (which
reproduces the exact KS potential of atoms) and LDA for correlation (Becke & Johnson,
2006; Koller et al., 2011; Blaha et al., 2020). With the exchange part depend on the

kinetic energy density t,, the TB-mBJ potential is,

to(r)
) (3.44)

1 /5
) — ) 4 3o~ 2)L 2
' ’ TV 6
where, ¢ = a + [gP with,

1 [Vn(r')| 5,
= d°r 3.45
& Vel /cell n(r’) G4

where, V.., the unit cell volume, and « and (3 are two free parameters, whose values, «
=-0.012 and 3 = 1.023 bohr!/? were determined by minimizing the mean absolute error

of the band gap of the crystalline materials.
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3.1.5 Electronic Structures
3.1.5.1 Electronic Bandstructures

In general, the bandstructure gives the detailed picture of allowed energy levels for
electrons in a crystal as function of wave vector (k) (Kittel, 1996; Ashcroft & Mermin,
1976). In condensed matter physics, the bandstructures are approximated through
tight-binding approach (1.4) or plane-wave approach (DFT) method, and so on. In tight-
binding approach, the dispersion relation is obtained by diagonalizing the Hamiltonian

contributed from each atom or ion in the crystal as,
Ex = €9 — 2t Z cos(k.a;) (3.46)

where, ¢ is the energy of atomic orbital in itself, t = [(d,(r — a;)|H|¢,(r))dr is
associated with the interaction energy (hopping parameters) of the electrons, and a; is

the lattice spacings.

In DFT approach, the bandstructure calculations are computed using the KS equation,

called the dispersion relation.

3.1.5.2 Density of States

The DOS provides the information of the number of electronic states per unit energy
range at each energy level in a material. It can be obtained from the bandstructure
by integrating over all k-space within a given energy range(Kittel, 1996; Ashcroft &
Mermin, 1976; Martin, 2020). The DOS available in the energy given energy range ¢ to
€ + de is,

D(za(k)) = % / 5(e — en(k))dk (3.47)

where, D(e,(k)) is the DOS at energy level (¢, (k)), the factor 2 comes from the spin up
and down cases, and the integral is over a primitive unitcell. The Dirac delta function

ensure the counting of the states at specific energy levels only.
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To compute the spin polarization, we have,

P(T) = (3.48)

where, D (0) and D+(0) are the DOS of spin-down and spin-up channels at the Fermi

level Ep.

3.1.6 Structural and Chemical Stability
3.1.6.1 Structural Stability

The energy minimization technique is used to investigate the structural stability of
prototype cubic ABOs type cubic perovskites with (A = Ca, La, Sr, Y and B = Ti,
V) metal ions. The optimized lattice parameters within the permissible error bars are
obtained through energy minimization curves. These pristine systems are then promoted
to their superstructures for the studying the effect of site-substitutions on A and B sites

(Maiti & Sarma, 2000; Sage et al., 2008).

3.1.6.2 Chemical Stability

We have computed the cohesive energy (CE) and formation energy (FE) of all of the
titanates and vanadates to study their chemical stabilities. The ground state total energy
and CE per atom (Boudali et al., 2009; Murugeswari et al., 2020) can be calculated using
a set of optimal parameters. The CE, E yp,csive for a compound A,B,C. (ABC) can be

calculated as,

A
E o Eé)]‘?aflj B (XEatom + yEftom + ZESA}om) (3 49)
cohesive X+y+z .
where EZ BB and EC,  are the isolated spin-polarized atomic energies and x, y,

and z are stoichiometric weights.

Similarly, the FE, E t5,maqtion, 18 the measure of the relative stability of the given system.
For A;B,C, (ABC) compound, the FE per atom can be computed as follows,
Efed — (B + YEbau + 2E0uy)

= 3.50
a——— (3.50)

Eformation
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where Ef},;., EZ ., and E ,, are the estimated energies of the bulk(solid) form the
constituent atoms of the unitcell, and X, y, and z are the stoichiometric weights. The
structural and chemical stability (Bouhemadou & Khenata, 2007) are examined through

the negative values of cohesive and formation energies for these compounds.

3.1.7 Mechanical Stability and Elastic Properties

The mechanical and thermodynamical stabilities can be examined through the elastic
information. The elastic constants are used for calculating solid mechanical properties,
structural stability, anisotropy, and bondings. Using structural and experimental data,
this study calculates ground state parameters, including lattice parameters (at T =0 K
and P = 0 GPa). For computational analysis, many equation of states (EOS) techniques

can be applied.

The bulk modulus B and its pressure derivative (B’) are calculated by fitting total energy
to the Birch EOS (Birch, 1938; Barron & Klein, 1965; Rose et al., 1984). Pressure-
volume data for different pressures are fitted to the Birch-Murnaghan (Murnaghan, 1944)
and Vinet equations of state EOS, providing the necessary information for understanding

the mechanical behavior of the material as given by,

E (V) =E, + £ {{(VO/V)W:’) B 1}3 B+ {(VO/V)2/3 B 1}2 {6 . (VO/V)Q/S}:| ’
P (V) = 3B { (Vo/V)""* = (Vo/ V) } [1+ 3 By = ) { (Vo/ V) — 1},
\

P (V) =3B (%) {1 (%) fexp [-2B - 1 { (%) - 1}].
(3.51)

where Ej is the equilibrium energy, V is the unit-cell volume at zero pressure. When a
crystal is deformed using a strain 7);, the stress comes into action to restore the equilibrium

configuration, called Hooke’s law (Birch, 1938) as,
oi =Y Cyn (3.52)
ij

where Cj; denotes the elastic constant tensor. We may calculate the total energy of a
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system for limited and small stresses using the following relationship as,
0., Vo
E(n) = E0+V0201 771+§Zn101mj + ... (3.53)
i ij

where E( and V|, are the energy and volume of the crystal in equilibrium. The elastic
constants may be calculated by using various orders of the strain 7 and fitting the energy

with a polynomial function.

The nonzero components of the elastic constants tensor for a cubic system are Ci5 =

Clg = C23, Cll = C22 = ng, and C44 = C55 = C66 (Nye, 1985; Corso, 2016)

For a tetragonal system, the non-zero elastic constant components, Cy1, Cssz, C12,C13, Cyy
and Cgg are determined by solving the equations for energy with the corresponding

strains.

For the cubic system, the reduced three independent elastic constants are C;1, Cy2, and
C44 and the mechanical stability criterion for a cubic crystal are given by (Bouhemadou

& Khenata, 2007; Parvin & Naqib, 2017),
CH —+ 2C12 > O, C44 > O, CH — Clg > O, Clg <B< C11 (3.54)

Similarly, the criteria of mechanical stability for the tetragonal system are,

C11 > O, 053 > 0, C44 > 0, C66 > O,
2(011 -+ Clg) + Cip +4Ci3 >0 (3.55)
Ci1 — Ci2 > 0,Cy + Cg3 — 2G5 > 0,

The Zener anisotropy factor (A) for a cubic system contains essential information on

structural stability and may be computed as follows,

A 204

- -7 3.56
Co = Cn (3.56)

For a totally isotropic material, the anisotropy factor is one. The Cauchy pressure, CP =
C1o — Cyy, is connected with the kind of chemical bondings, which offers stiffness and

flexibility information. Within the elastic limit, the values of elasticities are computed as
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follows,

Y = 9BG/(3B + G),
G = (Gy + Ggr)/2, (3.57)
B =3 (Ci1 +2C1,),

where,

Gy = 1(Ci —Ci2+3Ci5), and Gg = [5(C11 — Ci2) Caa] /[3(C11 — Ci2) + 4Cu4]
are the shear modulus in Voigt notation and Reuss notation, respectively. The materials
with higher values of Y (Needs et al., 1986) have a stiffer and more covalent nature.

The Poisson’s ratio,

_ 33B-2C

YT 93B+G

(3.58)

It examines the ductility, whose values for various compounds, respectively, are around

0.1, 0.25, and 0.33 (Cinthia et al., 2015).

Similarly, using the Voigt - Reuss - Hill (VRH) average schemes, the Bulk modulus (B ),
Shear modulus (Gg), Young’s modulus (Y g), and Poisson’s ratio () of the tetragonal

system are computed as,

(

Yn = 9BuGn/(3Bu + Gn),
Gy = (Gv +Gr)/2,

By = (Bv + Br)/2,

| v = (3Bu— Yn)/6By

(3.59)

Furthermore, the thermodynamical parameter, called the Debye temperature (Op) is

computed as,

2\ /3
o, =" (67? ) ) (3.60)
Vcell
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With,

) =[E @+ i)

3B+4G 1/2

3p ’
Vt:(

(3.61)

0

>1/2

where, v, v; and (v) are the longitudinal, transverse, and average velocity velocities of
sound in isotropic media, while A, kg, V.. and p represent known constants (Anderson,

1963; Golesorkhtabar & Draxl, 2013).

The accuracy of elastic-constant calculations for stress and strain measurement requires
proper handling of a function that can only be calculated for a small number of strain
values. Precision is achieved using DFT data and the leave-one-out cross-validation
(LOO-CV) approach to control parameters and estimate errors in energy and stress. The
technique creates a training data set from the samples except one (so called testing data
set), and selecting the best model dataset using polynomial fitting and cross validated

with this testing data set.

We chose the optimal elastic calculation model with the lowest cross validation error

(CVE) computed as,

55 -

N
> (B — p () (3.62)
i=1

Zl =

where p™(n;) is the polynomial function at 7; of strain, excluding the value of pair

(mi, Ex), such that E(n;) = 216:1 Ain' (Anderson, 1963; Golesorkhtabar & Draxl, 2013).

For cross validation of the DFT data, we used polynomial fitting, which is the gener-
alization of error estimation use to avoid either over-fitting or under-fitting w.r.t. real

information about the elastic properties of the materials.

3.1.8 Transport Properties

The BoltzTraP algorithm is efficient for calculating quasi-particle energies using Kohn-
Sham eigenvalues (Kohn & Sham, 1965) and can be trivially parallelized. It can also

calculate derivatives for the BTE directly from intra-band momentum matrix elements
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(Ohtani et al., 1970; Adewale et al., 2018). However, when quasi-particle energies
cannot be calculated using a fixed multiplicative KS potential, using momentum matrix
elements or alternative interpolation methods may be advantageous (Pizzi et al., 2014;
Berland & Persson, 2018). BoltzTraP codes introduce both eigenvalues and momentum
matrix elements, ensuring accurate reproduction of value and derivative at calculated
points. This approach is suitable for beyond-KS approaches and can handle temperature-
dependent transport distribution functions due to electron-phonon coupling (Ashcroft
& Mermin, 1976; Kittel, 1996; Sevik, 2010). BoltzTraP is mainly used for evaluating

transport coefficients but can also be useful for interpolating periodic functions.

The BTE is a mathematical model that considers the distribution function, f, (T, ;) in
steady state due to external fields and scattering phenomena for electrons or holes. It
is used to compute the transport properties of TMOs for optimized systems using the

BoltzTraP algorithm, which implements the linearized BTE (Ziman, 1972; Sevik, 2010)

as given by,
Ot,(T, p) L Of (T, )
= @ k) ——— iffusion
ot v (17 ) or |dff
e [ Otu(T, 1) Ofu(T, )
- H(E - Eva(la k) X H)%Thield + MT|scattering (363)
with £,(T, ) = W represents the Fermi-Dirac distribution, and v, (i, k) =
exp| o1

1 9gi x

77k, denotes the carriers’ group velocity.

The thermoelectric parameters, such as Seebeck coefficient (S,3), and TPF etc. are

computed as follows,

Saﬁ(Ta :u) - e m*T (%)2/3 )

3eh?

TPF = 043(T, 1)S25.

(3.64)

where, e, h, kg and m* are the electronic charge, Plank constant, Boltzmann constant and
carrier effective mass, respectively, and o,5(T, ), kag(T, 1), Sas(T, 1) are the electrical

conductivity, thermal conductivity, and Seebeck coefficient tensors, respectively.

with,

0as(T, 1) = & [ (0ap(e)) [—W} de, is the electrical conductivity tensor,
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Kas(T, 1) = goor | (0ap(e)) (e — 1) [—W] de, is the thermal conductivity tensor,
Sas(T, p) = m [ (0ap(e)) (e—p)? [—W] de, is the thermoelectric Seebeck

coefficients,

(0ap(e)) = %2171{7]’1(%1(1, k)vs(i,k)o(e — eik), is the kernel of transport coefficients
required for computing the thermoelectric parameters (Saeed et al., 2014), which can be
done by the Fourier interpolation of the band structures. Where, o and /3 are the tensor
indices, € is the volume of unit cell and x is the chemical potential. We calculated the
various TE parameters for the CaVO3 and LaVOj; superstructures (Dehkordi et al., 2015;
Adewale et al., 2018). Acoustic phonons are the largest contributors to overall thermal
conductivity, K43, in bulk semiconducting and insulating TMOs. However, electronic
thermal conductivity is crucial for highly doped and non-stoichiometric TMOs. The r,,

(phonon contribution) and «. (electronic contribution) are defined by the kinetic theory

of electron gas as,

1
Rph = gUSCvlph (365)
and,
1
Ke = gcva = Lo,gT (3.66)

where v; is the sound velocity, C), is the constant volume heat capacity, [, is the phonon
mean free path, ¢, is the electronic specific heat per volume, and v is the electron velocity
that can be taken to equal the Fermi velocity, v, the electron mean free path, A and the

Lorenz number (L = 2.45x1078 V2K?).

3.1.9 Optical Properties

For optically driven behaviors of materials (Ambrosch-Draxl & Sofo, 2006), optical
properties such as the dielectric function, optical conductivity and electron loss function

(ELOSS) etc. are computed as,

43



gij(w) = Releyj(w)] + Imlg;; (w)],

ey (w)] = (;632) g (1B ) (1Bl X 6 (Bege = B — ),
Reley;(w)] = 05 + 2p [ %d (3.67)

[
Refoy(w)] = 47Im [€ij(w)]
(

\ Li(w) = —Im {—Eﬁtu)} .

And, the index of refraction, extinction coefficient, reflectivity, absorptivity, sum rules

etc. (Tohyama et al., 2005; Nakano et al., 2007) are computed as follows,

n;i (w) )
kii(W) = ,
nj—1 2 kiQi
(W) = i (3.68)

| Nerr(w) = [§ o(ww'dw'.

3.1.10 Metal-Insulator Transition (MIT)

The electron transport determines the electrical conductivity of a material. As a matter

of fact, the electron transport is affected by three distinct effects, viz.
1. the potential of the ions
2. the Coulomb interaction
3. external (electrical or magnetic) fields

The study uses a complex formalism to determine transport parameters in interacting
many-particle systems out of thermal equilibrium. The focus is on conducting properties
near to thermal equilibrium, where external fields cause slight perturbations. The first

step is to categorize insulators using Ohm’s law as,

Jalk,w) =) oas(k, w)Es(k,w) (3.69)
B
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The conductivity tensor o,3(k,w) can be derived from the current-current correlation
function (3.69), using the fluctuation-dissipation theorem. This property can be expressed
as a correlation function in thermal equilibrium. However, the calculation of the conduc-
tivity tensor requires evaluating a two-electron correlation function, and single-electron

properties alone cannot explain electron transport in the solid state.

At zero temperature, an insulator’s static electrical conductivity disappears.

ons (T =0) = lim lim lim Re{oas(k,w)} =0 (3.70)

T—0 w—0 [k|—0
Definition of a Drude metal with finite metallic conductivity is,

T

Re[O'aB(T =0,w — 0)] = (Dc)agm

(3.71)

where, (D¢)qp is Drude weight and 7 is scattering time for uncorrelated electron colli-

sions. The Drude theory, we have,

mne’

m*

(Dc)ap = ———0ap

with e represents the electronic charge and n/m* represents the ratio of charge carrier
concentration to effective mass. If electron scattering is absent, translational invariance

is restored, resulting in ideal metallic behavior,

Re[oas(T = 0,w — 0,71 = 0)] = (D¢)apd(w) (3.72)

The MIT is a fundamentally least understood problem in condensed matter physics,
involving materials like silicon and germanium as insulators and metals like silver and
gold. These materials’ highly stable physical properties make them challenging to

manipulate or modify for modern technology or explore novel phenomena.
Mott Insulator

The Mott insulating behavior of materials involve strong Coulombian repulsion pre-
venting particles’ flow in the system. In general, the ground states have one particle

on each site, suppressing large repulsion between particles. Band insulators, including
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semiconductors, are states produced by quantum interference effects. Electronic states
with charge gaps, such as Mott and Bloch-Wilson insulators Fig. 8(a) (Mott, 1949;
Gull et al., 2011), occur in crystalline systems at isolated occupation numbers. Mott
state are insulating states, in fact arise due to various reasons, and can be characterized
by spontaneous broken symmetry, quasi-particle behavior, low energy neutral particle
excitations, topological order and charge fractionalization. The Mott criteria for metal

insulator transition is,
agn/® ~ 0.25 (3.73)

where, ag = 0.53 A is the Bohr radius of H-atom and n.. is the critical carrier concentration

for MIT to occur.

(a)

eg-orbitals

Interaction Disorder Frustration
Mott-Hubbard Anderson Glassy
Transition Localization Freezing

p-orbitals p-orbitals

Mott-Hubbard Band Splitting

Metal-Insulator Transition

Figure 8: (a) The three mechanisms of metal insulator transition (Gull et al., 2011) (b) The schematic
Mott-Hubbard band splittings (Mott, 1949; Vollhardt, 2012).

The Mott transition is crucial for modeling strongly correlated electrons, addressing the
competition between kinetic energy and correlation energy (Mott, 1949; Deng et al.,
2013). The Mott-Hubbard MIT is important for understanding condensed matter physics,
which is the consequence of splitting of CB into two bands, UHB and LHB as shown in
Fig. 8(b) (Mott, 1949; Gull et al., 2011). Proper accounts of itinerant electron systems
are necessary for obtaining a complete electronic picture of strongly correlated materials.

One of the best possible solution is to use the DMFT framework for such materials.

3.2 Dynamical Mean Field Theory (DMFT)

The Hartree-Fock mean-field approximations are insufficient for electronic systems like the
Hubbard model with strong electronic interactions. DMFT preserves system dynamics in large

coordination numbers (1/Z — 0), unlike Weiss molecular-field theory for the Ising model.
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DMEFT is diagrammatically controlled and has no additional approximation or physical parameter

constraints, making it an excellent starting point for further improvements.

The interacting system is represented by a single site Hubbard Hamiltonian (Hubbard,

1963) as,

H=—t> &l é,+U) iy, (3.74)

ij,o
The first term on rhs of (3.74) is the non-local part,

I:Inon—local =—t Z (éiTgéjo' + égrgéia) (375)

ij,o

And the second term on the rhs of (3.74) is the local part on site interaction at i is,

Hipear = U Z éfTénéf ﬁu (3.76)
i

The Hubbard and AIM are used to analyze the fermionic situation at site 1 as in Fig. 9
(Vollhardt, 2012), capturing interactions on real crystal lattice site i. The impurity
Hamiltonian is the cornerstone of DMFT, and various solutions, including CT-QMC

method, can be implemented reliably (Morosan et al., 2012).

Figure 9: The schematics for a local field interaction in a face-centered cubic (FCC) lattice in the limit of
d — oo or Z — oo (infinite dimension) (Vollhardt, 2012; Morosan et al., 2012).
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3.2.1 The Anderson Impurity Model (AIM)

The AIM represents a many-body system Hamiltonian (Anderson, 1967; Georges et al.,
1996; Held et al., 2006) as,

H="> cok)ela, + Unyna + Y [Vie(®K)el a0 +hc] + Y eq(k)ef e,
U:Thl/ k70 k’g
(3.77)

where €y(k) is the impurity’s energy level, di (corr. a,) is the creation (corr. annihilation)
operators on the impurity with spin . The energy spectrum of the bath is represented
by €1, (k). And, éz’g (corr. ¢4 ) 1s the creation (corr. annihilation) operators in the bath
with spin ¢ and momentum k, and V., (k) is the hybridization parameter (Arita et al.,

2012). The impurity and its fermionic bath have the following partition function (PF):

~

Z = Trlexp(—pH)] (3.78)

The PF is the path integral over Grassman variables and it is a successful method for
evaluating systems using numerical techniques with imaginary time formalism (Fujimori

et al., 1992). It is expressed as a function of dj, and a,, can be expressed as,

7 = / D [al, 4,] exp(—Ser) (3.79)

where, S, represents the effective action of the Hubbard model Hamiltonian, which can

be solved by mapping onto a single-site AIM Hamiltonian (3.77).
B B
Seff = — Z/ drd7'al (1)Go (T — 7)ag (7)) +/ d7Una (7)0a (1) (3.80)
o 0 0
The non-interacting (U = 0) GF,
Goo (iw) = 1w, — g0 — Ay (iwy) (3.81)

The hybridization part of interaction is,

2
Ag(iw,) = IVieUol® (3.82)

” iwy — 8kg(k)
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it describes the transition between the electronic bath and the orbitals (Kotliar & Vollhardt,

2004; Gull et al., 2011).

3.2.2 The Continuous Time Quantum Monte Carlo (CT-QMC)

The MC method, which is a kernel of the CT-QMC, generates pseudo random numbers
to simulate natural random processes like electronic fluctuation in lattice sites (Georges
et al., 1996; Held et al., 2006). The theoretical explanations for estimating the Mott-
Hubbard MIT phase transition in solid systems are discussed. The Mott-Hubbard MIT
arises due to quasi-particle electron behavior. The DMFT self-consistent cycle Fig. 10
(Kotliar & Vollhardt, 2004; Gull er al., 2011) of calculation addresses the Mott transition

problem in strongly correlated electronic systems (Hubbard, 1963).

The CT-QMC algorithm is a stochastic process used to solve the AIM at finite temperature,
consisting of a Hamiltonian with some limited number of states and hybridization
processes, enabling particle exchange with the fermionic bath (Dirks ef al., 2010). These
algorithms are crucial in the DMFT for approximating fermions’ properties on infinite-
dimensional lattice sites (Werner et al., 2006). MC Integration is essential for converting

the integral of a function to a discrete sum as,

[ B> () o () 38

=1
The Monte Carlo approach incorporates sampling, errors, Markov chains, and Metropolis-

Hastings algorithm to get the results (Bauer ef al., 2011). The Monte Carlo technique is
a method for computing the sums of probability distributions functions p(x) for sampling

functions f(x) in a given configuration space (Bauer ef al., 2011).

> ptx)

where, p(x) > 0, and,

> px) =1 (3.84)

The variable, x = (7, 0, ...) represents the set of variables under study.
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Figure 10: The schematic of self-consistency cycle for DMFT calculation (Georges et al., 1996; Held
et al., 2006).

3.2.3 The Continuous Time Partition Function in Configuration Space

Monte-Carlo sampling partition function with infinite series on imaginary time parame-

ters is given by,

> B
Z:Z///O dTl"" 7d7—np(7_177—27"' 77_n) (385)
n=0

represented by the sum of expansion orders over n slices of imaginary time steps
Ti,-++ ,Tn. This function is integrated over probability densities p(7y, - - ,7,) from

7 =0 to 3, imaginary time intervals (Loh Jr et al., 1990).

The partition function of a single parameter is calculated in first order using the integrand

uniquely described by a set of imaginary time {7, } as given by,

B
ZlZ/ dmip(m) (3.86)
0

The Monte Carlo technique (Reinle-Schmitt ez al., 2012) is used to sample Eq. (3.85) up
to first order uniformly distributed random numbers of imaginary time 77 in the interval
[0, B]. This allows for a better understanding of the integral’s lowest orders and its

contribution to the partition function as,

B
, 1
Zy =l oo > p(n) (3.87)
0
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The second order calculation generates uniformly distributed value pairs in the interval [0,

(] using imaginary time (71, 72). The integral is truncated using Metropolis’ algorithm

(Gull et al., 2011) to accept or reject transitions. The number of MC samples may have
1

MC error, which scales as I with the samples (Nekrasov et al., 2005).

B
. 1
Zy =ty Y D(75,72) (3.88)
0

For the potential ordering s, let us define all of the configuration spaces as,

C={ {} 7{7—1}){7—177_2}7"'7{7—17 "'7Tn} }’

The PF is a set of continuous imaginary time variables 7;, each adding value to the
partition function. To prevent sign problems, the expansion coefficients above are

assumed to be positive (Yoo et al., 2005; Gull et al., 2011), as otherwise, the function is

time-ordered. i.e. 7, T2, - - , Th.
¥ T
CO’T CGT Co‘T CGT
'T T U T
T 1 Tl ’c 2 T->
B T i (Insert link)
T
0 (Remove link) Cor Cot
O = 7 0 W T ;
T T, T> T- 7T <7
.. e 3 3
S S N
T 1 Tt T
! Ty, T3 t', To
1 ¢
(Anti link) =P
T=0

Figure 11: MC configurations are represented by a sequence of operators on the time interval 0 < 7 < 3,
with full(empty) circles representing annihilation(creation) operators. MC moves involve random insertions
or removal of pairs of operators in different channels (Ferrero ez al., 2005; Haule, 2007).

The diagrammatic MC codes are implemented by raising the order for updating the
transition x,, — X1, adding a link (additional vertex, 7;), or lowering the order, removal
of a link ( removal of a vertex, 7; ), or local changes on the same site (7; — ij), like a

spinflip or the change over a 7 as in Fig. 11 (Ferrero et al., 2005; Haule, 2007).
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3.2.4 Markov Chain Transition

To perform updates using the Metropolis algorithm refer to (Appendix-IV), the probabil-
ity must meet the detailed balance condition. For a given configuration z = (11), ..., (7,),
inserting a time vertex (7,,,1) to obtain y = (71), ..., (7,,), (7,41) ensures the condition.

The transition probability density W, ; of transitioning from state x to state y is crucial.

The CT-QMC hybridization algorithm is used to determine the partition function for
different configurations (x — y) with weight, w(C') with which, the GF of imaginary

time or frequency can be calculated.

3.2.5 CT-QMC with Hybridization Expansion

We must focus on the simplest AIM which can be generalized as a multi-orbital approach.
To calculate an expansion near the atomic limit, we use the hybridization approach
(Georges et al., 1996; Kotliar & Vollhardt, 2004; Held et al., 2006). The effective action
is the sum of local terms and hybridization to the bath.
Seff = Sioc + >, foﬁ drdr el (1) Ap (T — 7)do (7))
= Sioc + 2o Sigh (3.89)

From (3.79), we get,
7 = / D[4}, a0) exp(—Sioc + Y Sfp)

11 (=15 (Sgyb)”] (3.90)

Ng)

= / D [al, a,] exp(—Sioc)

From the path integral QMC using SSE, we may write,

Z= S w0 (T T G2 (S5)"), (391)

B / ﬁ ’ 7
7 = Zi?m:o fo de...dTn% fo dry ...dTn‘i

X H%EAJ <7’f — 7'{")
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xTr

nt no’
oMoy [Tl (77) & (T{") et (T{’/> ¢l (T{“)] (3.92)

i=1 i=1

Which is the sum of continuous variables and product of hybridization functions with

trace involving spin up and spin down operators.
1= / w(C) = XMC%ign(wC) (3.93)
C

where w(C') is the weights of configurations C in the limit N — oo gives the probability,

1
p(C) = Zw(C) (3.94)
A{f) = % /C w(C)f(C) ~ %zgcf(C)sign@(C)) (3.95)

The w(C) is computed as,

w(C) = Tr x e ATy T, é} (77) és (1;°)

[Tl (7)) ay (7))

<[] % H A, (17 —717) (3.96)
o ’ i=1

Unfortunately, this calculations face alternating signs problems, requiring evaluation of
PF using imaginary time step diagram and sum of possible permutations of the electronic

fluctuations.

3.2.6 Computing GF from Partition Function

The impurity GF represents the logarithmic derivative of Z w.r.t. hybridization A(7) as

given by,

1 dlogZ | _ dlogZ
BN (—1) | (T)__5A(T)

Go(T) = (3.97)
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5detA¢C
= —1)MH et A o T .
Gi(r) = 5 / i 4l et A o TrC (3.98)

Configurations contribute for a discrete set of imaginary times,

Go(T) ~ _ﬁ Z?}AC Do 0(d — 7o +7) X [A;Cll}k,l
xsign (w(C)) (3.99)

The study, in reality helps estimate contributions and reduces the high frequency noise in
Matsubara frequencies. It investigates the single-particle imaginary time GF, G(7) on the
interval [0, 5] (Boehnke et al., 2011; lazzi & Troyer, 2015) to compute its Legendre rep-
resentation. Expanding GF in terms of Legendre polynomials P)(x) Fig. 12(a) (Boehnke

et al., 2011), the authors derive the imaginary time GF over an interval [-1, 1] as

Pi[x(7)]G (3.100)

where, x(7) = 2—57 — 1, and G| is the Legendre coefficients defined as,

G =V2+1 /Oﬁ drG(r)Py[x(7)] (3.101)

The Legendre coefficients are crucial for accurate representation of observables and
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Figure 12: The graphs for (a) the first five orders of Legendre’s polynomials in x (b) the example of
calculation using these polynomials for GF of Matsubara frequency (Boehnke et al., 2011; Iazzi & Troyer,
2015).

inferring them is difficult by looking at the coefficients themselves. A recent approach

is using the Kernel polynomial method with an intermediate representation (IR) basis
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(Boehnke et al., 2011). Truncating Legendre coefficients within the acceptable error bars
reduce Matsubara frequency noise. This method is shown in Fig. 12 (b), showing the

imaginary part of GF of Matsubara frequency.

3.3 Numerical AC Method

3.3.1 Green’s Function Methodology

The electronic GF for a single particle is crucial in solving the model of strong correlation.
Its properties are summarized, used to improve the Padé approximation method. The
finite temperature Matsubara approach with time-independent Hamiltonian can be written

as the single-electron GF as,

G(1) = —(T[e(r)eT(0)]) (3.102)

where 7 denotes imaginary time, T denotes time ordering operator, and &(7)(&(7))
denote annihilation(creation) operators. We employ a single orbital model system, which
may be expanded for multi-orbital systems, to avoid the need for to many subscripts.
The predicted value of (3.102) represents the thermal average. G(7) is the GF defined
on the interval 7 € [—f3, 3], where 3 is the thermodynamical temperature. Because G(7)
is (anti)periodic with the imaginary axis, so the Matsubara GF with period (3 as well. In
other words, it may be expressed as a Fourier series (Held et al., 2006; Haule, 2007; Gull
etal.,2011) as,

G(r) = ~ > g, (3.103)

where the Fourier coefficients is,

B
G, = / dre™"G(T) (3.104)
0
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wit, the Matsubara frequencies,
2 1
w, = u(fermions),
B
And, (3.105)

2
Wy, = & (bosons)

There exists a complete set of G,-values for a unique SD p(w), which is associated via

the Hilbert transform as,
(3.106)

G(z) = /_OO do- ! —p(w)

[e.9]

Where, z = w + iw, 1s the complex frequency.

3.3.1.1 Analytical Structure of GFs

Im(z)

cotiilag,,

»>
f(z) U F(z)

Re(2)

Figure 13: F(z) is the AC of f(z) to the larger domain V (Shao & Sandvik, 2023).

A complex function, f(z), is said to be analytic on an open set D if it can be represented

by a convergent power series in the neighborhood of any point Fig. 13 (Shao & Sandvik,
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2023),zp € D,

f(z) = a,(z—2)" (3.107)

For the system under consideration, the CT-QMC with hybridization expansion approach
generates GFs data (Werner ef al., 2006; Pickett et al., 2013; Shao & Sandvik, 2023).

The PF in relation to the impurity model is given by,
7 = / DEDe exp(—Sen)- (3.108)

Here, the effective action S,y takes the form,

B
St = Soe + Y / drdr' A (7 = 7)el (7)en(7) (3.109)
ab 0

where, the hybridization function, A, takes the indices a and b for spin and the corre-
sponding site of the electrons, respectively. If S, is the local component of action that
comprises solely the interactions’ instantaneous terms, the Hamiltonian associated with

it is,

Thoe = — Y tanelén + Y Vapeatlefécta. (3.110)
ab abcd

The field theory may be used to create a transformed single-particle basis, and the

creation and annihilation operators of any single-particle basis, ¥ () described as,
¢ = / dxyi (x) 9" (x) (3.111)
6 = [ axueou (3.112)
With these operators, the GFs of the single-particle basis are expressed as,

Cop(t,t) = —i <6k(t)él/(t’)>

(3.113)
Su(t,t) = i <ej{, (t’)ék(t)>
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3.3.1.2 Fourier Transform of G~ (w) and G<(w)

The greater GF is limited over the real time axis and the Fourier transforms of greater
and lesser GFs (Werner et al., 2006; Pickett et al., 2013; Shao & Sandvik, 2023) are

written as,

G (w) = / " dte G (1)
~o (3.114)
G<(w) = / dte ' G<(t)

oo

Also, the greater and lesser GFs in the time domain are related to the frequency domain

as given by,

G”(w) = Fe™G<(w) (3.115)
These GFs are related to the Fourier transform of the SF as,

Alw) =1[G7(w) — GS(w)] (3.116)
We define it using the weight function,

G~ (w) = —iA(w)f(w)

(3.117)
G (w) = 1A (w)f(—w)
Where, the weight function,
fw) = t— — dn(w) (3.118)
YT T ere T Y '

which is related to particle statistics. The Fermi-Dirac distribution is given by the +ve
sign, while the Bose-Einstein distribution is given by the -ve sign. The retarded GF is

defined as follows to evaluate the GF in the limit of n — 0,

lim G(w +in) = G*(w) (3.119)

n—0+t
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and,

1 1
lim = (3.120)

=0t w+in —iw, W —iw,

since w — iw, = 0 for every real w,. When the integral is evaluated using the Matsubara

frequencies, the real component of the GF, G(w), is removed, and we have,

G(iw,) = ! /Oo dww (3.121)

2w w — iw,

—00

3.3.1.3 The Analyticity of the Retarded and Advanced GFs

To obtain the Fourier transform of the retarded GF, substitute (Werner et al., 2006; Pickett
et al., 2013; Shao & Sandvik, 2023) w with w + in as,

Rp,y_ [ dw  AW)
GRw) _/%Wrm_w, (3.122)

Similarly, the SF is related to the Fourier transform of the advanced GF,

G (w) = / do_ AlW) (3.123)

2mw —1ip — W’

It is analytic in the lower and upper half-planes separately because of the jump G®(w) —

GA (w) across the real axis. To determine this difference, we have,

GR(w) — GA(w) :/d“’M /d—wﬂ (3.124)

gw—l—in—w’_ 2rw —in —
applying the identity,
! P ! id(w) (3.125)
f— —_ 1 .
wEin w oW

where P denotes the principal value. The SF is computed as the jump over the real axis,

CGR(w) — GMw) = —iA(w) (3.126)
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Or,

A(w) =i [GR*(w) — G} (w)] (3.127)

3.3.2 AC for Single-site Dynamical Mean-Field Theory

Finally, the AC of the DMFT data using the impurity solver (Georges et al., 1996; Backes
et al., 2017) for the Hubbard model is shown in the flowchart Fig. 14. The covariance
matrices are constructed with a limited relative error using the GFs of the DMFT compu-
tation. The topic was thoroughly investigated using DMFT for low temperature and high
precision (Backes et al., 2017). The peak around the Fermi level is observed to be fairly
sharp at low temperature. This is obviously a critical issue since the retarded functions of
these GF and correlation function values on the real axis, which can determine a system’s

dynamical properties.

3.3.2.1 Flowchart for AC

Choose interval: [a,b] Initialize and
on real axis normalize:
Im F (o)
Accept Result
Stop

|
@

Calculate: F (i, )

Calculate

Acceptance: 1
p= min{l,exp(—a(xxzuw _x;))} Calculate: X(Z)
Xo = Xonew

|

Modify ImF ()

Calculate: xz

new

Figure 14: The flowchart for the general analytical continuation of various methods (Backes ez al., 2017).

In general, the flowchart Fig. 14 (Backes et al., 2017) depicts the real implementation

of AC. For this, we consider the initial input data F,,,c4s.e (tw,) on N Matsubara points
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(iw,) (such as GF, G;,(iw,)). The real frequency axis is to be discretized, and the
new function values are updated using a process similar to Metropolis-MC algorithm.
Multiple iterations are performed simultaneously for different values of the adjustable
hyper-parameter « in order to generate the final SF (Vollhardt, 2012; Morosan et al.,
2012).

These techniques based on GF formalism are not directly related to real energies, but it
is more easier to work with complex energies for computing real energies using AC, as

illustrated in Fig. 15 (Shao & Sandvik, 2023).

>
n=0 Re(z)

Figure 15: A schematic representation of the Matsubara frequency points’ AC of the GF in the complex
plane (Shao & Sandvik, 2023).

If a function is known with infinite discrete points on the imaginary axis with infinite
precision (Sandvik & Kurkijirvi, 1991), even if there exists a unique continuation,
which is irrelevant for normal computations. As a result, the issue is referred as ill-
posed one, especially when previous knowledge about the function of the real axis is
unavailable. Padé approximation is an AC method used in condensed matter physics
to solve Eliashberg equations by parameterizing numerical functions using polynomial

ratios (Vidberg & Serene, 1977; Beach et al., 2000).

GFs and self-energies properties, step-by-step improvements, accuracy tests, stability
with Matsubara noise, and numerical routine precision are discussed (Shao et al., 2017).

Modern machine learning techniques effectively solve AC (Gunnarsson et al., 2010) of
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physics related problems, with hybrid approaches integrating ML methodology with

physics intuitions is being the best solution thesedays (Yao et al., 2022).

3.3.3 The Maximum Entropy Model (MEM)

Analytically, the GF of Matsubara frequency, G(iw, ), is transformed to the GF of real
frequency, G(w). It should be noted that calculating GF for a given SF is simple, however

obtaining the SF by simply inverting the integral equation is an ill-posed issue.

G(iw,) = /dw% (3.128)
_ / K (i, ) A (w) (3.129)

where the kernel K(iw,,w) has several forms depending on the problems.

The least squares approach is the most basic and easy means of solving any linear
equations as,
Nfreq

A=) |G- KAP (3.130)

iwy

The main question with this method is how to cope with the inherent noises. The
maximum entropy technique (Silver et al., 1990) is the method to regularize the least-

square fit approach. One can define entropy as,

Aw)
D(w)

S[A] = —/de(w) In (3.131)

relative to a default model D(w). The default model can encode any information about
the spectrum that is known beforehand. If D(w) is non-negative and has the same norm
N as the spectrum A(w), the entropy S will be non-positive and maximum for D(w). It

should be noticed that we are not minimizing Y, but rather the following quantity,
Q[A] = x*[A] — aS[A] (3.132)

In this case, « is a hyper-parameter. This optimization problem may be solved numeri-

cally with fixed « to minimize spectrum A, (w). The default model D(w) spectrum is
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obtained in the range o« — oo. In the limit & — 0, on the other hand, the least-square fit
is properly applied. The easiest way for parameter elimination is to use the spectrum,
where x? ~ 1, to avoid overfitting the data while maintaining the differences between
model and data within the permissible error bar. We could employ more complex ways

by reinterpreting MEM using Bayesian statistical rules (Gull et al., 2011).

3.3.3.1 Bayes’ Theorem for MEM

The Bayesian principles of conditional probability may be employed to reformulate the
MEM with the various associated parameters in the AC problem. Taking P[A] as the
prior probability for A(w). The quantity P[A|G] is known as the posterior probability
for A(w) given the data G(w) and P[G|A] (likelihood function). The Bayes’ theorem
(Bayes, 1958) asserts the following with these probabilities, as depicted in Fig.16(a)
(Jarrell & Gubernatis, 1996; Bergeron & Tremblay, 2016)

G|AJP[A]

P[A|G] = P[W (3.133)

The probability P[G] is known as the evidence and is used to normalize the posterior

probability P[A|G],
PG = /DAP[G|A] P[A] (3.134)

One can identifies,

~ 1

P[G|A] = Z—lexp<—x2{A]> (3.135)
and

P[A] = Zizexp(aS[A]). (3.136)
where,

7y = / DG e XA (3.137)
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and
T = / DA e*SIAl (3.138)

are used to normalize the probabilities. The posterior probability can be written as,

PIAIG] = —C o 3.139
with
o |DAe QWA
PIG] = 4= (3.140)

As a result, minimizing Q means maximizing the posterior probability P[A|G] ~ e~ Q.
Given the input data G, the MEM finds the most probable spectrum of A is obtained
by maximizing P[G|A]P(A). For example, if the data are generated using a stochastic
approach, the probability is derived using the central limit theorem. We have, for an

element of G,

(a)) (b) 4 Default Model Region

\
o]
o © o o
T "
—
&,
A~ <
=
Prior Probability by
Maximum Likelyhood o)
o
g - °
Noise Fitting Region _
Oy Or 0- logw(a)

Figure 16: (a) The graphical representation of posterior probability (red) (b) The logistic regression (LR)
curve (Jarrell & Gubernatis, 1996; Bergeron & Tremblay, 2016) .

P[Gi|Gi] xxe 27 (3.141)

where G; is the statistical averaged value of G; and 0'1-2 is the variance. For all the elements

of G, we thus have,

x2[A]

P[G|G] e 2 (3.142)
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G — Gy)?
A=) % (3.143)

The goodness of fit is determined by the covariance matrix, C, with diagonal elements.

If the covariance is not diagonal, one must instead use,

C(G-G) (3.144)

Here, in matrix form, where C is the covariance matrix. Given a spectrum A, G = KA,

where K is the kernel matrix, and so

x2[A]

P[G|A] o ™2 (3.145)

with

Y}A] = (G —KA)"C (G - KA) (3.146)
It should be noted that the basic assumptions of using (3.135) as the probability are listed
as,

1. G = KA is the good approximation to the exact GF.

2. The elements of AGy = UT(G — G) = UT(G — KA), with U are the uncorrelated

random variables, including the eigenvectors of the covariance matrix C.
From (3.139), the posterior probability can be expressed as,

X2

P[A|G] o e*5~ % (3.147)

To get the spectrum A, this amount must be maximized, and hence it is named as MEM

approach.
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3.3.3.2 Bayesian Inference Using the Hyper-parameter (o)

There are more advanced formulations problem to eliminate the free parameter, «

(Bergeron & Tremblay, 2016; Goulko et al., 2017) (3.133) may be rewritten as,

P[G|A, a]|P[A, ]
P[G]

P[A, |G| = (3.148)

When the Bayes’ theorem is used to factorize P[A, a and integrate over A, the relation-

ship becomes,

[G|A, o] P[A]o]
Pla|G] = /DA =

DA e A 3.149
oot | (3.149)
In this case, the probability P[a|G] is calculated around the maximum. On a similar
logical basis, P[G|A, a] ~ exp(—x?[A]) and P[A|a] ~ exp(aS[A]) may be identified.

The evidence

QA
P[G] = /dap[a] JDAe (3.150)
7nZs

is a normalization constant that is independent on «v. Except for P[«], the prior probability
of «, all of the parameters in this equation are known. However, the choice of P|«] has

minimal effect on the resulting spectra.

A numerical treatment of the equations (3.139) and (3.150) is conceivable if the probabil-

ities involved are of the Gaussian type.

3.3.3.3 Extracting Information from the GF Input

For the preprocessing step of calculation, we may extract two types of information: (a)
moments and (b) a low frequency peak with its breadth and weight. When accessible,

the initial step in the calculation is to extract that information.

The required spectrum is obtained as a function of « within the relevant range, which we
must minimize, Q = X~ — oS, where x? is given by (3.130) and S, by (3.131). This is

a function that is bounded from below and has a distinct minimum, V() = 0. Because
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entropy is a non-linear component of the equation, it cannot be solved accurately. We

may solve the issue iteratively using the linearized version.

3.3.3.4 The Optimal Value for Hyper-parameter

To identify the ideal value of o, we must compute the curvature of log;o(x?) vs. v
logipc, where v < 1 is an adjustable parameter. It is utilized to raise the magnitude of
the peak in the LR curve Fig. 16(b) (Bergeron & Tremblay, 2016) corresponding to the
crossover zone. The value of v ~ 0.2 was discovered to be a reasonable balance for
clearly identifying the proper peak in the curve while not affecting the value of « too

much.

When we plot the graph of the function x?(«) in log-log scale, we get the schematic curve

given in Fig.16(b) (Bergeron & Tremblay, 2016), which shows three distinct regimes as,

a. For large o values, x? does not vary considerably, and so the SF deviates only little

from its default model, referred to as the default-model.

b. Under a certain value of «, while «S still a substantial term, X2 1s not insignificant
and hence acts as a restriction. In that range, o governs how well that constraint is

fitted, which is referred to as the information-fitting regime.

c. Under some « values, the lowering parameter has minimal effect on 2. In reality,
it is the zone where the variation in G is also fitted, which is known as the noise-

fitting regime.

The function AG(iw,) = Giy(iw,) — K(iw, ) A can be used to determine the correspon-
dence between the small slope region at low «. It is important to note that the value of «
above which, the slope starts decreasing rapidly, and the function contains mainly noise.

At the point of the drop, Gy (iw,) = K(iw, ) A is a good fit of the input data Gy, (iwy,).

3.4 Optical Conductivity through DMFT

This work investigates electronic transport properties, such as optical conductivity o, (w),

using current-current correlation function.

~

Aa(7) = (a(7)ja(0)) 3.151)
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Here, j, is a current operator along the a-direction which can be defined as
Ja = -1 Zt(éiT,créi+6a,U - 6;[+6a,0'éi70)7 (3.152)
i,o

The current operator is also written as j,(7) = exp(Hr) j exp(—Hr). It is sufficient to

consider only the & component of A, (7) for the clusters under consideration.

Indeed, the optical conductivity o, (w) is related to the current-current correlation func-

tion by,

dw we ™
Aa(T) = /?WUQ(UJ) (3153)
We use CT-QMC with the AC of the current correlator in imaginary time (Gunnarsson
et al., 2010; Bliimer & Gorelik, 2011) to extract the optical conductivity. Further
information is provided in (Sakai et al., 2004), which includes data from larger cluster

simulations suggesting minor finite size effects.

Here, the equivalence of the two directions given by (o = z,y) does not hold in the
specified clusters and boundary conditions, as we have previously shown in the (Imada,

2005; Nakano et al., 2007). The optical conductivity is given by,
o(w) = 21Dy (w) + 0" (w). (3.154)

The second term in the r.h.s. is the regular component of the optical conductivity, often

known as the incoherent part, which is obtained by the average of the these components,
0" (w) = [0F (W) + oy (W)]/2; (3.155)

each of o'°8(w) given by,

reg( ) — l |<€‘Ja|0>|2
“ N E, — E

g

§(w — By + Ey), (3.156)

S

040
is calculated by the continued-fraction expansion method.

Where j,, is the current vector along the a-direction, and |I) denotes an eigenstate with
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the energy eigenvalue E;. It is worth noting that the ground state is defined by [ = 0. The
Drude weight D,, (Nakano et al., 2007) may be obtained by combining o (w) with the

sum rule.
/ o(w)dw = 7K, (3.157)
0

where -4K denotes the kinetic energy per site, i.e. —4K = (Hpop)/Ns. When U =0,
the incoherent component is missing, resulting in Dy, = K. It is well known that the
incoherent component emerges when U > 0. When U is large enough, the reactions
toward the upper-Hubbard band may be clearly identified in o(w). In such a scenario, a
frequency slightly below the upper-Hubbard band may be determined to be w,; we can

compute definite integrals.

1 [«
Neg = —/ o(w)dw, (3.158)
0

which is the effective carrier density.

DMFT calculates temperature-dependent dc resistivity using zero-frequency optical
conductivity as p = 1/o(w = 0) and gives it in units of pyoi; = ha/e?. The frequency-

dependent optical conductivity can be calculated as,

2 [e8) AN /
U(UJ) ZQW% _Oodw, HF(W ) EF(W + (.«.))
X /OO de p(e) (v(€))* A(e, w)A(e,w + w) (3.159)

using n¢(w) as the Fermi function and v(e) = v/W2 — €2/1/3 as the velocity, in this
case for the Bethe lattice in 2 — oo (Georges et al., 1996; Merino & McKenzie, 2000).

The SF, often known as
Ale,w) = —Im (G(e,w)) /7 (3.160)
which can be calculated from the Green’s function,

-1

G(e,w) = [(Gy ' (6, w) — B(w)] (3.161)

69



The non-interacting GF, Go(¢, w) = 1/(w — € + p) is affected by the one-particle energy
€, which is utilized as a quantum number in place of momentum. The current vertex
adjustments are missing in DMFT (Georges et al., 1996), implying that the single-
particle spectrum and conductivity are directly connected. For three peaks structures in
SF (Hubbard bands and quasi-peaks), the local SF, A(w), can be plotted for many values

of the interaction parameters in DMFT (Georges & Kotliar, 1992).

3.4.1 Photoinduced Phase Transitions

The photoinduced phase transitions uses optical methods to elicit a collective response in
a particular material, resulting in a new macroscopic ordered phase (Sachdev, 1999; Choi
et al., 2012). The resulting alteration can be investigated using x-rays, direct current

transport and other electronic or structural probes.

QMC Results for MIT

Paramagnetic Insulator

Figure 17: The various distinct regions for different phases with the variation of model parameters (U and
() at around QCP (Si et al., 2001; Kotliar et al., 2006; Vollhardt, 2012).

The QCP is the point at which matter becomes unstable for a new forms of order. The fluctuations
between order and disorder that arise at this moment cause substantial changes in the material’s
finite temperature electronic behaviors (Millis, 1993; Moeller et al., 1995; Isakov et al., 2012; Rai
et al., 2023). External fields and other chemical environments are suitable for tuning a material in

the neighborhood of QCP to be explored.
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Ballistic electron motion stops at a QCP, creating an unconventional conductor where
electrons couple into the electron fluid’s current carrying motion. The theoretical and
practical investigation of the bandwidth control Mott MIT reveals quantum criticality of
electrical resistivity at higher temperatures, despite the low-temperature phase transition

being first order (Millis, 1993; Sachdev, 1999; Hameed et al., 2022).

The interaction-driven MIT is an example of strong correlation effects, but poorly under-
stood. The DMFT framework has made significant theoretical progress, approximating
electronic self-energy locally in space and becoming exact in infinite dimensions. Nu-
merical analysis reveals that changing the chemical potential doesn’t alter the first-order
transition, resulting in finite T¢(T) and quantum criticality. Two-dimensional experi-
mental systems show minimal momentum dependencies and local correlations effect,

contradicting full space-time quantum criticality.

The metal remains stable and depends on Coulomb interaction until its energy reaches
the insulating solution at Uq, (T) (Fig. 17) (Vollhardt, 2012; Kotliar et al., 2006). When
the insulator becomes unstable at U¢, (T), solutions differ energetically. The Hubbard
model near MIT provides insight into quasiparticle behavior, with the energy of the
metallic phase expected to be lower than the insulator and no crossing occurring in
relevant properties. At T = 0, the metal approaches the insulator continuously, with both

energy and its derivative fluctuating smoothly at U, (T).

At a critical temperature (T¢), a paramagnetic (PM) metallic and insulating phase coexist
in the regime U¢, (T) < U < Ug,(T). As U increases, the metallic phase disappears
at Ue, (T), and when U drops to Ug, (T), the insulating phase terminates. A first-order
MIT line exists between phases Uc, (T) and U, (T) with identical free energies. At
critical temperature, both phases equal U, and a second-order transition occurs. When
U increases over T, the system changes from metallic to insulating phase through

Crossover.
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3.5 Computational Details and Experimental Information

3.5.1 Computational Softwares for Ab-initio Calculations
3.5.1.1 Quantum Espresso Frameworks

Quantum ESPRESSO, an acronym for Quantum-opEn-Source Package for Research in Electronic
Structure, Simulation, and Optimization, is a multi-purpose package for electronic structure
calculations, simulation, and optimization. It contains codes for first-principles calculations in
condensed matter systems (Trimarchi et al., 2008). The package is based on DFT and plane
wave/pseudo-potential descriptions of the electronic ground state, making it ideal for structural
optimizations, linear response calculations, and high-temperature molecular dynamics. Examples

of applications are briefly discussed in the text (Kohn & Sham, 1965; Perdew et al., 1998).

3.5.1.2 WIEN2k Frameworks

The WIEN 2k package in Fortran performs quantum mechanical calculations on periodic
solids using Augmented Plane Wave methods. The LAPW method is highly accurate for
computing the electronic structure of crystals (Blaha ez al., 2002). Electronic and other
related calculations are performed within DFT using the LAPW plus local orbital (LO)
method (Schwarz et al., 2010). The exchange correlation functional for self-consistent

calculations is GGA (Blaha er al., 2002; Schwarz et al., 2010).

3.5.1.3 DMFT Frameworks

The ALPS (Algorithms and Libraries for Physics Simulations) program provides com-
putational physics libraries and applications for simulation of lattice models and SCSs.
These libraries are reusable components for developing condensed matter physics simu-
lation codes, aiming to create proven computational algorithms. The ALPS core libraries
offer physical insights into various subfields of condensed matter, including nonequi-
librium dynamics, CT-QMC (Kotliar & Vollhardt, 2004; Bauer et al., 2011; Gull et al.,
2011), LDA + DMFT materials simulations, quantum and classical spin systems, cor-
related boson and fermion models, and cuprate superconductivity (Caffarel & Krauth,

1994; Betzinger et al., 2011; Gonze et al., 2016).

The projector augmented-wave method offers an alternative to standard norm-conserving
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pseudopotentials, allowing for geometry optimizations and ab initio molecular dynamics
as treated in ABINIT frameworks. It can treat materials like insulators, metals, and
magnetically ordered systems like Mott-Hubbard insulators, enabling the calculation of

forces and stresses (Trimarchi et al., 2008; Gonze et al., 2016).

3.5.2 Computational Details

In this study, we have employed the standard DFT based plane wave self-consistent field
(PWscf) with ultrasoft pseudopotential approach to study the structural and chemical
stability with energy minimization techniques. The FP-LAPW is utilized to study the
stability, electronic structure, electronic charge density distribution, thermoelectric and
optically driven transport properties of pristine TMOs and their superstructures (Kohn
& Sham, 1965; Mizutani, 2001; Sholl & Steckel, 2022). The KS equations are solved
using self-consistent calculations of total energy within the GGA framework (Perdew
et al., 1998; Blaha et al., 2002). Conventional DFT approaches are used to compare
and increase computational accuracy (Kaphle et al., 2015; Rai et al., 2023).In addition
to the standard DFT, we employed the self-consistent DMFT calculations with a CT-
QMC hybridization technique to compute the realistic electronic structure of TMOs and
investigate the Mott-Hubbard MIT (Antonov et al., 2001; Rohringer et al., 2018; Jana
et al., 2020; Rai et al., 2021). SD distribution is derived using the MEM for statistical
inferences (Shao & Sandvik, 2023).

The site-substitution of the extended pristine cubic perovskite, SrTiO3 is used to recon-
struct the transition metal oxide superstructure system, La; , Sr,TiOs. Through DFT +
DMFT (Held et al., 2008; Shin et al., 2021; Rai et al., 2023), the MIT phase transition
is explored for the strongly correlated parameter (U, and ). For the pristine TMOs
unit cell of an ideal cubic crystal system with Pm-3m (Hermann Mauguin) space-group,
we chose a Monk-horst pack of 7 x 7 x 7 k-mesh grid for pristine sample. The 19
x 19 x 3 k-mesh grid for superstructure is used for self-consistent computations with
energy and charge convergence criteria of 10~° eV and 10~ 3¢, respectively (Sevik, 2010).
Thermal conductivity, electrical conductivity, Seebeck coefficients, and TPF of optimized

La;_,Ca,VOjs superstructures are computed using the BoltzTraP codes.

The structural optimization of vanadate systems involves determining K-points, RK,,,4.,
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and G,,,,,. The optimized R),;r values of La-, Ca-, V-, and O- are obtained for both
pristine and site-substituted superstructures (Kohn & Sham, 1965; Perdew et al., 1996).
This investigate MIT’s through band and filling controlled approaches, we employ CT-
QMC as an impurity solvers with hybridization expansion technique for La; _,Ca;_,VOs,
La;_,Sr, VO3, Ca;_Sr, VO3, Ca; Y, TiO3 and La; _,Sr, TiO3 superstructure systems
(Lohneysen et al., 2007; Rai et al., 2023). To estimate the critical value of MIT for
each of the superstructure, DFT + DMFT calculations are done for various Coulombian
interactions, U and the thermodynamical parameters 5. DFT and DMFT are used
to evaluate the optical conductivities of the materials, with the MIT phase transition
expected based on Drude peaks analysis that vary depending on the spectral weight ratio
and mass enhancement factor. The DMFT calculation uses parameters like chemical
potential (1), Matsubara frequency (w, ), imaginary time bins, thermalization sweeps,
maximum sweeps in a single iteration (10000), and MC steps between measurements

(5000).

m*/m ~ SWDrude+MIR/SWDrude ~ Kband/Kexp (3162)

The mass enhancement in Mott insulators is evaluated by reducing kinetic energy of
quasiparticles due to dynamical correlations. The overall kinetic energy remains constant,
but intraband transitions contribute to conduction electrons’ kinetic energy, which is

transferred from the Drude peak into mid-infrared (MIR) or higher energy.

The DFT and other computational software packages are intended to perform a wide
range of calculations, including ground-state energy, structural optimizations, response
characteristics, spin polarization, molecular dynamics, electrostatic dipole, magnetic
structures, and many more (Capelle, 2006; Cohen et al., 2007; Martin, 2020; Sholl &
Steckel, 2022).

The validity and accuracy of self-consistent calculations are crucially important for
various properties of the materials under investigation and are determined by several

factors, viz.

a. The accuracy of calculations is influenced by the choice of basis set (plane-wave

cutoff), pseudopotentials, full-potentials and so on.
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b. The choice of exchange-correlation functional (LDA, GGA, hybrid functionals etc.)
affects the accuracy of calculations. The accuracy of functionals can vary depending

on the system being studied.

c. Convergence criteria for self-consistency iterations, k-point mesh density, and energy

cutoff for plane wave basis set and charge density convergence.

d. Proper handling of symmetry operations and accurate input geometries are important
for validity of calculations. The incorrect input geometries, such as overlapping
atomic orbitals or unrealistic bond lengths, can cause numerical instability or conver-

gence problems.

e. The size of the system, the number of atoms, and the complexity of the electronic
structure can influence the accuracy of calculations. Larger systems might require

more careful convergence and higher computational resources.

3.5.3 Experimental Information

Experimental works have studied the Mott-Hubbard MITs in vanadates and titanates
systems for various values of U and 3. Ca doped La;_,Ca, VO3 system was synthesized
and characterized to study the resistivity and magnetic susceptibility for Mott and band
insulators (Antonides et al., 1977; Sawatzky & Allen, 1984; Makino et al., 1997; Maiti
et al., 2004). Bulk-sensitive high-resolution PES and XAS were used to study the spectra
of CaVOj3 and SrVO3 (Inoue et al., 1998; Mossanek et al., 2008).

All heterostructures grown on SrTiO3 substrates were found to be metallic upon mea-
suring transport and Hall measurements up to 5T of magnetic field (Cohen et al., 2007).
MIT behavior in La;_,Sr, VO3 samples was investigated using optical spectra (Inaba
et al., 1995; Inoue et al., 1998). For La;_,Ca, VO3, Maiti (Maiti & Sarma, 2000) found
an antiferromagnetic (AFM) to PM transition near x = 0.2. Single crystals of superstruc-
tures, Ca;_,Sr, VO3, were studied for optical conductivity, photometrics, and optical
reflectivity measurements. The spectra of StVO3 and CaVOj3 were also investigated

using the bulk-sensitive high-resolution PES and XAS.

Kowalski et al. investigated d-orbital splitting and local Coulomb interactions using the

CT-QMC hybridization technique, explaining Mott insulating behavior (Kowalski et al.,
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2019; Caputo et al., 2022). In addition, they employed angle resolved photoemission
spectroscopy (ARPES) to investigate Hubbard band splitting (Sekiyama & Suga, 2004).

These experimental findings actually motivate us for the theoretical research into the
stability, electronic transport, thermoelectric, and optical properties of these strongly
correlated materials, which have applications in Mottronics, neuromorphic computations,

resistive memory devices, and thermoelectric and energy devices.
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CHAPTER 4

RESULTS AND DISCUSSION

We describe the principal findings of the study using numerous standard analyses and
discussions in this chapter. It includes the investigation of structural, chemical and
mechanical stabilities, and related properties, electronic structures along with the MITs,
thermoelectric transport properties, and optically induced behaviours of pristine transition

metal oxides and their site-substituted derivatives.

The CE and FE estimations are utilized to determine the system’s structural and chemical
stability. Mechanical and chemical bonding information are obtained through the elastic
constants for the modulus of elasticities, Poisson’s ratio, Cauchy pressure, Pugh’s ratio,

and anisotropy factors.

The preliminary investigation of density of states (DOS) and bandstructures are used to
conjecture the electronic structures with various techniques of ab-initio calculations, but
these calculations are insufficient to address the realistic picture of electronic structure
of SCSs (e.g. perovskites, double perovskites) systems. For the impurity solver of
Anderson’s impurity Hamiltonian, we employed the DFT + DMFT approximation using
the CT-QMC hybridization expansion technique. Furthermore, the QMC data are used
to determine the real frequency data using MEM, which is extremely important for
studying the MIT behaviours of the systems. We have investigated their optically
induced behaviors using DFT and DFT + DMFT approximations, and hence revealed
the potential candidates for field driven devices (Kamerbeek et al., 2015; Paul & Birol,
2019) of TMOs.
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4.1 Structural, Chemical and Mechanical Stability

4.1.1 Structural, Chemical and Mechanical Stability of Vanadates

4.1.1.1 Structural and Chemical Stability of La; _,Ca,VO;
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Figure 18: The structural stability analysis through energy minimization process for (a) LaVOs3 and (b)
superstructure Lag 40Cag 60 VO3.

The CaVOj3 and LaVOs crystal structures are a prototype SrFeOj3 face-centered cubic
(FCC) type perovskites structure having space group Pm-3m (221). The ideal cubic
unitcell of LaVOg (Fig. 18(a)) has La -atom at the origin (0.0, 0.0, 0.0) a, V-atom at the
body center (0.5, 0.5, 0.5) a, and the O-atoms at the three face centers: (0.5, 0.5, 0.5) a,
(0.0, 0.5,0.5) a, and (0.5, 0.0, 0.5) a. Where, the lattice constant, a = 3.94 A (Frenkel &
Ladd, 1984; Piskunov et al., 2004; Basov et al., 2011).

Furthermore, the ideal cubic unitcell of LaVOj is electronically promoted to a supercell,
La; ,Ca, VO3 of 1 x 1 x 3 dimension for studying their structural, mechanical stability,
electronic transport, and optically driven transport properties. One of the superstructure,
Lag.40Cag.60 VO3, is found to be converged with space group P4/mm (99) in a tetragonal
primitive supercell. The optimized structural parameters are presented in Table. 1 for

pristine and superstructure systems.

The results are consistent with the existing data for (CaVO3, LaVQOs3), and its super-
structure Lag 40Cag g0 VO3 system (Inoue et al., 1998; Sclauzero et al., 2016). The slight
change in the pristine parameters is discovered to be the result of structural change during
the electronic reconstruction of the superstructure, and it agrees with the previous results

(Fig.18(b)).
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Table 1: The optimized structural parameters*, cohesive and formation energies in electron volt (eV) of
the pristine (CaVOj3, LaVO3) vanadates and their superstructure.

Physical Parameters CaVOs; LaVOs; Lag 490Cag g0 VO3
Lattice Parameter 3.71 3.94 a=Db=3.86,
(A ) 3.80%*, 3.83% 3.92% 3.95% c=19.48
Space-Group Pm-3m (221) | Pm-3m (221) P4/mm (99)
K-points 800 800 750
RK, 0z 7.0 7.5 7.5
Gz 14.0 16.0 15.0
Cohesive Energy -7.53 -7.56 -7.20
(eV/atom)
Formation Energy -3.01 -3.18 -2.99
(eV/atom) -2.90*, -2.89% | -3.25%, -3.097

* The optimized lattice parameters are consistent with the available data. The variation of lattice
parameter (+Aa) with their corresponding energy differences (A F) about their optimized values
are shown in Appendix -V (a),(b).

* (Long et al., 2013; Kirklin et al., 2015), # (Wold & Ward, 1954; Ali & Yashima, 2005; Balachandran et al., 2017)

The calculated CE and FE for CaVOs, LaVOs;, SrVO;, LaSrV;0¢ and Lag 40Cag 6o VO3

systems are found to be negative (Table. 1, 2).

Thus, the formation energies of pristine and superstructure systems are negative, indi-
cating energetically favorable for synthesis and better chemical and thermodynamical
stability. Higher negative values indicate structural and chemical stability (Santana et al.,

2017).

4.1.1.2 Structural and Chemical Stability of La;_,Sr,VO;
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Figure 19: The optimization curve for lattice parameter of (a) SrVOg unitcell with the crystal structure
(inset) (b) LaSrV,0Og superstructure system with its crystal structure (inset).
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Table 2: The optimized structural parameters' of the pristine (SrVOs3, LaVO3) and superstructure with
their cohesive, formation energies.

Physical Parameters \ SrVO; \ LaVO; \ LaSrV,04
Lattice a=3.86 a=3.94 a=b=23.96,
Parameters (A) 3.86%,3.00® | 3.92*, 395® c=17.92

Opt. Volume (A3) 57.51 61.20 124.20

Cohesive Energy -6.96 -7.56 -7.79
(eV/atom)

Formation Energy -2.97 -3.18 -3.60
(eV/atom) -2.90%, -2.87® | -3.25%,-3.09®

T The optimized lattice parameters are consistent with the available data. The variation of lattice
parameter (+Aa) with their corresponding energy differences (A F) about their optimized values
are shown in Appendix -V (c).

* (Long et al., 2013; Kirklin et al., 2015), ® (Wold & Ward, 1954; Balachandran et al., 2017; Lan et al., 2003)

The energy minimization technique is used to investigate the structural stability of proto-
type cubic SrVO3; and LaVOj; systems (Fig. 19(a)) whose optimized lattice parameters
are found to be 3.86 A and 3.94 A, respectively (Maiti & Sarma, 2000; Mossanek
et al., 2008; Sage et al., 2008; Wang et al., 2011). The optimized lattice parameters
(Table. 2) of superstructure, LaSrV,0g4 with the space-group P4/mmm (123) (Fig. 19(b))
are consistent values with the previous results (Wang et al., 2011; Sage et al., 2008). The
computed values of cohesive and formation energies are presented, which reflect the

chemical stability of these vanadate compounds.

4.1.1.3 Structural and Chemical Stability of Ca; ,Sr,VO;

The optimized lattice parameters for pristine StVO3 and CaVOj3 are found to match
the experimental results. The superstructures, Ca;_,Sr, VO3 reconstructed using the
frameworks 1 x1 x 2 of pristine unitcell of SrVO3, and then site-substituted with Ca-
atoms in the supercell. These stabilized superstructures with space-group P4/mmm were
examined using an energy minimization approach. The energy difference vs. volume
optimization curves for CaVO3 and (Cag 5051050 VO3)2 systems, together with their

model crystal structures (in insets), are shown in (Fig. 20(a),(b)).
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Figure 20: The lattice parameter optimization curves and crystal structures (insets) for (a) CaVOg3 system
(b) (Cag.50Sr0.5003)2 system.

4.1.1.4 Mechanical and Thermodynamical Stabilities of Vanadates

The mechanical and thermodynamical stability parameters of optimized structures of
vanadates are listed in Table. 3, which are consistent with existing available information
(Ambrosch-Draxl & Sofo, 2006; Boudali ef al., 2009). Positive Cauchy pressure values
for CaVO3;, LaVO;, SrCaV,0g, LaSrV,0Og, and LaCaV,Og indicate ductile metallic
nature, while negative values for SrVOj3; imply covalent bonding (Cinthia et al., 2015).
Furthermore, the values obtained from equations (3.54 - 3.61) satisfy the criterion for the

mechanical stability.

The calculated elastic parameters show that the superstructure has weaker elastic behavior
than pristine systems (Kim, 2018; Bouhemadou & Khenata, 2007). The elastic wave
information is also used to compute the system’s Debye temperature (© ), which is the
cutoff frequency or Debye frequency (wp) of vibrating chains of masses characterizing

the motion of ions in a crystal.

The elastic tensor along with the other mechanical information of the materials can be
calculated using the polynomial fitting of energy vs. strain. The accuracy and validity
of prediction of these calculation were investigated using the CVE method (one of the

methods of selecting the best model using the optimal hyperparameter).

The CVE approach optimizes the fitting procedures on statistical data using a portion of
the training data set and a complementary subset (testing data set), which ensure that
the model captures the trend while ignoring the noise. We have used the leave-one-out
(LOO) type of CVE method to select the best model (Fig.21(a)). The best model is

predicted to be deformation-5 (Geometry-5) out of 6 different distorted samples of the
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Table 3: The elastic constants C;;, Modulus of elasticities (Y, B, G) for the Vanadates.

Physical SrVO3; CaVO3; LaVO; SrCaV,04 LaSrV,04 LaCaV,04
Parameters

Ci; (GPa) 51990 446.30 576.20 183.30 256.50 209.00

Ci2 (GPa) 141.00 140.50 200.90 107.40 90.50 122.00
Ci3 (GPa) 99.50 94.30 123.20
Ca2 (GPa) 149.60
Cay3 (GPa) 114.90
Cs3 (GPa) 157.60 148.10 152.70
Cyy (GPa) 15530 111.00 124.00 78.10 66.10 63.50
Cs5 (GPa) 63.50
Cegs (GPa) 77.50 64.20 64.30

Y (GPa) 418.69 32599 388.97 158.21 131.46 129.75
B (GPa) 267.27 24242 325.99 126.34 113.21 136.84

G (GPa) 16897 127.75 149.48 61.26 50.31 48.34
CP (GPa) -1430 2950 76.90 29.30 21.90 58.50
v 0.24 0.28 0.30 0.29 0.31 0.34
PR 1.58 1.89 2.18 2.06 2.25 2.83
AF(%) 0.47 1.23 2.05 7.04 8.74 13.01
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Figure 21: The plots of (a) the elastic constants vs. strain of different distorted geometries (b) the
corresponding CVE vs. strain for LaSrV,QOg system.

LaSrV,0g4 system, according to (Fig. 21(b)).

Furthermore, we have examined the dynamical stability of the pristine vanadates through
the calculation of phonon properties (shown in Appendix -VI (a), (b) and (c)). These
prototype pristine unitcell of TMOs were used for the electronic reconstruction of site-

substituted superstructures.
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Figure 22: The volume optimization curve with crystal structures (insets) of (a) LaTiOs, and (b)
LaStTizOg, systems.

Table 4: The optimized structural parameters* (volumes, densities, Debye temperatures), cohesive and
formation energies of the pristine and their site-substituted superstructures.

Physical Parameters SrTiO3 LaTiO; LaSrTi,Og LaCaTisOg
Lattice a=394 a=3.92 a=b=396 a=b=3.85
Parameters(A) 3.92*% 391#  3.93% 396% c=7.92 c=7091
Opt. Volume (A?) 58.09 50.65 123.47 124.12
p(g/cm?) 6.30 7.29 5.57 4.97
v (m/s) 2983.51 4467.21 3707.23 3373.41
v, (m/s) 6288.25 6965.06 6084.34 5326.89
Vy, (M/8) 3356.55 5906.76 4094.82 3710.74
Op (K) 397.07 567.00 454.34 403.22
Cohesive Energy -7.74 -7.65 -7.71 -7.68
(eV/atom)
Formation Energy -2.72 -2.97 -3.07 -3.05
(eV/atom) -3.35%,-3.45%  -3.47%, -3.59%

i The optimized lattice parameters are consistent with the available data. The variation of lattice
parameter (+Aa) with their corresponding energy differences (A E) about their optimized values
are shown in Appendix -VII (a), (b).

* (Long et al., 2013; Kirklin et al., 2015), # (Balachandran et al., 2017; Jauch & Palmer, 1999; Kestigian & Ward, 1954)

4.1.2 Structural, Chemical, and Mechanical Stability of Titanates

4.1.2.1 Structural and Chemical Stability of La,;_,Sr,TiO;

The optimum lattice parameters for the given TMOs systems are determined using first-
principles based energy minimization procedures. The cubic phase of SrTiO5 with space
group Pm-3m (221) is a band insulator. In the unitcell, the Wyckoff co-ordinates of Sr
atom is at (0.0, 0.0, 0.0) a, Ti atom is at body center (0.5, 0.5, 0.5) a, and the three O
atoms sitting at the face centers (0.5, 0.5, 0.5) a, (0.0, 0.5, 0.5) a, and (0.5, 0.5, 0.5) a
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positions, with the lattice parameter, a = 3.94 A.

Similarly, the prototype cubic unit cell of LaTiO3 contains La-atom at the origin, Ti-atom
at the body center, and three O-atoms at the three face centers positions; whose optimized
lattice parameter is a = 3.92 A. For SrTiO; the convergence parameters, K-points =
500, RK,,. = 7.0, and G,,,,,, = 17 are chosen with R;;7-values of 2.40 for Sr-atom,
1.78 for Ti-atom, and 1.61 for O-atom. These convergence parameters are also obtained
for LaTiO3 system. The volume optimization curves with crystal structures (insets) of

LaTiOs, and its superstructure, LaSrTi;O¢ are shown in (Fig. 22(a),(b)).

The cubic unitcell of optimized SrTiOj is electronically promoted to a supercell of
dimension 1 x 1 x 3, in order to investigate the effect of the site-substituted SrTiO3 su-
percell by La -ions. We have studied the effect on their structural, mechanical, electronic
structure, transport and optically induced properties of La;_,Sr, TiO3 superstructures
systems (Rai et al., 2020). For a typical superstructure, LaSrTi,Og system of space group
P4/mmm (123), the optimized lattice parameters are listed in Table. 4. R;r values for

La, Sr, Ti and O atoms are found to be 2.50, 2.45, 1.71, and 1.55, respectively.

4.1.2.2 Structural and Chemical Stability of Ca, ,Y,TiO3
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Figure 23: The lattice parameter optimization curves for (a) YTiO3 with crystal structure(inset) (b)
Cag 33Y0.67TiO3 system with crystal structure(inset).

The structural and chemical stabilities of the pristine CaTiO3, YTiO3 and their superstruc-
ture, Ca; ., Y, TiO3 are examined through the energy minimization curve (Fig. 23(a),(b))
using variational principle. The cohesive and formation energies are used to study their

chemical stability and the results are tabulated in Table. 5.
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Table 5: The structural parameters® of the pristines titanates (CaTiO3, YTiOg3) and site-substituted
superstructure with cohesive and formation energies of the systems.

Physical Parameters CaTiOg3 YTiO; Cagp.33Yo67TiO3
Lattice Parameter 3.88 3.89 a=b=3.87,
(A) 3.86%,3.899 | 3.87¢, 3.899 c=11.67
Space-group Pm-3m (221) Pm-3m (221) P4/mmm (123)
Opt. Volume (A)3 58.78 58.94 176.34
Cohesive Energy -7.15 -6.90 -7.00
(eV/atom)
Formation Energy -3.34 -3.20 -3.27
(eV/atom) -3.38¢%,-3.36% | -3.26%,-3.489D

* The optimized lattice parameters are consistent with the available data. The variation of lattice
parameter (£Aa) with their corresponding energy differences (A F) about their optimized values
are shown in Appendix -VII (c),(d).

L4 (Long et al., 2013; Kirklin et al., 2015; Kestigian & Ward, 1954; Zubkov et al., 1984), e5‘(Ba]achandran etal.,2017; Ali &

Yashima, 2005)

4.1.2.3 Mechanical and Thermodynamical Stabilities of Titanates

Furthermore, we have also investigated the mechanical stabilities of pristine titanates

and the site-substituted superstructures using the various elastic parameters as listed in

Table. 6.

Finally, the study of structural, chemical and mechanical stabilities of vanadates and

titanates revealed the following concluding remarks:

The study examines the structural, mechanical, and thermodynamical stability of pris-
tine TMOs and their superstructures, (La;_,Ca,VO3, La;_,SryVOs3, Ca;_,Sr,VOs,
Ca;_«Y,TiOg, La; Ca,TiO3 and La;_,Sr,TiO3) using ab-initio schemes from stan-
dard computational softwares. Equilibrium properties, including cohesive and formation
energies per atom, modulus of elasticities, and related parameters are used to understand
structural, thermodynamic and chemical stabilities. The positive values of Cauchy pres-
sure indicate metallic nature with ductile properties and negative values indicate covalent

chemical bonding with brittleness of the materials.
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Table 6: The elastic constants C;;, Modulus of elasticities (Y, B, G) for the Titanates.

Phys1cal CaT103 LaT103 SI'T103 YT103 LaSrT1206 Ca0,33Y0.67Ti03
Parameters

Cy; (GPa) 36950 597.20 397.70 273.50  324.70 330.20
Ci2 (GPa) 7240 161.50 127.90 138.50 167.90 131.10
Ci3 (GPa) 167.90 118.80
Csy (GPa) 230.80 149.60
Cay3 (GPa) 117.90 114.90
Cs3 (GPa) 230.30 290.30
Cy (GPa)  91.10 99.60 13390 37.20 91.20 53.40
Cs5 (GPa) 88.60 63.50
Ces (GPa) 92.50 55.80
Y (GPa)  280.12 380.05 334.29 135.75 202.34 189.84
B (GPa) 171.41 306.71 217.83 183.48 188.13 187.58
G (GPa) 114.09 14691 13434 49.30 76.60 71.30
CP (GPa) -1870 6190 -6.00 101.30 76.70 316.10

v 0.23 0.29 0.30 0.38 0.32 0.33

PR 1.50 1.89 2.25 3.72 2.13 2.63

AF 2.85 7.18 2.48 4.22 3.99 4.08

4.2 Electronic Structures of Vanadates and Titanates

4.2.1 Electronic Structures of Vanadate Systems

4.2.1.1 Electronic DOS and Bandstructures of La;_,Ca, VO3

The contribution of V -d and La -f orbitals at around the Fermi level for the DOS and
bandstructures of Lag 49Cag.60 VO3 system are clearly observed. The redistribution of
DOS with the various proportion of Ca®" ions site substitution is shown (Fig. 24(a)), in
which the asymmetry in spin up/down channels are observed in systems with 40% and
60% Ca®* ions replacement. The comparative DOS and bandstructures are depicted for

the spin up channel (Fig. 24(b)) for Lag 40Cag g0 VO3 system.

The redistributed DOS shifts towards the valence band (VB) as the value changes for
onsite interaction, U and Hund’s coupling, J see (Appendix -VIII) and (Appendix -
IX), respectively. The GGA + U technique is used to calculate the partial density of
states (PDOS) of two La-atoms, three Ca-atoms, five V-atoms, and fifteen O-atoms in
a Lag 40Cag g0 VO3 system unitcell. The PDOS peaks are observed at about 4.5 and 7.0
eV due to La - and Ca -atomic contributions, respectively (Fig. 25(a),(b)). However, for

371V -atoms, the PDOS peak is greatly pushed towards the VB, as seen in (Fig. 25(c)).
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Figure 24: The plot show (a) the TDOS redistribution with Ca-ions site substitution in LaVO3 supercell
(b) the comparative DOS and bandstructures for the spin up channel of the Lag 40Cag 6o VO3 system.
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Figure 25: The PDOS contribution in Lag 49Cag 60 VO3 system by (a) La -atoms (b) Ca -atoms (c) V
-atoms with U and J.

The quantity of Ca?* ion site-substitution affects the net magnetic moment (MM) in the
LaVOg supercell. These dopings result in a ferrimagnetic (FiM) phase transition due to

the contribution of La -5d orbitals to the magnetic moment of the superstructures.

The comparative bandstructures plot for spin up and spin down channels is shown in
(Fig. 26(a)) for a typical site-substituted superstructure, Lag 40Cag.60 VO3. The hybridiza-
tion of the V -ty, and La -4f orbitals considerably stabilizes the energy of the ty, orbitals
(Fig. 26(b)). The V -¢, orbital is pushed towards the Fermi-level substantially, with
correlation parameter, U = 4.11 eV and exchange coupling, J = 0.50 eV, indicates the
material’s quasi metallic behavior (Fig. 26(c)). The spin-orbit couplings (SOC) in the
superstructure did not significantly alter the electronic structure of the Lag 490Cag 60 VO3
system. Using the traditional DFT revealed metallic (Fermi liquid phase) of these sys-
tems (Ohtomo & Hwang, 2004; Salehi, 2011). The conduction bands are formed by La
-4f orbitals, and at the I' -point, the La -5d orbitals hybridize with the La -4f orbitals
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Figure 27: The orbitals contribution of (a) La- 5d (b) La- 4f (c) V-ty4 in Lag 40Cag.60 VO3 system.

(Fig. 27(a),(b)). (Fig. 27(c)) shows the contribution of V -3d orbitals.

Crystal field effect (CFE) see (Appendix -X) and p -d hybridization are crucial for the
electronic structure and related physical properties of transition metal oxides, including
magnetic properties. These oxides have an octahedron environment with transition metal
ions and 3 -oxygen atoms, which can split degenerate bands into two energy levels.
Orbital wavefunctions in ty, -states point between neighboring O~ ions, while e, -state
wavefunctions point to adjacent O?~ ions and exhibit higher orbital overlap. These states
are distinguished by p -d hybridization, with ty, -orbitals bonding with O -2p orbitals,
and e, -orbitals bonding with O -2p orbitals. The ty, -orbitals form 7 -bonding with the
O -2p orbitals, whereas the e, -orbitals form o -bonding with those orbitals. As a result,

the degenerate O -2p states are no longer present.

The energy scale of CFE is generally, comparable to Hund’s coupling energy (Jz).
According to Hund’s rule, electrons tend to align in the same spin direction while filling
the empty states to form a high spin state. Instead, electrons prefer to remain in a low
spin state, and hence the electronic and magnetic properties of the materials differ from

those in a high spin state.
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Figure 28: The plots of (a) the 2D charge contour map (b) the primitive Brillouin zone (BZ) (inset top
left) with the band crossing by Fermi level for 50 -175 band levels and Fermi-surface plot at around the I'
point (inset bottom right) of Lag 490Cag 0 VO3 system.

The study of charge density maps and Fermi surfaces of La; _,Ca, VOj5 also dictates about
the electronic structures of the system. The 2D electronic charge contour map indicates
the probability of electrons being present at specific time and location (Capelle, 2006).
The charge density contour map for Lag 49Cag60VO3 in the (111) plane (Fig. 28(a))
shows electron density distribution primarily around ionic cores (Li ef al., 2018). The
Fermi-surface, a constant energy surface defined by Fermi momentum kr, is composed
of multiple electron and hole orbits (Fig. 28(b)) and generated for 50 -175 band levels,
centered around I" points representing different electron and hole pockets. A metallic
system’s Fermi surface is positioned outside the first Brillouin zone (BZ). It is to be

noted that the external field can change the shape of the Fermi surface.

4.2.1.2 Electronic DOS and Bandstructures of Ca;_,Sr, VO3

The DOS and bandstructures plots of the CaVO3 and SrVO3 systems agree well with
other theoretical and experimental data. Both of these compounds are correlated metal
complexes. The combined DOS and bandstructures plot for the pristine and their
superstructure, (Cag 50Srg.50 VO3), are presented in (Fig. 29(a),(b)) supporting that the

superstructure is correlated metal according to the conventional DFT calculation.

The asymmetric nature of DOS for spin up/down channels of CaVO3 and (Cag 50Srg.50VO3)2
superstructure show that the system are in FiM orderings with a magnetic moment of

1.47 pp/unitcell of the superstructure (Fig. 30).
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channels.
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Figure 30: The TDOS plots for spin up/down channels of (a) CaVOj3 (b) SrVOs and (c)
(Cag.50S19.50VO3)2 systems.
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Figure 31: The plots of (a) La -d and V -d orbitals PDOS contributions for both spin-channels (only V-d
orbitals are shown in the inset) (b) the bandstructure together with the DOS (spin-up) (green) and DOS
(spin-down) (blue) channels of LaSrV5Og system.

4.2.1.3 Electronic DOS and Bandstructures of LaSrV,Og

The comparative DOS and bandstructures (Fig. 31(a),(b)) suggest that the LaSrV,0¢ sys-
tem is a correlated metal. Due to the asymmetric distribution of total PDOS (Fig. 31(a))
provided by La - and V -atoms, the superstructure exhibit the FiM (2.23 p p/unitcell)
ordering. Ferri-magnetism is caused by the contribution of e, (d.2, d;2,2) and ty, (d,,.d,-,
d,.) orbitals of Vanadium transition metals, whereas Lanthanum shows PM behavior

(Dong et al., 2008; Kaphle et al., 2012; Lide et al., 2020 ) in the LaSrV,04 system.
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Figure 32: The plots for (a) the DOS distributions of spin up and spin down channels for various values of
U (b) the Fermi surfaces generated with 35-55 band levels (inset top left) and the band crossing by Fermi
level (Er) along with the 2D and 3D charge density plot of (110) plane (inset lower right) of LaSrV2Og
system.

This metallic feature remains unaltered with the introduction of the effective Coulomb
interaction (Fig. 32(a)), showing that DFT was unable to solve the electronic structures
of these systems. As a result, we employed the DMFT to examine the realistic picture of

electronic structures, as well as the MIT behaviors and tunability of such materials.

The Fermi-surface that characterize the gapless electronic excitations actually constitute
the fundamental idea of metallic phase (Mizutani, 2001; Kawamura, 2019; Martin, 2020).
The Fermi surface of LaSrV,0g¢ (Fig. 32(b)) as well as the 2D and 3D charge density

maps support the systems are metallic.

4.2.2 Electronic Structures of Titanate Systems
4.2.2.1 Electronic DOS and Bandstructures of La,Sr;_,TiO3

To investigate the electronic structure, transport behaviors, and other features of SrTiO3
and LaTiOj3 systems, optimized pristine structures were derived self-consistently. The
ground state for the given system was computed using the energy minimization technique.
Fig. 33(a) depicts the predicted energy band structure for the cubic phase of the Sr'TiOg

system.

The cubic phase prototype LaTiO3 has bandstructures around the Fermi-level primarily
due to the e, and ty, orbitals of transition metals (Ti -atoms) (Fig. 33(b),(c),(d)). The
crystal field and electrostatic interactions between Ti -cation and non -bonding O -
2p orbitals cause splitting of d -orbitals (Sclauzero et al., 2016). The bandstructure
is redistributed by increasing the effective value of Coulomb interaction U and the

introduction of SOC as well (Fig. 34(a)).

91



E-E,(eV)

= = X M R
High Symmetry Points High Symmetry Points

Figure 33: The band structures plots for (a) SrTiO3 and (b) LaTiO3 showing the band insulator and Mott
insulator systems, respectively. The fatbandstrutures of the Ti -atom of LaTiO3 system for (c) the e,
orbitals and (d) tz, orbitals due to splittings of d -orbitals unit cell.

The oxygen 2p orbital generates three doubly degenerate VBs separated by a direct gap
of 2.20 eV (at the I" point) from the transition-metal d -orbitals derived (Ti -conduction
band). The band gap is upgraded to 3.42 eV using the modified Beck-Johnson (mBJ)
potential (Fig. 34(b)). It is found that the modified Beck-Johnson interaction potential
in conjunction with a GGA computation enhanced the band gap (Georges et al., 1996;

Gebhard et al., 1997) for the band insulator, SrTiO3 system.
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Figure 34: The plots show (a) the band shifting caused by SOC in the LaTiO3 system (b) the band gap of
SrTiO3 system enhanced by the introduction of mBJ-interaction potential.
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Figure 35: The bandstructure plots for Lag goSrg.20TiO3 system (a) the bandstructure for spin down
channel (b) the fat-bandstructure for Ti - d orbitals of the system (c) the redistributed bandstructures of the
system with U =2.11 eV, J =0.25 eV, and SOC.

Furthermore, the electronic bandstructure of a superstructure, Lag goSrg 20TiO3 shows a
correlated metal system in which the Coulombian interaction (U), exchange interaction

(J), and SOC are important factors for its electronic structures (Fig. 35(a),(b),(c)).

(@) (b)r

[y
[}
T

Energy (eV)
Energy (eV)
N o

)

IS

6 4 2 R rox M r 2 4 6 5 10 5 X MA R zZ T 5 10 15
DOS down Symmetry Points DOS up DOS down Symmetry Points DOS up

Figure 36: The plots for (a) the comparative DOS and bandstructures of both spin-channels of the pristine
YTiOj3 system (b) the comparative DOS and bandstructures of both spin-channels of the site-substituted
Ca;_,Y,TiO3 system.

4.2.2.2 Electronic DOS and Bandstructures of Ca;_,Y,TiO3

The DOS and bandstructures of both spin channels of pristine YTiO3 (Fig. 36(a)) and
its site-substituted superstructures are symmetric distributions and the redistribution of

DOS and bandstructures on the supercell is vivid due to the contribution of Ca™ ions

on Y-sites (Fig. 36(b)).

The charge density map along with the Fermi surface plot of La,Sr;_,TiO3 actually
provides the crucial information about chemical bonding and nature of the materials. The
overlap (hybridization) of Ti -3d orbitals and O -2p orbitals led to strong covalent bonds
between Ti - and O -atoms, which is consistent with experimental work on perovskites
compounds. The 2D contour map LaTiO3 shows chemical bonding occurs primarily

between adjacent atoms in (110), while the 3D charge density map confirms electron
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Figure 37: The plots of (a) the band crossing of Fermi level with 10-40 band levels (i) the primitive BZ
(i) the Fermi surfaces of 10 -40 band levels (iii) the 2D-charge density plot (iv) the 3D -charge density
plot for the pristine, LaTiO3 system, (b) the band crossing of Fermi-level plot for 100-189 bands (i) the
2D -contour plot of charge density distribution map in (011) plane (ii) the Fermi surface plot for 100 -189
band levels, (iii) the Fermi surface plot for 100 -189 band levels with tentacles of the site-substituted
superstructure, Lag goSrg.20TiO3.

density localization near ionic cores (Fig. 37(a)(iii1),(iv)). The high peak of 3D charge
density plots corresponds to Ti-atoms, which are symmetric about the atomic cores. The
Fermi surface of these titanates systems are studied, which corroborate the findings of the
DOS and band structures. For 20-40 band levels of LaTiOg3 systems, the Fermi surfaces
produced by numerous electron and hole orbits around the various atomic lattice sites
(Inoue et al., 2002) are shown in (Fig. 37(a)(ii)). Charge density contour plot of the
Lag ggSr0.20 TiO3 superstructures system with a Fermisurface plot of 100-189 band levels

are shown (Fig. 37(b))

The study of electronic structures of vanadates and titanates lead us to the following

concluding remarks:

The investigation of titanate electronic structures reveals that the band gap of CaTiO3
and SrTiOj at the I' point in the BZ are underestimated owing to GGA with PBE
exchange correlation functionals. The band gap for these band insulators were en-
hanced to 2.76 eV and 3.42 eV, respectively by using a modified Beck-Johnson (mBJ)
interaction potential. The metal-insulator phase transition of the site-substituted super-
structures, La;_,Sr,TiO3, La; _,Ca,TiOs and Ca;_,Y,TiO3 (titanates), Ca;_,Sr,VOs,
La; ,Sr,VOs, and La,_,Ca, VO3 (vanadates) investigated using both standard DFT and
DMFT. We used the 2D and 3D charge density maps, as well as the Fermi-surfaces, to
investigate the electronic structures and related properties of these complex TMOs. To
investigate the MIT behavior of SCS, we used GGA + DMFT approximation with MEM
complimentary calculation. The DOS and bandstructures with GGA, GGA + U, GGA +
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U +J, GGA + SOC substantially alter their structures but the realistic electronic transport
behaviors of these SCSs remain unsolved. Thus, we have employed DMFT with MEM
calculation for the investigation of MIT behavior of these systems in the subsequent

section of results and discussion.

4.3 The Electronic Transport Properties of Vanadates and Titanates

4.3.1 The Electronic Transport Properties of Vanadate Systems
4.3.1.1 Electronic Transport Properties of La; _,Ca, VO3

As since, the typical DFT calculations fail to predict the electronic transport behaviors of
highly correlated systems, and hence the CT-QMC hybridization expansion was used
to solve the problem. In this work, we used GF of the imaginary time or frequency
(Georges et al., 1996; Pollet et al., 2007; Pavarini et al., 2014) as QMC data, and then
MEM is employed to construct the real frequency spectrum function A(w). The graph

depicts the GF, G(7) vs. imaginary time (7) and it’s Fourier transform for various values

of (8) (Fig. 38(a),(b)).
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Figure 38: The plots for (a) the GF w.r.t. imaginary time (7) (b) the corresponding variation of GF w.r.t.
frequency (w) for the different values of 8 with a constant U = 5.0 eV of Lag 49Cag 6o VO3 system (c) the
GF of imaginary time (7) with U =3.0eV and 3 = 6.0 (¢€V) ™! for the site-substituted, La;_,Ca, VO3
superstructure systems with the various proportion of Ca-ions.

A strongly correlated electronic system’s MIT is completely tunable using the model
parameters (U and ). The plot of GF data for the superstructures La;_,Ca, VO3 for
the variation of stoichiometric combination (Fig. 38(c)) and its corresponding variation
of SD, A(w) w.rt. frequency, is presented using the MEM data analysis algorithm
(Fig. 39(a)). The graph of A(w) vs. frequency using DMFT with MEM is analogous to
the graph of DOS vs. energy of conventional DFT. Table. 7 shows the Mott-Hubbard
MIT with a typical set of U and 3 values for the pristine and their superstructures. The

quasi-particles peak features of ty, are observed at lower U near Fermi level and have a
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(inset upper right) for determining the optimal value of («) for the material.

10 15 20

narrower Hubbard band at negative energies, consistent with ARPES (Sekiyama & Suga,
2004). The SF w.r.t. frequency for various proportions of site-substituted Ca-atoms in
LaVOg supercells is significantly different for various U values and a constant value of
3 =10.0 (¢V)~!. The apparent Mott gaps (Fig. 39(b)) for the samples with 40% and 60%

Ca®* ions doping levels are 1.64 eV and 0.74 eV, respectively.

Table. 7 shows the results of DMFT findings for Mott gaps of pristines and superstruc-
tures, which are consistent with previously published data for (CaVOs3, LaVO3) (Bliimer,
2007; Mossanek et al., 2008; Basov et al., 2011), and its superstructure, Lag 40Cag 6o VO3
system (Sclauzero et al., 2016). The data obtained for SF, A(w) of a quasi-particle peak,

including its height, width, and overall spectral weight, is verified and cross validated
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vs. frequency with U =3.0eV and 3 = 6.0 (eV)~! and (c) the autocorrelation (AC) of the Re. and Im.
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using LR curve obtained by using MEM. The optimal value of the hyperparameter, «,
is determined by the maximum value of the peak of the curvature (k) vs. ~ylogio(a)
curve(inset), as shown in (Fig. 40). The sample frequencies vs. logyo(«) curves, as
shown in (Fig. 41(a)), may also be used to speculate the best values of «. In Fig. 41(b)
and Fig. 41(c), the normalized deviation (ND) of the real and imaginary parts of the AG,

and its autocorrelation are illustrated to assess the permissible standard error.

The system’s realistic information requires the optimal relative entropy of information
(S) (Fig. 42(a)). The retarded GF, G”* (w), is associated with the self-energy of frequency
and hence the real frequency SF. The real part of retarded GF, (Re G*(w)) indicates an
excitation energy shift, whereas the imaginary part (Im G¥(w)) give widening of the
original Delta-function-like excitation (Fig. 42(b)). The Fig. 42(c) depicts the effect of
changing the hyperparameter (o) on the SF. Fig. 42(d) depicts the errors in the various

computations with the different moment orders with minimal and optimum ().

Electron localization and delocalization can be accomplished by altering the hopping
parameter, t. Here, U/t < 1 is the delocalization limit implies that a metallic phase. And
U/t > 1 is the localization limit meaning the insulating phase of the system (Georges &
Kotliar, 1992; Kotliar et al., 2006). Metal-insulator phase transitions for the correlated
system may be easily modeled by plotting U/t vs. (/t. The SF, A(w) of the material
changes rapidly for a small change in the model parameters (U/t and /3/t) (Fig. 43

(a),(b)).

We have studied the QCP of an elevated temperature for the correlated system (Lag 40Cag.go VO3)
using the MEM results of MIT. The Mott-Hubbard MIT involving U and f, helps us to

determine the QCP for observing Mott-Hubbard phase transitions by adjusting these
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Figure 43: The SF vs. frequency with the variation of U/t versus (3/t, for Lag 40Cag .60 VO3 system.

correlation parameters. In general, a new class of phase transition occurs around absolute
zero. The QMC is unable to directly compute the free energy, it has trouble in locating
and describing phase transitions inside DMFT. In large dimensions (d — o0), the fully-
frustrated Bethe lattice, meaning the homogeneous phase Hubbard model with semi-
elliptic DOS is the default model for calculation. One of the first questions addressed
following the establishment of DMFT was how to numerically actualize the contradicting
scenarios of Hubbard (Hubbard, 1963) and Brinkman and Rice (Brinkman & Rice,
1970) for the MIT. The Mott metal-insulator phase transition in Lag 40CaggoVOs3 is
characterized by Coulombian interaction, U variation, and thermodynamical parameter

(B). The graph shows QCP at Ug = 2.96 eV and ¢ = 23.65 (eV) ! as depicted in

98



(o]
o

(2] ~
(=] (=]

()]
(=}

Insulating Phasé-

N w
o o
pr— '

Y
o

| Metallic Phase
| N | " | " N "
2 4 6 8 10 12 14
Coulombian interaction U (eV)

Thermodynamic parameter (j3)
=Y
o

(=)
o

Figure 44: The graph of MIT using DMFT with MEM self-consistency cycle of calculation. The graph
depicts the QCP, C at an elevated temperature in the US -plane and two bifurcation points in the low
temperature regime, Uc, and Ug, .

Fig. 44 (Kotliar et al., 2006; Gull et al., 2008). Two essential Coulombian parameters are
observed: Ug, (T) = 7.40 eV, where insulating nature disappears, and Uc, (T) = 12.30

eV, where metallic nature disappears.

The crossover region in the US-plane is the area between two widom lines and above the critical
point, C. It consists of four unique regions due to correlation hysteresis: the Fermi liquid (metallic)
region on the left side of the Uc, (T) widom line and the PM insulating regions on the right side
of the Ug, (T) widom line. This region separates the Uf-plane into two parts: the bad metallic
region with high resistivity and the bad insulating region with decreasing resistivity whenever the
temperature is raised. A smooth transition from a metallic phase to an insulating phase is occurs
quickly at the crossover region. The metallic phase is thermodynamically stable for U < Ug
but remains a well-defined metastable solution of the DMFT equations for Ug, < U < Ug,

(co-existence region).

4.3.1.2 Electronic Transport Properties of La, _,Sr,VO;

The DFT and DMFT in conjunction with MEM, were employed to determine the real
electronic structure of the pristine TMOs and their superstructures (Haule, 2007; Beck &
Ederer, 2023). In order to find the MIT model parameters, we employ the DMFT to run

a series of computations. The calculations show that the insulating phase started at U =
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4.0 eV with 8 =6.0 (¢V)~! (Fig. 45(a)) and the clear insulating phase is obtained at (U =
6.0eV and 3 =6.0 (€V)™ 1), as illustrated in (Fig. 45(b)).

Similarly, using U = 4.0 eV as a starting point, the weak metallic phase is observed at
3 =6.0(eV)~!, but a clear insulating phase is obtained at 3 = 10.0 (eV)~* (Fig. 46(a)).
For various values 3 of with a constant U = 4.0 eV, the same patterns are seen in the
imaginary part of the self-energy vs. Matsubara frequency plot (Fig. 46(b)) (Georges &
Kotliar, 1992; Sekiyama & Suga, 2004; Held et al., 2008).
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Figure 45: The graph of (a) GF vs. imaginary time,(7) for the variation of U with a constant 8 = 6.0
(eV)~1, and the corresponding variation of GF vs. frequency (inset) (b) the SF vs. frequency (w) with a
constant 3 = 6.0 (eV)~! for the variation of U of LaSrV,0g system.
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Figure 46: The plot of (a) the SD vs. frequency (w) for a constant U = 4.0 eV for 3 variation (b) the plot
of imaginary part self-energy (ImX (4w, )) vs. the Matsubara frequency (iw, ) for the variation of (3) with
a constant U = 4.0 eV of the LaSrV,0Og system.

The SD graphs (Fig. 47 (a)) show the consistent outcome of decreasing the quasi-particle peak
(metallic phase) to the clear Mott-Hubbard band splitting, called Gutzwiller-Brinkman-Rice
(GBR) phase transition scenario insulating phase for the various U values (Mott insulating at U =

4.0eVand B=10.0 (eV)"1)).
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Figure 47: The graph of (a) the SF vs. frequency (w) for the variation of U values (b) the LR curve for the

optimal value of a for U=4.0eV and 3 =10.0 (eV)~!.
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Figure 48: The graphs of (a) the SF of frequency obtained for optimal and minimal values of o with the
default model (dotted line) (b) the differential entropy, S(w) vs. logyo(«) to observe the optimal value of
information (c) the SD for the various sample frequencies vs. of logjo(«) (d) the normalized function
of moment orders for the calculations for the minimal value of « (blue) and optimal value of « (red) for
LaSrV,0g system with (U=4.0eV, 3=10.0 (eV)™1).

We perform a LR analysis on the Mott-insulating phase (Fig. 47 (b)) calculation using
the MaxEnt model for the validity and accuracy of the calculated data. The LR curve
(inset upper left corner) displays the fitting of curve of data with optimal «, which is
chosen by the maximum value of curvature (k) of the LR curve (inset upper right corner)

(Bergeron & Tremblay, 2016).
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Figure 49: The graphs of (a) the ND for the Re. and Im. (AG) vs. frequency (w, ) with minimal value
of a (b) the ND for the Re. and Im. (AG) vs. frequency (w,) with the optimal value of « (c) the ND
of the real parts of AG vs. frequency (w, ) with minimal (blue) and optimal (red) values of « (d) the
autocorrelation of the real parts of AG vs. the difference of the frequency index (An) for the minimal
(blue) and optimal (red) values of « of the LaSrV,Og system.

Figure 48(a) compares the SD, A(w) vs. frequency, (w) for minimal, ideal values of
a with the default model (dotted curve). The graph for S(w) vs. « to determine the
optimum information (Fig. 48(b)). The sample frequencies vs. log;o(«) graph (Fig.48(c))
is also used to identify the optimal value of o (d) The normalized function of moment
orders vs. moment of order (Fig.48(d)) for the minimal(blue) and optimal (red) value of

a of LaSrV,0g system with (U =4.0 eV, 3 =10.0 (eV)~!) (Table. 7).

Furthermore, the Mott gap prediction error is estimated using ND of uncertainty in GF
vs. Matsubara frequency with (a) the minimal value of « (b) the optimal value of «
(Fig.49(a),(b)) (Jarrell & Gubernatis, 1996; Bergeron & Tremblay, 2016) and (c) the ND
of real part of (AG) vs. Matsubara frequency, and (d) the autocorrelation of real part of

(AG) vs. index of frequency difference as shown in Fig. 49(a),(b).

The ND for the real part of AG vs. the frequency (w,) for the minimal and optimal
value of («) as well as the autocorrelation of the real part of AG vs. the difference of the
frequency index (An) for the minimal and optimal value of («) (Fig. 49(c),(d)) for the
LaSrV,0¢ system with U=4.0 eV and 3 =10.0 (eV) L.
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Table 7: The Mott-gap, MIT model parameter, and quasi-peak parameters for pristine vanadate and their
superstructures.

Compounds Mott-gap Mott-gap Parameters Quasi-peak Parameters
(eV) UEV) B(eV)™! UeV) B (eV)t

SrVOg 0.90 2.50 6.00 2.00 10.00
CaVOs; 0.04 5.00 6.00 3.40 6.00
LaVOs; 0.93 4.50 8.00 2.00 6.00

(Lag 50S15.50VO3)s 0.74 4.00 10.00 1.00 10.00
(Ca0.5OSr0.50VO3)2 0.44 5.50 6.00 3.00 6.00
La0_40Ca0_60V03 0.73 5.00 10.00 3.00 6.00

4.3.1.3 Electronic Transport Properties of Ca; ,Sr,VO;

The Mott-Hubbard MIT phenomena of a SCS are investigated using the numerical

simulation using the input of standard DFT data. The GF, G(7) vs. imaginary time (7)
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Figure 50: The plots of (a) the GF, G(7) vs. imaginary time, (7) and the corresponding plot of the Fourier
transform of the GF (inset) with a constant 3 = 6.0 (eV) ™" for various values of U (GBR-phase transition
scenario) (b) the SD vs. frequency for demonstrating the MIT with U variation for 8 = 6.0 (eV)~!. AtU =
4.5eV and 3 =6.0 (eV)~!, the Mott-Hubbard splitting of the Cag 50Srq.50 VO3 system is achieved.

for the Ca;_,Sr, VO3 system for the different values of U with a constant 3 = 6.0 (eV)~!
is shown in Fig. 50(a) and its Fourier transform G(w) vs. frequency (w) (inset). The
corresponding SF, A(w) vs. frequency (w ) is depicted in (Fig. 50(b)), obtained using the
MEM algorithm (Tan et al., 2013; Bergeron & Tremblay, 2016).

The validity of the data for the SF, A(w) produced from the MEM is examined through
LR analysis, as stated elsewhere. The optical conductivities for the respective spectrum
functions are presented in Fig. 51, confirming that the MIT occurs for acceptable values

of U and 3 parameters for Cag 50Srg 50 VO3 system.
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Figure 51: The change of optical conductivity with the varied Coulombian interaction U for a constant, 3
=6.0 (eV)~! of the superstructure system.

4.3.2 The Electronic Transport Properties of Titanates System
4.3.2.1 Electronic Transport Properties of La; _,Sr,TiO;

Figure 52(a) depicts the typical variation of the GF of imaginary time, (7), with the
variation of (U) for a constant 3 = 6.0 (eV)~!. The corresponding variation in GF of (w)
(Fig. 52(b)) displaying the MIT for U = 4.0 eV and higher for a constant, 3 = 6.0 (eV) L.
The variation of SD, A(w), obtained from DMFT data using the MEM, as shown in
(Fig. 52(c), and (d)) the variation of self-energy with several values of U and a constant
B =6.0 (eV)~! (Fig. 52(d)) for pristine, LaTiO3 system. The fluctuation of U has no

substantial effect on the self-energy.

Furthermore, for the same set of model parameters U =3.0eV, 3 =6.0 (eV)™!, the
variation of GFs of imaginary time (7) with various proportions of site-substitutions of
La -ions is plotted as shown in (Fig. 53(a)) and the corresponding GFs of frequency(w)
(inset). In (Fig. 53(b)) depicts the variation of imaginary part of self-energy vs. Matsubara
frequency for U=3.0eV, 8 =6.0 (eV)~! of Lag goSr(.20TiO3 system. The SF, A(w) for
a quasi-particle peak representing metallic phase is shown in (Fig. 54(a)). The realistic
information of calculated data, such as central peak, height, width, and overall weight is
obtained through the LR’s curve (inset left) and the maximum value of curvature of LR
curve (inset right). In (Fig. 54(b)), the variation of optical conductivity vs. frequency depicts

the shifting and diminishing Drude peaks with the proportion of La -atoms in Lag ggSrg.20TiO3
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Figure 52: The plots for (a) the GF vs. imaginary time (b) the GF vs. frequency (c) the variation of SD vs.
frequency and (d) the imaginary part of X (iw, ) vs. Matsubara frequency with the variation of U and a
constant 3 = 6.0 (eV)~! of the pristine, LaTiO3 system.
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Figure 53: The plots of (a) the GF, G(7) vs. imaginary time (7) for the various values of stoichiometric
combinations and the corresponding GF, G(w) vs. frequency (w) (inset) showing the MIT with the site-
substitution of Sr -ion with La -cation for U=3.0eV and 5 = 6.0 (eV) ' of La; _,Sr, TiO3 systems and
(b) The imaginary part of self-energy, (Im X (iw,)) vs. Matsubara frequency, (iw,)) for (U=3.0 eV and
=6.0 (eV)™ 1) for the same stoichiometric combinations.

superstructures for the same U =3.0 eV and 3 = 6.0 (eV)~!. The Model MIT parameters and the

related Mott gaps for titanates are listed in Table. 8.

4.3.2.2 Electronic Transport Properties of Ca; .Y, TiO3

The DMFT with MEM results are depicted in (Fig. 55(a),(b)) for the YTiO3 and its
superstructures, Cag 33Y 671103 system showing the band splittings with (U = 5.0
eV and 3 =10.0 (eV)™!) and (U =5.0 eV and 3 = 7.0 (eV)™}), respectively. The

corresponding Mott-gaps for these systems are tabulated in Table. 8. The optimal value
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Figure 54: The graphs of (a) the SF vs. frequency showing the quasi-particle peak for Lag goSrg.29TiO3
atU=3.0eVand 3=6.0 (eV)~! the LR curve (inset left) and the curvature of the LR curve (inset right)
for optimal value of () (b) the comparison of optical conductivities vs. frequency indicating the variation
of Drude peaks with the various proportion of La?™ ions in La; _,Sr, TiO3 supercells at U =3.0 eV and 3
=6.0 (eV)~! for the optimal value of a.

Table 8: The Mott-gap, MIT model parameter, and quasi-peak parameters for pristine titanates and their
superstructures.

Compounds Mott-gap Mott-gap Parameters Quasi-peak Parameters
(eV) UEV) peV)™t UeV) B (eV)!

YTiO; 0.63 5.00 10.00 3.00 6.00
LaTiOg 0.93 4.00 8.00 3.00 6.00
LaSrTi,O¢ 0.35 4.70 6.00 2.20 6.00
Lag.gosTO.QoTiO;J, 0.74 3.20 10.00 3.00 6.00
Cap33Y0.671103 0.41 5.00 7.00 1.50 6.00
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Figure 55: The graphs show (a) the SD, A(w) vs. frequency (w) of YTiOs with LR curve(inset top left)
and the curvature of LR curve (inset top right), and (b) the SD, A(w) vs. frequency (w) of the superstructure,
Cag.33Y0.67T103 with LR curve (inset top left) and the curvature of LR curve (inset top right).

of hyperparameter («) is determined using the LR curve (inset left) and the curvature of

LR curve (inset right) of (Fig. 55(a),(b)).

In brief, the concluding remarks from the study of electronic transport properties (MIT

behaviors) of vanadates and titanates are as follows:

The effect of various cationic site-substitutions on Mott-Hubbard MIT for various SCSs,

such as La;_,Ca, VO3, La;_,Sr, VO3, Ca;_,Sr,VOs3, and La;_,Sr, TiO3 systems are
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investigated through GGA + DMFT along with the MEM as the complementary calcula-
tion. The CT-QMC with hybridization expansion is employed as the quantum impurity
solvers (DMFT equation solvers) for generating GF data of imaginary time and fre-
quency, which are used for investigating the metal-insulator phase transition using MEM.
The investigation of Mott gaps are crucially important for various technological and
engineering purposes, whereas the MIT modal parameters for quasi-particle peak are
vitally important for quantum information technology. The MIT behaviors are used to
design Mottronics devices like as neuromorphic computers, resistive memory devices,
Leaky-Integrate-Fire (LIF) artificial neurons for neural networks, and so on (Messer-
schmitt et al., 2014; Jaiswal et al., 2017). The coexistence regime between the metallic
and insulating phases is computed along with the elevated QCP for Lag 49Cag 0 VO3
system. The QCP has also been computed at an elevated temperature for Uy = 2.95 eV

and B¢ =23.58 (eV) .

4.4 Thermoelectric Properties of Vanadates and Titanates

4.4.1 Thermoelectric Transport Properties of Vanadate Systems

4.4.1.1 Thermoelectric Transport Properties of La;_,Ca, VO3

In the BoltzTraP approach, the linearized BTE is solved to calculate the different ther-
moelectric transport parameters for pristine and Ca-ions substituted LaVOj3 supercells.
Electrical conductivity (¢/7) varies with altering chemical potential (Fig. 56(a)), and
thermal conductivity (x) follows a similar trend (Fig. 56(b)). The variation of these
parameters w.r. to the absolute temperature scale is depicted in the corresponding insets

(Saeed et al., 2014).

Similarly, for various doping levels of the La;_,Ca, VO3 system, the variation of the
Seebeck coefficient (S) and the Hall coefficient (Ry) is illustrated in (Fig. 57(a),(b)),
and the same parameters w.r.t. temperature are shown in the corresponding insets. The
various thermoelectric parameters of the superstructure vary dramatically, indicating that
it might be a possible candidate for thermoelectric applications (Sofo & Mahan, 1994;
Wang et al., 2019).
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Figure 56: The graph of (a) the electrical conductivity (o/7) vs. the chemical potential (1) and the
corresponding variation of the same parameter with respect to the absolute scale of temperature (inset) (b)
the variation of thermal conductivity () vs. (1) and the corresponding variation of (x) with temperature
(inset) for the site-substituted superstructures, La; _,Ca, VOs.
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Figure 57: The graphs show (a) the Seebeck Coefficient (S) w.r.t. the chemical potential (x) at room
temperature (300 K) and its temperature variation (inset) (b) the variation of the Hall coefficient (Rg) vs.
chemical potential (1) at room temperature (300 K) and its temperature variation for the site-substituted
superstructures, La; _,Ca, VOs.

The Seebeck coefficient (S), which changes near the chemical potential i ~ —2.0eV/,
indicates a change in carrier concentration with varying amounts of Ca?* ions substitution
in a supercell (Fig. 57(a)). This change is associated with temperature and is unique to
the 40% Ca-doped system (inset Fig. 57(a)). The Hall coefficient (Ry) of the material
is expressed as, n = ﬁ (Ohtani et al., 1970). The metallic phase has a lower Hall
coefficient than the non-metallic phase and a negative (Ohtani et al., 1970), showing that
the number of carriers rapidly rises as it varies from the non-metallic to the metallic phase.
According to the notion of weakly correlated systems, Ry is temperature independent,

as illustrated in (Fig. 57(b)).

The observed Hall coefficient in the compound, substantially positive Ry for the sample
higher than 60% of Ca-ions (Takagi et al., 1989; Maeno et al., 1994). In Table 9, the
estimated thermoelectric parameters for pristine and superstructure vanadate systems at

room temperature are tabulated.
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Table 9: The electrical (¢/7) and thermal () conductivities, Seebeck coefficient (S), Hall coefficient
(R ), magnetic susceptibility (7y), molar specific heat capacity (C) and thermoelectric power factor (TPF)
of vanadate systems at room temperature (300 K).

PhySiCﬂl CaVO3 LaV03 LaSrV206 La0,40Cao_60V03
Parameters
o /7 (1/(Qm.s)) 4.55x10% 4.40x10% 2.87x10% 2.00x10%Y
k (W/m.K.s) 2.75x10% 3.90x10% 1.94x10% 1.50x10%
Ry (m3/C') 22.07x10710 -2.15%x10719  -1.05%x1071° -1.73x10710
S (V/K) -1.66x107%  -2.49%x107% -64.00x1076 7.34x1076
x (m3/mol) 6.00x1071%  5.84x1071° 39.40x10~1° 82.30x 10710
C (J/mol.K) 0.88 1.24 7.55 12.31
TPF 0.92x10° 2.00 x10? 0.50 x10? 10.20x10°
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Figure 58: The graphs of various transport parameters (a) electrical conductivity (o/7) (b) thermal
conductivity (x) (c) Seebeck coefficient (S) and (d) Hall coefficient (Rz;) w.r.t. the absolute temperature
scale (T). The variation of the same transport parameters (e) electrical conductivity (o /7) (f) thermal
conductivity (k) (g) Seebeck coefficient (S) and (d) Hall coefficient (Rz) w.r.t. chemical potential () for
Ca;_,Sr; VO3 systems.

4.4.1.2 Thermoelectric Transport Properties of Ca;_,Sr, VO3

The thermoelectric transport properties of Ca;_,Sr, VO3 superstructures are determined
using a semiclassical linearized variant of BTE through BoltzTraP frameworks. The
graph compares (a) electrical conductivity (b) thermal conductivity (c) Seebeck coeffi-
cient, and (d) Hall coefficient with absolute temperature scales for undoped and Ca-doped
systems (Fig. 58(a )—(d)). The corresponding variations are presented w.r.t. chemical
potential at room temperature (Fig. 58 (e)—(h)) to study the tunabilities of thermoelectric

behaviors of these systems.
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4.4.2 Thermoelectric Transport Properties of Titanate Systems
4.4.2.1 Thermoelectric Transport Properties of La;_,Sr, TiO3

First principles based computations have become more precise and easy as computational
power has improved. The material transport properties are determined by the electronic
bandstructure. The BoltzTraP algorithm employ the linearized BTE to determine trans-
port coefficients for a various of materials, such as the site-substituted La; ,Sr,TiOg

systems (Sevik, 2010; Wang et al., 2019). The nature of variation of electrical and the
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Figure 59: The variation of (a) electrical conductivity (o/7) w.r.t. chemical potential (1) and w.r.t.
temperature (inset) (b) thermal conductivity (k) w.r.t. chemical potential (1) and temperature (inset) for
the site-substituted, La; _, Sr, TiO3 systems.

electronic thermal conductivities for La; _, Sr, TiO3 systems are similar with the chemical
potential, (1) as expected for the given materials depicted in (Fig. 59(a), (b)) and the
variation of the same parameters w.r.t. temperature for various proportion of Sr-ions are

shown in insets.
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The ultimate goal of studying the transport properties of site-substituted superstructures,

La,Sr;_TiOgj is to investigate prospective thermoelectric materials by understanding
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Table 10: The electrical (o/7) and thermal () conductivities, Seebeck coefficient (S), magnetic suscepti-
bility (), molar specific heat capacity (C), Hall coefficient (Rz;) and thermoelectric power factor (TPF) at
room temperature (300 K) for titanates systems.

Physical Parameters SrTiO; LaTiO;3 LaSrTisOg  LagggSrgooTiOs
o /7 (1/(Q2m.s)) 1.04x10%° 4.66x10%° 1.18x10%° 0.68x10%°
k (W/m.K.s) 7.89x10"  73.20x10"  8.25x10 4.76x10"
S (V/K) -35.8x1076 -7.22x108 3.90x1076 -2.12x1076
x (m3/mol) 9.09x1071%  7.36x107'° 16.50x107'  21.30x10~'0
C (J/mol.K) 1.58 1.11 4.40 3.59
Ry (m?3/C) -6.66x10710  270x1071% -8.06x10~'  -18.00x10~1°
TPF 1.35x10% 2.96x 10" 0.02x 10" 0.003x 10"

the key parameters affecting the thermoelectric efficiency. The variation of the Hall
coefficient (Ry) and Seebeck coefficient (S) w.r.t. chemical potential (1) and temperature
(inset) are depicted in (Fig. 60(a),(b)). The greater the TPF value, the better the potential
materials for thermoelectric applications (Dominguez-Adame et al., 2019). Some of the
thermoelectric transport parameters for the titanates systems at room temperature (300

K) are tabulated in Table. 10.

4.4.2.2 Thermoelectric Transport Properties of Ca;_,Y,TiO3
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Figure 61: The graphs of various transport parameters w.r.t. the absolute scale of temperature: (a) electrical
conductivity (o/7) (b) thermal conductivity () (c) Seebeck coefficient (S) and (d) Hall coefficient (R z)
(e) molar specific heat capacity (C) (f) magnetic susceptibility () of the pristine titanates and its site-
substituted superstructures, Ca;_, Y, TiO3 systems.

Furthermore, the effect of reconstruction of superstructures from the pristine titanates,
in case of thermoelectric properties are depicted in (Fig. 61(a) — (f)) as compared

with the pristines constituents. The pristine CaTiO3 (CTO), YTiO3 (YTO) and their
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superstructure, Cag 33Y 671103 compared for predicting the potential tunability of TE

properties of the materials.

From the Study of Thermoelectric Transport Properties of Vanadates and Titanates, we

have the following concluding remarks:

The goal of thermoelectric research is to improve the efficiency of heat-to-electricity
conversion using various methods. One of the current priorities in this dynamic area is
the search for novel and efficient material systems with excellent heat-to-electricity con-
version capabilities. There various routes of designing efficient and stable thermoelectric
materials, such as site-substituted materials with various proportion of stoichiometric
combinations. The thermal conductivity of a system varies with temperature, whereas
its electrical conductivity almost remains constant. The Seebeck and Hall coefficients
are compared for superstructures with various Sr -ions site-substitutions. For the sys-
tem with the various concentration of Sr-ions, the thermoelectric phase transition with
chemical potential is determined to be at around p ~ -1.40 eV. Both of the systems
La; ,Sr,TiO3 and La; ,Ca, VO3 could be the promising candidate for thermoelectric
applications. In brief, it can be inferred that the tunabilities for better and efficient TE
devices (STEG, RITEG, Freezer and so on) are possible with the site-substitution of

cations and re-construction of hetero-structuring these TMOs materials.

4.5 Optical Properties of the Vanadates and Titanates

4.5.1 Optical Properties of the Vanadate Systems
4.5.1.1 Optical Properties of La;_,Ca,VO;

The optical response of the materials is used to examine the optically induced behavior
of materials. The variation of the real component of the dielectric function, ELOSS
function, reflectivity, and absorptivity w.r.t. photon energy (eV) for various Ca*? ions
in the superstructure are shown in (Fig. 62(a),(b),(c)). These findings reveal that a 60%
Ca-doped vanadate has a distinct response and is active in the infrared and visible regions,

indicating that it is a viable option for photo-induced applications.

The real part of refractive index and optical conductivity vs. photon energy (eV) curves

show variations for different doping levels (Fig. 63(a),(b)). These curves show larger
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Figure 64: The plots of (a) the optical conductivity, o(w) vs. (w) for a constant U and the variation of 3 of
the La; _,Ca, VO3 system (b) the variation of optical conductivity o(w) vs. (w) with different proportions
of Ca-ions substitution for (U = 10.0 eV, 8 = 15.0 (eV) ') these systems, and (c) the variation of optical
conductivity o(w) vs. (w) with various sets of U and (3 values for Lag 40Cag.go VO3 system.

optical conductivity for IR and visible EM spectrum with the superstructure of 60%
Ca’" substituted sample (Fig. 63(b)). However, other superstructures show maxima
values at around 8-9 eV (UV radiation) with an optical gap at the start. The f-sum
rules of transition measure the optical weight (the effective number of oscillators or
electrons) during the electromagnetic interactions (Fig. 63(c)), which are compatible
with optical conductivity at all frequencies. The MEM approach of AC is used to estimate
optical conductivity from CT-QMC data across various values of U and (3 ranges. The material
exhibits insulating behavior below [ = 15.0(6V)_1 with U = 3.0 eV (Fig. 64(a)). Additional
peaks beyond the Drude peak indicate different kinds of transition (Bliimer, 2007), with larger

conductivity associated with a narrowing peak at w = 0.
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At low frequency regime the quasiparticle conductivity is accounted for the Drude peak in
the spectrum. Its breadth indicates the charge carriers’ dispersion rate, while its total weight
represents their effective mass. By comparing the weight to the value in the DFT, the mass

augmentation induced by dynamical correlations is computed.

In practice, the correlations effect diminishes the Drude weight and causes its value to vanish in a
Mott insulator (Bliimer, 2007). Our calculations reproduce conventional DMFT results without
disorder (Tohyama et al., 2005; Nakano et al., 2007), revealing optical conductivity with a Drude
peak at low frequencies. The frequency dependence of optical conductivity changes qualitatively
by the introduction of disorder. The Hubbard-Anderson model’s optical conductivity is strongly
impacted on varying stoichiometric compositions of La/Ca ratios (Fig. 64(b)). The redistribution
of optical conductivities are estimated for various U and 3 values (Fig. 64(c)), show that lower U

and [ values lead to closer Drude peaks and diminished Drude peaks at higher values of U and S3.

4.5.1.2 Optical Properties of (La; _,Sr,VO;),(n=2)
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Figure 65: The graphs of (a) the real parts of dielectric function vs. energy (eV) and its imaginary parts
(inset) (b) the real part of optical conductivity vs. energy (eV) for the (La; _,Sr; VOs),, systems.

The study explores the relationship between the real and imaginary parts of the dielectric
function e(w) and optical conductivity for pristines SrVO3, LaVO3, and LaSrV,04
superstructure (Fig. 65(a). It shows a decreasing dispersiveness with photon energy,
becoming negative at around 7.5 eV of UV region (Wooten, 1973; Scafetta ef al., 2014).
The imaginary part of the dielectric function is related to optical conductivity, o(w) and

other optical parameters.

The typical peak values of the optical conductivity for pristine SVO, LVO, and LaSrV,0¢
are found to be 4605.26 (Qcm) ™!, 6736.84 (Qcm) ™1, and 5447.37 (Qcm) ™!, respec-
tively, which lies around (7-10) eV of photon energy of UV regions (Fig. 65(b)). The real

part of complex refractive indices for all the superstructures show similar variation with
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higher values in the infrared region (Fig. 66(a)) and secondary peaks at around 3.00 eV

photon energy. Materials’ absorptivity during EM interaction is measured (Fig. 66(b)),

and the interband optical transition occurs through photon absorption, which occurs

when photon energy equals the optical gap’s energy.

The electron energy loss spectroscopy is a useful optical parameter for analyzing elec-

tromagnetic interaction with materials. Its peak values are close to 0.60 in arb. units
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(Fig. 67(a)) for all superstructures. Energy losses in materials are mainly generated by
simple electronic and collective excitations(called plasmon excitation), evaluating the
likelihood of volume loss of energy in the solid (McAlister & Stern, 1963). The photon
energy (eV) associated with the highest peak of ELOSS function corresponds to plasma
resonance associated with plasma frequency (w,).

The f-sum rules for transitions measure optical weight, which contribute to the effective
number of oscillators during absorption or emission of EM radiation (Fig. 67(b)). These
rules are consistent with optical conductivity at any frequency. Some of the static values

(w ~ 0) of optical parameters are tabulated in Table. 11.

Table 11: The real part of static dielectric function (w ~ 0) Re £(0), static refractive index n(0), static
real part of optical conductivity ¢(0), static absorption coefficient a(0), static optical reflectivity R(0),
ELOSS function L(0), static optical weight Z.¢;(0), and plasma frequency (w,) from all the examples of
ELOSS functions.

Optical Parameters SrVO3; LaVO3; LaSrV,04 Lag40Cage0VO3

Re.c(0) 23025 -1401.15  20.85 140.07

n(0) 1525  67.43 4.58 12.06
Re.o(0) (1/Qem) 007 19064 0.02 0.04
a(0) 10%cm)  0.08  0.05 0.15 0.22
L(0) (arb. units) ~ 0.00  0.00 0.01 0.00
Zes1(0) 000  0.11 0.01 0.04
w,(eV/h) 831  12.94 13.20 13.12

The CT-QMC along with MEM approach is used to compute the optical properties of
superstructures (Bergeron & Tremblay, 2016), estimating optical conductivity using the

MaxEnt model and SF with optimal « value.

The variation of these model parameters broadens or suppresses the metallic Drude
peak at zero frequency (w ~ 0) (Fig. 68(a)) (Blimer, 2007; Kim, 2018). The Mott-
Hubbard band splittings are supported by Drude peaks for different combinations of

model parameters (U and 3).

The Drude peaks at around w ~ 0 vanish with larger U (Fig. 68(b)), indicating a phase

change from metallic to insulating due to carrier localization of the systems.
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Figure 69: The plots for (a) the dielectric function vs. the photon energy (b) the index of refraction vs.
the photon energy (c) the optical conductivity vs. the photon energy (d) the ELOSS function vs. photon
energy (e) the reflectivity vs. photon energy, and (f) the optical weights (sumrule) vs. photon energy for
the La; _, Sr, TiO3 systems.

4.5.2 Optical Properties of the Titanate Systems
4.5.2.1 Optical Properties of La,; ,Sr,TiO3

The dispersive behavior of a material is associated with the real part, Re ¢jj(w), whereas the
absorptive behavior is associated with the imaginary part, Im €;;(w) , as shown in Fig. 69(a).
The static dielectric function is defined as the value of Re.cjj(w) at zero frequency and is
represented by i;(0), and its value varies for various site-substituted supercells, La; St TiO3.
The refraction index of a material is described by the expression nji(w), which is determined
for Lag.gpSrg.20TiO3 and depicted in Fig. 69(b). The zero frequency index of refraction is
represented by the static number n;(0) ~ 17.00. In the visible area of the electromagnetic

spectrum, n;;(w) drops beyond this value.

Beyond this point, the real part of dielectric function, Re €jj(w) changes and reaches a maximum
of 282.65 for Lag gpSrg.20TiO3, suggesting that the static dielectric function is significantly
higher than other superstructures. At ~ 0.71 eV energy, the Re ¢jj(w) curve goes to the neg-
ative side, corresponding to the point of high optical conductivity and high reflectivity of the
Lag.goSrg.20TiO3 system. As a result, the Lag goSrg.20TiO3 system loses its dielectric property
and exhibits metallic nature in the energy range of 0.71 eV to 3.10 eV (Fig. 69(c),(e)). In the
visible range, the optically active system among the three superstructures is Lag goSrg.20 TiOs3.
The imaginary part of the dielectric function, Re ¢jj(w), represents absorptive behaviors of the

materials.
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The real part of optical conductivity, Re o;;(w), exhibits extremely small values in the
IR and visible areas for superstructures with 0% and 20% La -ions. After then, the
conductivity rises due to the shift from O -2p to V -3d orbitals, resulting in several peaks

in the ultraviolet area for these superstructures.

The static reflectivity, R;;(0) has a maximum value of ~80% occurs at around zero
frequency and the minima of reflectivity ~13% occurs at around 8.8 eV photon energy

for La().80 SI‘O.20T103 system.

Energy loss (ELOSS) function, L;;(w) is associated with the resonance of plasmon
frequency of incident radiations. For the samples with 0% and 20% site-substituted
systems the plasmon resonance occur at around ~ 11.00 eV are plotted in (Fig. 69(d)).
But, the ELOSS function varies with energy uniquely for Lag g9Sr(.20TiO3 system having
four major peaks at around 2.90 eV, 6.93 eV, 8.15 eV and 13.00 eV of photon energies,

respectively.

In the VB, the effective number of oscillators (electrons) per unit cell, N, s¢(w) can be
estimated from the sum rule as shown in (Fig. 69(f)). These are the electrons which take
part in inter- and intra -band transitions. For the superstructures of 0% and 20% La -ions
substitution, there is no significant number of oscillator in the IR and visible regions, but
it increases gradually and almost linearly in the UV region. In case of Lag ggSrg.20TiO3
system, the value of N.f(w) is significant in the vision region as well, indicating that

this superstructure is viable for optically induced device applications.

4.5.2.2 Optical Properties of Ca;_,Y,TiO3

In this case also, it is clearly observed that the optical parameters are substantially
altered due to site -substitution of Ca -ions by Y -ions as shown in (Fig. 70(a) — (f)) in

Ca;_ Y, TiOg3 system.

Finally, the study of optical properties of vanadates and titanates revealed the following

concluding remarks:

The frequency -dependent optical conductivity, o (w) and optical weight (sum -rule) are
consistent with the results of MIT, as expected by DMFT and the MEM. The optical

properties calculations show that site substituted compositions undergo electronic MIT
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Figure 70: The graph of (a) the real and imaginary parts (inset) of the dielectric function w.r.t. photon
energy (b) the real part of complex index of refraction and extinction coefficient x(w) (inset) w.r.t. photon
energy (c) the real part of optical conductivity w.r.t. photon energy (d) the ELOSS function w.r.t. photon
energy (e) the absorptivity w.r.t. photon energy, and (f) the variation of optical weights (sumrule) w.r.t.
photon energy for the Ca;_, Y, TiO3 systems.

based on U and [ interaction. The optically induced conductivity are clearly observed for
some of the stoichiometric compositions indicating that (a) The field driven memristors
are potential candidates for neuromorphic computing due to the feasibility of their
ultrahigh -density 3D integration and their ultralow energy consumption. (b) Mott
insulators are the class of strongly correlated materials with emergent properties useful
for designing the artificial neural networks, and (c) Resistive Switching (RS) of Mott
Insulators are highly applicable for designing RRAM devices, an emerging type of
non-volatile memories, based on the external perturbation (electrical, thermal,chemical,

optical) driven RS of an active material.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The overall conclusions drawn from the present study of the pristine titanates and
vanadates systems, and their site-substituted superstructures are presented briefly as

follows,

5.1 Stability of Titanates and Vanadates

The structural stability of the pristine and its superstructures are investigated using
the energy minimization approach whereas the chemical and mechanical stabilities are
examined through cohesive and formation energies calculation, and elastic parameters.
The energy vs. lattice parameter (or volume) curves provide the information of structural
stability. The optimized lattice parameters for the pristine titanates are mentioned in
the parentheses, LaTiO; (a = 3.92 A ), CaTiO; (a = 3.88 A), YTiO; (a = 3.89 A) and
SrTiO; (a = 3.94 A), and the optimized lattice parameters for pristine vanadates are,
LaVOs (a = 3.94 A), CaVO; (a=3.71 A), SrVO; (a = 3.86 A) and YVOs; (a = 3.85
A), respectively, which are followed by the optimized lattice parameters (mentioned in
the parentheses) for their typical superstructures, [(La; _,SrxVO3), (a=b=3.96 A c=
7.92 A)], [(Cay_ySr, VO3), (a=b=3.95 A, ¢ =7.91 A)], [(La;_Ca, VOs), (a=b=
3.95 A, ¢ =19.48 A)], [(LaCaTisOg)n (a=b=3.85 A, c =7.91 A)], [(Cay_x Y« TiO3)n
(a=b=388 A, c=11.67 A)], [(LaSrTi,Og), (a=b =3.96 A, ¢ =7.92 A)], and
[(La;_<Sr,TiO3), (a=b=3.85 A, c=19.44 A)] systems, respectively.

The formation energies are found to be, -3.01 eV/atom, -3.18 eV/atom, -2.97 eV/atom,
-0.59 eV/atom eV/atom, -3.60 eV/atom, and -2.99 eV/atom for CaVOs3, LaVOs3, SrVOs,
YVOs;, LaSrV,0g, and Lag 40Cag 60 VO3 systems, respectively and cohesive energies for

CaVOg;, LaVOs;, SrVO;3, YVOs3, LaSrV,0g, and Lag 49Cag 60 VO3 systems are found to
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be -7.53 eV/atom, -7.56 eV/atom, -6.96 eV/atom, -3.53 eV/atom, -7.79 eV/atom, and
-7.20 eV/atom, respectively. Similarly, the formation energies for the titanates, CaTiOg,
LaTiOg3, SrTiO3, YTiO3, LaSrTioOg, ,LaCaTisOg, Cag 33Y o ¢7Ti03 and Lag ggStg.09TiO3
are calculated to be, 3.34 eV/atom, -2.97 eV/atom, -2.72 eV/atom, 3/20 eV/atom, -
3.07 eV/atom, -3.05 eV/atom, -3.27 eV/atom and -2.66 eV/atom, respectively and
the cohesive energies for CaTiO3, LaTiOs, SrTiO3, YTiO3, LaSrTi,Og, LaCaTiyOg,
Cag 33Y (671105 and Lag goSrg 29 TiO5 are calculated to be, -7.15 eV/atom, -7.65 eV/atom,
-7.74 eV/atom, -6.90 eV/atom, -7.71 eV/atom, -7.68 eV/atom, 7.00 eV/atom and -2.83
eV/atom, respectively. The negative values of cohesive and formation energies signify
the chemical stabilities of the systems. The findings are consistent with the available

theoretical and experimental data.

Mechanical stability criteria based on elastic parameters reveal that all these materials are
mechanically stable. In short, all the pristine titanates and vanadate systems under study
and their super structures show structural, chemical and mechanical stabilities. Hence,

they are viable to experimental synthesis for the present and future device applications.

5.2 Electronic Transport Properties of Titanates and Vanadates

The electronic related properties are discussed firstly using DFT approach with PBE
exchange correlation functionals under GGA and mBJ frameworks. The data whatever

obtained from DFT are used for DMFT (CTQMC-Technique) along with MEM model.

All the pristine systems except SrTiO3 and CaTiOg are metallic in nature which contradict
with the available experimental results, while they supports other theoretical calculations.
Experimentally CaVOj3, SrVO; are found to be correlated metals, whereas LaVOg,
LaTiOs3, YTiO3 and YVOj3 are Mott insulators. The systems SrTiO3 and CaTiO3 show
band insulating properties with band gap 3.42 eV and 2.76 eV under the GGA and mBJ
approaches. Most of the site-substituted superstructures are observed to be the correlated

metals or semiconductors in nature.

For the realistic picture, we implemented DMFT approach for these correlated systems.
From the calculation the MIT parameters for band splittings of pristines and superstruc-
tures of titanate systems are mentioned in the parentheses as, LaTiO3 (U =4.0¢eV, 5 =8.0

eV)™), YTiO3 (U=5.0¢eV, 3=10.0 (€V)™'), LaSrTiyO6 (U=4.7 eV, 3=6.0 (V)™ 1),
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Lag gSro»TiO3 (U=3.2¢eV, 3=10.0 (eV)™}) and Cag33Y 6 TiO3 (U=5.0eV, 3=7.0
(eV)™1), respectively. Similarly, the MIT parameters of pristines and superstructures
of vanadate systems are mentioned in the parentheses as, CaVO3 (U =5.0, eV, 5 =6.0
(eV)™), LavO3; (U=45¢V, 3=8.0(V)™1), SrVO3 (U=2.5¢V, 3=6.0 (V)™ )),
LaSrV,06 (U =4.0 eV, 5 =10.0 (¢V)™!) and Lay 4CapsVO3 (U =5.0 eV, 5 = 10.0
(eV)~ 1) respectively.

The quasi-particle spike around the Fermi level of the Lag goSrp.20TiO3 and Lag 40Cag.40VO3
systems are observed with the same set of model parameters, U = 3.0 eV and § = 6.0
(eV)~!. We calculated the coexistence region of metallic and insulating phases, as well
as the materials’ QCP. The Mott QCP at an elevated temperature are found to be Ux =

2.95 eV and B¢ = 23.58 (eV) ! for Lag 40Cag 40 VO3 superstructure system.

5.3 Thermoelectric and Optically Driven Transport Properties

The electrical and thermal conductivities vary in a similar fashion w.r.t. the chemical po-
tential for different systems at a constant temperature. The thermal conductivity changes
linearly w.r.t. temperature, while the electrical conductivity is observed to be less tem-
perature dependent for a given system. The peak value of Seebeck coefficient and the
thermoelectric phase transition occurring at around, ;o ~ -1.40 eV for Lag goSr.99TiO3
systems, indicating that, the system is promising candidates for thermoelectric applica-
tions. Furthermore, the peak values of the electrical and thermal conductivities at room
1

temperature of Lag49Cagg0 VO3 specimen are calculated to be, 2.11x 10%° (Q m s)~

and 1.54x 10" W/(m.K.s), respectively, for a chemical potential 1 = - 0.14 eV.

The calculations of dielectric function and related optical parameters w.r.t. photon
energy (eV) in the IR-to-UV (0 -20.0 eV) region help to understand the photo -induced
behaviors of materials. It is to be noted here that the thermoelectrically active materials:
Lag.40Cag.60 VO3 and Lag g0Srg 290 TiO3 are also interestingly active optically in the visible

range of EM spectrum.

The values of static dielectric function ( ¢;(0)) depend upon the concentration of site-
substituted elements on the supercell, La;_Sr,TiO3. The value of Re €;;(w) varies and
reaches a maximum of 282.65 for Lag goSr(.20Ti03, suggesting that the static dielectric

function is significantly greater than the other superstructures. At ~ 0.71 eV photon
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energy, the Re ¢;(w) curve shifts to the negative side, corresponding to the point of
high optical conductivity and high reflectivity of the Lag ggSr.20TiO3 system. It loses
its dielectric property at this point and exhibits metallic nature in the energy range of
0.71 eV to 3.10 eV. It is to be noted here that the optically active systems among the
superstructures are found to be, Lag 49Cag.60 VO3 and Lag g9Sr( 20 TiO3 for the visible
spectral ranges. The frequency-dependent optical conductivity o(w) and spectral weight

are consistent with the MIT as expected by the results of DMFT and the MEM.

The optical properties of site-substituted superstructures are anisotropic in nature which is
important for controlling Mott-mechanism for the materials. The tuning of Mott-resistive
mechanism through photo induced applications is also a highly sought applications for
resistive switching, neuromorphic computing, resistive memory devices and artificial

neuron.

5.4 Recommendations for the Future Study

The following recommendation have been proposed for the further enhancement and

implementation of the present study.

a. These materials harbor plethora of exotic novel properties, so one can design and
study various morphological structures (0 D, 1 D, 2 D, 3 D etc.) for smart device

applications.

b. Resistive switching (reversible switching) of Mott insulators are useful for de-
signing resistive random access memories (RRAM) devices, an emerging type of
non-volatile memories that can outperform the existing technology (Flash memory,
Dynamic RAM), could be driven by the external perturbation (electrical, thermal,

chemical, optical, and mechanical etc.)

c. We recommend to work on the electronic device miniaturization through hetero-
structuring and nanostructuring of the systems for various smart devices, such as
the quantum and neuromorphic computing, artificial neuron, and other machine
learning devices from a mesoscopic scale to nanoscopic scale to improve their

efficiencies.
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There are many researchers exploring the promising category of materials and new
physical phenomena using hetero-structuring, nano-structuring, and band control and
filling control methods for building quantum dots, quantum wires, quantum wells, and

various smart materials of the present and future technological needs.
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CHAPTER 6

SUMMARY

In this study, we used various theoretical models to investigate the structural, chemical and me-
chanical stabilities, and electronic, thermoelectric and optically driven transport properties of vari-
ous site-substituted superstructures of complex transition metal oxides: ((La,Sr)TiO3/(Ca,Y)VO3).
The DFT, DMFT and MEM are employed for electronic transport properties. Using the non-
interacting parameter (electron density), the DFT estimates the ground state characteristics of a
many-body interacting system. The data obtained from DFT calculation are then used for the

electronic, and thermoelectric and optically driven transport properties.

The optimized energy vs. lattice parameter(or volume) shows the structural stability of a system.
The optimized lattice parameters for the pristine titanates are mentioned in the parentheses,
LaTiO3 (a =3.92 A ), CaTiO3 (a = 3.88 A), YTiO3 (a = 3.89 A) and SrTiO3 (a= 3.94 A), and
the optimized lattice parameters for the pristine vanadates are, LaVO3 (a = 3.94 f&), CaVOs3
(a=371A), SrVO; (a = 3.86 A) and YVOs (a = 3.85 A), respectively followed by the
optimized lattice parameters (mentioned in the parentheses) of their typical superstructures are,
[(Lay_xSrxVO3), (a=b=3.96 A, c =7.92 A)], [(Ca;_xSrxVO3)n (a=b=3.95 A, c=7.91
A1, [(La;_«CayVO3), (a=b=13.95 A, c = 19.48 A)], [(LaCaTiyOg), (a=b=3.85A, c =
7.91 A)], [(Ca;_ Yy TiO3)n(a=b=3.88 A, c = 11.67 A)], [(LaSrTiyOg)n (a=b=3.96 A, c =
7.92 A)], and [(Lai_xSrxTiO3)n (a=b=3.85 A, ¢ = 19.44 A)] systems.

The negative values of formation energies of the vanadates are found to be, -3.01 eV/atom, -3.18
eV/atom, -2.97 eV/atom, -0.56 eV/atom, -3.60 eV/atom, and -2.99 eV/atom for CaVOg3, LaVOs,
SrVO3, YVOs, LaSrV,0g, and Lag 49Cag g0 VO3 systems, respectively and the cohesive energies
for CaVOs, LaVO3, SrVO3, YVO3, LaSrV2Og, and Lag 49Cag 60 VO3 systems are found to be,
-7.53 eV/atom, -7.56 eV/atom, -6.96 eV/atom, -3.53 eV/atom, -7.79 eV/atom, and -7.20 eV/atom,

respectively.

Similarly, the formation energies for the titanates: CaTiO3, LaTiOs, SrTiO3, YTiOs, LaStTisOg,

,LaCaTisOg, Cag 33Y0.67Ti03 and Lag 39St 29 TiO3 systems, are calculated as, 3.34 eV/atom,

125



-2.97 eV/atom, -2.72 eV/atom, 3/20 eV/atom, -3.07 eV/atom, -3.05 eV/atom, -3.27 eV/atom
and -2.66 eV/atom, respectively and the cohesive energies for CaTiOs, LaTiO3, SrTiOs, YTiOs,
LaSrTioOg, LaCaTizOg, Cag.33Y0.67TiO3 and Lag goSr.20TiO3 systems are calculated as, -7.15
eV/atom, -7.65 eV/atom, -7.74 eV/atom, -6.90 eV/atom, -7.71 eV/atom, -7.68 eV/atom, 7.00
eV/atom and -2.83 eV/atom, respectively. The higher negative values of the cohesive and
formation energies signify the stronger the system’s structural and chemical stability and viability
for experimental synthesis. From the elastic calculation, the positive Cauchy pressure values
imply that the systems are metallic with ductile properties, whereas negative values indicate that

the systems are covalently bonded.

The data obtained from DFT is taken as input data for CT-QMC with hybridization expansion
solving the DMFT equation, which gives the GF data of imaginary time and frequency, which
is then used for investigating the metal-insulator phase transition (MIT) through MEM. From
the study, the MIT parameters for Mott-Hubbard band splittings of pristines and superstructures
of vanadate systems are mentioned in the parentheses, CaVO3 (U =5.0 eV, 8= 6.0 (eV)™ 1),
LaVO3 (U=4.5¢eV, 3=8.0(eV)™1), SrVO3 (U=2.5¢eV, 5 =6.0 (¢V)™!), LaSrV,04 (U = 4.0
eV, 5 =10.0 (eV)~!) and Lag 4Cag VO3 (U=5.0eV, 3=10.0 (eV)~1), respectively. Similarly,
the DMFT results of MIT parameters of pristines and superstructures of titanate systems are
mentioned in the parentheses, LaTiO3 (U=4.0eV, 3=8.0 (eV)™!), YTiO3 (U=5.0eV, 3=10.0
(eV)™1), LaSrTioOg (U=4.7 eV, 3= 6.0 (V)™ ), Lag §Sr.2TiO3 (U=3.2 eV, 8 =10.0 (¢V) 1)
and Cag33Y0.67TiO3 (U=5.0eV, 3=7.0 (eV)™ 1), respectively.

The MEM is used to compute the Mott gap and quasi-peak model parameters via analytic
continuation of CT-QMC data. The study of Mott gaps are critical for a variety of technological
and engineering purposes, whereas the MIT model parameters for quasi-particle peaks are critical
for quantum information technology. The MIT parameters are crucially important for designing
Mottronic devices like neuromorphic computing, quantum computing, resistive memory devices,

LIF artificial neurons for neural networks, and so on.

Furthermore, we calculated the coexistence region of metallic and insulating phases as
well as the QCP at an elevated temperature for the Lag 490Cag 60 VO3 system. The Mott
QCP is attained at Uc = 2.95 eV and ¢ = 23.58 (eV) L.

The thermal conductivity of a system varies dramatically with temperature, although the
electrical conductivity remains constant with temperature. The Seebeck coefficient (S)

and Hall coefficient (Rzy) for superstructures with different proportions of Sr or Ca-ions
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are compared. Thus, the La; Sr,TiO3 and La;_,Ca, VO3 systems with 20%, 60%,
and 80% site-substituted compounds are promising candidates for higher temperature
thermoelectric applications. The study show that these titanates and vanadates systems
suggests that tunabilities for improved and more efficient TE devices are conceivable by

site-substitution of cations and re-construction of superstructuring these systems.

The optical properties calculations reveal that site substituted combinations of materials
undergo electronic MIT due to U and /3 interactions, which is consistent with previous
calculations. From the calculation of the frequency dependence of optical conductivity

o(w) and optical spectral weight confirm the MIT predicted by DMFT and MEM.

In short, these materials are crucially important for developing next-generation quantum
technologies, aiming for a safe and sustainable development of our society. The poten-
tial applications include dissipationless electronics, energy harvesting devices, secure
communications, quantum computing, neuromorphic computing, resistive memory, and

all kinds of machine learning devices.
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APPENDIX

Appendix -I: The Generic Phase Transitions in TMQOs Materials
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Figure 71: The underlying mechanism of transport phenomena are dictated by the
fundamental component of the physical circumstances of the materials such as the
Coulomb interaction parameter, (U/t), and spin-orbit coupling parameter, (\/t) are the
major component for metal-insulator phase transitions, where t is the electron hopping

parameters (Vale et al., 2018).



Appendix -II: The Kohn-Sham Self-Consistent Field Approximation Method
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Figure 72: The schematic representation of the self-consistent field iterative calculation for the
solution of Kohn—Sham equations. For the case of spin-polarized system there are two such loops
that must be implemented simultaneously, to consider both of the spin density of states (Kohn &

Sham, 1965).




Appendix -III: The Jacob’s Ladder Interpretation of Efficiency of SCF Calcula-

tions
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Figure 73: The Jacob’s ladder for the required calculational efficiency and accuracy of
the first-principle based calcuations (Perdew et al., 1996; Jaramillo et al., 2003; Becke &
Johnson, 2005).

The first three rungs of the local spin density approximation (LSDA) involve semilocal
components (n+(r) and n|(r)) from infinitesimal neighborhood density or orbitals, with
non-empirical constructions, and are accurate only for homogeneous or slowly changing

electron gas (Kohn & Sham, 1965; Vosk et al., 2015).

The second rung in the GGA involves adding the gradients V?n(r) and V?n(r) as in
the PBE (Kohn & Sham, 1965; Perdew et al., 1998), and PBEsol (Perdew & Levy, 1985)

nonempirical constructions.

The third rung is meta-GGA ,includes positive orbital kinetic energy densities(tive orbital
kinetic energy densities 74(r) and 7,(r)), as in the Tao-Perdew-Staroverov-Scuseria

(TPSS) nonempirical construction (Tao et al., 2003; Staroverov et al., 2004).

The fourth rung (see Fig. 73) of hyper-GGA (Perdew et al., 1996; Jaramillo et al., 2003;
Becke & Johnson, 2005; Mori-Sanchez et al., 2006; Arbuznikov et al., 2006; Cohen



et al., 2007; Kaupp et al., 2007), introduces a nonlocal parameter, the exact-exchange

energy per electron, which is non-unique and gauge-dependent, unlike total energies.

Appendix -IV: Monte-Carlo Method with Metropolis-Hasting Algorithm

Monte Carlo Algorithm

tropolis
orithm

X
2y
Yeg

Figure 74: The schematic representation of Markov chain Monte-Carlo method with
Metropolis Hasting selection criteria (Werner et al., 2006; Gull et al., 2011).

For sampling the configurations C that contribute to the value of the partition function Z,
we employ the Markov chain Monte Carlo approach. Assuming that x is the beginning
configuration (or zeroth order configuration), we must proceed with a random walk in

phase space from a current configuration, x to a new one, y(x;) as,

Xo = X1 =7 X2 = ... = Xpp1e.-s (61)

To sum up probabilities, the Markov chain must reach a stationary distribution, be
thermalized, and have clearly correlated successive points. Autocorrelation effects must
be considered when computing Monte Carlo statistical errors. To create a Markov chain
of diagrams, two moves can be used: insertion of a link (anti-link) and removal of a
link. These moves ensure the system is thermalized and the autocorrelation effects are

considered for computing the Monte Carlo statistical errors (Werner et al., 2006).

Starting with an arbitrary Markov chain distribution, the process will converge expo-



nentially to a stationary distribution p(x) if the following two requirements are met: (i)
Ergodicity: each configuration x is accessible in a limited number of Markov steps from

any other configuration y. That is to say,
Vxydn : (W")yy # 0

(ii) Detailed balance: The probability W, of moving from configuration x to configura-

tion y with probability density p(x) meets the detailed balance requirement.

/ W p(x) = p(y) (6.2)

To perform updates using the Metropolis algorithm in Markov chain Monte Carlo as
shown in (Fig. 74) (Gull et al., 2011), the probability must meet the detailed balance
condition. For a given configuration x = (1), ..., (7,,), inserting a time vertex (7,,+1) to
obtain y = (71), ..., (7n), (T,11) ensures the condition. The transition probability density

W, , of transitioning from state x to state y is crucial.
WX,Y = Wprop(x — Y)Aacc(x — Y) (63)

Where, W, (x — v) is the proposal (proposed) probability density and A,..(x — y) is

the acceptance probability density of going from x to y respectively.

Similarly, the transition probability Wy . of transitioning from state y to state X is,
Wy x = Wirop(V = %) Apec(y — ) (6.4)

Furthermore, the probability density of inserting a time vertex (7,,.1) is provided by the

likelihood of selecting the imaginary time location 7,1,

d
Wirop(x = y) = ET (6.5)

The proposed probability density of removing a time vertex, on the other hand, is just the

chance of picking that particular vertex among the n+1 available vertices,

1
Wirop(y = x) = —— (6.6)




Now, selecting the acceptance probabilities A,..(x — y) and A,..(y — x), we have,

Wy d_TIl + 1A (x—y)
Wy,x B ﬁ 1 Aacc<y — X)
_ PV Awcx—=y) _ p(y)/(n+1)

p(x) Ay = x)  p(x) dr/8 (6.7)

Applying Metropolis’ algorithm to fulfill the detailed balance principle we obtain the
acceptance ratio as,

4 PO Wprep(y—%)
Aacc = min [17 P(X)Wfﬂof’(X*)y)]

g 1B pWy)
—mln[l,n—ﬂa%}

(6.8)

Because the ratio of configuration probability densities p(y)/p(x) is infinitesimally small,

the transition rate from configuration x to configuration y remains finite (White, 1992;
Ferrero et al., 2005).



Appendix -V: The Variation of Energy (A F) with the Variation of Lattice Parame-

ter (Aa) for Pristine and Superstructure of Vanadates.
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Figure 75: The energy difference vs. lattice parameters calculated at around their
optimized values for (a) pristine CaVO3 (CVO) (b) pristine LaVO3 (LVO) (c) pristine
SrVO;3; (SVO), and (d) superstructure Lag 40Cag 60 VO3 (LCVO) systems. All of the lattice
parameters are computed within the computional error bars of convergence criteria. The
coefficient of determination (R? ~ 1) indicates the correctness of polynomial curve
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Appendix -VI: The Comparative Phonon DOS and Bandstructure of Pristine Vana-

dates Showing the Acoustical and Optical Modes of Vibration in these systems.
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Figure 76: The phonon DOS and bandstructures for (a) pristine CaVO3 (CVO) (b)
pristine LaVO3 (LVO) and (c) pristine SrVO3 (SVO) systems.



Appendix -VII: The Variation of Energy (A F) with the Variation of Lattice Param-

eter (Aa) for Pristine Titanates.
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Figure 77: The energy difference vs. lattice parameters calculated at around their
optimized values for (a) pristine SrTiO3 (STO) (b) pristine LaTiO3 (LTO) (c) pristine
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computed within the computational error bars of convergence criteria. The coefficient of
determination (R? ~ 1) indicates the correctness of polynomial curve fittings.



Appendix -VIII: Parameterization of U,,,,/,,,»,,,» by Spherical Symmetry

The parameterization of rotationally invariant two-body interaction tensor U, /7 0
terms of invariant radial integrals F;, and proves the sum rule of isotropic and anisotropic

integrals.

Based on the assumptions of two body on-site interaction tensor (Martin, 2004; Vaugier

et al., 2012), we have,

o

k
47 N
Umm’m”m’“ = kEZO ok T 1 Fk q:E_k/dﬂl ng(rl)qu (Tl)}/}m//<7"1)

X / dQQ YE:,L/ (TQ)YZ; (TQ)Yim”’ (7“2) (69)

with the radial integrals F.. The radial and angular integrals are separated using d®r =
r’drd(? in spherical coordinates. We may next use Y, (r) = (—1)™Y] _,,(r) and its

relation to the Wigner 3j-symbols

(2l + 1)(2l, + 1)(2l3+ 1)
4

/ AQ Y1, (1) Yigm (1) Yigmmy () = \/

lh 1y 1 [ [ [
o 1 la L3 1 2 3 (6.10)

0 0 O mi; Mo Ms

to obtain the interaction matrix elements

2

2 = Lok : +m/+

Umm’m”m’” == (2l + 1) ZFk’ Z (_1)m e
k=0 00 0/ ;==&

I ko I ko
x 6.11)

—m q m” —-m’ —q m"

The Wigner 37-symbols selection rules limit the summation of % to even numbers from 0

to 2[, rewriting it as 2k with the new variable £ summing from 0 to /.



2
I 2k 1 2k

!
Ui = (20 +1)° >~ Fy > (=1t
I 2k 1 l 2% |
% (6.12)
-m q m/ —_m/ —q m"

The interaction tensor U,/ 18 parameterized by the radial integrals as the linear

coefficients of the universal Wigner 3j-symbols.

Appendix -IX: Expressing U and J in Terms of Fs;,

From the definition of Hubbard U, we have

2

1
I 2k 1 , I 2k 1 I 2k 1
vesea () s
k=0 0 0 0/ -m 0 m -m' 0 m
(6.13)

The selection rule of Wigner 3j-symbols (Martin, 2004; Vaugier et al., 2012) was used

to select the ¢ = O term, followed by applying the sum rule.

> (=1t PR = V2l + 1 8. (6.14)

m -m 0 m

Only the k£ = 0 term survives and we obtain

2

[ 0 1
U=(21+1)F, = F,. (6.15)
000

Next we calculate the sum

l
2k
> T = 2L+1)2) " Fy,
m k=0 0 0 0
I 2k I [ 2k

(6.16)

an \—m q¢ m -m' —q m



The selection rule requires ¢ = m — m/, which may not be within ¢ € [—2k, 2k];
canceling the sign (—1)™*™* in (6.12), we show the last two symbols are equal. We

have,

i J2 s _ (qyritn Z O T I T A R
my Mgz M3 —m; —Mmg —MmM3 —m3 —Mmg —My
(6.17)
which then leads to
2 2

{ [ 2k 1
ZJmm,_ (21+1) ZFQk > . (6.18)

k=0 0 0 0/ ‘Gm \—=-m ¢ m

We now use the orthonormality relation of Wigner 3j-symbols

o o
@2+1) G G Y - (6.19)

/
mims my1 Mo M my, Mo M

to further reduce (6.18) into

2
l
ZJmm, = (21+1) Zng . (6.20)
— 0 0 0

The result is based on rotational symmetry and Hund’s coupling J with U, as per equations

(6.15) and (6.20), we have,

I 2k 1

2
1
1 2l + 1
= (Z T — F0> == Zsz 6.21)

k—1 0 0 0

The Hubbard U and Hund’s coupling J are the isotropic and anisotropic parts of the

interaction, respectively, represented by equations (6.15) and (6.21).



Appendix -X: Crystal Field Effect
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Figure 78: A level diagram of the d -orbitals that shows t,, and e, groups with different
energies due to the CFE splitting (Jarlborg & Arbman, 1977; Vaugier et al., 2012).

Crystals are formed when atoms interact with the electrostatic field generated by sur-
rounding ions. When an isolated metal ion is placed in a crystal, its orbitals interact with
potential from neighboring atoms (ligands) in the crystal lattice. The d or f orbitals of
the ion have the same energy and are degenerate. However, when placed in the crystal,
the orbitals interact with the potential from neighboring atoms (ligands) in the crystal
lattice. For example, d,2, d,, d,., d,, and d,2_,2 orbitals have various interactions with
ligands oriented along x, y, and z. The d -orbitals along ligand axes experience more
repulsion, making it less energetically favorable to place an electron in one of the d.2
or d,2_,2 orbitals as shown in (Fig. 78). This process is known as crystal field splitting
(CFE). The study focused on the CFE for the 3d*? electron of Ti or V, describing the
interaction between the f-electron and surrounding ligands using the effective potential

(Vege) in the atomic Hamiltonian.

Z

2
Z Zr_e, + Z g(ri)li - s; +e Z Vepe(ri) (6.22)

i<j i=1 i=1

, \ /

Z

Ho V1 Va

where V) represents self-consistent potential corrections and V5 represents spin-orbit
coupling. The potential at the point r of the charge q; situated at the point R; is described

by Vige. It is more convenient to write it using the unit point charge potential’s spherical



harmonics (Jarlborg & Arbman, 1977) as,

1
Ve (r Z \R — r[ Z RIH Z 21 n 1Y1m 0:6:) Y1 (O 0R;).  (6.23)

It is also feasible to rewrite (6.22) using tesseral harmonics, which are defined in terms
of spherical harmonics:Z,, = Y{ , ¢, = (Y;™ + Y™)/V2, Z5, = i(Y;7™ +Y™)/V2,
and also by incorporating a coefficient -, associated to the charge distribution, p(r) =

> qi6(Rj — 1)

S 4 (r)
Vers(r, 0, 6) = ;rlz (21 j: 1 /%Zla(e,qﬁ)d?’r) Z,.(0, ). (6.24)

a J/

o
Rare-earth ions have a small crystal-field splitting due to the small perturbation (6.23)
compared to spin-orbit coupling (SOC). This results in insignificant intermixing of
different J values, allowing for neglecting off-diagonal elements in the Hamiltonian and
determination of matrix elements of potential functions representations. This method,
described to use Stevens operator equivalents to write the CFE Hamiltonian are obtained

by replacing x, y, and z by different combinations of J, Jy, J, (Vaugier et al., 2012).
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ARTICLE INFO ABSTRACT

Communicated by Luis Brey We have investigated the structural, chemical, and mechanical stabilities, electronic structures, and optical

characteristics of (La,Sr;.,VO3), ( where, n =1,2; x = 0, 0.5, 1) systems using the ab-initio calculations. The

I;;}:rw ords: negative values obtained from formation and cohesive energy calculations, modulus of elasticities, Poisson’s
DMFT and Pugh’s ratios, anisotropy factor, and Cauchy pressure indicate that these materials have excellent structural

Elastic constant and mechanical stability, which can be synthesized experimentally. Furthermore, the Mott-Hubbard metal-
MIT insulator transition (MIT) is investigated using the maximum entropy model (MEM) from the data obtained
from dynamical mean field theory (DMFT). From the calculation, MIT are observed for pristine LaVO; and
SrVO; at U = 4.5 eV with § = 8.0 (eV)™' and U = 2.5 eV with § = 6.0 (¢V)™', and the MIT parameters for
LaSrV,0, system are observed at U = 4.0 eV with § = 10.0 (eV)™' respectively. The photo-induced behaviors
of these materials have also been investigated using the dielectric function, index of refraction, Eloss function,

Spectral function

absorptivity, and optical conductivity in the IR-to-UV regions, including the visible spectrum.

1. Introduction

The transition metal oxides (TMOs) and their superstructures are
of great interest, as since their versatile applications in the fields of
Mottronics [1,2], resistive memory devices [3], artificial neuron for
neuromorphic computing [4], high T, superconductors [5], photo-
voltaic application [6], shielding effects [7,8]. The properties of pristine
TMOs can be tuned in the desirable applications through filling control
and band control methods at the interfaces [9-11]. To explore the
tuning properties of material with high T, on or above the ambi-
ent temperature, one must have the thorough understanding of their
structural and electronic related properties [12,13].

Ohtomo and Hwang (2004) reported a high-mobility of electron
gas at the interfaces of SrTiO; and LaAlO; [14] even though both of
them are band insulators [15]. The conductivity around the interfaces
also depends upon the terminations used in the heterostructures. Quan-
tum oscillations were also reported for this kind of interfaces [16]
which is another signature of high-mobility quantum transport. A
sharp insulator-to-metal transition was reported for LaAlO;/SrTiOs
films grown by pulsed laser deposition with subsequent annealing at the
room temperature [14]. The structural phase transitions of ABO; type
perovskites depend upon the Goldschmidt tolerance factor [16,17]. In
the present calculations, we have used a prototype cubic phase of the

* Corresponding author.
E-mail address: gopi.kaphle@cdp.tu.edu.np (G.C. Kaphle).
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perovskites and their superstructures. Actually the phase transitions
in perovskites and their superstructures depends upon the various
parameters, viz. electric field [18], stress or strain [19], cation substi-
tution [20], isotope substitution [21], defects and defect centers [22],
terraces (layers) [15] and so on. Here, we focus our attention towards
cations substitutions.

Moreover, to get the real information about the mechanical stability
and chemical bondings of the materials, elastic parameters have to
be calculated. The study of elastic behaviors of the transition metal
oxides (TMOs) is the another faucet of investigation along with their
electronic, thermodynamic properties [23,24].

For the strongly correlated system, the dynamical mean field theory
is highly successful approximation, which is the solution of the quan-
tum impurity problems. In the quantum impurity model an atom or
molecule is embedded in the electronic bath, which is created by a set
of orbitals interacting with spin exchange and hybridization [25]. To
solve the quantum impurity model, we need to evaluate the Green’s
function of imaginary time (z), G(z) = —(T,y(0)y'(0)), where T,
is the time ordering operator and w(0) is the creation operator at
initial moment [26]. There are various techniques used for solving
the quantum impurity model including the continuous time quantum
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Monte Carlo (CT-QMC) method [1,27-29]. Here we have used the CT-
QMC with hybridization expansion technique to obtain the Green’s
function of imaginary time or frequency [2].

Kowalski et al. (2019) employed the CT-QMC hybridization method
for studying the splitting of conduction band consisting of d-orbitals
with the local Coulomb interactions, which explains the Mott insulating
behavior [30,31]. Experimentally, the Hubbard bands splitting was ob-
served by the angle resolved photoemission spectroscopy (ARPES) [32].
The real frequency spectral function have been calculated from the
Green’s function data obtained by CT-QMC using Maximum Entropy
Model (MEM) algorithm for analytic continuation [33,34].

The Mossanek et al. (2010) investigated the Mott-Hubbard band
splittings in LaVO; by substituting the divalent Ca®* ions at the place
of trivalent La*t ions [35]. The Mott-Hubbard phase transition phe-
nomenon in VO, thin film has been employed for a memristor, vol-
ume resistive switching, machine learning devices [36] for designing
actuators [37].

The metal-insulator transition (MIT) phenomenon has been studied
for both fundamental physics and potential applications in Mottronics
and resistive random access memory (RRAM) devices, artificial neu-
rons [3,4]. The Mott-insulators in which the insulating phase actually
comes from the strong Coulombian interaction between d or f electronic
states, which are controlled by chemical doping, pressure, applying
external fields. The novel electronic phase transition of strongly corre-
lated system, leading to the various phases like superconductivity, MIT,
resistive switching (RS) and dielectric breakdown has been attracting
attention for designing smart low power electronic devices with ultra-
fast switching action [38,39]. Tunable Electron-Electron Interactions
is reported [40] for perovskite heterostructures. The electron—electron
interaction is attractive for a lower chemical potential, characterized
by Hubbard, U > 0 (with d,, populated), and the pairing is local
Bose-Einstein condensate (BEC) like interaction. When the chemical
potential is raised by using the external influences, the interaction
becomes repulsive characterized by U < 0 (with d,./d,., populated) and
the pairing is non-local Bardeen-Cooper-Schrieffer (BCS) like interac-
tion. A tunable electron-electron interaction is a useful tools, which
could potentially be used for quantum devices and its simulation [41].

The complex oxide heterostructures can be used for storing qubits
or performing gate operations for a quantum computing devices [42].
Topologically-protected qubits (e.g., Majorana fermions) are possible
systems with flying qubits along quantum channels, or it is possible to
construct hybrid systems storage qubits (e.g., N-V centers), which are
coupled by quantum wires for creating a superconducting qubit.

Here, we unravel the structural, mechanical, electronic, and optical
properties of newly designed superstructure, (La,Sr,_,VO;), (where,n =
1,2;x = 0,0.5, 1) systems using the conventional DFT and CT-QMC tech-
nique with hybridization expansion, and analytic continuation through
Maximum Entropy model. The possible applications of these materials
for Mottronics, photovoltaics, memristors and artificial neural networks
for neuromorphic computations. The optical behaviors of these mate-
rials have also been studied to get the comprehensive information for
the optoelectronic applications.

2. Theoretical backgrounds and computational details
2.1. Theoretical basis

The structural, chemical and mechanical stabilities, electronic struc-
ture and optical properties of strongly correlated electronic systems
(LaVO; and SrVO;, and their superstructures) have been investigated
using Kohn-Sham equation through the full potential linearized aug-
mented plane wave (FP-LAPW) method with local orbitals approach
[43-45].

|55V Verr )] i) = e ) o)
m
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Where,

Vert(1) = Vign (1) + / POVee (1) + Vi (1) @
SE (n,(r) . . N . .

and Vi = —<— is the exchange correlation interaction with

6ny(r)
the probability density ny,y = X ,’i L wi(r?. Once the self-consistent
calculation converged with the known n,(r) ~ ny(r) the GGA calculates
the exchange correlation energy as,

ESGAPBE[ ()] = / d*rF, (0, (r), Vn,(r)) 3)

and the ground state properties will be analyzed by the help of den-
sity of states per unit energy range and the electronic bandstructure
calculations such that, D,(¢) = é [ 8[Eg — ,(k)lde.

2.1.1. Structural and chemical stability

The structural stability of the system in the ground state is estimated
through the energy minimization process. And the chemical stability
of the compounds are predicted by estimating the cohesive energy
and formation energy [46,47], that is the measure of the strength of
forces which binds the atoms together in the materials. E_,. ;. for a
compound X, Y, Z, (XYZ), one can calculate it as,

XYZ X EY Z
XYZ _ Elolal B (kEatom + atom + nEamm) (4)
‘cohesive kK+m+n
X Y z - . .
where EJ, . E! —and EZ  are the energies of the isolated atoms with

k, m, and n are the stoichiometric weights.

And, the formation energy, E /g0, Of the XYZ compound is,
XYZ X Y z
xvz _ Eiotal ~ (KEg i +nE i + nEZ 1) ®)
formation — k+m+n
where EX  EY  and EZ,  are the calculated energies of the bulk
solid solid solid

form per formula unit with k, m and n are the stoichiometric weights.

2.1.2. Mechanical stability

The mechanical stability includes the calculation of elastic con-
stants, modulus of elasticities, Poisson’s and Pugh’s ratios, Cauchy
pressure, anisotropy factor and Debye temperature of the systems us-
ing calculated elastic constant parameters through Birch-Murnaghan
equation of state [48,49] (6) as given by,

B0 = Byt o [(vv) 1] B
9BV, 2
+ 288 [0 =1 [5-4 0600 § ©

where E) is the energy of equilibrium, Vj is the zero pressure volume of
unit-cell. When a crystal is deformed with a given strain #; stress tends
to bring it back to the equilibrium configuration, which is described by
the generalized Hooke’s law [50,51] as,

o= Y Cym, @)
7

where Cj; is the elastic constant tensor.
From this relationship, we compute the total energy for finite and
small strains of a system as,

Ve
E(”):E0+I’(>Z"?’7i+??Z”fcii"ﬁ'“- €)
i Cij

Where, E; and V) are clearly the energy and volume of the equilibrium
structure respectively. By choosing the various form of the strain # and
using the polynomial fitting of the energy with a quadratic function,
we can calculate the elastic constants.

For a cubic system the nonzero components of the elastic constants
tensor are independent on the Laue class and are C;, = Cj3 = Cy,
C,, =C,y = Cy3, and Cyy = Cs5 = Cs[52,53].

Similarly, for computing the non-zero components of the elastic
constants of a tetragonal system, we have to solve the equations for
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energy with the corresponding strain, to obtain the elastic constants,
C11,C33,Cy2, C3,Cyy and Cgg. Out of these elastic constants Cjj, the
reduced three independent elastic constants for the cubic symmetry are
Ci,.C,, and C,y. The mechanical stability conditions for a cubic crystal
are, [54]

C; | +2C;,>0,C —C,>0,Cyy >0,Cp < B<Cyy (C)]
Similarly, the mechanical stability criteria for tetragonal system are,

Cy; > 0,C33 > 0,Cyy > 0,Cg > 0,
Cy; —Cyp > 0,Cy; +C33 —2Cy3 > 0, (10)
2(Cy; +Cp) +Cpp +4C5 >0

For a cubic system, Zener anisotropy factor, A has important infor-
mation about structural stability is calculated as,

A Cu_ an
Ciu—-Cn

The anisotropy factor is one for a full isotropic material. The stiffness

and flexibility are estimated via Cauchy pressure, CP = C;, — Cyy,

which is associated with the nature of chemical bondings. The value of

Young’s modulus (Y), bulk modulus (B) and shear modulus (G) within

elastic zone are obtained as,

Y = 9BG/(3B +G),
B=1(Cp+2Cp), 12)
G = (Gy + GR)/2,

Where, Gy = é(C“ —Cp,+3Cys), is the shear modulus in Voigt
notation and

Gg =[5 (Cy; — C13) Cyyl/[3(Cy; — Cpp) +4Cyy,], is the shear modulus
in Reuss notation. The higher value of Y indicates the stiffer and more
covalent type of materials [49]. The Poisson’s ratio,
,—33B-2G

2 3B+G
indicates the ductility of the materials. Its value for the covalent, ionic
and soft compound are approximately equal to 0.1, 0.25, and 0.33
respectively [55]. Similarly, the Bulk modulus (B), Shear modulus
(Gg), Young’s modulus (Y, ) and Poisson’s ratio (v) for the tetragonal
system are estimated by using the Voigt-Reuss-Hill (VRH) average
schemes as follows,

13

By = (By + Bp)/2.

Gy = Gy + Gg)/2,

Yy = 9B, Gy /3By +Gy),
v=0By - Yy)/6By.

14

Furthermore, the Debye temperature (0,) is computed using
1/3
h ([ 6z
D=—<”> @) (1s)
kg \ Veeu
With,

(v) = [% (201—3 + 0;3)1_1/3 ,
_ [M]“z

c\1/2
=)

Where, v;, v, (U), h, kg, Ny, V.. and p represent the isotropic longitu-
dinal sound velocity, transverse sound velocity, average sound wave
velocity, reduced Planck’s constant, Boltzmann constant, Avogadro’s
number, volume of unitcell and density of the materials [56].

The numerical accuracy of elastic-constant calculations for the ma-
terial of a system employing the numerical differentiation required for
stress and strain measurement are to be addressed properly. In fact,
we are dealing with a function (energy or stress) that can only be
computed for a limited range of strain values. The calculated DFT data

(16)
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Fig. 1. (Color online) The Schematic representation of probable electronic fluctuations
in DMFT with single-site impurity model [25].

are acquired to a certain degree of precision. To keep all of these factors
under control and estimate the numerical errors in energy and stresses,
we used leave-one-out cross-validation (LOO-CV) method which is one
of the exhaustive cross validation approach. In this approach each
training data set is created by taking all samples except one,called the
testing data set (the sample left out). Now we select the best model
dataset from the polynomial fitting of multiple training dataset samples
with the help of testing data set. In the case of elastic calculations, we
choose the best model having lowest cross validation error obtained
from,

N
5w = \J N 2 B o)’ a7
i=1

where, p"(n;) is the value of the polynomial function of order n to N-1
at »;, excluding the value of pair (;,E;) such that E(s,) = ZL Al
Here, we used the polynomial fitting upto the sixth order (n = 6)
for cross validation of data obtained from DFT calculation. It is the
generalization of error estimation that is used to verify the performance
of the estimator for either over-fitting or under fitting of the realistic
information regarding the elastic parameters of the given materials.

2.1.3. Optical properties through DFT

The analysis of optical properties is performed by the calculation of
dielectric tensor (eii()), optical conductivity(s(w)), electron loss tensor
(ELOSS)(L;;(w)), reflectivity(R(w)), absorptivity(a(w)), and the effective
numbers of oscillators (sum rules)(Z.;(w)) [38,39] using the following
expressions:

ejj(w) = realleg(w)] + Img.[e5(w)],

Li@) = ~Img.{ —= 1.

real[o;;(@)] = %Img.[eij(a))].

3 P (18)
. _ iz D7k
Rjj(@) = (i +1)2+k2
2wk; i (w)
(@) = ——

2
Zgs =X, fri=35 2, (B} -E)) Ix;;|*

Where, E(f), E?, and |xii|2 are the energy of final state, initial state, and
the square modulus of transition matrix, respectively.

2.1.4. Dynamical mean field theory and maximum entropy model
The strongly correlated systems are studied through the DMFT cal-
culation for investigating Mott-Hubbard transition using the modified
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Fig. 2. (Color online) (a) The Baye’s theorem for the conditional probability (b) The logistic regression curve for finding the optimal value of a [34].

form of a single site Hubbard Hamiltonian (A =Y, o |tij Gislio T e |+

U Y n;1n; ), called Anderson impurity model Hamiltonian as given by,

Han = ) ) €5¢, + Ungney + X Vi g (0] ¢, + el
o=1,| k.o

+ ) 6o (0d) dig 19)
k.o

where t; is tight—binding hopping amplitude between the lattice sites i

and j, with é (c j,,) is the creation (annihilation) operators, n; = cT Cis
represents the occupation number on a local site,i and dJr represents
the localized interacting electrons with electronic bath as shown in
Fig. 1 via Vy ,(k), which is the amplitude of hybridization [57].

Though, there are various impurity solvers to solve the Anderson
impurity model Hamiltonian (19) such as NRG, ED, IPT, NCA, CT-
QMC [58-60], we have employed the CT-QMC with hybridization
expansion method [25,60]. This technique solves the Dyson equa-
tion [1,61] for the interacting Green’s function of frequency G(w) and
self energy, X(w) as,

G, (@) = Z() + G; ' (o). (20

In this study, we use the analytic continuation to obtain the spec-
tral function, A(w) = —%l m [GR(w)], from the Green’s function data
using the Maximum Entropy model [33,34]. It is the real frequency
data for investigating the band splitting [1,62] phenomena, which is
comparable to the ARPES experimental results [32,60].

In fact, the data from the DMFT calculation (G(r), G(w)) and self-
energy (X(w)) are incomplete, noisy or oversampled, which may lead
to an unphysical results. To avoid this discrepancy, we have employed
OmegaMaxEnt algorithm, which is essentially, works on the idea of the
Maximum Entropy model (MEM) for finding the most probable spec-
trum [33,38]. The MEM is based on the Bayesian statistical theorem as
given by,

P(G|A)P(A)
P(G)
Where, P(A|G), P(G|A), and P(A) are the posterior, likelihood and prior
probability for A, respectively. For the present case, P(G) is a constant
that can be ignored since the data are fixed. The most probable A,
given the data G is true, is thus obtained by maximizing P(G|A)P(A).
The required posterior probability is approximated with the other

probabilities as in Fig. 2(a), which is computed as,

P(A|G) = (21)

2
P(AIG) x "5~ 5 . (22)

=-/ d“’A(a)) In 52 A(‘”) (differential en-

=Y, Gi=Gi)© G) (goodness of fit) respectlvely [33,34].

The maximum hkehhood (P(G]A)) of the required information
is computed by choosing the optimal value of a lies in the lower

Where, a is hyperparameter, S

tropy), and y?

portion of information fitting region of the logistic regression curve
(Fig. 2(b)) [63-66].
Finally, the frequency-dependent optical conductivity computed as,

=2 [ oy P )
ha J_u

w
X / dk p(k) (v(k))? Ak, 0 )AK, 0 + @) 23)
with ngp(w) as the Fermi distribution, v(k) = VW2 -k2/ \/5 is the
velocity [25,59,67,68], and p(k) = 2—%;“2 is the semi-circular density

of states (DOS) for the Bethe lattice with the semi-bandwidth W = 2t
(where, t is the hopping integral).

2.2. Computational details and experimental information

We have used the generalized gradient approximation (GGA) with
the exchange energy correlation functional implemented by Perdew,
Burke and Ernzerhof [69,70]. In the part of the density functional
theory, we used the full-potential linearized augmented plane wave
(FP-LAPW) code with local orbital approximation for this investigation.

For the case of pristine LaVO; and SrVO;, we perform fully ionic
optimization. In case of superstructures, (La,Sr;_,VO3), (n =1, 2; x =
0, 0.5, 1), we perform standard energy minimization technique through
self-consistent calculation criteria without affecting the position of ions
by varying the lattice parameters. Actually, the superstructure is recon-
structed by promoting the optimized cubic phase of SrVO; within the
frameworks of 1x1x2 dimension, and La -ions are substituted on Sr-sites
for studying the various properties of the superstructures, La,Sr;_, VO3
(Fig. 3(a), 3(b)). For the ground state calculation of systems, we have
used the k-mesh grid (Monkhorst—Pack) of 11x 11x5 (without the shift
of k-mesh mode) using the linearized augmented plane wave (LAPW)
basis set with local orbitals defined by the cutoff Ry Ky ax =7.0,
Gpax = 12.0. Inside the atomic spheres, the potential and charge
densities are expanded in crystal harmonics up to L = 16. The self-
consistent calculation of the entire system are carried out with the
convergence criteria of 10~ eV for energy and 103 e for charge,
and 0.01 eV/A for the force convergence [71-73]. Furthermore, the
structural, chemical, and mechanical stability of the pristine and their
superstructures of the TMOs are examined through the calculation of
cohesive and formation energies, and their elastic parameters.

The single crystal elastic constants, C;; are used for calculating
various criteria of mechanical stability, such as various elastic moduli
under different types of stresses. The anisotropy factor gives the uneven
responses of stresses with respect to the directions of applied forces
and the Cauchy pressure calculation is used for determining nature of
chemical bonding [23].

For solving DMFT equation, we have employed the CT-QMC with
hybridization technique for the impurity solver, through which, we
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Fig. 3. (Color online) (a) The volume optimization curve of unitcell SrVO;, and (b) LaSrV,0q systems with their respective crystal structures (crystal structures are in insets).

Cohesive Energy (Green) and Formation Energy (Magenta)

0

-1
)
g 2
§ b 2.97
> 4 -
N’

-5
I
E

-7
B -6.96

-9

1. SEVO,

-3.18
-3.60

-7.56 179

2.Lavo, 3. LaSrv,0,

Fig. 4. (Color online) The Cohesive and Formation energies of the pristine (LaVO; and SrVO;) and the superlattice LaSrV,0q.

have computed the Green’s functions, G(z) or G(w) and self-energy
X(w), of the system under investigation. Further the data from the
DMEFT is used for obtaining the spectral function or spectral density,
A(w) using the Maximum entropy model to evaluate the electronic
phase transition of the materials.

Taking the base of experimental samples reported by Inaba et al. [74],
and K. Maiti et al. [75], we were motivated to study the MIT behavior
of (La,Sr;,VO3), (n =1, 2; x =0, 0.5, 1) theoretically through DFT and
DMEFT self-consistent calculations.

3. Results and discussion
3.1. Structural, chemical, and mechanical stabilities

The structural stability of the compounds are obtained through
energy minimization process. The calculation show that the volume
optimized lattice parameters of the most stable structure of ideal cubic
SrvO; (Fig. 3(a)) is 3.86 A and LavO; is 3.94 A (not shown here)
respectively, which are consistent with experimental results [35,76—
79]. Similarly, the optimized superstructures LaSrV,04(a = b = 3.96 A
and ¢ = 7.92 A) is found to have similar values with same space-
group p4/mmm (123) (Fig. 3(b)). The negative values of cohesive and
formation energies depicted in Fig. 4 reveals the chemical stability of
the systems and could be realized through experimental synthesis.

The calculated formation energies —2.97 eV/atom, —3.18 eV/atom
and —3.60 eV/atom for SrVO;, LavVO; and LaSrV,0q systems, respec-
tively, are all negative implying that the systems are energetically
favorable for synthesis and stable structures in terms of thermodynami-
cal and its chemical stabilities. The cohesive energies are computed as
—6.96 eV/atom, —7.56 eV/atom and —7.79 eV/atom for SrVO;, LaVO;

and LaSrV,0q¢ systems, respectively. The greater the negative values
of the cohesive and formation energies, the higher the structural and
chemical stability of the systems.

The Mechanical stability parameters(elastic constants, modulus of
elasticities, Poisson’s and Pugh’s ratios, Cauchy pressure, Anisotropy
factor, Debye temperature) of optimized structures [23,54] for both
the pristine and superstructures are listed in Table 1, which are con-
sistent with the available information [23,39,48,56,80]. Furthermore,
the values obtained from Egs. (9)-(13) are satisfied the mechanical
stability criteria of the systems. The positive values of Cauchy pressure
(Cyy - C4y) for LaVOs3, and LaSrV,04 show the metallic nature with
ductile property, whereas, the negative value for SrVO5; shows covalent
bonding [55].

The elastic moduli and other elastic parameters calculation reveal
that the superstructure is weaker specimen than pristine systems in
terms of elastic behavior [80,81]. The Debye temperature (®) of the
systems are also calculated by using the elastic waves information,
which is related with the cutoff frequency (Debye frequency, wp) of
harmonic chains of masses, describing the motion of ions in a crystal.

We employed polynomial fitting of energy vs. strain calculation
to obtain the elastic tensor and its related physical information of
the materials. Its accuracy and validity in estimating uncertainties are
further evaluated using cross-validation error (CVE) method, which is
a statistical technique for selecting the best model for the data set
with the best hyperparameter (adjustable parameter) for the estimator
(algorithm). In this method, the subset of the dataset is used for train-
ing, and the model’s performance is evaluated using a complementary
subset of the dataset that was not used for training. It ensures that
the model is appropriately capturing trend from data without taking
into account noise from the data. In general, the CVE approach enables



R.K. Rai et al. Solid State Communications 368 (2023) 115173
Table 1
The mechanical stability and elastic information of the pristine LaVO;, SrVO; and its superlattice LaSrV,0O¢
system.
S.N. Physical parameters LaVO, Srvo, LaSrV,04
Cy, 576.2 519.9 256.5
Cp, 200.9 141.0 90.5
. Cp - - 106.6
1. Elastic Constant (GPa) Csy _ B 235.6
Cy 124.0 155.3 68.6
Ces - - 70.6
2. Poisson’s Ratio v 0.30 0.24 0.30
3. Young’s Modulus Y 335.99 267.27 150.68
4. Shear Modulus G 149.48 168.97 70.72
5. Bulk Modulus B 388.97 418.69 184.55
6. Cauchy Pressure (GPa) C.P. = Cjy -Cyy 76.9 -14.3 21.9
7. Pugh’s Ratio, PR. = %‘ 2.25 1.58 2.13
8. Volume in Equilibrium (A3) Vo 50.65 58.09 123.47
9. Anisotropy A, 2.48 0.47 0.34
10. Debye Temperature (K) o, 465.85 395.76 232.58
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Fig. 5. (Color online) (a) The elastic constants obtained through polynomial fitting of superlattice LaSrV,04 (b) The CVE corresponding to the calculation of elastic constants of

superlattice LaSrV,0Og.
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Fig. 6. (Color online) (a) The PDOS for both spin-channels of La- and V- d orbitals only (b) The PDOS of various V -d orbitals (e, and t,,) orbitals around the Fermi level for

both spin channels of LaSrV,0, system.

optimization of the fitting operation on a sample of statistical data.
In this investigation, the leave-one-out (LOO) cross-validation error
approach was used to determine the optimum model, as shown in
Fig. 5(a). Higher order fitting produces good results for elastic constants
with a considerable number of strain points. From Fig. 5(b), it is
predicted that the best models are deformation-5 or 6(Geometry-5 or
6) out of 6 distorted samples of the LaSrV,04 system.

3.2. Density of states, bandstructures and fermi surfaces of the system

The DOS and bandstructure plots reveal that superstructure is
correlated metal. The asymmetric nature of total PDOS (Fig. 6(a))
contributed by La-, V- atoms signify that the superlattice is ferri-
magnetic materials(2.43 pp). From the calculations, it is found that

ferri-magnetism comes from the contribution of eg(dzz, dxzyz) and
ty,(dyy,d,;, d,;) orbitals of Vanadium transition metals, whereas Lan-
thanum acts as a paramagnet [82] in LaSrV,0¢. The combined DOS
and bandstructures is depicted in Fig. 7(b) which indicate that the
superlattice system is metallic in nature. This metallic nature remains
unaltered even after the application of effective Hubbard-Coulomb
interaction Fig. 8(a) indicating that DFT could not resolve the issue
of the correlated electronic structures (see Fig. S; for more DOS
redistribution). Hence, we employed DMFT for further investigation
regarding the metal-insulator transition and tuning properties of such
materials.

The Fermi level, the highest energy level occupied by the electron
at absolute zero temperature of a system. A set of points in mo-
mentum space(Fermi-surface) at zero Kelvin(K), describes the gapless
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Fig. 7. (Color online) The bandstructure along with total DOS spin-up channel(green)
and total DOS spin-down channel (indigo) of LaSrV,0, system..

electronic excitations, and depicts the nature of dynamics of electrons,
which is the central concept of metallic phase [83-85]. The Fermi
surface plot along with the charge density distribution of the system
actually provides the insightful information of the electronic struc-
tures of the systems. The 2D and 3D charge density plot of LaSrV,0q
(Fig. 8(b)) show the localization of charge density around the ionic
cores and covalent chemical bondings between the neighboring atoms.
The Fermi surface plots for 35-55 band levels around the Fermi level
demonstrated that the system is basically metallic in nature (Fig. 8(c)).

3.3. The results of DMFT+MaxEnt model

The DFT and DMFT along with the MEM have been used for the
realistic calculation of electronic structure of the pristine TMOs and its
superstructures [58]. From the DMFT, we perform a set of calculations
to find out the MIT model parameters. The calculations(Fig. 9(a))
show that the insulating phase started from U = 4.0 eV with g =
6.0 (e¢V)~'. Here, the clear insulating phase is observed at U = 6.0
eV, which is clearly seen in Fig. 9(b). Similarly,by taking base of U
= 4.0 eV, the metallic phase weakens at f§ = 6.0 (eV)™! however, a
distinct insulating phase is seen with g = 10.0 V)™ (Fig. 10(a)).
Same kind of features at § = 10.0 (¢V)~! is observed in imaginary
part of self-energy vs. Matsubara frequency plot, while plotting for
various values of f with a constant U = 4.0 eV(Fig. 10(b)). We have
also computed the MIT model parameters(U and p) for pristine LaVO,
and SrVO;, which are consistent with previously calculated results(
Table 2 [28,29,32,34,59,71]). The spectral density plots (Fig. 11(a))
are demonstrated for diminishing quasi-particle peak (metallic phase)
to the Mott-Hubbard insulating phase for various U values, follows the
consistent result(Mott insulating at U = 4.0 eV and g = 10.0 evV)y™.

To check the validity and accuracy of the calculations, we
perform logistic regression analysis through MaxEnt model for quasi-
particle(follow Fig. S,), bad metal, and Mott-insulating phase
(Fig. 11(b)). The logistic regression curve (inset upper left corner)
shows the goodness of fit of the data with optimal a, which is taken
from the maximum value of curvature of the logistic regression curve
(inset upper right corner) [33]. The optimal value of « is also spec-
ulated using the sample frequencies vs. log,y(e) graph (Fig. 12(a)).
Furthermore, the error in the prediction of Mott gap(band splitting)
is estimated through the normalized deviation (ND) of real and Imag-
inary parts of Green’s function (4G) vs. Matsubara frequency, and the
autocorrelation (AC) of the real and Imaginary parts of (4G) vs. the
difference in index of refraction for the optimal value of « as shown
in Fig. 12(b),(c) representing real data within the exceptable error bar
with the experiments [33,34](For other error estimations follow Fig.
S3)
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Table 2
The DMFT results of electronic structures of the pristine SrvO;, LaVO; (see Fig. S,)
and its superlattice.
S.N.  Physical parameters SrvVO, LaVO,
(per unitcell)  (per unitcell)

LaSrV,0q
(per supercell)

1. MIT U Parameters (eV) 2.5 4.5 4.0
2. MIT § Parameters (eV)~™' 6.0 8.0 10.0
3. Mott Gap (eV) 0.89 0.93 0.74

3.4. Optical Properties of (La;_,Sr,VO3),

Here, we observed the real and Imaginary parts (inset) of dielec-
tric function and optical conductivity for pristine SrVO;(SVO-pristine),
LaVO;(LVO-pristine) and LaSrV,0q, superstructures (Fig. 13(a)) indi-
cating that the variation of dispersiveness decrease with the energy of
photon and becomes negative at around ~ 7.5 eV of UV region for all
of the systems [8,11]. The imaginary parts of dielectric function, which
is associated with optical conductivity, Eloss function and other optical
parameters significantly suppressed at near visible range. The photo-
induced optical conductivity is estimated by plotting the real part of
the optical conductivity o(w) vs. photon energy. The peak values of the
real part of optical conductivity for pristine SVO, LVO and LaSrV,0g¢
superlattices are found to be 4605.26 (Q cm)~!, 6736.84 (Q cm)~! and
5447.37 (Q cm)~! respectively, that lies at around (7-10)eV of photon
energy of UV regions (Fig. 13(b)).

The real part of complex refractive indices are found to be similar
variation showing higher values in the IR region with secondary peaks
at around 3.0 eV photon energy(Fig. 14(a)). The absorptivity a(w)
characterizes the part of energy of photon absorbed by the materials
during EM interaction (Fig. 14(b)). Photon absorption is at the origin
of the interband optical transition, which will not take place unless the
photon energy is equivalent to the energy of the optical gap.

The electron energy loss spectroscopy(EELS) function or Eloss func-
tion, L(w) is a useful optical parameter for investigating various aspects
of the electromagnetic interaction with the materials. The highest peak
values of the loss function for all of the superlattices are nearly 0.60
in arb.units(Fig. 15(a)). The energy losses are mainly due to a simple
electronic excitation and a collective excitation (plasmon excitation) in
the materials, which measures the probability of diffusion of volume
losses of energy in the solid. The highest peaks around ~13 eV photon
energy corresponds to the plasma resonance associated with the plasma
frequency, w, [71.

In Fig. 15(b) shows the f-sum rules of transition, which measures
the total optical weight, contributing to the effective number of oscil-
lators or electrons during the absorption or emission of electromagnetic
radiation. The sum rules is consistent with the optical conductivity to
arbitrary frequencies.

The optical properties of these superstructures are computed through
CT-QMC+MEM algorithm as well. In all cases, the optical conductivity
are calculated from the spectral function with the optimal value of «
using MaxEnt model [33]. We show the real part of optical conductivity
of Anderson model at half-filling for different combinations of U and f
parameters for (La,_,Sr,VO3), systems. It is found that the metallic
Drude peak at zero frequency(w ~ 0) is broadened or suppressed
by raising these parameters (Fig. 16(a)) [80,86]. The Drude peaks of
various parameters for different combinations of MIT parameters (U
and p) supports the Mott-Hubbard band splittings consistent with the
previous calculations. In Fig. 16(b), the curves with various values of
U for a constant # = 10.0 (eV)~! demonstrate that the Drude peaks
at around w ~ O vanished for higher U indicating the transitions
from metallic phase to insulating due to localization of carriers of the
systems.
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4. Conclusions

The formation energies of LaVO;, SrVO;, and LaSrV,04 systems
are estimated as, —3.18 eV, —2.97 eV and —3.60 eV respectively, and
the respective cohesive energies are estimated as, —6.96 eV, —7.56
eV and —7.79 eV, indicating that these systems are structurally and
chemically stable. The elastic calculations reveal that these systems
are also mechanically stable. The lattice parameters for LaVO;, SrVOs;,
and LaSrV,0q are (3.94 A), (3.86 }o\), and (a = b = 3.96 Aand c =
7.92 A) respectively, which are fairly agree with available experimental
data within the acceptable error bar. From the calculation, MIT model
parameters for pristine LaVO; and SrVO; are at U = 4.5 eV with
B = 80 (V)" and U = 2.5 eV with g = 6.0 (eV)™!, respectively,
whereas, a typical set of MIT parameters for LaSrV,0¢ system are U
= 4.0 eV with § = 10.0 (V). As expected, the modulus of elasticities,
Poisson’s and Pugh’s ratios, Cauchy pressure, Anisotropy factor show
excellent mechanical stability of these materials. Dielectric function,
refractive indexes, Eloss function, reflectivity, absorptivity, and optical
conductivity calculations within the range of IR-region through UV
region reveal that these materials are good candidate for photo induced
applications as well. The redistributed Drude peaks for various values
of U and p parameters, show the metal-insulator phase transition of
the materials which could be useful for designing Mottronics devices,
artificial neurons for neuromorphic computing, machine learning and
the other resistive memory devices.
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ARTICLE INFO ABSTRACT

Keywords: To unravel the structural and chemical stability, electronic, transport, and optical properties of pristine and site
DFT substituted lanthanum vanadate, LaVO;, we employed the density functional theory (DFT) and the dynamical
DMFT mean field theory (DMFT). The generalized gradient approximation (GGA) and the DMFT with continuous

Figure of merit
MIT
Spectral function

time quantum Monte Carlo (CT-QMC) approach is used for the impurity solver. The variation of the spectral
density are studied with different values of the onsite Coulomb interaction (U) and exchange interaction (J),
as well as the thermodynamic parameter (), to investigate the metal insulator transition (MIT) for these
materials, which are useful for designing Mottronics, neuromorphic computing devices. The predicted values
of U and g for the Mott-Hubbard MIT in La, 4,Ca,4,VO; are consistent with current experimental data. The
studied sample’s a characteristic sharp quasi-particle peak is found to be at U =5 eV and # = 6 (eV)~!. The
Mott quantum critical point (QCP) is also computed for an elevated temperatures and it is found at U = 2.95
eV and p = 23.58 (eV)~!. With U = 5.0 eV, # = 10.0 (eV)}, the clear Mott gaps for La,,,Ca,4sVO; and
Lay¢,Ca 4, VO; are estimated as 0.74 eV and 1.64 eV, respectively. The electrical and thermal conductivities
are calculated at room temperature using the BoltzTraP code, and they are found to be 2.11 (Q m s)~!' and 1.51
W/(m K s), respectively, for a given chemical potential 4 = —0.14 eV of the system. The figure of merit (ZT)
is estimated to be 1.78 at y = —1.44 eV. Larger values of the Seebeck coefficient (S), ZT, and thermoelectric
power factor (TPF) indicate that Lay,,Ca,4,VO; System is a good candidate of thermoelectric material. The
calculated frequency dependent optical conductivity (Drude weight) on the dependency of U and g for the
metal insulator transition supports the other calculations.

1. Introduction a prototype sample, with V-atom sitting at the body center, La (Ca)-

atom sitting at the origin of the unit cell, and O-atoms sitting at the

A wide variety of novel smart materials, such as transition metal
oxides (TMOs), are being sought in different fields of scientific study
and innovation [1]. The behaviors of TMOs resulting from compli-
cated interactions between their different degrees of freedom, including
charge, spin, valley, and lattice interaction, which may be tuned via
filling control and band control methods. These interactions are tailored
at the interfaces of various oxides by the effects of local symmetry
breaking, charge transfer, electrostatic coupling, strain, and frustration,
resulting the novel emergent states [2].

The TMOs are formed as a simple cubic perovskite ABO; (Pm-
3m) type structure, where the A (alkaline earth or rare earth) and B
(transition metal) cations are arranged on a simple cubic lattice, and the
O anions lie on the face centers nearest to the cations Fig. 1(a) [3]. The
pristine LaVO5(CaVOs;) is considered to be a cubic phase perovskites for

face center positions [4]. For substituting Ca-atoms on the La-atomic
sites, the unit cell of the LaVO; Fig. 1(a) was promoted to a supercell
of 1 x 1 x 3 dimension in the z-direction Fig. 1(b).

The LaVO; thin film shows second-order multiple magnetic phase
transitions from paramagnetic (PM) to ferromagnetic (FM) to antifer-
romagnetic (AFM), as well as a first-order structural phase transition
with C-type spin and G-type orbital orderings [5]. Coulomb, hop-
ping, thermodynamic, and spin-orbit coupling factors were used to
investigate the mechanism of transport properties on site substituted
LaVO;. After doping with a particular electron or hole rich materials
or reconstructing the cell interface, the electrical and optical behaviors
of LaVO; demonstrated its use on solar cells and as a transparent
conducting material [6].
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Fig. 1. (Color online) The crystal structures of (a) pristine ideal cubic phase LaVO;, and (b) tetragonal primitive superstructure, La,,,CajqVO;.

It was also experimentally verified that the epitaxial films of LaVO;
and LaTiO; on SrTiO; substrate, which acts as a Mott insulator in
bulk state [7], observed metallicity due to the strain-induced elec-
tronic structure modifications and electronic reconstruction at the in-
terface [8].

The sufficient concentration of Ni doping on V site of Mott-Hubbard
insulator LaVOjs shift the hybridized band of Ni 3d-O 2p towards higher
energy, leading to the disappearance of the Mott-Hubbard gap [9].
The metallic characteristic found on doping of different concentrations
of Ca on superstructure Ca,La;_,VO; was evaluated through dynam-
ical mean field theory (DMFT) [10]. Theoretically, it was observed
that La;_,Sr,TiO; [11] system are strongly correlated metals, which
violates the Landau’s Fermi liquid hypothesis at paramagnetic (PM)
states [12]. Similarly, in the superstructure, LaAlO;/SrTiOs, the La -4f
orbital contribution is estimated to be near the Fermi level. However,
in the real material, the La-4f bands were expected to be of higher
energy, and, as a consequence, did not strongly screen the interactions
between the electrons in the V by, bands [13]. The hybridization
between the La -4f and Ti t,, orbitals also slightly stabilizes the energy
of the t,, orbitals. These layer dependent potential localizes carriers
at the interface. As a matter of fact, it is experimentally observed
that there was a transition into 2D superconducting state, namely the
Berezinskii-Kosterlitz-Thouless (BKT) transition at the interface of the
LaAlO;/SrTiO;[14].

There are four different mechanisms of structural and electronic
symmetry breaking that can exercise their ability to lower the total
energy, which may lead to the specific mechanism of MIT in oxide
perovskites [15].

A tunable electronic and optical properties have also shown in Sr
doped LaFeO; on La site of La;_,Sr,FeO; and Mn doped LaFeO; on Fe
site LaMn,_,Fe, O; thin film [16]. For A-site doped of SrTiO; with the
rare-earth elements such as Pr, Dy and La were found to have enhanced
figure of merit, ZT with the reduced thermal conductivity [17]. The
effects of doping, compositing, and nanostructuring were discussed for
the enhanced ZT factor of TE TMOs at cryogenic, ambient and ele-
vated temperatures. TMOs with high Seebeck coefficients and tunable
electrical properties applicable for temperature, gas and bio sensors
with high sensitivities in which very small heat generations or alter-
ation of electrical and thermal properties used in many lab-on-a-chip
applications [18].

The DFT analysis of the interband contribution to the optical re-
sponse function shows that LaGaO; of cubic phase was reported to
be good absorber of ultraviolet with reasonable reflectivity used in
photonic, optical, and optoelectronic devices in the high frequency
range for transparent coating, shielding and lens applications [19]. The
insulating, metallic and superconducting behaviors are analyzed with
the help of Drude weight (D,,) and superconducting weight (D) [20].
The frequency dependence of the optical conductivity o(w) (Drude
weight) and the optical spectral weight (f-sumrule) are also consistent
with the result of metal-insulator transition as predicted by DMFT and
further complemented by the maximum entropy model [21].

There are various types of insulating phases depending upon the
periodic potential of ions (Bloch-Wilson type), static lattice deformation
(Peierls type), impurities or imperfections (Anderson type), and on site
interactions (Mott type) [22]. Specifically, the Mott insulator is caused
by the strong correlation effects of heavy fermions. In this material,
near the transition point, the metallic state shows fluctuations and
orderings in the spin, charge, and orbital degrees of freedom as well as
the lattice interaction. The Metal-insulator transition was accompanied
by a large resistivity change [23], which was indeed induced in most
of the pristine and superlattices of transition metal oxides, such as Ca-
doped LaVO;, by the external field, carrier concentration, and lattice
distortion [24]. The Mott-Hubbard metal-insulator transition behavior
have been shown in a series of 3d® perovskites SrVO; -CaVO; -LaVO,
- YVO; with electron-electron correlations. This MIT is mainly due
to bandwidth control, Filling control and dimensionality control [25].
The tuning of MIT can also be achieved via controlling the bandwidth
and local site environment through thickness selection, which actually
controls the V 3d -O 2p hybridization (overlappings) [26].

The calculation showed that the charge transfer transitions domi-
nated by crystal field splitting and exchange interactions within V 3d
band of these perovskites through Core-level and valence-band optical
spectra [27].

The local density approximation (LDA) with dynamical mean-field
theory (DMFT) and exact quantum Monte Carlo simulations (QMC) was
employed to investigate the Mott-Hubbard MIT for low concentration
of Cr on (V,Cr,_,),03; compounds [28].

In most of the cases electronic structure of strongly correlated
system was studied through DMFT at which MIT was analyzed by em-
ploying the continuous time quantum Monte Carlo (CT-QMC) technique
as well as the Maximum entropy model. The spectral function obtained
through theoretical approach as described above is consistent with the
angle resolved photoemission spectroscopy (ARPES) [29]. These study
reveal that theoretical calculation of U and § clearly explain the MIT
behaviors which was closely agreed with the experimental observations
for the TMOs [30].

We chose a particular compound Lag4,Caj,VO; over the other
superstructures because of its high figure of merit and thermoelectric
power factor, which has more or less constant electrical conductivity
with temperature (K). Such characteristics are good indicators of ther-
moelectric candidates. Additionally, this compound has better optical
conductivity in the visible range than the other superstructures. As a
result, these features motivated us to delve more into this specific com-
pound. The present study intends to investigate the stability, electronic,
optical, and transport properties, as well as the influence on MIT, of
compounds La,;_,Ca, VO;(x = 0, 0.20, 0.40, 0.60, 0.80) due to the site-
substitution of Ca?* ions on superstructure systems using DFT+DMFT
and analytic continuation (Maximum Entropy model). The paper also
includes potential uses for these materials in Mottronics, photovoltaics,
, neuromorphic devices, and thermoelectric devices. The superstructure
with 60% Ca2* ions doped specimen with its unique variation of
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optical and thermoelectric behaviors is then investigated further to get
the comprehensive information for the electronic, thermoelectric, and
optoelectronic behaviors and applications.

2. Theoretical background, computational details and experimen-
tal information

2.1. Theoretical background

The density functional theory based on the full potential linearized
augmented plane-wave (FP-LAPW) with the generalized gradient ap-
proximation (GGA) is used for studying electronic structure, thermo-
electric and optical properties of the materials. The exchange correla-
tion functional proposed by Perdew, Burke and Ernzerhof (PBE) used
for the calculation is expressed as,

EGGA-PBE[h ()] = / d3rF (0, (r), Vg (1)) '6))

where, Vn,(r) is the inhomogeneous gradient of density of carriers. The
density of states (DOS) is calculated through,

D, (e) = S[Eg — £,(k)1de @

8x2
with the allowed wavevector in the nth band energy range, ¢ < ¢, (k) <
€ + de is just the volume of a k-space primitive cell. The thermoelectric
parameters, such as Seebeck coefficient (S{,,;), figure of merit (ZT) and
thermoelectric power factor (TPF) respectively, are calculated as,

872Kk2 2/3
Sep(T- ) = 3eh2B m*T (3_7;) ’
s2 T)T  S? T,u)T
7T = 2 ap(Tok) _ 2 0ap(Tot) , 3)
Kap (Ke+kL)

TPF = 6,,(T, u)S? 5

Where, e, kg,h,m", 04p(T, 1)y Kop(T, ), Syp(T, ) are electronic charge,
Boltzmann constant, Planck constant, and carrier effective mass, elec-
trical conductivity tensor, thermal conductivity tensor, and Seebeck
coefficient respectively.

For the optical properties, the dielectric function, electron loss
function (ELOSS), optical conductivity and so on are computed, as the
followings,

€ (o) = Re.[eij ()] + Img.[eij (o)],
eii;w) } ’ 4
Re.[0(w)] = ﬁlmg.[eij (®)].

L;(w) = —Img. {

Moreover, the effective number of carriers N () participating in
the optical transitions is calculated by f-sumrule equation as,

/ " (@) da = Ny ®)
0

Where, o, is the cut-off energy frequency.

Similarly, the optical conductivity of the system and its MIT behav-
iors is computed through DMFT [31] using CT-QMC [32] along with
Maximum entropy model. The optical conductivity, in terms of the
Kubo formalism [33] is expressed as,

2ze?

o(w) = do'[f (@) — f(w+ )] /o % / de®(e)A (0 )AL (@' + ) (6)

Where f(w), Ay (@) and @(¢) are Fermi function, spectral function and
transport function respectively [34]. Furthermore, MIT behavior of
strongly correlated system is analyzed through Hubbard Model with
CT-QMC hybridization technique as the impurity solver [35]. Dur-
ing this process the interacting Green function and self energy have
been calculated self-consistently using the Fourier transformed Dyson
equation of impurity model as,

G, (@) =G (@) + Z(w) @
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Where, G, and G(w) are the non-interacting and interacting Green’s
function of Anderson’s impurity model respectively. A step-wise self-
consistent DMFT calculation is carried out for obtaining Green’s func-
tion data [36]. Using the Monte Carlo sampling of partition func-
tions [37] for multiple imaginary time steps, r;’T > el > T and
summing over all the permutation of {7} various imaginary time steps,
we will have to compute the weight. The impurity Green’s function
could also be regarded as the logarithmic derivative of Z with respect
to the hybridization, A(r) as given by,

_ _l ologZ | . _ _5logZ
Go(1) =73 54,(—1) [ o= 54(1)] ®
Where
Z= / DlyD[y*]e% 9

is the partition function with S, as the effective action.
Each configuration gives for a discrete data set of imaginary times,
which is accounted as the Green’s function data,

L
zp

This calculation involves with a high frequency noise in Matsubara
frequencies which can be reduced by truncating the Legendre coeffi-
cients G, which are zero within their error bars. The single-particle
imaginary time Green’s function G(r) defined on the interval [0, #][38]
are computed with the Legendre polynomials Pi(x), defined over an
interval [-1, 1](11).

V20 +1
G(T):Z ﬂ+

1>0

MC
Go(0) ~ == 30 Y87 — 7,7 + 1) x [A7L], | X sign (@(C) (10)
C kJl

P [x(0)]G, aan

Where, G, is the Legendre coefficients that decays very quickly, which
may be defined as,

G =V2+1 / ’ drG(z)P|[x(2)] 12)
0
Where, x(7) = i 1, maps out the interval [0, #] to [-1,1].

The Green’s function of frequency, G(w) (or the corresponding
spectral function A(w)) be extracted from imaginary-time data G(z)
or the Fourier transformed Matsubara-frequency data G(iw,) using the
analytic continuation. As a matter of fact, the spectral function, which
can be computed with the imaginary part of Green function at a given
momentum is a Dirac delta function [1]as,

A(w,Kk) = —lIm[G(k, )] = 6(w—gy) 13)
z

The CT-QMC data so obtained from DMFT is further reconstructed
through Maximum entropy model based on the Bayesian statistical
theorem [39].

P[G(w)|A(w)] P [A(w)]
P[G(w)]
Where, P[A(®)|G(w)] and P[G(w)|A(w)], are the posterior probability
and maximum likelihood of A(w) for given data G(w), and P [A(w)] and

P[G(w)] are the prior or marginal probabilities [40], such that

P[A(w)|G(w)] = 14

o

X

P[G(@)|A(@)] x e T as)
and,
PA@)|G(@)] x * T 16)

Where, «, S and 2 are the adjustable parameter, the differential
entropy and chi-square test respectively.

To obtain more realistic information of the bimodal data distri-
bution, we use logistic regression approach for optimal value of «,
which is obtained through sigmoid curve(graph between log,,(y?) vs.
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Fig. 2. (Color online) The optimization curve plotted between (a) Energy vs. lattice parameter of LaVO; system, and (b)The lattice parameter optimization curve of superstructure

La 4Ca, ¢, VO; considered to be the interacting ionic layers.

log;y()). The optimal value of « is obtained for the minimum value of
Q = #* - aS (4Q = 0) such that,

7 =(G-KA)TC (G -KA) a7

where, A is the vector obtained after discretizing w, KA is an approxi-
mation to Green’s function with kernel K and C is the covariance matrix
of Green’s function. The differential entropy [41] is defined as,

[0, A@
S = /ZﬂA(w)ln Di@) (18)

is the relative entropy (Kullback-Leibler divergence)

The Mott-Hubbard transition provides the transport properties of
the system, which is obtained by plotting the various sets of U and
p in U p-plane. This plane contains four different distinct regimes:(a)
Metallic (Fermi-liquid) regime (b) Co-existence regime (c) Insulating
regime, and (d) Cross-over regime [42]. The MIT is obtained in the
neighborhood of quantum critical point (QCP), where all regimes co-
exist, at (Uc, T¢) in Up -plane. Actually, MIT is obtained at UC] along
the widomline while going from metallic to insulating phase, whereas
this widomline shifted to Uc, while moving from insulating to metallic
phase. The regime between U¢, and Uc,, so called metal-insulating co-
existence regime. We observe that there are four distinct regions to be
realized during the quantum phase transitions [43].

The exact phase transition line, U.(T) is calculated uniquely as,

T
U (T) = U* + / dT'f(T', U(T)); T < T* 19
T

Where, f(T, U) = % with D = (n 1 n |) is the double occupancy, E

is the Helmholtz Energy [44].
2.2. Computational details and experimental information

The FP-LAPW method with local orbitals approach was used to
solve the Kohn-Sham equations within the local spin-density approx-
imation for computing the electronic, transport and optical properties
of the materials being studied [45]. The GGA, GGA+U, GGA+U+J,
and GGA+SOC schemes have been employed for the ground state
calculations. In particular, the GGA+DMEFT is used for investigating the
MIT of the strongly correlated systems [46].

The energy and charge convergence criteria for self-consistent cal-
culation of the entire system are 107 eV and 103 e with force conver-
gence 0.05 eV/A. The results are consistent with the available informa-
tion for (CaVO;, LaVO3) [47-49], and its superlattice La, 4,Cay VO3
system. The band controlled method of MIT is theoretically studied
using the CT-QMC as impurity solvers with hybridization expansion for
La,_,Ca, VOj; systems [50]. The DFT+DMFT calculations are performed
for various sets of coulombian interaction, U and the thermodynamical
parameter, # in order to identify the critical value of MIT for each of the

superstructures. The DMFT calculation have been employed using the
parameters, such as chemical potential (1) = 0.0, number of Matsubara
frequency (w,) = 500, number of imaginary time bins = 500, number
of thermalization sweeps = 500, maximum number of sweeps in a
single iteration = 10 000, and the number of Monte Carlo steps between
measurements = 5000.

The BoltzTraP codes were employed with 1500 k-points mesh for
computing the thermal conductivity, electrical conductivity, Seebeck
coefficients and figure of merit (ZT), thermoelectric power factor (TPF)
using the optimized La,_,Ca,VO; superlattices [51,52]. The algorithm
is based on a smooth Fourier expression for periodic functions, which
implements the band and k -dependent quasi-particle energies along
with the intra-band optical transition matrix elements and scattering
rates as input [53]. The optical properties of the materials is analyzed
using DFT as well as DMFT at which MIT phase transition is predicted
on the basis of Drude peaks which depends on the spectral weight ratio
associated with mass enhancement factor as,

m*/m = SWDrude+MIR/SWDrude = Kband/Kexp (20)

It is also possible to assess the mass enhancement due to dynamical
correlations as the reduction of the kinetic energy of the quasiparti-
cles [54] due to correlations, Ky, /Kysnq, Which is indeed vanished in a
Mott insulating case. The overall kinetic energy does not vanish due to
correlation but the spectral weight of intraband transitions always adds
up to the conduction electrons kinetic energy and hence it is rather
transferred from the Drude peak into mid-infrared (MIR) or higher
energy features [55].

Experimentally, Ca doped La,_,Ca, VO; for x = 0.2, 0.3, 0.4 and 0.5
were synthesized to study the temperature dependent resistivity and
susceptibility for the Mott and band insulators [56].

The spectra of CaVO5 and SrVO; are also studied with bulk-sensitive
high-resolution PES and XAS (V,_,Ti,),0; for the experimental real-
ization of Mott transitions in V,0; doped with Cr or Ti [47]. The
perovskite-type TMOs, LaTiO; and CaVO; are studied for the effect of
stoichiometric composition on MIT phase transition. The Mott-Hubbard
insulating gap for different values of U for vanadates and titanates
system were also studied from the various experimental works [25].
Thus, the more theoretical study is required to understand the impact
onto the electronic, optical and transport properties of such strongly
correlated materials in relation to the various applications in Mottronics
and neuromorphic computing devices, and thermoelectric and energy
devices.

3. Results and discussion
3.1. Geometric optimization and structural stability

The ideal crystal structures of pristine CaVO; and LaVO; are con-
sidered as a prototype cubic perovskite, SrFeO; structure with the
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Fig. 3. (Color online) (a) The redistribution of total DOS with the site-substitution of Ca-atom in LaVO; supercell in La,_,Ca,VO; system (b) The comparative DOS and band

structures of La4,Ca ¢ VO5.

Table 1

The optimized structural parameters of the pristine CaVO;, LaVO; and its superlattice:
La 40Ca 6, VO5. The cohesive energy and formation energy for these vanadate systems,
and their optimized volumes and densities.

Physical info. CaVO, LaVO, Lagy 49Cay o VO;  Other works
Lattice a =3.86 a =3.94 a=b=3.95 [47,58]
Parameters (A) c =19.48 [48,49]
Space-group Pm-3 m (221) Pm-3 m (221) P4/mm (99)

Cohesive [61,62]
Energy (eV) -7.53 -7.56 -7.20

Formation

Energy (eV) -3.01 -3.18 -2.99

Opt. Volume

Energy (A3) 57.51 61.20 303.94

Density

p (g/cm?) 6.30 7.29 9.67

space group pm-3m(221). The cubic unit cell with Wyckoff coordinate
of V at the origin (0.0, 0.0, 0.0)a, the La/Ca-atoms are sitting at
the body center (0.5, 0.5, 0.5)a and the three O-atoms at the three
face centers (0.5, 0.5, 0.0)a, (0.0, 0.5, 0.5)a, and (0.5, 0.0, 0.5)a;
the lattice constant is a = 3.86 A [57]. The structural optimization
curve for LaVO; is shown in Fig. 2(a) Furthermore, the ideal unitcell
of the LaVO; is then promoted to a supercell of 1 x 1 x 3 dimension
for the investigation of electronic, transport and optical properties.
The geometrical structure of superlattice is found to be converged in
tetragonal primitive supercell with space group p4/mm (99). The con-
vergence structure parameters of Lag4,Ca VO3 superlattice sample
are tabulated in Table 1. The slight change in the pristine parameters
are found due to structural change while forming the superstructure,
which are comparable with the previously calculated data [58,59].
The lattice parameter optimization curve for the pristine LavVO3 and
superstructures, Lag 4,Ca ¢, VO5 are shown in (Fig. 2(a),(b)).

The Monkhorst-Pack of 1000 k-points mesh grid is used for self-
consistent calculation of these tetragonal primitive superstructures
with p4/mm space group (99) comparable to the previously cal-
culated data [60] The doping induced insulator-metal transition in
La;_,Ca,VO; is studied using the ab-initio GGA+DMFT scheme. The
calculated equilibrium properties: cohesive energies, formation ener-
gies, volume per atom, bulk modulus and its pressure derivative can
be used to understand the thermodynamic stability as well as chemical
stability of the systems.

3.1.1. Cohesive energy:
Using a set of optimized lattice constants and with each ion relax-
ation, the ground state total energy calculation was performed, and

the cohesive energy per atom [61,62] E. g, for a compound A,B,C,
(ABC), one can calculate it as,

A B C ABC
E _ (XEatom + yEatom + ZEatom) ~ “total 21
‘cohesive — X+y+z (21)
where EA  EE ~and EC  are the energies of the isolated non-

spherical spin-polarized atoms with %, y, and z are the stoichiometric
weights.

3.1.2. Formation energy:

Beside the cohesive energy, another measure of relative stability
of the given system is the formation energy E,,q0,- The formation
energy per atom of a compound A,B,C, (ABC) can be calculated as,

ABC A B C
E _ Plotal ~ (XEQ, + YEpu + 7B, 22
formation — X+y+z ( )
where Eg‘ ,EB and EC  are the calculated energies of the bulk form
ulk® “bulk bulk

the respective constituent elements of the unit cell with x, y and z are
the stoichiometric weights.

The calculated values of the cohesive energies and formation ener-
gies are given in Table 1[63], reveal that the systems under investiga-
tion are stable and viable for experimental synthesis. The calculation of
the formation energies for the pristine and superstructure are obtained
as, —3.01 eV/atom, —3.18 eV/atom and —2.99 eV/atom for CaVOs;,
LaVO; and Lag 49Cag 6o VO3 systems, respectively, which are all neg-
ative imply that the systems are energetically favorable for synthesis
and stable structure for thermodynamical and its chemical stabilities.
The cohesive energy is a measure of the strength of the forces that bind
atoms together in the solid state and is useful for studying the phase
stability. The computed cohesive energies are —7.53 eV/atom, 7.56
eV/atom and —-7.20 eV/atom for CaVO;, LaVO; and Lag 49Cag 69VO3
systems, respectively. The higher the negative values of cohesive and
formation energies signify the better structural and chemical stability
of the systems.

3.2. Electronic structure

3.2.1. Density of states and band structures

The density of states (DOS) and band structure graphs demon-
strate the contribution of V d-orbitals and La f-orbitals near the Fermi
level. The redistribution of DOS structures for the variation of site
substitution of Ca?* ions in the La,_,Ca VO, system Fig. 3(a). The
asymmetry of DOS distribution of spin up/down channels was clearly
observed in systems with 40% and 60% replacement of Ca* ions (both
are not shown here). The comparative DOS and band structures are
shown in Fig. 3(b). With the increasing U values, the peaks of the
DOS distribution shift towards the valence band. The partial density
of states (PDOS) of 2 La-atoms, 3 Ca-atoms, and 5 V-atoms for a unit
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Fig. 5. (Color online) (a) The band structure up (blue) and down (orange) spin channel of La,,Cay4,VO; (b) The fat band structure of V d orbital Lay4,Cays,VO; with U and J
(c) The third atomic V-e, orbital (thick green) fatbands is pushed sizably towards the Fermi level with, U = 4.11 eV and J = 0.50 eV of Lay 4,Cay 4 VO; system. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

cell of Lay4,Cag g VO; are calculated using the GGA+U method. DOS
peaks are found at around 4.5 eV and 7.0 eV for La- and Ca-atomic
contributions, respectively (Fig. 4(a), (b)). However, in the case of the
34 V-atoms, the DOS peak is primarily pushed towards the valence
band, as seen in Fig. 4(c). The asymmetry of the DOS distribution
indicates that the presence of net magnetic moment (MM), which varies
with the amount of site substitution of Ca* ions in the LavO; supercell.
It is found that there is a ferrimagnetic phase transition occurs due to
these dopings. This demonstrates that the MM for the superstructures
is mostly contributed by separate La-5d orbitals. The hybridization of
the La -4f and V-t,, orbitals, as seen in fat band structures Fig. 5(b),
slightly stabilizes the energy of the t,, orbitals. The V-e, orbital is
significantly pushed towards the Fermi-level in Fig. 5(c), with U =
4.11 eV and J =0.50 eV indicating the quasi behavior of the materials.
There was no substantial change in the electronic structure with SOC
in the superstructure, Laj4,Caj ¢, VO3 system. The insertion of varied
values of U and J, on the other hand, clearly shows the redistribution of
DOS, including the shifting of the band structure of the La 4,Ca ¢, VO3
system (Fig. 5(a),(b),(c)). These systems were found to be in metallic
phase (Fermi liquid phase) through standard DFT [13]. The lower
narrow conduction bands are derived from the 4f orbitals of La sites,
and the La-5d orbitals are hybridized with the La-4f orbitals at the
I'-point (Fig. 6(a), (b)).

To be noted here, the crystal field splitting (CFS) and p-d hybridiza-
tions play crucial role for the electronic structure, magnetic properties
and other physical behaviors of transition metal oxides. The transition
metal ion in TMOs is surrounded by six oxygen atoms, providing an
octahedron environment that may split the degenerate bands into two

energy levels (three t,,-states and two e,-states). The orbital wavefunc-
tions in t,,-states point between nearby 02~ ions. The wavefunctions
in e,-states point toward nearby 02~ ions and exhibit greater orbital
overlap than t,,. These states are further divided by p-d hybridization
between V-d-orbitals and O-2p orbitals as in (Fig. 7(a), (b)). The th,-
orbitals form z-bonding, and the e,-orbitals create c-bonding with O-2p
orbitals. As a result, O-2p states become non-degenerate as well. The
typical energy scale of crystal field splitting is of several electron volts
(eV), which is equivalent to Hund’s coupling energy (J). When filling
out the empty states, electrons prefer to align in the same spin direction
to generate a high spin state, according to Hund’s rule. This may not
be the case if the crystal field splitting is comparable enough to CFS.
Instead, the electrons will prefer to align in a low spin state, and
the material will have different electrical and magnetic properties and
other than in the high spin state. The electronic charge density map
shows the likelihood of electrons being present at a given time and
place [45]. The 2D charge density distribution map for La 4,Ca ¢y VO;3
in the (111) plane, as shown in Fig. 8(a), demonstrates that the electron
density distribution is primarily confined towards the nuclear centers,
as predicted for different ionic cores [64]. The Fermi-surface is the
constant energy surfaces at various lattice sites as defined by Fermi
momentum, k. constituted by multiple electron and hole orbits are
presented for the La 4,Ca, 4o VO3; systems as shown in Fig. 8(b), which
is the Fermi surfaces generated with 50-175 band levels.

The Fermi surfaces are centered around the I" points with various
electrons and hole pockets. The Fermi surface of a metallic system is
located outside the first Brillouin zone. The shape of the Fermi surface
is susceptible for being altered by an external field.
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Fig. 8. (Color online) (a) The 2D charge density map of La,4,Ca;q,VO; system (b) The Fermi level band crossing for 50-175 band levels and the Fermi-surface plots around I
point (inset bottom right) with a primitive Brillouin zone (inset top left) of La,,,Cajq VO; system.

3.2.2. Electronic structure by GGA+DMFT

In the case of strongly correlated system, the DFT fails to address ac-
curate prediction of their electronic structures and hence the dynamical
mean field theory (DMFT) using CT-QMC hybridization technique has
been employed for the same purpose. It provides the Green’s function
data as a function of imaginary time and frequency [65,66]. These
data are used for obtaining the spectral function of real frequency
using Maximum entropy model. The variation of Green’s function of
imaginary time G(z), vs. the imaginary time (r) for various values of
p and the corresponding Fourier transform G(w) as in Fig. 9(a), (b).
The metal-insulator transition of strongly correlated electronic system
are perfectly tunable by adjusting the Coulombian parameter (U) by

keeping the same thermodynamic parameter (#). The Green’s function
data for the superstructures La,_,Ca,VO; system with various stoi-
chiometric combinations are shown in Fig. 9(c) and the corresponding
variation of spectral density, A(w) with the frequency (w) is shown in
Fig. 10(a), which is obtained by using the maximum entropy model
of data analysis algorithm. The plot of the spectral function A(w) vs.
frequency (w) is actually analogous to the density of states (DOS) vs.
energy of the conventional DFT. The Mott-Hubbard transition with a
typical set of U and g parameters for the pristine and the superstructure
are tabulated in Table 2. It was found that the expected features of
a t,, quasi-particles peak at lower value of U around the Fermi level
and a lower Hubbard band at negative energies of the same t,, nature,
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Table 2
The DMFT results (Mott gaps) of electronic structures of the pristine CaVO;, LaVO;
and its superlattice: La,,,Ca, ¢ VO; system.

S.N.  Physical CaVO;  LavoO, Lay40CapsVO;  Other
parameters works

1. MIT U Parameters (eV) 5.0 4.5 5.0 [47,68]

2. MIT p Parameters (eV)~! 6.0 8.0 10.0

3. Mott Gap (eV) 0.04 0.93 0.74 [48,49]

which is in agreement with the angle-resolved photoemission spec-
tra(ARPES) [67]. The variation of spectral function with the frequency
for different proportion of substituted Ca-atoms in LaVO; supercell for
U = 5eV with a constant value of § = 10(eV)~! are observed to be
significantly different as in Fig. 10(b). It shows that the clear Mott gaps
for 40% and 60% Ca2* ions doped specimens are found to be 1.64 eV
and 0.74 eV respectively.

The DMFT results with Mott gaps of pristine and its superstructure
are tabulated as in Table 2 and consistent with the available informa-
tion for (CaVOj3, LaVO;) [47,68-70], and its superlattice La 4,Ca ¢o VO3
system [48,49]

The validity and accuracy of the calculated data obtained for spec-
tral function (Fig. 11), such as its height and width of the central peak,
and the overall spectral weight is necessary to be implemented using
logistic regression (LR) curve as shown in Fig. 11 (inset upper left)
using the maximum entropy model. The optimized value of adjustable
parameter, a has to be implemented to include the real information of
the material concerned. The optimal value of « can be found by using
the maximal value of curvature of LR curve on plotting log, () vs.
log;o(a) as in Fig. 11 (inset upper right). There have been observed three
distinct regions, such as noise fitting region, information fitting region

and default model region in a LR curve. The location of the optimal
a can be determined by choosing the peak value of curvature (x) vs.
ylog,o(a) curve as in Fig. 11 (inset upper right). The sample frequencies
vs. log,o(«) curves can also be used for predicting the optimal values
of a as shown in Fig. 12(a). For the statistical inferences such as the
normalized deviation of real and imaginary parts of the uncertainty in
Green’s function of frequency AG and its auto correlation are estimated
within the permissible standard error bar as in Fig. 12(b) and Fig. 12(c)
respectively.

The localization or delocalization of electrons can be realized by
adjusting appropriate values of hopping parameter, t of a system. For
the metallic phase of the system requires delocalization limit, U/t <« 1.
And for the insulating phase of the system requires a localization limit,
U/t > 1[24,35]. On plotting graph between U/t versus f§/t, the metal-
insulator phase transitions can easily be realized for the correlated
system(not shown here). The spectral function of the material particle
is changes abruptly for a very small change in the ratio of these model
parameters (U/t and g/t)(Figures are not shown here).

3.2.3. Quantum Critical Point (QCP) for the correlated system

The Mott metal-insulator phase transition for the strongly corre-
lated system with the variation of Coulombian interaction (U) versus
the thermodynamic parameter () is shown in Fig. 13. The figure shows
that QCP is located at U- = 23.65 eV and f= = 2.96(eV)~l. It has
been observed two critical values of Coulombian parameters, Ug, (D) =
7.40 eV at which insulating behavior disappears and Uc, (T) = 12.30 eV
at which metallic behavior disappears.

The region in between these two widom lines and above the critical
point is called crossover region. Four different distinct regions have
been observed in Upg-plane due to correlation hysteresis. The param-
agnetic insulating regions on the right side of Uc, (T) widom line and
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the Fermi liquid (metallic) regions on the left side of the U, : (T) widom
line. The crossover region divides Up-plane into bad metallic region
for which the material exhibit anomalously large resistivity and on the
other hand a bad insulating region for which the resistivity decreases
on increasing temperature. On increasing Coulombian interaction U,
a smooth transition from a metal towards an insulator is observed,
the change is most rapid within the crossover region. The metallic
phase is thermodynamically stable for U < U, but remains a well-
defined metastable solution of the DMFT equations for UCl <UL UC2
(co-existence region).

3.3. Transport properties of La,_,Ca, VO3

We used the BoltzTraP algorithm to solve the linearized Boltzmann
transport equation (BTE) and compute the transport behaviors of sys-
tems with the DFT based frameworks using a 1500 k-point mesh for
Brillouin zone integration. Using optimized systems and appropriate
convergence criteria, we have computed Seebeck coefficients (S), Hall
coefficients(Ry), electrical conductivity (¢/7), thermal conductivity
(x), thermoelectric figure of merit (ZT), thermoelectric power factor
(TPF) and so on.

The sharp variation of Seebeck coefficient (S) at around chemical
potential, y ~ —2 eV dynamically as shown in Fig. 14 (a), reflecting
the changing carrier concentration with the various amounts of Ca%*
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ion substitution in the superlattice. The Seebeck coefficient is roughly
proportional to temperature in general, indicating that the materials

10

are metallic, but the fluctuation is unique for the 40% Ca-doped sys-
tem illustrated in Fig. 14 (b). The classical Hall coefficient (Ry) is
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Table 3

The electrical conductivity o¢/7 <ﬁ>, thermal conductivity x(W/m K s), Hall
coefficient Ry, (m?/C), Seebeck coefficient S (V/K), magnetic susceptibility y (m?/mol),
specific heat capacity C (J/mol K), figure of merit(ZT), and thermoelectric power factor
(TPF) at room temperature.

Physical CaVO, LaVO, Lag 49Cag 6o VO5 Other works
parameters

o/t 4.55 x 102 4.40 x 10% 2.00 x 102 [71,72]

K 2.75 x 10 3.90 x 101 1.50 x 10%

Ry -2.07 x 1071 -2.15 x 10°1© -1.73 x 10710 [73,74]

S -1.66 x 107° -2.49 x 107° -11.47 x 107

x 6.00 x 10710 5.84 x 10710 8.23 x 107°

C 0.888 1.24 12.31

ZT 0.003 0.007 0.012

TPF 9.16 x 10° 4.24 x 10'° 1.02 x 10

related to the material’s carrier density, n = L [71,72]. The Hall
eRy

coefficient in the metallic phase is less than in the non-metallic phase
and negative [75], indicating that the number of carriers increases
dramatically while material changes from the non-metallic phase to
the metallic phase [75]. As seen in Fig. 14(c), Ry is temperature
independent according to the theory of weakly correlated systems.
At low temperatures, however, the reported Hall coefficient in the
compound is hole-like, with a substantial positive value of R;[73,74].
The different signs of the Hall coefficient and Seebeck coefficient, as
well as the temperature dependence of the latter, indicate two types
of carriers: n-type and p-type. The electrical conductivity (¢/7) and
thermal conductivity («x) change with Ca-doping levels. The variation
of electrical conductivity with the change in chemical potential is
illustrated in Fig. 15(a), and a similar pattern is followed by thermal
conductivity (k) (not shown here). The value of the figure of merit (ZT)
is 1.88 at about chemical potential 4 = —1.5 eV, as shown in Fig. 15(b)
for the Lag40Cag ¢, VO3, showing that this superlattice is a promising
candidate for a thermoelectric material [76].

The computed values of various thermoelectric calculations for the
pristine and the superstructure vanadate systems are tabulated as in
Table 3 at room temperature. Similarly, the Seebeck coefficient and
the thermoelectric power factor (TPF) (Fig. 15(c)) support the same
conclusion as the curve for ZT vs. chemical potential. Fig. 16(a), (b)
and (c) illustrate the variation of electrical conductivity, Figure of
merit (ZT), Seebeck coefficient (S), and thermoelectric power factor
(TPF) with absolute temperature scale with a constant y = 0.82 eV for
La;_,Ca, VO; systems.

We have also examined the variation of ZT and TPF with thermal
conductivity (x) as in (Fig. 17(a),(b)) and its variation with Seebeck
coefficient (S) as in (Fig. 17(c)). These superlattices exhibit a better
Seebeck coefficient (S), low thermal conductivity («x), and a better
Figure of merit (ZT) and thermoelectric power factor(TPF), indicating
that the sample with 60% of Ca, is a good candidate for thermoelectric
applications [77].
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3.4. Optical properties of La;_,Ca, VO3

The optically induced behaviors of materials are studied by knowing
the optical response of the materials. The variation of real part of
dielectric function, energy loss, absorptivity with respect to photon
energy for various concentration of Ca?* ions in the supercell are
plotted as in (Fig. 18(a),(b),(c)). From these graphs 60% Ca-doped
specimen shows the unique response and found to be active within
the IR and visible regions, indicating that this material is useful for
photo-induced applications.

The variation of real part of refractive index vs. photon energy for
various doping levels of superstructures is shown in Fig. 19(a). The
real part of optical conductivity vs. photon energy curves Fig. 19(b),
indicating that the optical conductivity, fairly larger for infrared and
visible electromagnetic radiation for 60% Ca?* substituted system, but
other two superstructures show the maxima values at around 8-9 eV
(UV radiation) with a optical gap at the start. In Fig. 19(c) shows
the f-sum rules of transition, which measures the total optical weight,
contributing to the effective number of oscillators or electrons during
the absorption or emission of electromagnetic radiation. The sum rules
is consistent with the optical conductivity to arbitrary frequencies.
The optical conductivity from the result of CT-QMC data with MaxEnt
analytic continuation over a wide range of U and p are computed. The
optical conductivity at half-filling, demonstrates insulating behavior
below roughly g ~ 15(eV)~! with U = 3eV Fig. 20(a). The Drude peak at
around zero frequency indicates the metallic phase and the appearance
of other peaks other than Drude peak indicate other transition [78] the
increase in conductivity is primarily associated with narrowing of the
= 0 peak.

Indeed, the quasiparticle contribution to the conductivity is ac-
counted as the Drude peak in the spectrum at low frequency. Its width
accounts for the scattering rate of the charge carriers, whereas its total
weight accounts for their effective mass. The mass enhancement due to
dynamical correlations can be assessed by comparing the weight with
the value obtained in DFT. In fact, the correlations effect reduce the
Drude weight, and in a Mott insulator its value vanishes [79].

Without disorder our calculations reproduce conventional DMFT
results [20,34] where optical conductivity is characterized by the usual
Drude peak at low frequencies and wide maximum at about w ~
U, which corresponds to optical transitions to upper Hubbard band.
The peak of the Drude peak diminishes and disappears as the value
of U increases at Mott transition. Introduction of disorder leads to
qualitative change of the frequency dependence of optical conductivity.
The optical conductivity of Hubbard-Anderson model at half-filling for
different stoichiometric composition of La/Ca ratios are significantly
affected as in Fig. 20(b). The redistribution of the optical conductivities
are estimated for various set of values of U and § as in Fig. 20(c). It is
seen that the lower the values of U and g the Drude peaks are observed
at very close to w ~ 0 otherwise it is shifted and diminished for the
higher values.
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Fig. 20. (Color online) (a) The comparison of the variation of optical conductivity o(w) vs. frequency (w) with a constant U for La, 4,Ca, ¢ VO; system (b) The variation of optical

conductivity o(w) vs. frequency (w) with various proportion of Ca-atom substitutions for U = 10eV and f = 15(eV)™" of La,_,Ca, VO, systems, and (c) The comparison of the
variation of optical conductivity o(w) vs. frequency (w) with different set of U and p values on the for Lay,,Ca,4,VO; system.

4. Conclusions

The cohesive and formation energy calculations reveal that the
pristine and their superstructure are structurally and chemically stable
and viable for synthesis in laboratory. The electronic structure, thermo-
electric transport, and optical behaviors of the site substituted vanadate
systems are investigated using DFT+DMFT along with the maximum
entropy model. The typical MIT for La 4,Ca ¢, VO3 and La ¢, Cag 49 VO3
systems occur at (U=5eV and § =10 (¢V)") and (U=5eV and § =
7 (eV)™), respectively.

At U = 2.95 eV and § = 23.58 (eV)~!, the Mott quantum critical
point (QCP) at an elevated temperature is attained for the La 4,Cay ¢
VO; system. The specimen of 60% Ca-doped system is found to be
optically active uniquely in the visible spectrum of electromagnetic
radiation. The electrical and thermal conductivities are estimated to be
2.11 (Q m s)~! and 1.51 W/(m K s), respectively, assuming a chemical
potential of y = - 0.14 eV using the BoltzTraP codes.

The calculated figure of merit (ZT) is ~ 1.78 at u -1.44 eV,
and the thermoelectric power factor (TPF) is ~ 2 x 10'2 yW/(cmK?)
of the Lag43Caj VO3 system is comparatively higher than those of
other compositions, indicating the potential thermoelectric candidate.
The frequency dependence of optical conductivity o(w) (Drude weight)
and optical spectral weight (f-sumrule) is consistent with the metal-
insulator transition estimated by DMFT and the maximum entropy
model. Finally, the studied samples are suitable candidate for optically
induced Mottronics devices, resistive memory devices, neuromorphic
devices and thermoelectric devices.
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Abstract

The conventional density functional theory (DFT) and dynamical mean field theory (DMFT) is
used to study the structural, electronic and the Mott-Hubbard metal-insulator phase transition of
the pristine and superstructures, LaSr«TiO; (X = 0, 0.20, 0.80, 1). The electrical and thermall
conductivities, Seebeck coefficient, Figure of merit are calculated using the BoltzTraP codes.
The present study reveals that the direct band gap of 2.20 eV and indirect band gap ~2.0 eV at
the I" point in the Brillouin zone of SrTiOjz is upgraded to 3.423eV by using modified Beck-
Johnson (mBJ) interaction potential. The metal-insulator transition (MIT) of LaTiO; and the
superlattice Lag-SrkTiOs have been investigated by using conventional density functional
theory (DFT) and dynamical mean field theory (DMFT). The Mott-Hubbard metal-insulator
transitions for pristine LaTiO; for a Coulombian parameter, U = 2.5 eV and the thermodynamic
parameter p= 6 (eV)" are consistent with the experimental results. A typical set of these
correlation parameters for MIT Lag20SregoTiOs and LaggoSre20TiOz systems are found to be
U=35eVandp=10(€V)*and U =23.2 eV and p = 10 (eV)™ respectively. The characteristic
sharp quasi-particle peak for a sample of LaggoSrosTiOs superlattice systems is obtained
correlation parameter U = 3.0 eV and p = 6(eV) ™. A thermoelectric phase transition is observed
for Seebeck Coefficient at temperature 300 K at near chemical potential, p= 1eV of SrTiOs.
The corresponding figure of merit (ZT) with chemical potential (i) appears to be unity at near
= 1leV.

Keywords: DFT, DMFT, MIT, Superlattice, TMOs.

1. INTRODUCTION

The complex transition metal oxides (TMOs) are
the promising smart materials for the scientific and
technological innovations as well as theoretical
investigation of material world. The TMOs are
complex strongly correlated materials with various
degrees of freedom (dof), such as charge, spin,
orbital, wvalley and lattice interactions. The
heterostructures and nanostructures of such
compounds have exotic and novel properties highly
useful for Mottronics applications [1, 2].

In general, these materials are found in a simple
cubic perovskite ABOs type structures, where the A
and B cations are arranged on a simple cubic
lattice, and the O anions lie on the face centers
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nearest to the cations (B = transition metals) as
shown in Fig. 1.

The cations (A = earlier transition metals or rare
earths) are at the centers of the oxygen, O
octahedral, while the A cations lie at the larger 12-
fold coordinated sites [3-6]. The bonding between
La and TiO, is mainly ionic, and the TiO, entity is
bound covalently in the LaTiO3 system.

The density functional theory (DFT) along with the
dynamical mean field theory (DMFT) is employed
for figuring out the realistic electronic structure of
strongly correlated system. The spectral density of
distribution (spectral function) is obtained using the
maximum entropy model for the La-atom
substituted on Sr-site La.,Sr«TiOz supercell have



been studied using various impurity solvers
including quantum Monte Carlo (QMC) [7].

Fig. 1: (color online) The crystal structures of cubic
phase of pristine (a) LaTiO3z and (b) SrTiO; systems.

The strong electron correlation and other
anomalous electronic properties in the metallic
phase transition (MIT) are of great interest. The
Mott transition in Lax.SrcTiOz system is studied
experimentally employing filling control method,
through the appropriate doping of the holes or
electrons to the system and band control method
through the site substitution of Sr-ion with La-ion
to the system [4,8-10].

The transition metal oxides have narrow conduction
bands due to weak orbital overlap, which leads to
localized electrons with low carrier mobilities.
Transition metal oxides have recently been
considered as thermoelectric (TE) materials that
can operate at high temperature and they have their
transport properties with high Seebeck coefficients
(S) and low thermal conductivity (K). We have
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computed the thermal conductivity K, electrical
conductivity (o/t), Seebeck coefficients (S), and
Figure of merit (ZT) etc. for the SrTiO;and LaTiOs
[11, 12].

The Mottness (the resistive switching) behaviours
of TMOs are highly applicable for designing novel
devices, including sensing, signal conversion, non-
volatile memory, artificial neurons and so on.
Those oxides devices have far more better over the
conventional semiconductor devices in terms of
efficiency, durability, additional functionality and
future downsizing to the nanoscale structures [13,
14].

2. METHODOLOGY AND COMPUTATIONAL
DETAILS

2.1 Theoretical Backgrounds:

The electronic structure and transport properties of
Mott-insulator LaTiO; and band-insulator SrTiO;
and their superlattices systems have been
investigated by using density functional theory
(DFT) based quantum mechanical approach [15-
17].

The optimized cubic phase of SrTiO; and LaTiO;
are taken for the GGA, GGA+U+J, SOC and DOS
calculations by solving self consistent Kohn-Sham
equation for the many-body system as given by,

[—ﬁw Vg (r)}wi =€V, (@)
Where the effective Kohn-Sham potential is
expressed as,

v (r)=v(r)+ j%dﬁ v, (1) @)
And, vxc(r)z%zs)] is the exchange

correlation potential with the probability density as,

(1)~ v (e

The electronic structure and other properties of
these materials are also examined by using
statistical method, such as the density of states
(DOS) per unit energy range as given by

Dn(e) = o J 3(Ep — () de 3)
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with the allowed wavevector in the n band energy
range, ¢ < g,(k) < ¢+ dg is just the volume of a
k-space primitive cell, divided by the volume per
allowed wave vector,

3

Ak = 2T/
The transport coefficients of the TMOs are
investigated for the optimized systems by using
BoltzTraP code, a patching software of WIEN2k
framework, which implements the linearized
Boltzmann Transport Equation (BTE) [18] as given
by,

of,(Ty) (T e 1
o - af((k)) 2 (B =2 k) %
Tu Tu
H).—+t— 4
) Ok, 0t lscattering @)

with f,(T,p) = is the Fermi-Dirac

1
eXp[u_EF]/kBT"'l

distribution for electron and

1 asi,k

va(b1) =35
o
carriers.

is the group velocity of the

From the first-principle, the Seebeck coefficient (S)
and figure of merit (ZT) are calculated as,

_Sop S?

ZT=—"2T (5)
Ka[}
Where ,
— of (T,
Gup(T, 1) = 5 J Gap(e) [~ 2] de (6)

is the electrical conductivity tensor,

of, (T,
Rap (T 1) = gz J B (e = )? |~ =52 de
(1)
is the thermal conductivity tensor,
aB(T w =
of (T n)
mf G,p(e)(e — 1) [ ]dg (8)

is the thermoelectric Seebeck coefficients,
And,
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50p() = & Tk vali OV 03(e — 5)  (9)

is the kernel of all transport coefficients, that is
necessary for calculating the Figure of merit.

Where o and p are tensor indices, Q,pand N are
the volume of the unit cell, chemical potential and
number of K-points implemented respectively.

Furthermore, the dynamical mean field theory
(DMFT) can be applied for realistic picture of
electronic  system by using the Hubbard
Hamiltonian for strongly correlated system as,

=
TAG tac' ac
Clnclo

(10)

Ziljmo tilij11 ]m + lemnoac Ulmnocll

Where, EST(E ) creates (annihilates) an electron
with spin ¢ and orbital index | at lattice site i.

tiijm IS the hopping amplitude between lattice sites
i and j and orbitals | and m.

Ujmno denotes a general local Coulomb interaction
[19-21].

Mapping onto the Anderson impurity model
Hamiltonian for DMFT calculation as

Hamn = Yo €AY 8% + Yo Vim (O8] €5, +
h.c.]
+ lemnoec UlmnoCﬁTAG Tefnefo (11)

Where ajf(ag;) are creation and annihilation
operators for non-interacting conduction electrons
at wave vector k, which have a dispersion €, (k) and
hybridize with the localized interacting electrons
¢t via Vi (K).

The equation with the modeled Hamiltonian (11)

can be solved by various kinds of impurity solvers,
such as CT-QMC, DMRG, NCA, IPT etc.

The interacting Green function and hence the self
energy, Y.(w) can be calculated by using the Dyson
equation as,

[G°(@)]™! = [G(@)] ™ + X(0) (12)

The spectral function, which is associated with the
imaginary part of Green function at a given
momentum is a Dirac &- function [22-25] as,

Ak ®) = —%Im[G(k, ®)] = (0 — ) (13)



And, the total local spectral function coincides with
the Bethe density of states (DOS).

Turning on correlations, the spectral function has a
Lorentzian profile as,

Im ¥ (0)
(o+p—Ho(K)—Re[X(0))2+Im[¥(w)]2

Ak o) = —=| | a9)
The real part of the self-energy shows a shift of the
non-interacting excitations, whereas the imaginary
part of self-energy indicates the broadening of the
quasiparticles excitations. Since, the self-energy
strongly depends on the frequency and in the case
of the Mott insulator, it will lead to a notable
transfer of spectral weights.

The maximum likelihood of spectral function,
A(w), is obtained by maximizing the probability
using Bayesian theorem[26] as,

2

PIA@)IG(w)] = FEA piG () e (15)

P[G(w)]

The Green function, G(w) is data obtained from
the DMFT calculation using CT-QMC-
hybridization technique as the impurity solver.
The reliable features of the spectral function,
such as height and width of the central peak, and
the overall weight and position of the Hubbard
bands are obtained by using the maximum
entropy method with the optimized value of
adjustable parameter, a that will have the
required information of the system concerned.
The algorithm first computes the solution to min
(x® — aS) for a large range of a. The location of
the optimal value of a can be found by plotting a
graph between logy, (¥?) as a function of logso(a),
which gives the maximum likelihood of the
required information lies somewhere in the
portion of information fitting region of the
logistic regression curve (sigmoid curve).

2.2 Computational Details and Experimental
Information

The electronic structure, density of states (DOS),
electronic charge density distribution and transport
behaviours the cubical TMO systems are studied
using the full potential-linearized augmented plane
wave (FP-LAPW) with local orbitals (lo) based on
DFT frameworks. The Kohn-Sham equations have
been solved by the method of self-consistent total
energy calculations within the generalized gradient
approximation (GGA) developed by three scientists
Perdew, Burke and Ernzerhof [26, 27] for
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approximating the electronic and

correlation effects.

We have employed the various schemes, such as
GGA+U, GGA+U+J, GGA+SOC, GGA+mBJ etc.
for improving the underestimated electronic
structure based on the conventional density
functional theory [28,29].

Despite the whole story of DFT calculation, we
have employed the dynamical mean field theory
(DMFT) with the continuous time quantum Monte
Carlo (CT-QMC) -hybridization technique as the
impurity solver for computing the realistic picture
of electronic structure of TMOs, so as to explore
the  Mott-Hubbard  metal-insulator  transition
[30,31]. The statistical inferences are implemented
by applying Maximum Entropy Model for
obtaining the spectral density distribution from
DMFT data [32, 33].

The Mott-Hubbard band splitting of strongly
correlated system have been investigated by using
dynamical mean field theory (DMFT)

The theoretical study of MIT is done using the
density functional theory (DFT) and the dynamical
mean field theory (DMFT) [34, 35]. A band
controlled transition metal oxide system, Lag.x
Sr, Ti0s, which are reconstructed by site
substitution of extended pristine superlattice of
cubic perovskite, SrTiO;. The MIT phase transition
are investigated for the strongly correlated
parameter, U and the thermodynamic parameter, 3
through DFT + DMFT [36, 37].

In the present study, we have used Monk-horst pack
of 7x7x7 k-mesh grid for the pristine TMOs unit
cell. The k-mesh grid of 13x 13 x2 for both of the
superstructures is used for DFT calculation with the
energy and charge convergence criteria for the
entire systems are 10 eV and 10 e respectively.
And the force convergence criterion is 0.05 eV/°’A
used for the entire calculation.

Furthermore, the BoltzTraP codes are used for
computing the thermal conductivity, electrical
conductivity, Seebeck coefficients and figure of
merit (ZT) etc. of the La;,Sr,TiO3 superlattices.

The transport properties of interfaces of LaTiO; and
SrTiO; i.e. Mott and band insulators have shown
high mobility of electron gas due to charge
redistribution of substitutional dopant such as La or
Sr, by charge transfer, crystal polarity etc. [38]. All
the heterostructures are grown on SrTiOz (100)
substrates preannealed at 900 °C and LaTiO; films
were grown using pulsed laser deposition at a
substrate temperature of 500 °C and an oxygen

exchange
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background pressure of 10° Torr. using
polycrystalline La,Ti,O; target. All of the
heterostructures grown found to be metallic on
measuring the transport and Hall measurement of
the system upto 5 T of magnetic field [39].

3. RESULTS AND DISCUSSION
3.1 Structural Stability and Optimization
The optimized parameters for the given TMOs

(systems) are  obtained through  energy
minimization  technique using first-principle
method.

The cubic phase of SrTiOs;, which belongs to the
space group pm-3m is known to be a band
insulating material. The cubic unit cell contains one
molecule with the Sr-atom sitting at the origin (0.0,
0.0, 0.0)a, the Ti-atom at the body center (0.5, 0.5,
0.5)a and the three O-atoms at the three face centers
(0.5, 0.5, 0.0)a, (0.0, 0.5, 0.5)a, and (0.5, 0.0, 0.5)a;
the lattice constant is a = 7.297 bohr. Similarly, the
cubic phase unit cell of LaTiOs; contains one
molecule with the La-atom sitting at the origin (0.0,
0.0, 0.0)a, the Ti-atom at the body center (0.5, 0.5,
0.5)a and the three O-atoms at the three face centers
(0.5, 0.5, 0.0)a, (0.0, 0.5, 0.5)a, and (0.5, 0.0, 0.5)a;
the lattice constant is a = 7.100 bohr (1 bohr =
0.529 A) [40,41].
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In this study the convergence parameters, such as
K-points, rkKmax and Gmax values for SrTiO; are
obtained as 500, 7.0 and 17.0 respectively along
with RMT-values 2.50 for Sr-atom, 1.87 for Ti-
atom and 1.69 for O-atoms respectively. Similarly,
the convergence parameters, such as K-points,
rkKmax and Gmax values for LaTiO5 are obtained as
500, 7.5 and 18.0 respectively along with RMT-
values 2.50 for Sr-atom, 1.82 for Ti-atom and 1.65
for O-atoms respectively.

The crystal structure of SrTiO; and LaTiO; (inset)
with their lattice parameters optimization curves is
shown in Fig. 2.

The optimized unitcell of LaTiO; is promoted to
1x1x5 supercell, so as to study the effect of the
site substitution of Sr-atom on LaTiO; supercell on
the electronic structure and transport properties of
LagxSr«TiO;  superlattice  system[42-44]. The
superlattice, LaggoSre0TiOs system of space group
p4/mm with lattice parameters, a = b =3.592 °A and
¢ = 18.126 °A with RMT values for La-, Sr-, Ti-, O-
are found to be 250, 2.36, 1.65 and 1.49
respectively. For superlattice, LagSrogeTiOs3
system of space group p4/mm with lattice
parameters, a = b =3.853 °A and ¢ = 19.445 °A with
RMT values for La-, Sr-, Ti-, O- are found to be
2.50, 2.50, 1.77 and 1.60 respectively.
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Fig. 2: (color online) The lattice parameter optimization curves of the cubic phases of (a) LaTiO5 and (b) SrTiO;
systems (crystal structures in inset).

3.2 Electronic band structure and Density of
States (DOS)

The optimized pristine SrTiO; and LaTiOs systems
have been taken through self-consistent calculation
for investigating their electronic structure and
transport properties [45-47]. The ground state
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calculation was performed through the energy
minimization technique for the given system. The
calculated energy band structure for cubic phases
SrTiOs is shown in Fig. 3(a).

In the case of LaTiO; system Fig. 3(b), it is
observed that the band at around the Fermi-level is



mostly contributed by e, and ty, orbitals of
transition metals (Ti). The crystal field and the
electrostatic interaction between the V-cation and

SN AN ER\\N

NAER
v

=

E-E(eV)

r X M I
High Symmetry Points

(@)

R. K. Rai, G. C. Kaphle, R. B. Ray, O. P. Niraula

the non-bonding O-2p electrons that produces the
splitting of d-orbitals [48].
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Fig. 3: (color online) The band structure plotted between the total energy versus the various symmetry points for
SrTiO; (left) and LaTiO; (right) unit cell.

There are three doubly degenerate valence bands are
derived mainly from the oxygen 2p orbital which are
separated by a direct gap of 2.20 eV (at the I' point)
from the transition-metal d-derived (Ti) conduction
band. This band gap is corrected to 3.423 eV by
applying the modified Beck-Johnson interaction
potential. It is somewhat lower than the experimental
band gap of 3.75 eV for SrTiO; [49, 50].

The fatbandstrutures of the Ti-atom of LaTiO;
system is shown in Fig. 4.
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The bandstructure of LaTiO; is shifted by
introducing the Coulomb interaction U and it is
shifted further with higher value of U and Hund’s
exchange interactions, J and along with spin-orbit
coupling, (SOC) as in Fig. 5 (a),(b).

It has been revealed that the introduction of
modified Beck-Johnson interaction potential with
GGA calculation for the strongly correlated system,
SrTiO; increases the band gap [49- 51].
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Fig. 4: (color online) Fatbandstrutures of (a) Ti-t,;-orbitals on (left) and (b) Ti-e,-orbitals on (right) of LaTiO;
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Fig. 5: (a) (color online) The shifting of band of LaTiO; with, U =2.11eV and J 0.20 =eV (b) The effect of spin-orbit
coupling (SOC) in LaTiO3 system.

The electronic bandstructure of superlattice, Laggo
Sry0TiO;3 reveals that the system is metallic and the
introduction of Coulombian interaction, U and
exchange interaction, J along with spin-orbit
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coupling (SOC) seems to be the important
parameters for determining the electronic structures
of the materials as shown in Fig. 6.
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Fig. 6: (a) (color online) Bandstructure of the Lag goSrg,TiO3 system without U and J
(b) Bandstructure of same system with U =2.11 eV, J =0.25 eV and SOC.

The density of states (DOS) is essentially the
number of different states at a particular energy
level that electrons are allowed to occupy i.e the
number of electronic states per unit volume per unit
energy is a useful computational tools to find the
electronic structures of materials in the ground
states [14,15]. In order to find the constituent
atomic contribution in the electronic structure and
magnetic behaviors of the system, the partial
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density of states (PDOS) have been employed with
consideration of the spin polarization, so as to
calculate the contribution on electronic structure of
individual atom. The DOS in the vicinity of the
Fermi level within the band structure of LaTiO;
were attributed mostly to these octahedral hybrid
orbitals. In Fig. 7 (a) The DOS of SrTiO; with mBJ
interaction is consistent with the experimental
result [49-51].
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Fig. 7: (color online) The DOS of Lag »,Sro.seTiO3 system for both up and down spin channels.

The symmetrical distribution of DOS for both
channels of the superstructures indicate that these
systems are non-magnetic or paramagnetic in
behaviour.

3.3 Charge Density Distribution and Fermi
Surface of the system

The charge density 3D plot with 2D contour plot (in
inset) of LaTiOs are illustrated Fig. 8(a), and 8(b)
respectively.

The strong covalent bondings between Ti- and O-
atoms have been observed due to the overlap
(hybridization) of O-2p and Ti-3d orbitals, which is
in good agreement with the previously published
papers of perovskites compounds [52,53]. The 2D-
contour plot shows that the chemical bonding is
mainly takes place nearest neighboring atoms.

The 3D-electron density distribution map for
LaTiO3 as shown in Fig. 8(a), with the planes (011)

O - NWE DN
T T

confirms that the electron density distribution is
mainly localized near the ionic cores as expected,
the high peaks of 3D plots shows the contribution
of Ti-atoms, which is symmetric about the core of
the atoms.

The study of Fermi surface of the system also
supports the results obtained through band structure
and DOS structure of the system. The Fermi
surfaces around the various atomic lattice sites,
constituted by several electron and hole orbits are
demonstrated for the LaTiO3; systems as shown in
Fig. 8(b). The Fermi surfaces constituted by 20-40
band levels are shown (inset-1) and the actual
Fermi surfaces of 30-51 band levels with the
tentacles, called monster is shown (inset-2).
Furthermore, the Fermi level, E; crossing through
the energy bands of 30-40 band levels of the system
is demonstrated in Fig. 8(b) [54, 55].
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Fig. 8: (color online) (a) The 3D charge density plot along with the 2D contour plot (inset) of LaTiO3 in (011) plane (b)
The Fermi level crossing through energy bands of 30-40 band levels of the LaTiO; system with its Fermi surface and
the actual Fermi surfaces of 30-51 band levels with the tentacles (inset).
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3.4 Electronic Structure by DMFT

The conventional DFT calculation is not able to
predict the realistic picture of electronic structure
for strongly correlated materials, so we have
employed the dynamical mean field theory (DMFT)
with continuous time quantum Monte Carlo (CT-
QMC) hybridization technique as the impurity
solver for finding the electronic structure of the
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transition metal oxides [56-59].

The characteristic variation of Green function of
imaginary time, (tr =it) with the variation of
Coulombian interaction (U) for the thermodynamic
parameter, f=6(eV)™ is shown in Fig. 9(a) and the
corresponding Fourier transform of G(w) for the
DMFT data showing the MIT with kinks at near
minimum frequency as shown in Fig.9(b).
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Fig. 9: (color online) (a) The variation of Green function vs. imaginary time with various values of U (b) the
corresponding spectral density vs. frequency showing the Mott-Hubbard splitting with U = 4.0 eV.

The complete metal-insulating phase transition is
observed for U =2.5eV and p = 6(eV)™ for LaTiOs
as shown in Fig. 10(a).

Similarly, the characteristic variation of the Green
function of frequency, clearly supports the metallic
and insulating phases of the materials as shown in
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Fig. 10(a). The oscillation of self energy, Y.(w)
oscillation with frequency is shown in Fig. 10(b)
showing that there is no change in self energy,
Y(w) with the variation of the Coulombian
parameter, U.
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Fig. 10: (color online) (a)The variation of spectral density, A(w) vs. frequency for various U values
(b) The self-energy vs. frequency.



Furthermore, the spectral density, A(w), which is
obtained from the Green function, G(r) of
superlattice, LaggoSro2TiO3 system using the
Maximum Entropy model of data analysis
algorithm. The metallic phase with quasi-particle
peak for the superlattice, LaggoSro20TiO; is obtained
for U = 3.0eV and B = 6(eV)" as shown in
Fig.11(a). Furthermore, on increasing the
Coulombian parameter, U for a constant § = 10
(eV)! , the system undergoes metal-insulator
transition as shown in Fig. 11(b).
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The maximum likelihood of the spectral function
A(w), having a realistic features of central peak,
height, width and the overall weight, is obtained by
using the optimal value of the adjustable parameter,
a[60].

The cross validation error is done for obtaining a good
and reliable spectral function with the maximum
entropy method. The location of the optimal « can be
found by choosing its value from the information
fitting region of the logistic regression (sigmoid)
curve as shown (inset) Fig.11 (b).
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Fig. 11: (color online) (a) Green function of frequency vs. frequency showing the quasi-particle peak for
Lag.g0Sro.20TiO3. The logistic regression curve or sigmoid curve (inset), which is the cross validation error analysis of
calculation. (b) The metal insulator phase transition for U =3.5eV and =10 eV for superlattice, Lag ,0Sro gTiOs and
the logistic regression curve along with the curvature of it (inset).

3.5 Transport properties of SrTiO; and LaTiOs;

The various properties of materials, such as the
transport properties are also associated with the
electrons and lattice interactions. Here, the density
functional theory (DFT) have employed for
investigating electrical, thermal, and thermoelectric
behaviours of TMOs based on the BoltzTrap
module [11,61]. The ever-increasing computing
power has made the first principles calculation
more and more accurate and straightforward. As the
transport properties of the materials are electronic
bandstructure dependent quantities, the BoltzTrap
codes, which implements the linearized Boltzmann
transport equation is applicable to compute various
transport  coefficients including intermetallic
compounds, high T¢ superconductor and
thermoelectric materials etc.

The study of transport properties are highly useful

to predict and design a new materials for diverse
fields, such as the superconductors, transparent
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conductors, transparent insulators, inter-metallic
phases as well as the efficient thermometric
materials [18, 61].

The significant variation of electrical conductivity,
(°/7) and thermal conductivity, (k) with
temperature are observed for the different
proportion of Sr-atom in the supercells for a
constant chemical potential, u = 0.821 eV. But, the
change of electrical conductivity varies slowly (not
significantly) with temperature whereas the thermal
conductivity varies significantly with temperature
along with the various proportions of Sr-atoms on
the supercells.

The comparison of Figure of merit (ZT) wvs.
chemical potential (i) at room temperature shows
that the ZT~1.78 for a system with 40% of Sr-ions
at around p = - 0.7 eV. A remarkable thermoelectric
phase transitions are observed for Seebeck
Coefficient at temperature, 300 K for the systems
with higher proportion of Sr-ions.
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Fig. 13: (color online) (a) The comparison of Figure of merit (ZT) with chemical potential (1) at room temperature for
various proportion of Sr-ions (b) The thermoelectric phase transition are observed for Seebeck Coefficient vs.
chemical potential () at temperature, 300 K.

The ultimate study of finding these transport
properties is to investigate the possibility of
promising thermoelectric materials by knowing the
Figure of merit (transport coefficient) as shown in
Fig.13. The higher the value of ZT confirms that
the better the potential materials for thermoelectric
application for recycling the wastage of heat energy
[62,63].

4. CONCLUSIONS

The electronic structure and transport properties of
pristine LaTiO; and SrTiO; along with their
superlattice system have been studied using
conventional DFT and DMFT.
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The shifts in the energy bands of TMOs are clearly
observed by introducing the Coulombian
interaction (U), Hund’s exchange (J) and spin-orbit
couplings (SOC). The calculated band gap for
SrTiO; is found to be 3.423 eV with mBJ
interaction potential, which is clos e enough to the
experimental information.

The dynamical mean field theory (DMFT) with CT-
QMC-hybridization as impurity solver have
employed to investigate metal-insulator (MIT)
phase transition of pristine LaTiO; and the
superlattice  of  Lag.SrkTiOz  system. The
correlation parameters for the pristine LaTiO; for a
distinct metal-insulator transition (MIT) are



obtained for U = 2.5 eV, B =6(eV)" and J = 0.60
eV. Whereas these parameters are found to be U =
32 eV, p=10 (eV)" and J =0.60eV for the
LaggoSro0TiOs system and U = 3.5 eV, B =10 (eV)
! and J =0.60eV for the LagSresTiOs system
respectively. The spike of the quasiparticles at
around the Fermi level of LaggySre.0TiO3 system is
observed for U =3.0eV, p= 6(eV)™?, J = 0.60eV.

The thermal conductivity varies significantly with
the temperature but the electrical conductivity is
observed to be remains same with temperature for a
system. The higher value of Figure of merit, ZT
~1.75 and 1.99 are calculated for the systems with
40% and 60% of the Sr-ions. The thermoelectric
phase transition with chemical potential, u are
observed at around p~ -1.4 eV for system with
higher proportion of Sr-ions. Thus, the Lag.
wSIkTi0z systems are the potential candidates for
the  thermoelectric  application at  higher
temperature.
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ABSTRACT
The Mott-insulator phase transition behaviour of the superstructure of strongly correlated
system, Ca,Sr.,0VO;s (x =0, 0.33, 0.67, 1) have studied using the conventional density
functional theory and the dynamical mean field theory. The Mott-Hubbard metal-insulator
phase transition of superstructures, Cagz3Sros7VO3z and CagerSro33VO; formed by the CaVO;
and SrVO; correlated metals, are obtained at U=4.5 eV with p= 6 (eV)™ and U=4.5 ¢V with p=
7 (eV)™ respectively. The values of U and p calculated through the Maximum Entropy model
using the Green’s function data, are consistent with the experimental results. The value of
Seebeck coefficient (S) of superstructure Cags3Sros;VOs; and Cags7Sro33VOs are found to be
+0.0011]V/K] and -0.0011[V/K] within the chemical potential u = —1.266eV to p=
—0.938 eV. The figures of merit (ZT) are found to be 0.97 at room temperature for these

Research Article © Nepal Physical Society
DOI: http://doi.org/10.3126/jnphyssoc.v7i1.36968

systems. The variation of electrical and thermal conductivities has also been discussed.

Keywords: Complex TMOs, DFT, DMFT, Superstructures, Strongly Correlated System.

1. INTRODUCTION

The superstructure of perovskite materials have
gained a lot of interest due to their promising
applications for the electronic and transport
properties as well as from its fundamental aspects.
The transition metal oxides (TMOs) in the
perovskites (ABOs) geometry are smart materials
found abundantly on the earth crusts. These
materials are used for numerous applications in the
field of electrical, electronics, medical, defense
technology and etc. [1, 2]. The modern technology
assisted human civilizations through scientific
revolution are being upgraded by exploring the
smart materials. One of the categories of promising
smart materials for the future is regarded as the
TMOs in their nano-structures and superstructures
[3]. The present study focused on the structural,
electronic and transport properties of energetically
stable  superstructures  Cag33Sres’VO3  and
Cap67Sr0.33VO0s.

The pristine SrVO; is found in cubic phase, belongs
to the space-group Pm-3m with the Ca-atom sitting

at the body center ( %2, %2, ¥ )a. The transition
metal, V-atom is sitting at the origin ( 0.0 , 0.0 ,
0.0 )a and the three O-atoms siting at the three face
centers with Wyckoff’s coordinates (%2, %2, 0.0)a,
(0.0,%,%)a, and (Y2, 0.0, %2 )a[4].

Similarly, the pristine CaVO; system in cubic phase
belonging to the space-group Pm-3m with V-atom
at the body center ( %2 , %, % )a. The Ca-atom is
sitting at the origin (0.0, 0.0, 0.0 )a and the three O-
atoms sitting with Wyckoff’s coordinates at ( 0.0,
%, 0.0)a, (0.0, 0.0, % )a, and ( %2, 0.0, 0.0 )a[4].
The stable crystal structures for the pristine CaVO;
and the superstructure, Cag33Sro VO3 are shown in
fig.1 (a), (b).

The study of metal-to-insulator transition (MIT)
caused by a strong electron correlation along
with anomalous electronic properties in the
metallic phase near the Mott transition,
provide the various information regarding
application in Mottronics, such as the volume
resistive switching action, Mott FET, quantum
gates etc. [5].



Though, MIT of the compounds can be studied
through the hole or electron doping to the system
either by band control or filling control methods
[6]. Here, we used band controlling method to

R. K. Rai, R. B. Ray, G. C. Kaphle, O. P. Niraula

explain the MIT of experimentally synthesized
compounds, Cag33Sres7VO3 by substituting Ca-ion
in place of Sr-ion within the framework of 1 x1 x2
supercell of CaVOsas shown in Fig. 1.

(b)

Fig.1: (a) (color online) The crystal structure of the pristine CaVO3 at which V-ion is octahedrally co-ordinated by
oxygen ligands (left) (b) the superstructure, Cag33Srg67V0; (right)

The Mott transition behaviours of such systems are
also studied using the density functional theory
(DFT) and the dynamical mean field theory
(DMFT) by various groups [7, 8]. A simple
transition metal oxide system Ca,_,Sr,VOs; with a
3d" electronic configuration and a cubic perovskite
lattice structure with the orthorhombically distorted
SrVO; upon increasing the Ca-doping have been
investigated using LDA+DMFT [9-11].

In the present study, the stable structures, electronic
properties are studied through conventional DFT
and the MIT phase transition of pristine TMOs and
their superstructures are studied through DMFT.
The transport properties are also investigated
through  BoltzTrap  frameworks  (explained
elsewhere). The materials under study are highly
applicable for electrical, electronic, memory, and
energy  devices. The  superstructure and
nanostructure are of great interest of their Mottness,
high efficiency of power conversion and high ZT
factors. The Mott transition phenomena is useful
for designing a leaky integrate and fire (LIF)
artificial neurons [12-17], for neurocomputing,
artificial neural network, machine learning etc.

Though, the MIT has various applications in
different purposes, there is lack of systematic
theoretical study compare to the experimental
study. So, we are motivated to go more insight into
the newly reconstructed superstructures for
exploring MIT and thermoelectric properties.

Furthermore, the transition metal oxides have
narrow conduction bands due to weak orbital

overlap, which leads to localized electrons with low
carrier mobilities. Transition metal oxides have
recently been considered as thermoelectric (TE)
materials that can operate at high temperature and
they have their transport properties with high
Seebeck coefficients (S) and low thermal
conductivity (K) and hence the higher value of
figure of merit (ZT).

We have computed the thermal conductivity A
electrical conductivity (o/t), Seebeck coefficients
(S), and Figure of merit (ZT) for the designed
superstructure [18] using semi-classical linearized
Boltzmann transport equation.

2. THEORETICAL, COMPUTATIONAL
DETAILS AND EXPERIMENTAL
INFORMATION

2.1 Theoretical Details:

The electronic structure and transport properties of
correlated electronic system are investigated
employing ab-initio approaches through the full
potential linearized augmented plane wave (FP-
LAPW) method with local orbitals (lo) [19, 20].
The optimized cubic phases of CaVO; and SrVO;
and their superstructure framework are taken
through the self-consistent calculation based on
Kohn-Sham equation as given by,

2m

[_h_vz +v, (r)}ui =gy, (1)
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Where the effective Kohn-Sham potential is
expressed as,

Veff(r) = V(I‘) + fez %dr/ + ch(r) T (2)

5 n.(r)]

with, v_(r)= ()

is the exchange

16

Eeor(a) = Eo + m{[(?’)z - 1]3

Where, By is the bulk modulus of elasticity at
equilibrium (pressure =0), Vq is the equilibrium

. : 0B .
volume per atom/unit cell, B, = (5)P=0 and E, is
the total energy at equilibrium are treated as fitting
parameters [20,21]. All the calculations were

performed using the optimized parameters.

of, (T _ (T e

pn —v, (i, k).

with £, (T, p) = is the Fermi-Dirac

1
T
1 0gjk

distribution for electron and v,(i,k) ==

7 ok, is the

group velocity of the carriers.

For the figure of merit (ZT), the following equation
is employed,

2
zT=20% 1 __ (5)

Kap

Where, o,3(T,p1) is the electrical conductivity
tensor, 1,g(T, ) is the thermal conductivity tensor,
Sqp(T, 1) is the thermoelectric Seebeck coefficients,
Where o and B are tensor indices, pand N are the

chemical potential and number of K-points
implemented respectively [22].

Furthermore, the actual metal-insulator transition
can be understood by using the dynamical mean
field theory (DMFT), which starts from the
Hubbard Hamiltonian [23-25] for single site
interaction of opposite spin electrons as,

H= Z(aB) taBC;—CB + UZa NNy === (6)

Where, t,g is tight-binding hopping amplitude

1 .
ar E(E_EV“(I’k)XH)' ok, T o

correlation potential with the probability density,
N
()= X

The optimized value of the lattice parameter, a is
calculated using the concept of Birch-Murnaghan
equation of state as given by,

S CRNIONEE

The theoretical prediction of transport coefficients
of the TMOs are investigated for the optimized
systems by using BoltzTraP code, a patching
module of WIEN2k framework, which implements
the linearized Boltzmann Transport Equation (BTE)
[18, 22] as given by,

of,(Tw | ofu (T,

- (4

scattering

between the lattice sites oand 3, c;r(ca) are the

creation (annihilation) operators of electrons on

localized orbitals on site, « and n, = c:[ca is the

localized occupation number on site, a.

The DMFT maps the lattice problem (Hubbard

Hamiltonian) of Eq. (6) onto a self-consistent

auxiliary impurity problem, which is here solved

numerically by the quantum Monte Carlo (QMC)

technique, combined with the maximum entropy

method [26], this technique allows us to calculate

spectral functions.

The DMFT self-consistency cycle starts with an

initial guess for the hybridization function,
2

Aiog) = 3,

ion—€y,

or bath Green's function,

Go(ioy) = [ioy + pA(ion)]™ - (7)

which determines the initial “bath” for the modified
quantum impurity model.

Where, V, is the hybridization amplitude, €, is the
bath energy level and (iw,) is the Matsubara
frequency associated with the imaginary time, (t).
Using one of the quantum impurity solvers with the
imaginary-time Green's function,

G(r) = ~(Tec(®)cT(0)) - (8)



or its Fourier transform G(iw,) and the Matsubara
self-energy is,

Z(ioy) = go_l(imn) - G_l(imn) --(9)

are computed. This is actually the Fourier transform
of Dyson equation, which computes the new bath
Green’s function, for the next iterative self-
consistent cycle [27-29]. The Green’s function is
then used for calculating the spectral function
A(k,w), which is the imaginary part of the single-
particle Green’s function and therefore contains full
information about the temporal and spatial
evolution of a single electron/hole in the interacting
many-electron system.

Ak, o) = —%ImG(k, ®) - (10)

The spectral function A(w) is analogous to the
density of states(DOS) of conventional DFT.
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2.2 Computational Details

The first-principles based approach has been used
to deal with the structural, electronic properties of
TMOs and their superstructures, employed on
FPLAPW [30, 31]. The transport properties of the
superstructures are calculated by solving the
Boltzmann transport equation using BoltzTrap
codes.

The conventional DFT is used for bandstructure
and DOS calculation, which is used for the DMFT
calculations. For the DFT calculation we have
employed generalized gradient approximation
(GGA) with the correlation functional as proposed
by Perdew, Burke and Ernzerhof (PBE) exchange
energy scheme [21,32].

The optimized parameters for the pristine systems
and superstructures used for the present study are
listed in the table 1.

Table 1: The required values of lattice parameters, K-points, rKmax, Gmax and RMT* of the
compounds with their space group used for the calculation.

S.N. Name of Space Optimized | K-points | rKmax Gmax RMT
system group lattice
constant
1. | CaVvO, pm-3m 3.65 A 800 397A 14 Ca = 242, V =
(221) 1.79and O =1.62
2. | SrVO; pm-3m 3.86 A 750 397A |16 Sr = 246, V =
(221) 1.83and O = 1.65
3. | Cag33Sroe7VO3 | P4/mmm a=b= 800 397 A 16 Ca = 250, Sr =
(123) 3.96 °A and 250, V = 195
c=7.93A and O = 1.77
4, Cap67Sro33VOs3 | P4A/mmm a = b =750 3.95 A 15 Ca = 250, Sr =
(123) 3.95°A and ¢ 250, V = 1.95
=791 A and O = 1.77
*RMT = Muffin-Tin radius of the elements
(All the values are consistent with the experimental results)
The Monk-horst pack of 11x11x5 k-mesh grid is  spectrometer, Photometrics and the optical

used for the superstructures. The DMFT
calculations are performed for various sets of
coulombian interaction, ] and the
thermodynamical parameter, 3 in order to identify
the critical value of MIT for each of the
superstructures [33-35]. The energy and charge
convergence criteria for the entire system are 107
eV and 107 e with force convergence 0.05 eV/ °A.

2.3 Experimental Information

The single crystals of  superstructures,
Ca;_SrVO0s (x =0, 0.25, 0.5, 1) have grown for
studying optical conductivity using a triple

reflectivity measurements using a Michelson-
type Fourier-transform infrared spectrometer
[36]. The spectra of SrvVO; and CaVO; are also
studied with bulk-sensitive high-resolution PES
and XAS [37]. The Mott—Hubbard insulating gap
for different values of U for vanadates and
titanates system were also studied from the
various groups [38-40].

These experimental facts motivate us to perform the
theoretical study to go more insight into the
electronic and transport properties used for various
applications in Mottronics.
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3. RESULTS AND DISCUSSION

3.1 Structural Stability

The structural stability of the compounds CaVOs,
SrVO; are calculated through energy minimization
process. The value of the optimized lattice
parameter for pristine CaVO; and SrVO; are found
to be consistent with the experimental results [41,
42]. The reconstructed superstructure, Ca,Sr;x VO3
(x =0.33, 0.67) using the base of 1x1x2 supercell
of SrVO; and the site substitution of Sr-atoms by
Ca-atoms on the supercell have been studied for
their various properties.

-3701.608 v . . . . 2 -
-3701.64
-3701.68 |

-3701.72 ¢

Energy [Ry]

-3701.76 -

-3701.80 -

-3701.84 ¢
- | i | I === L i .
69 6.95 7 7.05
Lattice parameter (bohr)

(@)

These superstructures with space-group P4/mmm,
are also examined their stability through energy
minimization process. The optimized lattice
parameters of the superstructures, CagzsSros7VO3
and Cag7Srp33VO5 are obtained and tabulated as in
table-1.

The optimized structure of the sample CaVO;
and Cag 7Sr0.33V O3 are shown in inset along with
the energy vs. lattice parameter plot as shown in
Fig. 2.

The lattice parameters of the superstructures are yet
to be verified by experimentation.

-12276.840% . . r . ——r . . _—
-12276.850 |

-12276.860

\
-12276.870 | ks

Energy (Ry)

-12276.880
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7.2 == 75 - 78
Lattice parameter (bohr)
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8.1

Fig. 2: (color online) The crystal structures (inset) and lattice parameter optimization curves for
(a) CaVO; system (b) Cag 33Sro.67VO5 system.

3.2 Electronic Structure of Ca,Sr(;.4VO; System
3.2.1 The Band structure and DOS

The bandstructure and the DOS plots of CaVO;
and SrVO; systems are found to be well agreed
with the previously calculated theoretical and
experimental results. Both of these systems are

o

-

N
/
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Energy(eV)
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J
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| -
' X MA R ZTI 3 6 9 12 15
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(@)

correlated metals [45].

The combined plot of bandstructure and DOS of
Cag33Sros7VO; and CaggrSrossVO; are shown in
Fig. 3 (a) and (b) indicating that these
superstructures are also found to be correlated
metal from the conventional DFT calculation.

LY/ ams

RSV AN

/

Energy(eV)

r X M r 5 10 5
Symmetry Points DOS(/eV/band/spin up)

(b)

Fig. 3: (color online) The comparison of bandstructure and DOS for spin up channels of
(a) Cag33Sro67V0; system, and (b) Cag 7Srg.33V03 system.
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Furthermore, the asymmetric distribution of DOS in
spin up and spin down channels (Fig. 4) for the both
superstructures CagssSros, VO3 and CaggrSrosVOs
indicating that they show magnetism in ferromagnetic

sall

Total (DOS)/eV/band/spin

Density of States(DOS)/eV/band/spin
o

a 8

0 4
Energy (eV)
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orderings. The magnetic moments are found to be
1.47 Uy and 0.78 Uy for Cao_338r0_57VO3 and
Cay67Sro23V 03 systems respectively.

150 —

50

-50

Total (DOS)/eV/band/spin
o

-100

Density of States(DOS)/eV/band/spin

T

150 . . a 2 o 2 a
-0.3 o 03
E-E_ (eV) Energy (eV)

(b)

Fig. 4: (color online) The DOS plots for (a) Cag33Sros;VOsand (b) Cage;Srp33V0; systems.

3.2.2 The Charge Density Map and Fermi
Surface of the Ca,Sr;VOs;:

The charge density contour plot shows that the
Cap33SroeVO; system have a strong covalent
bonding between V and O-atoms which is mainly
due to p-d hybridization of O-2p and V-3d orbitals

Scale: A n(r)

+0.0013 F
+0.0083
+0.0511
+0.3150
+1.9436
+11.9924

ERODOMN

Print Thermo [Z/

as shown in Fig. 5(a) [46-49].

The Fermi surface plot (in inset) with band crossing
by Fermi level of superstructures also supports the
electronic structure calculations as shown in Fig.
5(b) [50, 51].

1.172

E /Ry

-0.197

260 0.460 0.650
Band Widths (spin type: up)

(b)

Fig. 5: (color online) (a) The 2D-contour plot of charge density distributions showing the bonding between
neighboring atoms (b) The Fermi-surface (in inset) showing band crossing of Fermi level with 30-65 band levels.

3.3 The Dynamical Mean Field Theory (DMFT)
calculation:

The Mott-Hubbard metal-insulator  transition
phenomena of the strongly correlated system are
investigated using the numerical simulation of the

data obtained from the conventional DFT
calculation.
In general, the conventional DFT (GGA)

underestimates the electronic bandstructure of
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strongly correlated system. Thus, we have used the
dynamical mean field theory (DMFT) along with
the DFT for the realistic calculation of electronic
structure of superstructures [52 - 54]. From the
DMFT calculations, the value of U and 8 required
for Mott-Hubbard band splitting are calculated with
the help the Green’s function vs. imaginary time
and its Fourier transform plots as shown in Fig.

6(), (b).
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Fig. 6: (color online) (a) The variation of Green’s function G;(t) with imaginary time
(b) The plot of Fourier transform of Green’s function, G;(w) [54].

The characteristic variation of Green function of
imaginary time, Gy(t)with the imaginary time (1)
for various values of U, for the superstructure of
Ca,Sr1x»VO; system is shown in Fig. 6(a) and the
corresponding variation of spectral density, A(w)
with the frequency (o) is shown in Fig. 6(b), which
is obtained by using the maximum entropy method

Spectral Density, A(w

’ Frequency, (n)

(@)

of data analysis algorithm[ 55,56 ].

Moreover, Fig. 6 shows that the Mott-Hubbard
band splitting starts from U =4.5 eV for the value
of =6 (eV)™. The corresponding spectral density
plot of G;(t) for the superstructure, Cag33SrosVO3
with =6 (eV)™ and various values of U is shown
in Fig.7 (a).
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Fig. 7: (color online) (a) The spectral density vs. frequency for showing metal-insulator transition (MIT) with the
variation of U for B =6 (eV) ™. (b) The plot of real and imaginary part of retarded Green’s function vs. frequency with
U=4.5eVandB=6(eV)™.

The Mott-Hubbard splitting of Cage7Sre33V0s
system is obtained at U = 4.5 eV with = 7(eV)
!(not shown in the graph).

Similarly, the corresponding real and imaginary
part of retarded Green’s function of frequency is
shown in Fig. 7(b). In the Fermi liquid regime, the
real part of the self energy leads to the shift of the
non-interacting excitations, whereas the imaginary
part is responsible for the broadening of the
quasiparticle excitations. As the self-energy
strongly depends on the frequency and in the case
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of Mott insulator, it will lead to a notable transfer of
spectral weights.

The validity of spectral function, A(®) obtained
from the maximum entropy model is checked
through cross validation error (logistic regression
analysis) as shown in fig. 8(a), (b) [56, 57].

From the sigmoid curve of logistic regression, the
optimized value of « lies in the information-fitting
region indicating that the data obtained by our
calculation is realistic and information are close to
the experimental results [58].
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Fig. 8: (color online) (a) The logistic regression curve (sigmoid curve) for the optimized value of a (b) The error of
logistic regression curve obtained by the curvature of the logyox? (K) versus log;,(a).

3.4 Transport properties of for Ca.Sr;,\VO;
system:

The transport properties of the superstructure are
calculated using semiclassical linearized form of
BTE through BoltzTrap frameworks implemented
on ab-initio codes [59]. The graph showing the
comparison of (a) Electrical conductivity (o/t) and
(b) Thermal conductivity (k) at room temperature
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are shown in fig. 9 (a), (b) for the superstructures,
Cap33Srps,VO3; and Cagg7Sros3VO; with blue and
red colors respectively. And the variation of
Seebeck coefficient (S) with respect to the chemical
potential, (n) at room temperature for
Cap33Sros7VO3 and Cage;Sros3VOs systems are
shown in Fig. 10 (a) with blue and red colors
respectively [18, 58, 59].
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Fig. 9: (color online) (a) The variation of electrical conductivity (o/t) vs. (i) (b) The variation of thermal conductivity
(x) vs. (W) for Cag33Srge,VO3 and Cagg;Sr33V03 with blue and red colors respectively [59, 60].

From the study of thermoelectric properties the
figure of merit (ZT) factor for the superstructure
Cap33Sros7VO;  with blue color  and
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Cag.g7Sr0.33VO3 with red color are nearly equal to
unity (= 1) at near from p=-1.266¢eV to
u = —0.938 eV Fig. 10(b).
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Fig. 10: (color online) (a) Variation of Seebeck coefficient (S) with chemical potential (u)
(b) Figure of merit (ZT) at room temperature with chemical potential (i) for superstructures,
Cap 33Sro.67V0; and Cagg7Sro.33V0; with blue and red curves respectively [60-63].
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The similar kind of thermoelectric properties are
observed for both the superstructures, which can be
used for the Mottronics applications.

4. CONCLUSIONS

The stability of the pristine and their superstructure
are examined through energy minimization method.
From the calculations, the lattice parameters for the
stable superstructures, Cag33SresVO3 is found to
be, a=bh=3.96 A’ and c=7.93 A’ and for
Cag67Sr33V0s is found to be, a=b =3.95°A and ¢
= 791 A’ The Mott-Hubbard metal-insulator
transition for their superstructure, Cag33Sroe7VOs
and Cag67Srp33VO5 are obtained at U = 4.5eV with
B = 6(eV)" and U = 4.5¢V with B = 7(eV)*
respectively, through DFT and DMFT with the
continuous time quantum Monte Carlo (CT-QMC)-
hybridization method. This clearly indicates that
both compounds are wuseful for Mottronics
application. Furthermore, the ZT factor of the
superstructures are approximately unity (~1). The
estimated values of Seebeck coefficients and
transport  coefficients for the superstructure
framework reveal that they can be used as the
promising candidates for thermoelectric materials.
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Abstract. We assess the continuous-time quantum Monte Carlo (CT-QMC) technique with hybridization expansion for solving
the electronic structure of the strongly correlated system LaxSr;_x VO3 . The impurity solver method implemented here shows the
fair agreement with the other available Monte Carlo techniques. From the study, it is found that the CT-QMC technique clearly
distinguishes metallic phase, quasiparticle phase and insulating phases of the system depending upon the strength of the correlation.
In case of Lag 33Srg.67VO3 system the metal-insulator transition is found to be at U = 4.5 eV for § = 6(eV)*1 . The value of U
depends with the value of 8, and also the value of Hund’s coupling (J) and bandwidth (W). This technique allows the particle to
exchange with the reservoir of the particles and the impurity sites, which is accounted numerically to treat the temporal fluctuation
of the fermionic systems termed as dynamical mean field theory (DMFT). This theory is used to explain the phenomena of Mott-
Hubbard metal insulator transition of the materials which are applicable for designing the Mottronics, Neuromorphic computing,
Quantum computing and resistive memory devices.

Received: 14 August 2021; Revised: 30 October 2021; Accepted: 15 November 2021

Keywords: CT-QMC, DFT, DMFT, MIT, Neuromorphic Computing.

INTRODUCTION

The strongly correlated systems, having Mott-Hubbard
metal-insulator transition (MIT), are of great interest be-
cause of their application in Mottronics, Neuromorphic
computing, Quantum computing and volume resistive
memory devices [1]. The properties of such materials
are depending on tunable parameters like Coulomb inter-
action (U), thermodynamic parameter (), Hund’s cou-
pling (J), and bandwidth (W) [2]. In particular the MIT
phenomena is explained through dynamical mean-field
theory in addition to the density functional theory (DFT),
which accounts the temporal fluctuations in many-body
system at which spatial fluctuation is negligible [3]. Here,
we describe CT-QMC technique with hybridization ex-
pansion as the impurity solver of DMFT equation to study
MIT for strongly correlated system, La,Sr;_xVO3. The
strongly correlated systems have incoherent electronic
property, which is mainly due to the electron-electron in-
teraction on the lattice sites. MIT mainly causes due to

charge and spin degree of freedom, and orbital orderings.
These are the parameters, which also explain the nature of
Anderson localization, Jahn-Teller distortion and the un-
predictable incoherent metallic behaviours near the Mott
metal-insulator phase transition. The orbital degree of
freedom essentially important to understand the nature of
d-orbital ordering associated to behavior of MIT [2, 3,
4]. Controlling the parameters U, J and 8 through filling
control, bandwidth control and dimensionality control
can tune these properties. For this, one can adopt the
DFT plus the DMFT approach as well as experimental
approach [5]. Kim, M. et al. used DMFT combining
with ab initio density functional methods with the gen-
eralized gradient approximation (GGA) to account the
itinerancy and localization of electrons [6]. Streltsov et
al. also used the DMFT to predict the Hubbard satellite,
which splits the conduction band of a metal and hence
explain the Mott insulator [7]. Rubtsov et al. devel-
oped CT-QMC algorithm to study the interactions and
superexchange of fermions, which is successfully imple-
mented in multi-band model on non-local spin-flip terms
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[8]. Dirks et al. implemented the CT-QMC to obtain
the precise and unbiased imaginary time data and the
corresponding physical observables are obtained through
analytic continuation using Maximum entropy model [9].
Chatterjee et al. explain how amplitudes of Friedel oscil-
lations and the screening charge decrease with increasing
the interaction, which is finally ceases in the Mott insu-
lator regime with finite residual screening charges using
CT-QMC [10]. Similarly, this technique used to study the
realistic calculation of strongly correlated materials hav-
ing d- and f- electrons by using a set of SU(2)-symmetric
Kanamori Hamiltonian by Parragh et al. [11]. Kowal-
ski et al. developed CT-QMC hybridization algorithm to
study the splitting of d-orbitals and local Coulomb in-
teractions, which is extremely useful to explain the Mott
insulating behavior [12]. Experimentally, the angle re-
solved photoemission spectroscopy (ARPES) was used to
probe the presence of Hubbard bands [13]. Here, in this
communication we review the theoretical background of
the solution of DMFT equation implementing CT-QMC
technique with hybridization expansion to explain the
phenomena of Mott-Hubbard kinetics in superstructure
of strongly correlated systems LaxSri_xVOs3 [14, 15, 16,
17, 18, 19]. The process of implementation of recon-
structing data from CT-QMC through maximum entropy
model, which is useful to predict Mott phase transition
of TMOs, has been discussed [20, 21, 22, 23, 24, 25,
26, 27]. We believe present study helps to understand
the properties of field driven MIT which is applicable
for designing the Mottronics, Neuromorphic computing,
Quantum computing, other resistive memory devices [28,
29, 30, 31, 32, 33, 34].

METHODOLOGY AND
COMPUTATIONAL DETAILS

We discuss the theoretical background of Monte Carlo
technique, the kernel of the CT-QMC through which
computer generates a series of pseudo random num-
bers. These pseudo random numbers are then used to
either simulate naturally random processes, such as elec-
tronic fluctuation in lattice sites [35, 36]. The explana-
tions of theory related to CT-QMC for estimating Mott-
Hubbard MIT phase and implementation of technique to
the LaySri_xVO3 has been discussed. Further compu-
tational detail and codes used for the generation of data
were also be discussed. The Mott-Hubbard MIT in a
solid, in fact arise due to quasi-particles behaviours of
electrons, which can be characterized by (a) the pres-
ence or absence of spontaneously broken symmetry (b)
the gapped or gapless low energy neutral particle exci-
tations (c) the presence or absence of topological phase
transitions [37]. The Mott transition problem of strongly
correlated electronic system is directly addressed by the

DMEFT framework for such materials [38]. The single
site Hubbard Hamiltonian for representing an interacting
system is,

Hift“ZCiTGCjG +UZni¢ni¢, (1)
ij,0 i
The non-local part of interaction is,
Hion—local = _tZ (C;'GCjO_ =+ C;gcio) 2)
ij,0
And the local part of interaction on site i is
3)

Hiocal = UZ C;‘CiTcﬁcil
i

Considering the fermionic cases on site i, we must real-
ize that the hopping term does not conserve the particles
number at the site. The single-site lattice model (Hubbard
model) is then mapped onto a self-consistent quantum
impurity model (Anderson impurity model) representing
the interaction on real crystal lattice site i as in Fig. 1.
The impurity Hamiltonian is the basis of DMFT in which
the various kinds of impurity solvers including CT-QMC
method are implemented [39].
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FIGURE 1. (Color online) The local field interaction for a fcc
lattice. In the limit of infinite dimension d — oo or Z — oo , the
local field h; surrounding a single atom can be described by an
effective field i1psrwith no spatial but only the fluctuations of the
electronic system [40]

The Anderson impurity model:

The Anderson impurity Hamiltonian representing the
many-body system is,

H =Y 51 (k) asag + Unging,
+ Zk,c [Vk,a(k)C;LO.CG + h.C.]

+ Xk o o (k)ef oo “
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Where, gy(k) is the energy level of the impurity, al;
(corr. ag) is the creation (corr. annihilation) operator
for an electron with spin ¢ on the impurity, & (k) is

the energy spectrum of the bath cj, (corr. cg) is the cre-
ation (corr. annihilation) operator for an electron with
spin ¢ and momentum k in the bath and Vi (k) is the
hybridization parameter(coupling constant) [41]. The
partition function associated with the impurity and its
fermionic bath is,

Z = Trlexp—B ) %)

A very successful way to analyze the system using the
numerical technique with the imaginary time formalism,
the partition function is the path integral over Grassman

variables [42] aI, and as expressed as,

2 [ D[af 0] exp(Sur) ©)

Where, S¢ is the effective action associated with the
lattice Hubbard model Hamiltonian, which is solved by
mapping onto a single-site impurity Anderson model
Hamiltonian Eq. (4).

Setr = — Lo Jif dedt'al (2)%5, (7 — T)ac (7))

o

+ J§ dTUny (t)ng (7) @)
The non-interacting (U = 0) Green’s function
Do (i) = i@y — &0 — Ag (i) ®)

According to Matsubara, the hybridization part of inter-
action is,

\% 2
Ao-(i(l)v) — Z | kO’(k)l (9)

= i0y — &g (k)

Which describes the transition between the bath and the
various orbitals [43].

Evaluating the partition function with
Monte Carlo sampling:

The varieties of quantum Monte Carlo (QMC) methods
are the most useful tools for the numerical study of many-
body systems with strong correlated fermionic system
[44]. Here, we are focusing our discussion on the CT-
QMC algorithm for fermions. This algorithm is a family
of stochastic process for solving the Anderson impurity
model at finite temperature. These methods consist of a

Hamiltonian involving a finite number of states and hy-
bridization process, which allows particle exchange with
the fermionic bath of these particles. They are important
both in their own right and as a crucial ingredient in the
dynamical mean field method of approximating the prop-
erties of interacting fermions on an infinite dimensional
lattice sites [45]. The principle behind all of these algo-
rithms is the same, which is stemming from earlier work
on diagrammatic Monte Carlo [46]. In all cases, we need
to implement the Monte Carlo Integration, in which the
integral of a function can be converted to a discrete sum

of the form,
b—ay b—a 1
f i o = 10
S Lty ro(§) 0o

There are other higher order numerical integrators such
as Trapezoidal rule, Simpson rule etc. The Monte Carlo
technique constitutes the sampling, errors, Markov chains
and Metropolis-Hastings arguments for obtaining the re-
sult [47]. In fact, the Monte Carlo is a method computes
the sums for a probability distribution, p(x) for a sampling
function f(x) of the given configuration space C [40].

/;b f(x)dx =

Y p()f(x),
where, p(x) > 0,

Ypx)=1 (11)
X

The variable, x = (7,0,...) represents the set of vari-
ables under study.

Continuous time Partition Function
Expansions in Configuration Space:

The continuous-time partition function expansions for
Monte-Carlo sampling with a typical infinite series on
imaginary time parameters is,

— B
7 = ;)///0 dTl..dTnp(ThTz,...,Tn)

This is the partition function representing the sum of
the expansion orders from zero to infinity over n slices of
imaginary time steps 71, ...T,, Which is integrated over the
probability densities, p(1y,...T,) from T = 0 to 8, imagi-
nary time intervals [48]. We need to sample terms with
the weight, which is associated with the infinite configu-
rations C (moves in the phase space) of this integral, con-
tributing to the partition function. As for examples, let us
start to write down some of the lowest orders of the inte-
gral explicitly. The first order calculation of the partition
function of single parameter is,

12)
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B
71 :/() dTlp(Tl) (13)
The integrand is described uniquely by a set of imag-
inary time {(7)}, so that we can sample Eq. (12) up to
first order using Monte Carlo technique [49], which gen-
erates a uniformly distributed random numbers of imagi-
nary time, 7 in the interval (0, ), we may write,

. 18
2y =lime; Yp(5) (14)
0

Using analogy, the second order calculation is obtained
by the another set of imaginary time {(71,7,)} and gen-
erating uniformly distributed value pairs (71, 72) in the in-
terval (0, B), we may write,

. 1
7, :11mNﬁmNZp(Tj,T2) (15)
0

We need to sample the integral up to some finite or-
der n max (say) and then truncate it. For sampling, the
various terms, we employ Metropolis’ algorithm [50] to
accept or reject the possible transitions. The number of
Monte Carlo samples may have only the Monte Carlo er-
ror, which scales as ﬁ with the samples [S1]].

Let us define all the possible orders of configuration
space C as,

C ={ {} 7{7’-1}7{1’-1772}a”'>{117”'7Tn} }

Which is the set of continuous imaginary time variables
T;. We should consider that the configurations are time-
ordered, i.e.T] < T, < ... < T, Each configuration con-
tributes some value to the whole partition function. To
avoid the sign problems, the expansion coefficients above
are taken to be positive [52] otherwise sampling will be
difficult.

Markov Chain Transition (move):

We use the Markov chain Monte Carlo method for sam-
pling the configurations C that contributes to the value of
the partition function Z. Assuming, X be the initial con-
figuration (or zeroth order configuration), we need to pro-
ceed with random walk from a present configuration, x to
anew one y(x;) in phase space as,

Xg = X1 > X2 = ... > Xpt]e.e- (16)

We have implemented the diagrammatic Monte Carlo
codes by raising of the order for updating the transition,
Xp = Xpy1 1.e. the insertion of an additional vertex (7;)

(adding link), or, lowering of the order, i.e. removal of an
additional vertex (7] ) (removal of link), or a local change
on the same site with the same order (7; — ”L’}), like a spin-
flip or the change of a 7 [53] as in Fig. 2. For summing
up all the probabilities, the Markov chain must reach a
stationary distribution. We must make sure that the sys-
tem be thermalized as well as the successive points in the
Markov chain are clearly correlated. The autocorrelation
effects must be taken into account while computing the
Monte Carlo statistical errors [45]. To create a Markov
chain of diagrams (moves) by assuming any two "moves",
we can purpose the following moves: (i) Insertion of a
link (anti-link): we choose a random imaginary time and
insert a vertex with a spin randomly up or down with the
imaginary time step, 7;. (ii) Removal of a link: choosing
arandom vertex of imaginary time step 7; and remove it.

+ t

Cor Cot Cot Cor

K i i o

T T T T
B T (Insert link)

t

T (Remove link) Cor Cot
O =l T g Tt
’-c.l, .. & : Tz 13 Ty
i N S O ¢

: 1T g

T TST T3 T'Z T-

o

(Anti link) T= B

FIGURE 2. (Color online) Insertion and removal of vertices
(interactions) update are illustrated in the above diagrams. The
sampling process samples configurations according to their con-
tribution to the partition function [54]

Starting from an arbitrary distribution of Markov chain
process will converge exponentially to a stationary distri-
bution p(x) if two the following two conditions are satis-
fied: (i) Ergodicity: any configuration x is reachable from
any other configuration y in a finite number of Markov
steps. That is to say,

Vxydn: (Wh)y #0

(ii) Detailed balance: The probability Wyy of transi-
tioning from configuration x with probability density p(x)
to configuration y with weight p(y) satisfies the detailed
balance condition,

/ Wiyp(x) = p(y) (17

This probability needs to fulfill the detailed balance
condition to perform our updates using the Metropo-
lis algorithm. Assuming that we have a configuration
x={(11),...,(7,)} and try to insert a time vertex (T,41)

to obtain a configuration y = {(71),..., (Tn), (Tut1)}, We
have to guarantee the detailed balance condition. The
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transition probability density Wy y of going from state x
to state y is,

Wiy = Wprop(X = ¥)Aacc (X = y) (18)
Where, Wpop(Xx — y) is the proposal probability den-
sity and A,cc(x — y) is the acceptance probability density
of moving from x to y respectively.
Similarly, the transition probability Wy x of going from
state y to x is,

Wy x = Wprop(y = X)Agce(y — X) (19)

Furthermore, the proposal probability density Wprop (x —

y) of inserting a time vertex (T,+1) is given by the proba-
bility of picking the imaginary time location 7,1:

dr
B

On the other hand, the proposal probability of remov-
ing a time vertex is just the one of selecting that particular
vertex out of the n+1 available vertices:

varop(X — Y) = (20)

Worop(y — X) = 20D

n+1
Choosing the acceptance probabilities Ayec(x — y) and
Aace(y — x) such that

dtn+1 Ay (x—y)

Wiy
Wyx B 1 Apc(y—x)

p(Y) Awe(x—y)  py) 1/(n+1)

p(x) dt/B

Applying Metropolis’ algorithm to fulfill detailed balance
we obtain the acceptance ratio as,

P(X) Aace(y — X)

(22)

(23)

The configuration probability densities ratio p(y)/p(x)
is infinitesimally small, the transition rate from configu-
ration X to y remains finite [55]. The partition function is
computed through the CT-QMC hybridization algorithm
for various configuration with weight @(C) . From which,
we compute the Green’s function of imaginary time or
frequency.

Hybridization-expansion CT-QMC:

For this calculation, we have to focus on the simplest An-
derson impurity model that can easily be generalized as
the generic multi-orbital problems. To derive an expan-
sion around the atomic limit, which could be understood
as the expansion in the hybridization technique [56]. The
effective action as the sum of an "atomic" term having all
the local terms and a term with the hybridization to the
bath as given by,

Seft = Stoc + Lo Ji¥ d7d7 ¢l (2)Ac(1— 7)ds(7)

= Sjoc + Zo‘ Sgyb (24)

From Eq.(6), we get,

Z_[D [aLaG} exp(—Sioc + Lo Sfl’yb)

— /D {a;,ao} exp(—Sioc) {POdG (;2?, (Sgyb)n} (25)

Using the idea of path integral QMC with stochastic
series expansion [58], we may write,

(0 5 52 o

Z=Y7 003 dt0..d7g [F di7’ 470
Ils (7136 H?ile (Tio- - T;G)

g

nt , \ no’
e rmnfle e (2 el ()1 (+7)]
i=1 i=1
(27)
Which is the sum over many continuous variables and the

product of hybridization functions times the trace involv-
ing spin up and spins down operators.

7= / ®(C) ~ £¥Csign(wC) (28)
C

Where ©(C) is the weights of configurations C in the
limit N — oo gives the probability,

p(C) = ~(C) (29)

2= % /C o (C)f(C) ~ %Zg[cf(c)sign(w(c)) (30)

The weight of the configuration is computed as,
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©(C) =Tr x e’ﬁ’%f"cTrH a$ (%) as (7 ( o )

1 () (5°)

nng

GHAG(T - 77)

i=1

Sk

[o}

(€29)
Ng!

Unfortunately, these calculations have alternating signs
problems (-ve sign problem) For evaluating the partition
function, we start from a imaginary time step diagram and
sum of the possible permutations of the fluctuations.

Computing Green’s Function from Partition
Function:

The impurity Green’s function could also be regarded as
8the logarithmic derivative of Z w. 1. to the hybridization,
A(7) as given by,

_ 1 610gZ B _ 6logZ
. 1 BdetATC nf4n)
G¢(T) = ZB SAT( ) ( 1) detAicTI'C

(33)
Each configuration give contributions for a discrete set
of imaginary times:

Go () ~ —75 L& La 8(77 —7o+7) % [Asc)
x sign (@(C)) (34)

In fact, these contributions can be computed by con-
sidering a very fine imaginary time slices. This creates a
high frequency noise in Matsubara frequencies. To com-
pute single particle Green’s function in Legendre repre-
sentation, we consider the single-particle imaginary time
Green'’s function G(7) defined on the interval [0, 8] [57,
58]. Expanding G(7) in terms of the Legendre polynomi-
als Pi(x) , Fig.3 (left) which are considered to be the basis
for expressing the function defined over an interval [-1, 1]
to calculate the imaginary-time Green’s function as,

G(r) = Z \/2;4-1
1>0

Where, x(7) = &F — 1 and G; is the Legendre coeffi-
cients that decays very quickly, which may be defined as,

G = V2I+1 /0 ’ 4GP (1))

Pi[x(7)]Gy (35)

(36)

The number of Legendre coefficients considered to be
important for the accurate representation of a given ob-
servable under consideration and is difficult to infer from
looking at the coefficients themselves. Recently, it has
been proposed to improve this method by employing the
Kernel polynomial method with model independent ba-
sis, what is termed as intermediate representation (IR)
basis [59]. Truncating the Legendre coefficients that are
zero within their error bars can reduce the Matsubara fre-
quency noise. The imaginary part of Green’s function of
Matsubara frequency vs. Matsubara frequency is shown
in Fig.3 (right), which is one of the typical outcomes of
this method of calculation.

Green’s Functions, Self-Energy and Spectral
Function:

The dynamical equation of motion (Dyson equation):
Gy (iwy) =%, ' (ioy) — Xo(ioy)

=iy + 1 — & — X (imy) 37

Where, Xs(iy) self-energy of Matsubara frequency

and W, = [W

} is the Matsubara frequency [60].
In the DMFT limit, the self-energy X becomes a lo-
cal quantity and the lattice Green’s function retains its
momentum-dependence via the non-interacting lattice
dispersion &.

The momentum dependent lattice Green’s function in
the DMFT limit is,

1
ioy +pu— & —Zs(iwy)

Gol(k,ioy) = (38)
Which leads to the equation for the effective Weiss
field,

% (o) = Zo(ioy) + Gg' (ioy)

(39

e » D(e)
=Xs(ioy) + fm}

Where, D(¢) is the non-interacting density of states of the
original lattice. And the imaginary time (thermal) Green
function,

Gijo () = —(Tcig(T)c! ¢/5:(0)) = Zo (i) (40)

Where T is the time-ordering operator w.r.to t or T and
cic = exp(iH7)cyexp(—iH7) in both cases [61, 62]. The
Fourier transform G(iwy) of Gijs(7) and the Matsubara

self-energy are computed as,
Eolion) = % (o)) — G5 (i)

This is the most expensive part of the calculation,
which actually provides the new Green’s function, %

(41)

19

R. K. Rai et al.



INPS, 7 (3), 2021

A Continuous Time Quantum Monte Carlo ...

1.0f
0.755
0.55
0.25h
0.0
-0.255
-0.5h
-0.75k
-1.0m

P/(x)

|I|I|I|I|I
5 10 15 20 25 30

w
v

FIGURE 3. (Color online) First five orders of Legendre’s polynomials of x (left). A typical outcome of calculation of Green’s

function of Matsubara frequency (right).

for the next iteration of self-consistency calculation [63,
64]. In the non-interacting system, the spectral function
at a given momentum is a Dirac §-function at @ = &,
Ak, @) =5(w— &) 42)
The possible excitation of the system is encoded in the
interacting Green’s function on the real axis as given by,

1
GR(k,0) = 43
(k, @) o+ u—ek)+IR(k, o) “43)
with the corresponding spectral function is,
1
Alk,0) = ——_Im [GR(k, )] (44)

In the infinite coordination limit, the momentum de-
pendence of the self-energy X(k, @) ~ X(w) .The solution
of a quantum many body systems may be obtained as the
solution of a quantum impurity model subject to an ap-
propriately defined self-consistency condition. Thus, the
spectral function simply be expressed as,

Alw) = —%Im [GR(w)] (45)

The usual bandstructure (spaghetti plot) is replaced by
a plot of the above spectral function, which can be com-
pared with the experimental results of angular-resolved
photoemission spectroscopy (ARPES) [13, 65]. Turn-
ing on correlations, the spectral function has a Lorentzian
profile as,

Ak, o) =
Im2R (k,0)
[@+p—e(k)+ReER (k,0)]*+[ZR (k. 0)]

(46)

8=

The imaginary part of the self-energy introduces a
broadening of the original Delta-function like excitation,
whereas the real part is responsible for a shift of exci-
tation energies. The program can treat data that can be
expressed as the periodic imaginary time Green’s function

as,
G(ia)\,):/m ei“’VG(T)dT:/m do <,A(“’) ) 47)
oo oo 2T \ 100, — @
Or,
o —r
G(t) = ng—i <m) : 48)
Where o, is the Matsubara frequency. The Green’s

function G(7) or G(w) as QMC data, we further apply
analytic continuation method to obtain the real-frequency
data, A(w) using Maximum entropy model. The Maxi-
mum entropy model algorithm [66, 67, 68] is based on
the Bayes theorem as given by,

2,
P(AG)_W“‘?(z ) )
Where,
(G; — Gl2
Z ) (50)

i i

with G = KA And the differential entropy of informa-
tion is,

dw

0 A@)In L2

"D(o)

Where D(®), is called the default model. For maximizing
the posterior probability, we need to choose the optimal

S=-— (51
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value of ¢ using the Bayesian inference [24, 68] as,

(52)

2
P(0t|G) Pg:) /.@A oS5
(04

The value of « is then taken as the most probable one. To
find the maximum, one needs a guess for the prior P(o).

Posterior Probability

T
=
(=™

Prior Probability

o
o

Maximum Likelyhood
Probability

o ~
s S ey
>

00—

FIGURE 4. (Color online) The maximum a posteriory @y4p is
obtained through the Bayesian statistical inferences [24]

The maximum posterior probability is regarded as the
realistic representation of data for the real materials. It
is estimated through Bayesian theorem out of the given
conditional probabilities by maximizing the entropy of
information as shown in Fig.4. We have used density
functional theory to calculate the density of states (DOS),
which is the input data for DMFT calculation. DMFT
generates the Green’s function data in imaginary time or
Matsubara frequency through CT-QMC algorithm with
hybridization expansion, which is considered to be a
rough data. The real frequency data (spectral density)
are computed from the Green’s function data using Max-
imum Entropy model, which is equivalent to the experi-
mental observation. By analyzing spectral density, MIT
is predicted with the adjustment parameters U, § and J
values.

RESULTS AND DISCUSSION

The electronic structure of LasSr;_4x VO3 (0 < x <1) sys-
tem has been studied through the conventional DFT along
with the DMFT. This system is the typical examples of the
extended transition metal oxide system with a 3d! elec-
tronic configuration. The supercell of SrVOs; is recon-
structed within the frameworks of 1 x 1 x 2 for the ab-
initio calculation. With the k-mesh grid, the Monk-horst
pack of 11 x 11 x 5, the convergence criteria are chosen to
be 107 3¢, 1073 eV and 0.05 eV/ %A respectively [69, 70,
71]. The optimized lattice parameter 4.12 °A and crystal
structure for the sample is in Fig. 5. The conventional

DFT results for DOS and Band structure of LaySr;_« VO3
show the sample is metallic as in Fig.6, which is in agree-
ment with others works [72]. The outcomes of the nu-
merical simulation are discussed here as the followings:

o Y

0.4} ©9°s305° 7]
— 0 ® P o ° II
°
o3 o o %% o © ;A

3 s 5 S
o o A% ° 7
0.2 0 o %o o © , .
Ne fe° ° o ¢y
[ e %02 ° ’
0.1 \\. e°°°:o°°’
~
\.
(1) SR L=~ -\’ll I I e,
395 4 405 41 415 4.2 425 43

Lattice Parameter (°A)

FIGURE 5. (Color online)(a) Lattice parameter optimization
curve with crystal structure of LaySr;_, VO3

4.5 RIS ‘?—
3 {
31.5—
5 o
} .
g | i
(& 15
-3%
-4.5 AV i N
r X AR 5 10 15
D

0S(states/eV.cell.spin)

FIGURE 6. (Color online) The electronic structure (DOS and
Bandstructure) of LaySr;_ VO3

The characteristic QMC data, such as G(7) or G(w) are
obtained through CT-QMC with hybridization techniques
as shown in Fig. 7-10 for LasSr;_xVOs3 system. These
data are used for analyzing Mott-Hubbard metal insula-
tor transition at first hand. In general, the QMC data are
noisy, incomplete and over-sampled one, so we need to
use analytic continuation (reconstruction of data) to ob-
tain the real frequency data for comparing the experimen-
tal results. We have used Maximum Entropy model based
upon the Bayesian statistical inferences for the analytic
continuation [73, 74]. In fact, it gives the spectral func-
tion A(®) along with the error estimation of calculation.

The real frequency spectral function A(®) is com-
puted using the QMC data through Maximum entropy
model (MEM), which works on the Bayesian statistical
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FIGURE 7. (Color online) The Green’s Function vs. imaginary
time (7) of Lag ¢7Sr9.33 VO3 with various U values
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FIGURE 8. (Color online) Green’s Function vs. frequency (o)
of Lag 47519 33VO3 is the Fourier transform of G(7)

inferences [75, 76]. The metal insulator transition for
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FIGURE 9. (Color online) The self-energy vs. frequency (o)
for U = 3.5 eV and various 3 values

Lag 33S10.67VO3 system is computed for U = 4.5 eV, and
as in Fig. 11 which may vary with other parameters such
as Hund’s coupling (J) and bandwidth (W) as well.

The optimal value of hyperparameter or adjustable pa-
rameter (@) is crucial to represent the real data of the ma-
terials. For choosing the optimal value of o we use the
logistic regression method for the reconstruction of data

e
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FIGURE 10. (Color online) The spectral function vs. frequency
(w) for U = 3.5 eV and various 8 values of Lag33Sr( 67VO3
system.
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FIGURE 11. (Color online)The variation of spectral function
A(w) with U values for the optimal value of o
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FIGURE 12. (Color online) The distribution of spectral func-
tion A(w) with the various values of J.

A(w) from the QMC data G(7). The lower part of the
information-fitting region as in Fig. 13 are chosen to be
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FIGURE 13. (Color online) The logistic regression curve for
choosing the optimal value of for better representation of data
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FIGURE 14. (Color online) The distribution of spectral func-

tion A(w) with the sample frequencies for the optimal value of

o .

optimal value of o, which is determined by the maximum
value of the curvature of logjgx? vs. ylogjoa curve [77].
We may also use sample frequencies for predicting the
optimal values of « as in Fig. 14.  The statistical error

Real AG

FIGURE 15. (Color online) The normalized deviation (ND) of
real part of AG for the data computed with MEM
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FIGURE 16. (Color online) The autocorrelation (AC) of real
part of AG for the data computed with MEM.

FIGURE 17. (Color online) The normalized deviation (ND) of
imaginary part of AG for the data computed with MEM.
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FIGURE 18. (Color online) The autocorrelation (AC) of imag-
inary part of AG for the data computed with MEM.

such as the normalized deviation of real and imaginary
parts of the uncertainty of Green’s function of frequency
AG and its auto correlation are computed within the per-
missible standard error bar Fig. 15-18 [78, 79, 80, 81, 82,
83].
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CONCLUSIONS 7.

We review the theoretical concept of DFT +DMFT ap- 3.

proximation to calculate the electronic properties of strongly
correlated system through CT-QMC algorithm as an im-
purity solver. Implementation of Maximum Entropy
model for the real frequency data (spectral function)
to investigate the Mott-Hubbard MIT is also discussed.
From the calculation, the lattice parameters of optimized

LaySr;_xVOsz are a = 4.12 °A, b = 4.12 °A and ¢ = 10

7.93%A. The electronic band structure from conventional
DFT shows metallic behavior of the sample. However,

after the application of DMFT with CT-QMC hybridiza- 11.

tion expansion it turns out to be a Mott insulator at U =
4.5eV,and B =6(eV)~!. The optimal value of adjustable
parameter « is obtained through logistic regression. Sta-

12
tistical error confirms that present calculation are within
the permissible error bar limit.
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