First Principles Study On Novel
And Functional Materials

Thesis submitted for the degree of
Doctor of Philosophy (Science)
in
Physics (Theoretical)
by

Shreya Das

Department of Physics
University of Calcutta
2021






To

My parents






Abstract

Designing of materials for improved functionalities are essential for technologi-
cal advances. Material Physics, connecting physical science and material science,
emphasizes on the understanding of materials, and this understanding is used
further to optimize the known properties of a material as well as to design new
materials. This calls the need for coming up with suggestions for materials with
targeted properties before they can be tested in the laboratory. Keeping the
above in mind modelling of materials is on high demand. A component of this
modelling involves the understanding of the electronic structure of these materi-
als at microscopic level as electrons govern the properties of the materials.

This thesis focuses on the understanding of the physics of specific class of
materials namely functional materials. In particular the thesis stressed on explor-
ing different interesting properties like high T ferromagnetic insulating nature,
multi component high moment magnetism, multiferroicity and symmetry pro-
tected quantum spin-liquid behaviour, by employing ab-intio calculations within
the framework of density functional theory (DFT) and the model Hamiltonian
approach. The model Hamiltonians are solved by exact diagonalization tech-
nique and quantum Monte Carlo simulations to obtain the physical properties
of the systems studied. Application of genetic algorithm further helps to pre-
dict actual crystal structure of a compound before tested into laboratories hence
making the situation economic. The limited number of states, close to the Fermi
energy, governing the electronic and magnetic properties of strongly correlated
systems, necessitates the construction of few band Hamiltonian which was ob-
tained through N** order downfolding method in energy selective manner. The
study taken up provides the microscopic understanding of the interesting prop-
erties of the respective systems with detailed description of their electronic and
magnetic properties.

The computational results, presented in this thesis hopefully will make a base
which will be useful to explore the novel properties of functional materials in
future.

Shreya Das
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Chapter 1

Introduction

1.1 Introduction to functional materials

Material Physics is an interdisciplinary field of research at the cross-section of
physical science and material science. It emphasizes on the understanding of ma-
terials, and the understanding thus gained for the use of optimization of known
materials and design of new materials. This field has drawn attention in recent
times due to its scientific importance together with technological implications.

In the thesis, we will focus on understanding the physics of specific class
of materials namely functional materials. As the name suggests, the functional
materials have the ability to perform a certain ‘function’ under an external stim-
uli. Thus the properties of a functional material is associated with its electric,
magnetic, and or optical responses which can be affected by any external per-
turbation like applied magnetic field, temperature or pressure. The functional
materials show a wide range of interesting physical properties [1-4]. This fam-
ily includes piezoelectrics (e.g. PbTiOs3), ferroelectrics (e.g. BaTiOj3), semicon-
ductors (e.g. GdTiO3), ionic conductors (e.g. CaTiOj), superconductors (e.g.
YBayCu3O7), magnetic materials (e.g. LaMnOj), multiferroics (e.g. BiMnOs),
spintronic materials (e.g. SroFeMoOg) etc. Technological application of these
functional materials are tremendous due to their spontaneous polarization, piezo-
electricity, superconductivity and magnetoresistance effect which are dependent
on the chemical composition and crystal structure of the materials. The proper-
ties of these functional materials making them attractive for technological appli-
cations are tunable by small changes in composition, or external conditions. An
evergreen class of functional materials are transition metal oxides (TMOs) which
can give rise to a variety of physical properties depending on their geometry and
composition. In the thesis we have studied few of the TMOs aimed to explore
certain functionalities namely,

1. High T¢ ferromagnetic insulating properties
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2. Symmetry protected quantum spin liquid behaviour
3. Multi component high moment magnetism
4. Multiferroicity

The following Fig. 1.1 describes our studied structural geometries and their
properties.

Transition metal oxides

Structural geometry Property

Perovskite based B site ordered | —» High T_ferromagnetic insulator
double perovskite (A,BB'O,)

Spinel AB,O, _— Quantum spin-liquid

Perovskite based A and B site ordered |, ny/ti component high moment
double-double perovskite (AA'BB'O,) material

Oxygen deficient perovskite
compound A B O

n - 3nx

— Multiferroic

Figure 1.1: Different structural geometry and the corresponding properties of transi-
tion metal oxides studied in this thesis.

The electrical, magnetic and optical properties of materials are controlled by
their composition and structure. The structure and the strength of materials are
determined by the chemical bonding between the atoms, so that in a certain sense
the chemistry controls the physical properties. Electron is the glue that binds
atoms together. Thus at the microscopic level electrons govern the properties of
the materials.

In this thesis we have carried out density functional theory (DET) based first
principles method to study the electronic stucture of the materials. This param-
eter free approach of the calculation takes into account all the structural and
chemical aspects of a material correctly requiring only the crystal structure with
proper atomic information of a material as the input. The outcomes are very
reliable, fast and accurate. This framework is capable in accurately describing
properties of vast diversity of materials starting from crystalline to amorphous
and disordered materials, clusters, organics, inorganics, composites, molecules,
biological systems, nano systems etc.

Although this is a highly successful method, the bottleneck is the approxima-
tion in choice of exchange-correlation functional. In the local density approxi-
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mation (LDA) [5] of DFT calculation, the correlation and the exchange interac-
tions are treated in terms of a local density which remains successful explaining
the physical properties of many materials considering that the electronic corre-
lations are weak in these materials. This approach fails to describe properties
of strongly correlated systems like TMOs. To overcome this issue Hubbard U
correlation has been added through DFT+U [6-8] calculations. As the physical
properties of TMOs are controlled by very few states closely lying near Fermi
level, we applied N order downfolding technique [9] to construct low energy few
band Hamiltonian in energy selective manner from the Hilbert space to which the
missing correlation effect beyond LDA was incorporated. The few band model
Hamiltonian was then solved by quantum Monte Carlo method [10-12], exact
diagonalization (ED) to obtain the physical properties of the strongly correlated
system.

Furthermore we have also applied genetic algorithm [13, 14] to predict the
structure of a material theoretically knowing its composition only before testing
into laboratory. All these methods will be discussed in Chapter 2 elaborately.

Here in the following, after a general introduction on transition metal oxides,
we will discuss the various functionalities and geometries considered in the thesis.

1.2 Transition metal oxides as functional mate-
rials

The structural and compositional flexibility of TMOs favour them to accom-
modate almost every element of the periodic table. Transition metal oxides have
variety of interesting structural and physical properties. This class of materials
are widely studied as their electronic structure show a wide range of proper-
ties starting from insulator to metal, superconductor, even half metal with spin
polarized electrical conductivity. The magnetic arrangement can also be antifer-
romagnetic or ferromagnetic or rather ferrimagnetic or exhibiting complex spin
texture like spiral magnetism. Some of them show colossal magnetoresistance
too. The following Table-1.1 lists some examples of TMOs with their unique
properties.
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Insulator NaTiO3, SrTiO3, BaTiO3
Metal LaTiO3, KMnO3
Semiconductor GdTiO3, PbCrO3, CaCrOs
Magnetic PbCrO3, CaMnO3, LaMnO3
Ferroelectric BaTiO3
Superconductor SrTiOs, K;WOs3, Li; WO3
Piezoelectric PbTiO3
Tonic-conductor CaTiOs
Colossal magneto-resistance SroFeMoOg
Multiferroic BiMnOg

Table 1.1: Few examples of transition metal oxides with their different physical prop-
erties.

The strongly correlated unfilled d electrons of the TM atoms drive the inter-
esting electronic and magnetic properties [15]. The basic structural unit of these
materials is the metal-oxygen polyhedra (TMO,,, where TM = transition metal,
O = oxygen, n = integer). The coordination of the TM atom with the surround-
ing oxygens can be of different types e.g. octahedral, square pyramidal, square
planar, tetrahedral, pentagonal bipyramidal, trigonal bipyramidal etc. The inter-
action between positively charged TM and negatively charged ligand (O) creates
a static electric field in a crystal structure. This puts the d electrons of TM to
be in an anisotropic field, known as crystal field. This results into splitting of d
orbitals in energy levels, known as crystal field splitting (CFT). Thus an isolated
TM atom has spherically symmetric crystal field but in solids this symmetry is
lowered and CFT lifts the degeneracy of five-fold d (I = 2; ¥ = -2, -1, 0, 1, 2)
orbitals. The splitting is affected by the following factors:

e nature and oxidation state of the metal ion; higher oxidation state leads to
larger splitting

e geometry of TM’s surrounding ligand
e strength of TM-O covalency

Fig. 1.2 shows different TMO polyhedra and their corresponding crystal field
splitting. The most common coordination symmetry is octahedral in which the
TM ion is surrounded by six ligand oxygens forming TMOg polyhedra, as shown
in Fig. 1.2 (a). In cubic crystal field of regular octahedron, the d-orbitals split
into (i) higher energy level of two-fold (four-fold considering spin) degenerate e,
consisting of d,2_,2 and ds,2 orbitals, and (ii) lower energy level of three fold
(six-fold considering spin) degenerate ¢y, consisting of d,, d., d,. orbitals. The
eq level gains energy as d,2_,2 and ds,2 orbitals are pointed directly towards the
surrounding oxygen ions and feel strong electrostatic repulsion, whereas d,,, d,.,
d,, orbital lobes are directed in between two oxygen atoms so they experience
comparatively weaker electrostatic repulsion hence lower in energy.
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Figure 1.2: Symmetry and corresponding crystal field splitting of d levels for few
regular known polyhedra of TMO: (a) Octahedra, (b) Tetrahedra, (c) Square pyramid,
(d) Trigonal bipyramid. Purple and light gray balls represent transition metal atom
and oxygen respectively.

Further lifting of ground state degeneracy takes place when degenerate ¢,
levels are partially filled and this is achieved by octahedral distortion, known as
Jahn-Teller (JT) distortion, named after Hermann Jahn and Edward Teller [16].
The geometrical distortion, associated with doubly degenerate e, states, as given
by (2 and ()35 modes is shown in Fig. 1.3.

\}/ . - A/

'

(@ (b)
Figure 1.3: Two different JT modes (a) Q2 and (b) Q3 in TMOg octahedra.

The total volume preserving modes can be written as follows by using nor-

malization: . )
Q2=ﬁ(l’—y)7 Q3=%(22—$—y) (1.1)

Tetragonal elongation along z-axis takes place for 3 > 0 and for (3 < 0 tetrag-
onal compression occurs. In tetragonal elongation the strong d-p hybridization
between the transition metal and oxygen atoms in xy plane puts the energy of
dg2—y2 level higher than that of d., by shortening of the TM-O distance. In the
same fashion for ty, levels, d,, orbital lies at the top having the highest energy
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and d,, and d,, go down with lower energy. The splitting of d orbitals in tetrago-
nal compression is just reverse to that of tetragonal elongation [17]. The splitting
of d orbitals in tetragonal distortion (@3 distortion) is shown in Fig. 1.4.

de-yZ dzz
— e, —
dzz_ -— — e dxz_y2
d
dMy—' (_YZ _XZ
R t,
dvz dxz T dxy
tetragonal elongation tetragonal compression

Figure 1.4: Splitting of d orbitals due to tetragonal distortion. Left and right panels
show splitting due to tetragonal elongation and tetragonal compression respectively.
The middle panel represents the splitting due to crystal field of regular TMOg octahe-
dra.

In the orthorhombic distortion (@2 mode) shown in Fig. 1.3 (a), with x —
x40,y —y—9, 2z — z, both ty, and e, levels split giving rise to a orthorhombic
local symmetry. The splitted e, levels become the linear superpositions of |2?)

1
and |22 — y?) and can be written as —(|2?) & [2? — y?)). The {5, levels also split

V2
into three singlets.
Trigonal distortion splits the t, levels due to the TMOg octahedral distortion
along one of the [111] axes while the e, levels remain intact. The ¢y, levels are
split into a singlet a;, and a doublet ej. The wavefunctions are as follows:

larg) = %qu T lez) + [y=)) (1.2)
en,) = i%uxw TR ) Ty (1.3)

The corresponding splitting for trigonal elongation and trigonal contraction are
shown in Fig. 1.5.
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Figure 1.5: Splitting of d orbitals due to trigonal distortion. Left and right panels
show splitting due to trigonal elongation and trigonal contraction respectively. The
middle panel represents the splitting due to crystal field of regular TMOg octahedra.

According to Jahn-Teller theorem, spin (Kramers) degeneracy which is invari-
ant with respect to time reversal is the only allowed degeneracy in the ground
state. All other degeneracies will be unstable and will correspond to a maximum
(saddle point) instead of a minimum of the total energy. Thus any small distor-
tion will lift the orbital degeneracy. Suppose for the case of four d electrons e.g.
in Mn®*" (d*) in cubic crystal field of regular octahedron, three electrons will be
on tg, levels making the ?9, subshell half filled and the fourth electron will be on
one of the doubly degenerate e, levels. This situation becomes the same for the
e, holes in the case of Cu®" with d° configuration. Thus in cubic crystal field,
considering the e, electron or e, hole, there exists an extra orbital degeneracy
besides the double-spin degeneracy (spin of electron or hole can be either 1 or
1). Thus according to Jahn-Teller theorem, the system will distort itself in such
a way that it will lift the degeneracy of e, levels lowering the total energy of the
system. For a small distortion u, e, levels split as +gu (g being the electron-

phonon coupling constant) and this will cost an elastic energy of §Bu2, where B

is the Bulk modulus. Assuming the coupling constant g to be positive, the total
energy of the ground state (F) as a function of distortion becomes as follows:

1
E =+gu+ §Bu2, (1.4)

At u = 0 the energy levels become degenerate, shown in Fig. 1.6. The minimum
energy can be found for a finite distortion ug by minimizing the Eq. 1.4 with
respect to u,

oF g

Putting these values of ug, the doubly degenerate minimum energies are obtained,

2

Ey= Eyr = —29—3 (1.6)
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J

Figure 1.6: Dependence of the energy levels as a function of degeneracy lifting dis-
tortion u.

JT

These energy minima are the electronic energy gain which is achieved due to
distortion, overcompensates the elastic energy loss. Thus following Jahn-Teller
theorem, it is obvious that symmetric situation leads to extra degeneracy to the
ground state which is unstable and a small distortion can lift the ground state
degeneracy lowering the total energy of the system.

Besides all these, the p-d hybridization or covalency plays an important role
on the splitting of the d levels of transition metal atoms thus it determines the
crystal field splitting Agp. In TMOs the direct d-d overlap of the transition metal
atoms is negligibly small due to the surrounding oxygen cage and the overlap of
the d orbitals are channelised indirectly through the nonzero overlap between TM
d and O p orbitals. The magnitude of this p-d hybridization depends on,

e the orientation of the d orbitals with respect to the surrounding O p orbitals,
corresponds to the low energy phenomenon and,

e the relative energy position of TM d (e¢4) and O p (e,) orbitals i.e. the
charge transfer energy A = €4 — €.

The head on (directed toward one another) overlap of TM d orbitals and O p
orbitals [cf. Fig. 1.7 (a)] gives a strong hybridization, called o hybridization,
denoted as t,4, normally involving d e, electrons. Other overlap except being
directly oriented to each other gives comparatively weak hybridization, called 7
hybridization involving d ts, electrons [cf. Fig. 1.7 (b)] and the hopping matrix
element is denoted as ¢p4,. In 7 hybridization, the p orbitals are perpendicularly
oriented to the TM-O bonds.
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Figure 1.7: Examples of configurations for transition metal d and ligand p orbitals in
case of (a) o and (b) 7 hybridization.

Normally the energy level of TM d orbitals (€4) lie higher than that of the O
p orbitals (€,). Due to strong pdo hybridization these p and d levels got mixed
and repel giving rise to splitting of the energy levels as,

+ _ 2
er = 2 . %4 \/(Ed 2€p) 12, (1.7)

where e_ and €, are the energies of bonding (b) and antibonding (a) levels of d
orbitals [cf. Fig. 1.8].

Figure 1.8: Schematic diagram of the origin of crystal field splitting in p-d hybridiza-
tion. b and a denote the bonding and antibonding levels respectively.

In situation ¢, < €4 — €,, the bonding and antibonding energy levels of the
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ey orbitals of TM atoms become,

2
tpda
€ =€ — ——
€4 — €
p (1.8)
do
€q = €4+ ——
€d — €

As the 7 hybridization is weaker than ¢ hybridization, the bonding-antibonding
splitting of ¢9, orbitals will be smaller than that of e, orbitals which is schemat-
ically shown in Fig. 1.8. The p-d hybridization and the crystal field splitting
increases as the radius of the d orbital increases in going from 3d to 4d to 5d TM
elements due to enhanced covalency contribution.

The filling of d electrons of transition metal ion in available d levels depend
on the crystal field splitting (A) and Hund’s coupling (Jz). When A is not too
large, the d electrons will occupy the energy levels in such a way that the total
spin will be maximum, following the Hund’s rule. Thus d levels will be filled one
by one with the electrons, having parallel spin until five d levels are occupied.
After this, if the total electron number is greater than 5, the electrons will start
to fill the d levels with opposite spins. This type of configuration is known as
high-spin (HS) states. For an example we take Mn*" with d* configuration. In
the crystal field of regular octahedron, the three electrons occupy the lower lying
tog levels with parallel spin. The fourth electron can occupy either one of the e,
levels with parallel spin to that of the ?, electrons or can go to the 54 levels with
opposite spin, depending upon the crystal field splitting (A) [cf Fig. 1.9].

&

() (b)

Figure 1.9: Schematic representation of (a) high-spin (HS) and (b) low-spin (LS)
state of d* configuration in the crystal field of a regular octahedron.

The HS state with this particular example of Mn3* is shown in Fig. 1.9 (a).
Energy gain in putting the fourth electron in the e, level with parallel spin to
that of the 5, electrons is Exyna = —3Jm, but this electron lies in the upper lying
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eg level and it costs energy A. If the fourth electron goes to one of the lower lying
tay levels with opposite spin, crystal field energy (A) is gained but Hund’s rule
energy (—3.Jy) is lost. Such an electron occupation is known as low-spin (LS)
states [cf. Fig. 1.9 (b)]. Thus for small crystal field splitting i.e. A < 3Jp,
high-spin state is favourable and when the field splitting is large i.e. A > 3Jy,
low-spin state is being favoured. HS states are commonly found in 3d transition
metal oxides where the crystal field splitting is not too large. LS and HS both
the states can be observed in 3d TM oxide LaCoOs [18] with S =0 and S = 2.
In this compound both the states have comparable stability thus they are seen
in accessible temperatures. Though the LS state has slightly lower energy. The
HS state is seen in comparatively elevated temperature as a large spin entropy
is associated with S = 2 and atoms gain energy from spin-spin interactions as
they gain the spins or they even start to order magnetically. 4d, 5d oxides exhibit
LS states prominently due to stronger p-d hybridization and larger crystal field
splitting than that of 3d elements.

d electrons of transition metals are not totally screened from their neighbour-
ing atoms unlike f electrons thus they have an intermediate character of showing
itinerant electron properties as well as localized electron properties [15]. Thus
transition metal elements experience the interplay of following two opposing ten-
dencies:

e The on-site Coulomb (electron-electron) interaction tries to localize the elec-
trons giving rise to the local magnetic moment

e The overlap between TM d orbitals, bridged through O p hybridization tries
to delocalize the electrons in itinerant states giving rise to delocalized band.

The Hamiltonian of the celebrated Hubbard model [19] incorporates these two
opposing tendencies and has the form as,

H= UZ NN — t Z Czacjg + C;o-cia
i <i7j>7g

= Hipy + Hband (]'9)

where, U is the on-site Coulomb repulsion between two electrons occupying the
same site with opposite spin, ¢! (c;,) is the creation(annihilation) operator at
site ¢ with spin o, ¢ is the electron hopping matrix element and (i, j) goes over
nearest neighbours. The electron occupancy at site ¢ with spin ¢ can be written
as Ny, = cj’acivg. Each lattice site in Hubbard model can be described by these
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following four local basis states:

|0); i site is empty (1.10)
| 1) = Cj¢|0>i i site is occupied by 71 electron (1.11)
| 1) = C;UO)Z' i site is occupied by | electron (1.12)
|d); = chcMO)i i site is doubly occupied (1.13)

Consider the simple case where each site is occupied by single electron. Now
hopping of one electron from site i to site j, makes the site ¢+ empty and creates
a hole at it. Thus pre occupied by a single electron, site 7 becomes doubly
occupied and this process costs energy due to Coulomb repulsion (U) to put two
electrons on a single site. On the other hand because of electron hopping, kinetic
energy of both the electrons and the hole is gained as they start to move through
the crystal which ultimately forms an energy band with bandwidth W = 2zt,
where z is the number of nearest neighbours. Presence of these two competing
factors sets a critical parameter U,., depending upon which the system will be
metallic or insulator. System becomes insulating for U >> U, ~ W = 2zt and it
does not give any conventional band picture as the electrons remain at their site
without being itinerant. These type of systems are electron-electron correlation
driven insulators, called as Mott-Hubbard insulators [18,20]. The nature of these
insulators differs from ordinary band insulators which are caused by the band
filling effect of electrons moving in periodic potential of the lattice.

P
A

Y

E

F

Figure 1.10: Schematic diagram of metal-insulator transition. From left to right:
Hubbard subbands overlap on decreasing onsite Coulomb repulsion U gradually giving
metallic solution. Middle figure: Hubbard subbands touch each other at U,.. Filled
and empty Hubbard subbands are marked in blue and white respectively.

For large U >> U, ~ W = 2zt, Hubbard subbands are well separated with
an energy gap I, making the solution insulating. For the critical value U,
Hubbard subbands just touch each other giving rise to metallic solution. Thus if
we start from non-interacting (U = 0) i.e. from metallic solution and gradually
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increase U, for the critical value of (U/t), a metal to insulator transition takes
place and we get a finite density of states (pr) at Fermi level (Er) [cf. Fig. 1.10].
For the case of, one electron per site, in the occupation-number dependent band
structure, the lower subband will be filled (marked as blue in Fig. 1.10), called
lower Hubbard subband and the upper one will be empty (marked as white in
Fig. 1.10), called upper Hubbard subband.

Within the Hubbard picture, considering the 3D form of density of states
(DOS) at the subband edges, electron density p(Er) increases continuously from 0
as U decreases below U,, [cf. Fig. 1.11 left panel] and gives rise to a second-order
metal-insulator transition at U = U,.. However the correlation driven metal-
insulator transition was advocated to be first-order metal-insulator transition by
Mott. The argument was as follows, one can get a small concentration of electrons
on in upper subband and holes in lower subband for a slight overlap of these
two bands. The metal to insulator transition was suggested to be discontinuous
transition due to the localization of excitions formed between electrons and holes
[cf. Fig. 1.11 right panel]. This complex phenomena, captured by Hubbard
scenario is called Mott-Hubbard transition.

4

on
p(E)

uft uft

Figure 1.11: Schematic representation of metal-insulator transition without and with
the long-range screening effect of Coulomb force. Left panel: p(Er) approaches to 0
gradually as Hubbard subbands separate, gives second-order transition. Right panel:
Long-range Coulomb force gives discontinuous first-order Mott-Hubbard transition.
Fig. is taken from Ref. [18].

In case of strong correlation effect U >> ¢, and for a system where electron
number occupation (n) differs from the case of single electron per site i.e. n # 1,
the interplay of spin and charge degrees of freedom is described effectively by
t-J model. This model strictly prohibits double occupancy at the same site. At
n = 1 and large U limit, ¢-J model reduces to Heisenberg model with effective
Hamiltonian as,

Hepp=JY S5, (1.14)
(i.9)
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2t?
where, S;, S; are the spin operators at site ¢ and j respectively, and J = i is

the exchange coupling constant.

For TMOs with 4d/5d TM elements the spin-orbit coupling (SOC) plays an
important role to determine the electronic properties. It is the coupling between
the intrinsic spin of the electron (S) and its orbital angular momentum (L). For
TMOs containing 3d TM elements, SOC effect is treated as a weak perturbation
because its effect on the physical properties of these materials is minimal, but
becomes important for heavy elements like 4d/5d. To handle the multi-orbital
situation with SOC, the Hamiltonian takes the form as follows,

H:Hint+Hband+HSO (115)

where, Hgo represents the SOC effect and have the form as
H=X)_S.L

A being the coupling constant and directly proportional to atomic number (7).
The interplay of strong correlation, spin-orbit coupling and band structure effect
gives rise to some of the fascinating properties which we will take up in the
following.

1.3 Different functionalities studied

1.3.1 High 7, ferromagnetic insulator

The wide spread use of magnetic materials however is limited by the demagne-
tization effect at ambient conditions. Thus to develop the full moment, materials
should be operated sufficiently below the magnetic transition temperature T¢.
This necessitates one to look for magnetic materials with Tz much higher than
room-temperatures which can be operational at room-temperatures for practical
use.

Double perovskites (DPs) with general chemical formula A;BB'Og where A is
alkaline or rare-earth metal and B and B’ are TM ions, are a family known for
high T magnetic behaviour. Magnetism of DPs are widely discussed in context
of SroFeMoOg whose T¢ is reported to be ~ 410 K with half-metallicity [21].
The same trend is followed in SroCrMoOg (Te = 420K) [22], SroCrWOg (1o =
458K) [23,24], SraCrReOg (Te = 620K) [25]. Above room-temperature high Tt is
also observed in ferrimagnetic CaoaMnOsOg (T¢ = 305K) [26]. The high T mag-
netic behaviour of these DPs opens up scopes for their spintronic applications.

The magnetic property of transition metal oxides is mainly governed by the
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Figure 1.12: Schematic representation of hybridization-driven mechanism. Black
hatched and solid red semi-ellipses represent the B bands and B’ bands respectively.
Red dashed semi-ellipse represents the negative spin splitting of B’ after switching on
the hybridization.

superexchange mechanism of d electrons of the TM ions. As the direct over-
lap between two TM ion is small, electron hopping is mediated through non-
magnetic oxygen atoms. Distortion of BOg octahedra also plays an important
role in this mechanism. Particular d electron configurations lead to have dif-
ferent physical properties. According to the Goodenough-Kanamori rules the
ferromagnetic (FM) interaction is possible only with half-filled and empty orbital
combinations [27]. Along with superexchange mechanism, hybridization-driven
mechanism which is redolent of two site double exchange, plays a major role in
determining the magnetism of double perovskites [28-30]. This mechanism takes
place when the energy states of non-magnetic B’ site falls within the energy win-
dow of spin split states of the magnetic cation. This mechanism is defined by
a large core spin at the magnetic B site and strong coupling on the B site be-
tween the core spin and the itinerant electron which is oppositely aligned to the
core spin [cf. Fig. 1.12]. The itinerant electron is provided by the conduction
electron and the primary magnetic interaction comes from delocalization of the
mobile electron in the B-B’ network [31]. Switching on hybridization between B
and B’ induces negative spin splitting at the non-magnetic B’ site which favours
parallel (ferromagnetic) spin alignment of the B magnetic sites. Thus in these
DP compounds the 3d magnetic moments are ordered parallel to each other and
antiparallel to those of the 4d/5d elements. All the above mentioned DPs contain
two different TM elements at B/B’ sites.

However there are also DPs where B site is occupied by nonmagnetic elements
like Ca or Mg or Y instead of TM elements. Most of these single TM containing
DPs like BayCaOsQOg, SroMgOsOg, CasMgOsOg, SraYReOg are reported to be
either antiferromagnetic or exhibit spin-glass-like behaviour. It thus came to a
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surprise that Sr3OsQg, epitaxially grown on Sr'TiOj3 substrate is reported to be
high T (1060 K) ferromagnetic, containing single TM element Os at B’ site in
double perovskite structural framework.

With the conventional knowledge it is known that ferromagnets are metal and
antiferromagnets are insulators. Though few exceptions are also there which show
the presence of ferromagnetic insulators. Ferromagnetic insulators like EuO (T¢
= 7T7K), CdCryS; (Te = 90K), SeCuOj3 (T = 25K) are reported. It is evident
from reports that these all are low-T compounds. Exceptions like LasNiMnOg
(Te = 280K), LayCoMnOg (T = 240K) are reported with high T value FM
insulators.

Furthermore the ferromagnetically ordered Sr3OsOg was reported to be insu-
lating. In the present thesis, we investigated the curious high T FM insulating
state of Sr30s0g.

1.3.2 Symmetry protected quantum spin liquid

Topology in electron system deals with the band structure properties, that re-
main preserved under continuous deformation. States with different topological
ordering can not change into each other without going through a phase transition.
One of the manifestations of topology in magnetically ordered electron system is
Quantum Anomalous Hall Effect (QAHE) [32].

Topological properties in spin system are classified into two categories, (i)
symmetry protected and (i) symmetry unprotected. Symmetry protected topo-
logical (SPT) order is characterized by symmetry protected gapless or degenerate
edge states (in 2D) instead of the bulk gap. 1D spin-1 Haldane chains [33-35]
were known to be the first to show SPT ordering. Topological insulators pro-
tected by time-reversal symmetry with gapless edge states extends the example
of SPT ordering in higher dimensions. The main difference between topological
order and SPT order is that the gapless boundary excitations in intrinsic topo-
logical order is robust against any local perturbation whereas in SPT order the
gapless excitations are robust against only any local perturbation that breaks the
symmetry. Thus gapless boundary excitations in topological ordered states are
topologically protected and in SPT states they are symmetry protected. On the
other hand SPT states are short-range entangled whereas topological order states
are long-range entangled.

Quantum spin liquid (QSL) systems are understood by spin degrees of free-
dom. They are characterized by long-range quantum entanglement lacking any
particular magnetic order. QSL systems appear in two variants, (i) gapless and
(ii) gapped. These two are distinguished by a Berry phase i.e. topological order
term in low-energy action. The gapped integer spin system contains topological
order manifesting itself as a non-local string order parameter with long-range or-
der. Entanglement spectrum (ES) shows similarity between these gapped spin
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systems with topological insulators. ES also shows that any perturbation destroy-
ing any long-range leaves the ES degeneracy so long as the inversion symmetry
is preserved [36]. The surface of the gapless QSL systems breaks symmetry hav-
ing an intrinsic topological order. The interacting quantum spins make the the
ground state of QSL systems highly degenerate. Antiferromagnetic spin interac-
tion on a triangular lattice is the root cause to lack a particular order.

The fermionic systems are limited to noninteracting models like topological
insulators or superconductors. M. Levin et al. have established that bosonic
model can be applied for the interacting systems. Lack of boson SPTs in high
dimension paves the path for suggesting spin-one (S = 1) diamond lattice anti-
ferromagnet with frustrated spin interactions. Prescription for this S = 1 models
on diamond lattice system suggests that it can host a time-reversal symmetry
protected topological quantum paramagnet, a spin analog of topological insula-
tor. This suggestion puts transition metal oxides, crystallizing in spinel structure
with general chemical formula AB5Qy, into lime-light. B site spinels with mag-
netic B ions and nonmagnetic A site ions like ACryO4, AV,0, (A = Mg, Zn,
Cd) are geometrically frustrated pyrochlore antiferromagnets. On the other hand
spinels with nonmagnetic B site ions and magnetic A site ions form diamond
lattice where the spins are frustrated. The competing exchange interactions of
this diamond lattice can produce ground state degeneracy leading to quantum
fluctuations. Beside spin frustration orbital degeneracy also impacts competing
exchange interactions through spin-orbit coupling resulting in suppression of the
long-range magnetic order. Reported studies on A site diamond lattice MnScySy
(S = 5/2) show the presence of spin-spiral state where the dominant nearest-
neighbour (NN) antiferromagnetic (AFM) exchange interaction competes with
small next-nearest neighbour (NNN) exchange interactions in presence of spin
frustration. CoAlyO4 with S = 3/2 shows a unique glassy magnetic behaviour.
CoRhy0y4 (S = 3/2) and CuRhyO, (S = 1/2) show spin-helix characteristics with
Néel temperature 25 K and 24 K respectively. In FeScySy, Fe (3d°) ions show
orbital degeneracy which enhances the spin fluctuation leading to exhibit spin-
orbital liquid characteristics.

Recently to achieve S = 1 A site diamond lattice system NiRhyO4 has grabbed
the attention. The unusual example of NiRhyO, with tetrahedrally coordinated
Ni (3d®) at A site and nonmagnetic Rh at B site, goes through cubic to tetrag-
onal structural phase transition below 7" ~ 440K. The tetragonal phase with
c/a > 1 allows SOC to play an important role in magnetism. Experimental stud-
ies of NiRh,O,4 show spin gapped excitations in inelastic neutron scattering (INS).
Another study claims topological paramagnetic behaviour for it. In contrast, a
theoretical study for NiRhyO4 considering a Heisenberg model with competing
AFM NN and NNN exchange interactions, claims for nonmagnetic ground state
which arises due to large single-ion spin anisotropy. All the previous studies ig-
nored orbital degrees of freedom but a recent one has put emphasis on orbital
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degrees of freedom for the tetragonal phase of NiRh,O4. The absence of any
proper and consistent theory of NiRh,O4 prompted us to focus on it to reveal its
properties.

1.3.3 Multi component high moment magnetism

High moment systems are important for different applications in the field
of spintronics, magnetic recording, catalysis, magnetic resonance imaging, and
biomedical science to repair tissue, detox biological fluid etc. These systems can
be also used to treat malignant tumours [37].

For the technological importance in achieving high moment, atomic clusters
of homo or hetero atom species are made. Due to low dimensionality and large
surface to volume ratio, magnetic moments of these clusters surpass their respec-
tive values in bulk systems [38]. Transition metal (TM) clusters show interesting
physical properties, governed by their localized d electrons.

Apart from nano clusters, high moment magnetism in bulk form encourages to
play with perovskite based transition metal oxides. The uncommon cation order-
ing in both A and B sublattices forms doubly ordered (double-double) perovskites
(DDPs) extending the flexibility of perovskite structures further. Recently atten-
tion has been paid to achieve spontaneous ferroelectric polarization by combining
two nonpolar rotational modes of oxygen octahedra in magnetic materials, called
Hybrid Improper Ferroelectricity (HIF) which also provokes to design double-
double perovskites [39]. With layered ordering at A site and rock-salt ordering at
B site, NaLaMgWOg was the first known example of doubly ordered perovskite
reported in 1984 [40]. Few other examples of such DDPs are synthesized under
high-temperature and high-pressure conditions to extend the compound possibil-
ity beyond the limited ones and these are NaLaMgTeOg [41], NaLaCoWOg [42],
NaLaNiWOg [42], KLaMgWOg [43] etc. In Table-1.2 few of the compounds of
NaLnCoWOg (Ln =Y, Sm, Eu, Ho, Gd, Th, Dy, Er, Yb) family and their syn-
thesis conditions are listed [39].

NaYCoWOg 1100°C, 5 Gpa
NaSmCoWOg 1000°C, 5 Gpa
NaEuCoWOg 1000°C, 5 Gpa
NaHoCoWOg | 1000°C, 5 Gpa

Table 1.2: Few examples and synthesis conditions of the compounds from
NaLnCoWOg family.

High pressure condition stabilizes small magnetic transition metal ions at A
sites instead of large nonmagnetic cations like Ca?", Sr?T and thus it introduces
A site magnetism into the system. Magnetism in A and B sublattices drives the
interplay of magnetism between multiple sublattices giving rise to highly enriched
magnetic properties. Discovery of new double double perovskite for rare-earth (R)
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cations is done with MnRMnSbOg (R = La, Pr, Nd, Sm) under high pressure ~ 10
GPa and high temperature 1473 K [44]. A sites are further splitted into Mn, and
Mn/, with tetrahedral and square planer environment respectively. This crystal-
lizes in tetragonal symmetry with space group P4s/n. Analysis of magnetization
of this family shows ferrimagnetic arrangement with A site and B site Mn spin
alignment in antiparallel direction with 7 value between 50-90 K. The low tem-
perature (2 K) magnetic structure has high Mn** moments 4.4 g which is close
to ideal moment 5 up and Nd3* has small moment 1.1 up. The same structural
type is also reported for CaABReOg materials like CaMnFeReOg, CaMnMnReOg
under high pressure and high temperature condition [45]. Further partial triple
double cation ordering of three cations at A sites and two cations at B sites
is reported for CaMng 5Cug sFeReOg. CaMnFeReOg, CaMng 5CugsFeReOg show
ferrimagnetism with antiparallel Fe and Re spins and measured magnetic mo-
ment supports the nominal valence of the cations. Although CaMnMnReOg has
different magnetic order where the A site Mn?* cations in square planar and
tetrahedral coordination order ferromagnetically parallel to the ¢ axis but the B
site cations exhibit antiferromagnetism.

To achieve the cation and charge distribution for late first row transition metal
ions, synthesis of magnetically ordered CaMnMReOg (M = Ni, Co) has been done
recently under high pressure and high temperature conditions. Reported study
shows ferromagnetic ordering for CaMnNiReOg and ferrimagnetic ordering for
CaMnCoReOg. The experimentally observed net magnetic moment for the com-
pounds is quite high which paves the way for designing large moment magnetic
oxides for spintronic applications. In this thesis we focused on CaMnMReOg (M
= Ni, Co) compound to unravel the rich magnetism of high moment magnetic
multiple sublattices.

1.3.4 Multiferroicity

Co-existence of the strong coupling of electric and magnetic degrees of freedom
makes multiferroics technologically highly important for a range of applications in
electronic device and sensors as the magnetism can be controlled with electric field
rather than magnetic field. Table-1.3 shows few examples of TMOs exhibiting
multiferroicity.

Ferroelectric-ferromagnetic BiMnOs3
Ferroelectric-semiconductor SrTiOs, YMnOs
Ferroelectric-antiferromagnetic HoMnOs, BiCoO3
Antiferroelectric-antiferromagnetic BiFeO3
Ferroelectric- ferroelastic KNbOs3
Ferroelectric-spiral magnetic TbMnO3

Table 1.3: Few examples of multiferroic transition oxides.

The source of magnetic order in a system is caused by the partially filled d or
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f shells of TM ions whereas ferroelectricity is governed by different microscopic
sources. Thus coupling two degrees of freedom one can have different types of
multiferroicity. Multiferroics are classified into two categories as follows.

(1)

(ii)

Type-I multiferroics: This group of multiferroics contains materials whose
ferroelectricity and magnetism are characterised by different sources which
are independent to each other. The ferroelectricity takes place at higher
temperature than that of the magnetic ordering and the spontaneous po-
larization has quite large value (=~ 10 - 100 xC/cm?) [46]. The source of
spontaneous ferroelectric polarization is the displacive ferroelectric distor-
tion associated with empty d orbitals. On the other hand the magnetic
ordering requires partial d orbital filling. It is thus difficult to have co-
existence of these two contrasting order parameter simultaneously as they
are mutually exclusive. Thus the route to multiferroicity is to separate these
two properties to different ions. In most of the known multiferroics the mag-
netic ordering is associated with the B site cations like Fe or Mn and the
A site cation like Pb or Bi causes the ferroelectric polarization due to lone
pair of electrons. For an example, BiMnOj3 or BiFeO3 show ferroelectricity
with magnetic Mn3* and Fe3" ions, and the Bi ion with lone pair electrons,
moves away from the centrosymmetric position in its oxygen neighbour-
hood giving rise to a polarization. Although BiFeO3 possesses very weak
magnetoelectric coupling effect due to its weak magnetism. KEderer and
Spaldin reported slight improvement in magnetization of BiFeOj [47] intro-
ducing oxygen vacancies through nonstoichiometric composition. Another
route that can lead to ferroelectricity in type-I multiferroic materials is the
charge ordering which is observed in TMOs with TM ions of different va-
lency. Nickelates RNiO3 show this kind of multiferroicity caused by charge
ordering [48,49]. In ThMnyOs multiferroicity takes place due to dimeriza-
tion. Another type of ferroelectricity occurs called as geometric ferroelec-
tricity in YMnOg due to the tilting of MnOj block to achieve closer packing
which ultimately leads the oxygen ions to move closer to Y ions making it
ferroelectric [50].

Type-II multiferroics: This group of multiferroics includes materials
whose magnetism is the source of their ferroelectricity and both are strongly
coupled. The polarization in these materials is comparatively smaller (=
1072 puC/cm?) [46] than that of type-I multiferroics. These type-IT multi-
ferroics are further grouped into two classes, one is where ferroelectricity is
caused by magnetic spiral and the another one where ferroelectricity devel-
ops in collinear magnetic structures.

Most of the type-II multiferroics fall into the class of spiral type-II mul-
tiferroics where different kind of magnetic ordering is present at different
temperatures e.g. ThMnO3. In TbMnO3 magnetic ordering is observed at
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~ 41 K and the magnetic structure changes at ~ 28 K [51]. In this material
the polarization flips depending on the applied magnetic field and forms a
cycloid. Magnetic frustration also encourages for spiral magnetic ordering
in insulators which makes one to conclude that type-II multiferroics are
usually found with frustrated systems.

In the second group of type-II multiferroics where ferroelectricity appears in
collinear magnetic structures, polarization takes place due to exchange stric-
tion. Collinear unique 11J}J E-type antiferromagnetic arrangement breaks
the centrosymmetry and induces polarization into the system because the
distortion of ferro (11) and antiferro (1) bonds are different which is a con-
sequence of exchange striction. As an example in RMnOj3 perovskites with
unique E type antiferromagnetic arrangement exchange striction causes the
oxygen ions to shift perpendicular to Mn-Mn bonds producing polarization.

Apart from these, mixed anion chemistry i.e. incorporation of a second an-
ion in the system may lead to multiferroicity. The anion based strategy allows
to design a new class of materials with multiple anions in a single phase, such
as oxyfluorides (O-F), oxynitrides (O-N), oxysulfides (O-S) etc. For example in
transition metal oxyfluorides the difference in electronegativity of O~ and F~
plays important role. The stronger covalent TM-O interactions result in shorter
bonds than that of the more ionic TM-F interactions which drives the displace-
ment of the TM ion towards oxygen anions.

CaMnOs perovskite based transition metal oxide is an example to incorporate
oxygen vacancy as Mn can have different valence states. The oxygen deficient
compound possesses unique up-up-down-down magnetic arrangement showing
coupling between electron, spin and lattice degrees of freedom. Introduction of F
as a foreign anion in the oxygen deficient compound shows interesting properties
leading to multiferroicity which we have taken up in this thesis.

1.4 Different structural geometries studied

Different structural geometries of transition metal oxides are studied in this
thesis to explore different functional properties. In the following sections the
geometries studied in the thesis are discussed.

1.4.1 B site ordered double perovskite

Double perovskite takes the formula A;B>Og where A is the rare-earth or alka-
line metal ion and B is transition metal ion. Cation ordering can take place either
at A site or B site. Cation ordering at A site is less common in comparison to B
site ordered double perovskite. Difference in oxidation state plays an important
role for it. B/B’ cation ordering can accommodate large difference (as seven) of
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oxidation state but that for A/A’ site cation ordering is limited to two or less [52].
B site ordered double perovskite takes the formula as AyBB'Og where B and B’
are the two TM cations. As a general rule it is found that for the difference of
oxidation states of B and B’ less than two, disordered arrangement is observed
and that of greater than two gives ordered arrangements. When this difference of
oxidation states becomes two, we can have disordered, partially ordered or fully
ordered arrangements depending on the ionic radii and bonding preference of B
and B’ cations [52].

B site ordered double perovskites draw special interest as they can host 3d,
4d/5d transition metals at B sites giving rise to interesting properties.

Cation ordering at B and B’ site can be three types as follows:

(i) Layered ordering: In this uncommon type of B site ordering the B and
B’ TM cations have alternating arrangement only in one direction [cf. Fig.
1.13 (a)]. RyCuB’Og with B’ = Sn/Zn and RoCuSnOg¢ with R = Nd/Pr/Sm
have layered ordering at B sites [53].

(ii) Columnar ordering: In this ordering the B and B’ cations alternate in
two directions [cf. Fig. 1.13 (b)]. In this rare ordering the A site is also
occupied by two different elements [52].

(iii) Rock-salt ordering: This is the most common ordering of B site ordered
double perovskites. Here the B and B’ cations have alternating arrangement
in three directions [cf. Fig. 1.13 (c)].

(b) (c)

Figure 1.13: Different types of B site cation ordering: (a) layer, (b) columnar and
(¢c) rock-salt. Small red balls represent oxygen atoms. BOg and B’Og polyhedra are
coloured in blue and grey respectively. A site cations are omitted for clarity.

In rock-salt ordered structure which is the most common B site ordered double
perovskite structure, the alternating arrangement of corner sharing BOg and B’Og
octahedra along three axes make voids where the A site cations sit in. Most of
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the perovskites are found to have divalent A site cations where A cations are
alkaline/rare-earth elements. The larger ionic radii of A*" compared to A3
cations, favour most of the perovskites to host divalent A site cations. Divalent
A site cations open up scopes of different combinations of B and B’ cations as,
B4t /B/4t, B3t /BT, B2F/BST or BT /BT, Monovalent A" cations are rare
with only three reported examples: NayZrTeOg [54], NagTiTeOg and NaySnTeOg
[55]. Though the ionic radii of A'" is larger than that of A", it restricts the
combination of oxidation states of B site cations. B site cation oxidation state
combinations get limited to BT /B’5* BT /BT and B3*/B"*. These ultimately
leads to have comparatively fewer DPs with monovalent A cations. The ideal
crystal structure of rock-salt ordered double perovskite is cubic (space group
Fm-3m) but it can go through structural distortion depending upon different
reasons and lowers the symmetry of structure. The different factors responsible
for structural distortion are as follows:

(i) The cationic size mismatch of A, B and B’ cations are one of the reasons
to cause distortion. The ionic size mismatch is described by Goldschmidt’s

tolerance factor ¢ as
(7“ A+ 7“0)

rg + 1
V(=52 5 t7o)

where, r4, 75, 5, 7o are the ionic radii of A, B, B" and O ions respectively.
Ideal cubic structure is obtained for t = 1. For the value of ¢t # 1 distortion
takes place. t > 1 implies larger A size cation which does not fit in the
interstitial void and non-perovskite hexagonal structures are emerged out.
t < 1 implies smaller A size cation and perovskite compensates this size
mismatch by out-plane tilt and in-plane rotation of BOg and B’Og octahedra
(GdFeOg type distortion).

t =

(1.16)

(ii) Electronic instabilities like Jahn-Teller (JT) effect also cause distortion. JT
active ions like Cu?*, Mn3* with orbital degeneracy exhibit octahedral dis-
tortion which lifts up the degeneracy and makes the structure stable. Most
of the compounds with Mn3" are disordered because of the small charge
difference of the B and B’ cation in comparison to high oxidation state of
Mn3* which hinders cation ordering. SroMnB’Og (B’ = Nb/Ta/Sb) show
low degree of cation ordering among the disordered structures containing
Mn3*. For Cu?* compounds the charge difference of B site cations are
larger than that with Mn3* and compounds are more ordered. Rock-salt
ordered SroCu MOg (M = W/Te/Mo) [56] and layered ordered LayCuSnOg
show JT distortion [27].

(iii) Another cause to create distortion is ferroelectric displacement of a cation.
Presence of Pb?t or Bi*t at A site leads to ferroic distortion due to lone
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electron pair of these ions. For an example PboMgTeOg, Ba,MMnOg (M =
Co/Ni) show this kind of ferroic distortion [27].

1.4.2 Spinel

The class of spinel materials with the general chemical formula AB,X, have
drawn their attention as they serve as a source of novel physical properties. In
the spinel structure the A sites are mainly divalent cations like Mg, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Cd, Sn; the B sites are trivalent cations like Al, Ga, Ti,
V, Ni, Fe, Cr, and the X anions are typically the chalcogen elements like O, S,
Se. Although monovalent (14), trivalent (3+) A site spinels also exist. A site
cation with 4+ valency are high-pressure forms of olivine minerals like SiCoy04,
SiFe,O4 [57]. This class of materials are named after MgAl,O, which is a Al
based spinel compound. Magnetite (Fe3O,4), known as ledstone was first charac-
terized as spinel mineral by Sir Bragg in 1915 [58]. Spinels are rich in showing
their interesting properties. Fe3O, was found to exhibit Verwey transition, a
change in physical properties associated with structural transition [59]. LiTiyO4
exhibits superconductivity [60], LiV2O4 shows heavy-fermionic behaviour instead
of having f electrons [61]. Besides all these, spinels are interesting due to their
geological importance as they are found in earth’s crust and mantle.

The crystal structure of a spinel consists of two metal sites with tetrahedral
and octahedral coordination. Spinels are classified into two categories: normal
spinel and inverse spinel.

e Normal spinel: In a normal spinel structure the A site cations are tetrahe-
drally coordinated whereas the B site cations are octahedrally coordinated
[cf. Fig. 1.14]. A normal spinel consists of eight fcc cells in which the anions
take the fcc lattice points. A site cations occupy 1/8th of tetrahedral voids
and B site cations occupy 1/2 of the octahedral voids. Octahedrally coor-
dinated B site cations form corner sharing pyrochlore B sublattice which is
basically the network of corner linked B site tetrahedra.

e Inverse spinel: Inverse spinel differs with normal spinel in cationic distri-
bution. In inverse spinel like NiFe;Oy4, Fe3Oy4, the A site cation is octahe-
drally coordinated and the B site cation is tetrahedrally coordinated. The
general chemical formula for inverse spinel becomes B(AB)O4 where half
of the B cations occupy the tetrahedral coordination and remaining half of
the B cations and A cations occupy the octahedral coordination. In case of
magnetite FezOy4, the charge distribution becomes as Fe?TFey3T042~ [62].
Thus in magnetite A and B-site cations are same and they have different
valences.

Here our discussion will be focusing on normal spinel stated as spinel.
The ideal cubic spinel oxide has space group Fd3m with high symmetry atomic
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positions of A and B site cations and X anions sit at 32e uuu position which is the
only structural free parameter aside from lattice constant in a spinel structure.
Variation in this free parameter changes the relative size of the tetrahedra and
octahedra introducing distortion within individual tetrahedron and octahedron
keeping the symmetry of the structure intact [63]. The atomic positions of the A,
B and X site ions depend on the setting of the origin and in Fd3m space group
the possible unit cell origin can be one of the two different equipoints with point
symmetries 43m and 3m. The origin can also be assigned to either a vacant site or
an occupied site. Table-1.4 shows the atomic positions with Wyckoff notation of
A, B, X ions for different choice of origin setting. The ideal cubic spinel structure

Origin at 43m Origin at 3m
Origin at Origin at Origin at Origin at
A site tetrahedral vacancy B site octahedral vacancy
A site cation Sa 8b 8b 8a
B site cation 16d 16¢ 16¢ 16d
X anion 32e 32e 32e 32e

Table 1.4: Wyckoff notation of A, B and X ions for two different origin settings in
Fd3m space group symmetry of ideal cubic spinel.

is shown in Fig. 1.14 showing the 3D network of corner linked B sublattice. The
A only sublattice forms a diamond lattice which is made of two interlacing fcc
lattices. The primitive unit cell consists of two formula units (Z = 2) and eight
unit cells (Z = 8) to form a conventional unit cell containing 24 cations (8 A
cations + 16 B cations) and 32 anions.
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Figure 1.14: Left panel shows the crystal structure of a spinel compound. Green
purple and small red balls represent A, B and X site ions respectively. The purple
bonded corner sharing 3D network of tetrahedra is the pyrochlore B sublattice. In the
right panel the tetrahedral and octahedral coordination of A and B site cations are
shown separately.

Table-1.5 lists the atomic positions of the corresponding sites considering the
origin at a lattice site occupied by A site ion with 48m point symmetry. Another

Fractional coordinates of lattice sites
Origin at A site

Wyckoff notation  Site symmetry Coordinates
A site cation 8a 48m (0,0,0); (%, %, i)
B site cation 16d 3m (%,%,% ; (%,%,%)3 (%:%%)? (%a%:%)
X anion 32 3m (u,w,u); (u,a,a); (a,u,a); (a,a,u);
(3-u,3-u,3-uw); (34w, 3+ut-u
(5w

Table 1.5: Atomic coordinates of spinel in Fd3m symmetry considering origin at a
lattice site occupied by A site cation with 43m point symmetry

possible space group symmetry of spinels is F/3m. In this space group the metal
cations of the octahedral site i.e. the B site cations are displaced along [111]
direction as the u value deviates from its ideal value (u3™ = 3/8, ul = 1/4).
The tetrahedral site cations i.e. the A site cations split into two crystallograph-
ically independent sites a and ¢ with Wyckoff multiplicity 4. This kind of ionic
movement breaks the centrosymmetricity by changing the tetrahedral volume,
bond lengths, bond angles and coordination symmetry of the polyhedra [64—67].

Through any one of the B site cations, three different chains of tetrahedra can
run in three dimension as shown in Fig. 1.15 (a). The pyrochlore B sublattice
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projected on to any one of crystallographic planes gives rise to checker-board
patten [cf. Fig. 1.15 (b)] whereas projecting this lattice on a plane perpendicular
to any of the three tetrahedron chain directions gives the Kagome lattice [cf. Fig.
1.15 (¢)].

Figure 1.15: Pyrochlore B sublattice. (a) Corner linked B tetrahedra forming py-
rochlore lattice. Three arrows represents the directions of three tetrahedra chains. (b)
B sublattice projected on any of the crystallographic planes making checker-board pat-
tern. (c) B sublattice projected on a plane normal to any of the chain directions making
Kagome lattice.

Spinels go through structural phase transitions on lowering the temperature
gradually. Cubic spinels go through cubic to tetragonal to orthorhombic phases
on lowering the temperature e.g. NiCr,O,4 exhibits this kind of structural phase
transition from cubic to tetragonal symmetry at ~ 310 K [68].

Frustration in spinel structures

Competing interaction i.e. frustration is a characteristic which makes any
system unable to satisfy all pairwise interactions and any long range ordering. As
a result degenerate ground states like spin liquid, spin glass states are produced
[69,70]. Frustration in spinel structure can be either on A sublattice which is
bipartite consisting of two sublattices or on B sublattice which forms pyrochlore
lattice and is non-bipartite.

& Frustration at B sublattice: Pyrochlore lattice

Pyrochlore lattice is formed with the 3D network of corner linked tetrahedra
of B sublattice as shown in Fig. 1.15. The 2D form of this pyrochlore lattice
is realized as Kagome lattice as shown in Fig. 1.15 (c¢). The corner linkage of
tetrahedral arrangement of B sublattice, gives rise to frustration in the system.

In spinel structure AB,O,4, containing magnetic ions at B sites, the mag-
netic ordering is dominated by geometric frustration driven by nearest neighbour
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Figure 1.16: (a) Antiferromagnetic (AF) spin interaction on a bipartite lattice :
unfrustrated spins. (b) AF spin interaction on a triangular lattice : geometrically
frustrated spins.

(NN) antiferromagnetic interactions [71]. Together with the geometrically frus-
trated NN antiferromagnetic interactions, the next nearest neighbour (NNN) ex-
change interactions, antisymmetric Dzyaloshinskii-Moriya exchange, dipolar in-
teractions, and magnetoelastic couplings, all become important to develop the
spin-spin correlations leading to the unconventional magnetic and thermodynamic
behaviours [72]. Lacking any long-range magnetic order, geometrically frustrated
pyrochlore lattice systems show nature of spin-liquid, spin-glass, or disordered
spin-ice states.

The root ideas of geometrical frustration can be easily caught in context of
magnetism. This can be described by the spins on the vertices of a triangu-
lar lattice where antiferromagnetic (AF) spin interaction is favoured for nearest
neighbour (NN) interaction. Fig. 1.16 (a) shows AF interaction on a bipartite
lattice and 1.16, (b) shows the AF interaction on a triangular motif where for
all bonds it is impossible to satisfy AF interaction simultaneously [71]. Once the
first two spins align in antiparallel direction, the third one becomes frustrated
because its two possible orientations, up and down, give the same energy and
as a result the ground state becomes highly degenerate. Three interacting spins
have six equal energy lowest states instead of having single lowest state and as the
number of such triangles for a system grows, the number of equal energy states
grow exponentially fast. The AF interacting spins on the vertices of a tetrahedron
also experience frustration as the basic interacting unit is triangle here also.

& Frustration at A sublattice: Diamond lattice

Frustrated A sublattice is a diamond lattice. As mentioned earlier diamond
lattice is made up of two interlacing fcc lattices at (0,0,0) and (1/4,1/4,1/4)
position and can be viewed as the 3D analog of a honeycomb lattice. Fig. 1.17
shows a diamond lattice in which the A site atoms of two different fcc lattices are
coloured differently.
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Figure 1.17: Frustrated A sublattice : Diamond lattice. Green and blue A site atoms
correspond to two different interlacing fcc lattices. The B site cations and X anions
are omitted for clarity. Nearest neighbour (NN) and next nearest neighbour (NNN)
interactions are marked separately.

Here the A site is occupied by the magnetic atom which is tetrahedrally co-
ordinated. In a diamond lattice there are 4 nearest neighbour (NN) interac-
tions J1, between two adjacent magnetic ions on separate fcc sublattices and 12
next nearest neighbour (NNN) interactions J2, between two adjacent magnetic
ions of the same fcc sublattice [cf. Fig. 1.17]. The superexchange interaction
between two adjacent magnetic ions follow the A-X-B-X-A pathways. The 4
NN interactions are coupled through six A-X-B-X-A exchange paths including
nearly rectangular X-B-X bonds of nonmagnetic ions and the 12 NNN interac-
tions are coupled through two equivalent A-X-B-X-A exchange paths including
X-B-X bonds [69,70]. Frustration in the system comes due to the competition be-
tween NN and NNN exchange interactions. An antiferromagnetic diamond lattice
having only NN interaction (J1) is not frustrated but inclusion of NNN interac-
tion (J2) introduces frustration in the system. As the NNN AFM interaction
J2 involves two adjacent magnetic ions of a same fcc lattice, the basic coordina-
tion of interacting A site cation becomes triangular lattice which certainly sets
in frustration into the system.

Thus frustration in diamond lattice is different from geometrically frustrated
B sublttice which forms a pyrochlore lattice where the observed frustrations are
inherently geometric in nature. Diamond lattice is rather antiferromagnetic NNN
exchange interaction driven frustrated system.

Determination of frustration:

Frustration of a magnetic material can be measured by its response to an ap-
plied magnetic field. Fig. 1.18 shows temperature dependence of inverse magnetic
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susceptibility for three different types of materials.
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Figure 1.18: Temperature dependence of inverse susceptibility for ferromagnet, frus-
trated magnet and antiferromagnet. Fig. is taken from Ref. [71].

The high temperature behaviour follows the Curie-Weiss law, . (lT) _ 720‘”),
where C' is a constant, proportional to atomic moment and O¢y is the Curie-
Weiss temperature. Energy of two interacting spins is J.5;.5; where S is the spin
magnetic moment vector and J is the interaction energy. Thus for AFM inter-
action x(7T') will have negative intercept and for FM interaction it takes positive
sign. Geometrically frustrated systems posses AFM interaction but frustration
precludes any long-ranged magnetic ordering thus any unique ground state can
not be found. The transition temperature value of suppressed long range order,
obtained by extrapolation of high temperature mean field behaviour, defines the
frustration parameter, as f = |Ocw|/Tc, where Ocy is the Curie-Weiss tem-
perature and T is ordering or freezing temperature. This parameter is used to
measure the frustration in a system qualitatively. A suggested empirical scheme
given by terHaar and Lines as follows shows the degree of frustration of a sys-

tem [73].

(i) f=1 unfrustrated
(ii) 1< f<10 moderate frustration
(iii) f>10 strong frustration

The experimental observations of ZnCr,O,4 gives Ocy = -390 K and f = 24,
showing highly frustrated behaviour [74], for CoAl,O4 f =~ 10-20 [70] and for
MDSCQS4 f ~ 12 [69]

Bergman et al. have figured out theoretically that the ground state of a
diamond lattice is a Néel phase with antiparallel spins coupled through nearest-
neighbour interaction in weakly frustrated limit 0 < J2/J1 < 1/8. The ground
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state changes depending on the ratio of J2/J1 and it becomes spiral-spin liquid
for J2/J1 > 1/8. Thus for larger J2, the Néel phase becomes degenerate set
of coplanar spin spirals [75]. For an example, the reported values of J1 and .J2
of CoAl;O4 are 0.92 meV and 0.101 meV respectively. Thus J2/J1 = 0.11 for
CoAly,O4 which suggests to fall it in the critical region between AFM and spiral
spin-liquid states [76].

1.4.3 A and B site ordered double double perovskite

The uncommon cation ordering in both A and B sublattices in doubly ordered
(double-double) perovskites takes the general chemical formula AA’'BB'Og where
A, A’ are the rare-earth/alkaline elements and B, B’ are transition metal ele-
ments. In the general structural framework of DDPs the A /A’ site cations have
layered ordering and the B and B’ have rock-salt ordering which provide addi-
tional degrees of freedom over simple double perovskites [77]. It is also observed
that layered ordering at A site cation is only seen in presence of rock-salt ordering

of B sites for the case of stoichiometric perovskites. The crystal structure of such
DDP is shown in Fig. 1.19.
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Figure 1.19: Crystal structure of an ideal AA’'BB’Og perovskite with layered ordering
at A/A’ and rock-salt ordering at B/B’ sites. Orange and green balls represent cations
at A and A’ sites respectively. Blue and grey polyhedra represent BOg and B’Og
octahedra respectively.

The unusual layered ordering in A sublattice leads to bond instability which is
being stabilized by second-order Jahn-Teller (SOJT) distortion of highly charged
B’ (d°) cation. The presence of SOJT distortion of B’ site and the magnetic
ions make the compounds enable to exhibit multiferroicity. Recently under high
pressure and temperature condition a new class of DDPs is synthesized with the
general chemical formula AAj;A{;BB’Og. This structure consists of columnar
motif at A sites and rock-salt motif at B sites as shown in Fig. 1.20. This crystal
structure consists of five independent cation sites, A, A’, A”, B and B’, hosting
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rare-earth or alkaline-earth ion at A site, 3d transition metals at A’, A” and B
sites, and 5d transition metal at B’ site. High temperature and pressure conditions
compels small magnetic cations like Mn?* to stabilize at A sites instead of large
nonmagnetic cations like Sr?T and Ca?t. Thus A site magnetism gets introduced
into the system. The small magnetic A site cations have tetrahedral and square
planar coordination instead of usual dodecahedral coordination of A site cations.

Figure 1.20: Crystal structure of AA{ ;A ;BB'Og perovskite with columnar order-
ing at A/A’ and rock-salt ordering at B/B’ sites is shown in the left panel. Orange
balls represent nonmagnetic A site cations. Blue and purple octahedra show rock-salt
arrangement of B sites. Green and grey balls represent cations at A’ and A” sites
respectively. The right panel shows the tetrahedral and square planar coordination of
A’ and A” cations respectively.

This particular ordering at A and B sublattices changes the unit cell to
V2a, * v/2a, * 2a, where a, is the unit cell lattice parameter of cubic perovskite
with Pm3m symmetry. Thus the DDPs take tetragonal symmetry with space
group P//nmm. The cation size mismatch and octahedral tilting further reduce
the symmetry [78] . Most of the synthesized DDPs under high temperature and
pressure conditions are reported to have polar space group. The polar space group
symmetry allows these compounds to exhibit ferroelectricity and piezoelectricity.
As already mentioned the family of DDPs possesses interesting magnetic prop-
erties. Several compounds of AA’MnWOg family show antiferromagnetic order-
ing, driven by Mn-O-W-O-Mn superexchange interaction with Néel temperatures
ranging from 6-15 K [40]. Compounds of AA’MgWOg family show paramagnetic
nature down to 2 K which remains intact in the presence of magnetic rare-earth
ions at A’ site [52,79].

1.4.4 Oxygen deficient compound of perovskite

The structural and compositional flexibility of perovskite family encourage to
design oxygen deficient compound of perovskites as the transition metal cation
can accommodate variable valency states. In recent years the oxygen deficient
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compounds of perovskites with general chemical formula A,,B,,03,,_, (m is in-
tegral number perovskite blocks in unit cell and x is an integer) are in focus of
attention due to their various interesting properties. They can be multiferroic,
exhibit antiferromagnetism, high-temperature superconductivity, metal-insulator
transition, large magnetoresistance effect etc. Playing with oxygen vacancy in
perovskites i.e. Oxygen Engineering is an efficient tool to create new superstruc-
tures. This term was coined by M. Korppien and H. Yamauchi. The process of
oxygen engineering produces new superstructures controlling the precise oxygen
content which tailors the properties of functional oxides with optimized perfor-
mance. The anionic sublattice under reduction atmosphere gives rise to oxygen
deficient compounds. These types of reactions are highly topotactic as the reac-
tivity and nature of final reduction products are determined by the crystal struc-
ture of the parent compound [80]. The properties of these hypostoichiometric
compounds depend on the nature of A and B cations and the particular ordering
of the oxygen vacancies [81]. Few examples of oxygen deficient compounds are

C&QMHQO5 [82,83], La2N1205 [84], Ca2C0205 [85] etc.

& Oxygen vacancy pattern and crystal structure

Oxygen vacancy is represented by Vg in Kroger - Vink notation [86]. Ander-
son et al. [87] have examined six unique vacancy patterns for AsBoO5 (m = 2,
= 1), five for A3B309_, (m = 3, x = 1, 2 or 3) and two for AyB4O1; (m =4, =
= 1). Generally oxygens are removed from [100]. or [110]. rows or (001). planes
[cf. Fig. 1.21].
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Figure 1.21: Common oxygen defect patterns in oxygen deficient compounds of per-
ovskites. Solid black circles, empty circles and crosses represent B site cations, oxygen
atoms and oxygen defects respectively.

Oxygen removal from [100].. gives rise to BO5 square pyramids or BO, square
planes. Oxygen vacancy along [110], and (001). leads to the formation of BO,
tetrahedra and BOjs square pyramids respectively [87]. The most common crystal
structure is brownmillerite when the general chemical formula of oxygen deficient
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compound becomes AyByO5 (m = 2). This kind of crystal structure is found in
CagFeAlOs5 [88], CayFeyO5 [89], CaaMnyO5 [90] and may more. The crystal struc-
ture of brownmillerites is orthorhombic and its unit cell parameters are related to
the unit cell parameter (a,) of cubic perovskite as, a = ¢ = v/2a,,b = 4a, [91].
In the following Fig. 1.22 the schematic diagram of brownmillerite formation
from perovskite is shown along with different coordination of B cation.

Stoichiometric perovskite Oxygen deficient perovskite
BO, tetrahedron BO,/ square planar BO,/ square

pyramid BO,

A=

Brownmillerite A,B,O,

Figure 1.22: Schematic diagram of brownmillerite formation with any one of the
different polyhedra coordination of B cation.

The ordered oxygen vacancy results in alternating layers of corner sharing
BOg octahedra and BOj square pyramid (or BO4 tetrahedron or square plane).
Anionic size mismatch is incorporated by Goldschmidt’s ¢ factor and for ¢ < 1
structural distortions are observed. The crystal structures of CasMnyO5 and
LayNisO5 are shown in Fig. 1.23 as examples. CasMnyO5 crystallizes in or-
thorhombic symmetry and the oxygen removal from [001] rows gives rise corner-
sharing network of MnOj square pyramids [cf. Fig. 1.23 (a)]. Similar structure
type is observed for LayCupOj5 [92] and BagBiyO5 [93]. For LasNipOs, the crystal
stucture is tetragonal and oxygen atoms are removed from [100] rows resulting in
corner-sharing network of NiOg octahedra and NiO4 square planes [cf. Fig. 1.23
(b)] [87].

& Mizxed anion chemistry

Anion ordering plays an important role to tune the properties of perovskite
oxides. Along with the oxygen deficient compounds, mixed anion compounds are
drawing attention in solid state physics community for their unique properties
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(a) (b)

Figure 1.23: (a) Crystal structure of CagMnyOs and (b) LagNipOs. Green and red
balls represent A site cations and oxygen atoms respectively. Blue polyhedra represent
different coordination of B site cation.

though they are less explored till date. The anion-centered strategy allows to de-
sign new class of materials with multiple anions. Mixed anion compounds combine
different anions in a single phase, such as oxyfluorides (O-F), oxynitrides (O-N),
oxysulfides (O-S) etc. Mixed anion compounds also incorporate S-Se, S-Te, Se-Te,
F-S, F-P anion combinations [94-98]. In comparison to the compounds contain-
ing single anions, compounds with multiple anions have a range of structures
with unique properties by changing bond angles, bond distances and coordina-
tion numbers which add new dimensions to tune the properties [99]. For example
fluorination of thin film SrFeOs_, decreases its electrical resistivity hugely [100].
Among all kinds of mixed anion compounds those containing fluoride ions have
attracted much attention due to the high electronegativity and large reactivity of
fluoride ions which improve the nature of the structural arrangement and charge
density carried by polarizable cations to some degree [101]. Fluorine is the most
suited foreign element to dope oxides beause of its comparable ionic radius (rp-
= 1.33 A) to that of oxygen (rp=- = 1.40 A). In these compounds the metal
cation makes bonding with more than one anionic ligand and makes a heterolep-
tic polyhedron [94]. Incorporation of a different type of anion in a system is
easier for oxygen deficient compound of perovskites as they already offer vacancy
patterns. Adding a second anion in the system of oxygen deficient compounds of
perovskites completes the corner sharing octahedral network of metal cation in
3D. Compounds with multiple anions show multiferroicity, metal-insulator tran-
sition, antiferromagnetism, hybrid improper ferroelectric nature etc. which are
worthwhile to explore.
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1.5 Overview of the present thesis

The above discussion clearly suggests that TMOs with different structural ge-
ometries exhibit various novel functionalities. Investigation of these compounds
at microscopic level is necessary to understand the underlying chemistry behind
the interesting properties. Density functional based first principles calculations
give a complete understanding of different magnetic ordering, orbital degrees of
freedom, charge states, and electronic properties which can also lead to design
new materials with targeted properties. DFT calculations supplemented with
model study enable us to have a complete understanding of the underlying phys-
ical and chemical processes.

In the present thesis we have studied different transition metal oxides to ex-
plore their different unique properties. The overview of different chapters of the
thesis is as follows:

Chapter 2: This chapter contains all the theoretical methods we have car-
ried out in the thesis. Discussions are made on density functional theory based
calculation and its implementation to solve many-body Hamiltonian. Different
basis sets used to study different properties are also discussed here. We also
discussed the construction of low energy few band model Hamiltonian and its
solution through exact diagonalization technique and Monte Carlo simulation to
extract the physical properties. This chapter also contains the description of ge-
netic algorithm used to predict the crystal structure of a material theoretically
in more accurate manner.

Chapter 3: This chapter is devoted to study the oxygen deficient counter-
parts of well known perovskite CaMnO3, using density functional theory based
calculations. In this joint theoretical-experimental study we carried out calcula-
tions on the oxygen deficient compounds namely CaMnOs 5 and CaMnOy with
varying Mn valency.

We probed the local structure analysis of oxygen deficient CaMnQO,. Our
study shows that a locally phase separated structure with locally ordered regions
terminated by antiphase boundaries becomes favoured over disordered rock-salt
structure with average occupancy of sites by Ca and Mn atoms. The microscopic
origin of stabilization of such locally phase separated structure was found to be
caused by an increased Mn-O covalency as well as Mn-Mn magnetic exchange
interactions at antiphase boundary.

We have also studied the oxygen deficient compound CaMnQOs 5 with its square
pyramidal environment of Mn instead of octahedral one. Mixed anion chemistry
is also studied incorporating F as the foreign element into the system. Our study
established the stabilization of unique up-up-down-down magnetic configuration
in the un-flourinated compound with strong magneto-structural coupling. Upon
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fluorination, we found that F occupies both the interstitial site of the missing
oxygen position of metal-oxygen octahedra, driven by the tendency of Mn to be
in octahedral environment instead of square pyramidal environment as well as
the substitutional oxygen site in the square pyramid. This results in Mn valency
in fluorinated compound close to 3+. All these make CaysMn,OgF3 compound as
the most preferred fluorinated counterpart. The resultant fluorinated structure
breaks the inversion symmetry of the crystal, through off-centric movement of F
atom in the interstitial, which makes the compound polar with finite polariza-
tion. This together with strong magneto-structural coupling holds promise of the
compound to be high temperature multiferroic.

Chapter 4: In this chapter we have carried out calculations on B site or-
dered double perovskite Sr3OsOg to explore its reported high T ferromagnetic
insulating behaviour in cubic symmetry. Our first principles calculation in con-
junction with genetic algorithm establishes monoclinic symmetry as the most pre-
ferred symmetry of Sr3OsOg suggesting the role of its epitaxial growth on Sr'TiOg
substrate as the driving cause of its reported cubic symmetry. We made a com-
parative Wannier function of orbital overlap constructing low energy few band
Os tgy based Hamiltonian for most preferred monoclinic symmetry and reported
cubic symmetry of Sr3OsOg. Wannier function overlaps for nearest-neighbour
interaction show a well defined connected path between two Os atoms across the
face of the cube in cubic symmetry which becomes misaligned in the monoclinic
symmetry due to structural deviation. Solution of low energy Os t5, based model
Hamiltonian through exact diagonalization technique proves the stabilization of
FM ordering in cubic phase with high-temperature scale associated with it. Our
electronic structure calculation also reveals the origin of insulating behaviour of
ferromagnetic Sr3OsOg which is driven by the opening of a Mott gap in the half-
filled spin-orbit coupled j = 3/2 manifold of d* Os.

Chapter 5: This chapter contains the study of doubly ordered perovskites
CaMnMReOg (M = Ni/Co) which show rich magnetism with high moment in
multiple magnetic sublattice system. The tetragonal crystal structure of stoi-
chiometric CaMnMReOg with 5 independent cationic sites holds interesting mag-
netic and electronic properties. Our electronic structure calculation agrees well
with reported ferromagnetic and ferrimagnetic ground state of CaMnNiReOg and
CaMnCoReOg compound respectively. Our DFT based calculations armed with
low energy model Hamiltonian reveals the role of the interplay of hybridization-
driven multi sublattice double-exchange and superexchange mechanisms depend-
ing on the position and filling of d energy states, on the magnetism of these
compounds. We also performed Monte Carlo simulation on the spin Hamiltonian
plugging in the DFT derived coupling constants of double exchange (D’s) and
superexchange (J’s) interactions to capture the temperature dependency on mag-
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netization. Results of our Monte Carlo study also agree well with the ground state
magnetic configurations of the Ni and Co compounds. It shows total magnetic
moment of 28 pup and 12 pup for the Ni and Co compound unit cell respectively
supporting the nominal valence of the magnetic cations. Calculated transition
temperature T from the point of inflection of the temperature vs. magnetization
curve also agrees well with the reported T values of both the compounds. For
the Co compound the dM/dT curve shows a hump suggesting the competition
between the ferro and antiferro nature of effective interactions.

We have also carried out calculations on the off-stoichiometric compounds to
mimic the experimental situation by making Ni-poor and Co-rich off-stoichiometric
compounds. Our study shows that ground state magnetic arrangement remains
unaltered and magnetic transition temperature does not change drastically even
in presence of off-stoichiometry.

Chapter 6: This chapter contains the study of the spin one (S = 1) dia-
mond lattice system NiRh,O,4 which goes through a phase transition from cubic to
tetragonal (¢/a > 1) at temperature 7' < 440 K. Our study on electronic structure
calculation of both the cubic and tetragonal symmetry gives half-metallic solu-
tion. The tetrahedral environment of Ni breaks its d states into ¢ and e levels
whereas the octahedral environment splits Rh d states into t5, and e, levels. The
tetragonal distortion introduces additional splitting of Ni ¢; states and the active
degrees of freedom allows spin-orbit coupling (SOC) to play an important role.
Making the dominant exchange interaction paths we analysed the magnetism in
the low temperature tetragonal symmetry. Our study revels nonzero Wannier
overlap on nonmagnetic Rh which makes the Ni-O-Rh-O-Ni superexchange path
strong. Calculated exchange interactions using DFT methods establish the pres-
ence of strong frustration in the spinel structure. Solving the single site model
Hamiltonian in conjunction with DFT derived results show spin-orbit entangled
singlet nonmagnetic ground state of the tetragonal symmetry. The gapped na-
ture in the neutron scattering suggests no magnetic condensate formation due to
frustration of the diamond lattice.

Chapter 7: This chapter contains the results of different novel functionalities
studied at one place and we also discussed about the future scopes of these works.
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Chapter 2

Theoretical methods

In this chapter, the theoretical methods, used for electronic structure calcula-
tion, crystal structure prediction and thermodynamic properties to reveal differ-
ent novel functional properties of transition metal oxides are discussed.

Our electronic structure calculations are mainly based on density functional
theory (DFT) based first principles calculations. The conventional ab-initio
method of calculations are used to understand the electronic properties at zero
Kelvin (7' = 0 K). In order to account for electron-electron correlation effect, we
adopt two approaches. First, it is dealt within mean field scheme of DFT+U
approach. In second approach, we apply supplemented Hubbard U and Hund’s
coupling Jy to handle the multi-orbital situation within a tight-binding model,
derived from ab-initio calculation. With the help of N** order muffin-tin orbital
method the hopping integrals, onsite energies of the single particle part of the
many-body Hamiltonian are extracted from DFT calculations in energy selective
manner which is solved using exact diagonalization technique.

To predict the crystal structure of a compound, genetic algorithm is used with
DFT total energies as input. For finite temperature calculation of thermodynamic
properties, Monte Carlo simulation is carried out on model Hamiltonian.

In the following sections the methods and their background are discussed in
detail.

2.1 Many-body Hamiltonian

Understanding of physical and chemical properties of a material at micro-
scopic level is very important. For this understanding, the electronic structure
calculation is necessary as electrons govern most properties. Systems like atoms,
clusters, solids all are made up of mutually interacting particles, namely electron
and nuclei. Matter can be thought as a collection of interacting particles under an
influencing external field. Thus any system can be described as the interaction
of heavy positively charged particles i.e. nuclei and lighter negatively charged
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particles i.e. electrons via coulombic, electrostatic forces. The Hamiltonian of
such an interacting system can be written as follows,

F h2 2 N hQ 2 62 P Z[ZJ
H=— —V7 — V2 4+ — it ta
2oVl Vit 2k, R,
i=1 I=1 J#1 2.1)
o2 N N P N A ( )
e L o
S R DN
i=1 j#i I=1 i=1
where, R = {Ry,.....,Rp}, a set of P number of nuclear coordinates and r =
{r1,eccco,rn}, a set of N electronic coordinates. The nuclear charge and mass

are represented by Z;, M respectively whereas these for electron are represented
by e and m respectively. The first two terms of the Hamiltonian represent the
kinetic energies for the nuclei (73,) and the electrons (7¢.) respectively. The
last three terms represent the nucleus—nucleus (V,,,), electron—electron (V,.), and
electron—nucleus (V,,.) coulomb interactions respectively. The potential V. is also
termed as the external potential V.. Thus Eq. (2.1) can be written as,

H=T,+T.+ Vypn + Ve + Ve (2.2)

To solve the many-body Hamiltonian the time-independent Schrodinger equation
can be written as follows

HU(R,r) = EU(R, 1) (2.3)

where, E is the energy of the system and W(R,r) is the many body wave-function
describing the state of the system which is antisymmetric on exchanging elec-
tronic coordinates in r and symmetric or antisymmetric on exchanging nuclear
coordinates in R. Solution of this Hamiltonian is complex as many degrees of
freedom are involved. Thus it raises the need of different approximation to make
it tractable.

2.1.1 Born-Oppenheimer approximation

The first proposed approximation towards simplification of the many-body
Hamiltonian was the Adiabatic approrimation or the Born-Oppenheimer approx-
imation (1927) [1]. In this approximation the electronic and nuclear degrees of
freedom are decoupled. Here nuclei is considered to be static due to its heavy
mass compared to that of electron. Due to the fixed coordinates of nuclei the
kinetic term of them are neglected and the potential energy term due to nucleus-
nucleus interaction (V,,,) is considered as constant, called the Madelung energy.
Thus the Hamiltonian in Eq. (2.2) reduces to,

H = he + Vi (2.4)
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where, hy = T.+V,.+ V.. is the electronic Hamiltonian. In this approximation the
many body Hamiltonian transforms to electron only Hamiltonian though further
approximations are needed to overcome the interacting nature of electrons.

2.1.2 Independent electron approximation

In this approximation electrons are considered as independent particles mov-
ing in the mean field created by the other electrons and the nuclei. Thus this
method maps the interacting electrons into a system of non-interacting elec-
trons which effectively represents the original system. This approximation elim-
inates the correlated movement of one electron with respect to another elec-
tron. This single electron problem can be treated with two approaches, (i) wave-
function based approach, (ii) density functional theory (DFT) based approach.
Different wave-function based approaches like Hartree [2], Hartree-Fock [3], and
configuration-interaction [4] require huge computational resources to capture the
detailed wave function as it increases exponentially with the system size. The
DFT approach [5-7] is advantageous as it is a parameter free approach and com-
putationally quite simpler. In this thesis we have carried out our calculations
based on DFT. The detailed description of this method is given below.

2.2 Density functional theory based approach

Density functional theory is one of the most powerful and successful ap-
proaches for electronic structure calculation of different class of materials. This
approach deals with the total density of electrons p(r) instead of many-body wave-
function making the problem simpler. The many-body wave-function W(R,r)
being function of 3N (N = number of electrons) variables is thus replaced by
electronic charge density p(r) which is a function of 3N variables and can be
written as follows,

p(r) = N/\D*(r,rg, e tN)W(r, 19, ..., Ty )dradrs...dry (2.5)

Thus if the ground state electron density distributions are known, the ground
state properties of many-electron problem can be calculated. The mathematical
formulation of this approach is based on two theorems proposed by Hohenberg
and Kohn as discussed below.

2.2.1 Theorems of Hohenberg and Kohn

Theorem 1

The 1% theorem of Hohenberg and Kohn (HK) states that there is a one-
to-one correspondence between the external potential V,,; and the ground state
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electron density p(r) of the system. Thus the expectation value of any observable
A will be the unique functional of the ground state electron density as,

(|A]w) = Afp]

Proof of 1¥* HK theorem

Let us assume two different systems, each of them having N number of elec-
trons and characterized by two different external potentials V;(r) and Va(r). Con-
sider two corresponding wave-functions of two systems ¥, and Wy which yield the
same electron density p(r). Thus Schrodinger equations of these systems become,

H\V, = EV
1Y 1¥1 (2.6)
HyWy = EWy
Using variational principle we can write
FE; = <\I/1|H1|\I/1> < <\I/2|H1|\IJ2>
= (Wo| Ha| W) + (V1 |(Hy — Hy)[Wy) (2.7)
< Bot [ drp(e)Vi(r) - Valo)
Thus interchanging the suffices we can also obtain
By < By + / drp()[Va(r) — Vi(r)] (2.8)
These above two inequalities finally lead to the following contradiction,
E,+ FEy, < B>+ E, (2.9)

Thus the assumption of getting identical electron density from two different ex-
ternal potential was wrong. It comes up with the conclusion that a given electron
density p(r) corresponds to only one external potential V., and fixing of V.,
fixes the Hamiltonian and hence the wave-function by the density.

Theorem 2

This 2" HK theorem states that the ground state energy can be defined as
a functional of the charge density, F[p(r)]. For any particular external potential,
the ground state energy of the system attains the global minimum value of this
energy functional, and the corresponding density, minimizing the functional is
the exact ground state density.
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Proof of 2" HK theorem

The many-body Hamiltonian can be written as H =T + V + V,,; where, T',
V', V.. represent the kinetic energy, electron-electron interaction, the external
potential with the ground state wave-function ¥ respectively. The total energy
which is a functional of density p(r) can be written as follows,

Elp] = (¥[p]|H|¥[p])
= (U[p)[(T + V)| ¥[p]) + (U[p]|Veue| ¥ [p]) (2.10)

_'_/ emtr

Flp(r)] is the universal functional of charge density p(r). Applying the Rayleigh-
Ritz variational principle we get,

Flp@)] + [ pe)Viau(5)dx = Elp(@)] = Eolpo(r)] (2.11)

where, Ej is the ground state energy being characterized by ground state density
po(r). Thus this theorem concludes that the ground state properties of an system
of N interacting electrons will be determined by the electron density and the
ground state density gives the ground state energy.

To know the analytic form of the functional F[p(r)] which contains all the
many-body effect, it is important to determine E[p(r)]. Unfortunately functional
Fp(r)] was not known which encouraged Kohn and Sham to address the issue by
giving a proper formalism which finally led to the development of modern DFT.

2.3 Kohn-Sham equations and modern DFT

In 1965 Kohn and Sham [6] gave a formalism of the unknown energy functional
F[p(r)] by mapping the electron density (p(r)) of interacting N electrons into that
of a system of non-interacting electrons.

For this non-interacting system the universal functional can be written as
follows,

e? [ p(r)p(rs)
Flo)] = Tlp(w)] + 5 [ A5 ey + Bulp) (212
2 ’I’l — I'2’
where, Ty[p(r)] is the kinetic energy functional for the non-interacting electrons,
the 27¢ term is the Hartree term depicting the classical electrostatic contribution
and the last term includes all the effect of many body interactions, known as
exchange (zc) correlation. This xc correlation part has the expression as follows,

Erelpl = {Veelp] = Vitartreepl} +{T[p] — Tolpl} (2.13)
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where, T'[p] is the exact kinetic energy of the interacting system. Thus the zc
part captures the difference between the non-interacting electron system and the
interacting electron system. Finally the energy functional can be written putting
the expression of the universal functional as follows,

Bsll = [ pe)Veulo)i + T + 5 [ %dd T Enlp(r)] (2.14)

Thus the corresponding Hamiltonian is,

h2
Hygs = (——) V> +V, 2.1
ks = (=5 ) V" +Veyy (2.15)
where,
p(r) ., 0E.u[p]
pu d
‘/eff(r) Vewt(r) +/ |I‘ — rll r+ 5p(r)
= Vext + VHartree + V:’tc (216)
The one-electron Schrodinger equation can be written as follows
h2
[—% V2 A Vess(r, p)lgi(r) = idi(r) (2.17)

and solving this one can find the one-electron orbital ¢; which minimizes the
energy. The set of N-nonlinear integro-differential equations [Eq. (2.17)] are
known as Kohn-Sham (KS) equations. These equations can be solved if the
effective potential V¢ is known. To know V.fy, it is necessary to know p(r)
thus the set of orbitals ¢; which are the solutions of the KS equations. Thus KS
equations can be solved in self-consistent iterative process as follows: a charge
density value py should be guessed to initiate the process. Then with this density
initial KS Hamiltonian Hgg; is constructed. Solving the equation a set of ¢; is
obtained from which a new density p; can be derived. Now if the new density p;
and old one pq differ from each other by an amount more than the given critical
value, the density for the next step will be then evaluated mixing the two known
densities depending on the choice of mixing scheme and this procedure will go on
iteratively until the density converges to its final value p; which generates Hgg;
which again gives a solution for p; in self-consistent manner. The flowchart,
shown in Fig. 2.1 depicts the whole procedure discussed above.

2.4 Exchange-correlation functional

Celebrated Kohn-Sham theory is exact in principle but the main problem
arises to find out the exact expression of the exchange-correlation (zc) energy
term and now at this point approximations are needed. Out of different suc-
cessful approximations made over years, local density approximation (LDA) and
generalized gradient approximation (GGA) are mostly popular and also been used
in this thesis. A brief description of these two approximations are given below.
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|Guess an initial density p(r) |

-
o=

Calculate v, _andV_

Choose a form of V_[p]
Functional LDA/GGA

v

Solve KS equations for g,
H,0,= &9,

Update electron density
p(r) =X lomF

NO !
——(_ Self-consistent ?

YES

\i

Ground state properties

Total energy, DOS, Band
structure, forces, etc.

Figure 2.1: Flowchart of the self-consistent DFT procedure.

Local density approximation (LDA)

This approximation is the most commonly used approximation to get the
exchange correlation energy. This particular method was introduced by Kohn and
Sham [6] but the central idea was present in Thomas-Fermi-Dirac theory [8-10].
The main idea of this approximation is based on the consideration of a general
inhomogeneous electronic system as locally homogeneous one. Thus it assumes
that the exchange-correlation energy has only local dependency on charge density
p(r) [11]. The energy functional takes the form as,

BEPA = [ P {p(e) () 2.15)

where, eEP4[p(r)] represents the exchange-correlation energy density of a homo-

geneous electron gas with charge density p(r). This exchange-correlation energy
density can be splitted up into individual exchange and correlation terms as fol-
lows,

exe [p(r)] = ez [p(x)] + ez p(r)] (2.19)

With Dirac’s expression, the exchange energy for homogeneous electron gas be-
comes,

0.058
cLDA _ _

xT

(2.20)

Ts
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where, 7, = (3/47p)'/? is the mean interatomic distance in atomic unit.

The most accurate expression for the correlation energy density obtained
through quantum Monte Carlo simulation was given by Ceperley and Alder in
1980 [12]. This correlation functional is exact in numerical accuracy and fur-
ther parametrization was done by Perdew and Zunger in 1981 [13], Perdew and
Wang [14] for the spin polarized and spin unpolarized homogeneous electron gas.

LDA approximation was formulated for homogeneous electron gas but it re-
mained quite successful for real materials which are far from homogeneous elec-
tron gas [15]. The reason behind this performance beyond expectation can be
attributed as follows, LDA underestimates the exchange energy while overesti-
mates the correlation energy leading to a cancellation of errors. In LDA the exact
density depletion around an electron at r is replaced by that of the homogeneous
electron gas of density p(r). The region around each electron where the electronic
charge density is depleted is known as exchange-correlated hole. LDA takes the
exchange-correlation hole as a sphere instead of taking its actual shape but it
captures the size of the xc hole correctly and as the zc energy depends on the
zc hole extent, LDA remains successful in obtaining the zc energy functional.
LDA yields reasonable results for many systems but it fails to explain strongly
correlated systems where the electrons are well localized. It also fails to predict
accurately the activation energy barriers due to overestimation of the binding
energies.

Generalized gradient approximation (GGA)

In this approximation the improvement of the LDA xc energy has taken into
account considering the inhomogeneity of the electron density. Unlike LDA, in
GGA the functional is dependent on the spatial variation (gradient) of density
instead of its local value. The xc energy in GGA can be written as,

Egp(r)] = / Exelp(r), | 7 p(r)[]p(r)dr = / Exelp(r)] Faclp(r), 7p(r)]p(r)dr

(2.21)

where, F,. is the enhancement factor to modify the LDA expression according to
the variation of density in the vicinity of the considered point.

Depending upon the choice of enhancement factor, different GGA’s are avail-
able to use. Among all these, the functional form of F}. given by Perdew-Wang
(PWO91) in 1990 is the most widely used one [16]. In 1996 Perdew, Burke, and
Ernzerhof (PBE) proposed an exchange-correlation where the enhancement factor
F,. incorporates dependence on local density, magnetization density and dimen-
sionless density gradient [17].

In comparison with LDA, GGA works better improving the binding energies,
atomic energies, bond lengths and bond angles. However GGA fails to describe
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long-range Van Der waals interaction and can not describe accurately strongly
correlated electron systems as it fails to capture the local electron-electron cor-
relation interaction which plays a significant role in determining the physical
properties. All the drawbacks arise because in GGA, the self-interaction i.e.
the interaction of electron with the field generated by itself term is not exactly
cancelled out by the exchange and correlation functional and the residual effect
strongly impacts the system containing localized d and f electrons. Thus for
a strongly correlated system a more accurate treatment with strong correlation
effect is needed.

2.5 LDA+4U (Beyond DFT exchange-correlation)

Transition metal oxides and rare-earth metal compounds with well localized
d electrons lead to strong onsite correlations and placing a second electron on a
preoccupied site costs an energy U known as Hubbard U. The approach of com-
bining Hubbard U with DFT calculations supplemented in LDA and GGA was
given by Anisimov et al. in 1991 [18]. The main philosophy of this LDA+U ap-
proach lies on the replacement of the average electron-electron correlation energy
by a Hubbard interaction which introduces orbital polarization in the potential.

For a system of fluctuating numbers of d electrons, the total number of elec-
trons N = ). n, is constant. The average Coulomb energy for the interacting d
electrons become,
UN(N —1)

2

The total energy of the system becomes as follows by subtracting the Coulomb
energy from the LDA total energy and adding the Hubbard term,

E = (2.22)

UN(N -1 1
Erpatv = Erpa — % + §U E n;n; (2.23)
ii

where, n; is the orbital occupancy. The orbital energy can be written as,

_ 5ELDA+U

1
E; 5712 :éLDA+U(§ —ni) (224)

Thus it produces an energy shift depending on the occupancy of the orbital and
opens up a gap of value U between lower and upper Hubbard subbands [cf. Fig.
2.2].
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p(e)

Figure 2.2: Schematic representation of the shift of occupied and unoccupied LDA
orbitals in presence of U.

This method thus becomes successful in capturing the band gap opening of
strongly correlated electron systems. Two popular approaches to handle multi-
band Hubbard model in conjunction with LDA+U method are described in the
following.

Liechtenstein method

In this method proposed by Liechtenstein et al. in 1995 [19], the multi-orbital
phenomena in LDA+U can be defined as,

Erpasulp®(r),n’] = Erpajaealp(r)] + Bylng,] — Ea[n’] (2.25)

where, p?(r) is the charge density of electrons of spin o. nf represents the

orbital occupancy for atom in presence of onsite Hubbard interaction where m
is the magnetic quantum number and n® = ) n? . The rotationally invariant
Hartree-Fock like term Ey[nZ ] has the form as,

2 m,m’> ;n”,m”’
{m}o (2.26)

o
m,m’

1
EU[n"] _ - Z <m’ m”]Veelm’,m”’M” n=c

—((m,m" |Ve|m',m""y — (m, m"|Vee|m" ,m"))n -
where, V,. is the screened Coulomb interaction of electrons in nl quantum states
(n is the principal and [ is the orbital quantum number). The last term in

Eq. (2.25) accounts for the double counting and can be expressed as,

UN(N -1 1
Ege[n?] = % — 5J[NT(NT — 1)+ NY(N¥ = 1)] (2.27)
where, n? = Tr(n7, ) and N = NT + N+. U and J represent the screened

Coulomb and exchange parameters respectively [20,21].
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Dudarev method

This simplified method to handle rotationally invariant approach of LDA+U
was given by Dudarev et al. in 1998 [22]. This method considers the orbital
degeneracy of 3d electrons and neglects exchange interaction along with the non-
sphericity of the electronic interaction. The energy functional can be written
as,

Bulog] = 30 S Trlng (1 - n) (2.28)

1,0

where, ¢ is the site index. Thus this expression depends on the trace of occupation
matrices. This approach does not use U and J parameters separately rather it
considers effective U-J in meaningful way [23].

2.6 Basis sets to expand wavefunctions

Aiming to solve the Kohn-Sham equations and obtain the energy eigenvalues
and eigenfunctions, one need to choose an appropriate basis set in which the one
electron Kohn-Sham orbitals can be expanded.

Choice of basis sets depends on two factor: (i) the crystal symmetry and
(ii) the nature of the elements involved of the periodic table. Depending on the
choice of basis sets one electronic structure calculation method differs from the
another. Basis set methods are broadly classified into two categories depending
on the choice of basis functions as discussed below.

Fixed basis set method

This method uses energy independent basis sets or fixed basis sets as in tight-
binding method using linear combination of atomic orbitals (LCAQO) [24], orthog-
onalized plane wave (OPW) method [25] etc. Here to obtain eigenvalue e with
expansion coefficient C' one has to solve the following

(H —0)C' =0 (2.29)

where O is the overlap matrix.
This method is computationally very simple and faster but its disadvantage
is that the basis set may be large to be reasonably complete.

Partial wave basis set method

In this case the wavefunction is expanded into energy and potential depen-
dent all electron partial waves as in cellular method [26], augmented plane-wave
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method [27] and Korringa-Kohn-Rostoker (KKR) method [28]. The set of equa-
tions with non-linear energy dependence to be solved takes the form as,

M(£)C =0 (2.30)

This method is advantageous as (i) its basis set is minimal, (ii) it can be applied to
any atom of periodic table, (iii) it deals with all electrons and (iv) yields solutions
with arbitrary accuracy for closed-pack systems.

The main drawback of these methods is, they are computationally heavy. To
get rid of this problem, in 1975 Anderson came up with the proposal to involve
linear energy dependency as implemented in Linear Muffin-Tin Orbital (LMTO)
and Linear Augmented Plane Wave (LAPW) method [29].

2.7 Basis set methods used in the thesis

In this present thesis, different basis set methods have been used for band
structure calculations as listed below,

(i) Plane-wave basis set in projector augmented wave (PAW) potential [27,28]
as implemented in Vienna ab-initio simulation package (VASP) [29-31].

(ii) All electron full potential approach of augmented plane-wave method (APW)
with local orbital (LO) [32] as implemented in WIEN2k code [33].

(iii) Tight-binding linear muffin-tin orbital method within atomic sphere approx-
imation (TB-LMTO-ASA) [31] and N order muffin-tin orbital method
(NMTO) as implemented in Stuttgart code [34].

All these methods are described briefly in the following.

2.7.1 Plane-wave basis set method

The plane-wave based DFT calculations are popular due to the following ad-
vantages,

e The basis set is independent of atomic positions.

e The Hellman-Feynman forces acting on atoms and the stress of the unit cell
can be calculated easily without any basis set correction.

e Change from real-space (diagonal representation of potential V') to momentum-
space (diagonal representation of kinetic energy) representation of basis sets
is easier through Fast Fourier Transformation (FFT).
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The electronic states of a material may be classified into two categories, (a) core
states which are localized with deep energy, and (b) valence states which spread
out spatially with higher energy. The main problem of using plane-wave basis
set is that a large number of plane waves is needed to describe the wavefunctions
of the core region accurately because the core electrons are tightly bound to the
nucleus and the wavefunctions have high oscillations due to the orthogonality
constraints with the electrons in the valence states. This can be overcome by
replacing the strong Coulomb potential of the nucleus by an effective ionic poten-
tial acting on the valence electrons, called as the pseudopotential. The concept
of pseudopotential originates from the basic idea of orthogonalized plane-waves
(OPW) proposed by C. Herring [35,36] where the core states are described by
Bloch sums built from localized orbitals and valence states by plane-waves, or-
thogonalized to the core electron wavefunctions. According to the concept of
OPW, orthogonalized plane-wave can be written as,

k=4 bV (r) (2.31)

where k is the Bloch wave vector and subscripts ¢ represents the core states. The
constant b, is determined from the orthogonality condition as follows,

/dr\llf(*(r)gbk(r) =0 (2.32)

Taking the linear combination of the OPWs, the wavefunction becomes,
Uy = Z CkPr+K (2.33)
Kk

The basic idea of constructing a pseudopotential is: the core regions have very
deep and attractive potential where the valence electrons gain kinetic energy
due to rapid oscillations and act like a repulsive potential. Smooth nodeless
pseudowavefunctions within the core region can mimic the valence wavefunctions
being identical to the actual wavefunction outside of the core region [cf. Fig. 2.3].
Developing the pseudopotential idea with the concept of OPW we take ¢ as the
plane-wave part of the wavefunction so that,

r) =) Cie' TR (2.34)
Kk
subscript v denotes valence states. Thus,

ilr) = d4tr) + 3 / T () () W (r) (2.35)
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Figure 2.3: Schematic representation of the pseudopotential basic idea. All electron
and pseudo potential as well as wavefunctions are represented in blue dashed and red
solid lines respectively. r. is the cut off radius. Picture is adapted from wikipedia.

WP is the exact valence wavefunction satisfies the Schrodinger equation,

HU, =, Uy
and similarly for the exact core wavefunction,
HVUL = e Uy

We can also write the repulsive potential as,

VRE = 36 - ) [ e

C

Thus the Schrodinger equation becomes,
(H +V®)gy = eqoi

The pseudopotential is defined as

h2
H + VR — —%VQ + V;)seudo

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

Three different kinds of pseudopotentials with plane-wave basis sets, used widely

in electronic structure calculations are described below.
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(i) Norm conserving pseudopotential: This pseudopotential keeps the ba-
sic principle intact imposing only one constraint that the norm of the pseu-
dowavefunctions must be identical to that of the all electron wavefunctions
within the cut-off radius (r.) [37]. For elements with strongly localized
electrons, this particular type of pseudopotential requires large number of
plane-wave basis sets and makes the computation expensive.

(ii) Ultra soft pseudopotential: The constraint causes the hardness of the
norm conserving pseudopotentials which is further removed by implement-
ing a soft pseudopotential introduced by Vanderbilt [38]. This ultra soft
pseudopotential reduces the number of plane-waves at the cost of a much
more complex formulation of the algorithm. The charge difference be-
tween the all electron and pseudo wavefunctions are termed as augmen-
tation charge. The moments and the charge distribution of the all electron
wavefunctions are restored accurately within a small cut-off radius for the
augmentation charge.

(iii) Projector augmented wave (PAW) method: This method introduced
by Bléch [39] is widely used for electronic structure calculation due to its
high accuracy, computational lightness compared to other methods. The
present thesis extensively uses the PAW based pseudopotential which is
described in Section 2.7.4.

2.7.2 Linear augmented plane-wave (LAPW) method

Pseudopotential method has remained very useful for electronic structure cal-
culation but this can not serve for the detailed investigation of the region very
close to the nucleus e.g. hyperfine splitting or core level excitations. In these
cases augmented plane-wave (APW) method is very useful. In this method the
whole space is divided into two regions, (i) region close to the nucleus where the
electrons are well localized and can be described efficiently by the atomic like
wavefunctions, and (ii) region far from the nucleus where the electrons are delo-
calized and can be described by plane-waves. Thus around every atom a sphere
of radius R,, can be formed, called as the muffin-tin (MT) sphere (S,) and rest of
the region is called the interstitial space (I.5). The potential is considered to be
spherically symmetric within the MT spheres and constant in the IS, known as
muffin-tin approximation. The graphical representation of this potential is given
in Fig. 2.4. Thus the APW wavefunction can be described as follows,

1 .
ﬁel(kJ“G)'r forr € IS (2.41a)
o¢(r, €) = ak+G o Ligl
E Aol (re)Y, (0, ¢) forr € S, (2.41b)

Im
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Figure 2.4: Schematic representation of the muffin-tin potential. Potential varies
rapidly in the region very close to the atom cores. In the interstitial region the actual
potential is approximated to be a constant potential.

¢} represents the solution of the radial Schrodinger equation for an isolated atom
a. Coefficient Alo,j:[kJ’G can be determined by satisfying the criteria that the
wavefunctions should be continuous at the boundary of the MT spheres i.e. one
needs to match the plane-waves outside the M'T spheres to the functions inside
the sphere to get the value of the coefficient. As a plane-wave expansion contains
infinite term, there will be an infinite number of A" k+G Qo for practical use
truncation at some l,,,, value is done. Thus for the crucial parameter, l,,q.
a reasonable condition is required for band calculation in LAPW basis as the
following,

RiKmax - lmax (242)

where, R; is the radius of i MT sphere and K4, is the cut-off for the plane-
waves. The accuracy of the basis is being controlled by the term RM™"K,, ..
where, R™" is the radius of the smallest MT sphere in the unit cell. Solving the
secular equation to obtain the energy eigenvalues makes the problem non-linear
thus computationally expensive. To cut down the expense linearization of APW
method i.e. LAPW was proposed by Anderson [29], Koelling and Arbman [40].
Acoording to Anderson’s linearization each basis function is defined as the linear
combination of atomic like functions inside the MT sphere, connected smoothly
to the plane-wave in the interstitial region. This can be expressed mathematically
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as follows,
L ik+G)r
—e€ ' forre IS

Ilm

Q

oL (r,€) = )

GO T SR ) 4 B W VL) forr € S,
I,m

(2.43a)

(2.43Db)

Coefficients A;,, and By, are determined by matching the two functions at the
sphere boundary in terms of value and slope.

In this method the core states which do not involve in chemical bonding,
are treated as in free atoms subject to the potential due to the valence states.
The main problem arises to describe the semi-core states lying between the core
and valence states. To overcome this problem another basis function called local
orbital (LO) is added [41]. This LO basis function consists of a linear combination
of two radial functions at two different energies and one energy derivative at one
of these energies as follows,

010 = [Aim reLr(rR, €1) + Bim r9Lr(rR, €1) + Crom rOLR(TR, €02)]Y," (T)
(2.44)
The coefficients can be determined by the requirement that ¢=¢ should be nor-
malized and have zero value and slope at the MT sphere boundary i.e. it does
not leak out of the MT sphere. Though adding LO orbital makes the basis set
heavy, they are being used for better accuracy.

2.7.3 Augmented plane wave + local orbital (APW+lo)
method

Sjostedt, Nordstrom and Singh [42] have shown that LAPW method is not
the most effective way to linearize Slaters APW method. Rather linearization of
Slaters APW method can be made much efficient by using the standard APW
basis, but with ¢;(r,€) at a fixed energy € to keep the eigenvalue problem lin-
ear. Addition of local orbital (lo) gives variational flexibility in the radial basis

functions
lo

0 = [Amrerr(TR, €01) + Bim rPrr(TR, €,1)] Y, () (2.45)

The upper case lo distinguishes it from LO in Eq. (2.44) and the coefficients Ay,
and By, do not depend on k and can be determined by the condition that lo is zero
at MT sphere boundary and normalized [33]. This new scheme converges to the
identical result as LAPW produces but it reduces the RK,,,, which significantly
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reduces the basis set size thus becomes computationally light.
In this thesis we have used APW-+lo based computer code as implemented in
WIEN2k [33].

2.7.4 Projector augmented wave (PAW) method

In 1994 projector augmented wave (PAW) method was introduced by Bléchl
[39] aiming to achieve the computational efficiency of the pseudopotential method
and the accuracy of the full-potential LAPW method simultaneously.

Within this formalism a linear transformation 7 is applied to map the smooth
pseudopotential (PS) wavefunction WP to all electron (AE) true wavefunction
WAE following the relation,

UAE — g Ps (2.46)

A transformation v has the contribution from atom-centred part (7z) apart from
identity and it takes the form as,

T=1+) 78 (2.47)
R

Now an augmentation region Qg is defined surrounding each atom in which the
local contribution 7x can act. This augmentation region is equivalent to muffin-
tin sphere as defined in the linear methods and core region in pseudopotential
method.

Thus out side of this Qi region, the AE and PS wavefunctions are the same.
The AE wave function being transformed from the PS wavefunction can be writ-
ten as follows,

055 = [07%) + Z(|¢?E> =17 ) (i 19, %) (2.48)

where, ¢\F and ¢ represent the all-electron and pseudopotential partial waves
respectively. pf® is the projector function satisfying (pf®|¢f®) = d;; relation
within Qg region for each PS partial waves.

Using the transformation for any operator A in the AE space, one can evaluate
it for the PS space as,

Aps =T AapT (2.49)

Likewise the Kohn-Sham equation can be transformed and written as follows,

(Hps —S)|¥;%) =0 (2.50)

where, Hps = 7*H7 and S = 77 is the pseudopotential overlap operator.
We have used the PAW method and a plane-wave basis set as implemented
in VASP [43,44] code in this thesis.
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2.7.5 Linearized muffin-tin orbital (LMTO) method

Linearized muffin-tin orbital (LMTO) [31] method of calculation uses the en-
ergy independent basis set strategy. This approach is very efficient at the same
time computationally light for electronic structure calculation. This is strikingly
good choice for obtaining chemical insight of complex electronic structure.

Here the actual crystal potential is replaced by the muffin-tin potentials as
shown in Fig. 2.4 schematically. This approximation assumes the potential to be
spherically symmetric (v(rg)) close to the nuclei i.e. within the muffin-tin sphere
of radius Sk and constant in the interstitial region.

The radial part of Schrodinger equation inside and outside (interstitial region)
of the MT sphere takes the form as follows respectively.

gz + S (o) = lrmplrn) = (251)
[dcf% l(l:?; b _ K*lrrp(re) = 0 (2.52)

where, k? = ¢ —vy. The solution of Eq. (2.51) is partial wave which is the product
of the radial part and spherical harmonics and can be written as,

¢(rr) = ¢(rr,€)YL(rr) (2.53)

where, L represents the angular momentum (I, m) and Y7, is the spherical har-
monics.

Outside the MT sphere the solution of Eq. (2.52) is the plane-wave solution
and can be expanded in Neumann 7;(krg) and Bessel j;(krg) functions. The so-
lutions inside and outside the M'T sphere must match continuously and smoothly
at the MT sphere boundary to satisfy the well behaved wavefunction character-
istics which lead to energy dependent KKR equation. This approach is accurate
but the energy dependency makes it computationally heavy. Later to avoid the
energy dependence the MT spheres are replaced by space filling atomic spheres,
called Wigner-Seitz (WS) spheres as proposed by Anderson in his linearization
of atomic sphere approximation [29]. Following Anderson’s proposal the LMTO
basis function can be written as,

Xrr = ¢rL(TR) + Z (b%'y (re) PR 1 R (2.54)
R/L/

where ¢’s are the partial waves residing within the WS sphere centered at R. (')
represents derivative with respect to energy and the function ¢% ;. (rr) can be
written as a linear combination of ¢ and ¢,

P = Orr + Ry O° (2.55)
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where O is non-diagonal overlap matrix. The h® matrix is given by,

h=C%— ¢, + (A)Y25%(A%)Y/? (2.56)

where, C'* and A® denote the diagonal potential matrices known as band centre
and band width respectively. These matrices depend on the potential inside the
MT sphere, screening parameter o and on the sphere radii. S is the structure
matrix which depends on the representation and the geometrical arrangement of
the atomic sites.

2.7.6 Improved LMTO: N order muffin-tin orbital (NMTOQ)
downfolding method

To obtain single particle part of a many body model Hamiltonian namely, the
hopping integrals, onsite energy terms out of full DF'T Hamiltonian, one needs to
construct a low-energy few band Hamiltonian in energy selective manner which
is achieved by downfolding method. This technique divides the whole space into
two parts: lower |I) and upper |h). The reduction of the full Hamiltonian H into
lower subset Hamiltonian Hy is done in such a way that lower [ eigenvalues of
the original Hamiltonian H and eigenvalues of [—Ll are the same. H, u Hamiltonian
can be expressed as follows,

Hy = Hy — Hy,(Hp, — €) " Hy (2.57)

introducing additional energy dependence which further gets removed through
linearization of LMTO method taking care of ghost band problem but fails to
provide an accurate way for a massive downfolding where the downfolded bands
span in a very narrow energy window. The disadvantages faced with LMTO are
as follows,

e the basis set is complete to 1% order (e —e¢,) inside the sphere and complete
to only 0™ order (¢ —¢,)? = 1 in the interstitial which leads to inconsis-
tency. This problem was further overcome by introducing atomic sphere
approximation (ASA) and removing the interstitial region. In this approx-
imation the MT spheres are replaced by space filling atomic spheres, called
Wigner-Seitz (WS) spheres. Although this approach makes the formalism
heavy.

e the Hamiltonian H is expanded in the orthogonal representation as a power
series in two centred tight-binding (TB) Hamiltonian h obtained within
atomic sphere approximation (ASA) excluding downfolding as,

(p|H — €,]¢) = h — hoh + ... (2.58)
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All these drawbacks are taken care through a recent formalism of a more so-
phisticated method, based on N** order NMTO [34] basis which provides the
downfolded band structure within a chosen energy window accurately. Here the
energy dependent partial wave ¢gr (€, rg) is retained as a solution within atomic
sphere where the potential is approximated to be spherical, but in the interstitial
region, a screened spherical wave (SSW) is used instead of the Neumann function.
The screened technique introduces a hard sphere of radius a and a phase shifted
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Figure 2.5: (a) Kink partial wave construction with ¢, ¢o and ¢. (b) Quadratic N*
order approximation to energy dependence of a partial wave for discrete energy mesh
(Lagrange). Figures are taken from Ref. [45].

partial wave solution ¢y matches the value and slope of ¢ at Sk but their curva-
tures differ. ¢ is joined continuously with a kink to the SSW ¢ at the hard sphere
as shown in Fig. 2.5 (a). This form of combined contribution is known as the
Kink Partial Wave (KPW). The NMTO basis sets are constructed by Lagrange
interpolation of the partial waves ©¥%; at (N + 1) energy points £¢, €1, .....,en [cf.
Fig. 2.5 (b)].

This basis set is constructed with the aim of energy selection within a very
narrow energy window integrating out all the irrelevant orbital from full DFT
Hamiltonian thus it is well localized in nature and serves as Wannier orbitals.
The real-space representation of the downfolded Hamiltonian keeping only the
relevant orbitals, gives the hopping parameters, onsite energies of these orbitals,
as used in the present thesis.

2.8 Genetic algorithm: A theoretical crystal struc-
ture predictor

The structural information is the essential information needed to understand
the physical properties of a material. The conventional way to search for the
stable crystal structure knowing the chemical composition of a material is exper-
imental synthesis which is time consuming as well as expensive. Thus theoretical
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prediction of the crystal structure knowing only chemical composition is always
a better alternative to avoid the expense. This method is very much successful
in designing new materials with targeted properties.

The theoretical search of crystal structure of a material is challenging as it is
entangled with the search of multidimensional energy landscape and the ranking
of the relative energies correctly [46]. The computational task to search for the
stable crystal structure requires a global optimization operator which will pick
the lowest energy structure at given external conditions like pressure and temper-
ature. There are various genetic algorithms available to predict the crystal struc-
ture e.g. constant pressure molecular dynamics implemented Parrinello-Rahman
algorithm [47], simulated annealing [48-51], minima hopping [52], metadynam-
ics [53-55], Swarm algorithms [56-58], Monte Carlo basin hopping [59], random
sampling [60] etc. All these methods, offering limited success, necessitate the
development of a very different evolutionary algorithm [46]. This evolutionary
algorithm has been a very successful tool in predicting and designing the crystal
structure of minerals and materials even before lab synthesis.

In this thesis we have applied Universal Structure Predictor: Evolutionary
Xtallography (USPEX) [61,62], the evolutionary algorithm for crystal structure
prediction of a material.

In the following a brief description of this evolutionary algorithm and how it
works is given.

2.8.1 Universal Structure Predictor: Evolutionary Xtal-
lography (USPEX): The evolutionary algorithm for
crystal structure prediction

Evolutionary algorithm is an attractive scheme as it finds out the global min-
ima in fully nonlocal way without involving any assumptions on the order param-
eter and any initial structure as a prior.

USPEX evolutionary algorithm uses the energy obtained from ab-inito or
other classical calculations of local optimization of structure, as the fitness pa-
rameter to find out the global minima i.e. the stable structure in an evolutionary
way. Though the computation is expensive, USPEX provides accurate results pre-
dicting not only the most stable structure but also a set of low-energy metastable
phases. This algorithm is able to compare the energies of competing phases in
a wide energy landscape without trapping into any local minima. The most
challenging part of any evolutionary algorithm is to find new samples for each
generation. The relative position of the nearby atoms holds the main informa-
tion about any structure. The spatially selected fraction of such a structure holds
lots of information of the entire structure and rearranging these fragments can
be served as ‘parent’ for new ‘off-spring’ generation and thus helps to search for
stable crystal structure in promising way. Thus USPEX uses the basic prescrip-
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tion of evolutionary approach, to initiate from a population (set of structures)
and evolve them using three variational operators namely heredity, mutation and
permutation which will be discussed later on.

The basic flowchart of evolutionary algorithm is shown in Fig. 2.6. The first

I Knowledge of compound composition |

| Generate initial population |

| structure optimization [«————

— Create new population|
r y 1
Best Mutation |  [Heridity|

individual

[Now generation]«—
Stopping criteria I

1ESP

Finish
Crystal structure predicted

Figure 2.6: Flowchart of evolutionary algorithm for crystal structure prediction.

generation generates structures randomly for a chemical composition of interest.
Then they go through hard constraints where inter-atomic distances, restriction of
the cell angles («, 3, v) between 60° and 120°, minimal lattice vector length (not
larger than largest atom diameter) are checked for all the structures to remove
the redundancies in the search space. The hard constraints fulfil two purposes,
(i) the minimal inter-atomic distances must be sufficient to ensure that there is
no overlap of the pseudopotential core regions and (ii) they zoom in the search
reducing the search space and allow to have system specific knowledge. Any indi-
vidual disobeying any one of the hard constraints are discarded from the search.
All the generated individuals are then optimized by some external code interfaced
with this algorithm. In this thesis we used plane-wave method as implemented in
Vienna Ab-initio Simulation Package [44] code to calculate the energy which is
the fitness parameter and the structures are ranked according to their fitness pa-
rameter. The weak structures are discarded and rest of the structures are selected
as parent for the next generation of structures. In this succeeding generations
new structures are generated employing the variational operators as discussed
below.

e Heredity: This operator produces a new off-spring structure taking and
combining a fraction which are spatially coherent slabs of each of the two
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individual parent structures. These fractions must bear the informations of
the parents as much as possible.

In detail, a lattice vector is picked randomly along which the atoms will
be shifted and a random number (z) between 0 and 1 is generated for the
two individual parents. For the first individual of the parents, the fraction
value should be between 0 and x and that for the second individual will be
between x and 1. Now these two fractions are mixed together to form a new
individual i.e. the off-spring. The total atom number of the new individual
is counted and compared with the desired value and atoms are added or
removed in a certain way to keep the desired number of atoms intact. Here
the off-spring has weighted averaged lattice parameters of the two parent
individuals.

e Mutation: Here a single parent individual produces a off-spring by apply-
ing a strain matrix which transforms parent lattice vector a to off-spring
lattice vector a’ in the following way;,

o = [I +e;)d (2.59)

where, I represents the unit matrix and ¢;; is the symmetric strain matrix.
The distortion caused by strain matrix facilitates to set up step size of the
lattice parameter.

e Permutation: Here one parent individual generates a off-spring by ex-
changing two atoms of different kind, a variable number of times. This
method can be operational only when the parent consists of more than one
type of atoms. Permutation helps to find out correct atomic ordering.

After the actions of the operators, the off-spring structures together with few best
structures of the previous generation, create the population for the next gener-
ation and this procedure goes on until any lower energy stucture gets produced
for a sufficient number of generations. To cut down the computational expense
seeding procedure is applied where initial structures are provided for the first
generation if good structures are available. Although seeding incorporates bias
which can misdirect the search but careful handling can converge the search for
the stable crystal structure in short time.

2.9 Exact diagonalization of model Hamiltonian

Exact diagonalization (ED) technique is used to calculate electronic proper-
ties numerically by constructing a finite sized cluster instead of the full lattice.
An ED technique differs from any first principle technique in the sense that noth-
ing is approximated in solution of the problem but needs to be carried out on
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a Hamiltonian that retains only few degrees of freedom. To obtain the energy
eigenvalues and eigenvectors though ED one needs to construct a model Hamil-
tonian of finite lattice size. Next step to write the Hamiltonian, is to choose basis
set which is preferably the localized Wannier functions.

In this thesis we have employed exact diagonalization technique on a model
Hamiltonian which contains crystal field part (Ha) depending on the lattice sym-
metry, interaction term (H;), known as the Kanamori Hamiltonian, spin-orbit
coupling term (Hgoc) and hopping term (H;) as follows,

H=HA+H;+ Hsoc + H; (260)

The explicit expression of each of the terms are given below,

HA - Z Z A Z lO’ 7, ,mo
Hiyy =U ZZ: Zl: Mg 11 M0 + w ZZ: Z N loMimo T %/ ZZ: Z N 10N mo’

;1M ,m
l#m l#m
o#o’
Ju
— 5 DD (] dignydlyy iy + ] yd] L dindigy + Hee)
0
" i
HSOC - 5 Z Z Elmn zla ZmO'/O-;'L7g"
i Im o
o0’
Z t” djlo jomo + H.c.)

lym,o

{i.4)
(2.61)
d;lo, d; 1, are the creation and annihilation operator of the [t orbital at site i
with spin 0. Ha represents the onsite crystal field splitting with onsite matrix el-
ement A, between [ and m orbital at the same site ¢. H;,; contains intra-orbital
Coulomb correlation (U), Hund’s coupling (Jg) and inter-orbital Coulomb cor-
relation (U’). Coulomb interaction satisfies U' = U — 2Jy. In Hgoc, A is the
spin-orbit coupling strength and €, is the three dlmensmnal leve-civita symbol.
H, contains t;’ hopping parameter between " and m*™ orbital of i and j sites
respectively. Low-energy few band Hamiltonian and the system specific hopping
parameters are obtained by employing N** order downfolding technique. This
model Hamiltonian containing multiple orbital and spin-orbit coupling is solved

by exact diagonalization for accurate understanding of the parameter space.

The solution by exact diagonalization technique is shown considering 1-band
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Hubbard model as an example, involving the physics of electrons, spins and
phonons [63]. The Hamiltonian takes form as follows,

H=—t Z (c! cio+ Hoe) + UZ”Z‘T”N (2.62)
(ig),0 i

where ¢ and ¢;, are the creation and annihilation operators of an electron with
spin o at site ¢ respectively and ‘H.c.” denotes its hermitian conjugate counter-
part, t is hopping term and U represents the repulsive onsite Coulomb interaction.
To diagonalize the Hamiltonian matrix it is important to know the dimension of
the matrix. For a Hubbard model each site can have four spin states. Thus for
the Hubbard model with a system of N number of lattice sites, the basis set size is
4N [64]. Due to the exponential growth of basis set size ED prefers small clusters
to be computationally light. The advantages of common symmetries are applied
to cut down the computer expense. These symmetries incorporate the conserva-
tion of total charge, total spin along z direction. The basis set size thus reduces to
NCnyxNCy) where, N 1+ and N | represents the total number of atoms with spin
up and down respectively. Translational and rotational symmetries can reduce
the basis set size thus the dimension of the Hamiltonian matrix further. Most of
the time the matrix is sparse though it consumes computer memory which can
be solved by block diagonalization of the matrix by producing smaller matrices
along the diagonal.

In the thesis we have applied Lanczos algorithm for exact diagonalization.
This is one of the simplest algorithms to extract ground state properties from
a sparse matrix through ED. In this method from a random initial state |¢g),
a set of states H™"|¢g) is constructed by applying the Hamiltonian matrix H.
These states forming the Krylov space will be orthogonalized against each other
to obtain the basis set of the space. Applying the orthonormality we can write

(¢o|¢o) =1 (2.63)

A new state |¢) is defined as,

Hlpo) = ao|¢o) + bi[é1) (2.64)

Again from the conditions we can write,

(Polg1) =0 and (¢1|d1) =1 (2.65)

Thus the coefficients ag, b; and state |¢;) of Eq. (2.64) should be determined.
The following steps should be applied.

ag = (¢o|H| o) (2.66)
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So from Eq. (2.64) we can write

bi|é1) = (H — ao)|¢o) (2.67)
Now applying the orthonormality and multiplying Eq. (2.67) with (¢;| we get,

b? = [(H - a0)|¢0]T[(H — ao)| o] (2.68)

Because of the definite positive inner product, b3 > 0. For b2 > 0, |¢;) becomes,
[¢1) = (H — ao)|¢o) /b1 (2.69)

Next a set of orthonormal states {|¢o), |¢1), ....., |¢n)} with {ag, a1, ...,a,—1} and

{b1, s, ..., b, } real parameters, is constructed using Lanczos step keeping the con-
straint that no b will be 0. Using recursion relation the following equations can
be written to determine the parameters.

H|¢n> = an|¢n> + bn+1|§bn+1 + bn|¢n—1> (270)
an = <¢n|H|¢n> and b, = <¢n|H|¢n—1> (2'71)
For new state |¢,41),
bn+1‘¢n+1> = (H - @n)|¢n> - bn‘qsnfl) (272)
and again in similar way for b,.1 > 0 we can write,
|Pnt1) = [(H — an)|Pn) — bu|Pn-1)]/bns1 (2.73)

All these states constructed are normalized to 1 and orthogonal to each other.
Thus starting with any random normalized state |¢g) and imposing constraints
as initial conditions, by = 0 and |¢_1) = 0, the tridiagonal Hamiltonian takes the
form as follows [63,65],

Qo b1 0 0
b1 aq bg 0 s
H=|0 by az b3 --- (2.74)
0 0 bg as Ap—1
-~ bnil_

Now the eigenvalues of this Hamiltonian matrix can be obtained through stan-
dard library functions [66]. With the obtained eigenvalues the search for the
eigenvectors can be done easily.

This method of calculation for obtaining the eigenvalues and eigenvectors is
advantageous as the extreme eigenvalues of the matrix H converge rapidly to the
extreme values of H for a finite V.
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2.10 Monte Carlo technique: A finite tempera-
ture calculation

In this thesis we have employed Monte Carlo method on the model Hamilto-
nian describing the system besides DF'T calculations.

The method of Monte Carlo is based on repeated random sampling to obtain
numerical results. This algorithm uses random walk in the phase space for the
transition from one state (m) to another state (n). The energy difference of phase
transition is defined as A, = E, — E,,, where E, and E,, are the energies of
phase n and m respectively. The transition probability from m to n becomes 1 if
the move is downhill in energy i.e. A,,, < 0. If the move is uphill in energy i.e.
A, > 0 then the move is accepted with the ratio of probabilities of initial and
final states. Thus it follows the acceptance and rejection decision generating the
random numbers through random walk.

For an Ising spin system with two spin states S; and S5 and obeying Boltz-
mann distribution we can write the acceptance probability as follows,

e 2B/ for AE = Eg, - Eg, > 0, uphill (2.75a)

A(Sl — Sg)) = .
1 for AE < 0, downbhill (2.75Db)

Spin flip is accepted for downhill condition, though if the energy is increased
(uphill) spin flip is accepted with a certain probability [67]. In this case a random
number r is generated between [0,1] and move is accepted for r < e AEIT,

Thus for practical use and to determine different physical properties at finite
temperature of a spin system, a finite cubic lattice size L x L x L should be
defined with all the periodic boundary conditions. Next a spin configuration
with all either up or down spin is considered to start the process and following
iterative steps take place as follows until self consistency is achieved [68].

o At first any site ¢ is selected with spin S; for spin flipping S; — —5;.
e The change in energy AF for spin flipping is calculated.

e Transition probability i.e. the acceptance probability for spin flip is calcu-
lated estimating the energy change associated with spin flip

e Decision of spin flipping is made by generating a random number between
0 and 1. For the allowed transition the corresponding spin configuration
serves as the new configuration.

e The ground state configuration is stored to extract its different properties.
For an example to calculate total magnetization M0, Mot should be
updated with M, + 25;.
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Chapter 3

Examining the microscopic
chemical structure and mixed
anion chemistry through
fluorination for oxygen deficient
compounds of CaMnOQO3;_,,

(z =1,0.5)"

Motivation

Perovskites with general chemical formula ABOj are the class of materials,
extensively studied for showing enormous variety in physical properties. In re-
cent years oxygen deficient compounds of perovskites with formula A, B, Os,,_,
(n = integer number of perovskite blocks in unit cell, = integer) are evolved
through oxygen engineering [1] resulting into the transition metal (TM) of the
perovskite structure with varying oxidation states. The BOg octahedra of the per-
ovskite structure changes to BO5 or BO, polyhedra depending upon the oxygen
vacancy pattern. The anionic sublattice under reduction atmosphere generates
new metastable phases dealing with the tunable oxidation states of transition

*Based on publications: Payel Aich, Shreya Das, Carlo Meneghini, Irene Schiesaro,
Tanusri Saha-Dasgupta, Sugata Ray; Physica B: Condens. Matter 581, 411837 (2020);
Payel Aichf, Shreya Das', Carlo Meneghini, Desheng Fu, Vasudeva Siruguri, S. D. Kaushik,
Mitsuru Itoh, Tanusri Saha-Dasgupta, and Sugata Ray; Tauthors have equal contribution to
this work; manuscript submitted.
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metals. These types of reactions are highly topotactic because the reactivity and
nature of final reduction products are determined by the crystal structure of the
parent compound [1]. These new superstructures incorporating oxygen vacancies
at different degrees, show interesting novel properties.

Besides oxygen vacancy, incorporation of a foreign anion in the system through
mixed anion chemistry makes the situation more interesting by changing the
structural and physical properties. Incorporation of a second anion and manip-
ulating the anionic sublattice becomes easier for oxygen deficient compounds of
perovskites as they already consist of various vacancy patterns.

Mn based perovskite oxides e.g LaMnOg3, LiMnyO,4, CaMnOj [2,3] have been
studied in the field of electrochemical energy storage. The interest in search of
electrocatalysts with better performance, interesting magnetic properties, non-
centrosymmetricity, paves the path to play with the anionic sublattice of Mn
based perovskites.

CaMnOj; is a promising perovskite oxide to incorporate varying degree of oxy-
gen vacancy as the Mn valency can be varied from Mn** to Mn?*. Topotactic
oxygen removal from CaMnOj produces oxygen deficient counterparts namely,
CaMnOsy5 (Mn*") and CaMnO, (Mn?").

Oxygen vacancies in orderly fashion along [001] rows of parent CaMnOj leads
to CagMnyO5 which was reported by Poeppelmeier et al. [4] to have brownmil-
lerite structure with corner linked BOj5 square pyramids instead of BOg octahedra.
The final product in topotactic reduction of CaMnOg3 produces rock-salt phased
CaMnQ, where the Mn?T atoms are octahedrally coordinated, explored by A.
Varela et al. recently [1]. The structural phase difference from perovskite type
CaMnOj; to rock-salt type CaMnQOs, suggests strong diffusion of oxygen atoms.

Here in conjunction with experimental inputs, we carried out our calculations
on the two oxygen deficient compounds of well known perovskite CaMnO3 namely
CaMnO, and CaMnO, 5.

For CaMnO, we made in depth analysis of its local structure. Our study to-
gether with experimental results showed that a locally phase separated structure
with locally ordered regions terminated by antiphase boundaries is favoured over
disordered rock-salt structure with average occupancy of sites by Ca and Mn
atoms. The microscopic origin of stabilization of such locally phase separated
structure was found to be due to an increased Mn-O covalency as well as Mn-Mn
magnetic exchange interactions at antiphase boundary.

In the case of oxygen deficient CaMnQO, 5, we carried out first-principles den-
sity functional theory based calculations to study its physical properties as this
is a poorly studied compound lacking any detailed description of its electronic
and magnetic properties. Moreover in order to improve their physical proper-
ties through anion chemistry we investigated the role of ‘mixed anion chem-
istry’ through fluorination. Our calculations established the stabilization of a
unique up-up-down-down magnetic configuration in the un-fluorinated compound
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with strong magneto-structural coupling, akin to that found in compounds like
HoMnOj [5]. This establishes promise of these compounds as possible materials
showing coupling between electron, spin and lattice degrees of freedom. We inves-
tigated the effect of fluorination, namely the site occupancy of F in the system.
We found that F occupies both the interstitial site of the missing oxygen posi-
tion of metal-oxygen octahedra, driven by the interplay of the tendency of Mn to
be in octahedral environment instead of square pyramidal environment and the
Mn valency in fluorinated compound to be close to 3+. The resultant structure
of the fluorinated compound was found to break the inversion symmetry of the
crystal locally through off-centric movement of F atom in the interstitial making
the compound polar with finite polarization. This together with magnetism of
Mn sublattice holds the promise to be high temperature multiferroic.

The detailed description of our study on the two oxygen deficient compounds
CaMnO, and CaMnOs 5 are discussed in the following.

3.1 Re-examining the nature of ordering in CaMnQO,
: The role of Mn-O covalency in the local
structure

As stated earlier CaMnQO, is a oxygen deficient compound of CaMnOg, ob-
tained through topotactic reduction procedure. In this compound Mn adopts
Mn?* oxidation state i.e. d® configuration.

Previous study on this compound shows rock-salt type structure with ran-
dom distribution of Ca?* and Mn?*. This structure on refinement gives a rock-
salt type CaMnQOy where the relative cationic distribution remains unaltered but
the anionic assemblage undergoes a rearrangement to give rise to the rock-salt
structure for CaMnO,. From the study of A. Varela et al. [1], the schematic
representation of the topotactic reduction procedure from perovskite CaMnO3 to
cubic rock-salt CaMnOs is shown in Fig. 3.1. This rock-salt structure can be
derived from the cubic perovskite CaMnOg3 by viewing it from (111) direction.
The cubic perovskite CaMnOj [cf. Fig. 3.1 (a)] has Ca/Mn 1:1 alternating ar-
rangement. Next a hypothetical ordered rhombohedral structure [cf. Fig. 3.1
(b)] is constructed with the distribution of Ca and Mn in alternate planes along
the stacking direction of the cubic rock-salt structure. Now upon reduction, the
cationic sublattice remains unaltered but removal of two out of three oxygens
around each Mn atom compels the third oxygen atom to rearrange and form a
rhombus like Fig. 3.1 (c¢). This rhombus upon rotation can be recognized as an
ordered rock-salt structure of oxygen deficient CaMnO, [cf. Fig. 3.1 (d)].

In this ordered structure each Mn atom is coordinated by 6 Mn/6 Ca atoms
with distance 3.27 A. The topotactic reduction procedure followed here raises the
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Figure 3.1: Schematic representation of topotactic reduction from CaMnOj to
CaMnOs. (a) Parent cubic perovskite CaMnOs, (b) hypothetical rhombus with rock-
salt ordering of Ca and Mn, (c¢) rhombus after removal of two out of three oxygen
atoms around each Mn atom and (d) final product CaMnOy with rock-salt arrange-
ment. Green and pink balls represent Ca and Mn atoms respectively. Small sky balls in
(a) and (b) represent the oxygen atoms. Dark blue small balls in (c) and (d) represent
reoriented oxygen atoms after oxygen removal.

expectation to have observable specific site preferences of Ca and Mn. However
no Ca/Mn long-range ordering was observed in experimental observation through
selected area electron diffraction (SAED), though it does not preclude the pres-
ence of local ordering [1].

Thus all these necessitate to investigate the local stucture at microscopic level
so that a proper chemical structure of this oxygen deficient compound CaMnO,
can be constructed.

Our experimental collaborators probed the local structure using x-ray absorp-
tion fine structure spectroscopy (XAFS) in its near edge (XANES) and extended
(EXAFS) spectral regions for their chemical selectivity and short range order sen-
sitivity [6-10]. The experimental collaborative results show that no 6 Mn/6 Ca
arrangement around each Mn is retained rather it shows a very different cationic
arrangement at the local level.
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3.1.1 Crystal structure of CaMnO, from collaborative ex-
perimental findings

The x-ray diffraction (XRD) pattern of CaMnO, shows cubic crystal struc-
ture belonging to Fm3m space group symmetry with random distribution of Ca
and Mn atoms in rock-salt type structure [cf. Fig. 3.2 (a) top panel]. The cor-
responding lattice parameter is 4.6328 A. The structure is then refined on the
basis of ordered arrangement of Ca and Mn atoms [cf. Fig. 3.2 (a) bottom panel]
obtained through topotactic reduction. The fitting of XRD data establishes the
inherent tendency of chemical disorder of the structure and 6 Mn/6 Ca nearest
neighbour coordination around each Mn.
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Figure 3.2: (a) Top panel: Disordered structure, Ca, Mn are randomly oriented.
Bottom panel: Refined rock-salt arrangement of CaMnQ;. (b) Top panel: Structure-
I with alternate layers of Ca and Mn atoms. Bottom panel: Coordination of Mn
and O in structure-I. (¢) Top panel: Structure-II with antiphase boundary separating
between bulk (B) and interface (IF) atoms. Bottom panel: Coordination of bulk (B)
and interface (IF) Mn and O in structure-II. Green, pink, light pink and dark blue balls
represent Ca, bulk Mn, interface Mn and O atoms respectively.

Local structure analysis with extended x-ray absorption fine structure
spectroscopy and structure modelling

Local structure analysis has been done with the k* weighted extended x-
ray absorption fine structure spectroscopy (EXAFS). The structural parameters
obtained from this experiment are tabulated in the following Table-3.1. The
results show that the shell distances are close to that of the crystallographic model
only with slight expansion of Mn-Ca distance with respect to Mn-Mn distance.
The nearest neighbour analysis shows the presence of octahedrally coordinated
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Mn atoms with nearest neighbour distance 2.23 A. The next-nearest neighbour
analysis shows that each Mn atom has 8.4 (= 8) Ca and 3.6 (=~ 4) Mn neighbours.
This suggests chemical modification for which Ca becomes preferable over Mn,
around each Mn atom.

Shell N R (A) | Ry, (A)

Mn-O; 6.0** | 2.233(5) 2.31

Mn-Mnpy 3.6(2) 3.19(1) 3.27
Mn-Cayy 8.4* 3.30(1)

Mn-O-Mny;7(SS+MS) | 4.2(4) 4.50(2) 4.63
Mn-O-Ca][[(SS+MS) 1.8 4.67(2)

Mn-Mnjy 8** 5.72(4) 5.67
Mn-Cary 16** 5.68(4)

Mn-Mn-Mny 4+ 6.49(5) 6.55
Mn-Ca-Mny, 8** 6.39(5)

Table 3.1: Structural results obtained through Mn K-edge x-ray absorption fine struc-
ture spectrum refinement for CaMnOs. The constrained and fixed parameters are
labelled by * and ** respectively. N represents the coordination number. Standard
uncertainty of the free parameter on the last digit are also reported in parenthesis. The
expected interatomic distances are reported for comparison and denoted as R,. SS
and MS represent single and multiple scattering respectively.

However this 8 Ca/4 Mn cationic ordering is fully local and the system retains
its global disordered nature to match with its bulk diffraction pattern. Going into
the third shell it is found that Mn-O-Mn is preferred over Mn-O-Ca.

Based on these experimental findings and coordination numbers, a model
structure namely structure-1 [cf. Fig. 3.2 (b) top panel] is constructed with al-
ternate layers of Mn and Ca where each Mn is coordinated with 8 Ca and 4 Mn
atoms [cf. Fig. 3.2 (b) bottom panel].

Next for checking the validity of this modelled structure, the EXAFS experi-
ment is extended about 6.5 A and the results establish the preference of dissimilar
cationic arrangement around Mn atom which suggests a locally ordered Ca/Mn
arrangement differing from the rock-salt arrangement. Thus to keep the global in-
herent disorderness another alternative structure namely structure-II is modelled
with a antiphase boundary which interrupts a Mn layer by a Ca layer separat-
ing the bulk (B) and interface (IF) atoms [cf. Fig. 3.2 (c) top panel]. In this
structure the 8 Ca/4 Mn coordination number is kept intact with a difference in
the arrangement of the Ca and Mn atoms for the bulk and interface Mn atoms
as shown in the bottom panel of Fig. 3.2 (¢). The coordination of oxygen atoms
as shown in Fig. 3.2 (c) bottom panel, reveals that the bulk and the interface
oxygen atoms are octahedrally coordinated with a difference in the position of
Ca and Mn atoms around it.

With these two modelled structures, structure-I and structure-II based on ex-
perimental observations, we carried out density functional theory (DFT) based
calculations being interested to find out the most preferred structure for the com-
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pound CaMnOs..

3.1.2 Theoretical methods

We carried out the theoretical calculations employing the first-principles den-
sity functional theory (DFT) [11] which considers the complete structural as
well as chemical information. Our DFT calculations were carried out in the
plane-wave basis as implemented in the Vienna Ab-initio Simulation Package
(VASP) [12] with projector-augmented wave (PAW) potential [13]. Generalized
gradient approximation (GGA) for the exchange correlation functional was used
with Perdew-Burke-Ernzerhof prescription [14]. The strong electron-electron cor-
relation at Mn site beyond GGA, was taken into calculation through supple-
mented Hubbard U correction in terms of GGA+U [15] calculation with the
choice of U = 4 eV and Hund’s coupling parameter, Jg of 0.8 eV to handle
the multiorbital situation. The results were checked and found to be robust by
varying 1-2 eV of the U parameter. We expanded the 1x1x1 cubic unit cell of
CaMnO, in F'm3m symmetry to 4x2x2 supercell in order to accommodate the
local structural pattern observed experimentally. We set the energy cutoff of 560
eV and Monkhorst-Pack k-points mesh of 8 x8x8 for the unit cell and 2x4x4 to
provide good convergence of the total energy in self-consistent field calculations.

3.1.3 Theoretical results

To investigate the stability between these two structures, we carried out spin-
polarized DFT calculations in GGA+U framework. The spin-polarized DFT cal-
culations within GGA+U gave insulating solution for both the structures. The
calculated total magnetic moment was found to be 5 pp/f.u where the magnetic
moment of Mn site is =~ 4.5 pup and the remaining moment is distributed over
oxygen sites suggesting the presence of finite Mn-O covalency.

The calculated density of states (DOS) of structure-I and structure-II in Fig.
3.3 (a) revealed a remarkable trend. The overall DOS features are similar of these
two structures but DOS of structure-I shows a sharp feature right at Fermi level,
followed by the flat Mn e, and O p hybridized bands. This sharp feature near
Fermi is absent for structure-II. This difference in DOS structure near Fermi is
marked by the rectangle and the inset shows its zoomed view. The DOS structure
suggests structure-I to have higher energy than structure-II which got supported
with our total energy calculations. Structure-II was found to have lower en-
ergy than structure-I by an energy difference of 45 meV /f.u. Next we took the
experimentally observed antiferromagnetic arrangement of Mn atoms where the
ferromagnetically ordered Mn?* cations are antiferromagnetically coupled to the
neighbouring sheets along (111) direction [1]. Comparing the computed total en-
ergy this particular magnetic arrangement is found to have ~ 100 meV /f.u. lower
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Figure 3.3: (a) Density of states projected on the Mn-d orbitals of structure-I and
structure-II are denoted in purple solid and black shaded respectively. The difference
of density of states of the two structures near Fermi energy (Ep) is highlighted with a
box and the zoomed view is shown in the inset. (b) Charge density plots for structure-I
(top) and structure-II (bottom), with the choice of maximum and minimum isosurface
values of 0.02 e~ /A3,

energy than its ferromagnetic spin arrangement. This energy difference further
increased to 60 meV /f.u. suggesting the significant contribution of magnetism in
the stabilization of structure-II over structure-I.

The stability of structure-II can also be anticipated on the basis of anionic
stability through its arrangement in the MnO-CaO binary system [16]. Accom-
modation of a larger cation in a close packed face centred cubic (FCC) lattice
modifies the cation-anion distance in such a way that it will make a room for
the larger cation to sit in. This cation-anion distance modification is easier when
the anion has dissimilar cationic environment. Here the accommodation of larger
cation Ca®t with radius 1.08 A [17] in close packed FCC lattice is favoured in
dissimilar cationic environment, Mn-O-Ca of structure-II over similar cationic
environment, Mn-O-Mn and Ca-O-Ca of structure-I, as the anion O%~ adjacent
to Ca?* cation can shift towards smaller cation Mn?* of radius 0.83 A [17]. This
anionic shift towards Mn?* helped the cation-anion i.e. Mn-O bond to adopt
more covalent character by decreasing the Mn-O bond length. The covalency was
also facilitated due to the presence of half filled d orbitals of transition metal
Mn atom, favouring the easy exchanges of electrons in the orbitals [16]. Thus
cationic arrangement around O?~ plays an important role and presence of dis-
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similar cation arrangement in structure-II due to antiphase boundary facilitates
the stabilization of structure-II over structure-I.

Next we calculated the crystal orbital Hamiltonian population (COHP) [18-
22] integrated until Fermi level for both the structures. COHP basically makes
partition of the band structure energy in terms of orbital-pair contribution. For
the interaction of two orbitals namely p and v, the Hamiltonian matrix becomes
H,, = <gbu|ﬁ[ |¢,) and the multiplication of this with the corresponding density
of states matrix gives the quantitative measure of bonding strength by either
lowering (bonding) or raising (antibonding) the band structure energy [19].

Our calculated COHP value reflects the enhanced Mn-O covalency in structure-
II. The calculated COHP value for structure-II was found to be 0.2 eV higher
than that of structure-I. The comparison of calculated covalency of structure-I
and structure-II is shown in Fig. 3.3 (b). The bottom panel of Fig. 3.3 (b) shows
the enhanced Mn-O covalency at the antiphase boundary in structure-II which is
absent in structure-I as shown in the top panel of the figure.

Next we analysed the dominant exchange interaction paths in order to investi-
gate the role of magnetism. In structure-I, all the Mn sites are equivalent [cf. Fig.
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Figure 3.4: Top panel: Geometry of CaMnOs for structure-I (left) and structure-II
(right). Sky, gray, dark blue balls represent Ca, Mn and O respectively. The bonds
depict the nearest (green) and next-nearest (red) neighbour interactions. Bottom panel:
(a) Mn-Mn exchange couplings J, J' in structure-I. (b) Mn-Mn exchange couplings J,
J', J" for bulk Mn atoms in structure-II. (¢) Mn-Mn exchange couplings J, J', J” for
interface Mn atoms in structure-1I.
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3.4 top left panel] but in structure-II, the Mn sites belong to inequivalent interface
and bulk atoms due to antiphase boundary as shown in the top right panel of Fig.
3.4. Structure-I has two types of magnetic exchanges, nearest neighbour (NN)
J mediated through 90° Mn-O-Mn path and next-nearest neighbour (NNN) .J’
interactions through 180° Mn-O-Mn path as shown in Fig. 3.4 (a) bottom panel.

Table-3.2 lists the number of in-plane and out-of-plane NN and NNN interac-
tions for structure-I.

Mn-Mn distance A

/ Mn-O-Mn °

Exchange interaction

No. of interactions

3.28

90

J

4 in-plane

4.64

180

J/

4 in-plane

2 out-plane

Table 3.2: Details of the exchange interactions of structure-I.

In structure-II, the magnetic exchange interactions of bulk Mn atoms remain
the same as that in structure-I but the exchange interactions for the interface Mn
atoms differ. Due to the antiphase boundary one NNN .J’ interaction becomes
missing whereas a third NN interactions J” appear as shown in Figs. 3.4 (b) and
3.4 (c) for bulk and interface Mn atoms respectively. The detailed description of
the exchange interactions for both bulk and interface Mn atoms of structure-II is
given in Table-3.3 and Table-3.4 respectively.

Mn-Mn distance A | Z Mn-O-Mn ° | Exchange interaction No. of interactions
3.28 90 J 4 in-plane
4.64 180 J’ 3 in-plane, one missing in-plane
2 out-plane
5.67 J" 12 out-plane

Table 3.3: Details of the exchange interactions of bulk Mn atoms of structure-II.

Mn-Mn distance A | Z Mn-O-Mn ° | Exchange interaction No. of interactions
3.28 90 J 2 in-plane, 2 out-plane
4.64 180 J’ 3 in-plane, one missing in-plane
2 out-plane
5.67 J" 12 out-plane

Table 3.4: Details of the exchange interactions of interface Mn atoms of structure-II.

Thus the number of third NN interactions is 12 for the interface Mn as well
as for the bulk Mn atoms. The strength of J” is expected to be much smaller
than J' as the connecting Mn-Mn distance increases and our DEFT total energy
calculation for different spin alignment of Mn atoms estimates the strength of J”

1
~ = J’. Although the total combined effect of the newly appeared interaction

J" surpasses the effect of the total missing interactions J’ resulting into overall
magnetic energy gain in structure-I1 over structure-I. This further facilitates the
overall covalency energy gain in stabilization of structure-II.
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3.1.4 Summary

Our collaborative experimental study employing local probes together with
our first-principles electronic structure calculations reveal a very different chem-
ical structure of CaMnOs at microscopic level in contrast to the random Ca/Mn
distribution as concluded from the diffraction like bulk probe.

The most stable structure for CaMnO,, derived out of local probe consists of
alternate arrangements of Mn and Ca layers with a shift due to antiphase bound-
ary. These chemically ordered regions with a short coherence length are limited
by antiphase defects. The local distribution of cations around oxygen plays an
important role in Mn-O covalency which is also supported by our ab-initio calcu-
lations. Analysis of dominant magnetic exchange interactions also supports the
overall magnetic energy gain of the structure with local ordering supporting the
stabilization of this structure.

3.2 Mixed Anion Physics in Flourinated vacancy
ordered Brownmillerite: A possible route to
Multiferrocity

The simultaneous presence of strong coupling of electric and magnetic degrees
of freedom makes multiferroics technologically very important for their numer-
ous application in spintronics. Multiferroics can be classified into two categories:
(i) type-I multiferroics, where the origins of ferroelectricity and magnetism are
different and independent to each other, and (ii) type-II multiferroics, where the
magnetism drives the ferroelectricity and both are strongly coupled.

Type-I multiferroics are further grouped into 3 classes on the basis of their lone
pair, charge order and geometric distortion [23,24]. Previous studies in search of
multiferroics, focused on oxide compounds.

There were very few exceptions of compounds with anion other than oxygen,
to be multiferroic [25-30].

Recently mixed-anion compounds are in lime light as the cation is bonded to
more than one type of anion which may show interesting properties. The varia-
tion in charge, ionic radii, electronegativity, and polarizability due to the presence
of different anions plays an important role in showing unusual properties which
are inaccessible in single anion counterparts [31-38].

These compounds have significant importance in the field of catalysis, energy
conversion, electronic devices, magnetism and ferroelectricity, driven by the in-
troduction of local noncentrosymmetricity [39-41].

Incorporation of second anion in the oxygen deficient compounds of per-
ovskites brings back the octahedral coordination of the TM atom. Inherent polar
nature or acentricity can be developed by these pseudo-octahedra e.g. MnO5X"~,
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MnO,X5~, MnO3X5™ where X is the second anion. These may give rise to finite
polarization lowering the symmetry of the system [40,42].

In this joint theoretical and experimental work, we have studied brownmil-
lerite structured CaMnOs 5, obtained through the oxygen removal in orderly fash-
ion along (001) rows of cubic perovskite CaMnOs. Ordered oxygen vacancies
create corner linked MOj5 square pyramids instead of the MOg octahedra, form-
ing regular void patterns and three inequivalent oxygen atoms with the alternate
network of Mn-Mn short and long bonds, as shown in Fig. 3.5.

Figure 3.5: Left panel: Crystal structure of CaMnOg 5. Formation of regular voids
by the corner shared network of MnOjs square pyramids. Ca atoms are removed for
clarity. Mn atoms are represented by purple balls. Three inequivalent oxygen atoms,
01, 02, O3 are represented by green, yellow and red balls respectively. Right panel:
Alternating arrangement of Mn-Mn short and long bonds in the ab-plane.

We chose fluorine (F) as the best suited anion to be incorporated in the sys-
tem to investigate the effect of mixed anion chemistry as the radius of F ion (ry
= 1.33 A) is comparable to that of oxygen anion (13~ = 1.40 A).

3.2.1 Collaborative experimental results

Results from Rietveld refinement of x-ray diffraction (XRD) data collected at
300 K suggests that CaMnQO, 5 crystallizes in orthorhombic Pbam space group
consisting of distorted MnOj square pyramids [cf. Fig. 3.5 left panel]. The
refined lattice parameters are in good agreement with the parameters obtained
from neutron powder diffraction (NPD) refinement confirming the presence of
single crystalline phase. The corresponding lattice parameters are a = 5.437 A,
b=10.238 A, ¢ =3.749 A.

Analysis of magnetic Bragg peak indicates room temperature antiferromag-
netic order with up-up-down-down spin arrangement along the ¢ axis. The ob-
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served magnetic moment of each Mn site is 2.235 pug. The high-temperature
antiferromagnetic order, confirmed through high-temperature susceptibility mea-
surement, shows the Néel temperature (7) at 335 K.

Due to the inability of x-ray diffraction pattern and neutron scattering to dis-
tinguish between O~ and F~ anions with the same electronic configuration, x-ray
photoelectron spectroscopy (XPS) and x-ray absorption near edge spectroscopy
(XANES) are extensively used to determine the actual position of fluorine in the
parent compound CaMnQOs 5 upon fluorination.

The XPS spectrum of F 1s in CagMn,O5_,F, shows double peak characteristic
indicating the presence of two different chemical environments of F~ i.e the fluo-
rine may be in the interstitial position as well as substituting oxygen in the parent
compound CasMnsO5. Analysis of Mn K-edge positions in XANES experiment
gives the valence of Mn as 3.264+ and 3.434 in CayMnyO5 and CayMny,Os5_,F,
respectively suggesting the increment of Mn valency upon fluorination. However
substitution of O?~ by F~ should decrease the Mn valence to maintain the charge
neutrality but here the enhanced valency of Mn suggests incorporation of F~ in
the interstitial voids as well.

Investigation of the proper atomic position of F~ in the system upon fluorina-
tion has been done with x-ray absorption fine structure spectroscopy (XAFS). The
results are listed in Table-3.5. Negligible changes are observed in Mn-O, Mn-Ca
and Mn-Mn and Mn-O-Mn-O between the parent compound CasMnsO5 and its
fluorinated counterpart CasMnyOs_,F,. The significant change is observed due
to the presence of an extra bond of Mn atom with F which fulfils the octahedral
coordination of Mn atom suggesting the interstitial occupation of F. Results also
show the shortening of Mn-F-Mn distance in comparison to that of Mn-O-Mn as
a consequence of shorter Mn-F bond length to that of Mn-O. Although EXAFS
remained unable to produce result on oxygen substitution by fluorine. Taking

CasMnoOj5 upon fluorination
Shell N R (A) N R (A)
Mn-O 4* 1.883(6) 4% 1.924(7)
Mn-O 1* 1.93(1) 1* 2.01(1)
Mn-Ca 8* 3.1627 8* 3.17(2)
Mn-Mn 5* 3.6312 5* 3.7019
Mn-O-Mn (MS) 10* 3.7812 10* 3.7915
Mn-O-Mn-O (MS) 5* 3.9312 5* 3.8812
Mn-F 1* 1.796(7)
Mn-Mn 1* 3.53(1)
Mn-F-Mn 2% 3.53x%
Mn-F-Mn-F 1* 3.53*

Table 3.5: Structural results obtained through Mn K-edge x-ray absorption fine struc-
ture spectrum refinement for CaoMnoOs and upon its fluorination. The constrained
values are labelled by *. IN represents the coordination number. Standard uncertainty
of the free parameter on the last digit are also reported in parenthesis. MS represents
multiple scattering.
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the results of EXAFS as input, neutron powder diffraction (NPD), carried out at
different temperatures, revealed the major phase presence of Pbam space group
with lattice constants a = 5.055 A, b = 9.729 A, ¢ = 4.629 A for the fluorinated
counterpart. The results show the presence of F at interstitial with occupancy
0.463 completing the MnO5F octahedra of Mn which is in good agreement with
the EXAFS analysis.

The Bond Valence Sum (BVS) [43] calculation hints that oxygen substitution
is most favourable at the O3 site.

The high temperature susceptibility data of the fluorinated counterpart shows
antiferromagnetic transition at 340 K with 3.04 up magnetic moment at each Mn
site. The antiferromagnetic arrangement upon fluorination remains the same as
that in the unfluorinated system, only the spins take a 90° turn and align along
the b axis and at higher temperature becomes canted in the ab-plane.

The presence of mixed valent Mn3* and Mn?** due to fluorination, induces
ferrimagnetic interaction. The butterfly loop of strain vs. electric field estab-
lishes ferroelectric switching nature of the fluorinated system indicating the role
of noncentrosymmetricity due to fluorination.

In order to verify these results and investigate the site occupancy of F in the
system in detail, we have carried out first-principles density functional theory
based calculations. Our study also provides microscopic insight on the origin of
noncentrosymmetricity upon fluorination to exhibit multiferroicity.

3.2.2 Computational details

We have applied ab-initio method of calculations based on a single particle ap-
proximation to study the fluorinated counterparts of oxygen deficient CaMnQO, 5.
Here we have used plane-wave basis set as implemented in Vienna Ab-initio
simulation package (VASP) [12] for our ab-initio calculations with projector-
augmented wave (PAW) potential [13]. The exchange correlation functional
was chosen to be of generalized gradient approximation (GGA) implemented in
Perdew-Burke-Ernzerhof (PBE) prescription [14]. Strong electron-electron cor-
relation at Mn site beyond GGA, was checked through supplemented Hubbard
U through GGA+U calculation [15]. We made the choice of U = 4 eV and
Hund’s coupling Jg = 0.8 eV to handle the multi orbital situation. Energy cut-
off of 560 eV and Monkhorst-Pack k-points mesh of 6x4x6 for the unit cell of
CaMnOy 5 and its fluorinated counterparts were found to provide good conver-
gence of the total energy in self-consistent field calculations. For calculating the
magnetic exchanges, the orthorhombic unit cell of CaMnOs 5 in Pbam symmetry
was expanded to a 1x1x2 supercell in order to accommodate different magnetic
exchange interactions in all directions.
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3.2.3 Theoretical results

Results on un-fluorinated CaMnQO, 5

In order to find out the ground state magnetic arrangement, we made total
energy calculation of different magnetic arrangements of Mn spins and results es-
tablished the stabilization of unique up-up-down-down [cf. Fig. 3.6 (b)] magnetic
configuration in the un-fluorinated compound CaMnOs, 5 with strong magneto-
structural coupling.

Next we made analysis of the different magnetic exchange interactions present
in the system as shown in right panel of Fig. 3.6.
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Figure 3.6: Left panel: different magnetic arrangements of the un-fluorinated unit
cell of CaMnOgy 5. Magnetic arrangements are with, (a) antiferromagnet short bond
and ferromagnetic long bond, (b) ferromagnetic short bond and antiferromagnetic long
bond, and (c) antiferromagnetic both the short and long bond. S.B and L.B denote
the short bond and long bond respectively. Right panel: different magnetic exchanges
Jb, Ji and J4 with the ground state magnetic arrangement of CaMnOg 5. The colour
codes of the balls are same as that in Fig. 3.5.

The calculated exchange interactions from the total energy calculation of dif-
ferent magnetic arrangements are tabulated in Table-3.6. Our theoretical cal-

Exchange interaction GGA GGA+U
!
ZMI’I—OI—]\L/?})’I = 170.7° -1.308 £+ 0.204 -0.536 £ 0.116
AMn-OZ-MIL = 156.4° 0.307 £ 0.051 0.895 £ 0.084
!/
LMn—OB—LI{/QIn = 180° -3.010 £ 1.229  -1.395 £ 0.169

Table 3.6: Calculated different magnetic exchange interactions (meV) in GGA and
GGA+U scheme from the total energy calculation of different magnetic arrangements
of CaMnOs 5.
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culations show that each Mn with distorted square pyramidal coordination, is
antiferromagnetically coupled through O1 (J)) and O3 (J}) atoms and ferromag-
netically coupled through O2 atom (J]) as shown in Fig. 3.6 right panel. It is
evident from the calculation that Ji is the weakest interactions and the magnetic
ground state of CaMnQO, 5 is dominated by antiferromagnetic Jj and Jj interac-
tions.

The calculated total strength of exchange interactions in GGA scheme is 31.86
meV which is equivalent to 369.58 K in temperature scale, close to the Néel tem-
perature (335 K), experimentally found by our collaborators.

The magnetic structure with ferromagnetic short Mn-Mn bonds and antifer-
romagnetic long Mn-Mn bonds along the chain suggests the presence of strong
spin-phonon coupling and exchange-striction which optimizes the spin-exchange
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Figure 3.7: Matching of phonon frequencies (cm™!) of CaMnOg 5 taking the ferromag-
netic and ground state magnetic arrangement. The first 24 phonon modes are shown.
Crystal structure of CaMnOs 5 with corresponding atomic shifts in the matched lowest
mode is also shown. S.B and L.B denote short bond and long bond respectively. Blue
and red balls represent Mn and oxygen atoms respectively in the structure. Ca balls
are not shown.

energy by shifting the ions. Here in the short Mn-Mn bond, the ZMn — O — Mn
< 180° plays a crucial role to shift the oxygen ions perpendicular to the Mn-
Mn bond. Fig. 3.7 reveals the spin-phonon coupling considering the ground
state magnetic arrangement and ferromagnetic arrangement showing the soften-
ing of phonon mode upon changed magnetic configuration driven by the change
in ZMn — O — Mn bond angle in short Mn-Mn bond.
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Fluorination of CaMnO, 5

Next in order to investigate the effect of fluorination on CaMnOs 5, we took
the indication of increased Mn valency upon fluorination from our collaborative
experimental observation through XANES and the plan of fluorination is depicted
in Fig. 3.8.

| ca,Mn,0,, (Mn*)

Introduction of 1° F Introduction of 2F in
v in interstitial position interstitial positions v
| ca,Mn,0,F (M) [ ca,Mn,0, F, (Mn:*)
Introduction of 2™ F Introduction of 3° F by
{ i substiution O substitution v
| ca4Mn409F2 (Mn®) Ca4Mn409F3 (Mn?2%7)

(2 interstitial + 1 substitution)

Figure 3.8: Flow chart of fluorination process of CaMnQOs 5.

Inserting F in the interstitial region and then by oxygen substitution for the
case of CayMnsOgFy and CasMnyOgF3, we have calculated the total energy re-
quired to substitute O from three inequivalent O sites and the results are tab-
ulated in Table-3.7. Our calculation thus establishes the preference of oxygen

F at O1 site F at O2 site F at O3 site
CasMny4O9F2 3.0396 2.7173 2.3893
CasMn,OgF3 2.2148 1.8964 1.7923

Table 3.7: Calculated total energy (eV) needed to substitute oxygen atoms from O
sites for CaysMny4OgF9 and CayMn,OgF5.

substitution from the O3 site when the interstitial site is preoccupied by the F
atom.

In order to check the stability of different possible fluorinated counterparts
of CaMnQO, 5, we calculated formation enthalpies of each compounds. We used
Eq. (3.1) to calculate formation enthalpy,

AH(AnBua...) = Eiorat(Am Bua...) = Y napt] (3.1)

where, Ejora(AniBpa...) is the total energy/f.u of a given compound A,;Bs...,
and p? are the chemical potentials of the constituting elements A, B,... in their
elemental reference phases. Then we computed the obtained formation enthalpies
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for per atom as the total number of different compounds are not the same. We
used the following chemical potentials for our calculation, [44]

toa = —1.93eV
Ui = —6.97eV
o = —4.99eV
pp = —1.86eV

Our calculated formation enthalpies for different compounds are listed in Table-
3.8. Enthalpy calculation shows that the formation enthalpy decreases whenever

Site occupancy of F Compound formula Mn valency Enthalpy eV  Shift from centroid A

Un-fluorinated CagMnyO19 3 -2.514
1 O/u.c. in interstitial CagMnysO11 3.5 -2.505 0.0021
1 F/u.c. in interstitial CagMngO1oF 3.25 -2.564 0.0010
1 F/u.c. in interstitial
+ 1 O/u.c. substitution CasMnysOgFo 3 -2.342 0.4463
2 F/u.c. in interstitial CasMnysO10F2 3.5 -2.607 0.0005 (C1F1),

0.0021(C2F2)

2 F/u.c. in interstitial
+ 1 O/u.c. substitution CasMnysOg F3 3.25 -2.675 0.5388 (C1F1),
0.4028 (C2F2)

Table 3.8: Comparison of calculated formation enthalpies (eV/atom) and shift from
the centroid position for different fluorinated counterparts of CaMnOs 5.

the number of fluorine sitting in the interstitial position (with or without sub-
stitution) increases. This is because the addition of fluorine in the interstitial
position, makes the MnOsF octahedra complete.

The formation enthalpy becomes the most stable for Ca;Mn,O¢F3 suggesting
that the fluorination is most favoured when the Mn atom restores its missing
octahedral coordination by accommodating two F in interstitials and substitut-
ing O from O3 site without making huge change in its oxidation state from that
of the un-fluorinated system. Thus the interplay between octahedral completion
and making the Mn valence close to 3+ makes Cay;Mn,OgF3 the most favourable
amongst all the possibilities.

Our calculation also confirms that fluorine is not off-centered when the system
incorporates fluorine in the interstitial site(s) only but it becomes off-centered to-
gether with substitution and interstitial occupancies. This off-centric placement
of fluorine can give rise to finite polarization in the system.
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Figure 3.9: The most preferred fluorinated counterpart CagsMnyOgF3. The red and
cyan coloured Mn octahedra contain double and single F respectively. The big blue and
small yellow balls represent F and oxygen atoms respectively. Ca atoms are removed
for clarity.

The most preferred fluorinated counterpart CaysMn,OgF5 shown in Fig. 3.9
which reveals that upon fluorination some of the Mn octahedra contain single F
atom (MnO3F) and some contain two F atoms (MnO,4F5) which locally break the
centrosymmetric nature of the structure leading to finite polarization suggesting
a good agreement with our collaborative experimental findings and holds the
promise to be a multiferroic.

3.2.4 Summary

Through compilation of experiment and theory, we have investigated the
mixed anion chemistry through fluorination of CaMnQOs; manipulating the an-
ionic sublattice. We made in depth investigation of the site occupancy of F atoms
in the system through our DF'T calculations. With the aim to achieve room tem-
perature multiferroic we made attempt to explore new route to multiferroicity
though controlling the dopant fluorine concentration. Our study establishes the
stabilization of oxygen substitution along with interstitial F introducing the local
noncentrosymmetricity to lead finite polarization. Thus our work proposes anion
engineering as an effective tool to exhibit multiferroicity.
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Chapter 4

Understanding the curious
magnetic state of Sr3OsOg*

4.1 Motivation

B site ordered double perovskites derived from perovskites ABOj, take the
form as A;BB’Og, where A is alkaline earth/rare earth and B is transition metal
(TM). In these B site ordered double perovskites half of the B sites are substituted
by another TM B’. The rock-salt ordering of B-B’ in double perovskites extends
the structural variation over simple perovskites showing intriguing electronic and
magnetic properties [1-3].

Double perovskites consisting of two different TM atoms at B and B’ sites
include compounds with high T magnetic behaviour like SroFeMoOg (T = 420
K) [4-7], SroCrMoOg (T = 420 K) [8,9], SroCrWOg (T = 458 K) [10, 11],
SroCrReOg (Te = 620 K) [12], ferrimagnetic compound like CayMnOsOg [13],
Dirac-Mott insulator like BagNiOsOg [14].

Double perovskites with single TM ion instead of two TM ions e.g. BayCaOsOg
[15], SraMgOsOg [16], CaoaMgOsOg [16,17], SraYReOg have been also synthesized.
They have been reported to exhibit either antiferromagnetism or spin-glass-like
behaviour.

A recent study on SrzOsOg [18], a double perovskite with single TM Os in B-
B’ sublattice showing a ferromagnetic (FM) insulating state at high temperature
(~ 1060 K), is unconventional and counterintuitive. The surprising facts are as

*Based on publication: Shreya Das, Anita Halder, Atasi Chakraborty, Indra Dasgupta,
and Tanusri Saha-Dasgupta; Phys. Rev. B 101, 184422 (2020).
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follows:

i) It is expected that the presence of nonmagnetic Sr at the B’ site in the B-O-
B’-O-B superexchange path hinders the TM-TM (Os-Os) magnetic interaction,
ii) high T value is a property of 3d TM containing compounds rather than 5d
TM like Os containing compounds, iii) the conventional knowledge shows that
ferromagnets are metals and antiferromagnetism is associated with insulators.

Few known ferromagnetic insulators like EuO (T¢ = 77 K) [19], CdCrySs (T
= 90 K) [20], SeCuO;3 (T¢ = 25 K) [21] are reported to be low T compounds.
LayNiMnOg [22] is a double perovskite to stand out as an exception with T value
280 K which is still a factor of 3-4 smaller than reported T value of Sr30sOg.

The situation becomes further intriguing by the fact that replacement of Sr
by Ca (Ca3zOsQg), makes the compound antiferromagnetic with low transition
temperature (= 50 K) in monoclinic symmetry [23] while the reported symme-
try of ferromagnetic insulating high 7» Sr3OsOg is cubic. This gives a hint that
crystal symmetry plays an important role in determining the magnetism.

The presence of 5d transition metal, Os in the compound is expected to bring
the interplay of spin-orbit coupling (A) and on-site Coulomb repulsion U along
with Hund’s coupling parameter Jy within the Os t5, multiorbital framework.

Being curious to reveal the interplay of crystal symmetry, Coulomb repulsion,
Hund’s coupling and spin-orbit coupling, we carried out first-principles density
functional theory based calculations constructing a low-energy model Hamilto-
nian in Os ty, Wannier basis. We also performed exact diagonalization technique
on the two Os site full multiplet with realistic parameter in order to explore the
parameter space.

Our study established the stabilization of ferromagnetism in cubic symmetry
with high range of U and Jy, accompanied by the large Os-Os nearest neighbour
hopping across the face of the cube while in the monoclinic symmetry, suppres-
sion of nearest neighbour hopping in distorted cube was found to stabilize an-
tiferromagnetism instead of ferromagnetism. Our electronic stucture calculation
revealed insulating behaviour in cubic symmetry by forming spin-orbit entangled
Mott state in j = 3/2 sector of Os d?, giving rise to high Ty value. Our study
thus showed that for the reported stabilization of ferromagnetism in cubic sym-
metry of Sr3OsOg is crucial as it is not a natural choice. This highlights the role
of epitaxial growth on thin-film behind its unusual ferromagnetic state.

Our study also proposed SroCaOsOg [24] as an alternative natural candidate
to exhibit high T ferromagnetic insulating state in bulk form.

4.2 Computational details

We carried out first-principles density functional theory (DFT) based calcula-
tions to achieve a realistic description of the problem. We used two different basis
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sets, namely (i) the plane-wave basis [25] and (ii) the muffin-tin orbital basis [26].
Through the calculated density of states and band structures the agreement be-
tween these two mentioned basis sets were checked. The structural optimization
as well as the effect of spin-orbit coupling and on-site correlation U on the elec-
tronic structure were investigated using the plane-wave pseudopotential method
as implemented within the Vienna Ab-initio simulation package (VASP) [27]. The
wave functions in the plane-wave basis were expanded with a kinetic-energy cutoff
of 650 eV. For self-consistent calculations with a plane-wave basis, we chose the
k-point meshes as 6x6x6 for both the cubic and triclinic structure, and 6x6x4
for the monoclinic structure. The convergence of the results in terms of the
choices of the k-mesh was also checked by repeating calculations with k-mesh of
12x12x12 for cubic and triclinic structure and 12x12x8 for the monoclinic struc-
ture. The calculations with larger k-points were found to effect to the results only
marginally, with a maximum change in magnetic moment by 0.001 pp and en-
ergy difference by 0.75 meV. We chose the exchange-correlation functional of the
generalized gradient approximation (GGA) [28] within Perdew-Burke-Ernzerhof
(PBE) [29] framework. The effect of spin-orbit coupling (SOC) was taken into ac-
count within GGA+SOC implementation of VASP. The missing correlation effect
beyond GGA at the Os site was considered within the GGA4+SOC+U frame-
work [30] by varying the screened Hubbard U value 2-4 eV and fixing Hund’s
coupling parameter Jy at 0.6 eV, with the choice of the fully localized limit
(FLL) of double-counting, as implemented in VASP.

A literature search on the value of Hubbard U in Os oxides and compounds
showed it to vary from about 2 eV [31,32] to about 3.5 eV [33].

The optimization calculations were executed until all the forces on the atoms
become smaller than 107 eV /A.

For the construction of effective Os ¢y, based Wannier functions, we used the
Nt'_order muffin-tin orbital (MTO) method [34], which relies on a self-consistent
potential generated by the linear MTO (LMTO) [35] method. The low-energy
few band Hamiltonian defined by Os to, Wannier functions provided the on-site
energies i.e. the crystal field splitting of the Os sites as well as the effective hop-
ping interactions between the Os sites. Plugging these information of hopping as
input, exact diagonalization technique was executed with two-site Os problem.

The different muffin-tin radii for different atomic sites used in our LMTO
calculations were as, 2.36 A (2.05/1.90 A) for Srs, 1.71 A (1.99/1.80 A) for Srp,
1.25 A (1.44/1.39 A) for Os, and 0.87 A (0.81/0.93 A, 0.90/0.93 A, 0.84/0.93 A)
for O atoms in the cubic (monoclinic/triclinic) structure of Sr3OsOg.
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4.3 Results

4.3.1 Crystal structure of Sr3OsOg

The crystal structure of ideal rock-salt ordered double perovskites is cubic
with Fm-3m space group, which is the reported [18] crystal structure of Sr3OsOg
showing unusual ferromagnetic insulating state with high 7.

Tilt and rotation of BOg and B’Og octahedra, governed by Goldschimidt’s
tolerance factor (tg) leads to lower symmetry non-cubic structures. The toler-
(ra+ro)

/
VA(ELIE 4 1)
the ionic radii of A, B, B’ and O respectively.

Double perovskites are reported with different non-cubic structures e.g. rhom-
bohedral R-3, tetragonal Ij/m, tetragonal Ij/mmm, monoclinic P2;/n, mono-
clinic C2/m. Along with these mentioned non-cubic space groups, rare examples
of tetragonal P//mn and triclinic P-1 are also reported [2]. Depending upon the
tolerance factor, the crystal structure of double perovskite is determined. Smaller
tr value ~ 0.92 or less suggests to have monoclinic symmetry. In contrary, larger
tolerance factors (> 0.92) suggest to have either cubic or tetragonal or rhombo-
hedral symmetry.

Analysing the ionic radii of Sr?*, Os®* and O?~, the ti value for Sr3OsOg,
turns out to be 0.89 which is similar to that of monoclinic CazOsOg. This indi-
cates to the high possibility of forming a non-cubic structure of Sr3OsOg, grown
through solid-state reaction contradicting the reported cubic symmetry of it.

To clarify the issue concerning the crystal structure of Sr30sOg, we employed
a genetic algorithm as implemented in Universal Structure Predictor: Evolution-
ary Xtallography (USPEX) [36] which has been proved successful in predicting
the crystal structure of different multinary compounds, including double per-
ovskites [37,38] in accurate manner.

The computed energies through our DFT calculations served as a goodness
parameter in the applied genetic algorithm and comparison of energies was made
among a large number of competitive structures over a number of generations.
Following different variational operations e.g. heredity, mutation, permutation,
different structures in each generation are produced randomly. Application of
this genetic algorithm on Sr3OsOg resulted in monoclinic P2; /n and triclinic P-
1 as its probable structures supporting a recent high-pressure synthesis [39] of
Sr30s04 in powder form which also suggests monoclinic and triclinic structures
as the probable structures for Sr3OsOg.

We thoroughly checked this structural issue by carrying out total energy vs.
volume calculation in GGA+SOC+U scheme considering the reported [18] cubic
structure of Sr3OsOg thin film along with genetic algorithm screened structures,

ance factor is defined as tg = , where 74, rg, ', 7o denote
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monoclinic P2; /n and triclinic P-1.

Our study showed that the reported cubic symmetry has the highest energy
and the energetics of triclinic and monoclinic are almost same as shown in Fig.
4.1. Although the monoclinic symmetry was found to have lower energy than
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Figure 4.1: Comparison of total energy vs. volume calculated within GGA+SOC+U
for Sr30sOg¢ in cubic (red), monoclinic (black), and triclinic (green) symmetry. The
point of crossover between cubic and monoclinic structures is indicated with the dashed
arrow.

that of the triclinic one by ~ 30 meV /f.u. at the equilibrium volume. Reported
cubic structure had a large energy difference of 1.1 eV /f.u. from the lowest energy
monoclinic structure at the equilibrium volume.

Our calculation showed that = 6.5% tensile strain is required to make a
crossover between lowest-energy monoclinic and highest-energy cubic symmetry
which appears to be impractical to achieve. This contradicts the reported [18]
stabilization of Sr3OsOg in cubic symmetry.

Our study thus concluded that monoclinic symmetry is the most preferred
symmetry for Sr3OsOg however its reported stabilization in cubic symmetry only
occurs due to its epitaxial growth on SrTiOj3 substrate.

In the following we carried out our calculations on the lowest energy mono-
clinic structure and the reported cubic structure of Sr3OsOg to investigate the
role of crystal symmetry on its magnetic properties.

4.3.2 NMTO downfolding and superexchange paths

In Sr30s0g, Os is in nominal valence of 6+ i.e. it has d? occupancy. In the
cubic symmetry the octahedral crystal field of Os atom splits the Os 5d? levels
into lower lying 5, and upper lying e, states. Due to d* occupancy, out of three
degenerate t9, levels, two are occupied and one remains empty. The upper lying
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empty e, levels are separated from the ty, levels by a large energy difference ~ 3-4
eV suppressing any hopping interaction involving e, levels. The degenerate ty,
levels are further split into non-degenerate energy levels in non-cubic monoclinic
structure.

Thus spitting of the d levels gives rise to virtual hopping procedures. Virtual
hopping between half-filled ¢5, orbitals of neighbouring Os sites drives antifer-
romagnetic coupling while ferromagnetic coupling is associated with the virtual
hopping between half-filled and empty ?5, orbitals of two Os sites. Thus the
resultant exchange interaction is determined by the competition between the an-
tiferromagnetic and ferromagnetic exchange interactions.

Estimation of strengths of these two competitive interactions quantitatively,
necessitates the construction of a low-energy Os ty, Hamiltonian. We applied
NMTO downfolding method to obtain this low-energy few band model Hamilto-
nian, defined by the effective Os t5; Wannier functions by integrating out all the
degrees of freedom of Sr, Os e, and O p. The result showed that while the head
part of Os ty, effective Wannier function is shaped following the ¢y, symmetry,
their tail part is shaped according to the integrated out orbitals.

To uncover the role of crystal symmetry of Sr3OsOg on magnetism, we con-
structed low-energy Os ty, based Hamiltonian for both the reported cubic and
theoretically predicted most stable monoclinic structure. In Figs. 4.2 (a), 4.2 (b)
the crystal structures of Sr3OsOg in cubic and monoclinic symmetry are shown
with corner linked network of OsOg and SrpOg octahedra where the Sr, atoms
occupy the void created by neighbouring OsOg and SrOg octahedra. In the non-
cubic monoclinic structure the OsOg and SrpOg octahedra experience in-plane
rotation and out-plane tilt for which the face-centered-cubic (fcc) lattice formed
by Os only sublattice in cubic structure becomes distorted in the monoclinic
structure. Thus due to structural distortion in monoclinic symmetry, the Os-O-
Os angle across the face of the cube deviates from ideal 90° and the Os-O-Sr angle
along the edge of the cube deviates from ideal 180°. The deviation range of these
two angles in monoclinic symmetry are about 2°-5° and 30°-40° respectively.

The two possible Os-Os hopping paths, nearest-neighbour (¢) along the face
of the cube and next-nearest neighbour (¢') along the edge of the cube, are shown
in Figs. 4.2 (c¢) and 4.2 (d) for cubic and monoclinic symmetry respectively.
According to conventional wisdom it is expected that hopping procedure t in-
volving 90° or near 90° in Os-O-Os path is either zero or very weak. Hopping
procedure ¢’ through a linear path or nearly linear path Os-O-Srz-O-Os involving
non-magnetic St is also expected to be weak. This conventional knowledge thus
makes the high T ferromagnetic insulator Sr3OsOg more puzzling.

The overlap plots of Os ¢y, derived Wannier functions for nearest neighbour
and next-nearest neighbour in cubic and monoclinic stucture show a remarkable
trend. For the ideal cubic structure in Fig. 4.2 (e), the O p like tails of the Os ty,
Wannier functions bend strongly toward the A site Sr atom making a well-defined
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(b) 4

Figure 4.2: (a) The cubic and (b) distorted monoclinic structures of Sr30sOg. The
A site Sr atoms (Sry) are marked as red balls. The SrpOg and OsOg octahedra are
marked in blue and green respectively. (c), (d) The nearest neighbour (¢) and next-
nearest neighbour (¢') Os-Os hopping paths across the face and edge of the cube and the
distorted cube in cubic and monoclinic symmetry respectively. (e), (f) Os effective ta4
Wannier function overlaps for nearest neighbour and next-nearest neighbour Os sites
for the cubic symmetry. Oppositely signed lobes of the Wannier functions are coloured
differently (cyan/black for site 1 and magenta/yellow for site 2). (g), (h) show the same
as in (e), (f) but for the monoclinic symmetry.

connected path between two Os sites across the face of the cube which is mediated
through the ¢ hopping. In Fig. 4.2 (g) for the monoclinic structure, the Wannier
functions get misaligned due to the structural deviation from ideal 90° weakening
the connected path between Os sites across the face. Due to the bending of O
p like tail, we have hardly any overlap for the next-nearest neighbours mediated
by " hopping path as shown in Figs. 4.2 (f) and 4.2 (h) for cubic and monoclinic
structures respectively.

The observed trend in Wannier overlap plots is also reflected in the 3x3 tight-
binding Hamiltonian defined by Os t5, effective Wannier basis through NMTO
downfolding method. The non-cubic crystal-field splitting of the range of 0.07-
0.10 eV in monoclinic symmetry lifts the degeneracy of 5, levels. The nearest-
neighbour hopping interaction ¢ in the cubic symmetry has the maximum strength
of 0.17 eV while that in the monoclinic symmetry takes the value of 0.05 eV be-
ing largely suppressed. Thus the hopping strengths derived from the low-energy
tight-binding Hamiltonian agrees well with the Wannier function overlap plots.
The next-nearest neighbour hopping integral ¢’ is found to be significantly smaller
than ¢t comparing their maximum strength values both for cubic and monoclinic
structures. The largest strength of ¢’ is & 0.01 eV for the cubic symmetry, and



4.3. Results 106

that becomes negligibly small in the monoclinic symmetry.

Next in the exact-diagonalization technique we used these hopping informa-
tions considering only the effect of ¢ and discarding the effect of small hopping
.

4.3.3 Two-site model and magnetic phase diagram

Here we used the knowledge of Wannier function overlaps and the low-energy
tight-binding Hamiltonian, derived through DFT calculations to explore the in-
terplay of hopping interaction (t), crystal-field splitting (A), Coulomb interaction
(U), Hund’s exchange (Jg ), and spin-orbit coupling () for both cubic and mono-
clinic structures by employing many-body multiplet calculations within a two-site
Os problem.

The two-site Os t5, only model Hamiltonian considering the effect of nearest
neighbour hopping, Coulomb interaction, and spin-orbit coupling takes the form
as follows [40-42],

H = Honfsite + Hint + HSO + Ht (41)

The explicit expression of each of the terms are given below,

Honfsite = Z Z A z la z mo
Hy, = U Z Z N 1M1y + w Z Z N 10N mo
% l i1

l;jém

U’
+ 7 Zl: Z N 16T, mo’

,m
l#m
o#ao’

J
= 2D iyl digy + ] d] L dindigy + Hee)
i Im

l#m

§ § n
HSO = Etmnd zla lm0'10-0'7g'/

A lmn
o,0’

Hy = > t7(dl,djme + H.c) (4.2)
lm,o

{i.5)

where, d! 1o(dio) 15 the creation (annihilation) operator of the I** orbital at site

¢ with spin 0. n;;, is defined as, n;;, = dl ladz lo- Hon_site TEpresents the on-site

crystal field splitting with on-site matrix clement Ay, between [ and m orbital
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at the same site i. H;,; contains intra-orbital Coulomb correlation (U), Hund’s
coupling (Jg) and inter-orbital Coulomb correlation (U’). Inter-orbital Coulomb
interaction satisfies the Kanamori relation, U’ = U — 2Jy. In Hgp, X is the
spin-orbit coupling strength and €, is the three dimensional leve-civita symbol.
H,; contains tifn, the nearest neighbour hopping parameter between [** orbital of
site ¢ and m!" orbital of site j.

We took the realistic values of the non-cubic crystal field and the intersite hop-
ping parameters as obtained through NMTO downfolding calculations by varying
the U and Jy parameters over a physically meaningful range, U’ > Jg keeping
the A values fixed at 0.1, 0.2, and 0.4 eV.

Using the exact-diagonalization technique on this two-site Os problem [43],
the energy differences between parallel (ferromagnetic) and antiparallel (antifer-
romagnetic) spin arrangement of Os spins were studied. In Figs. 4.3 (a) and 4.3
(b) the energy differences with the choice of U = 2 eV and A = 0.1 eV varying Jg
are plotted for cubic and monoclinic structures respectively. Thus analysing Fig.
4.3, it is evident that in the cubic symmetry the parallel alignment of Os spin i.e.
ferromagnetic (FM) interaction becomes favoured over antiferromagnetic (AFM)
interaction for Jy > 0.27 €V or so while that for the monoclinic structure the
ferromagnetic interaction becomes stabilized over antiferromagnetic interaction
only when Jy > 0.6 eV. Thus we can argue that for 5d transition metal Os,
with a reasonable choice of Jy = 0.6 eV, FM interaction is stabilized for cubic
symmetry, and AFM interaction is stabilized for monoclinic symmetry.

Looking at the energy gain values at Jy = 0.6 eV, it is clear that the energy
gain is larger in cubic (=~ 30 meV) than that for the monoclinic (=~ 1.5 meV)

structure. Now putting these energy gain values in the mean-field temperature
2JS?

scale, (z = number of nearest neighbours, here it is 12), we obtained the

Tc value above 1300 K for cubic stucture and that for the monoclinic structure
became ~ 70 K.

Thus our calculation showed that FM state supports a large T and AFM
state supports a low transition temperature, which is in good agreement with the
reported cubic structured Sr3OsOg [18] and monoclinic structured CazOsOg [23].

We repeated the same calculation by varying the U and Jy parameters with
higher A\ values 0.2 eV and 0.4 eV to obtain the U-Jy phase space and the results
are shown in Figs. 4.3 (c), 4.3 (d) for cubic and monoclinic structure respec-
tively. Though the two phase diagrams look qualitatively the same, increase of
the A\ value shifts AFM to FM transition to a larger value of Jy as spin-orbit
coupling favours antiferromagnetism. Our calculations showed that both for the
A values, the FM interaction is stabilized only in a shrunk part of the U-Jy phase
space in monoclinic structure while an appreciable part of U-Jy phase space sup-
ports FM interaction in cubic structure.

Thus in summary our study showed that the ferromagnetic phase is stabilized
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Figure 4.3: Energy difference between parallel and antiparallel alignment of Os spins
as a function of varying Hund’s coupling parameter Jy keeping U = 2 eV and A = 0.1
eV and considering the DFT derived hopping interaction in (a) cubic symmetry and
(b) monoclinic symmetry of Sr3OsOg. (c) U-Jp phase diagram in cubic and monoclinic
symmetry showing the stabilization of ferro and antiferro Os spin alignment for A =
0.2 eV. The inset shows the ordering of Os to, orbitals with d? occupancy reversing
between dyy/dyz, dy>/dyz, duy/dy., and dgy/d,. along the connecting vectors of Os fcc
tetrahedra. (d) U-Jy phase diagram for A = 0.4 eV. The gray solid line in (c) and (d)
separates the physically relevant space, U' = U — 2Jg > Jy.

in the cubic structure of Sr3OsOg with a rather high temperature scale, while the
monoclinic structure favours the antiferromagnetic interaction with a low transi-
tion temperature.

The fcc lattice made up of Os only sublattice can give rise to spin-glass-like
behaviour in compound specific cases as the antiferromagnetic arrangement of Os
spins becomes frustrated in the fcc motif.

We repeated our calculation to obtain the U-Jy phase space for the triclinic
symmetry which is one of the suggested structures of bulk Sr3OsOg in Ref. [39]
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and the next favoured structure predicted from our theoretical calculations. For
all choices of A, the phase diagram of triclinic symmetry is found to favour anti-
ferromagnetic interaction solely, disfavouring the ferromagnetic interaction even
more than that of the monoclinic symmetry. This agrees completely with the
stabilization of antiferromagnetism over ferromagnetism in the reported study of
Ref. [39] for bulk Sr3OsOg.

The inset of Fig. 4.3 (c¢) shows the orbital ordering of two occupied orbitals
between the four sites of Os fcc tetrahedra in the stabilized ferromagnetic phase
involving the hopping between occupied and empty ty, orbitals. Two Os sites
connected through (1,1,0) vector have electron occupancy mostly at d,./d,. and
dy/dy, orbitals. Thus this encourages the hopping between filled and empty d,,
orbitals. Similarly, for the sites connected through (1,0,1) and (0,1,1) vectors, the
ferromagnetic hopping is favoured between filled to empty d,, and d,. orbitals
respectively.

4.3.4 Insulating electronic structure

Here aiming to explore the origin of the insulating behaviour of ferromag-
netic cubic Sr3OsOg, we performed stepwise calculations within the framework
of GGA, GGA+SOC, and GGA+SOC+U considering various influencing factors
which drive the insulating state.

For Os®" ions in ideal cubic environment with d* occupancy, GGA calculation
gave a metallic solution [cf. top panel of Fig. 4.4 (a)] with a magnetic moment
of 1.10 pup at the Os site, and 0.05 up at the O site due to finite Os-O covalency.
A significant orbital moment of 0.17 up at the Os site, oppositely aligned to the
spin moment of 0.62 ug at the Os site was developed turning on the spin-orbit
coupling within GGA+SOC framework. This antiparallel alignment of orbital
and spin moment confirms the less than half-filled nature of Os®".

The calculated band structures are also presented in Fig. 4.4 (b) in the frame-
work of GGA, GGA+SOC and GGA+SOC+U. Being consistent with the density
of states structure, the band structure also showed that inclusion of SOC keeps the
solution metallic with Os states crossing the Fermi level as SOC mixes the up and
down spin channels of t5,’s which act like effective [ = 1 quantum number states.
These states are described by fourfold-degenerate j = 3/2 and twofold-degenerate
j = 1/2 states in presence of SOC. Due to d* occupancy of Os, the j = 3/2 states
become half-filled which becomes similar to a d° iridate e.g. SroIrOy [44].

Inclusion of correlation U in GGA4+SOC+U framework opened up a gap
within j = 3/2 manifold for the choice of U value > 2 eV. The 4 fu. cubic
cell gives 24 t5, bands of Os. Within the GGA+SOC+U framework, out of these
24 bands, 8 lie below the Fermi level, forming j = 3/2 lower Hubbard bands
(LHB) and the remaining 16 lie above the Fermi level being separated by a gap
from j = 3/2 LHB states as shown in Fig. 4.4 (b). The 8 empty j = 3/2 upper
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Figure 4.4: Electronic structure calculation of cubic Sr3OsOg. (a) Density of states
computed within spin-polarized GGA, GGA+SOC, GGA+SOC+U (U = 2 eV) and
GGA+SOC+U (U = 3 eV) (top to bottom) framework. The spin-orbit coupled j = 3/2
and 1/2 manifolds are marked. In the presence of U correlation effect, 7 = 3/2 manifold
develops into j = 3/2 LHB and j = 3/2 UHB. (b) The band structures are plotted
along high symmetry points of the fcc BZ, within GGA, GGA+SOC, GGA+SOC+U
for U = 2 eV and 3 eV (left to right). Only the bands of the majority spin channel
for spin-polarized GGA band structure are shown. Bands corresponding to j = 3/2
(LHB, UHB) and j = 1/2 are coloured differently and marked. The zero of the energy
in both the density of states and band structure plots represents the respective Fermi
energy. (c) Schematic representation of the systematic effect of turning on SOC and U
correlation on Os ta,’s with d? occupancy. Filled states are represented as hatched.

Hubbard bands (UHB) overlap with 8 empty j = 1/2 bands due to finite band-
widths of j = 3/2 and 1/2. The inclusion of the Hubbard U correction increased
both the spin and orbital moment of Os and for the choice of U = 2 eV and they
took the values as 1.48 up and 0.65 up respectively leading to effective magnetic
moment of 0.83 up which is in good agreement with the experimentally mea-
sured [18] moment of 0.77 ug. The gap value was found to get increased with
increasing the U value. The calculated band gap value was found to be 0.33 eV
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for U = 2 eV, and 0.55 eV for U = 3 eV.
Thus our study showed that Sr3OsOyg is an example of a spin-orbit entangled
Mott state in j = 3/2 sector akin to SralrOy4 in j = 1/2 sector.

4.4 Summary

Here our study has been carried out on Os containing double perovskite com-
pound Sr3OsOg. We studied the microscopic origin of its reported high-T ferro-
magnetic insulating behaviour in cubic symmetry [18]. Situation became curious
as the Ref. [18] reported the crystal structure of SrsOsOg, grown on thin-film to
be cubic whereas a recent report [39] of bulk Sr;OsOg, synthesized in solid-state
route suggests for its non-cubic monoclinic or triclinic symmetry.

We performed our calculations to explore the crystal symmetry of Sr3OsOg
in conjunction with the application of a genetic algorithm and first-principles
total energy calculations. Our study showed monoclinic symmetry as the most
preferred symmetry followed by triclinic symmetry and the cubic symmetry with
much higher energy.

Next we explored the role of crystal symmetry on magnetism taking into
account the predicted lowest energy monoclinic structure and the reported [18]
cubic structure of Sr30sOg. Our Wannier function overlaps defined by Os t5, ba-
sis showed large Os-Os hopping across the face of the cubic structure dominating
over the conventionally expected Os-O-Srp-O-Os superexchange path along the
edge of the cubic structure. This well-connected Os-Os path became misaligned
in the monoclinic structure due to structural distortion weakening the hopping
process.

Using the DF'T derived Os ty, low-energy Hamiltonian, defined in the Wan-
nier basis as input, we next solved the two-site Os t5, full multiplet problem
with exact diagonalization method to understand the ¢-U-.Jy-\ phase space more
accurately. With the reasonable choice of A value for Os, the U-Jy phase space
showed the stabilization of ferro alignment of Os spins in cubic symmetry. On the
other hand, the ferro alignment was found to be largely suppressed in monoclinic
symmetry. The stabilization energy of ferro alignment over antiferro alignment
in the cubic symmetry was found to be more than an order of magnitude larger
compared to the stabilization energy of antiferro alignment of Os spins over ferro
in the distorted monoclinic symmetry for the same parameter values of U, Jy,
and A, supporting the observed high T in the reported cubic, ferromagnetic
phase of Sr30sOg [18] and the low Neél temperature in the reported monoclinic,
AFM phase of CazOsOg [23].

Following this understanding, we next investigated the driving force behind
the insulating nature of ferromagnetic Sr3OsOg through systematic analysis in
GGA, GGA4+SOC and GGA+SOC+U framework of electronic structure calcu-
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lations. Our electronic structure calculation gave metallic solution for GGA and
GGA+SOC scheme whereas an insulating ground state was achieved only within
the framework of GGA+SOC+U with reasonable choices of U values. Thus in-
clusion of correlation U was found to give insulating state in cubic Sr3OsOg in j
= 3/2 Mott state induced by large spin-orbit coupling at the Os site.
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Chapter 5

Understanding Magnetism in
Double Double Perovskites: A
Complex Multiple Magnetic
Sublattice System™

5.1 Motivation

Transition metal oxides crystallizing in perovskite structure with the chemical
formula ABOj is a holy grail of condensed matter physics due to their numerous
interesting properties like high temperature superconductivity, colossal magneto-
resistance, half-metallicity etc. [1,2].

The structural and compositional flexibility of the structure allow perovskites
to accommodate almost all of the elements of periodic table, and also support
various possible coordination. One of the common routes to tailor the perovskite
properties is cation substitution. Substitution and 1:1 cation ordering at B site
give rise to rock-salt ordered double perovskites AsBB'Og [3-6], where B and
B’ are two transition metal (TM) ions, as discussed in Chapter 4 in context of
SrgOsOﬁ.

The magnetism of transition metal oxides crystallizing in double perovskite
framework has grabbed significant attention [7-22].

In this scenario it is worthwhile to explore the situation when compounds

*Based on publication: Anita Halder!, Shreya Dasf, Prabuddha Sanyal, and Tanusri
Saha-Dasgupta; Tauthors have equal contribution to this work; arXiv:2101.10822.
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involve even larger number of magnetic ions, i.e. more than two TM ions, as in
double double perovskites. There are limited reports on cation ordering at A and
B sublattices simultaneously. However this cation ordering extends the structural
flexibility of perovskites further.

Recently double double perovskites with formula AA{ ;Af;BB'Og have been
synthesized using high pressure and temperature condition [23-25] with columnar
motif of A sublattice and rock-salt motif of B sublattice. This structure consists
of five independent cation sites A, A’, A”, B and B’ where the A site hosts rare-
earth or alkaline-earth ion, A’, A” and B sites host 3d transition metal ions and
B’ hosts 5d transition metal ion. Use of high pressure stabilizes small magnetic
TM ions like Mn?* at A sites with reduced coordination of tetrahedral (4) and
square planar (4) instead of the usual choice of large nonmagnetic cations like
Ca?*, Sr** with dodecahedral (12) coordination of A site [26]. Stabilization of
magnetic TM ion at A site introduces A site magnetism which eventually drives
the interplay of magnetism among the multiple sublattices giving rise to highly
enriched magnetic properties.

Presence of multiple magnetic ions with multiple magnetic exchanges can lead
to a naive expectation of spin-glass like ground state with frustration but in con-
trary, recently synthesized double double perovskites CaMnMReOg (M = Ni,
Co) are reported to be magnetically ordered [27], exhibiting ferromagnetic order-
ing in CaMnNiReOg with parallel spin alignment and ferrimagnetic ordering in
CaMnCoReOg, on replacement of Ni by Co.

Reported net moment of such multi sublattice ferromagnetic system is very
high which paves the way to design large moment magnetic oxides. The situation
becomes curious on the following counts,

(i) what is the underlying reason that makes three or more magnetic sublattice
system CaMnNiReOg ferromagnetic, (ii) why CaMnCoReOg becomes ferrimag-
netic on replacement of Ni by Co, the neighbouring element in periodic table,
(iii) what is the driving mechanism of magnetism in such multi sublattice sys-
tem.

Theoretical understanding of the interplay of magnetism of these multi mag-
netic sublattices is challenging as well as exciting as it is expected to unravel the
rich physics which can be helpful in designing such oxides in future.

Aiming to explore the multi magnetic sublattice systems, we carried out first
principles density functional theory (DFT) based calculations taking into account
all the chemical and structural aspects accurately. Next we employed DFT de-
rived spin Hamiltonians which were solved with Monte Carlo (MC) simulation.

Our study uncovered the presence of a novel exchange mechanism which is
a combination of multi sublattice hybridization i.e. the kinetic energy driven
double-exchange mechanism, along with the superexchange mechanism, in these
systems. Our study showed that the ground state of these multi sublattice systems
is determined by the competition between these two above mentioned exchange
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mechanisms. It was revealed through our calculation that in CaMnNiReOg, the
multi sublattice hybridization-driven double-exchange mechanism dominates the
superexchange mechanism giving rise to long range ferromagnetic state. Replace-
ment of Ni by Co, enhances the core spin value at B sublattice (from S =1to S =
3/2) which toggles between the two exchange mechanisms supporting long range
ferrimagnetism. The MC simulation on solving the DFT derived spin Hamiltoni-
ans, provided good agreement with the reported magnetic properties [27] of both
the Ni and Co compounds. The description of the ground states of the respective
structures was found to be intact even after the introduction of off-stoichiometry.
These high moment multi sublattice systems turned out to exhibit half-metallic
character which is important for spintronics applications.

5.2 Methods

We carried out first principles density functional theory based calculations us-
ing the plane-wave pseudopotential method as implemented in Vienna Ab-initio
Simulation Package (VASP) [28]. We used exchange-correlation functional within
the generalized gradient approximation (GGA) [29]. The projector-augmented
wave (PAW) potentials [30] were used with the expansion of the wave functions
in the plane-wave basis. Kinetic energy cut-off of 600 eV and reciprocal space
integration with a k-space mesh of 6x6x6 were found to provide a good conver-
gence. The exchange-correlation beyond GGA was treated in GGA+U approach
with Hubbard U and Hund’s coupling Jg within the multi-band framework [31].
The double-counting correction was incorporated by using fully localized limit
(FLL) of double-counting [32]. The choice of U and Jy values were made to be
5eV, 0.9 eV for Ni/Co as appropriate for 3d TM atoms, and 2 eV, 0.4 eV for Re
as appropriate for 5d TM atoms respectively [33]. Results found to be unaltered
qualitatively by varying the U values over 1-2 eV.

For the construction of a few-band tight-binding (TB) Hamiltonian out of
the full DFT calculation, N*-order muffin tin orbital (NMTO) calculations were
executed [34]. Starting from a full DFT all band calculation, energy selected few-
orbital Hamiltonian, defined by effective Wannier function basis was constructed
by integrating out all the degrees of freedom that are not of interest. The NMTO
method relies on the self-consistent potential parameters obtained through the
linear muffin-tin orbital (LMTO) [35] method calculations.

We employed Monte Carlo simulation on the spin Hamiltonian with a NxNxN
finite sized unit cell of Mn and Ni/Co atoms to obtain the magnetization data.
Here we used 3x3x3 lattice simulations applying the periodic boundary condi-
tions. The magnetic transition temperatures were estimated from these calcula-
tions.
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5.3 Results

5.3.1 Crystal structure

Stoichiometric CaMnNiReOg (CMNRO) has tertragonal unit cell consisting
of four formula units and belongs to P42/n space group symmetry as shown
in Fig. 5.1. Another compound CaMnCoReOg (CMCRO) is isostructural to

CaMnNiReOg.
‘Mn104
» *anq

&>
4
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4

Figure 5.1: Crystal structure of stoichiometric CMNRO compound. CMCRO is
isostructural to CMNRO. Left panel shows the three dimensional 3d-5d network of
four magnetic sublattices with Mn at tetrahedral site (Mnl) and at square planar site
(Mn2). Red, blue, yellow and green coloured balls represent Mnl, Mn2, Ni and Re
atoms respectively. Right panel shows the oxygen coordination of the four magnetic
ions: tetrahedral for Mnl, square planar for Mn2, and octahedral for Ni and Re.

The structure makes a 3d-bd TM magnetic system containing the following
four magnetic sublattices,

(1) 3d transition metal Mn(Mn1) at A’ site in tetrahedral coordination, (ii) square
planar coordinated 3d transition metal Mn(Mn2) at A” site, (iii) 3d transition
metal Ni/Co at B site in octahedral coordination, and (iv) 5d transition metal Re
at B’ site in octahedral coordination. Mnl connects itself to two nearest neigh-
bour (NN) Mn2 sites mediated by Mn1-O-O-Mn2 superexchange paths, while
Mn1/Mn2 is connected to 4 NN Ni(Co)/Re via Mn1/Mn2-O-Ni(Co)/Re superex-
change paths. Ni(Co) and Re are connected to each other through Ni(Co)-O-Re
corner shared path, with a range of bond angles of 141-152°.
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5.3.2 Electronic structure

Our electronic structure calculations of these two stoichiometric compounds in
terms of spin-polarized density of states (DOS), and its projection to the orbital
characters provided the information on charge and spin states of the transition
metal ions.

The GGA+U DOS, with U =5 (2) eV and Jy = 0.9 (0.4) eV at 3d TM (Re)
sites, for CMNRO and CMCRO are shown in Fig. 5.2.
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Figure 5.2: The GGA+U density of states of CMNRO (left) and CMCRO (right)
projected to Mnl d (black solid), Mn2 d (black dashed), Ni e;/Co d (red solid) and Re
tag (green solid) states. Fermi energy is fixed at zero of the energy.

Our calculation showed that the ground state of CMNRO is ferromagnetic,
with moments at three 3d TM sublattices Mn1, Mn2 and Ni sites aligned in par-
allel direction, while the moment at Re site is aligned opposite to the moments
of Mn1, Mn2 and Ni sites. This result is consistent with the reported experimen-
tal findings. The calculated magnetic moments at both the Mn sites (Mnl and
Mn2), Ni and Re were found to be 4.5 up, 1.6 up and 0.5 pp respectively, with
a large total moment of 24 up in the unit cell with 4 formula units.

For CMCRO our calculation showed that the ground state is ferrimagnetic
which is also in good agreement with the observed experimental report. The
calculated magnetic moments of Mnl, and Mn2 were found to be aligned in an-
tiparallel direction, and Co moment pointing in the direction of Mnl. The Re
moment was found to be antiparallel to Mnl and Co. The calculated moment
values were found to be 4.5 up (Mnl and Mn2), 2.6 up (Co) and 0.5 up (Re)
and total moment of 8 p1p in the unit cell.

These calculated moments supports the nominal 2+ valence of Mn1 and Mn2
with high spin (HS) d® occupancy, 2+ valence of Ni/Co with high spin d®/d’
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occupancy and 6+ valence of Re with d' occupancy.

Analysing the DOS of CMNRO, it was found that Mnl and Mn2 states are
filled in the majority spin channel and empty in the minority spin channel. Ni
eq states in CMNRO are filled in majority spin channel and empty in minority
spin channel, while the Ni ¢y, states are filled in both the spin channels. The Re
tog states in CMNRO are partially filled with one electron in the minority spin
channel and strongly hybridized with Mnl/Mn2 d and Ni e, states. In minority
spin channel the density of states crosses the Fermi level making the solution
metallic while in the majority spin channel it is gapped.

This half-metallic solution remained intact in CMCRO too. Although in CM-
CRO the Mnl and Mn2 d states become filled and empty, respectively in two
opposite spin channels. Co t9, states become partly empty indicating the pos-
sibility to achieve spin-dependent nature of the carrier scattering in these com-
pounds with a large spin value.

We also checked the effect of spin-orbit coupling (SOC), which was expected
to be appreciable for 5d TM element, Re. Our calculation showed that the qual-
itative results are unchanged upon inclusion of SOC, apart from a developed
orbital moment of ~ 0.15 up at Re site, antiparallel to its spin moment.

5.3.3 Mechanism of magnetism

To explore the driving mechanism of magnetism in these multi magnetic sub-
lattice compounds, we constructed a low-energy spin Hamiltonian using the DF'T
results as inputs.

In order to do so we performed the muffin-tin orbital based downfolding cal-
culations [34] by integrating out the degrees of freedom which are of no interest,
in an energy selective manner.

The downfolded Hamiltonian, defined by Wannier basis, provided us the es-
timates of the onsite energies and the hopping interactions between the orbitals
retained in the basis during the process of downfolding.

The two-step downfolding calculations were executed by following the steps:

(i) In the first step of downfolding calculations, the Mnl, Mn2 d states, Ni
eg/Co d states and Re ty, states were retained in the basis and other degrees
of freedom were integrated out.

(ii) In the second step, Mnl, Mn2 and Ni/Co degrees of freedom were down-
folded keeping only the Re ty, degrees of freedom in the basis.

The second step of massive downfolding gave the estimates of the Re ¢y, onsite
energies renormalized by the hybridization from Mnl, Mn2 and Ni/Co states.
Thus the onsite matrix elements of the real space Hamiltonian defined in the
first and second step of downfolding calculations, provided the energy level posi-
tions before and after switching on the hybridization between Mn1/Mn2/Ni(Co)
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and Re states, respectively.

The results of two step downfolding calculations for CMNRO and CMCRO
are shown in Fig. 5.3. These energy level diagrams show both the crystal field
split and exchange split for the Mnl-d, Mn2-d, Ni e, (Co-d) and Re ty, states.
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Figure 5.3: The energy level diagram for CMNRO (left) and CMCRO (right) consider-
ing Mn1-d/Mn2-d/Ni e4(Co d)/Re ta4 in basis (Hybridization-off) and in the massively
downfolded Re toq only basis (Hybridization-on).

Analysing energy diagram it was found that in distorted tetrahedral coordi-
nation, Mnl d states split into 1-1-1-2 fold degeneracies, while Mn2 d states in
square planar coordination split into 2-2-1 fold degeneracies. Re 4 states split
into 1-2 fold degeneracies due to its trigonal distortion in ReOg octahedra.

Examination of Fig. 5.3 uncovers the way to construct the low-energy spin
Hamiltonian. Analysis of the energy diagram showed that,

(i) in Mn1-Mn2-Ni(Co)-Re basis, the Re t,, states are non-magnetic with neg-
ligible exchange splitting, (ii) the Re t5, states lie within the exchange split states
of Mnl d, Mn2 d and Ni e;/Co d, and most importantly (iii) switching on the
hybridization between Mnl d/Mn2 d/Ni e,(Co d) and Re t5, develops an induced
exchange splitting of 0.6-0.8 eV among the Re t5, states, with the direction of
spin splitting opposite to that of Mnl or Mn2 or Ni/Co.

The above observation establishes the hybridization-driven multi sublattice
double-exchange process to be operative, in which a negative spin splitting in the
non-magnetic site is induced through hybridization between the localized spin
and itinerant electrons [7,8]. This can be achieved in terms of a 3+1 sublattice
Kondo Lattice model, consisting of (i) a large core spin at the Mnl, Mn2 and
Ni(Co) sites, (ii) strong coupling on the Mn1/Mn2/Ni(Co) site between the core
spin and the itinerant electron, strongly preferring one spin polarization of the
itinerant electron, and (iii) delocalization of the itinerant electron on the Mnl-
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Mn2-Ni(Co)-Re network. Following Ref. [14], the corresponding spin Hamiltonian
can be written as,

HDE = GBwabw"i_GMnlzm m

+ 6MnQE m; mlg—i_eReE /rlg'/r'LO'

+ tp me Z(b;rﬂ, + h.c)
(i)
+ tMni—Re Z(mgrjo + h.c.)
(i)
+ tMn2—Re Z(m?irja + h.c.)
(i5)
+ Jp > 8P, Gapbis

1€B
+ JMnl ZSMnl m”&’QBm i3
€A’
a 27 =
+  Jnn2 Z SMn2 2t em? (5.1)
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where the m’s and b’s represent the Mn and the B (Ni/Co) sites respectively.
tB_Re, tMnl—Re, trno—Rre denote the nearest neighbour B-Re, Mnl-Re, Mn2-Re
hoppings respectively with onsite elements €, €yn1, €arm2 and eg.. The ‘classical’
core spins at the Mnl/Mn2/B sites are denoted by S;, coupled to the itinerant
Re electrons through a coupling J, when the Re electron hops onto the respective
sublattice.

The Kondo coupling parameter J in Hpp is present only at the magnetic
Mnl, Mn2 and B sites possessing a large core spin of S = 5/2 at Mnl and Mn2,
S =1 for Ni and S = 3/2 for Co, with which the itinerant Re electron interacts
with these magnetic sites through hopping. The ratio J/W of Kondo coupling
(J) and bandwidth (W) is thus relevant only on the magnetic Mnl, Mn2 and B
(Ni/Co) sites.

Using the DFT inputs, the calculated J/W ratios for the Mnl, Mn2 and Ni
sites in CMNRO were found to be 3.77, 2.06 and 2.7 respectively. The ratios
for the Mn1, Mn2 and Co sites in CMCRO were found to be 3.529, 1.87 and 3.5
respectively. Thus the exchange coupling J is appreciably larger than the band-
width W for all the magnetic sites in these two compounds. Along with this as
the bandwidth, W a zt where t’s are the hopping parameters and z is the number
of neighbours, the J/t ratios were found to be even larger, of the order of 8 or 10,
justifying the use of J — oo model. The J — oo limit of double-exchange models
was used by Anderson and Hasegawa [36] and further studied in the context of
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perovskites by P. De Gennes [37].

Applying the J — oo approximation, we derived the effective spin Hamilto-
nian for CMNRO in terms of the core spins at Mnl (S = 5/2), Mn2 (S = 5/2)
and Ni (S = 1) site as given in the following.

2

HbE = 4DMnlan2 Z

<ig>i€Al,je A"

14 8}Mnt. S
2

+ 8Duymni-ni Z

<ij>i€Al,jeB

14 8Mn2. SN

+ 8Dnm2—ni Z 5

<ij>i€A" jEB

(5.2)

A similar Hamiltonian for the Co compound CMCRO, with S (S = 1) replaced
by S° (S = 3/2), and coupling constants Dyrn1—nm2, Dymi—co and Dyrma_co
was also constructed.

The above multi sublattice double-exchange Hamiltonian described the fer-
romagnetic state of CMNRO, but it failed to explain the change from ferromag-
netic to ferrimagnetic state on replacement of Ni by Co in CMCRO, suggesting
the presence of another source of magnetism together with hybridization-driven
double-exchange mechanism.

Indeed, the superexchange between the half-filled Mnl-d, Mn2-d, Ni e,, and
high spin Co (ty, + e,) states played an important role as the another source
of magnetism. According to the Goodenough-Kanamori rule [38] superexchange
interactions are antiferromagnetic for the virtual electron hopping between half-
filled orbitals, and that becomes ferromagnetic for the virtual electron hopping
from a half-filled to an empty orbital or from a filled to a half-filled orbital. Thus
following the rule, all the superexchange contributions in the present context were
found to be antiferromagnetic in nature as shown in Fig. 5.4.
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Figure 5.4: Superexchange interactions in CMNRO and CMCRO between half-filled d
states of Mnl, Mn2, half-filled e, states of Ni and half-filled e, and one of the t34 states
of Co. The fully filled states with no contribution in superexchange are not shown.

The strength of these antiferromagnetic superexchange interactions were de-
fined as,

J x Zt /(U + Appr) (5.3)

where, t are the hopping 1ntegrals, Ay, is the onsite energy differences of m
and m’ orbitals at site ¢ (Mnl/Mn2/Ni(Co)) and j (Mnl/Mn2/Ni(Co)).

The net Hamiltonian for CMNRO incorporating the contributions of double-
exchange as well as superexchange is thus given by,
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The net Hamiltonian was also obtained for CMCRO in similar fashion.

In order to estimate the various coupling constants of Eq. (5.4) we applied
a two step process. In the first step, we constructed a spin unpolarized Mnl-
Mn2-Ni(Co) Hamiltonian defined in effective Mnl-d, Mn2-d, Ni e, (Co d) basis
by applying the downfolding technique [34]. The real space representation of this
Hamiltonian provided the estimate of onsite matrix elements of Mn1-d, Mn2-d, Ni
eg (Co d) and the hopping interactions between them. The antiferromagnetic su-
perexchange coupling J’s were computed using J = Zm’m, 2 X tfmm, J(U+Ap ).
In the second step, the total energies for different possible spin configurations at
Mn1, Mn2 and Ni(Co) sites were calculated, and mapped on to the spin Hamil-
tonian given in Eq. (5.2). Putting the values of J’s obtained from superexchange
formula, the estimates of double-exchange couplings were obtained. The esti-
mated values of D’s, and J’s for the two compounds are presented in Table-5.1.

CMNRO D (meV) JS? (meV) Effective (meV)
Mn1-Mn2 -91.7 (-94.7) 47.5 (48.8) -44.2 (-45.9)
Mn1-Ni -123.5 (-117.3)  54.8 (56.1) -68.7 (-61.2)
Mn2-Ni -28.6 (-29.6) 10.8 (9.7) -17.8 (-19.9)
Mn@Ni-Mn1 -100.9 37.9 -63.0
Mn@Ni-Mn2 -50.3 30.1 -20.2
CMCRO D (meV) JS? (meV) Effective (meV)
Mn1-Mn2 1.9 (2.1) 48.5 (44.6) 50.4 (46.7)
Mn1-Co -143.9 (-147.4)  87.9 (86.1) -56.0 (-61.3)
Mn2-Co -18.7 (-19.8) 41.0 (43.1) 22.3 (23.3)
Co@Mn2-Mnl 2.4 47.7 50.1
Co@Mn2-Co -150.3 88.1 -62.2

Table 5.1: Estimates of the coupling constants connecting the core spins for the
hybridization-driven double-exchange and superexchange mechanisms operative in CM-
NRO and CMCRAO, as estimated employing the superexchange formula and total energy
calculations of different spin configurations. Negative and positive signs indicate ferro
and antiferro magnetic interactions respectively.

Analysis of Table-5.1 it was found that while the strength of Mn1-Mn2 su-
perexchange (Jyrn1-an2) remains similar between the two compounds, the strength
of Mn1/Mn2-B superexchange is enhanced greatly in CMCRO compared to CM-
NRO. Superexchange coupling Jym1—ni/co got enhanced by a factor of 1.6 and
Jrma2—nijco got enhanced by a factor of 3.2. This was expected due to the fact
that while for Ni, two unpaired e, electrons participate in the superexchange pro-
cess while for Co, three unpaired electrons, two belonging to the e, manifold and
one belonging to ?5, manifold contribute. In the contrast a significant weakening
of the hybridization-driven exchange between Mn1-Mn2, reduced by two orders of
magnitude compared to Ni compound, was also found. These important changes
turned the net interaction to be antiferromagnetic between Mnl and Mn2, and



5.3. Results 127

that between Mn2 and Co, while all the effective interactions were ferromagnetic
in the Ni compound.

5.3.4 Monte Carlo study of the spin Hamiltonian

To evaluate the finite temperature properties of the defined spin Hamiltonian,
described by Eq. (5.4), we performed Monte Carlo simulations.

We obtained the total energy of a particular spin configuration from the spin
Hamiltonian by plugging in the input parameters D’s and J’s, as listed in Table-
5.1. The spin configurations at Mn1, Mn2 and Ni/Co sites were generated through
Metropolis algorithm in a 3x3x3 unit cell simulation box considering the peri-
odic boundary condition.

Starting from an initial temperature of 400 K (1000 K) for CMNRO (CMCRO)
the simulation temperature was stepped down to 7" = 1 K with an interval of 2
K. Hundred thousand Monte Carlo steps were employed to ensure a large sample
space. The physical quantity e.g. magnetization was calculated by averaging over
the last 10,000 Monte Carlo steps. The magnetizations plotted as a function of
temperature for CMNRO and CMCRO are shown in Fig. 5.5. Analysis of Monte
Carlo results revealed that for CMNRO compound, the metropolis simulation
reproduced the ground state correctly with parallel spin alignment of Mn1, Mn2
and Ni (cf. top, left panel, Fig. 5.5). The total moment at low-temperature was
found to be 28 up/unit cell which came from the sum of the nominal moment of
5 pup for 2 Mnl and 2 Mn2 with the nominal moment of 2 up for 4 Ni sites.

We calculated the transition temperature (7¢) from the inflection point of the
derivative of magnetization vs. temperature curve, as shown in the top panel,
Fig. 5.5. The obtained T value for CMNRO from our calculation was found to
be 142 K which is in good agreement with experimentally reported value of 158
K [27].

For CMCRO compound, the ferrimagnetic ground state was also correctly
captured with antiparallel spin alignment of Mn2 to that of Mnl and Co. The
total calculated moment was found to be 12 pp/unit cell, arising from magnetic
moment of 3 pp in 4 Co sites and cancellation of moments at Mn1 and Mn2 sites.

The transition in the case of CMNRO is prominently sharper compared to
CMCRO, as reflected in the narrower width of the inverse peak in dM/dT curve.
More interestingly in CMCRO, a shoulder was observed in the left of the inverse
peak which was completely absent in CMNRO.

Repeating the calculation with larger simulation cell also established that the
peak and shoulder structure in CMCRO is robust arising from the competition
between effective ferromagnetic Mn1-Co interaction and the two effective antifer-
romagnetic Mn1-Mn2 and Mn1-Co interactions.

We checked the effect of competing nature of magnetic interactions in dM /dT
curve of CMCRO compound and showed the dM/dT curve for varying Dyn1-co
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Figure 5.5: Magnetic properties of CMNRO (left) and CMCRO (right) obtained
through Monte Carlo simulation. Top-left panels show the ground state magnetic
structures, while the top-right panels show the derivative of magnetization as a function
of temperature of the corresponding compounds. The minimum of the derivative of
magnetization vs. temperature curve corresponds to the transition temperature of
respective compound. Mnl, Mn2, Ni(Co) atoms are marked by red, blue and light
pink (yellow) balls respectively. The lower panels show the magnetization, plotted as
a function of temperature for CMNRO (left) and CMCRO (right). The inset in lower,
right panel shows the shift of transition temperature (the minima of the curves) for
monotonic decrease of double-exchange coupling Djsn1—co-

value in the inset of bottom right panel of Fig. 5.5. The results showed that on
reducing D10 from DEFT estimated value of -143.9 meV to -135.9 meV, i.e.
weakening ferro interaction, the high-temperature peak got shifted to lower tem-
perature, redistributing the height between the peak and the shoulder, converting
the shoulder to the peak. Thus the shoulder feature resembles second peak which
becomes unresolved on comparable strength of ferro and antiferro interactions.
This suggests that the high-temperature peak appeared due to the ferro interac-
tion while the lower temperature feature came from the antiferro interaction.
The experimental study [27] on CMCRO reported only magnetic susceptibil-
ity without any information regarding dM/dT. However reported experimental
dM/dT data for NdyNiMnOg, double perovskite with multiple magnetic sub-
lattices exhibits such two feature structure [39]. Such peak-shoulder feature in
dM/dT curve is also observed for ferrimagnetic compound NiCr,O,4 [40].
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From our calculation it is noticed that with the choice of DFT estimated value
of Dyrn1—co, the second feature appears around 200 K which is very close to the
experimentally reported T, 188 K [27].

5.3.5 Effect of off-stoichiometry

The experimental samples of CMNRO and CMCRO were reported to be off-
stoichiometric [27] showing a high degree of B site cation ordering with nominal
antisite disorder of 3.4 and 2.5% for the Co and Ni compounds respectively. For
CMCRO, while there is 96% Co at the octahedral B site, 30-40% of Co was
reported to substitute Mn at the A sites giving rise to an overall Co-rich compo-
sition with formula CaMng ;Co; 3ReOg opposing to the stoichiometric formula of
CaMnCoReOg.

Similarly, for CMNRO, an overall Ni-poor composition CaMn; sNiggReOg was
reported with some of the Mn atoms occupying Ni sites in B sublattice.

Thus to check the validity of the theoretical understanding as used for the stoi-
chiometric compounds, we also carried out our calculations for the experimentally
reported off-stoichiometric compounds. To mimic the experimental situation of
off-stoichiometry, we replaced one out of the four Ni atoms in the unit cell by
Mn, giving rise to Ni poor composition of formula CaMn; 95Nig75ReOg. Since all
four Ni sites are equivalent in the unit cell, any one chosen out of four possible
sites, gave rise to same results.

Similarly, for CMCRO, an extra Co atom replacing one of the four Mn atoms
in the unit cell was introduced, giving rise to composition CaMng 75Co1.25ReOg.

Our total energy calculations showed that Co prefers to occupy the square
planar Mn site (Mn2) instead of tetrahedrally coordinated Mn site (Mnl). For
CMNRO it was found that even in presence of off-stoichiometry the ground state
remains ferromagnetic with Mnl, Mn2, Mn@Ni and Ni spins aligned in paral-
lel direction, suggesting the dominant role of hybridization-driven magnetism, as
opposed to superexchange driven mechanism which depends on the position of
the energy levels instead of the exchange pathways.

Similarly, for off-stoichiometric CMCRO, the spin alignment of Mn1 and Mn2
remained unaltered as that in the stoichiometric Co compound while the Co spins
(both at A” site and B site) were found to be oppositely aligned to Mn2.

Thus the magnetic ground states were found to be robust, i.e they remained
unaltered even in presence of off-stoichiometry, as also found experimentally.

The computed Mnl-Mn2, Mn1-Ni(Co), Mn2-Ni(Co) exchanges for the off-
stoichiometric Ni and Co compounds were found not to change significantly com-
pared to their stoichiometric counterparts (~ 3-10%) as shown in Table-5.1. Al-
though off-stoichiometry introduced few additional interactions like Mn@Ni-Mn1,
Mn@Ni-Mn2 replacing some of Ni-Mn1, Ni-Mn2 interactions respectively in CM-
NRO. In CMCRO, Co@Mn2-Mn1, Co@Mn2-Co interactions were introduced by
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replacing some of Mn2-Mn1, Mn2-Co interaction respectively.

Computation of these additional interactions showed that the signs of effec-
tive interactions corresponding to these additional interactions were the same as
those of the replacing interactions, with values raging between 5-7%. This sug-
gests that the magnetic transition temperature should not be altered drastically
in presence of off-stoichiometry. We carried out Monte Carlo study for the Ni-
poor and Co-rich compounds with a 3x3x3 unit cell simulation box size to check
the issue explicitly.

The total energy calculations showed that extra Mn(Co) atoms at Ni(Mn2)
sites prefer to be uniformly distributed rather than being clustered. Considering
the uniform distribution of extra Mn(Co) atoms in 3x3x3 unit simulation cell
led to 152 different configurations. Considering this the Monte Carlo results were
averaged over atomic configurations.

The ground state was found to be ferromagnetic for CMNRO and ferrimag-
netic for CMCRO making a good agreement with the DFT results.

The variation of moment with temperature for the respective off-stoichiometric
compounds are shown Fig. 5.6.
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Figure 5.6: Magnetic  properties of CaMnj o5Nig75ReOg  (left) and

CaMng 75Co1.25ReOg (right) obtained from Monte Carlo simulation. The derivative of
magnetization vs. temperature is shown in the insets.

Our study showed that in presence of off-stoichiometry, the saturation mo-
ment for CMNRO and CMCRO became 31 pp/unit cell and 20 pp/unit cell
respectively. The dM/dT curves in the insets of Fig. 5.6 shows similarity with
that found for stoichiometric compounds, confirming that the presence of off-
stoichiometry not having significant influence on the transition temperature.
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5.4 Summary

Here we studied the magnetism for the multi magnetic sublattice systems be-
ing motivated by the synthesis of double double perovskite compounds of general
formula AAj ;A ;BB'Og with transition metal magnetic ions in both A and B
sites. The results of our study are summarized as follows:

e Theoretical analysis considering first-principles and model Hamiltonian ap-
proaches, uncovered the microscopic origin of the long range ordered mag-
netism in double double perovskite compounds containing 3d magnetic ions
at A and B sites, and 5d magnetic ions at B’ sites bringing out the interplay
of hybridization driven multi-sublattice double-exchange and superexchange
mechanism of magnetism.

e This interplay was found to be dependent on the position of the d energy
levels as well as its filling. This supported the ferromagnetic long range
order in CMNRO compound with two different Mn ions at A sites, and
Ni and Re ions at B and B’ sites. The replacement of Ni by Co at B site
decreased the filling by one in CMCRO stabilizing ferrimagnetism making
good agreement with experimental observations [27].

e The spin Hamiltonian taking into account the interplay of hybridization
driven multi sublattice double exchange and superexchange mechanism of
magnetism was parameterized in terms of three hybridization driven ex-
change constants e.g.  Darni-nmm2, Davni-nNijco, Dumenijco and another
three superexchange constants Jyrn1—nm2, Jyni—nNijcos Jun2—nijco- These
exchange coupling constants were obtained from first-principles estimated
hopping interactions, onsite energies and total energies of different spin
configurations.

e The computed temperature dependent magnetization by Monte Carlo sim-
ulation reproduced the experimentally observed magnetic transition tem-
perature of CMNRO with reasonable accuracy. For CMCRO, it was found
that the competition between ferro and antiferro nature of the effective
interactions, gave rise to two hump structures of dM/dT curve.

e Our calculations for off-stoichiometric composition of Ni-poor and Co-rich
compounds, reproduced the experimental situation. The magnetic prop-
erties were found to be unaltered even in presence of off-stoichiometry, as
the hybridization driven multi sublattice double-exchange, a dominant con-
tributor in exchange mechanism of CMNRO and CMCRO, depends on the
energy level position instead of the exchange pathways.
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Chapter 6

NiRhyOy4: A spin-orbit entangled
diamond-lattice paramagnet™

6.1 Introduction

Topology in electronic system includes two-dimensional (2D), three-dimensional
(3D) topological insulators [1,2], Weyl semimetals [3], and topological supercon-
ductors [2] showing the nature of symmetry protected topological (SPT) phases.

This paved the path for the proposal of interacting spins and bosons support-
ing SPT phases with conventional bulk excitations but unconventional gapless or
gapped edge states [4-8].

Following the prescription of spin-1 system, recently an exciting suggestion
has been reported that, certain spin-1 model on diamond lattice may represent
a time-reversal symmetry protected topological quantum paramagnet [9] being a
3D analog of Haldane chain [10, 11], with gapless 2D surface states. This sug-
gestion has showered interest on the spinel materials of general chemical formula
AB,O,4 with A site spins on the diamond lattice.

Spinels like MnScySy with S = 5/2, CoAl,O4 and CoRhyO4 with S = 3/2; and
CuRhy0O4 with S = 1/2, exhibit spin spiral or helix or Néel ordering [12-18]. In
contrast to these, spinel FeScyS, shows very weak Néel ordering at the vicinity of
a nonmagnetic ground state being induced by spin-orbit coupling (SOC) [19-21].
Although it is reported that excess Fe plays a significant role in pronounced mag-
netic irreversibility, hence the Néel ordering [22].

*Based on publication: Shreya Das, Dhani Nafday, Tanusri Saha-Dasgupta, and Arun
Paramekanti; Phys. Rev. B 100, 140408(R) (2019).

135



6.1. Introduction 136

The need for spin-1 topological paramagnets recently put emphasis on the
investigation of NiRhyOy4 [23]. Magnetic ion with S = 1 on the A site like Ni**
with d® occupancy can be realized as a S = 1 diamond lattice. However according
to crystal field splitting, stabilization of Ni®* at A site with tetrahedral coordi-
nation is exceptionally tough, and it favours to put Ni?T on the B site which
is octahedrally coordinated [23]. In this regard, NiRhyO, is an unconventional
example of spin-1 system consisting of 3d ions on the tetrahedrally coordinated
A site, structurally stabilized by the placement of 4d Rh3* ion at the octahedral
B site.

NiRhyOy is reported to be cubic at high-temperature [23,24], which under-
goes structural transformation from cubic to tetragonal phase below T ~ 440
K. The tetragonal phase is found to be with ¢/a =~ 1.05 (tetragonal elongation),
S-1 ground state with orbital degeneracy. This tetragonal distortion associated
with ¢/a > 1 makes the t, states of Ni partially filled and thus the active orbital
degrees of freedom allow spin-obit coupling (SOC) to play an important role.

NiRhy,O, exhibits a Schottky anomaly in the specific heat at T" ~ 30-40 K,
and spin gapped excitations in inelastic neutron scattering (INS) upon cooling.
Previous studies on NiRhyOy4 argued [23] to exhibit the characteristics of valence
bond solids or topological paramagnets. On the other hand an alternate crystal
field level scheme was also proposed with a nonmagnetic ground state [25]. In a
theoretical study [26], NiRhyO,4 was also considered to be a frustrated Heisenberg
model with antiferromagnetic (AFM) first and second neighbour exchanges, J;
and .J; respectively, proposing a nonmagnetic ground state driven by large single-
ion anisotropy DS?, with D > 0 favouring local S, = 0.

Another study of the Ji-J; model [27] revealed that while the S = 1 case
favours a quantum spiral spin liquid, tetragonal distortion or large D/J; 2 8
favour Néel order or S, = 0 ground state respectively. These previous studies
ignored orbital degrees of freedom.

In recent time, spin-orbit coupling in a tetrahedral coordination is argued to
support a Jepp = 0 state with d® occupancy [28]. This situation becomes similar
to Jes; = 0 insulators with d* occupancy in an octahedral coordination [29-31].
The INS results [23] on NiRhyO4 also remained inconclusive because this work
used spin-wave theory with assumption of AFM order but this assumption was
not appropriate in absence of long range order.

Given that there are many contradicting suggestions about NiRh,Oy, a proper
and consistent theory of it is needed. Here, we combined first-principles density
functional theory (DFT) based calculations armed with a model Hamiltonian ap-
proach to unravel the curious case of NiRh,O,4 as well as to explain the existing
data and make concrete predictions.
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6.2 Crystal structure

The crystal structures of NiRh,O, in high-temperature cubic phase with Fd3m
symmetry [23] and low-temperature tetragonal phase with 14; /amd symmetry
[32] are shown in left and right panels of Fig. 6.1 respectively.

The conventional unit cell of cubic and tetragonal NiRhyO4 consists of eight
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Figure 6.1: Crystal structure of NiRhyOy4 in high-temperature cubic (left panel) phase
and low-temperature tetragonal (right panel) phase. Green, blue and red balls represent
Ni, Rh and O sites, respectively.

formula units with 56 atoms, and four formula units with 28 atoms respectively.
The lattice parameter of the cubic phase is found to be a = 8.477 A with Ni, Rh
and O Wyckoff positions of 8a, 16d and 32¢ respectively. The lattice parameters
for tetragonal phase are a = 5.912 A and ¢ = 8.670 A with Ni, Rh and O occupying
Wyckoff positions of 4a, 8 and 16¢, respectively.

In cubic phase there are four Ni-Ni nearest neighbours (NN) with distance
%670 A and twelve Ni-Ni next nearest neighbours (NNN) with distance of 5.990

Structural transition from cubic to tetragonal at low-temperature lowers the
crystal symmetry leading slight decrease of the four NN Ni-Ni distance. Lowered
structural symmetry of tetragonal phase also makes the twelve NNN Ni-Ni bonds
to group into four in-plane bonds with length 5.912 A and eight out-of-plane
bonds with length 6.022 A.

6.3 Density functional theory calculation details

Here we carried out density functional theory based calculations using the
following three different basis sets as,
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(a) plane-wave basis set as implemented in the Vienna ab-initio Simulation
Package (VASP) [33], (b) muffin-tin orbital (MTO) based linear muffin-tin or-
bital (LMTO) method [34] along with the N order MTO method (NMTO) [35]
as implemented in the STUTTGART code, and (c) the full-potential linearized
augmented plane wave (FLAPW) basis set as implemented in the Wien2k pack-
age [36].

The consistency of the calculations executed in above mentioned different
basis sets was cross checked in terms of density of states, and band structure
calculations.

The self-consistent-field total energy calculations and the density of states
calculations were carried out with the plane-wave basis and projector-augmented
wave (PAW) potentials [37].

We chose the potentials of Ni, Rh and O as the electronic configurations,
[Ar]3d®4s?, [Kr]4d®5s?, and [He]2s?2p? respectively. We used exchange-correlation
functional as the generalized gradient approximation (GGA) implemented as in
the Perdew-Burke-Ernzerhof (PBE) prescription [38]. The effect of missing cor-
relation beyond GGA was taken into account through supplemented Hubbard U
in GGA+U calculation [39]. We made the choice of typical U value of 5 eV for
3d transition metal Ni accompanied by Hund’s coupling, Jg = 1 eV. Validity of
the results were also checked by varying the U value by 1-2 eV at Ni site and it
was found that the qualitative trend remained unchanged.

Spin-orbit coupling was included as a perturbation on a fully self-consistent
basis. The effect of SOC was cross checked within the all-electron method
of full-potential linearized augmented plane-wave (FLAPW) as implemented in
WIEN2K code.

The convergence of APW + lo basis set was given by the common criteria of
Ry X Kppaw = 7.0, where Ry represents the smallest atomic sphere radius and
K42 Tepresents the plane-wave cutoff.

The Brillouin Zone sampling was done over an 6x6x6 k-mesh and self con-
sistency was assumed to be achieved when the total energies were converged to
within 0.001 eV.

In order to construct low energy Hamiltonian in the Ni-Rh and Ni only Wan-
nier function basis, we applied NMTO-downfolding technique starting from a full
DFT band structure and integrated out the O degrees of the freedom for the Ni-
Rh basis, and integrated out O as well as Rh degrees of freedom for the Ni only
basis. Thus in the first case, renormalization effect from oxygens were taken into
consideration while for the second case, renormalization effect from both oxygen
and Rh were incorporated. The carried out NMTO calculations relied on the
potential used in self-consistent LMTO calculations.

The real space representation of the NMTO-downfolded Hamiltonian in the
Wannier function basis provided the information of the onsite energies as well as
other hopping integrals in the effective Wannier function basis.
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The muffin tin radii of Ni, Rh and O were chosen to be 1.23 A, 1.37 A, and
1.00 A respectively for LMTO calculations.

6.4 Results

6.4.1 Density functional theory
Electronic structure

The electronic structure calculation of NiRhyO4 within GGA+U scheme with
Un; = 5 eV and Jg = 1 eV, gave half-metallic solution for both the high-
temperature cubic and the low-temperature tetragonal phases as shown in the
upper left and right panels of Fig. 6.2 respectively.
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Figure 6.2: The GGA+U electronic structure of NiRhoOy4 in high-temperature cubic
(upper left) and low-temperature tetragonal phase (upper right) with states projected
onto Ni d, Rh d, and O p as shown in gray-shaded, black-solid line, and hatched
areas, respectively. The GGA+U+SOC electronic structure of NiRhoO4 in cubic and
tetragonal phases are shown in lower left and lower right panels respectively.

In the cubic phase the octahedral coordination of Rh splits the 4d states into
94 and e, states with a large splitting ~ 3 eV, while the tetrahedral coordination
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of Ni splits the 3d states into e and ¢, states with a relatively smaller splitting ~
0.6 €V as shown in the left panel of Fig. 6.3.
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Figure 6.3: The energy level positions for the spin-split and the crystal-field-split of
d states of Ni and Rh in case of cubic (left) and tetragonal (right) phases of NiRhyOj.
For clarity, small splittings =~ 0.1 eV are not shown.

Analysis of the energy level diagram and DOS structure for cubic phase showed
that in the down-spin channel, the Ni ¢, states are admixed with Rh ¢y, and O
p states and cross the Fermi level (Er) making the solution half-metallic. The
Rh 9, states are mostly occupied, while Rh e, states are empty. This occupancy
of d electrons of both Ni and Rh are in accordance with the nominal valence of
Ni?* (d®) with two holes in ¢, manifold and low-spin d°® occupancy of Rh3™.

This general description remained valid in the tetragonal phase as seen in the
right panel of Fig. 6.3. In the tetragonal phase, the calculated spin splitting at
the Ni site was observed to be large (= 1 eV) while that at the Rh site was an
order of magnitude smaller being ~ 0.1 eV supporting the nominal magnetic and
nonmagnetic character of Ni?* and Rh3* respectively.

The tetragonal distortion introduces additional splitting among the cubic sym-
metry split states so that the Ni ¢, states further split with Ni d,, level positioned
above Ni d,,/d,, with splitting of ~ 0.1 eV. The nature of splitting of the Ni ¢,
states allows one of the two holes of Ni to occupy the down-spin d,, level, while
the other hole occupies the down-spin doubly degenerate d,./d,. levels giving
rise to a half-metallic solution in GGA+U scheme for tetragonal phase [cf. upper
right panel Fig. 6.2].

Analysis of the the crystal and spin splittings in the tetragonal phase as shown
in right panel of Fig. 6.3 also show the energetic proximity of Ni ¢, and Rh #5,
states in the down-spin channel, leading to a high degree of mixing between the
two. This mixing resulted in a small magnetic moment ~ 0.06-0.07 up at the
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nonmagnetic, low-spin, Rh site with d® occupancy, while the Ni moment was
found to be ~ 1.5-1.6 pug. Rest of the magnetic moment lied on the O sites,
making the total moment of 2 pp/f.u. in both cubic and tetragonal phases.

Next we investigated the role of SOC due to the active Ni orbital degrees of
freedom.

Our calculations within the GGA+U+SOC approach showed that Ni supports
partially occupied d,, £ id,. orbitals, with a large orbital moment of ~ 1.0 up.
This led to an S = 1, L.ss = 1 state, with parallel alignment of spin and orbital
magnetization, confirming more than half-filling of d states of Ni.

Effect of U in GGA+U+SOC scheme, enhanced the orbital momentum of Ni
significantly which GGA could not do due to its inability to capture the orbital
polarization effect [40].

GGA+SOC was found unable to open up an insulating gap in-spite of split-
ting the partially occupied orbitally degenerate states in the down-spin channel
making the situation similar to that of FeCrySy [41]. Application of Coulomb
correlation in GGA4U+SOC scheme was found to open up an insulating charge
gap for both cubic and tetragonal phases of NiRh,0O,4 as shown in the lower panels
of Fig. 6.2 and the calculated insulating charge gap was found to be ~ 0.25 eV
[cf. lower right panel Fig. 6.2] for the low-temperature tetragonal phase.

Magnetic exchanges

In order to understand the magnetism, next we made estimate of dominant
Ni-Ni magnetic exchanges from the knowledge of the effective hopping strengths
and on-site energies in the Wannier basis of Ni ¢, only low-energy Hamiltonian
derived through NMTO calculations.

Analysis of the dominant antiferromagnetic (AFM) interactions in cubic phase
turned out to be between four nearest-neighbour (NN) Ni sites (.J;) belonging to
two different face-centered cubic (fcc) sublattices of the diamond lattice, and 12
next-nearest neighbour (NNN) Ni sites (J2) belonging to the same fcc sublattice
as shown in left panel of Fig. 6.4. Due to the tetragonal distortion, the 12 NNN
Ni-Ni interactions are grouped into four in-plane (J3) and 8 out-of-plane (J)
interactions as shown in right panel of Fig. 6.4.

The significant mixing between Ni and Rh states, makes the Ni-O-Rh-O-Ni
superexchange paths strong, as shown in the encircled part of the overlap of
Wannier functions in right panel Fig. 6.4.

The calculated exchange interactions for low-temperature tetragonal phase
turned out to be J; =~ 1.2 meV, J} and Jj ~ 0.4.J;. The dominant interaction .J;
was found to vary between 1.2 and 0.8 meV, with little changes in the ratios of
magnetic exchanges on variation of the Uy; value ranging between 5 and 7 eV.
Thus the calculated strengths of the exchange interactions led to strong magnetic
frustration. The scale of J; derived from our calculations was found to be in good
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Figure 6.4: Nearest neighbour (NN) and next nearest neighbour (NNN) Ni-Ni in-
teractions J; and Jo belonging to two different fcc lattices and the same fcc lattice
for the cubic phase of NiRhoO,4 are shown in the left. The Ni atoms belonging two
different fcc lattices are marked differently with green and blue balls. The exchange
pathways for nearest neighbour (J;) and inequivalent second neighbours (Jj, JJ) in
the low-temperature tetragonal phase of NiRhsO,4 are shown in the right panel. The
effective Ni Wannier function overlap placed at NN, in-plane NNN; and out-of-plane
NNN Ni sites are also shown in the right panel. Circles indicate the nonzero overlap at
Rh sites in the pathway. Differently coloured lobes denote opposite sign parts of each
Wannier function.

agreement with previous rough estimates [23].

6.4.2 Single-site model

Together with the DFT results, next we constructed an effective single-site
model Hamiltonian for Ni?* in the tetrahedral crystal field.

The presence of the two holes in the high-energy t, orbital, encourages strong
Hund’s interaction to favour total L.;y = 1 and total S = 1 situation. Our
Hamiltonian, considering tetragonal distortion (4) and spin-orbit coupling ()
took the form as,

H=—0L+\L-S (6.1)

where the sign of SOC depends on the two holes in ¢, manifold. The ¢, manifold
flips the sign of the orbital angular momentum, so L.fs = 1 carries an orbital
magnetic moment —L. Thus in the state |L., S.) = |+, —), the orbital and spin
magnetic moment direction becomes parallel, as in the full DFT.

The limit of A > ¢ led to the J.;; = 0 singlet ground state [28].

Based on the DFT inputs (6 ~ 100 meV) we considered 6 > A, and in



6.4. Results 143

this regime we constructed orbital eigenstates with well-defined L., which led
to a ground doublet with L, = £1 and an excited orbital singlet with L, = 0,
separated by a large energy 9.

Next we allowed SOC to play and couple through A with dominant SOC

coupling AL,S,. A sequence of states in increasing energy was made as follows
being led by AL,S,,

Eg2) =—0—A: | F)

EY2] =5 |+,0)

E92] =6+ A: |+ £)

B3] =0:0,0),]0,+) (6.2)

The degeneracies of having the same energy are shown in square brackets of
Eq. (6.2).

We treated A(L*TS™ + L~ S™)/2 perturbatively as it couples the lower energy
states E871,2 to the higher energy states EJ. Now doing so and defining the

symmetric state |e) = (|4, —) + |—, +))/V2, we got a sequence of states with
energy differences from the ground state as follows,

A
o) & le) = V2510,0); Ao =0
) — | = 2
el i P NP
V2
2

)
A A
Vg, 1) = |£,0) — g|0, +); Ay N+ 5

[Us4) = |+, £); Az~ 2XA4+2—

W1> =

A
[Yax) 20, £) + 5[£,0); Ay~ o+ A+ 3~

2\ A2
|1hs) ~ \0,0>+f7|e>; As 0+ A+4— (6.3)

Ground state

Analysis of the energy states we found that the ground state is a nonmagnetic
singlet being consistent with the absence of any magnetic order down to the low-
est temperature in this material [42].

Our proposed nonmagnetic ground state was a spin-orbit entangled type sin-
glet state originated from the weak splitting of a doublet due to off-diagonal
SOC.



6.4. Results 144

Thermodynamics

The gap of the states |¢4 +) and |¢5) was found to be large and we recovered
an entropy Si = Rln 6 for T < 300 K [cf. left panel Fig. 6.5] which was
found to be consistent with earlier work in Ref. [23]. At low-temperature A,
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Figure 6.5: Entropy per spin (kp) as a function of temperature is shown in left panel.
Dashed line indicates In 6 corresponding to the lowest 6 states which are accessible up
to room temperature. Scaled specific heat per spin vs. temperature T is plotted as
C/T (kp/K) for the single site model in right panel showing first Schottky peak at T" ~
10 K and second smeared Schottky bump near 7" ~ 40 K.

corresponding to [i;) state, showed a Schottky peak in C'/T at T' ~ 10 K as
shown in right panel of Fig. 6.5. The higher levels |5 1) showed broad Schottky
peak at T ~ 40 K.

Neutron scattering

The calculated local dynamical spin correlation function Sj,.(w) is presented
in the left panel of Fig. 6.6. Analysing this it was found that the first excited
state is nondegenerate, being separated by an energy A; ~ 2 meV.

It was expected to observe |¢4) in non-spin-flip scattering as |1y) and [¢);)
were connected by S*, but it appeared difficult to get visible due to the resolu-
tion and the background.

The second excited state, a doublet |19 1) was observed with an energy gap
Ay ~ 11 meV. The states |13 +) at an energy gap Az ~ 22 meV and singlet state
|1s) at energy gap Ay &~ 108 meV were marked as ‘dark states’ as they were
invisible to neutrons due to vanishing matrix elements. States |14 1) with energy
gap As ~ 107 meV again appeared with much smaller spectral weight than that
of [thax).

These invisible, ‘dark-states’ pave the path for future inelastic neutron scat-
tering experiments.
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Figure 6.6: Local dynamical spin correlation function Sj,.(w) within single-site model
is shown in left panel. Relevant excited states are represented by the peaks. The arrows
indicate the invisible states to neutrons. The intensity plot in arbitrary units of powder-
averaged inelastic neutron scattering spin structure factor, S(Q,w), as a function of
wave vector () and energy w is shown in right panel with 1 meV broadening to mimic
the experimental situation.

Magnetic susceptibility

The computed single-site magnetic susceptibility x and the inverse suscepti-
bility x~! are shown in the left and right panels of Fig. 6.7 respectively.

X! was fitted to the Curie-Weiss form x(T') = xo+«a/(T —Tp) apparently [cf.
right panel Fig. 6.7] with a negligible background yq (=~ 107°). The Curie-Weiss
scale was found to be T =~ 16 K.
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Figure 6.7: Plot of susceptibility x (K~!) in left. Plot of inverse susceptibility x

(K) of the single-site model is shown in right panel. Points denote computed values
and solid line denotes a fit to the Curie-Weiss form.

Thus the computed estimate for T from our calculation appeared to be small
and ferromagnetic in sign in contrast to the experimentally observed Ty ~ -11
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K [23]. We attributed weak residual intersite antiferromagnetic exchanges as the
origin of this experimental antiferromagnetic 7.

Setting the fitted av = Sesf(Sesr + 1)/3 gave rise to effective spin Sepp = 1.4
which is larger than spin-only value S = 1 [23].

Intersite exchange

Next intersite exchanges were incorporated using a simple J;-J, Heisenberg

1
exchange model of the form H., = 3 Z” JijSi - S;.

Slave-boson theory [28,43,44] with four local boson operators, cJ), cJ{, dl, was

applied to compute the spin dynamics in low-energy Hilbert space. The local
boson operators create [¢g), |¢1) and |19y ) states .

Projecting the Heisenberg model to the Hilbert subspace, with local com-
pleteness constraint (chco + ¢le; + did,) = 1 we arrived to the Hamiltonian as,
H,, = Hy+H. + Heop,, where Hy,,., H., and H.,, denote local single-site Hamil-
tonian, intersite exchange Hamiltonian, and the constraint imposed Hamiltonian
via the Lagrange multiplier i respectively with the explicit form as,

Hipe = Z(A1CLCH+A2dIadm) (6.4)

1
Hem = Z<CO>2 Z Jij[<dzadja + dZad}d + HC)
i

+2(cly +en) (e + )] (6.5)
Hepn = —p Y _(chen +dlydio + (c0)* — 1) (6.6)

Considering Ay = 1.8 meV, Ay = 11 meV from the single-site model, and J;
= 1.2 meV and J;/J; = 0.4 from DFT results we minimised the ground state
energy with respect to (cp)?, taking p to satisfy the constraint. We obtained the
optimal (cp)? ~ 0.7 and p = -2.1 meV.

The resulting weighted and powder-averaged dynamic spin factor relevant
to INS experiments, S(Q,w) is shown in right panel Fig. 6.6 including 1 meV
broadening to realize the experimental resolution. Our study explained that the
upper gapped mode appeared from the |19 1) states making a good agreement
with INS observations of a gapped dispersive mode [23].

We argued that the S(Q,w) plot contained two peaks due to two sublattices
on the diamond lattice. The lower gapped mode arising from |1);) state formed
the optical branch which collapsed in energy, with increasing @) from ~ 8 meV
down to ~ 0.5 meV. This optical branch remained intact as an intense small-gap
band being robust against magnetic condensate formation due to frustrating J,
exchange interaction.
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The acoustic branch of |1;) state with low energy was also found to be gapped,
but became invisible due to negligible intensity.

6.5 Summary

In conjunction with density functional theory based calculations and model
calculations, here we addressed the mystery of NiRh,O,4 by capturing the existing
thermodynamic and INS observations.

Our study showed that the low-temperature tetragonal phse of NiRhyOy, as-
sociated with ¢/a > 1, allows spin-orbit coupling to play significantly due to the
active degrees of freedom of partially filled Ni ¢, states. The Wannier function
overlap for the dominant exchange paths in tetragonal phase showed non-zero
overlap on the non-magnetic Rh site indicating strong Ni-O-Rh-O-Ni superex-
change pathways. Solution of the model Hamiltonian revealed the presence of
non-magnetic singlet state driven by spin-orbit coupling.

Finally, our study revealed that NiRh,O,4 could not be realized as a candidate
of topological quantum paramagnet.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

In the thesis we have studied and investigated the structural as well as the
microscopic origin of different novel properties of functional materials namely,
transition metal oxides. As presented in chapters 3-6, we have studied different
intriguing properties including multiferroicity, high T» ferromagnetic insulating
properties, multicomponent high moment magnetism and symmetry protected
quantum spin liquid behaviour.

We have carried out density functional theory (DFT) based calculations armed
with first-principles derived model Hamiltonian approach in order to explore dif-
ferent interesting properties of the systems we studied. In addition to these we
have also employed exact diagonalization (ED) technique and quantum Monte
Carlo simulation to solve the model Hamiltonian for obtaining the physical prop-
erties. To predict the crystal structure of a compound only knowing the chemical
composition we have further applied genetic algorithm.

In this chapter we summarize all the results obtained through our calculations
in a concise manner as well as discuss the future scopes which can be taken up.

7.1.1 Chapter 3: Examining the microscopic chemical struc-
ture and mixed anion chemistry through fluorina-
tion for oxygen deficient compounds of CaMnO;_,
(x =1, 0.5)

In this joint theoretical-experimental study, we have studied two oxygen de-

ficient compounds of a well known perovskite CaMnQOg3, namely CaMnQO, and
CaMnQO, 5. Employing the density functional theory based calculations we per-
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formed the local structure analysis of CaMnQOs. For CaMnQO, 5 we have studied
the mixed anion chemistry incorporating F as a foreign anion into the system.
The key findings are presented below.

Re-examining the nature of ordering in CaMnQ,: The role of Mn-O
covalency in the local structure

e (Collaborative experimental study employing local probes reveals a very dif-
ferent chemical structure of CaMnQO, at microscopic level in contrast to
the random Ca/Mn distribution as concluded from the diffraction like bulk
probe. It claims the presence of a novel structural pattern with locally
ordered regions where Ca and Mn atoms are arranged in alternate layers,
separated by antiphase boundaries instead of 6 Ca/6 Mn arrangement.

e DF'T total energy calculation shows that the structure with antiphase bound-
ary is the most stable structure agreeing with the experimental finding.

e The local distribution of cations around oxygen plays an important role in
determining Mn-O covalency. Our study shows that presence of antiphase
boundary is supported by enhanced Mn-O covalency.

e The calculated values of magnetic exchange interaction terms show that
the in-plane missing interactions are compensated by the gained out-plane
interaction terms in the structure with antiphase boundary, hence giving
rise to its magnetic energy gain and supporting it to be the most stable
structure of CaMnQO,.

Mixed Anion Physics in Flourinated vacancy ordered Brownmillerite:
A possible route to Multiferrocity

e Oxygen deficient compound CaMnQOs 5 shows stabilization of unique up-
up-down-down spin arrangement with strong magneto-structural coupling,
akin to that found in HoMnOs [1].

e Incorporation of fluorine increases the valence of Mn indicating that F sits
in some interstitial position instead of substituting oxygen atoms only.

e Enthalpy calculation shows that enthalpy decreases whenever number of
fluorine sitting in the interstitial position (with or without substitution)
increases because addition of fluorine in the interstitial position makes the
MnOsF octahedra complete.

e The interplay between octahedral completion and making the Mn valence
close to 34+ makes CaysMnsOgF3 the most favourable amongst all the possi-
bilities on fluorination of CaMnQO; 5.
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e Fluorine is not off-centered when system incorporates F in the interstitial
site(s) only while fluorine becomes off-centered together with substitution
and interstitial occupancies giving rise to finite polarization in the system.

e The off-centric movement of F in CayMnyOgF3 breaks the centrosymmetric-
ity and develops finite polarisation in the system which holds the promise
to be a multiferroic.

7.1.2 Chapter 4: Understanding the curious magnetic state
of SrgOSOG

In this chapter we have carried out density functional theory based calculation
together with model Hamiltonian approach on single transition metal Os contain-
ing B site ordered double perovskite Sr3OsOg. The few band Wannier function
based model Hamiltonian is then solved by exact diagonalization technique to
understand the parameter space. We have also employed genetic algorithm to
predict the crystal symmetry of Sr3OsOg theoretically. Here we have explored
the microscopic origin of its reported high-T¢ ferromagnetic insulating behaviour
in cubic symmetry [2]. The main findings are:

e Monoclinic symmetry is found to be the most preferred symmetry followed
by triclinic symmetry on investigation of total energy vs. volume calcu-
lation. The reported cubic symmetry is found to be energetically much
higher.

e Reported stabilization of Sr3O0sOg in cubic symmetry is due to its epitaxial
growth on Sr'TiO3 substrate.

e To explore the role of crystal symmetry on magnetism, the Os ¢y, based
Wannier function overlap are made for lowest energy monoclinic structure
and reported cubic structure. The Wannier overlaps show large Os-Os hop-
ping across the face of the cubic structure dominating over the conven-
tionally expected Os-O-Srp-O-Os superexchange path along the edge of the
cubic structure while that well connected Os-Os path becomes misaligned in
the monoclinic structure due to structural distortion weakening the hopping
process.

e Solving the two-site Os t9, full multiplet problem with exact diagonaliza-
tion method we obtained the U-Jy phase space for monoclinic and cubic
structure of Sr3OsOg. A significant part of U-Jy phase space supports fer-
romagnetic interaction in cubic symmetry favouring reported high T [2]
whereas antiferromagnetic interaction is supported in monoclinic structure
with low Ty as observed in the antiferromagnetic phase of CazOsOg [3].
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e Electronic structure calculation shows that an insulating ground state is
achieved in GGA4+SOC+U scheme opening up a gap in spin-orbit entangled
Jj = 3/2 Mott state.

7.1.3 Chapter 5: Understanding Magnetism in Double
Double Perovskites: A Complex Multiple Magnetic
Sublattice System

In this chapter, carrying out DF'T calculations together with model Hamilto-
nian, we have studied the magnetism of multi magnetic sublattice system, A and
B site ordered double double perovskite of general formula AA{ ;A{ .BB'Og. Our
findings are:

e We have uncovered the microscopic origin of long range ordered magnetism
in double double perovskite compounds with 3d transition metal ion at A
and B sites, and 5d magnetic ions at B’ sites.

e Our calculation brought out the interplay between hybridization driven
multi-sublattice double exchange and superexchange mechanism of mag-
netism depending on the position of the d energy levels as well as its filling.

e Total energy calculation of different spin arrangement shows the stabiliza-
tion of ferromagnetic long range order in CaMnNiReOg with Mn ions of
two different coordination at A sites, and Ni and Re ions at B and B’
sites. The replacement of Ni by Co at B site decreases the filling by one in
CaMnCoReOg stabilizing ferrimagnetism which is in good agreement with
experimental observations [4].

e The temperature dependency of magnetism is obtained by employing Monte
Carlo simulation on the spin Hamiltonian. The quantum simulation repro-
duces the experimentally observed magnetic ground state spin arrangement
of both CaMnNiReOg and CaMnCoReOg. The calculated transition tem-
peratures of both the compounds are found to be close to the experimentally
observed values with reasonable accuracy. For CaMnCoReQOg, the compe-
tition between ferro and antiferro nature of the effective interactions, gives
rise to two hump structure of dM/dT curve.

e To mimic the experimental situation off-stoichiometry has been introduced
and Ni-poor and Co-rich compounds are made. The magnetic properties
are found to be intact even in presence of off-stoichiometry.
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7.1.4 Chapter 6: NiRhy,O,: A spin-orbit entangled diamond-
lattice paramagnet

Here we have applied density functional theory based calculations in conjunc-
tion with model Hamiltonian approach to address the curious state of NiRhyOy4
by capturing the existing thermodynamic and inelastic neutron scattering (INS)
observations. Our results are listed below:

e Tetragonal distortion, with ¢/a > 1 makes the ¢, states of Ni partially filled
and the active orbital degrees of freedom allows spin-orbit coupling to play
an important role.

e Electronic structure calculation shows half-metallic solution which becomes
insulating on application of spin-orbit coupling for both the high-temperature
cubic phase as well as the low-temperature tetragonal phase of NiRhyOy.

e Analysis of energy level diagram of d orbitals shows that tetrahedrally co-
ordinated Ni has larger spin splitting than octahedrally coordinated Rh
satisfying the high-spin state of Ni and low-spin state of Rh. The crystal
field splitting of Rh is found to be larger than that of Ni.

e In tetragonal phase, analysis of the dominant exchange interaction paths,
effective hopping strengths and on-site energies in the Wannier basis of Ni
ty only low-energy Hamiltonian, show significant mixing between Ni and
Rh states which makes Ni-O-Rh-O-Ni superexchange path strong.

e Single site model Hamiltonian shows that the ground state is nonmagnetic,
spin-orbit coupling entangled singlet.

7.2 Outlook

In the present thesis we have studied transition metal oxides as functional
materials to explore their various intriguing properties. There are few scopes in
connection to the present study which may be worthwhile to explore in future.
Here we list such few possibilities.

e Our investigation on CaMnQOs 5 suggests that manipulating the anionic sub-
lattice and incorporating dissimilar anions in a system can emerge interest-
ing properties and this can be an effective tool to tailor the functional
properties of transition metal oxides apart from cationic substitution.

e Study on single transition metal containing B site ordered double perovskite
Sr30s04 shows the stabilization of ferromagnetic insulating state associated
with high Ty value in its cubic symmetry. In search for related double
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perovskite candidates with such high T ferromagnetic insulating state,
our study recommends SroCaOsOg as a promising candidate. The reported
powder x-ray diffraction analysis [5] of synthesized SroCaOsOg together
with the calculated tolerance value which turns out to be 0.93, suggests an
ordered cubic structure of SroCaOsOg. Calculated Os-Os hopping strengths
in Sr,CaOsOg are also found to be similar to that of cubic Sr3OsOg, the
largest Os-Os hopping strength is 0.16 eV compared to 0.17 eV in Sr3OsOg.
All these raise the expectation that SroCaOsOg in bulk form can support
high T» ferromagnetism which will be purposeful to explore.

e Our study on the multi magnetic sublattice system consisting of 3d and 5d
transition metal ions in double-double perovskite structural framework, re-
veals rich physics of its magnetism. Our proposed theory of magnetism tak-
ing into account hybridization-driven double-exchange and superexchange
mechanism, remains general to be applicable for multi sublattice mixed 3d-
4d/5d transition metal systems. Our study opens up possibility of stabiliza-
tion of a large moment ferromagnetic state depending on the proper choice
of 3d and 4d/5d elements. Our studied systems show half metallic solution
with high moment which can be applied for spintronics applications.

e Our investigation on NiRh,O4 suggests to revisit the specific heat at low-

temperature and low-energy inelastic neutron scattering on higher purity
samples. It also proposes that Terahertz spectroscopy [6,7] on NiRhyOy
could check our prediction of the optical |i1) mode at @ = 0.
Our study also suggested Raman or resonant inelastic x-ray scattering at
Ni edge [8] to look for the predicted invisible ‘dark states’, |131) and [i)5).
Our study also directs to future study suggesting tetragonal compression
to provide quenched orbital momentum and suppressed spin-orbit coupling
effect.
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