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Chapter 1

Introduction

Material science is an interdisciplinary research area at the intersection of physics,
chemistry and engineering which has attracted attention due to its importance
in advancement of technology. A branch of this, known as material physics aims
at microscopic understanding of properties of existing materials, and use of the
understanding thus gained in designing of new materials. Therefore without any
doubt, it is one of the most promising field of research for last few decades. The
present thesis work falls in this domain.

1.1 Transition metal oxides

This thesis in particular focuses on the transition metal (TM) oxides, [1] which
occur in a variety of structures and exhibit various different interesting properties.
The unique nature of unfilled d shell of transition metals is responsible for their
unusual electronic and magnetic properties. This class of materials is composed
of metal-oxygen polyhedra, TMO,,, in which TM is surrounded by n (an integer)
number of oxygens (O). Some examples of metal oxygen polyhedra are octahe-
dra, square pyramid, square planar, tetrahedra, pentagonal bipyramid, trigonal
bipyramid etc. The charge distribution of surrounding anions (O?7) produces
static electric field which breaks the five-fold degeneracy of the d orbitals of an
isolated TM ion. The repulsive interactions between all the the electrons of TM
and oxygen are not same, and this results into splitting of d orbitals, known as
crystal field splitting. This splitting depends on the following factors:

e The oxidation state of transition metal. Higher the oxidation state larger
is the splitting.

e The arrangement of oxygen in metal-oxygen polyhedra.

e Strength of covalancy between TM and O.
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Figure 1.1: Crystal field splitting in different metal oxygen polyhedra: (a) oc-
tahedra (b) tetrahedra (c) trigonal bipyramidal (d) square pyramidal (e) square
planner (f) trigonal.

The crystal field splitting provides stability, as the presence of ligand field splits
d orbitals in such a way that some of them are lower in energy compared to
the previous situation. The most commonly observed coordination is octahedral
arrangement which is shown in panel (a) of Fig. (1.1). In this case, d orbitals
split into two levels : () the lower level collectively known as to, which is formed
by three degenerate d orbitals namely, d,,, d,, and d,. (i) the upper level e,
consisting of two degenerate d orbitals, d,2_,» and d,». The electrons in the e,
orbitals feel strong electrostatic repulsion due to the electrons of O~ ions, as the
lobes of e, orbitals are pointed along oxygen atoms. Thus e, orbitals gain energy.
On the other hand the lobes of d,, d,. and d,. in ty,, are not pointed directly
towards the oxygen atoms but in between two atoms. As a result, the electrons in
these orbitals feel less Coulomb repulsion due to oxygen atoms and hence lower
in energy with respect to e, orbitals. If the e, orbitals are partially occupied,
then they tend to lower the energy by lifting the degeneracy of e,. This can be
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achieved by the distortion of octahedra and two corresponding vibrational modes
are Q2 and Q3 as shown in Fig. (1.2). Such kind of structural distortion has
been pointed by Hermann Jahn and Edward Teller and is known as Jahn-Teller
effect. [2] In tetrahedral geometry, the situation is completely opposite to that of

Figure 1.2: Illustration of two breathing modes (a) Q2 and (b) Qg in Jahn-Teller
distortion of metal oxygen octahedra.

octahedral geometry. In this case e, orbitals are energetically lower compared to
tog as shown in Fig. (1.1-b). The other possible geometry is trigonal bipyramidal
[cf. Fig. (1.1-¢)], which can be thought of two tetrahedral geometry merged along
their common face. The two interesting coordinations are square pyramidal and
square planar. The first one is with five-fold coordination number which can be
obtained by removing one of the apical oxygen from octahedral geometry and the
second one is with four fold coordination as obtained by removing both apical
oxygens of an octahedra. The corresponding splitting are shown in Fig. (1.1-d)
and (1.1-e). The energy levels corresponding to trigonal geometry with three fold
coordination is shown in Fig. (1.1-f).

In transition metal oxides, the electrons at TM sites occupy the d levels in
such a way, so that the total energy of the system gets minimized. The two fac-
tors on which the filling of levels depends on, are crystal field splitting (A) and
Hund’s coupling (Jx). To explain this let us consider a system with 4 electrons
in regular octahedral arrangement. In this case, first three electrons will occupy
three lowest lying t5, levels and the fourth electron can occupy any of the doubly
degenerate e, states with parallel spin arrangement to t,, or it can occupy any
of ty, states with opposite spin alignment. The energy gain in the first case is
Eruna = —3Jg but it costs an amount of energy A due to crystal field splitting.
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Figure 1.3: d* configuration in (a) high spin state when crystal field splitting
A < Hyuna (b) low spin state in case of A > Hgyna-

If A < 3Jy then then putting forth electron onto e4 level saves energy. Such kind
of configurations are known as high spin state as shown in Fig. (1.3-a). On the
other hand, if A > 3.Jy, the forth electron will occupy any of three ¢y, levels with
opposite spin and leads to low-spin state (Fig. (1.3-b)). The 3d transition metals
generally favor high spin state, though there are many examples of low-spin state
specially in case of late 3d transition metals. Some of the examples can be found
in Chapter 6. On the other hand, 4d and 5d TMs are generally found in low spin
state as the crystal field splittings in these cases are larger compared to 3d ions.

Among the transition metal oxide family, the compounds crystallizing in per-
ovskite structure are widely studied in solid state physics and chemistry due to
their interesting physical and chemical properties. The perovkites can have elec-
tronic properties ranging from insulating to metallic, superconducting or even half
metallic with spin-polarized electrical conductivity. [3] The perovskites can also
show magnetic ordering ranging from anti-ferromagnetic to ferro and ferrimag-
netic as well as exotic spin structures. In the next section we will discuss about
the structural, electronic and magnetic properties of perovskite compounds.

1.2 Perovskite compounds

This family of compounds is named after a particular mineral CaTiO3. The
mineral was first found by Gustav Rose in Russia in 1939 and the name was given
in tribute of Russian mineralogist Lev Perovski. [4] Since then these compounds
attracted considerable attention due to variety of applications in different fields.

1.2.1 Crystal structure

The general formula of perovskite compounds is ABOj3; where A: rare-earth /alkaline
earth metals, B: transition metals. In perovskite, the B cations are in 6-fold co-
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ordination surrounded by oxygen anions forming BOg octahedra and A cations
in 12-fold cubo-octahedral coordinaton. The ideal form of perovskite can be de-
scribed as array of corner shared BOg octahedra, as shown in Fig. (1.4). The
void space created by eight BOg octahedra is occupied by a large A cation. In

Figure 1.4: Ideal crystal structure of cubic perovskite ABO3. Oxygen atoms are
represented by small red balls, green ball indicates A cation, B transition metals
are inside the blue BOg octahedra.

ideal perovskite compounds, the structure is cubical with ZB-O-B of 180° in the
corner-shared geometry. However most of the perovskites are distorted. There-
fore they do not have ideal cubic structure and ZB-O-B deviates from 180°. The
distortion arises mainly due to the mismatch between A and B cation’s ionic radii.

Goldschmidt’s tolerance factor ¢ [5] which is a dimensionless quantity that
determines the stability and distortion from ideal perovskite structure. It can

. . . . .o . o TA+TO
be estimated from the ratio of the ionic radii : ¢ = ot where, 14, rp

and 1o denote the ionic radii of A cation, B cation, and O?~ anion respectively.
Cubic structure is obtained for ¢ = 1 or close to 1 which is the ideal case with
symmetry Pm-3m. The distorted perovskite structure with ¢ < 1 leads to lowering
the symmetry giving rise to space groups like Pnmm (NaNbOs), Pbnm (YAlOj3,
DyAlO3, GdFeO3), R3c (BiFeO3) and R-3c¢ (BaTbOs, LiTaO3, LaCoO3) etc. [6]
Within the low symmetry structures, orthorhomic GdFeOs kind of distortion
where BOg octahedra is tilted about a and b axis and rotated about ¢ axis is the
most common one. The compounds with ¢ > 1 are generally found to exhibit
hexagonal symmetry.

1.2.2 Properties of Perovskites

As already mentioned, perovskite oxides show a variety of interesting physical
properties. The different combinations of nominal oxidation states of A and B



1.3. Naturally occurring Multi component perovskites

cations (A3TB3*T, AZB*t AlTB5T) drive the wide range of rich electronic and
magnetic properties.

They can be insulating (NaTiOsz, SrRuOjs, SrTiO3, BaTiOj etc.), metallic
(LaTiO3, KMnOs, LaWOs etc.) or semiconducting (LaRhOs, GdTiOs, CaCrO;
etc.). Many of these compounds undergo metal to insulator transition depend-
ing upon external factors like doping, temperature or pressure etc. One typical
example is La;_,A,MnOj [7] with A = Sr, Ca or Ba. It is seen that for extreme
values of z, the compounds are insulating whereas for the value of = between 0.2
and 0.4, the compounds show good electrical conductivity.

Magnetism in these compounds are generally described by superexchange
mechanism. Within this mechanism hopping is mediated through the non mag-
netic oxygen atoms between two neighbouring transition metal sites. In this
case tilting of BOg octahedra plays a major role. Depending upon different
occupancies of d orbitals, different magnetic properties are found in this class
of compounds. The compounds with d° configuration are generally insulators
and non-magnetic (CaTiO3, BaZrOs, BaHfO3 etc.). [8] With d' and d* config-
urations, the compounds are generally metallic and show Pauli paramagnetism.
There is one exception in case of GdTiOs [8] which is found to be ferromag-
netic semiconductor. The compounds with d* and d® electron configurations are
generally conventional antiferromagnet with insulating property. The compound
like LaCoO3 [8] with d° electrons can arise in two spin states like S=0 and S=2
according to low spin and high spin configurations. SrRuOj with S=2 [9] is an
example of ferromagnetic metal.

These compounds also exhibit different dielectric properties like ferroelectric-
ity (BaTiO3, KNbOj etc), piezoelectricity (NaTiOs) etc. Some of the perovskite
compounds also exhibit multiferroic properties like ferroelectric - ferromagnetic
(BiMnOs3), ferroelectric - antiferromagnetic (BiCoOjs), antiferroelectric - antifer-
romagnetic (BiFeOj3) , ferroelectric - semiconductor (SrTiOj3) ete. [10]

1.3 Naturally occurring Multi component per-
ovskites

Starting from the perovskite compounds with ABO3 composition several differ-
ent variants of perovskite family can be derived through chemical and structural
modifications as shown in Fig. (1.5). This not only expands this family of com-
pounds but also opens up possibility to engineer new compounds with desired
properties. The perovskite derived compounds can be classified into three broad
categories, (a) multi component perovskites including more than one elements at
A or B or both A and B sites (b) ABO3/AB’Oj super lattices and (¢) compounds
found to be formed by partial or complete replacement of oxygen anion through
mixed anion chemistry route. In this subsection we will discuss perovskite derived
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multi-component compounds.
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Figure 1.5: Perovskite derived compounds. The compounds can be broadly di-
vided into three categories: multi-component perovskite compounds, superlat-
tices and compounds obtained from anion replacement.

1.3.1 Double perovskite

The formula obtained by doubling the unit cell of perovskite is AsB2Og, in which
substitution of A or B cations in different ways helps to expand this family of
compound into a large extent. Compounds can be formed by cation ordering
at A site where two different A elements (A and A’) are hosted in a ordered
manner giving rise to general formula AA’B;Og. Such kind of ordering is not very
common in literature as the difference of the charge states between A and A’ can
only have few possible values. A site ordering in AA’B;Og is possible in three
different ways [11] as illustrated in Fig. (1.6) : rock-salt, layered and columnar,
among which layered ordering is favored than rock salt or columnar arrangement.
On the other hand the group of compounds which are generally known as double
perovskites (DP) with stoichiometry A;BB’Og as shown in Fig. (1.7-a), which
can be obtained by replacing one of the B TMs in A3;B;Og by another TM B,
are extensively studied in this thesis. We will discuss their crystal structure and
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Figure 1.6: Different types of A cation ordering in perovskite compounds (a)
Rock-Salt (b) Layered (c) Columnar. A and A’ cations are shown by green and
grey balls respectively and oxygen atoms are represented by small red balls.

properties in detail in section 1.4. It is seen that A site ordering gets stabilized
in the presence of B cation ordering in the compounds like AA'BB’Og. [12]

Figure 1.7: Different multicomponent perovskite compounds (a) B cation ordered
double perovskite in rocksalt arrangement (b) Quadruple perovskite.

1.3.2 Quadruple perovskite

Quadrupole perovskites are four times the formula unit of simple perovskite. One
interesting class of this compounds is AA;B,O;5 where A cations are ordered in
1:3 ratio. In simple perovskite, A cations are generally large alkali metal ions,
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whereas in quadruple perovskite one quarter of the A sites are occupied by con-
ventional alkali metals and remaining three forth of the A sites are filled by
transition metals with smaller ionic radii. Therefore one forth of the A sites are
in icosahedral coordinate like in normal perovskite and rest form square planner
geometry as shown in Fig. (1.7-b). This cationic mismatch at A site force to tilt
the BOg octahedra in order to stabilize the structure. This family of compounds
was first discovered by Bochu et al. [13] In recent times these compounds are
studied theoretically and experimentally as it shows wide variety of structural as
well as intriguing physical properties like multiferroicity, colossal magnetoresis-
tance, intermetallic charge transfer, charge disproportionation etc. [14] The choice
of magnetic ions in which Jahn teller distortion is active at A’ site is favourable
for the stability of A’ cation in square planner geometry. The complex magnetic
interactions between the magnetic ions at A’ and B site give rise to different inter-
esting electronic and magnetic properties as observed in this family of compounds.
Recently, both A site and B site ordered quadruple peroskites AA;ByB,015 have
been prepared and studied where one can combine the intriguing properties of
both A site ordered quadruple perovskite and B site ordered double perovskite.
In these compounds A site cations are ordered in 1:3 ratio, while B and B’ cations
are corner shared and arranged in alternate manner. The compounds from this
family are reported to show half metallic property with high magnetic transition
temperature. [15]

1.3.3 All magnetic cations perovskite compounds

Double perovskites like SroFeMoOg [16] with large core spin of 3d TM and small
induced spin on 4d/5d TM offer ferromagnetism with high degree of spin po-
larized conduction. In such compounds, if one introduces magnetic cation at A
site, then it is possible to increase magnetization to a large extent compared to
simple double perovskite. Such a new double perovskite with all magnetic cation
MnyFeReOg was reported by Attfield et al. [17] The new compound is found to
be ferrimagnetic with high Curie temperature and enhanced saturation magneti-
zation. A novel magnetoresistance switching is also discovered in this compound
and thus offering new possibilities for spintronic devices. Another such example
is MnsMnReOg or MngReOg, [18] which is the first example in this family where
all the transition metal cations are ordered antiferromagnetically.

1.4 B site ordered double perovskite (A;BB’Og)

As already mentioned in subsection 1.3.1, in this thesis we have extensively stud-
ied B cation ordered double perovskite with general formula AsBB’Og. In this
section we provide a detailed description of the structures and properties of such
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compounds. These compounds are in the limelight due to their attractive proper-
ties like multiferroicity, [19] [20] magnetodielectric and magnetocapacitive prop-
erty, [21] [22] complex spin behavior, [23] magnetostructural coupling, [24] room-
temperature low-field magnetoresistance [16] [25] etc. Some of them also show
half-metallicity associated with high magnetic transition temperature (T.) which
is desirable for designing spintronics materials operating at room-temperature.
In double perovskite A;BB'Og, presence of two transition metals instead of a sin-
gle transition metal as in the case of simple perovskite, enhances tunability and
provides a variety of intriguing properties. Specially the DPs with one transition
metal from 3d TM elements and another from 4d/5d elements are of special in-
terest as these compounds show wide range of magnetic properties.

In this thesis, we have studied the electronic and magnetic structure of both
existing and new DP compounds using combination of techniques like density
functional theory (DFT) and model Hamiltonian approach. We have furthermore
used genetic algorithm to predict the crystal structure of yet-to-be synthesized
DP compounds as well as machine learning techniques in prediction of possible
new DP compounds. In the following subsections we discuss the structural, elec-
tronic and magnetic properties of DP compounds.

1.4.1 Crystal Structure

Figure 1.8: Different types of ordering of B and B’ sites in a double perovskite
(a) Rock-Salt (b) Layered (c¢) Columnar. B and B’ centred octahedra are shown
in grey and blue. A site cations and oxygen atoms are represented by green and
small red balls respectivley.

In ordered double perovskites, the B and B cations can be arranged in three
26] different ways:
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¢ Rocksalt arrangement: This is most common arrangement as shown in
Fig. (1.8-a) where BOg and B'Og octahedra are corner shared and alter-
nately arranged in all three directions.

e Layered arrangement: In this case, BOg and B'Og octahedra are found
in layers and they alternate only in one direction [cf. Fig. (1.8-b)]. The first
observed layered DP is LayCuSnOg [27] and other examples are RoCuSnOg
and RyCuZnOg where R= Nd, Pr and Sm. [2§]

e Columnar arrangement: The third possible arrangement is columnar
like structure [cf. Fig. (1.8-c)], where B and B’ cations alternate in two
directions. This one is rare case and has only been found when A sites are
also occupied by two different elements. [11]

There are plenty of DP compounds which are synthesized and studied till
the date. Fig. 1.9 shows a list of almost 800 double perovskite [26] compounds
where A sites are Ca, Sr, Ba or La. Most of the compounds were synthesized in
ambient pressure and some compounds required high pressure for stabilization.
Several attempts were made with double perovskite stoichiometry, but either non-
perovskite compounds were formed or compounds did not form. There are many
possibilities left where no experimental or theoretical studies are available. We
predicted many stable DP compounds out of them. The details are discussed in
chapters 5 and 6.

A’ cation in DP can be either divalent (examples: Sr, Ca, Ba etc.) or triva-
lent (examples: La, Bi). There are only three examples of monovalent A cation:
NayZrTeOg [29] synthesized in ambient pressure and NasBTeOg [30] where B =
Ti/Sn formed in high pressure. Most of the DPs, around 700 in literature are
found with divalent A cations. The divalent A cations are favorable than trivalent
A cations due to larger size of A?* compared to A®*. The possible combination
of oxidation states of B and B’ cations with a divalent A cation are B** /B,
B3t /BT, B>t /B/ST, B /B*. So one can have the flexibility to choose B cations
with oxidation states between one to seven. This leads to huge number of pos-
sibilities in case of divalent A cation compounds. Among the above mentioned
combinations of B and B’, the B site cation ordering depends on the difference
between the oxidation states of B and B', AZpp. [27] It is found that generally
ANZpp <| 2| [11,31] leads to fully disordered situation whereas the compounds
are found to be ordered for AZpp >| 2 |. Thus complete ordering is observed
in B**/B/S* B! /B'"™" combinations, however among the compounds of type
B3t /B/5*, various degrees of ordering are found to be formed. The dependency
of ordering on AZgp: can be explained in terms of Madelung energy. It is found
that Madelung energy is proportion to AZ%,,. Hence larger AZpp enhances
the probability of complete cation ordering. [32] 44 /44 combination leads to
completely disordered structure in most of the cases with few exceptions. [33]
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Figure 1.9: Compounds with composition A;BB'Og reported in literature. Here,
A cations are Ca, Sr, Ba and La. The green boxes represent the compounds which
are double perovskites synthesized in ambient pressure, whereas the compounds
which are stabilized by high pressure synthesis are marked in purple, the yellow
boxes represent hexagonal nonperovskite compounds with similar stoichiometry,
the red boxes indicate the compounds did not form in double perovskite structure.
The figure is taken from Ref [26].

Another factor which can affect the cation ordering is the difference of ionic
radii of B and B’, Argpg:. It has been observed that cation ordering is probable
with large value of Argp,. It was reported by Galasso and Darby [34] that for
the compounds like A;B3*TB®TOg, the value of Argp greater than the critical
percentage 7-17%, would be favourable for ordering of B cations. Fig 1.10 and
Table 1.1 show a general trend of cation ordering with ionic radius difference and
charge difference.



1.4. B site ordered double perovskite (A2BB’Og) 13

f 1

w w L L
=]
2 4L & .
E ™Y VYT T T Y WY L. r w
1=
oo
=
=
&
20
=
';.-‘ qagmmm LW LYY F-3 & a
[._'_,I T T T T T,

wE T WEYY Y ¥ i

0.0 0z 0.4 0.6 0.8 1.0
lonic radius difference (A)

Figure 1.10: Plot of charge difference vs difference of ionic radius of B and B’
cations. The filled triangles represent ordered DP compounds and open triangles
represent disordered compounds. For the sake of clarity the symbols of ordered
(disordered) compounds are shifted down (up). The figure is adopted from Ref
26].

The tolerance factor ¢ in case of DP can be defined as,

TA+To

t= ;

where, 14, rg, T and 1o are the ionic radii [35] of A, B, B’ and O? ions respec-
tively. The structure of an ideal DP compound is cubic with ¢ = 1 or close to 1.
The compounds with ¢ < 1, show TM octahedra tilts which lower the symmetry
of the crystal. It is seen from literature [26] that most of the compounds are found
around ¢ ~ (0.93-1.01), where the ionic radii are very close to ideal case. There
are very few number of compounds for ¢ > 1.01. In this case the A-site cation
is too large for the perovskite structure, and various non-perovskite hexagonal
structures are often formed.

In rock salt arrangement, ideal cubic ordered DP has space group symmetry
Fm-3m. Group theoretical work [36,37] shows that tilting of octahedra can lower
the symmetry to some specific space groups. The most common space groups are
cubic Fm-3m (a%a’a’), rhombohedral R-3 (a~a~a™), tetragonal I4/m and tetrag-
onal I4/mmm (a%a’c™), monoclinic P2;/n (a™b~b™), monoclinic 12/m (a’b~b~),
with rare examples of tetragonal P4/mnc (a’a’c™) and monoclinic I-1 (a"b7c¢™).
The crystal symmetry of these compounds have correspondence on the tolerance
factor ¢ as shown in Fig. (1.11), though due to large overlapping the trend is not



1.4. B site ordered double perovskite (A2BB’Og) 14

AZpgp Charge on Compound Ordering
A cation
0 2 B /B  Disordered with Argp < 0.17 A.
Ordered otherwise
0 3 B3t /B3t Disordered
2 1 B2t /B/6T Ordered
2 2 B3+ /BT Disordered, partially ordered
or ordered with increasing Argp/
4 2 B2+ /B/6T Mostly highly ordered
4 3 B!t /B Ordered
6 2 Bt /BT Ordered

Table 1.1: Cation ordering found in double perovskite compounds for different
charge states of A, B and B’ cations. Taken from [26].

120

1040 4 ) abs

Percentage of compoumsds
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Figure 1.11:  Percentage of DP compounds found with different space group
symmetries as a function of tolerance factor t. [26]

very clear. In broad sense it can be concluded that the crystal is monoclinic with
space group P2, /n for t < 0.97 and cubic having space group Fm-3m with ¢ >
0.97. The remaining three most common symmetries are found for the interme-
diate values of . Rhombohedral (R-3) structures are found at ¢ = 0.96-0.97 and
tetragonal (14/m) at around ¢ = 0.97-1.00, whereas the compounds with mono-
clinic space group having 12/m symmetry are found at slightly lower values of ¢
= 0.95-0.97.

The electronic structure can also drive structural distortion in this family of
compounds:

e Jahn-Teller distortion: Double perovskites having Jahn-Teller active ions

like Cu** (3d% t§, e) and Mn®* (3d*; t3, e;), often exhibit octahedral

distortion which removes the octahedral degeneracy and helps in structure
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stabilization. Coupling between Jahn-Teller distortion and octahedral tilt-
ing plays an important role, though the interaction between these two is
not clearly understood. Most of the compounds where Mn is in 3+ oxida-
tion state are disordered. However, orbital ordering is found in SroMnRuOg
and SroMnSbOg. [38] Among the Cu?" based compounds, SroCuMOg, [38]
where M = W, Te, Mo in rocksalt arrangement and La;CuSnQOg in layered
arrangement are the examples where Jahn-Teller distortion is present. In
Co compounds like Sr;CoMOg (M = Fe, Os), [39,40] a weak Jahn-Teller
distortion is present.

e In some double perovskites, ferroelectric displacement can also lead to oc-
tahedral distortion. Presence of lone pair active cation like Pb?* or Bi** at
A site may drive ferroic distortion. Some examples are BioNiMnOg, [41,42]
Bi,CoMnOg, [41] PbaCoWOg [43] and PbyMgTeWOgq [44] etc.

1.4.2 Disorder in double perovskites

Figure 1.12: Two dimensional visualization of B and B’ cations (a) ordered situ-
ation (b) antisite disorder.

Presence of defects or imperfection which is unavoidable during experimental
synthesis can affect the fascinating properties of double perovskites. The tendency
of B and B’ cations to choose similar location promotes defect formation. In
order to get a clear idea, let us consider a two dimensional visualization of rock
salt arrangement. In perfectly ordered case B and B’ octahedra are arranged in
alternate manner in all direction (Fig. (1.12-a)). In case of imperfections, the
most commonly observed one is known as antisite disorder, in which some B and
B’ pairs switch their positions. As a result, similar TM (either B-B or B’-B’) will
become nearest neighbour as shown in Fig. (1.12-b).



1.4. B site ordered double perovskite (A2BB’Og) 16

There are various ways to characterize antisite disorder, one of them being,

number of wrongbonds (B — B/B' — B’)

100
total number of bonds % %

disorder% =

Sometimes it is also defined as S = 1 — 2z, [45] where z is the fraction of B or
B’ cations in the wrong sites. It can be easily understood that S =1 and S = 0
correspond to perfectly ordered and completely disordered situation respectively.

(b)

Figure 1.13: Model representation of Fe/Mo cubic lattices. (a) Homoge-
neous/random distribution of antisite disorder (b) small patchy domains of anti-
site disorder. Here the light and dark grey sites represent Fe/Mo atoms in ordered
position whereas blue and red sites indicates the imperfection of Fe sites replaced
by Mo sites or vice versa. The figure is adopted from Ref [47].

The wrong site occupancies of B and B’ cations can occur in a completely
random manner. However, experiments showed that spatial correlation exists in
antisite disordered situation, where locally ordered domains are separated from
each other by antiphase boundary (APB).

Several experimental observations are available on the antisite disorder of
SroFeMoOg. Navarro et al. [46] showed the existence of antiphase domains from
high resolution electron microscopy study. In a different observation, Meneghini
et al. [47] studied correlation of disorder on polycrystalline SroFeMoOg sample.
Fig. (1.13) shows the distribution of antisite disorder in two different situations.
In Fig. (1.13-a), it is seen that disorder is homogeneous or random throughout
the lattice, whereas in Fig. (1.13-b), disorder forms small patches and within the
patchy domain short range ordering is present. Overall experimental observations
suggest the presence local ordering in a antisite disordered sample without any
long range ordering. This also supports the formation of patches or domains
which are favoured than the random distribution of antisite disorder.
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1.5 Properties of double perovskites

As mentioned earlier, double perovskite compounds are studied extensively due
to their various interesting properties and application in the technological sector.
In this section, we discuss some of their important properties.

1.5.1 Electronic properties

In double perovskite compounds, the electronic structure is mainly driven by the
cations at B site. Specially the combination of 3d and 4d/5d elements gives rise to
a broad range of fascinating electronic properties. The electronic property in these
compounds mainly depends on two factors : intra-atomic Coulomb repulsion (U)
and electronic bandwidth (w).

In case of partially occupied d orbitals, the electrons are localized if w < U
and the electrons are itinerant in case of w > U. The band width w depends on
extend of overlap of wavefunctions at two sites. Generally 3d TMs have narrow
band width with respect to 4d/5d TMs. As a consequence, intra-atomic coulomb
repulsion is more in 3d TMs and it is found to be decreased in case of 4d/5d
TMs. So in the DP compound with 3d — 4d/5d combination, localized behaviour
of electrons is observed in 3d metals at B site and electrons from 4d/5d metals
at B’ site show itinerant character. In terms of crystal field splitting, 4d/5d
TMs have large splitting than 3d metals. Due to the consequence of large intra-
atomic repulsion and small crystal field splitting, high spin state is observed in
3d metals. On the other hand, due to small intra-atomic repulsion and large
crystal field splitting, 4d/5d TMs are generally found in low spin state. In double
perovskite compounds, 4d/5d TMs are observed with high oxidation state which
results fewer electrons in d orbitals and these electrons mostly occupy lower ¢y,
levels, whereas 3d TMs at B site are with lower oxidation state prefer high spin
symmetry. [206]

In DP compounds, sometimes unusual high oxidation state of 4d/5d cation at
B’ site gets stabilized by the formation of oxygen ligand hole. In this mechanism,
oxygens donate electrons to the less electro-positive B’ cation. Strong covalency
between B’-O compared to B-O, effectively shifts the energy levels of d orbitals
of B cation away from O p states. This enhances the overlapping between B'-
O states and as a result, uncommon oxidation state of B’ cation gets stabilized,
which is commonly known as inductive effect [48,49] as represented in Fig. (1.14).

The third factor which also plays important role in determining electronic
state is spin orbit interaction (SOC). [50,51] It is found that SOC is more pro-
nounced in case of 4d/5d TMs compared to 3d TMs. Specially in the DP com-
pounds with Ir** or Ir®*, SOC is found to play a major role in determining the
electronic structure. The degeneracy of ¢y, orbitals can be lifted in presence of
spin orbit interaction. [52]
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Simple Double
Oxide perovskite

Energy

Figure 1.14: Schematic representation of stabilization of unusual valance state of
B’ cation through inductive effect. [49]

1.5.2 Magnetic properties

The presence of two TM cations in double perovskite compound leads to improved
magnetic properties compared to simple perovskite with single TM cation. For
example SroFeMoOg compounds exhibit a large magnetoresistance [16] making
them useful for spintronics application. In double perovskites, two important
interactions are 90° nearest neighbour (NN) B-O-B and 180° next nearest neigh-
bour (NNN) B-O-B’-O-B. B-O-B interaction competes with long range B-O-B'-
O-B interaction. Apparently one can expect short range B-O-B interaction to be
dominating but in some cases like in SroBOsOg (B = Fe, Co, Ni and Cu), [53-57]
B-O-B interaction is found to be weaker. In some double perovskites specially
with 3d-4d/5d combinations, mechanism of magnetism is not simple superex-
change (SE) but it is governed by hybridization driven (HD) mechanism. [58] In
the latter mechanism, the core spin is provided by a large spin at B site and
the mobile electron is provided by the conduction electron which is oppositely
aligned to the core spin and it is delocalized over B-B’ network. This mechanism
was first proposed to explain the parallel alignment of Fe ions in widely discussed
compound SroFeMoOg as shown in Fig. (1.15). This mechanism is operative if
the energy levels of B’ (Mo) to, fall within the exchange split B (Fe) to, energy
levels. As a result of hybridization between B and B’ ty, levels, a negative spin
splitting develops at B’ site, which helps to stabilize the parallel arrangement of
spins in B sublattices.
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Figure 1.15: (a) Schematic representation of hybridization driven mechanism
showing negative spin splitting at B’ site. The B bands are represented by shaded
semicircle and B’ bands are represented by red solid semicircle before switching on
the hybridization and red dashed semicircle after switching on the hybridization.
This figure is taken from Ref [59]. (b) The energy level positions for SroFeMoOs.
Here Mo tg, levels are placed in between the exchange split of Fe ty, levels. As a
result, after switching on the hybridization, Mo ty, up state is pushed up and the
Mo t9, down state is pushed further down, which produces negative spin splitting
at Mo site. (Adopted from Ref [58].)

In some compounds the mechanism of magnetism is found to be driven by
combined double exchange and superexchange mechanism. [60-62] In these com-
pounds HD mechanism is arising from coupling between large core spin and de-
localized itinerant electron along with SE coupling between core spin at B site
and intrinsic spin at B’ site.

The factors which can affect the magnetic properties of double perovskite
materials are crystal field splitting, spatial overlap between different ions which
depends on the structure, Jahn-Teller distortion, spin orbit interaction etc.

Different types of magnetic ordering have been observed in double perovskite
compounds such as antiferromagnetism and ferromagnetism. In the following we
provide some of the examples.

e Antiferromagnetism (AFM) : Most of the reported double perovskites are
antiferromagnetic. Different types of antiferromagnetic ordering are possi-
ble in double perovskite compounds depending on the spin arrangement of
B cations in the lattice. [26] Examples are LagMglrOg, [63] LayZnlrOg, [63]
CagCoTeOg, [64] SroCoTeOg, [65] AoMnTeOg (where A = Sr, Ba) [26] etc.
Some compounds show weak ferromagnetism as in LayZnlrOg, SroErRuOg
etc. which is mainly due to Dzyalosky-Moriya interactions [66,67] and spin
canting. [68]
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e Ferromagnetism (FM) : In some double perovskites, ferromagnetic arrange-
ment of B cations are driven by hybridization driven mechanism, in which B
and B’ cations are arranged in anti-parallel manner, examples are SroCrWOg,
[60] SroFeMoOg, [58] SroCrMoQg, [61] CasCrWOg [69] etc. These com-
pounds are of special interest as most of them show half metallic properties
with high transition temperature (T.) as shown in Fig. (1.16) and hence
useful for spintronics application. In some compounds, ferromagnetic or-
dering is driven by superexchange mechanism. This kind of ordering is
found in the combination of Co*"/Ni** and Mn**, where e, orbitals of
Co*T /Ni** are partially filled and e, orbitals of Mn*" are empty driving
ferromagnetism within superexchange interaction. Such compounds show
low T, some exceptions are LagNiMnOg, [70-72] LagCoMnOg [73] etc.
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Figure 1.16: Double perovskites A;BB’'Og where B cations are from 3d transition
metals and B’ cations are from 4d/5d transition metals, are reported with high
transition temperature. Here A cations are Ca, Sr or Ba. The figure is taken
from Ref. [74].

1.5.3 Half metallicity and magnetoresistance property

Half metallic materials [75] are promising candidate for the development of future
electronic devices. Half metals offer 100% spin polarization at Fermi energy as
the compounds show metallic behaviour in one spin channel and insulating be-
haviour in the other spin channel as illustrated in Fig (1.17). The most discussed
property of double perovskite compounds is probably half metallicity. Exam-
ples are SroFeMoQOg, [76,77] SroCrMoQg, [61] SroCrWOg, [60] SroCrReOg, [60]
BasFeMoOg [78] and many more. We have also predicted some half metallic dou-
ble perovskites, as discussed in chapters 5 and 6.

Magnetoresistance (MR) [79] is a well known phenomena defined as the change
in electrical resistance with the application of external magnetic field. Half metals
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are ideal materials as high spin polarization enhances MR value. [80]

Energy

DOS

Figure 1.17: Schematic representation of half metallicity, in the up spin channel
the band is crossing the Fermi energy whereas in the down spin channel a gap
exists at Fermi energy.

Perhaps the most discussed double perovskite in this regard is SroFeMoOg, [58,81]
which gained much attention after the discovery of significant negative tunnelling
magnetoresistance (TMR) behaviour even at room temperature. The unusual
magnetoresistance with high magnetic transition temperature makes this com-
pound distinct from other perovskite compounds. The high transition tempera-
ture in this compound has been explained in terms of aforementioned hybridiza-
tion driven mechanism. In the series of compounds AsFeMoOg, with A = Sr, Ca,
Ba and Pb, [52,76] the magnetoresistance is affected by A cations. It is seen that
best result is obtained for Sr and Ca compounds, and for Ba, the effect is found
to be reduced. For Pb at A site, the compound is insulator. SroCrWOg shows
half metallic property and MR effect is similar to SroFeMoQOg. The presence of
antisite disorder can hinder half metallicity and reduce the MR effect. Another
important factor is spin orbit interaction which can also effect the half metallicity,
as seen in case of SroFeReOg [82,83] for the presence of strong SOC at Re site.

1.5.4 Superconductivity

Perovskite related layered compound Lay;CuO,4 undergoes superconducting phase
under temperature 33 K. Despite of the fact similar layered structure has been
found in the double perovskite La;CuSnQOg, the compound is not superconducting.
The reason has been explained by Anderson et al. [84] in terms of positioning of
Cu orbitals in these two compounds. However some double perovskite compounds
with rock salt ordering such as SroY(Ru;_,Cu,)Og with = 0.05-0.2, [85,86] show
superconducting property with T, ~ 30 - 40 K.
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1.5.5 Dielectric and ferroelectric property

Many of the reported double perovskites are insulators and therefore can have
application as dielectrics. The series of compounds as reported by Takata and
kageyama [87] where A cations are Ca, Sr or Ba, B = La, Nd and Sm, and B’ =
Nd or Ta show high values of dielectric constant.

Ferroelectric materials possess a spontaneous electronic polarization which can
be switched by applying electric field. Though there are perovskite compounds
showing ferroelectric property due the presence of lone pair at A site, only a
few double perovskite compounds like PbyScB’Og where B = Nb or Ta [88] to be
reported as ferroelectric material. LaaNiMnOg and LasCoMnOg [89-92] have been
discussed as magnetodielectric materials. High pressure synthesis of BioNiMnOg
[19] opened the door for DPs showing multiferroicity.

1.6 Overview of present thesis

It is clearly understood from the previous section that double perovskite com-
pounds can show variety of interesting structures and intriguing properties. First
principle calculations are the best choice to understand the structures as well as
the properties of these compounds at the microscopic level. A complete under-
standing of different magnetic ordering, charge states, orbital degrees of freedom
can guide us to design new materials with desired properties. Moreover, several
combinations of B and B’ have remained unexplored which may give rise to stable
double perovskite compounds. Improved computational techniques and resources
can help us to predict new double perovskite compounds with promising proper-
ties and can guide experimentalists for future synthesis of the compounds.

In this thesis, a variety of double perovskite compounds have been studied.
The study can be divided into two broad classes. In the first part, known double
perovkites are studied while the other deals with yet to be synthesized double
perovskite compounds. The contents of different chapters discussed in this thesis
can be summarized as follows:

Chapter 2 : In this chapter, we discuss the theoretical methodology em-
ployed in our calculations. This contains discussion on density functional theory
as well as its implementation in solving many electron Hamiltonian in practice. In
addition we discuss dynamical mean field theory to handle electronic correlation.
We also describe genetic algorithm which has been used to predict the structure
of unknown compounds. For finite temperature calculation, we used few meth-
ods such as Monte Carlo (MC) simulation and exact diagonalization along with
Monte Carlo (ED-MC), which are also discussed in this chapter. Additionally, we
provide a brief overview of machine learning algorithm which has been employed
to scan new stable compounds from a large possibilities.

Chapter 3 : In this work, we carried out a microscopic analysis using a com-
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bination of first-principles calculation and exact diagonalization study of first-
principle derived model to calculate the magnetic properties of a known half-
metallic double perovskite compound, SroCrMoQOyg, which is a sister compound of
the much discussed material SroFeMoQOg. The electronic structure of SroCrMoQOg,
which appears similar to SroFeMoOg at a first glance, shows non trivial differ-
ences. The shift of Cr d states with respect to Fe d suppresses the hybridization
between Cr tyy and Mo ty, driven by the change in charge transfer energy be-
tween Cr and Mo sites. This suppressed hybridization in SroCrMoOg makes the
Mo ty4 electrons more localized compared to SroFeMoOg. This in turn opens up
an additional, super-exchange contribution to magnetism. To explain the high
value of the magnetic transition temperature of SroCrMoQOg in spite of the dehy-
bridization, additional super-exchange contribution has to be taken into account
which arises due to the finite intrinsic moment developing at Mo site. We also
examined the effect of correlation beyond DFT, through dynamical mean field
theory (DMFT) calculations carried out in the Wannier function basis derived
from DFT. The DMFT calculations confirmed the half-metallicity of SroCrMoOg,
implying its robustness against correlation effect.

Chapter 4 : This particular chapter is devoted to the investigation of the
effect of B site cationic disorder in a number of A;BB'Og double perovskite com-
pounds containing 3d transition metal at B sites and 4d or 5d transition metal ion
at B’ sites. In particular we used exact diagonalization along with Monte Carlo
technique to solve the first-principles derived model Hamiltonian. Our exhaustive
study revealed that B cation antisite disorder influences the magnetic properties
such as magnetic transition temperature and saturation magnetization, which
strongly depends on the underlying mechanism of magnetism. The impact on
magnetic properties is severe in the compounds where superexchange is present
along with double exchange than the compounds where mechanism of magnetism
is solely driven by double exchange. We further observed that it also depends on
the nature of antisite disorder. Magnetism is severely affected in case of homoge-
neous or random disorder especially for the compounds where superexchange is
present, whereas correlated or patchy disorder preserves the magnetic properties
to quite a large extent even in case of extreme disorder. Finally our findings
helped to solve the puzzling report of CrRu oxides, where despite of any cation
ordering, the compound maintains its magnetic ordering with a high transition
temperature of around 400 K.

Chapter 5 : In this chapter, our search for new magnetic materials among
yet-to-be synthesized Rh based double perovskites, Sr(Ca);BRhOg (B = Cr, Mn,
Fe) is described. For this purpose, we employed genetic algorithm to predict the
crystal structure. Then using density functional theory we studied the electronic
and magnetic properties of these compounds. Our study shows that all the com-
pounds are in nominal valance state of B*"/Rh®" and this unusual valence of
Rh*" may be stabilized through the formation of oxygen ligand hole, the forma-
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tion of which crucially depends on the proper description of d levels at B site. We
also studied the ground state magnetic configuration of these compounds. Cr-Rh
and Mn-Rh compounds are predicted to be ferromagnetic half-metals whereas
the Fe-Rh compounds are rare examples of antiferromagnetic metals. Using the
finite temperature Monte Carlo study of the DFT derived model Hamiltonian,
we further calculated the magnetic transition temperatures of the predicted com-
pounds, which are found to be reasonable. We also identified the favorable growth
conditions through extensive thermodynamic stability analysis which might be
helpful for future synthesis of these compounds.

Chapter 6 : Continuing on the same theme as in chapter 5, in this particular
chapter, we provide description of our work which employ machine learning (ML)
technique for screening of stable double perovskite candidates, evolutionary algo-
rithm to predict the structure of new stable compounds and first-principles calcu-
lations for characterization of electronic and magnetic properties. We are mainly
interested in prediction of yet-to-be synthesized magnetic double-perovskites with
3d and 4d or 5d transition metals at B and B’ sites respectively. Initially we
chose 412 B/B’ combinations, out of which 33 compounds were scanned by ML
algorithm and predicted to be formed in stable double-perovskite structure. We
further considered 25 compounds among them for characterization of their struc-
ture, assigning of nominal valences of B and B’, electronic and magnetic state,
and magnetic transition temperatures. Based on our computation, we predicted
21 double-perovskites of varying magnetic and electronic properties, ranging from
ferromagnetic half-metals to ferri- and antiferro-magnetic insulators to ferromag-
netic metals and rare example of antiferromagnetic metals. Our computational
study is expected to help in discovering new magnetic double perovskites.

Chapter 7 : In this chapter, we provide a summary of results obtained
from the study of various known and yet to be synthesized double perovskite
compounds. In addition, future scope of work is also discussed.
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Chapter 2

Methodology

2.1 Introduction

In this chapter we summarize the methods used to understand and predict various
structural, electronic and magnetic properties of perovskite compounds. The
methods used in this thesis are as follows:

e Zero temperature calculation:

— We primarily used density functional theory (DFT) to carry out most
of the theoretical calculations. To handle the strong electronic correla-
tion, we considered supplemented Hubbard U calculation within static
mean field theory and dynamical mean field theory (DMFT).

— For prediction of crystal structure, genetic algorithm is used based on
DFT total energy calculation.

e Finite temperature calculation:

— Monte Carlo simulation

— Exact Diagonalization along with Monte Carlo

Additionally, for prediction of new stable compounds, scanned from a large num-
ber of possibilities to be feasible, we used Machine learning technique.

In the following, we present a brief summary of each methods used in this thesis.

2.2 Many electron Hamiltonian

Matter can be thought of as a collection of interacting atoms and molecules,
existing either in gas phase (molecules and clusters) or in a solid /condensed phase
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2.2. Many electron Hamiltonian 32

(like in bulk solid or surfaces). In all cases these systems can be described as
a collection of heavy positively charged nuclei and lighter negatively charged
electrons interacting via electrostatic coulomb interaction. The general form of
many body Hamiltonian for such system can be expressed as,

N P P

W B W EE DM P
o 2Mi ! i—1 IlJ;éI‘RI_R‘ﬂ
P N
2
+3 ;;m—rﬂ 6;;|Rl—rl (2.1)

where the ions with charge Z; and mass M; are indicated by upper case subscripts
and lower case subscripts indicate electrons with mass m; and charge e. The first
and second term of the Hamiltonian are kinetic energy terms of ion (7)) and
electrons (7,) respectively. The coulomb interactions between electron-ion (V,,),
electron-electron (V,.) and ion-ion (V,,,) are represented by the last three terms
respectively. Therefore to obtain many body wavefunction ¥;(r, R) one needs to
solve the following time independent Schrodinger’s Equation:

HU,(r,R) = E;U,(r, R). (2.2)

The exact analytical solution of Eq. (2.2) is possible only for hydrogen like atoms.
Due to many body nature of Coulomb interaction, the above equation becomes
non-separable. Therefore to solve this Hamiltonian in realistic cases one needs to
do approximations at different stages. The first step towards a reasonable approx-
imation is Born-Oppenheimer Approzimation. [1] Within this approximation, the
electronic and nuclear motion can be decoupled as the electrons are much lighter
than nuclei and hence time-scale associated with ions is much shorter than that of
electrons. Therefore, the ions can be assumed to remain stationary with respect
to motion of the electrons. Thus the electronic part of the Hamiltonian can be
written for a fixed nuclei configuration as:

He = Te + Uee + Vne + Unna (23)

where the last term U, is a constant term arising from ion-ion interaction which
is known as Madelung energy and can be obtained classically. This major ap-
proximation reduces to the many electron and many nuclear Hamiltonian to only
many electron Hamiltonian, but even after this further approximations are re-
quired to exactly solve Eq. (2.3) due to the interacting nature of the electrons.
Independent Electron Approximation is the next level approximation which
maps the interacting electrons into a system of non-interacting electrons that
effectively resemble the original system. There are two different approaches : (a)
The wavefunction based approach as implemented by Hartree, [2], Hartree-Fock
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[3], configuration-interaction [4] etc., (b) The density functional based approach
as implemented by density functional theory (DFT). [5-7] The main disadvantage
of wavefunction based method is the heavy computational cost even for a simple
system, which increases exponentially with system size for capturing the detailed
wavefunction. On the other hand, DFT is much less expensive. The theoretical
framework followed in this thesis is primarily based on DFT.

2.3 Density Functional Theory

Density functional theory is one of the most powerful approach and being success-
fully used to determine the structural as well as electronic properties in a wide
class of materials. Within DFT, the many body wavefunction which is a function
of 3N variable can be replaced by the electronic charge density p(r) which is a
function of 3 variables. The electronic charge density is defined as,

p(ry) = N/\IJ*(rl,rQ, e ’N)Y(ry, To, ..., Ty )dradrs...dry. (2.4)

Although the basic idea of DFT is rooted in the Thomas Fermi model [8,9] as
proposed in 1921, but two fundamental mathematical theorem as proposed and
proved by Hohenberg and Kohn are considered as the back bone of modern DFT.

2.3.1 The Hohenberg-Kohn (HK) theorems

Theorem 1

The ground state wavefunction has unique correspondence with the ground state
electron density p(r) and external potential V.. The ground state wavefunc-
tion unequivocally determines the external potential, upto an additive constant.
Therefore for any observable 0, its ground state expectation value is also an
unique functional of the ground state density py,

(¥|0[¥) = Olpo].

Theorem 2

For any given external potential, a density variational principle can be formulated,
i.e. there exists a functional, called ”energy functional” E[p] such that:

Elp] > Ey.

where Fj is the ground-state energy. The equality sign holds if and only if
plr] = polr], where po[r] is the ground state density. There exists a universal
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functional F[p] for any many electron systems, such that the energy functional
can be written as

Elp] = Fl] + / Vel Pl

where
H=T+U+YV,

and
Flp] = (V[pl|T + U|¥[p]).

However the exact form of F[p] remains unknown and it has no dependency on
external potential.

2.3.2 Kohn-Sham Equations

In 1965, the equations proposed by Kohn and Sham [6] transform DFT into a
useful tool. They introduced a further development by mapping of kinetic energy
of interacting electrons to an equivalent non-interacting system in such a way
the density of true interacting system remains unaltered as that of fictitious non-
interacting system. For such non-interacting fictitious electrons the universal
functional can be written as,

Fip) =T+ 5 [ [ A2 e+ [ opteyin s Exelptol. @9

The exact kinetic energy functional of interacting electrons is replaced by the
kinetic energy of a system of non interacting particles 7y[p]. The second term is
the classical electrostatic contribution known as Hartree term and Ex¢[p], known
as exchange-correlation (XC) energy includes all the contribution due to many
body effect. Hence one can write the energy functional as,

Elp] = /vezt(r)p(r)dr—l—TO[p(r)]—i—%//p(%lpz(r?)drldrg—l—/v(r)p(r)dr+EXC[p(r)]

(2.6)
Now to obtain the non-interacting K.E. functional Tp[p] for a certain p(r), one
has to consider the solution of the one particle Schrodinger’s equations,

5V A = et (2.7

with a suitable choice of A(r) the resulting orbitals produce the density as,

p(r) = Z |2,
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and henceforth evaluating the functional as,

=Y - / drA(r)p(r). (2.8)

The energy functional for determining equilibrium density then becomes,
= Z € — /dI‘)\(I‘)p(I') + /Ue:vt(r)p(r)dr + Ecoul [p] + EXC[p]‘ (29)

The functional minimization produces,

0Eeoulp]  0Exc|p]
S TR O
which clearly shows that if A(r) is chosen by the above expression, the correct
density for the system will be obtained from the single particle Schrodinger’s
equation. Hence one arrives to a set of N-nonlinear integro-differential equations
known as Kohn-Sham (KS) equations, which are needed to be solved instead of
many body Schrodinger’s equation given by,

[—%VQ + Vess(r; p)]0bi = €y, (2.11)

where the effective potential can be written as

(2.10)

0Exc
vugs(r /wﬂﬂ+ e = V) e )] +vxelpm)]. (212)

The Kohn-sham equations are required to be solved in an iterative manner until

the self consistency is reached. The procedure can be summarized as follows:
One needs to start with an initial guess py, which can build up the initial KS
equation. After solving the eigen value equation, a new density can be obtained
and if the new density differs from the previous one by a threshold value then
in the next step another new density is evaluated by mixing these two densities.
The Hamiltonian for the next iteration will be produced by this density and it
will again produce the density for this iteration and so on. The procedure will
repeat until the densities of two consecutive steps produce same solution within
a specified error margin. The flowchart is shown in Fig. (2.1).

2.3.3 Exchange correlation functional

Up to this point the theory does not need any approximation, hence Kohn-Sham
equation is exact in principle. But the main problem lies with the term Exc|p],
the exact expression of which is unknown and the approximations are needed.
Among the different successful approximate methods, the local density approxi-
mation (LDA) and the generalized gradient approximation (GGA) are most pop-
ular. A brief description of these approximations is provided below.
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Assume an initial
density p(r

-

Calculate V, and Vxc
Choose a form of Vxc.
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g

Evaluate the new electron
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g
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Figure 2.1: Self consistent cycle in DFT

Local density approximation (LDA)

This is one of the simplest approximation made by Kohn and Sham [6], although
its basic idea is rooted in the Thomas-Fermi-Dirac theory. [8,9] Within this ap-
proximation, it is assumed that the exchange-correlation energy has only local
dependence on electron density p(r). The functional form can be written as,

ELDA = / p(0)exclp(r)dr, (2.13)

where exc[p(r)] corresponds to the exchange and correlation energy density of a
homogeneous electron gas with density p(r). In practice, within LDA the exc
can be calculated as the individual sum of contributions coming from exchange
and correlation part.

exclp(r)] = ex[p(r)] + eclp(r)]. (2.14)
where the exchange part can be obtained from the Dirac’s expression,

4
3

Bxlp(e)) = ~Cx [ p}w)ie (2.15)
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The functional form of correlation part has been estimated by Ceperley-Alder
[10] using numerical quantum Monte Carlo simulation for homogeneous electron
gas which has turned out to be exact within numerical accuracy and further
different parametrizations have been done by Perdew and Zunger [11], John P.
Perdew and Yue Wang correlation (PWC) [12] etc. Though LDA was designed
for the systems where the variation of charge density is slow, but surprisingly the
outcome is quite good even for non-homogeneous system. [13] Main drawback
of this approximation is overestimation of bond energies and underestimation of
equilibrium bond length than what obtained in experimental values.

Generalized gradient approximation (GGA)

A next step improvement of LDA has been incorporated in Generalized gradient
approximation, where the functional depends on the spatial variation (gradient)
of the density,

Exolo] = / p()exclp()ldr + / Fyclp(r), Vp(r)ldr,  (2.16)

where F,. is known as enhancement factor which modifies the LDA expression.
Different versions of GGA functional are available depending upon the choice of
the enhancement factor such as Langreth-Mehl(LM) [14], Perdew-Wang (PW’86
and PW’91) [15] [16], Becke '88 (B88) [17] exchange functional, Lee-Yang-Parr
(LYP) correlation functional, [18] Pedew-Burke-Ernzerhof (PBE) [19] etc. Among
them the last one has been widely used to calculate the ground state properties.
GGA is able to rectify some drawbacks of LDA and in general provides better de-
scription of properties like binding energy, total energy, structural, and magnetic
properties of real materials. But it fails to describe the long range behaviour
(1/R%) and provides overestimated result for electric polarization in polar sys-
tem. Especially, the approximation does not hold good for the systems which
are strongly correlated and therefore, it is necessary to consider a more accurate
treatment of electron electron correlation.

2.4 General band structure methods

Solution of Kohn-Sham equation demands the wavefunction to be expressed in a
suitable basis set. In this thesis, we have used three different basis sets, namely

e Muffin tin orbital( MTO) based Linear MTO (LMTO) [20,21] and Nth order
MTO method. [22]

e Plane wave based method as implemented in Vienna ab initio simulation
package (VASP). [23]
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e Full potential linear augmented plane wave based method [24]. We used
Wien 2k for this purpose. [25]

The brief description of each method is provided in the following section.

2.4.1 Linearized Muffin-Tin Orbital method (LMTO)

LMTO is computationally lighter and efficient method to solve the Kohn-Sham
equation. In this method, Muffin-tin (MT) sphere approximation is used, where
the actual crystal potential is replaced by muffin tin potential as shown in Fig.
(2.2). This approximation divides the crystal into MT sphere (atom-centred
sphere) and interstitial region.Therefore the external potential has two parts

e a spherically symmetric potential v(rg) within a atom centred sphere of
radius Sgp

e a constant potential in the interstitial region as expressed in the following
equation:

(2.17)

(rr) = v(rg) forrgr < Sg,rr =|r —R|
U\TR) = —vg for rp > Sp

The radial part of Schrodinger’s Equation within MT sphere can be written as,

position - actual crystal potential

AARAS

L atomJ approximate potential

core

»
>

potential

Figure 2.2: Schematic diagram of Muffin-tin potential which can be described by
spherically symmetric potential within MT radius and constant potential in outside
interstitial region between two neighbouring MT potential wells.

2 l(l+1)

[dr% %

— IQZ]TRQRL(T‘R, 6) =0. (218)

In the interstitial region the radial part becomes,

1l +1)

[dr% r2 — K21 rORL (TR, €) = 0, (2.19)
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where x* = ¢ — vy. Inside the MT sphere, the solution of Eq. (2.19) is a partial
wave which is product of radial part and spherical harmonics and outside the
sphere the solution becomes plane wave where the expansion can be made in terms
of Neumann and Bessel Functions. These two solution must have continuous and
smooth matching at the sphere boundary. Though this approach is accurate
but computationally heavy as the basis set are energy dependent. Following
Anderson’s proposal of lineraization, [26] the muffin tin spheres are replaced by
the space filling atomic spheres. This approximation is known as atomic sphere
approximation(ASA). Within ASA| the basis function can be written as,

Xrr(TR) = Ori(TR) + Z é%/y (re)hs L ke, (2.20)

where ¢ is the linear combinations of the ¢'s and its energy derivatives ¢'s The
matrix h* is given by,

h=C%—¢, + (AY)Y25%(A%), (2.21)

where C* and A“ are the diagonal potential matrices commonly known as band
centre and band width respectively. They depend on the potential inside the
sphere, chosen screening parameter a and on sphere radii. S is known as the
structure matrix which depends on the representation and the geometrical ar-
rangement of the atomic sites.

2.4.2 N Order Muffin Tin Orbital (NMTO) - a down-
folding method

The single electron part like hopping integrals or the onsite terms of a correlated
Hamiltonian can be calculated from the low energy, few band calculation instead
of full Hamiltonian which can be achieved through downfolding technique. In this
technique the basis set is divided into two parts (lower |/ > and upper |s >) and
full Hamiltonian is reducted into the lower subset Hj; in such a way that the lower
[ eigenvalues of original Hamiltonian and the eigenvalues of Hy are similar. This
introduces additional energy dependency which can be overcome by linearizaton
procedure in LMTO method. The execution of downfolding technique method
in LMTO does not reach the accuracy for massive downfolding technique as
downfolded bands span in a small energy window. A betterment has been done
by N** order MTO or NMTO method which treats the interstitial region in a
more accurate way and goes beyond linear approximation. Like LMTO, NMTO
also considers the partial waves within atomic spheres. Screened spherical waves
(SSW) replace Neumann functions in the interstitial regions. The Kinked partial
waves (KPWs) are defined by the combination of partial waves and screened
spherical waves. The basis set is constructed by the Lagrange interpolation of
partial waves at (N+1) energy points. Therefore the basis set is energy selective
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and hence it is possible to consider a narrow energy window from the full DFT
band structure. In this method, one can integrate out the irrelevant orbitals and
the effect of re-normalization from integrated out orbitals is taken into account.
Thus the renormalized effective few orbitals low energy Hamiltonian can serve as
Wannier like orbitals. The effective hopping parameters, on-site energies can be
obtained from the real space representation of this downfolded Hamiltonian.

2.4.3 The plane wave based method

In the plane basis, the Kohn-Sham wavefunction can be expanded as

Ui (r) = €7~ Cakr)e’@, (2.22)
G

where G is the reciprocal lattice vector and C(¢(kr) is the plane wave coeffi-
cient with normalization condition )" |Cq(kr)|* = 1. In reality computational
implementation needs a truncation of the sum upto a finite cut-off. The cut-off

is defined in terms of plane wave kinetic energy cut-off as:

k 2
Ik + Gl

Me

The physical quantities are calculated after checking the convergence in terms of
energy cut-off. The main advantages of plane wave basis set are

e The basis set does not depend on the atomic positions and species.

e The forces acting on the atoms known as the Hellman-Feynman forces can
easily be calculated and no basis set correction is required.

e [t has the advantage of changing real space representation to momentum
space representation using Fast Fourier transformation (FFT).

The main disadvantage of plane wave basis set is that one needs a large number
of plane waves to accurately describe the wavefunctions in the core region as the
electrons in this region are tightly bound to the nucleus and the wavefunctions
are highly oscillating due to the orthogonality constraints with the electrons in
the valence state.

This difficulty can be overcome through the pseudopotential approximation.
The basic idea of pseudopotential can be explained as following. The actual po-
tential is deep and attractive in the core region. Valence electrons gain kinetic
energy due to the rapid oscillation in the core region, which behaves as repul-
sive potential. The valence wavefunctions can be considered as smooth nodeless
pseudowavefunction within the core region which is identical to the actual wave-
function outside the core region as shown in Fig. (2.3). Hence far less plane
waves are required to describe the valence wavefunctions.
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Figure 2.3: Comparison between all electron (solid line) and pseudo (dashed line)
wavefunction and potential. After a cut-off radius r., they match with each other. The
picture is adapted from wikipedia.

Various methods have been developed to construct more accurate and efficient
pseudo-potentials (PS) in last few decades. Three kinds of pseudopotentials exist
which are widely used in electronic structure calculation using plane wave basis.

e Norm conserving pseudopotential: It has an extra constraint that the
norm of the pseudo-wave function [27] within the core radius must be equal
to all-electron (AE) wavefunction and outside the core region these two
should be identical. In real situation, it needs a large plane waves for
strongly localized orbitals like 3d and rare earth elements making the situ-
ation computationally expensive.

e Utltrasoft pseudopotential: The previously mentioned situation was im-
proved by Vanderbilt [28], where the constraint of norm-conservation was
relaxed and localized atom centred augmentation charges were introduced
to compensate the charge deficit. The charge density difference between
the AE and the PS wavefunction is considered as the augmentation charge.
Only for the augmentation charges, the moments and the charge distri-
bution of the AE wavefunction can be restored accurately within a small
cut-off radius.

e Projector augmented wave (PAW) method: The method was in-
troduced by Bloch [29] and it is widely used to determine the electronic
structure calculation for transition metal oxides within plane waves due
to high accuracy, light computational cost with respect to other methods.
The detailed description can be found in section 2.4.5. In our calculation
we considered PAW method as implemented in VASP. [23]
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2.4.4 The Linearized Augmented Plane Wave (LAPW)
method

Augmented Plane Wave (APW) basis set is more useful for the information that
inherently lies in the region near the nucleus than pseudo potential methods. The
behaviour of the electrons can be described by atomic like wavefunctions in the
region close to nuclei, whereas the electrons are de-localized in the region far from
the nuclei and can be described by plane waves. So the space can be divided into
muffin tin spheres and interstitial region as was discussed in the LMTO method in
the previous section. The linearized version of Augmented Plane Wave (LAPW)
basis, following Andersen’s linearization approach [26], is expressed as,

Zl,m(A?m’R(I)LR(TRy Ev)—l— (B?m;Rd)LR(TR, EU))fOF TR S SR

Xq(r,€) = { eilar) for rp > Sk (2.24)

where the coefficients A;]m; g and qum; r can be obtained by matching boundary
conditions. It can be achieved by expanding the plane wave solution in the
interstitial in terms of Bessel functions ji(rg;¢). In principle exact matching
requires a large number of [ values, but to simplified the problem it is truncated
at some value [,,,,. Therefore l,,,, is a crucial parameter in band structure
calculations using LAPW basis set and a reasonable choice is required and the
condition is

RiKma:r: = lma:w

where R; is the radius of i*® MT sphere and the cut-off for the plane waves is
determined by K,,.;. The term R™"K,,,, controls the accuracy of the basis
where R™™ is the smallest MT sphere radius in the unit cell.

In LAPW, the core states that do not participate in chemical bonding, are
treated as in free atoms, but subject to the potential due to the valence states.
The problem arises in order to treat the semi-core states, which lie in between
core and valence states. In order to solve this problem an additional set of basis
functions can be added. They are known as ”local orbitals” and consist of a
linear combination of two radial functions at two different energies and one energy
derivative at one of these energies:

¢an? = Alm;RCbLR(TR; 61/1) + Blm;RchR(TR; Eul) + Ozm;R¢LR(7“R; Euz)-

The coefficients are determined by the requirements that ¢“© should be normal-
ized and should have zero value and slope at the sphere boundary. Though adding
local orbitals increases the LAPW basis set size, still their number is quite small
compared to typical LAPW basis set size of a few hundred functions. The prob-
lem with the APW method was the energy dependence of the basis set, which is
removed in the LAPW+LO method, however at the cost of a somewhat larger
basis set size.
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2.4.5 The Projector Augumented Wave (PAW) method

PAW method [29] connects the idea of LAPW method with existing plane wave
pseudopotential approach. Within this formalism, a linear transformation 7 maps
the PS wavefunction ¥, to AE wavefunction ¥,

U, =7170,. (2.25)

The transformation v has a contribution from atom-centred part 7z apart from
identity

T=1+) 7k (2.26)
R

An augmentation region 25 is considered surrounding atom in which the local
contribution 7 can act. This augmentation region is equivalent to muffin tin
sphere in linear methods and core region in pseudopotential method. So, out-
side this region AE and PS wavefunction are same. The AE wave function as
transformed from the PS wavefunction can be written as

[Pa) = [n) + Z(W —16:)) (Bl ¥), (2.27)

where ¢; and ®; corresponds to AE and PS partial waves respectively. p; is known
as the projector function and it must satisfies the relation (f;|¢;) = d;; within Qg
for each PS partial wave. If we consider any operator A in AE space, the above
transformation can be used to evaluate operator in PS space as

A=T1"Ar. (2.28)
The Kohn-Sham equation can also be transformed in the similar manner,
(H —£S)|¥;) =0, (2.29)

where H = 7*H7 and S = 7*7 is known as pseudopotential overlap operator.

2.5 Beyond DFT exchange-correlation
2.5.1 LDA+U

"LDA+U” is one of the methods which is used to describe the strongly correlated
system. It considers the strong on site coulomb interaction (known as Hubbard
U) at highly localized orbitals like d or f 4 electrons along with the standard
LDA functional for the rest. Within this method, the energy of a system with
total number of d electrons N = > n; can be written as,

UN(N —1)

5 (2.30)

U
E:ELDA+E;ninj_
i#]
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The second term is Hubbard term and double counting is avoided by subtracting
the third term. The orbital energies can be written as

OE

1
— ). 2.31
o n) (231)

2

g, = _8LDA+U(

U
This makes occupied orbital for which n; = 1 is shifted by ) and the unoccu-

AE=-U2 |
—

U

AE = +Uj2

M
Y

Figure 2.4: Schematic representation of the effect of U in LDA electronic structure. In
the presence of Hubbard U, there is shifting of occupied and unoccupied orbitals with
respect to each other.

U
pied orbital (n; = 0) is shifted by 5 a8 shown in Fig. (2.4). It produces lower and

upper Hubbard bands which are separated by coulomb parameter U. Therefore
this method can qualitatively capture the underlying physics of strongly corre-
lated system. The two popular methods of LDA+U approach are:

e Liechestein method This method was proposed by Liechtenstein et al.
[30] in which generalized form of LDA+U functional for multiorbital corre-
lated site was introduced as follows:

EXPATU )7 (0) {n?}] = EFPAp7 ()] + EV[{n7}] — Ee[{n7}],  (2.32)

where p? is the charge density for spin o, n7, are the orbital occupancies of
correlated atoms, m denoting magnetic quantum number. The first term
ELPA[p?(r)] is the standard LDA functional and the orbital polarization is
included in the second term EY[{n°}] which is absent in LDA. It can be
written as,

1" —c

! n / "
,m

EV[{n°}] = Z{ m,m’ |Vie|m',m
{m}a

>mm
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"

—((m,m" |Vee|m',m™)) — <m,mﬁ\Vee\mW,m/>)nfn ol mt, (2.33)

where V.. represents for the screened Coulomb interactions among ni-
electrons(n and [ are principle and orbital quantum number respectively).

The last term is considered to avoid double counting and can be expressed
as,

Eae[{n7}] = %UN(N —1) - %J[NT(NT — 1)+ NY(NL-1)], (2.34)

where N°= Tr(n9, ,) and N = N'+Nt. U and J are screened Coulomb
and exchange parameters [31,32] respectively.

e Dudarev method The prescription given by Dudarev et al. [33], is a much
simplified treatment, which is the rotationally invariant approach to the
LDA+U. Within this approach LDA+U energy functional can be written
as,

[LSDA+U _ pLSDA | % Z Z NGy — Z, W | 5 (2:35)

where U and J are represented by the spherically averaged matrix elements
of the screened Coulomb electron-electron interaction. Total number of
electron can be obtained from N°= )" n,,,.In this approach the parame-
ters U and J are not considered separately, only the meaningful parameter
is their difference U — J.

2.6 Dynamical mean field theory (DMFT)

Figure 2.5: The DFMT replaces a the full lattice with interaction U onto single impu-
rity site coupled to a self consistent bath (adopted from Ref. [38]).
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The standard approach of incorporating electronic correlation beyond LDA as
mentioned in the previous section is LDA+U, based on the simplified idea of
static treatment of electron-electron correlation considering movement of electron
within a time-averaged density created by other electrons. Despite of huge success
of LDA+U in describing correlated magnetic insulators, such description fails for
correlated metals for which dynamical correlation effect is important. Specially
both LDA and LDA+4U unable to capture the quasiparticle physics present in
strongly correlated metal along with lower and upper Hubbard band. Dynamical
mean field theory, a non-perturbative method primarily developed by Metzner
and Vollhardt [35], Miiller-Hartmann [36], Georges and Kotliar [34], and Jarrell
[37] is able to describe the strongly correlated metals as well as Mott-insulator in

a single framework.
Choose an initial self
energy X
~J

Calculate G from X via k-
integrated Dyson equati

Calculate g
g=(G"+3)!

]

NO
Calculate G from g via the
quantum impurity propertie

Self
Consistent ?

ﬂ_ YES
Zis self consistﬂ'

Figure 2.6: Flow diagram of the DMFT self-consistency cycle.

DMFT maps the many body lattice problem with interaction U present on
every site onto a single site impurity problem, where the self energy > replaces
the interaction U except for a single site as shown in Fig. (2.5). The mapping is
exact for infinite dimension. The related local Greens function can be calculated
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via the k -integrated Dyson equation as,

Glwn) = [(wn + p)I — HPA(k) — B(w,)] ™, (2.36)
k

where, HIP4 denotes the Hamiltonian defined in few band description of LDA
band structure in Wannier function basis, chemical potential y is determined
through the total number of electron in a self consistent way. In the above
equation Matsubara finite-temperature formalism is used with frequencies w, =
(2n + 1)w/B where B = 1/kgT. The local Green function G(w) and self energy
) are related to the impurity Green function g, by the following equation,

gl=(2+GH) (2.37)

The self consistent DMFT scheme can be summarized as follows. At first
a trial self energy X is considered from which one can calculate the local green
function G using Dyson equation. Then g needs to be calculated from Eq. (2.37).
In the next step which is most crucial step is the solution of G from by solving
Anderson impurity model. Different solvers are used like iterated perturbation
theory [39] self-consistent perturbation theory [40], quantum Monte Carlo simula-
tions [41], exact diagonalization [42] etc. Then a new self energy can be obtained
using Eq. (2.37). The algorithm stops iteration when the convergence criteria is
reached. The flow chart is shown in Fig. (2.6).

2.7 Genetic algorithm for structure prediction

The structural information of a crystalline solid is essential to calculate many
physical properties using quantum chemical approach. The conventional way of
finding crystal structure is experimental synthesis which is time-consuming and
expensive. At high temperature and pressure, experimental data are often poor
and incomplete. The better alternative is theoretical structure prediction based
on the knowledge of chemical compositions and it has become increasingly pop-
ular as it opens new ways to design materials with desired properties. Search
of the most stable structure by minimizing energy at given external conditions
(such as pressure and temperature) is one of the long-standing challenges in the-
oretical solid state physics, chemistry, and materials science. Among the other
optimization based methods like simulated annealing [43], metadynamics [44] and
minima hopping [45], the evolutionary algorithm for crystal structure prediction
has been highly successful and popular as a method for the discovery of minerals
and materials. [46] The genetic algorithm we used in this thesis to investigate the
structures of yet-to-be synthesized compounds, is Universal Structure Predictor:
Evolutionary Xtallography(USPEX). [47,48] The key mechanism of USPEX is to
search structure on the basis of fitness value which is defined as energy obtained
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from ab-inito calculation of locally optimized structure in a evolutionary way.
Though from computational perspective, such calculations are expensive but it
provides high accuracy in predicting structures of new compounds without any
prior assumption. It also helps to avoid trapping in local minima, and is able to
compare a large variety of structures in a wide energy landscape. The critical
part of any evolutionary algorithm is to find new samples in each generation. In
a crystal the atomic positions of neighbouring atoms hold the most important
information. The crucially chosen fraction of the atomic position can provide a
significant information present in the entire crystal. Therefore rearranging such
fragments of ‘parent’ structure would provide a way to obtain new samples of
‘offspring’ structures and thus help to search the structure of the desired com-
pound in all possible way. In following section we describe the basic steps followed
by USPEX to predict the ground state structure of yet to be synthesized com-
pounds.

2.7.1 Evolutionary Algorithm

[ Generate initial population ]

[ Optimization of structures ]1

v

—[ Create new population ]7

y

«
Best individuals

Stopping criteria
acheived?

Figure 2.7: Flow-chart of genetic algorithm

The flowchart of a typical evolutionary algorithm is shown in Fig. (2.7). In the
first generation structures are randomly created for a given chemical composition.
The hard constraints such as minimal inter-atomic distances, restriction of cell
angles between 60° and 120°, least lattice vector length are checked for all the
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structures and the individuals disobeying any of the above mentioned conditions
are discarded.

Though initial population is usually created randomly but one can narrow
down the search space by providing some information such as likely candidate
structures, lattice parameters, or possible space groups etc. All the individuals
created by the algorithm are then relaxed by some external code interfaced with
this algorithm. We used plane wave based method as implemented in VASP [23]
to calculate fitness parameter. All the structures are ranked on the basis of fitness
parameter. After optimization, few weak structures are rejected and rest of the
individuals are considered as parent for the next generation. In the succeeding
generations, the offspring structures are produced from the parent structure em-
ploying different variational operators like heredity, mutation, permutation etc.
Among them heredity is the most important operator. Mutation helps in finding
immediate intermediate of a good structure which can be useful if metastable
structures are present and it may be neglected. A brief description of these op-
erators is given below.

Heredity

(a)

Figure 2.8: Example of heredity operator : (a) parent 1 (b) parent 2 and (b) newly
generated offspring structure. The structures obtained after local optimization
are shown here. [Taken from Ref [49].]

In this process, two parent structures are used to produce a new offspring
structure. This operator considers two spatially coherent (in terms of fractional
coordinate) fractions from each of the individual and combines them together
to obtain a daughter structure. In more detail, a random number is chosen
between 0 and 1 and is stored as the value for the fraction (z). Now from the
first individual, atoms with fractional coordinates lying between 0 and x and that
from the second individual having values between x and 1 are considered as two
different slabs. Now these two slabs are joined together to form a new individual.
If the number of atoms in the new individual is greater than original one, the
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extra atoms are removed in a random manner. In case there is less number of
atoms, the adjustment is made in the following way. The particular type of atom
for which the adjustment is required is chosen in a random manner from the
parent individuals which was absent originally in the offspring. This process is
repeated until the number of atoms gets corrected. The lattice parameters of the
offspring are weighted averages of two parent individuals. Fig. (2.8) shows an
example of generation of offspring through heredity operator.

Mutation

Figure 2.9: Structure produced by mutation : (a) Parent structure (b) Mutated struc-
ture presented after local optimization. [Taken from Ref [49].]

A new individual is produced from a single parent structure where a random
symmetric strain matrix is applied to transform the lattice vector @ of the parent

structure to a new lattice vector a’ of the offspring:

ﬁ
d =+,
where I and €;; are unit matrix and symmetric strain matrix respectively, such
that

ten % %
Trel=| % leem %
g g
B ltew

The strain components €;; are taken from Gaussian distribution having zero mean.
An example of mutated structure is shown Fig. (2.9).
Permutation

One parent structure produces a offspring by swapping two heterogeneous atoms
few times. Permutation is only possible for the systems where more than one
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Figure 2.10: Structure produced by permutation : (a) Parent structure (b) permuted
structure presented after local optimization. [Taken from Ref [49].]

Enthalpy (eV)

Generation Number

Figure 2.11: Evolution of structures as a function of generations.

type of atoms exist. Fig. (2.10) shows a offspring (b) which is produced from (a)
by permutation.

In the next step, the offspring which are created by above mentioned varia-
tional operators, together with a few best structures from the previous generation,
constitute the next generation. This process is repeated until no lower-energy
structures are produced for sufficient number of generations as shown in Fig.
(2.11). Another potential strategy can be adopted to reduce the computational
cost significantly is ”Seeding”. In seeding different relevant structures of similar
compounds are inserted in different generations in adhoc manner. The structures
from previous calculations can also be provided as seed. While it incorporates
bias in the search and can be misleading for the prediction, but careful implemen-
tation makes the method very efficient and helps to converge in correct ground
state within a short time.
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2.8 Finite temperature calculation

In this thesis besides DFT we also did finite temperature calculation. The model
Hamiltonians were developed as per requirements of the problems and were solved
using Monte Carlo and a combined method of exact diagonalization-Monte Carlo
technique. Brief description of these methods are provided in the following sec-
tions.

2.8.1 Monte Carlo method

Monte Carlo is a widely used Metropolis algorithm where numerical results are
obtained through repetitive random sampling. The central idea is based on the
random walk through the generation of random number followed by acceptance
or rejection decision. The algorithm is briefly described here for spin systems.
Consider a system of Ising spins with two states S and S’, obeying Boltzmann
distribution.

The acceptance probability of S to S’ can be written as,

e AEIT i f NE = E(S) — B(S) >0 "uphill”

1, else " downhall” (2.38)

A(S = 5 = {

Within this algorithm,

e The move is accepted if e=2F/T > 1

AB/T < 1. the value is compared with a random number

—AE/T

e In case of e~
between 0 and 1 and the move is allowed if r < e

In practical purposes, to model any spin system one needs to specify the lattice
size (cubic lattice of size L x L x L is considered in this study) and also the
proper periodic boundary condition. Next a primary spin configuration will be
considered with either all spins are up or down. The self-consistency condition
can be reached by following these steps,

e At first one lattice site 7 is selected randomly.

e The spin in this site is considered for flipping and corresponding energy
difference AF is calculated.

e Then the transition probability is calculated from this energy difference.

e The decision of the spin flipping is made by a random number as described
above. If the spin flip is allowed, then this configuration is considered as a
new configuration.
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e The properties of this resulting configuration is stored to calculate required
averages. So, if one has interest on calculating the total magnetization M;,,
then it can be updated by M, by M, + 25;.

In this thesis, this method is employed to calculate the temperature dependent
magnetic behaviour. The effective spin model [50] considered in this case is

€ff{S}N Z ’L]V 1+S S (239)

<<Lig>>

where D;; are considered as nearest neighbour and next nearest neighbour mag-
netic interactions and were obtained from DFT total energies of the different
magnetic configurations. The details can be found in Chapter 5.

2.8.2 Exact Diagonalization Monte Carlo (ED-MC) method

In exact diagonalization a finite size lattice is considered and few lowest en-
ergy eigenvalues and eigenvectors are determined to calculate the various ground
state expectation value. The commonly used method in exact diagonalization
is Lanczos method. [51] The main disadvantage of exact diagonalization is that
the computational cost increases exponentially with the lattice size. Although
most of the time the matrix is sparse but still it is beyond the computers memory
storage. The way to solve the problem is block to diagonalize the Hamiltonian
which produces smaller matrices along diagonal and to calculate the ground state
properties one requires only the smallest eigenvalues from each of the small ma-
trices.

Additionally Monte Carlo simulation combined with exact diagonalization method
can help to study the behaviour of different physical properties as a function of
temperature. Metropolis algorithm used in Monte Carlo simulation generates the
equilibrium configuration at finite temperature. In classical system spin update
costs O(zN), for N being the system size and z is coordination number. In case
of spin-fermion problem the cost is determined by the fermion free energy. If
one uses exact diagonalization of the Hamiltoninan for this purpose, the cost per
site becomes O(N?) and that of system update cost is O(N?). Despite of this
huge computational cost this method which is known as ED-MC is being used
successfully to capture several aspects of magnanite physics. [52] To overcome
this size limitation ”travelling cluster approximation” (TCA) [53] is used which
can handle the larger system. The following strategy is used in ED-MC: at first
an arbitrary spin configuration {n} = {ny, s, ..} is considered and one needs to
compute the total energy e{n} by exact diagonalization. Then it tries to update
the spin configuration {n} to {n’} which is done within Metropolis algorithm.
Total energy {n'} of the corresponding spin configuration is computed in the
next step. If e{n'} is already lower in energy than £{n}, the new configuration
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will be accepted. If e{n'} is greater than e{n}, the move will be allowed with a
probability o< exp(—AE/KT) at finite temperature T. Thus it helps to reach the
equilibrium and then different thermal averages can be computed. The results
obtained using this method are discussed in detail in Chapter 3 and Chapter 4.

2.9 Machine Learning

Over past two decades, Machine learning (ML) has become a very useful tool
in information technology and recently it has been used in the search for novel
functional compounds. It is based on the principle where it finds pattern from
the past (the available literature) and use it for prediction in future (material
discovery). The procedure of ML adopted in this thesis can be described in four
steps as shown schematically in Fig. (2.12). Brief description of each steps are
described in the following section.

EE
Q| =

L_gab HERNUEERRQ
v (x]
&

RREE
)
[x]

]
A

[

I
]
)

A
&
RIKRIR]

Database construction Data pre-processing Model Construction Prediction of new
Instances and Attributes Normalization, Outlier elimination, Choice of algorithm, conpounds
Attribute selection through heat map Handling data imbalance

Figure 2.12: The steps adapted for screening of stable compounds, following the
machine-learning algorithm. Shown are the schematic representations.

2.9.1 Database construction for model training

The database consists of (i) Instances : It can be thought as individual indepen-
dent examples from which one needs to build the concept. Instances are collected
from the existing literature and are classified or clustered based on some proper-
ties. (ii) Attributes : The corresponding features or characteristics which repre-
sent the uniqueness of a particular instance. The choice of proper set of attributes
is an crucial part in machine learning. The attributes which are used in this work
are based on either chemical or structural properties of the instances. The choice
of such attributes make the database construction easier as these attributes can
be obtained without any computational study.
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2.9.2 Data preprocessing

Data preprocessing in machine learning is essential to improve the quality of the
raw data by transforming it to a meaningful format. Besides, it helps in under-
standing the underlying trend in the dataset. In this study, data preprocessing
comprised of normalization using bootstrapped sampling technique, removal of
outliers and elimination of correlated attribute through heat map which can be
summarized as follows:

:
E — N — e
] [ ]
L] 1
Remove a section of
data with size ratio

X(retained): Y (removed)

Replicate and replace a set of Bootstrapped set
size Y from set X (randomly)
for a number of times.

Figure 2.13: Creation of Bootstrapped dataset by random re-sampling and re-
placement in the original dataset

Bootstrapping and Z-score Normalization

Since the attributes in the dataset contain a wide range of numerical values,
normalization helps in bringing them to an equal footing while keeping the differ-
ence in the range of the values unchanged. Normalization has been implemented
through Z-score normalization method given by :

S
Yo 2T Hx

0x

where X is the normalized attribute set, X is the original attribute set, uy and
ox are population mean and variation. Since the true value of the population
mean and variation cannot be calculated directly as we do not have the entire
distribution, it has been estimated from the dataset itself. We have used a naive
bootstrapping method which replicates several subsets of the actual dataset by re-
sampling the dataset with random replacement. The bootstrapped datasets are
created by replacing 1/4 of the original dataset with randomly picked values from
the remaining part of the dataset. This process is continued until the averaged p x
and ox of two consecutive steps differ by a threshold value. The final averaged px
and ox are used in normalization. A schematic representation of bootstrapped
method is shown in Fig. (2.13).
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Figure 2.14: Determination of outlier data through box plot. (a) 50% of distri-
bution lies between interquartile range and Q2 divides the distribution into two
equal parts so it is the median of the distribution. (b) Lower whisker and up-
per whisker are determined by Q1-1.5xIQR and Q3+1.5xIQ respectively. For a
Gaussian distribution 99.3% of values are found within this range and only 0.7%
data are outliers.

Removal of outlier data

The next step of data preprocessing is removal of instances corresponding to
outlier data in the normalized dataset. The entire normalized dataset is rank
ordered and divided into four equal parts. Each part are named as first, second
and third quartile with notation Q1, Q2 and Q3 respectively as shown in Fig.
(2.14). Interquartile range (IQR) is defined as difference between Q1 and Q3
which measures the spread of the dataset. Box plot is a standard method to
visualize the distribution of data in terms of quartile numbers. Any data point
is considered to be an outlier if it lies below Q1-1.5xIQR or above Q3+1.5xIQR
as shown in Fig. (2.14-b).

Attribute selection

The next and final step involves finding correlation between a pair of attributes
using Pearson correlation coefficient, defined as,

> (i — —7)
i= (2.40)
\/Zz (i — ) \/Zz Ly —

Here n is the sample size, x;, y; are sample points and  and y are the sample
means. The range of absolute value of r lies between 0 and 1. If it is close to 1, the
two corresponding attributes are highly correlated. To remove any possibility of
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Figure 2.15: Heatmap representing correlation among different attributes. Dif-
ferent colors indicate the strength of their correlations. Weak or no correlation
is represented by blue boxes in the plot and strong correlation is represented by
yellow boxes in the plot.

introducing bias to the machine learning model, such correlation must be avoided,
and so one of the correlated attributes is discarded. Fig. (2.15) represents a heat
map where the correlations between different attributes are shown using Pearson
correlation.

2.9.3 Model selection

The final and most crucial step is a suitable choice of machine learning algorithm
that can efficiently capture the underlying pattern in the dataset. In this thesis
the machine learning algorithms used for classification are based on decision tree
which is described in the following section.

Decision tree

Decision tree is the most robust and frequently applied technique in machine
learning used for classification and regression. The idea is based on the princi-
ple of "divide and conquer”, where the entire population is divided into two or
more sections in root node, each intermediate node performs test on a partic-
ular attribute, branches are generated as outcome of the test and leaf node or
terminal node represents a single class level without any further splitting. The
tree is drawn from top to bottom manner. At first one attribute is chosen and
placed in the root node and splitting is done for all possible value of this par-
ticular attribute and each branch has a particular value of the attribute. The
process is repeated in a recursive way until all the instances of a node are with
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same class and it stops growing for that section of the tree. The crucial thing to

O Root node
O Intermidiate node
O Leaf node

Figure 2.16: A schematic representation of decision tree.

determine which attribute to choose at root node and other intermediate nodes.
This decision is taken by calculating information gain which can be obtained in
terms of entropy estimated from the amount of uncertainty present in a data set
S. The entropy can be written as,

Entropy = — Zpilogﬂ?i (2.41)

i=1

where p; is the proportion of a particular class ¢ that is present in the con-
sidered node. The entropy is zero for a perfectly classified set. The information
gain which can be measured by taking the difference between the entropies of
before and after spiting into a node or in other words the reduction of entropy
for a particular set S when it splits on the basis of a particular attribute. The
attribute with highest information gain is considered in the root node and then
the procedure is repeated for other sub trees until the desired tree is obtained.
Decision tree has advantages as it is less expensive computationally, can handle
both continuous and discrete variables, and one can get a clear understanding
about the factors which is important for classification. A schematic of typical
decision tree can be seen in Fig. (2.16).

Machine Learning Algorithm

Initially four tress algorithms namely J48 [54], random tree [55], random for-
est [56] and REP tree [57] have been considered to make the classification. It
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is found that random forest algorithm provides the best result among these four
algorithms. Random forest (introduced by Ho [58] and further developed by Leo
Breiman [59]) by is found reliable for classification problems and it has been suc-
cessfully used in many cases in material informatics. Random Forest algorithm
is an example where multiple decision trees are build and their individual predic-
tions are merged to provide a final prediction which is more precise and accurate.
Each tree in the forest is grown in the following manner :

e Several data sets are required to create from original dataset. Let us con-
sider the number of instances in the original set is N. Now to create a new
data set with N instances, one needs to draw some samples randomly and
replace them from the rest of the samples. Different trees are grown using
these data sets.

e If there are K number of attributes, each node uses a variable n such that
n << K where n attributes will be picked from K at random and the best
split is chosen for growing the node. During the development of forest, the
value of n is kept invariant.

e No pruning is required for the growing of trees. Trees are allowed to grow
to the largest possible extent.

e For prediction, one needs to count the votes for a predicted class from each
tree, and the most voted one is considered as the finally predicted class.

Unlike other tree, it can overcome the disadvantage of data over-fitting. As
Random forest creates multiple trees, it helps to incorporate additional random-
ness to the algorithm and delivers a more robust model. In this study random
forest is built using 100 decision trees. The k fold cross validation is used to check
the accuracy and dependability of the model. The method works by randomizing
and splitting the entire learning set into £ parts. Each part is held out once as
a test set and the remaining k& — 1 fold are used to train the model. Finally,
a cumulative accuracy measure from this £ number of run are produced. The
advantage of this method is, each instance is assigned to a group for the entire
process, and hence, becomes a part of test set one time. A value of £ = 10 has
been used in our study, presented in Chapter 6.

Handling of class imbalance by cost sensitive method

In reality, class imbalance is one of problems that often arises and can hinder
the performance of the ML algorithm. It incorporates bias in the model due to
the fact that large number of samples belong to a particular class with respect
to others. Cost sensitive learning is commonly used to over this class imbalance.
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General classification algorithms work by minimizing the error rate which is the
percentage of misclassified prediction and the cost of misclassification error is
equal for all classes. But in practical cases especially when the data set having

Find probability estimation of
classifying an instance x by
Random Forest.

g

Find Prediction Cost R(i | x) for
class 1 and class 0 for the instance x.

g
f®%

[ R(class 1| x) ] [ R(class 0 | x) ]
< R(class 0 | x) <R(class 1 | x)

J J

| Instance x is class 1 | | Instance x is class 0 |

Figure 2.17: Flowchart of cost sensitive learning. Here Class 1 represents the
positive class and Class 2 represents the negative class.

class imbalance, the difference of misclassification error between minority and
majority classes become important. Hence cost sensitive learning considers cost
of misclassification of different classes separately. The cost sensitive algorithm
can be summarized as follows. Without loss of generality binary classification
(positive class denoted by 1 and negative class denoted by 0) can be considered
to describe the method. The cost matrix is a 2 X 2 matrix in this case where the
diagonal elements denote true negative, true positive and off-diagonal elements
represent false negative and false positive respectively. A instance x classified
into class can be expressed in terms of expected cost R(i|x) as:

Rilx) = ZP(J‘IQJ)C(@}J')

where P(j|z) is the probability estimation for classifying an instance x into class
j and C'(i,j) represents the elements of cost matrix. So an instance z will be
classified into positive class if:

P(0]2)C(1,0) + P(1]2)C(1,1) < P(0])C(0,0) + P(1]2)C(0,1)
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Considering the cost of correct classifications equal to zero, we can rewrite the
previous expression as:

P(0]2)C(1,0) < P(1]2)C(0, 1)

Since P(0]x) = 1—P(1]x), we can define a threshold p* for classifying an instance
x into class 1 if P(1]z) > p* with

¢(1,0)
C(1,0) + C(0,1)

*

p:

This can be implemented as follows. If negative examples are considered as
majority class then all the components should be multiplied by ggé?g which is
less than 1. This is generally termed as ”under-sampling of majority class”. Cost
sensitive learning can be achieved in two different ways. In the first case which
is called direct cost-sensitive Learning where miss-classification cost is utilized
within the learning algorithm itself. The second one is known as cost-sensitive
meta learning [60] where cost sensitive (meta-learning) wrapper is used to convert
cost insensitive classifier (in this thesis we used random forest algorithm) into a

sensitive one as shown in Fig. (2.17).

2.9.4 Prediction of new compounds

Finally, the developed machine learning model is used to predict the class of new
instances. For that one needs to create a dataset containing new instances and
the corresponding attributes considered at the time of learning of the algorithm.
The trained algorithm predicts the class of each instances in terms of some prob-
ability. The instances with high prediction rate are generally accepted for further
investigation. In our case the instances are unknown compounds. The details are
discussed in Chapter 6.
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Chapter 3

Magnetism in SroCrMoOg: A
Combined Ab-initio and Model
Study*

3.1 Introduction and motivation

The family of double perovskite compounds with general formula A,BB'Og are
in limelight after the report of low field magnetoresistance and half-metallicity in
SroFeMoOg (SFMO). The high magnetic transition temperatures (7..) exhibited
by the compounds like SFMO, open up the possibility of room temperature appli-
cation. [1,2] In this context to understand the dependence of 3d transition metal
(TM) ion on the properties of these compounds, many double perovskites with
3d transition metal at B site have been investigated. Following this motivation,
Cr-based double perovskites have been synthesized and studied, [3] in particular,
the sister compound of SFMO, SroCrMoOg (SCMO). [4] Like SFMO, SCMO is
also a half metal with high transition temperature of ~ 420K . Unlike in SFMO,
there can be no valence compensation between Cr and the Mo in SCMO: Cr can
only be in the 3+ state making Cr*"/Mo®" only possible combination, while for
SFMO, both Fe*™/Mo>" and Fe?™/Mo5" combinations are possible. Thus, one
can expect SCMO as an even better candidate for room temperature spintronics.
But unfortunately, the observed moment [5] and the magnitude of the tunnel-
ing magnetoresistance were found out to be disappointingly low although the
measured transition temperature of SCMO is high. [4,6] The large antisite dis-
order estimated to be as high as 43-50 %. [4,7] together with oxygen vacancy [6]

*This chapter is based on publication : Prabuddha Sanyal, Anita Halder, L. Si, M.
Wallerberg, K. Held and Tanusri Saha-Dasgupta, Phys. Rev. B 94, 035132 (2016).

66



3.1. Introduction and motivation 67

were held responsible for lowering the magnetic moment. To appreciate the role
of 3d TM in the properties of double perovskites, it is thus highly desirable to
understand the electronic and magnetic properties of pure, defect free SCMO.

There are few theoretical studies available on SCMO which were carried out
within the framework of DFT. [8,9] However in these studies, no microscopic
analysis has been provided. The transition temperature has been calculated in a
single study, where a mean field analysis of the finite temperature behavior has
been carried out, [10] but based on classical Ising model, which neglects com-
pletely the itinerant electronic character of Mo 4d electrons, a crucial component
in understanding the behavior of these 3d-4d double perovskites.

SFMO SCWo
0.13 eVy 4 Cr-12g W2}
t2g 4 N ==t o Rt
&Y T009 eV Ty [063 eV S &5
g v 5 Wizl - >
' “'é‘,;—tn.(m v S
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Figure 3.1: The energy level diagram for (a) SFMO and (b) SCWO, in the absence
and presence of the B-B’ hybridization. The energies are in units of eV. Figures
are adapted from Ref [11], [12].

Furthermore, the hybridization driven mechanism of magnetism has been
identified [13] as the driving force in setting up the high Curie temperature
in compounds like SFMO (see the energy level diagram of Fig. (3.1-a)) as al-
ready discussed in section 1.5.2. As it appears, SFMO is not only example show-
ing hybridization driven magnetism. The energy level diagram of SroCrWOgq
(SCWO) [3] which is a double perovskite from the Cr family but with 5d W in-
stead of 4d Mo shows a remarkable similarity with SFMO. Note, SCWO is also
a member of half metallic ferromagnetic double perovskite family with transition
temperature of ~ 458 K. The energy level diagram of SCWO as shown in Fig.
(3.1-b) reveals that the W ty, levels lie between the exchange split of Cr ty, levels.
Thus introduction of hybridization between Cr and W, induces a renormalized
spin splitting at otherwise nonmagnetic W site, as found in SFMO.

Therefore to understand the mechanism of magnetism operative in SCMO,
which is from Cr family as in SCWO, and from Mo family as in SFMO, we
performed a microscopic study combining the state-of-art DFT calculations and
exact diagonalization study of the ab-initio derived model Hamiltonian, compar-
ison with SFMO and SCWO.
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We further studied the effect of correlation on the half-metallic property of
SCMO by including local correlations on top of DFT within the framework of
dynamical mean field theory (DMFT).

3.2 Computational Details

The first-principles DFT calculations have been carried out using the plane-
wave pseudopotential method implemented within the Vienna Ab-initio Sim-
ulation Package (VASP). [14] The exchange-correlation functional was consid-
ered within the generalized gradient approximation (GGA) in the framework
of PW91 (Perdew - Wang 91) [15], local-density approximations (LDA) [16] as
well as GGA within the framework of PBE (Perdew-Burke-Ernzerhof) [17]. The
projector-augmented wave (PAW) potentials [18] were used and the wavefunc-
tions were expanded in the plane-wave basis with a kinetic-energy cutoff of 500
eV. Reciprocal-space integrations were carried out with a k-space mesh of 8 x 8
x 8.

In order to extract a few-band tight-binding (TB) Hamiltonian out of the full
DFT calculation which can be used as input to multiorbital, low-energy model
Hamiltonian in exact diagonalization calculations we have carried out N-th order
muffin tin orbital (NMTO) calculations. [19] In order to cross-check the TB pa-
rameters generated out of NMTO-downfolding calculations, further calculations
were carried out using wien2wannier [20]. This generates maximally localized
Wannier functions [21] from Wien2K [22] which employs a full potential linear
augmented plane wave (FLAPW) basis. For self-consistent DFT calculation in
the FLAPW basis the number of k-points in the irreducible Brillouin zone was
chosen to be 64. The commonly used criterion relating the plane wave and an-
gular momentum cutoff, l,,,.. = Ry X Kiuee Was chosen to be 7.0, where Ryr
is the smallest MT sphere radius and K,,,, is the plane wave cutoff for the basis.
The chosen atomic radii for Sr, Cr, Mo and O were 1.43 A, 1.01 A, 1.01 A, and
0.87 A, respectively.

The DET+DMFT calculations [23,24] have been carried out using the wien2-
wannier [20]-derived maximally localized Wannier functions of Wien2K as a start-
ing point. For the interaction values we chose the typical values for 3d and 4d
transition metal oxides. The choices were: interorbital Coulomb repulsion of
U = 4eV (24 eV) and a Hund’s coupling Jyg = 0.7¢V (0.3 eV) for Cr (Mo)
as estimated for neighboring vanadium [25](ruthenium [26]) perovskites. The in-
traorbital (Hubbard) repulsion follows from orbital symmetry as U = U’ + 2Jg;
and the pair hopping term is of equal strength as Jy. As a DMFT impurity solver,
continuous-time quantum Monte-Carlo simulations [27] in the w2dynamics [28§]
implementation was used which includes the full SU(2) symmetry. The effect of
electronic correlations beyond GGA, within the framework of static theory was



3.3. Results 69

also checked by performing GGA+U calculations with choice of same U param-
eters, as in DMFT calculation. We have also checked the validity of our results
by varying the U value by +/-1 eV at Cr site, and by +/-0.5 eV at Mo site. The
trend in the results was found to remain unchanged.

3.3 Results

3.3.1 Basic DFT Electronic Structure

We first revisit the basic DFT electronic structure of SCMO, which has been
calculated before using variety of basis sets, including plane wave, [29] LAPW [§]
and LMTO. [9] SCMO crystallizes in the cubic Fm3m space group (225), with
lattice parameter of 7.84 A. [6] The crystal structure of ordered SCMO is shown
in Fig. (3.2) where Cr and Mo octahedra are in rock salt ordering.

Figure 3.2: Crystal structure of SCMO: CrOg and MoOg octahedra are presented
in violet and grey colour respectively. Sr and O atoms are shown in green and
red balls respectively.

The Fig. (3.3) shows the spin polarized density of states (DOS) calculated
in a plane wave basis. The basic features of the DOS are similar with previous
studies [8,9,29]. The states close to Fermi level, Er, (set as zero in the figure),
are dominated by Cr and Mo d states hybridized with O p states. The states of
dominant O p character are positioned further down in energy, separated by a
small gap from Cr and Mo d states. Empty Sr states are not shown in the energy
range of the figure, remain far above Ep. The empty Mo e, states lie far above
Er as a result of the large octahedral crystal field at Mo sites. The Cr ¢, states
are occupied in the up spin channel and empty in the down spin channel. Cr
e, states are empty in both spin channels, in agreement with the nominal Cr¥*
(d®) valence. The empty and highly peaked Mo ¢y, states in the up spin channel
appear in between the crystal field split Cr ¢y, and Cr ¢, states for the same spin.
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Figure 3.3: Spin-polarized DOS projected onto Cr ¢y, (black solid line), Cr e,
(red solid line), Mo t5, (blue solid line), Mo e, (green solid line) and O p (shaded
yellow area). The zero of the energy is set to the Fermi energy.

In contrast for the down spin channel, the Mo t5, hybridize more strongly with
Cr t9g, which explains their much larger bandwidth.

The above described basic features for B and B’ states, are rather similar for
SCMO and SFMO, [11] and in that respect also for SCWO. [12] We noticed that
the main difference between the DOS of SCMO from both SFMO and SCWO is
the hybridization between B t,, and B’ tag in the down spin channel. It is found
to be significantly lower in SCMO compare to that of SFMO or SCWO. [11,12]
A measure of this is the Cr contribution in the down spin bands crossing Eg of
predominant Mo character. We estimated this contribution or admixture to be
35% for SCMO, while the corresponding estimates for SCWO and SFMO are
much larger, 66% and 72 %, respectively.

The top rows in Table (3.1) show the calculated magnetic moments at Cr and
Mo sites, as well as the total moment in three choices of exchange-correlation
functionals, GGA-PW91, GGA-PBE as well as LDA in order to check any pos-
sible influence of the exchange-correlation functional on the calculated electronic
structure. In all cases, the half-metallic nature of the ground state is found to
be robust with the total magnetic moment of 2.0 pup/fu. (cf. Table (3.1)) and
finite moments residing at O sites. As is seen, while the individual moments
on Cr and Mo are found to vary depending on the nature of approximation,
the magnetic moments on Cr and Mo site being aligned in an antiparallel man-
ner, the enhancement/reduction of individual moments cancel, thereby retaining
the half-metallicity and net moment of 2 pp/f.u. We found that our calculated
GGA magnetic moments at Cr and Mo sites are in good agreement with that
reported by Liet et al. [29] whereas, the calculated site-specific moment reported
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Sr Cr Mo total

LDA 0.00 -2.18 0.32 -2.00
GGA-PW91 0.00 -2.29 0.43 -2.00
GGA-PBE 0.00 -2.36 0.49 -2.00
GGA+U 0.00 -2.54 0.58 -2.00
DMFT 0.00 -2.84 0.84 -2.00

Table 3.1: Calculated magnetic moments (in pg) within LDA, GGA-PWO1,
GGA-PBE, GGA4+U and DMFT. Note that within GGA there is also a mo-
ment on the oxygen sites which is accounted for in the Cr and Mo moment in
DMFT as the predominately metal d Wannier functions also have some oxygen
admixture.

by Wu [9] is much smaller than that of our as well as that of Liet et al. [29]
This is presumably due to different choices of the muffin tin radii as well as the
exchange-correlation functional.

The magnetic moments as measured in experiments are significantly smaller
than the theoretical values. Experimentally, the total moment is only 0.5 upg [5]
and the moment on the Cr sites is 0.8 pp. [30] This discrepancy can be argued
in terms of the presence of large disorder in the sample. [6]

We notice that the value of the calculated GGA-PW91 magnetic moment at
the Mo sites (0.43 ) is larger than the calculated B’ site moment for SFMO (0.23
wp) and SCWO (0.30 pp). This indicates a weaker itinerancy of the Mo electrons
in SCMO, compared to SFMO or to that of W in SCWO, which suggests that a
small, but finite intrinsic moment develops at the Mo site as a consequence of the
weaker hybridization between Cr and Mo. The suppression of the hybridization
and the reduced itinerancy of the Mo ¢, electrons in SCMO has been also pointed
out in the study by Wu, [9] though no detailed understanding of the mechanism
of magnetism was provided.

3.3.2 DMFT Spectral Density

In order to study the effect of electronic correlations, specially the dynamical
correlation which may be important for SCMO due to the metallic nature of the
ground state, we further carried out DMFT calculations in the Wannier function
basis. Fig. (3.4) shows the DMFT spectral density calculated at a temperature
of 200 K. We restricted the DMFT to the low energy degrees of freedom, i.e., to
the “ty,” orbitals of Mo and the “f,” and “e,” orbitals of Cr (These low energy
orbitals are actually a mixture between predominately transition metal 5, (e4)
character with some admixture of oxygen p character). We supplemented the
DFT low-energy Hamiltonian in the Wannier basis by a local Coulomb interaction
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Figure 3.4: Upper panel: GGA-PW91 DMF'T spectral density, calculated at 200
K within the Mo ¢y, and Cr t9; + €, Wannier basis. [31]

in Kanamori parametrization. For details see Ref. [28].

The spectrum shows qualitatively similar behavior to that obtained in DFT
calculation, though the down spin spectrum shows the correlation physics with
a feature resembling lower and upper Hubbard bands and a well defined quasi-
particle peak at Fermi energy. This demonstrates the dual nature of the Mo down
spin with localized electrons (Hubbard bands) and itinerant electrons (quasi-
particle band) at the same time. The fully spin-polarized conducting electrons
are Fermi-liquid-like with a linear frequency-dependence of the self energy (not
shown). Hence the quasiparticle peak will lead to a Drude peak in the optical
conductivity.

The DMFT magnetic moments are shown in the last row of Table (3.1). It is
seen that the DMFT calculated magnetic moments are in the basis of Cr and Mo
oy Wannier functions, which includes the effect of oxygen. This makes a direct
comparison between DMFT and GGA values somewhat more difficult. However
since the difference between GGA and DMFT magnetic moments is larger than
the GGA oxygen contribution, it can be concluded that electronic correlations
somewhat enhance the magnetic moment on both, Mo and Cr, sites. This is
further supported by the magnetic moments calculated within the static theory
of GGA+U, with choice of same U parameters as in DMFT calculation, shown
in the second row of Table (3.1), which shows an enhancement of the moment
both at Cr and Mo sites, compared to that of GGA.

3.3.3 Few-orbital, low-energy Hamiltonian

In order to understand the driving mechanism of magnetism in SCMO in a more
quantitative manner, we carried out a NMTO downfolding in order to estimate
the positions of exchange split Mo ¢y, energy levels, before and after switching on
the hybridization between the Mo t5, and Cr t5,. The former provides the estimate
of intrinsic spin splitting at the Mo site, while the latter provides the information
of the spin splitting at the Mo site renormalized by the hybridization effect from
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Cr ty4. As a first step of this procedure, we downfolded O p, Sr as well as Cr and
Mo e, degrees of freedom. This defines a few-orbital Hamiltonian consisting of Cr
tag and Mo ¢y, states. In the second step, we performed a massive downfolding,
keeping only the Mo ty, degrees of freedom, i.e., downfolding everything else
including the Cr t9, degrees of freedom. On site matrix elements of the few orbital
Hamiltonian in real space representation defined in the Cr t9, - Mo t5, basis and
the massively downfolded basis give the energy level positions before and after
switching of the hybridization, respectively. The obtained result is presented
in Fig. (3.5). First of all, we noticed that the Mo ¢, states are energetically
situated in between the exchange-split energy levels of Cr t5,’s. Thus switching
of the hybridization between Cr and Mo, pushes the Mo up spin states down
because these are below the Cr states of the same spin. In contrast, the Mo down
spins are above their Cr counterpart and hence the hybridization shifts them
upwards. Thus the hybridization induces a renormalization of the spin splitting
at the Mo site, with renormalized value of about 0.70 eV, and being oppositely
oriented (negative) with respect to that at Cr site. Note the intrinsic (in absence
of hybridization) spin splitting at Mo site is small, having a value of 0.15 eV.

In this respect, the situation is very similar to SFMO or SCWO as can be seen
from Fig. (3.1), for which also a negative splitting is induced at the itinerant B’
sites because of the hybridization with the large spin at the B sites. [1,12,13,32]
This supports that the hybridization-driven mechanism is operative in SCMO as
well. While in all three cases of SFMO, SCWO and SCMO, the B’ t,, states
appear in between the strong exchange split energy levels of B site, which is an
essential ingredient for hybridization-driven mechanism to be operative, we no-
ticed the relative energy position of B’ tog states with respect to the exchange
split B states is different in case of SCMO, as compared to SFMO or SCWO. For
SFMO or SCWO, the down spin B’ tog states appear very close to B site down
spin states, while for SCMO, they are shifted down. [1,12] This hints towards
a significantly different charge transfer energy in case of SCMO as compared to
SFMO or SCWO. This will be elaborated in the next paragraphs. We further
noticed that the intrinsic splitting at the Mo sites (0.15 eV) is somewhat larger
than for SCWO (0.05 eV) (see Fig. (3.1-b)). [12] This further confirms the con-
clusion drawn from the calculated magnetic moment at Mo site that is in SCMO,
unlike SFMO, Mo has a finite intrinsic moment. The magnetism in SCMO, as
mentioned already, thus has an additional contribution, originating from the su-
perexchange between the large moment at the Cr site and the intrinsic moment
at the Mo site, on top of the hybridization-driven mechanism, as operative in
SFMO. Note that the superexchange is antiferromagnetic, aligning the Cr and
Mo moments antiparallely, i.e., in the same way as for the hybridization-driven
mechanism.

In this situation, the low-energy model Hamiltonian for SCMO in the Cr
tog and Mo ty, Wannier basis, describing the hybridization and super-exchange
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Figure 3.5: The energy level diagram for SCMO, in the absence and presence of
the Cr-Mo hybridization. The energies are in units of eV.

mechanism is given by [12,33]

H = €cr Z fityafiaoz + €no Z mjgamiaa
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Here the f’s and m’s are second quantization operators for the Cr ¢35, and Mo
tog degrees of freedoms; o is the spin index and « is the orbital index that spans the
tog manifold; toy—nro, taro—mo, tor—cor Tepresent the nearest neighbor Cr-Mo, the
second nearest neighbor Mo-Mo and the Cr-Cr hopping, respectively. The on-site
energy difference between Cr to, and Mo ty, levels is A = €, — €pr,. To take into
account the dual nature of the electrons that are both, itinerant and localized, we
include a large core spin S; at the Cr site that couples with the itinerant electron
delocalized over the Cr-Mo network, via a double-exchange like mechanism. The
last term represents the superexchange mechanism in terms of coupling between
the Cr spin (S;) and the intrinsic moment on the Mo site (s;). All TB parameters
of the model Hamiltonian, i.e., A, tcr— o, trio— Mo, tor—or, are extracted from a
non-spin-polarized DFT calculations through two independent means: a) through
the NMTO downfolding technique, and b) through the construction of maximally
localized Wannier functions in the basis of the effective Cr and Mo t5, degrees of



3.3. Results 75

Energy (eV)

. /’T> i

/EO

Figure 3.6: The downfolded, tight-binding band structure of SCMO in effective
Cr-Mo ty, basis (in red lines) in comparison with full band structure (in blue
lines). Zero of the energy is set at Fermi energy. E0 and E1 represent the energy
points about the expansion were carried out in NMTO calculation.

freedom. The latter scheme has been also employed in the DMFT study, presented
before. In both cases we integrate out all other degrees of freedom except for the
Cr and Mo ty4’s states. The comparison of constructed real space bands and
the full DFT bands in NMTO technique are shown in Fig. (3.6) whereas Fig.
(3.7) shows the comparison of the full DFT non spin-polarized band structure
and the few orbital TB bands in maximally localized Wannier function basis.
The agreement between the two is found to be as good as possible, proving the
effectiveness of the Wannier function projection.
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Figure 3.7: Comparison of the full paramagnetic DET band structure (solid line)
and the few orbital TB band structure (+) plotted along a high symmetry path
through the Brillouin zone [I': (0 0 0), K: (3/8,3/4,3/8), W: (1/4,3/4,1/2), L:
(1/2,1/2,1/2) and X: (0,1/2,1/2)].
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A tor—Mo  tMo—Mo  tor—cor
SCMO (NMTO) 035 033  0.14  0.08
SCMO (Wannier90) -0.42  0.30 0.12 0.06
SCWO -0.66  0.35 0.12 0.08
SFMO -1.04  0.26 0.11 0.04

Table 3.2: Tight-binding parameters (in eV) of the few orbital Hamiltonian for
SCMO, SCWO [12], and SFMO [11] in Wannier function basis, extracted out of
DFT calculations.

The DFT estimates of A, ter— a0, tor—cr and tao— a0, Obtained by two differ-
ent scheme of calculations are shown in Table (3.2). The agreement of the values
in two independent scheme of calculations is remarkable and provides confidence
regarding the results. The TB parameters for SCWO [12] and SFMO [11] are
also listed in the table for comparison.

While the estimated hopping parameters of SCMO are rather similar to that
reported for SCWO, [12] we found the charge transfer energy A (-0.4 €V) to be
quite different from that estimated for SEFMO (-1.0 V) [11] and for SCWO (-0.7
eV). [12] This forms the most crucial observation of our study, which dictates
the differences in electronic structure of SCMO and, SFMO and SCWO. Related
discussions involving importance of A and ¢ in hybridization driven mechanism
were mentioned by another group for comparisons between SFMO and A-site
B-site randomly doped Ti oxides although it was not a systematic one. [34]

The change in the bare, non-spin-polarized charge transfer energy (A), in
turn, modifies the renormalized charge transfer energy Agr between Cr and Mo
in the down spin channel in the spin-polarized phase. It is much larger in SCMO
(0.81 €V) compared to that in SCWO (0.51 eV), [12] due to the moving down
the column of the periodic table from the 4d element Mo in SCMO to the 5d
element W in SCWO. As a consequence of the larger charge transfer splitting Ag
the effect of the hybridization which is governed by t2,_,,,/Ar is significantly
suppressed in SCMO, by about 63% compared to the corresponding value for
SCWO.

The parameter involving J in Eqn. (3.1) corresponds to the spin-splitting
at the Cr site, while J is obtained from the enhanced intrinsic spin-splitting
observed at Mo site in case of SCMO as compared to that for SCWO compound
at the W site. As discussed below, frustration effects make the convergence
of total energy calculations in different spin configurations difficult, prohibiting
direct extraction of J' in a single system. Thus J needs to be determined by
comparison of the independently obtained intrinsic spin splittings (obtained by
turning off the B-B" hybridization) at the B’ sites of the related compounds. This
approach was used earlier, [12] where three compounds SroCrWOg, SraCrReOg
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and SroCrOsOg were considered. It was pointed out [12] that the intrinsic splitting
at the B site due to a purely hybridization driven mechanism should increase
proportional to the electron filling at B’ site (the filling increases from 1 to 2 to 3
moving from W to Re to Os); the additional increase, if any, is due to the presence
of the localized moment at B’ site giving rise to superexchange J between B and
B sites. In the present case, all the three compounds considered, namely SFMO,
SCMO and SCWO have the same electron filling, namely 1. Hence considering the
compound SCWO as the benchmark, the difference in intrinsic splitting between
the Mo site of SCMO and the W site of SCWO is used to obtain the J' value for
SCMO. [35]

3.3.4 Exact Diagonalization of Model Hamiltonian

As the magnetism of SCMO turns out to be driven by both hybridization-driven
mechanism and superexchange mechanism, the calculation of magnetic transi-
tion temperature in a first-principles way is challenging. For example, an an-
tiferromagnetic configuration of Cr spins leads to a frustration of the intrinsic
Mo moment. On the other hand, the hybridization-driven mechanism, disfavors
the stabilization of magnetic configurations with Cr spins aligned in parallel to
the spins at Mo sites. This thus leads to a frustration effect which makes the
convergence of different spin configurations to extract the magnetic exchanges a
challenge within the framework of full blown DFT scheme.

Hence, we considered the model Hamiltonian approach in the following. To
this end, we solved the ab-initio constructed model Hamiltonian Eqn. (3.1) using
exact diagonalization on a finite lattice. In particular, we considered the stability
of the ferromagnetic arrangements of Cr spins measured as the energy difference
between the paramagnetic (PM) spin configuration and the ferromagnetic (FM)
spin configuration. The PM phase was simulated as disordered local moment
calculations, where the calculations were carried out for several (= 50) disordered
configurations of Cr spin and were averaged to get the energy corresponding to
PM phase. This energy difference provides an estimate of the magnetic 7T,.. The
exact diagonalization were carried out for finite-size lattices of dimensions 4 x4 x4,
6x6x6, and 8x8x8. The results presented in the following are for 8 x8x 8 lattice.

In order to check the influence of the intrinsic moment at the Mo site on
the magnetic transition, we first carried out exact diagonalization calculation
considering the Mo site to be totally nonmagnetic, i.e., setting the last term
of Hamiltonian (3.1) to zero. This boils down to a hybridization-only driven
mechanism of magnetism, as suitable for SFMO or SCWO. [12,36] The energy
difference between the PM and FM in this calculation, turned out to be 0.067
eV /f.u., which is of the same order as, but less than, that obtained using the TB
parameters of SCWO (0.085 eV/f.u). [12,37] As mentioned already, the hopping
parameters between SCMO and SCWO are very similar, thus the difference is
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caused by the different charge transfer energy in the two compounds. Mapping
this energy difference to the mean field transition temperature, one would get
T. in SCMO to be 79 % smaller compared to that of SCWO. [3] The calculated
PM and FM energy difference, considering the full model Hamiltonian, describing
both hybridization-driven and super-exchange driven mechanism, is 0.080 eV /f.u.,
which makes the calculated T, of SCMO similar to that of SCWO. Mapping the
PM and FM energy difference to the mean field 7., one obtains the values 822 K
for SCMO and 870 K for SCWO, which are an overestimation of the experimental
values. [3,4,6] This is presumably due to non-local fluctuations beyond mean-field.
However, the trend is very well reproduced with TS¢MO /TSCWO = (.95,

3.4 Summary

Starting from a DFT description we provided a microscopic analysis of the mag-
netic behavior of SCMO, a sister compound of SFMO. DFT calculations on pure,
defect-free SCMO show that, like SFMO and SCMO, it is a half-metallic magnet.
The calculated DMFT results confirm the robustness of the half-metallicity of
SCMO upon inclusion of dynamical correlation effect. The DMFT results show a
splitting of the Mo down spin band into Hubbard bands and quasiparticle peak.
This indicates the dual nature of the Mo electrons having both, a local spin
moment and itinerant behavior.

The origin of magnetism in SCMO turns out to be somewhat different than in
SFMO. The charge transfer energy between Cr and Mo in the down spin channel
of SCMO is found to be larger than that between Fe and Mo in SFMO. This
suppresses the effect of hybridization between B and B’ sites in SCMO compared
to SFMO and has two consequences: (i) the hybridization-driven mechanism for
magnetism is reduced and (ii) a small but finite intrinsic moment develops at the
Mo sites. The latter gives rise to a partial localized character of the Mo electrons,
which was absent in SFMO. This in turn opens up a super-exchange contribution
to magnetism in SCMO, which was absent for SFMO. We compared our results
on SCMO to another Cr based double perovskite, SCWO. The magnetism in the
latter, like SFMO, is well described by a hybridization-only picture. The com-
puted T, obtained through exact diagonalization of the ab-initio derived model
Hamiltonian show the T, of SCMO to be similarly high as in SCWO, only upon
inclusion of both, super-exchange and hybridization-driven contribution in case
of SCMO. Thus while magnetism in both, SCWO and SFMO, is governed by
hybridization, the story in SCMO appears with a twist. It needs to be described
by a combination of hybridization and superexchange mechanism.

We conclude that, in general, the magnetism in the double perovskite fam-
ily has to be understood as an interplay between the hybridization and super-
exchange between B and B’ sites. The relative contribution of one mechanism vs.
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the other one is dictated by the charge transfer between the 3d transition metal
at the B site and the 4d or 5d transition metal at the B’ site.
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Chapter 4

Magnetism in Cation Disordered
3d-4d/5d Double Perovskites®

4.1 Introduction and motivation

Double perovskites (DP) synthesized with choice of transition metals, one from
3d TM series and another from 4d or 5d TM series, have been reported to exhibit
magnetic transition temperatures ranging from =~ 200 K - ~ 800 K. [1] The
perfect ordering of B and B’ cations (cf. left panel of Fig. (4.1)) in double
perovskite compounds, however, is an idealized situation. In reality, the presence
of B/B’ disorder, commonly known as antisite disorder (ASD) where certain
fraction of B and B’ pair gets interchanged in a perfectly ordered arrangement,
is inevitable. [2—4] Therefore, it is a matter of great concern to what extent ASD
affects the fascinating magnetic properties of the DPs.

This discussion got further intrigued by the report of magnetic ordering with
high transition temperature of more than 400K [5] in a CrRu based system in
which apparently no Cr/Ru cation order was observed. This would amount to
50% ASD. [6] As pointed out in Ref. [5], any superexchange mechanism in pres-
ence of antisite disorder, would suppress magnetism with transition temperature
dropping off rapidly and in extreme case may lead to spin glass like behavior. It
is thus very surprising to find even this extreme disorder is not able to suppress
magnetic ordering. Rather it supports magnetic ordering at temperature higher
than room temperature. What is the clue to this puzzle?

The problem of cation disordering effect in magnetism of 3d-4d/5d is complex
due to multiple reasons. Firstly, as discussed in Refs. [7,8] magnetism in DPs like

*This chapter is based on publication : Anita Halder, Prabuddha Sanyal and Tanusri
Saha-Dasgupta, Phys. Rev. B, 99, 020402(R) (2019).
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Figure 4.1: Left panel: Schematic view of in-plane projection of rock-salt ordering
of BOg (black) and B'Og (gray) octahedra in DP. Middle panel: The same, but
in presence of random ASD. Right panel: The same, but in presence of correlated
disorder, with well defined domains, separated by APB.

SroFeMoOg is given by the two sublattice double-exchange mechanism operating
between the core spin of Fe ion and the itinerant electron delocalized over Fe-O-
Mo network thereby stabilizing parallel alignment of Fe core spins. Later on this
mechanism is found to be operative in a number of 3d-4d/5d DPs. [9-12] The
influence of disorder on such double exchange driven mechanism, which depends
on the relative positioning of B-site levels and B’-O hybridized levels, is expected
to be distinct from that arising due to commonly assumed superexchange mecha-
nism. Secondly, the magnetism in certain class of 3d-5d DPs has been reported to
be contributed by combined effect of double-exchange (DE) and superexchange
mechanism (SE), [10] making the situation further complex. Thirdly, it is to be
noted if two 3d TM ions with large core spin are on neighboring sites in an antisite
disordered situation, the nearest-neighbor B-B antiferromagnetic (AFM) coupling
becomes operative, which would be competitive to the two-sublattice DE driven
parallel alignment of B core spins. Fourthly, the effect should also depend on the
nature of ASD. The ASD can be placed randomly throughout the lattice leading
to a homogeneous distribution of defects, or they can appear as patchy struc-
ture with locally ordered domains, separated by antiphase boundaries (APBs),
as shown in middle and right panel of Fig. (4.1), respectively. X-ray absorption
fine structure (XAFS) [13] or electron microscopy experiments [14] carried out
on SroFeMoOg (SEMO) DP strongly support the dominance of patchy structure
formation over random distribution.

Though there has been attempt on theoretical study of disordering effect,
[15,16] to the best of our knowledge there has been no comprehensive micro-
scopic investigation including all the aspects discussed above. In this work, we
did so by using a multi-pronged approach of combining the first principles density
functional theory (DFT) calculations to derive compound-specific model Hamil-
tonian together with Exact Diagonalization - Monte Carlo (ED - MC) solution
of model Hamiltonian to obtain the finite temperature magnetic properties. Our
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study encompassing a rather large set of six different known 3d — 4d/5d com-
pounds, is expected to provide a general picture of cation disordering effect on
magnetism of 3d — 4d/5d DPs. This in turn should also yield a solution to the
CrRu puzzle.

Computational details

For extraction of few-band tight-binding Hamiltonian out of full DF'T calculation
which can be used as input to model Hamiltonian, NMTO-downfolding calcu-
lations were carried out based on self-consistent potentials borrowed from non
spin-polarized linear muffin-tin orbital (LMTO) calculations. [18] LMTO calcu-
lation of hypothetical CrRu compound was done with the choice of muffin-tin
(MT) radius of 2.304 A, 2.398 A and 1.772 A at Cr, Ru and O site respectively.
For Cay,CrWOg, the corresponding choices were the following : 2.557 A, 2.713 A
for Cr and W respectively and 1.717 A, 1.725 A, 1.714 A for three different O
atoms. In the latter case, 10 empty spheres were used to achieve space filling. For
SFMO, SroCrMOg, SroCrWOg, SroCrReOg and SraCrOsOg, the details are given
in the cited references. [10,12,17] The exchange-correlation functional for the
self-consistent calculations was chosen to be generalized gradient approximation
(GGA) as implemented in Perdew-Burke-Ernzerhof (PBE) prescription. [27]

The accuracy of LMTO calculations was cross checked in terms of further cal-
culation in plane wave basis as implemented in Vienna ab Initio Simulation Pack-
age(VASP) [26] with projector-augmented-wave (PAW) pseudopotentials. [25] In
plane wave basis, the choice of energy cut off of 600 eV and 8 x 8 x 8 Monkhorst-
Pack k-points mesh were found to provide a good convergence of the total energy.
The electronic density of states and magnetic moments calculations were carried
out within spin-polarized scheme taking into account the correlation effect at 3d
transition metal site beyond GGA. The correlation energy at transition metal
sites beyond GGA (e.g. at Cr and Ru/W sites) was taken into account through
supplemented Hubbard U (GGA-+U) approach as implemented within Liecheten-
stein method. [28] The calculations were performed with the choice of U of 4 eV
at 3d B site and at 4d/5d B’ site to be 1 eV as estimated from previous study. [12]
The value of Jy = 0.6 eV was kept fixed in all the calculations. The trend in the
results was found to remain unchanged upon variation of U value 1 - 4 eV at B
site.

The exact diagonalization calculations were carried out on lattice sizes of
dimensions 4 x 4 x 4, 6 x 6 x 6 and 8 x 8 x 8 The trend was found to be
similar between calculations of different lattice sizes, though the quantitative
values differed. The result presented in the text were obtained for ED calculations
on 8 x 8 x 8 lattice size, MC simulation equilibrated over 50,000 sweeps. The
disordered averaging was done for 30 different configurations in case of random
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ASD.

4.2 Results

4.2.1 Exchange Mechanism in 3d-4d/5d DPs

As mentioned already, the magnetism in a number of 3d-4d/5d DPs is found
to be driven by a novel hybridization mediated mechanism. [7-12] This mech-
anism originates from the large exchange splitting at 3d TM in B site and the
strong hybridization between B’ states and states at B site, which results in an
induced negative spin splitting at B’ site when the B’ energy levels lie within the
exchange split levels of B site. This essence is summarized schematically in Fig.
(4.2) (Scenario - 1). However while the magnetism in compounds like SroFeMoOg
(SFMO), [9] BagFeReOg, [11] SroCrWOg (SCWO) [10] ete turned out to be solely
driven by the above described hybridization mediated mechanism, in case of dou-
ble perovskite like SroCrReOg (SCReO), SraCrOsOg (SCOO) [10] an additional
contribution comes into play which arises due to intrinsic spin splitting of the B’
states which adds on to the induced B-B’ hybridization driven spin splitting at B’
site (Scenario - 2). The most general form of the model Hamiltonian applicable
for all 3d — 4d/5d DPs thus can be written as, [10]
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Figure 4.2: The two possible scenarios of driving mechanisms of exchange in
3d-4d/5d DPs.
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H = Hpp+ Hgp (4.1)
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where the first four terms of the Hamiltonian describe the hybridization-driven
mechanism of exchange, resulting into two-sublattice double exchange Hamilto-
nian (Hpg) consisting of, (a) a large core spin of 3d TM B site (S;) considered
to be classical spin, (b) effective hybridization between B and B, decided by the
onsite energies (e, €p/) and hopping integral (tp_p/), which gives rise to delo-
calization of the itinerant electron over B-O-B’ network, and (c) strong coupling
between the core spin S; at B site and the itinerant electron through a coupling,
J > tp_p. The last term of the Hamiltonian (Hgg) expresses SE interaction
coupling (J3) between the large core spin S; at B site, and the intrinsic spin at
B’ site (s;), which is antiferromagnetic in nature. Note Hgp would be operative
for systems like SCReO or SCOO, and would be absent for SFMO or SCWO.
Given the fact that J > tp_p/, the Hamiltonian in Eqn. (4.1) can be cast
into form appropriate for J — oo, having spinless fermionic degrees of freedom
at B site, and itinerant electrons having both spin channels, [17] as given below,

H = e chyCiotén Y &hiin (4.2)
o %
0. 0. .. _ o -
+ tep ) (sing Ch icp gt — cos el e 1) + o D Chjalencr i S
<ig> i€B,jen’
6 and ¢ dictate the relative alignment of core spins in B sublattice. While the
above Hamiltonian is sufficient for description of the perfectly ordered compound,

for the disordered compound, additional terms are needed for description of an-
tisite regions, as given below,

Hgisora = tp-B Z {cosgcosé + el(‘ﬁj‘z’l)smgsmgj] c%}ich
<13>
+ tp_p Z Cgf7i003',ja + Jas Z S; - S (4.3)
<ij>o <ij>

where Jg is an antiferromagnetic B-B antisite superexchange, and tg_p, tg_p
are the nearest neighbor B-B and B'-B’ hopping that arise in presence of ASD.
The complete Hamiltonian was solved using ED - MC technique as discussed in
subsection 2.8.2; the Hamiltonian H (Hgsorq) being used in the ordered (disor-
dered) region.
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Compound | tp_p A tg_p | tp—p Jo Jas
SCWO [10] | 0.350 | 0.510 | 0.210 | 0.450 | 0.000 | 0.001
CCWO 0.210 | 0.470 | 0.170 | 0.450 | 0.000 | 0.0006
SCMO [12] | 0.330 | 0.800 | 0.210 | 0.320 | 0.007 | 0.001
SCOO [10] | 0.350 | 1.350 | 0.210 | 0.470 | 0.026 | 0.001
SFMO [17] | 0.260 | 0.090 | 0.144 | 0.320 | 0.000 | 0.002
SCRuO 0.290 | 1.651 | 0.210 | 0.350 | 0.031 | 0.001
SCReO [10] | 0.350 | 0.900 | 0.210 | 0.460 | 0.014 | 0.001

Table 4.1: DFT derived model parameters in eV; tp_p, nearest neighbor B-B’
hopping, A = €p - €p/, onsite energy difference between B and B', tz_p/tp_p
nearest neighbor B-B/ B'-B’ hopping in ASD region, J,, the intrinsic spin-splitting
at B’ site. Jag has been estimated from corresponding Neél temperatures of the
corresponding ABOj3 perovskites.

4.2.2 Model Hamiltonian

To obtain a material specific description, the input parameters of model Hamil-
tonian, €g, €p/, tp_p, Jo need to be evaluated. In order to provide realistic
estimates of €p, €p/, tp_p/, we carried out muffin-tin orbital (MTO) [18] based
NMTO-downfolding calculations [19] to derive low-energy Hamiltonian starting
from non spin-polarized DFT calculations, and reading off the onsite and off-
site matrix elements of the real-space representation of the low-energy Hamilto-
nian. [12] The derived parameters are thus expected to capture correct structural
and chemical information of the compounds under consideration. We considered
a total of six different 3d-4d/5d DPs, with Fe or Cr at 3d site, which were studied
most extensively, namely SFMO, SroCrMoOg (SCMO), SCWO, SCReO, SCOO,
and CayCrWOg (CCWO). DET calculations [9, 10, 12] as well as experimental
investigations [8,20-24] in all these cases reveal that B cation is in nominal 3+
valence state which means d® configuration for Fe and d® configuration for Cr.
This puts the 4d/5d B cation in nominal 5+ valence state. The minimal, low-
energy Hamiltonian was thus constructed by retaining all five d orbitals of Fe,
only ¢y, orbitals in case of Cr, and 4d/5d ions like W, Re, Os, Mo. The extracted
parameters, some of which have been taken from our existing work, [9,10,12] and
some of which have been freshly calculated, are listed in Table. (4.1). The J;
parameter was obtained from the information of extra spin-splitting at B’ site
in B-B" low energy Hamiltonian, compared to that expected from Stoner I of
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the B’ element and its nominal filling. [10] tg_p, tp—p/, Jag were obtained from
calculation of corresponding simple perovskite compounds.
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Figure 4.3: M/M,,q plotted as a function of temperature T at different concen-
tration of disorder strength. The results are shown for compounds, (a) SCWO
representing weak/no super-exchange (SE), (b) SCReO representing moderate
super-exchange and (¢) SCOO having strong SE.

4.2.3 Calculated Magnetic Properties of Disordered 3d-
4d/5d DPs

The magnetization data obtained from ED - MC method by solving H (for ordered
compound) and Hg;sorg (additional terms for antisite regions) for representative
cases of SCWO, SCReO and SCOO are shown in Fig. (4.3) upon varying degrees
of ASD, which are assumed to be random.

The magnetic transition temperatures (T.) estimated from these plots to-
gether with the average magnetic moment at the B sublattice (M) with respect
to that of fully ordered compound (M,,4) is shown in Fig. (4.4) for all six DPs
for random ASD with disorder strength of 10%, 37 % and the maximum limit of
50%. We observed a distinctly different behavior between DPs exhibiting solely
DE driven magnetism and those having combined DE - SE driven magnetism.
In case of solely DE driven compounds like SFMO, SCWO (J; = 0) or SCMO
having only weak SE contribution (Jy < 0.01), the ordered magnetic moment
is retained to a large extent, showing about 25-35% drop from that of the fully
ordered compound to the extreme case of 50% disorder, the corresponding drop
in magnetic transition temperature being about 60-70%. Keeping in mind, the
high transition temperatures of the perfectly ordered compounds with calculated
T. values e.g. 350 K for SFMO, 410 K for SCWO, and 424 K for SCMO, even
the disordering induced reduced T, for 50% turns out to be above 100 K. This
1s markedly different from expected behavior of SE driven magnetic systems, for
which such heawily disordered situation will completely suppress the magnetic or-
der. Indeed the influence of SE term becomes evident in magnetic behavior of
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Figure 4.4: Variation of T, (left panel) and M/M,,4 (right panel) plotted as a
function of concentration of random ASD. The data points with black left triangle,
yellow down triangle, red circle, green square and blue diamond correspond to
SCOO, SCReO, SCMO, SCWO and SFMO, respectively. The green open squares
represent data for CCWO.

compounds like SCOO for which the substantial SE contribution (J =~ 0.03)
makes the magnetic order completely vanish for the extreme limit of 50% disor-
der. SCReO, for which the effect of SE is relatively weaker compared to SCOO
(Jo =~ 0.02) though stronger compared to SFMO or SCWO or SCMO, the disor-
dering effect is found to be intermediate between SFMO or SCWO or SCMO and
SCOO, with a suppression of ordered moment by 56% and a suppression of T,
value by 85% for 50% disorder strength. The Ca counterpart of SCWO, CCWO,
shows a similar trend as SCWO, though the corresponding temperatures are sup-
pressed due to reduction in B-O-B" bond angle, and the consequent reduction in
hopping interaction.

4.2.4 CrRu Puzzle

Having understood the role of disorder on magnetism in 3d-4d/5d DPs of large
variety, and the crucial role of the exchange mechanism, it becomes pertinent
to investigate the case of SrCrgsRug503. [5] The first step towards that will
be understanding the driving exchange mechanism in CrRu system. For this
purpose, we carried out DF'T calculation of hypothetical perfectly ordered double
perovskite counterpart of SrCrgsRugs03, i.e. SroCrRuOg (SCRuO) with fully
ordered alternating array of Cr and Ru. The crystal structure of SCRuO was
assumed to be cubic (space group Fm-3m) as shown in inset of Fig. (4.7) and the
structural parameters in the cubic symmetry were obtained by starting from the
structure of SCOO, replacing Os by Ru, followed by structural relaxation which
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Figure 4.5: Structure determination of hypothetical perfectly ordered compound
from volume optimization. The obtained crystal structure SCRuO compound is
shown in inset.

involved volume as well as optimization of ionic positions of oxygen. The energy
vs volume (here it is scaling parameter which is ratio of the volume of SCRuO and
SCOO) plot is shown in Fig. (4.7). During ionic relaxations, internal positions
of oxygens were allowed to relax until Hellman-Feynman forces became less than
0.01eV/ A. The cell parameter of the relaxed structure was found to be 7.829 A,
with internal parameter of oxygen given by 0.2471. The DFT calculation [25,26]
within the generalized gradient approximation [27] (GGA) with supplemented
Hubbard U (GGA+U) [28] resulted in an insulating, compensated ferrimagnetic
solution (cf. Fig. (4.6)). Calculated magnetic moments, 2.42 up at Cr site, -1.65
g at Ru site and a rather large moment of -0.11 up at O site, are similar to that
obtained for corresponding isoelectronic compound SCOO. [10,29]

In order to have an understanding of the exchange mechanism in case of CrRh,
we estimated the energy level positions of exchange split Ru ty, energy levels, be-
fore and after switching on the hybridization between Ru to, and Cr ty, from
NMTO-downfolding calculations within a spin-polarized scheme. As a first step
of this procedure, all the states like O p and Sr as well as Cr and Ru e, states
except Ru ty, and Cr ty, states were downfolded, which defined a few orbital
Hamiltonian consisting of Cr and Ru ty, states. In the next step a massive down-
folding was done, keeping on Ru ty, degrees of freedom active and downfolding
all the rest including Cr to, degrees of freedom. The former step provides on-site
matrix elements of the real space Hamiltonian defined in the Cr - Ru ty, basis



4.2. Results 93

O r N W M

1
[

DOS (States/ eV-atom)
W ON

A

1

(o]
1

D

-2 0 2 4 6
Energy (eV)

Figure 4.6: The DFT density of states for the hypothetical fully ordered structure
of SroCrRuOg, projected to Cr d (black solid), Ru d (red dashed) and O p (yellow
shaded) states. The zero of the energy is set at Ep.
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Figure 4.7: Positions of various energy levels (in eV) as obtained by NMTO-
downfolding calculation before and after switching on the hybridization between
Cr and Ru. The energies are in units of eV.

before switching on the hybridization and the second step gives the energy level
positions of renormalized Ru ty, states after switching on the hybridization be-
tween the Cr and B states. The obtained result is presented in Fig. (4.7). We
observed that unlike other double perovskites SroCrWOg [10], SroCrReOg [10],
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SroFeMoOg [17], SroCrMoOg [12] only up spin state of Ru tg, lies between the
exchange split of Cr ty, states. But hybridization mechanism is still active in this
compound, as after switching on the hybridization between Cr and Ru allows
the states of same symmetry and spin to interact. This leads to Ru ty, down
state been pushed up and the Ru ty, up state been pushed further down by hy-
bridization with the corresponding Cr states. Thus hybridization enhances the
spin splitting at Ru site due to these opposite movement of Ru spin up/down
states with a renormalized value of about 1.081 eV being oriented in opposite
direction with respect to that at the Cr sites. The intrinsic spin splitting at Ru
site is quite significant, having a value of 0.594 eV. This establishes the presence
of intrinsic, local moment at the Ru site similar to that of Os site for SroCrOsOg,
thus the exchange mechanism being of combined DE-SE kind. The estimated
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Figure 4.8: Top panel : The B-sublattice magnetism plotted as a function of tem-
perature for the fully disordered situation with 50% random ASD (black circles)

and for correlated disordered situation with patchy structure of ordered domains

(red squares). Bottom panel: The calculated inverse susceptibility, along with
Curie-Wiess (CW) fit.

model parameters, presented in Table. (4.1) along with six other naturally oc-
curring DP compounds, show a remarkable similarity with SCOO, suggesting a
similar disordering effect on magnetism. Indeed consideration of 50% random
ASD led to a complete suppression of magnetic order, with T, droping down to
0 K, as found in case of SCOQ. This is however in complete contradiction with
observation made in Ref. [5]. It is important to note here, the above conclusions
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have been drawn based on the assumption of ASD to be random. The limited
experimental studies, [13,14] carried out only for SFMO, suggest the ASD to be
correlated generating a patchy structure, as in right panel of Fig. (4.1). Strik-
ingly, the temperature dependent magnetization at Cr sublattice of SCRuO is
found to be strongly influenced by assuming correlated disorder instead of ran-
dom (cf. top panel Fig. (4.8)). As shown in bottom pannel of Fig. (4.8) ,
Curie-Weiss fit to inverse of high temperature magnetic susceptibility leads to a
0 K magnetic ordering temperature for random disorder, while the assumption of
correlated disorder yields a value of about 370 K, in close agreement to observed
value. [5]
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Figure 4.9: Comparison of T, (red circle) and M/M,,.q4 (black diamond) between
the 50% random ASD case (open symbols) and correlated disorder with patchy
domain structure (closed symbols).

We finally checked the influence of correlated ASD for 50% disorder strength
in all DPs in this study. Remarkably, we found that consideration of patchy
structure consisting of ordered domains, separated by APBs enhances T. sub-
stantially in all cases. The B-sublattice ordered moment also shows a substantial
enhancement, especially for cases where magnetism is driven by combined DE
and SE as shown in Fig. (4.9). This strongly suggests that in combined DE
and SE driven magnetic material like SCRuO, the cationic order remains pre-
served to a high degree in a local scale, although the global cationic order gets
disrupted due to presence of APBs separating locally ordered regions. While the
global probe like X-ray or neutron diffraction will be unable to detect any B/B’
order signaled by presence of superstructure peak, as reported in Ref. [5], local
probes like XAFS [13] or microscopy study [14] should be able to reveal presence
of such locally ordered structure. This resolves the apparently puzzling situation
of SrCrgsRug503.
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4.3 Conclusion

In conclusion, our exhaustive study encompassing a large number of 3d-4d/5d
DP compounds, reveals that the influence of B cation anti-site disorder on their
magnetic properties, which is unavoidable in any sample, crucially depends on the
exchange mechanism. The magnetic behavior is far less susceptible to disorder
for DE, while its effect is severe for compounds in which SE becomes operative
in addition to DE. Interestingly, even in case of compounds, having SE contribu-
tion, the magnetic behavior of ordered situation may be regained if the disorder
is correlated with high degree of short range order. [13] This strongly suggests
that although the absence of long range chemical order was reported for CrRu
compound, [5] high degree of short range order must have been preserved as in
case of SFMO.

Finally, our study does not take into account the effect of oxygen vacancy
or excess B/B’ [30,31] which needs to be considered separately. As discussed in
Refs [32,33] the oxygen vacancy acts as effective electron doping, which populates
the delocalized electronic state of B and B" in the down spin, thereby causing
shift in valences of cations. This is expected to increase the magnetic transition
temperature with some reduction in moment, [32] as demonstrated in Ref. [17] in
context of La-doping of SroFeMoOg.
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Chapter 5

Computer predictions on
Rh-based double perovskites
with unusual electronic and
magnetic properties®

5.1 Introduction and motivation

The magnetic materials are technologically important and useful in every day
life, although they are rare in reality. Thus demand for new magnetic materi-
als is endlessly growing. The double perovskite (DP) family of compounds is
well-known for providing magnetic compounds with spectacularly high magnetic
transition temperature as already discussed in chapter 1. In spite of such large
number of DP compounds already being synthesized, they form a small percent-
age of all the possible compounds that may be synthesized (see Fig. 2 in Ref. [1]).
In particular, there is surprising scarcity of Rh-based DPs. There are only a few
Rh based double perovskites known. While among the Ca?* based compounds,
there is none known, among the Sr?* based compounds, there are compounds
like SroNbRhOg, [2] SroTaRhOg, [2] SraSbRhOg, [3] which are reported to be
nonmagnetic [4] with d® and low-spin d® combination of valences at B and Rh
sites, respectively.

In this work, we focused on computer prediction of double perovskites with B
and B" TM cations, being 3d TM and Rh respectively. At A site, we considered
Sr?* or Ca?", as most of the DP compounds found in literature have a divalent

*This chapter is based on publication : Anita Halder, Dhani Nafday, Prabuddha Sanyal
and Tanusri Saha-Dasgupta, npj Quantum Materials, 3, 17 (2018).
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cation at A site, the number of such compounds being over 700. For B site
element, we considered Cr, Mn and Fe, which are neighboring elements in 3d TM
series.

The first step towards this project, is the prediction of crystal structure. We
used the algorithm of evolutionary crystal structure prediction [5], as implemented
in Universal Structure Predictor: Evolutionary Xtallography (USPEX) [6] for this
purpose. The evolutionary algorithm for crystal structure prediction has been
highly successful as a method for the discovery of minerals and materials. [7]
However, to the best of our knowledge, this method has not been applied to dou-
ble perovskites, which are multi-component with four different element, out of
which two are magnetic transition metal ions with strong electron-electron corre-
lation effect. After the clarification on crystal structure, we performed electronic
structure calculation which is followed by the study of magnetic properties of
the compounds by considering different possible magnetic structures. We also
calculated the magnetic transition temperatures within the framework of model
Hamiltonian.

Finally, we estimated the growth conditions of these compounds in terms
of temperature and partial pressure of reactants from extensive thermodynamic
stability analysis [8,9] which should be an useful guide for future synthesis of
predicted compounds.

5.2 Computational Methodology

To investigate the structures of SryBRhOg and CasBRhOg (B=Cr, Mn, Fe) com-
pounds, we used a genetic evolutionary algorithm which is implemented in US-
PEX [6]. We considered fixed composition mode with 10 atoms/unit cell and all
the calculations are performed at zero pressure. In order to minimize the com-
putational effort, we restricted our initial search to some specific space groups
(P21/n, 12/m, P4/mnc, 14/m, R3, Fm3m) in which double perovskite are pri-
marily found. [1] The structures in the first generation were picked up randomly
from the restricted space group as mentioned above. In the succeeding gener-
ations, the structures were produced employing 40% from heredity operations,
20% from lattice mutation, 10% from permutation and few structures (30%)
were produced randomly. For structural relaxations and total energy calcula-
tions, first-principle density functional (DFT) based calculations were carried
out in plane wave basis as implemented in Vienna Ab initio Simulation Package
(VASP) [10,11] which is interfaced with USPEX. We used projected augmented
wave(PAW) potential [12]. Exchange correlation functional is chosen to be that
of generalized gradient approximation (GGA) in the implementation of Perdew-
Burke-Ernzerhof (PBE) [13]. Additional calculations were carried out taking into
account the electronic correlation effect at B (Cr/Mn/Fe) and Rh sites beyond
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GGA through supplemented Hubbard U (GGA-+U) calculation [14] as prescribed
in Liechtenstein formulation. [15] The U value at B site (Ug) were chosen to vary
between 1 and 8 eV, keeping the U value at Rh site and Hund’s coupling J g fixed
at 1 eV, and at 0.8 eV, respectively. Structural relaxations were carried out step-
wise from low to high precession, where at the last stage we use a full relaxation
with a high threshold of energy cut off set at 500 eV and a force convergence of
1073 eV /AY. Then few good structures were considered on the basis of enthalpy.
These structures were further relaxed extensively in three steps where relaxation
of ions, volume and cell shape were allowed step by step. For ionic relaxations,
the positions of the atoms were allowed to relax until the Hellman-Feynman forces
become less than 0.001 eV/A°. In the final step, one single self consistency cal-
culation was performed to obtain the accurate enthalpies. Energy cut off of 600
eV and 8 x 8 x 8 Monkhorst-Pack k-points mesh were found to provide a good
convergence of the total energy. Finally, we compared the energies and the crystal
structure corresponding to the lowest energy is considered as the chosen struc-
ture. The validity of the above described method were checked for two well known
double perovskites, namely SroCrMoOg and SroFeMoOg. The method reproduced
the correct space groups of the compounds, Fm3m for SroCrMoQg [16] and 14/m
for SroFeMoOg [17] with good agreement between measured and predicted lattice
parameters, [18] giving us confidence in our adapted method.

After determining the crystal structures, their electronic and magnetic struc-
ture were studied using DFT in plane wave basis. The ground state magnetic
structures were determined by comparing the energies of 2x 2 x 2 supercells having
eight formula unit. These supercells with eight inequivalent B atoms can accom-
modate the ferromagnetic (FM) spin alignment of B atoms as well as A-type
and G-type antiferromagnetic (AFM) alignment of B atoms. Upon clarification
of magnetic structure, the magnetic transition temperatures were obtained from
Monte Carlo study of a model spin Hamiltonian defined on a 16 x 16 x 16 sys-
tem, containing 4096 spins. The growth conditions of the predicted compounds
were obtained by calculating the formation enthalpy of the possible competing
phases, as elaborated in the result section.

5.3 Results and Discussions

In the results and discussions section, we reported a) the crystal structures of
the compounds, as predicted theoretically, b) their electronic structure defined in
terms of magnetic moments, assigned valence states and density of states, c) the
magnetic ground state, d) the driving mechanism of magnetism, the DFT derived
model Hamiltonian and calculated magnetic transition temperatures obtained
through Monte Carlo study of model Hamiltonian, and e) the predicted growth
conditions of the compounds. The section is divided into different sub-sections
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accordingly.
I Non-Perovskite Structure Perovskite Structure

C2/m (12) 14/m (87) R3(148)

Figure 5.1: Schematic representation of three different low-energy crystal struc-
tures of SryBRhOg and CasBRhOg (B=Cr, Mn, Fe) compounds, as given by the
evolutionary search. The BOg and RhOg polyhedra are shown as dark and light
gray polyhedra, respectively, while the Sr?T or Ca?* ions are shown as balls. Left
panel: Non-perovskite structure of C2/m symmetry derived from hexagonal P-
3ml symmetry. The structure consists of face-sharing chains of alternating BOg
and RhOg¢ octahedra running along crystallographic c-axis. Middle panel: Double
perovskite structure of I14/m symmetry. The structure consists of corner-sharing
BOg and RhOg octahedra alternating in all three directions with 180° out-of-
plane Rh-O-B bond angle, and in-plane Rh-O-B bond angle deviating from 180°.
Right panel: Double perovskite structure of R3 symmetry having corner-shared
BOg and RhOg octahedra alternating in all three directions with equal-valued
bent Rh-O-B bond angles in out-of-plane and in in-plane directions.

5.3.1 Predicted Crystal Structures

As mentioned above, we employed the evolutionary algorithm, as implemented
in USPEX in conjunction with DFT in plane-wave basis for total energy cal-
culations, to predict the crystal structures of yet-to-be synthesized SroBRhOg
and Ca;BRhOg (B = Cr, Mn, Fe) compounds. Compilation of crystal structure
data of so-far synthesized DP compounds shows [1] that while compounds with
relatively smaller tolerance values, 0.93 or less, are predominantly of monoclinic
P2;/n symmetry, compounds with relatively larger tolerance factors, 0.97 and
beyond form in either cubic Fm-3m, or tetragonal I4/m or rhombohedral R3
symmetry. Our search based on evolutionary algorithm results into either 14/m
or R3 symmetry of the compounds, in agreement with this general expectation.
We note here that larger size of Sr*™ compared to Ca*" drives the tolerance factor
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t, defined as t = # where 74, 7o, T, 1y are the ionic radii of A, O, B
2

and B’ ions respectively, > 1 (1.03 - 1.01) for Sr based compounds and < 1 (0.98
- 0.97) for Ca compounds, with 3+/5+ combinations having somewhat smaller
tolerance factor compared to 4+/4+ combinations. This makes non-perovskite
structures possible candidates for Sr based compounds, which compete with per-
ovskite structure, posing a challenge to the evolutionary algorithm. While for
all Ca-based compounds, low-energy structures are found to be of perovskite-
based R3 symmetry, in case of Sr-based compounds, a non-perovskite structure
with C2/m symmetry is found to be a strongly competing phase along with R3
for SroCrRhOg and SroFeRhOg, and 14/m for SroMnRhOg. The structural in-
formations containing space group symmetry, lattice parameters(a, b, c¢), cell
volume(V), cell angles(a, 3,7), Wyckoff positions and the atomic coordinates of
the perovskite structures are listed in Table (5.1) and (5.2).

The left most panel of Fig. (5.1) shows the schematic diagram showing the
crystal structure of non-perovskite C2/m symmetry. This monoclinic structure
can be derived from the hexagonal P-3m1 symmetry by introduction of distortion,
with their lattice constants connected by the transformation a’ = —a + b, b = —a
-b,and ¢ =c, da (a),b (b)and ¢ (c) being the lattice constants of the monoclinic
(hexagonal) unit cell. The distorted BOg and RhOg octahedra are found to face-
share and form chain-like structures with alternating BOg and RhOg units running
along crystallographic c-direction. The Sr atoms sit in between the chains, and
in the crystallographic ab-plane the neighboring chains form hexagonal packing.

The I4/m symmetry of the perovskite-based structures, as shown in the schematic
diagram in middle panel of Fig. (5.1), shows a%a’c~ Glazer tilt pattern result-
ing into 180° B-O-Rh bond angles along the crystallographic c-axis and in-plane
B-O-Rh bond angle bent from 180°. The R3 symmetry of the perovskite-based
structures, shown in the schematic diagram in right most panel of Fig. 1, on the
other hand shows a~a~a~ Glazer tilt pattern resulting into equal valued B-O-Rh
bond angles along in-plane and out-of-plane directions, which deviate from 180°.
The deviation of Z B-O-Rh from 180° for perovskite-structures of SroBRhOg
compounds is found to be around 20°, while for CaBRhOg compounds this devi-
ation is found to be increase to about 30°. The B-O and Rh-O bond lengths show
interesting evolution as a function of U value applied at B site. While B-O bond
lengths are found to be less than 2 A for GGA calculations with a value of about
1.88-1.90 A, within GGA+U calculations for choice of Ug = 4 eV or more, the
B-O bond lengths are found to be more than 2 A with a value of about 2.01-2.02
A. This occurs with a concomitant decrease of Rh-O bond length from a value
2.03-2.04 A obtained within GGA calculation to a value 1.98-1.99 A in GGA+U
calculations for Ug = 4 eV or more. The observed Upg dependent evolution of
bond length has important implications in valences of B cation and Rh cation,
as will be discussed in the following subsection.
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Sr-based Compound SCRO SMRO SFRO
Symmetry Rhombohedral = Tetragonal = Rhombohedral
Spacegroup R3 [4/m R3

a=b/A 5.551 5.458 5.574
c/A 5.551 8.282 5.574
a=p=v 60.860 90 60.546
V/ A3 123.293 246.719 123.968
Sr site 2c 4d 2c
St 0.2499 0.0 -0.2499
Sry 0.2499 0.5 -0.2499
Sr, 0.2499 0.25 -0.2499
B site la 2b la
B. 0 0 0
B, 0 0 0
B. 0 0.5 0
Rh site 1b 2a 1b
Rh, 0.5 0 0.5
Rh, 0.5 0 0.5
Rh, 0.5 0 0.5
01(02) site 6f 8f(4e) 6f
01,(02,) 0.2525 0.2005(0.0) 0.2946
01,(02,) -0.1974 -0.3065(0.0) 0.2073
01,(02,) 0.6984 0.00(-0.2419) -0.2518

Table 5.1: Predicted crystal structures of SroBRhOg compounds.
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Ca-based Compound CCRO CMRO CFRO
Symmetry Rhombohedral Rhombohedral Rhombohedral
Spacegroup R3 R3 R3
a=b=c/A 5.418 5.391 5.422
a=p0=vy 61.343 61.567 61.336

VA3 115.855 114.683 116.094
Ca site 2c 2c 2c
Ca, -0.2489 -0.2506 -0.2517
Ca, -0.2489 -0.2506 -0.2517
Ca, -0.2489 -0.2506 -0.2517
B site 1b la la
B. 0.5 0 0
B, 0.5 0 0
B, 0.5 0 0
Rh site la 1b 1b
Rh, 0 0.5 0.5
Rh, 0 0.5 0.5
Rh, 0 0.5 0.5
O site 6f 6f 6f
O, 0.2462 0.3326 -0.1677
O, -0.1637 0.1624 0.6667
OR 0.6657 -0.2482 0.2535

Table 5.2: Predicted crystal structures of CaaBRhOg compounds.



5.3. Results and Discussions 107

Sr,BRhO, Ca,BRhO,
1 7 1F =
) g . B=Cr i
;B: 0.5 é 0S5 4*/4*P4 3'15* '
2 % A b =,
] ’ i
= / 0.5
-0.5 % —-0.5
&~ Y 0.5 I
1 ] 'i'..l.l..l.l.l.'
0.4 . —
= 2 35 - 4t/47 3°/5% z
= 0.5 : p 115 0.5 e ‘vg
EE Of=-======= -4—="1  of---—-- = ﬂr———:-l <
o iS5k Q'-&s 0.5} % 05
L
19— I I P -1 1 "I P I —
1 . F BFe ;F
- R
= | 474 P 43*/5¢ | 1+ 4141315 —1-2
3 I -
= Of----—-=-—=--= ———gl-1 Of-—————==== -=——.1
I 1f Ho '1;2—_-;?/ 0
- M = Gl BN P B P P T
0

Figure 5.2: B site magnetic moment (Mp), shown in left y-axis, Rh site magnetic
moment (Mgy,), magnetic moments on oxygen sites (Mg, ), the combined moment
at Rh and O sites (Mgp10,), all three quantities shown in right y-axis, plotted as
a function of Hubbard U at B site (Ug), for SryBRhOg and CayBRhOg (B=Cr,
Mn, Fe) compounds. Mg, Mg, Mo,, Mrrio, are shown in black, green, red and
yellow lines, respectively. For the moment on B site, plotted are the quantities,
AM = 2 - Mg,, 3 - My, or 4 - Mg,. The change of valence at B site from 4+
to 3+ is signaled by change in AM from a value within +1 ug to 0 pug to a
value within 0 pup to -1 pup. The hatched bar in each panel signals the critical
value of Ug at which such change-over happens. At this critical value of Ug,
Mpgh+osalso changes from a value less that -1 pp to a value within -1 pp to -2 pp.
The inset in left, middle panel of the figure shows the plot of energy difference
between non-perovskite C2/m symmetry and perovskite I4/m symmetry plotted
as a function of Up for SroMnRhOg. Note that crossover from the non-perovskite
C2/m symmetry to perovskite I4/m symmetry happens that at same critical Up
value at which crossover of valences from 44 /4+ to 3+/5+ at B/Rh happens.
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5.3.2 Magnetic moment, Valence States, Electronic Struc-

ture

In order to discuss the electronic properties of B ion and Rh ion in SroBRhOg
and CagBRhOg (B = Cr, Mn, Fe) compounds, we start with discussion of calcu-
lated magnetic moments at B, Rh and O sites, as given in GGA+U calculations.
Calculated magnetic moments in plane wave basis and in linear muffin-tin orbital
basis (in parenthesis) are listed in Table 5.3. The moments at Sr or Ca sites

Compound | Ug in eV B Rh O Total
3 -1.915(-1.935) | 0.426(0.440) | 0.074(0.079) | -1.00
SroCrRhOg 4 -2.034(-2.050) | 0.468(0.560) | 0.083(0.081) | -1.00
5 -2.121(-2.163) | 0.490(0.604) | 0.091(0.091) | -1.00
3 -2.851(-2.918) | 0.461(0.438) | 0.067(0.081) | -2.00
SroMnRhOg 4 -3.008(-3.053) | 0.488(0.458) | 0.084(0.098) | -2.00
5 -3.142(-3.197) | 0.497(0.479) | 0.101(0.118) | -2.00
4 -3.782(-3.811) | 0.497(0.574) | 0.045(0.038) | -3.00
SroFeRhOg 5 -4.027(-4.112) | 0.604(0.637) | 0.058(0.065) | -3.00
6 -4.200(-4.312) | 0.670(0.702) | 0.067(0.079) | -3.00
3 -1.890(-1.886) | 0.416(0.475) | 0.073(0.067) | -1.00
CasCrRhOg 4 -2.017(-2.015) | 0.462(0.518) | 0.083(0.081) | -1.00
5 -2.098(-2.129) | 0.484(0.552) | 0.089(0.093) | -1.00
3 -2.779(-2.873) | 0.459(0.486) | 0.057(0.066) | -2.00
CaoMnRhOg 4 -3.002(-3.010) | 0.480(0.509) | 0.079(0.081) | -2.00
5 -3.015(-3.123) | 0.490(0.528) | 0.084(0.098) | -2.00
4 -3.550(-3.680) | 0.416(0.439) | 0.026(0.032) | -3.00
CagFeRhOg 5 -4.012(-4.021) | 0.527(0.534) | 0.053(0.059) | -3.00
6 -4.129(-4.221) | 0.661(0.697) | 0.061(0.075) | -3.00

Table 5.3: Calculated total magnetic moment and moments at B (Cr/Mn/Fe),
Rh and O site for SrsBRhOg and CasBRhOg compounds at different U values
from plane-wave calculation and from linear muffin-tin orbital (LMTO) basis
calculations (in parenthesis). Moments are listed for three different Up values,
chosen around the critical Up value at which predicted transition of valence state
of B/Rh from 4+/4+ to 34+/5+ happens.

are found to be negligible small. Interestingly, we find the computed magnetic
moment to be strongly dependent on the choice of U value at the B site. The
results are presented in Fig. (5.2). For reference, the plot also includes the result
of GGA calculation, shown as the data point corresponding to Ug = 0 eV. We
note that for nominal valence of 4+ at B site in SroBRhOg or CaysBRhOg, the
magnetic moment at B site (Mp) is expected to be 1 up < Mp <2 up for B =
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Cr, 2 up <Mp <3 pup for B = Mn and 3 up < Mg < 4 up for B = Fe, corre-
sponding to d?, d® and d* nominal occupancies, respectively. Decrease of nominal
valence from 4+ to 3+ at B site, should result into magnetic moments at B site, 2
up <Mp < 3 ug for B=Cr, 3 up < Mg <4 ug for B=Mn and 4 ugp < Mp <5
pp for B = Fe, corresponding to d?, d* and d® nominal occupancies, respectively.
As is seen from Fig. (5.2), upon increasing U value of B site, a transition from
nominal valence of 4+ to 3+ happens at B site, at critical value of Up, estimated
to be 4 eV for Cr-Rh and Mn-Rh compounds, and 5 eV for Fe-Rh compounds.
Concomitantly, the magnitude of magnetic moment at Rh site, together with
moments at O sites are also found to increase, which are found to be aligned in
opposite direction to that of Mpg. At the critical value of Upg, the net moment on
Rh and six O sites in the formula unit, Mpp 40,4, is also found make a transition
from Mppios <1 pptol up < Mprios < 2 p. The total moment in the formula
unit is found to be 1 up, 2 pup and 3 pp respectively, irrespective of the choice of
Up, due to cancellation of moments between Mp and that of Mgpi0,. We thus
conclude a transition of nominal 4+/4+ valence of B/Rh to 34/5+ valence of
B/Rh happens beyond critical value of Up.

As is also evident, the unusual 5+ valence of Rh gets stabilized having a
large contribution of moment from oxygen sites. Thus ideally the valence should
be written as Rh*"L. [19] The Up dependent change in Rh-O bond-length, as
described in previous sub-section, further supports the change of nominal valence
from 4+/4+ to 3+/5+. [20]

The microscopic mechanism of Up assisted stabilization of unusual 54 valence
of Rh may be rationalized in the following manner. Increase of Upg shifts the d
energy level position of B site with respect to O p level, thereby destabilizing the
O p states, promoting increased orbital overlap with Rh d states, which facilitates
the formation of ligand hole. Very interestingly, we find also at this critical Upg
value, a transition from non-perovskite structure to perovskite structure happens
for Sr based compound. This is seen in the plot of energy difference between
non-perovskite and perovskite structures, as a function of Ug, the representative
case of SryMnRhOg being presented as inset in left, middle panel of Fig. (5.2)
Similar cross-over of structural stability is observed between C2/m and R3 for
SroCrRhOg and SroFeRhOg (see Fig. (5.3)). We note that a transition from
4+ /4+ to 3+ /5+ also effectively reduces the tolerance factor slightly, e.g. from
1.03 to 1.01 for SroMnRhOg, making the formation of perovskite structure more
favorable. In the following, we present the results considering the perovskite R3
structure for SroCrRhOg and SroFeRhOg, and 14/m structure for SroMnRhOg.

In order to check the influence of spin-orbit coupling (SOC), which might be
important for 4d Rh ion, we also repeat calculations within the framework of
GGA+U+SOC. The trend, as described above is found to remain valid. The
orbital moment at Rh site is found to be around 0.10 - 0.13 pp, aligned in the
same direction to that of the spin moment at Rh site, in agreement with more
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Figure 5.3: Energy difference between non-perovskite C2/m symmetry and per-
ovskite R3 symmetry plotted as a function of Ug for SroCrRhOg (left panel) and
SroFeRhOg (right panel).

than half-filled nature of Rh t5, occupancy. The orbital moments at B and O
sites are found to be negligible (see Table. 5.4).

The spin-polarized density of states (DOS) of the compounds in double-
perovskite space groups, R3 for SroCrRhOg, SroFeRhOg, CayCrRhOg, CapMnRhOg
and CagFeRhOg compounds, and 14/m for SroMnRhOg are shown in Fig. (5.4).
The states close to Fermi level are dominantly of B d and Rh d character which
are both crystal field split into t9, and e,, and spin-split. First observation to
be made is that that the spin-splitting at Rh site is oppositely oriented to that
at B site in agreement with oppositely directed moments at B and Rh sites, as
described previously. We further find that DOS plots of Ca and Sr compounds
show similar features for choice of same B site element, except small decrease in
band width in Ca compounds compared to corresponding Sr counterparts.

We find that the Rh e, states are empty in both spin channels in all com-
pounds, in conformity with low spin nominal d* state of Rh. This makes Rh ¢,
states completely filled in down spin channel and Rh ¢y, - O p hybridized state
in the up spin channel partially filled with about 1 electron. This creates a gap
in down spin channel, while in up spin channel partially filled Rh t5, - O p states
cross the Fermi energy strongly admixed with Cr t, states or Mn e, states or Fe
eq states in case of Cr-Rh compounds or Mn-Rh compounds or Fe-Rh compounds.
This drives half-metallic solution in all cases. The inset in the left, middle panel
of Fig. (5.4) shows the plot of charge density with an energy window set be-
tween Fermi level and 0.5 eV above Fermi level. This shows that the unfilled
low energy states, which are completely spin-polarized due to the half-metallic
character of the ground state, have a rather large contribution from the oxygen
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Figure 5.4: GGA+U (Ug =5 eV, Ug, = 1 eV, Jg = 0.8 eV) density of states,
projected onto B d states (black, solid line), Rh d states (red, dashed lines) and
O p states (green, shaded area) for SroBRhOg and CagBRhOg (B=Cr, Mn, Fe)
compounds. The zero of the energy is set at GGA+U Fermi energy in each case.
The inset in left, middle panel shows the plot of charge density calculated for the
energy window from 0 eV to 0.5 eV. The isosurface value in the charge density

plot is set at 0.015 e~ /A3,
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Compound | Total Magnetic | Magnetic B Rh O
moment moments
Spin -2.122 1 0.478 | 0.089

SraCrRhOs 00-1.00 Orgital 0.011 | 0.087 | 0.006
Spin -3.143 | 0.485 | 0.167
Orbital | 0.000 | 0.131 | 0.007
Spin -4.201 | 0.663 | 0.065
Orbital | -0.014 | 0.095 | 0.010
Spin -2.098 | 0.475 | 0.087
Orbital | 0.014 | 0.094 | 0.006
Spin -3.016 | 0.490 | 0.081
Orbital | 0.000 | 0.111 | 0.006
Spin -4.131 | 0.654 | 0.059
Orbital | -0.014 | 0.101 | 0.007

SroMnRhOg 00-2.00

SI'QFQRhOG 00 -3.00

C&QCI'RhO6 00-1.00

C&QMHRhOf) 00 -2.00

CagFeRhOg 0 0-3.00

Table 5.4: GGA+U+SOC (Ug = 5 eV, Ug, = 1 eV, Jyg = 0.8 eV) calculated
spin and orbital magnetic moments for Sr,BRhOg and CagBRhOg compounds.

orbitals, thereby establishing the scenario of the ligand hole formation.

5.3.3 Magnetic Ground State

The literature of magnetic double-perovskites shows that they exhibit ferro-
magnetism as well as antiferromagnetism. While compounds like Cay;CrMoOg,
SroCrMoQOg, BasCrMoQOg, CasCrReQOg, SroCrReOg, CasCrWOg, SroCrWOg, SroFeMoOg,
SroMnReOg etc are reported to be ferromagnets, the compounds like SroMnMoOg,
CasMnWOg, SroMnWOg, BaaMnWOg, SroFeWOgq ete are reported to be antifer-
romagnets. [21] Also based on model calculations [22] as well as DFT calcula-
tions [23] competing ferromagnetic, and A-type and G-type antiferromagnetic
(AFM) phases, driven by kinetic energy, have been predicted for doped double-
perovskites. The signature of such competing antiferromagnetic phase has been
further verified experimentally upon large doping of SroFeMoOg by La. [24] In
view of the above we carry out total energy calculations considering the fer-
romagnetic (FM) alignment of B site spins, together with A-type and G-type
antiferromagnetic arrangement of B spins within a 2 x 2 x 2 supercell of the
compounds. In case of A-type antiferromagnetism (A-AFM) the B spins in-plane
are ferromagnetically coupled, while B spins between two adjacent plans are anti-
ferromagnetically coupled. For G-type antiferromagnetism (G-AFM), the B spins
are antiferromagnetically coupled both out-of- plane and in-plane. The A-type,
G-type and ferromagnetic arrangements are shown in Fig. (5.5).

Comparison of the GGA+U total energy of the three magnetic structures
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Figure 5.5: A type (left panel), G type (middle panel) antiferromagnetic (AFM)
and ferromagnetic (right panel) (FM) arrangement of B (Cr/Mn/Fe) site spins in
SCRO, SMRO, SFRO, CCRO, CMRO and CFRO. Oxygen and A site (Sr/Ca)
atoms in the structures are not shown for clarity. The spin structure of only B
site (pink and brown balls) have been shown, while the induced spins at Rh sites
(shown as light gray balls) have not been shown.

shows the ferromagnetic state to the minimum energy state among the three
considered magnetic structures for SCRO, SMRO, CCRO and CMRO. For choice
of Ug = 5 eV, the FM state is found to be favored compared to A-AFM and G-
AFM states by energy difference of 39.3 (49.1) meV /f.u. and 39.7 (49.4) meV /f.u.,
respectively, for SCRO (CCRO). SMRO and CMRO show the similar trend as
SCRO and CCRO, in terms of FM state being the minimum energy state, with
Ca-counterparts showing enhanced stability of FM state with respect to AFM
states, compared to Sr-compounds. The calculated magnetic moments in the A-
AFM and G-AFM phases, show the magnetic moment at Cr/Mn site to be robust
showing little variation between FM and AFM phases, while the the moments at
Rh and O sites are found to be vanishingly small in AFM phases (see Table. 5.5
for calculated magnetic moments in FM and AFM phases) indicating the induced
nature of moments at Rh and O sites, as will be discussed in the following.

Very interestingly, moving to Fe-Rh compounds, both for Sr and Ca-counterparts,
the AFM structures came out to be minimum energy states, with slight preference
of A-AFM over G-AFM, and separated by an energy difference of 109.1 meV /f.u.
from the FM solution for SFRO and 43.1 meV/f.u. for CFRO. We find this anti-
ferromagnetic state to be metallic as seen in Fig. (5.6). This makes the situation
as one among the rare cases of antiferromagnetic metal, deviating from estab-
lished wisdom of relation between magnetic order and electrical conductivity, .e.
antiferromagnets are insulators and ferromagnets are metals. There are only few
examples of this exceptional situation, reported in case of compounds with low-
dimensional electronic structure, [25] and only one known so far in perovskite
family. [26]

Since the above results have been obtained for a specific choice of Ug value,
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Compound | Magnetic ordering B Rh O Total
A-AFM 2.017 | 0.000 | 0.006 | 0.00

SroCrRhOg G-AFM 2.015 | 0.007 | 0.01 | 0.00
FM 2.122 | -0.490 | -0.091 | 1.00

A-AFM 3.092 | 0.206 | 0.020 | 0.00

SroMnRhOg G-AFM 3.058 | 0.172 | 0.01 | 0.00
FM 3.144 | -0.499 | -0.090 | 2.00

A-AFM 4.001 | 0.000 | 0.060 | 0.00

SroFeRhOg G-AFM 3.997 | 0.000 | 0.055 | 0.00
FM 4.026 | -0.602 | -0.06 | 3.00

A-AFM 2.006 | 0.000 | 0.018 | 0.00

CayCrRhOg G-AFM 2.003 | 0.000 | 0.016 | 0.00
FM 2.098 | -0.484 | -0.089 | 1.00

A-AFM 2.931 | 0.00 | 0.008 | 0.00

CasMnRhOg G-AFM 2935 | 0.00 | 0.010 | 0.00
FM 3.015 | -0.490 | -0.080 | 2.00

A-AFM 3.866 | 0.000 | 0.030 | 0.00

CasFeRhOg G-AFM 3.860 | 0.00 | 0.029 | 0.00
FM 3.906 | -0.573 | -0.040 | 3.00

Table 5.5: GGA+U (Ug =5¢€V, Ug, = 1€V, Jg = 0.8 €V) total magnetic mo-
ment and moments at B, Rh and O site for A-AFM, G-AFM, FM for Sr,BRhOg
and CayBRhOg compounds.

SrzFeRhO 2

CazFeRhOE

DOS(States/eV-atom)

2 0 2 4 6

Energy(eV)

Energy(eV)

Figure 5.6: A-AFM GGA+U (Ug =5eV, Ug, =1eV, Jg = 0.8 eV) total density
of states for SroFeRhOg and CasFeRhOg compounds. The zero of the energy is
set at GGA+U Fermi energy in both cases.
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the natural question to ask is that how robust is the obtained ground state upon
variation of Upg value. In order to answer this, we have carried out calculations
of ground state magnetic structures, over the entire studied range of Ug = 1-
8 eV. In all cases, the ferromagnetic state turns out to be the ground state for
Cr-Rh and Mn-Rh compounds, while the antiferromagnetic state is found to be
the ground state for Fe-Rh compounds (cf. Fig. (5.7)).

Sr,BRhO, Ca,BRhO,
T T T T T T
100 [~ ! ' ¢ e 100 - ! ! l -
B=Fe -
B=Mn J
B=Cr
_150 I 1 I L I L _150 I L I 1 I L
2 4 6 8 2 4 6 ]
U, (eV) U, (eV)

Figure 5.7: Energy difference per formula unit (AE) between FM and AFM
structures plotted as a function of Up for SCRO (black line), SMRO(red line),
and SFRO(green line) in the left panel and for CCRO (black line) and CMRO(red
line) and CFRO(green line) in the right panel.

5.3.4 Mechanism of magnetism and Model calculation of
magnetic Transition Temperature

The fact that the moments at Rh and O site are strongly dependent on the ar-
rangement of B site spins in SroBRhOg and Ca;BRhOg compounds indicates that
the moment on the Rh-O network is induced by the magnetism at B site. This
scenario was first described in the context of SroFeMoQOg in terms of hybridization
driven mechanism. [27] Within this mechanism, if the effective energy levels of the
4d or bd TM d - O p fall within the exchange split energy levels of 3d TM d, due
to the hybridization between states of same spin and symmetry at the two sites, a
negative spin-polarization is induced at the 4d or 5d - O network re-normalizing
the intrinsic spin-polarization at the 4d or 5d - O network. Following this, in
the ferromagnetic configuration of B (Cr/Mn/Fe) site spins, this gives rise to an
intrinsic spin splitting at 3d TM site and an induced, negative spin splitting at
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Rh network. In the antiferromagnetic structure, on the other hand, where the
intrinsic spins at neighboring 3d TM (Cr/Mn/Fe) sites are oppositely aligned, the
induced spin splitting at the Rh - O network due to the effect of two neighboring
3d TM sites cancel out resulting into vanishing magnetic moments at Rh and O
sites. Calculated energy level diagrams of B site d level and effective Rh o, -
O p levels of SrsBRhOg or Ca;BRhOg series, shows that effective Rh ¢5, - O p
states appear within the spin-split energy levels of B sites, further supporting the
hybridization-driven mechanism of magnetism to be operative in SrsBRhOg¢ and
CagBRhOg series.

Interesting enough, the hybridization-driven mechanism supports filling driven
FM-AFM transition, which was predicted theoretically [23] and verified exper-
imentally [24] for La doped SroFeMoOg. As opposed to super-exchange driven
insulating antiferromagnetic state found in DPs [28], the antiferromagnetic phase
within the hybridization-driven mechanism of magnetism is metallic. The in-
crease of filling upon moving from Cr or Mn in Cr-Rh or Mn-Rh compounds to
Fe in Fe-Rh compounds, drives the Fe-Rh DPs antiferromagnetic with Fe spins
aligned antiparalelly in A-AFM manner with vanishing moment at Rh, O sites,
as opposed to FM ground state of Cr-Rh or Mn-Rh DPs with parallel alignment
of B site moments and induced moment on Rh. As schematically shown in Fig.
(5.8), in case of Cr-Rh or Mn-Rh compounds, the minority spins on Rh site,
which are parallel to the majority spins on the B site, can hop via the majority
spin ty, - e, hybridization, provided all the B site moments are parallel, and all
the Rh site moments are antiparallel to them (cf. top two panels of Figs. (5.8)).
In case of Fe-Rh compounds, the e, states in majority spin channel at B site gets
filled, thus prohibiting B-Rh hybridization in the majority spin channel of B site,
unlike Cr-Rh or Mn-Rh compounds. In an antiferromagnetic arrangement of B
site spins on the other hand (cf. bottom panel of Fig. (5.8)), both the minority
and majority spin electrons at the Rh site can hybridize with the B sites in either
down (Scenario 1 in the figure) or up spin (Scenario 2 in the figure) sublattices,
thus maximizing the kinetic energy of hybridization. This makes Fe-Rh DPs one
of the rare example of undoped DPs in AFM metallic phase.

Furthermore, it is interesting to note that the magnetism in the compounds
under discussion, being governed by hybridization-driven mechanism, as opposed
to more conventional superexchange mechanism, is almost insensitive to the
change in the valences from 4+/4+ to 3+/5+, as long as energy levels of Rh
d states fall within the spin-split d energy levels of B site. The predicted mag-
netic properties, thus turned out to be robust upon variation of Ug over large
range, as demonstrated above.

The important ingredients in the hybridization-driven mechanism, as pointed
out in Refs. [22,29], are (i) a large core spin (S) at B site, (ii) strong coupling
between B site core spin and the itinerant electron on B'-O network when it
hops onto the B site, inducing preferred polarization of the itinerant electron in
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Figure 5.8: The schematic representation of allowed and dis-allowed hybridization
between B (Cr/Mn or Fe) and Rh sites within the hybridization-driven mecha-
nism.
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Compound Structure Dyy (meV) | Dyyny (meV) | Te (K) | Ty (K)
SCRO rhombohedral -6.62 -6.54 135
SMRO tetragonal -2.05 -1.79 40
SFRO rhombohedral 16.6 18.9 145
CCRO rhombohedral -8.23 -8.16 170
CMRO rhombohedral -6.18 -6.71 135
CFRO rhombohedral 5.78 7.88 60

Table 5.6: T., Ty and exchanges Dyy and Dyyy (see text) for the model spin
Hamiltonian corresponding to SroBRhOg and Ca;BRhOg compounds.

one spin channel over other, and (iii) delocalization of the itinerant electron on
the B-O-B" network. This can be written in terms of a B and effective B’ site
two-sublattice double-exchange model, given by,

— E: E: B't . B’
= €B cwcw+e/ Ciy

i€B,o i€B’ o
BT B’
+ Z Cio Cjo +J Z Sl sz Jaﬁczﬁ (51)
<ij>o i€B,af

where eg and ep represent onsite energies on the B and B’ sublattices. The third
term in the Hamiltonian represents the kinetic energy of the itinerant electrons,
t being the effective B-B" hopping. cBT and cBT create B and B’ site fermions
respectively at the i-th site with spin 0. S;’s are the classical (large) core spins at
B site, coupled to the itinerant electrons through a coupling J >> t. In the limit
J — o0, the above Hamiltonian can be recast to an effective model involving only
the core spin S of the B sites, integrating out the fermionic degrees of freedom of
the itinerant electron using the procedure of self-consistent renormalization [22],

given by,
[1+4+S,.S;
Heff{S} ~ Z Dij Tj (52)

<<1y>>

While the original Hamiltonian given by Eqn. (Eq. (5.1)) contains only nearest
neighbor hopping, the effective model, given by Eqn.( Eq. (5.2)) contains the
nearest neighbor (Dyy) as well as next nearest neighbor (Dyyy) interactions.
In the present work the Hamiltonian, H. ¢, has been used phenomenologically,
and the parameters D;; have been obtained from DFT total energies of the FM,
A-AFM and G-AFM configurations. The calculated values for Dyy and Dyyy
for SrsBRhOg and CasBRhOg compounds are listed in Table 5.6. With the
DFT inputs for Dyy and Dyyy, the core spin Hamiltonian was simulated using
Monte Carlo algorithm. It was confirmed that for each of the compounds same
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Figure 5.9: Calculated magnetization from Monte Carlo simulation plotted
as a function of temperature, for SCRO (yellow line), CCRO (black line),
SMRO(violet line), and CMRO(green line) in the left panel and for SFRO (blue
line) and CFRO(red line) in the right panel.

magnetic ground state was obtained from the Monte Carlo simulation as obtained
from DFT.

From the Monte Carlo simulation, the magnetization was calculated as a
function of temperature (cf. Fig. (5.9)), and the ferromagnetic transition tem-
peratures, T, was obtained for SCRO, CCRO, SMRO, and CMRO. Similarly,
the staggered sublattice magnetization was calculated as a function of temper-
ature from Monte Carlo simulation, and antiferromagnetic transition tempera-
tures, Tx’s were obtained for SFRO and CFRO. Following the same procedure,
T. for well-known double perovskite compound SroCrMoQOg was computed, which
was found to be about 430K, in good agreement with experimentally measured
T., [16] thereby providing confidence in the adapted procedure. The calculated
T, and Ty values for the SrosBRhOg and CasBRhOg compounds are listed in Ta-
ble 5.6, which show that other than SMRO and CFRO, the magnetic transition
temperatures to be above 100K.

5.3.5 Predicted growth conditions

Our computational prediction for the unknown SroBRhOg and Ca;BRhOg (B =
Cr, Mn, Fe) compounds employing USPEX in conjunction with DFT resulted in
ground state structures belonging to the double perovskite family. The predicted
oxidation state of the Rh ion is 5+ which is different from the conventional 3+ or
4+ oxidation state of Rh, known for Rh-based perovskites and thus unusual. For
guiding the future synthesis of these compounds, analysis of the thermodynamic
stability of the predicted Rh-based DP compounds is important. This will ascer-
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tain the possibility of their formation in reality, allowing one to determine, among
other things, the thermodynamic stability of the predicted compounds with re-
spect to decomposition into their competing phases. In particular, we follow
the formalism outlined in Ref. [8,9], based on the computation of the formation
enthalpies AHy of both the predicted compound and it’s competing phases.

The enthalpy of formation AHy, defined as the energy needed to form a
compound from it’s constituent elements, is given by

AH(Ay By, ...) = EP" (A By, ..) =Y nyu
I

where, EPTT(A,, B, ...) is the total ground state energy per formula unit of the
predicted compound and p; is the chemical potential of the constituent elements
A, B, ... in their elemental reference phase. If AH/ is negative, then it is possible
to estimate chemical potential ranges of the constituent elements within which
the predicted compound is thermodynamically stable. This is achieved by for-
mulating a set of equalities and inequalities in terms of the chemical potentials
within the grand canonical ensemble, which need to be satisfied.

For the A;BRhOg compounds, these set of equalities and inequalities are as
follows,

2Apia + A + Ay + 6Ap10 = AH (A, BRhOg) (5.3)
where A = {Sr,Ca} and B = {Cr, Mn, Fe}

Apa <0; Aup <0; Apgn <0, Apo <0 (5.4)

and a set of inequalities for the number of competing phases given by

n(i)AMA + m(i)AuB + p(i)AﬂRh + q(i)Auo < AHf(An(i) Bm(i)th(i) Oq(i)>, (5.5)
n7m7p7q = 07172""
i=1,....2

where A = {Sr, Ca} and B = {Cr, Mn, Fe}, Au; = p; — uf is the deviation
of the chemical potential of a component from it’s elemental-phase reference, and
Z is the number of competing phases with chemical formula A, u) B,,q) BZ’) @ Oqtd
with formation enthalpies AH (A, B,,o B}’D 0 Oyti))-

Eqn. (5.3) above represents the condition of thermodynamic equilibrium be-
tween the A;BRhOg compound and it’s constituent elements. Eqn. (5.3) along
with the inequality (5.4), determine the allowed range of values for Ap; which
can be represented as a triangle in the three-dimensional (Apug, Apgn, Ao )
phase-space. We assume the A-rich limit i.e. Apg = 0. Eqn. (5.4) define a set of
conditions which needs to be satisfied for the predicted A;BRh'Og compound to
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Figure 5.10:

Projection of the allowed ranges of chemical potentials on the

(App, Apgn) plane with the shaded part representing the region of thermody-

namic stability for the Sr,BRhOg and CagBRhOg compounds.

to be thermodynamically stable. For example, if one of the inequalities in Eqn.
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Compound | App(min)/Apo(max) (eV)
SCRO “1.79/0.00
SMRO "1.65/0.00
SFRO -1.86,/0.00
CCRO 20.46/0.00
CMRO 71.69,/0.00
CFRO 71.68/0.00

Table 5.7: The calculated range of chemical potential of oxygen, necessary for
growth of SryBRhOg and CagBRhOg (B = Cr, Mn, Fe) compounds.

(5.5) remains unsatisfied within the region defined by the triangle, then the pre-
dicted A;BRhOg compound is unstable and it is energetically more favorable for
the corresponding competing phase to be formed.

In Fig. (5.10), we show the projection of the triangle in the three-dimensional
(App, Apign, Apo ) phase-space into two-dimensional (Aupg, Augy) phase-space
for StyBRhOg and CasBRhOg (B = Cr, Mn, Fe) compounds, shown by thick,
black line in each panel. The value of Aup is equal to 0 on this line. Solving the
inequality (5.5) simultaneously with Eqn.(5.3) for each of the competing phases
leads to a set of inequalities that can plotted in (Aug, Apgn, Apo ) space. Their
projections on the (Aug, Apgy) plane are represented by thin, black lines, with
each line corresponding to a single competing phase. The shaded region defines
the stability region within which the compounds SrsBRhOg and CayBRhOg (B
= Cr, Mn, Fe) are stable.

The points of intersection (App, Apgp), of the straight lines which enclose
the stability region, define the allowed range of Ao, obtained by substituting the
values of Aup and Apgy, in Eqn (5.3). Table. 5.7 lists the range of App obtained
for SrsBRhOg and Ca;BRhOg (B = Cr, Mn, Fe) compounds. The allowed range
of Aup when recast in terms of oxygen partial pressure (pp,) and temperature
(T) provide a gauge of the growth conditions for the Rh DP compounds. The
dependence of the oxygen chemical potential on pressure and temperature can be
obtained from equation [9]

po(T,p) = uo(T,po) + %/{Tln£
Po
where k is the Boltzmann constant and py is taken as the standard pressure (1
atm).

Fig. (5.11) in SI shows the pp, vs T plot for a range of values of Apgp.
The shaded region in Fig. (5.11) indicates the conditions for growth of the pre-
dicted Rh-DP compounds, from which we assess that formation of Sr,BRhOg and
CayBRhOg (B = Cr,Mn,Fe) compounds require high temperature synthesis for
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Figure 5.11: Plot of oxygen partial pressure pp, vs temperature T at different
values of App. The shaded (hatched) area denotes the region corresponding to
the allowed range of Apuo obtained for the predicted SrsBRhOg compounds (B
= Cr/Mn/Fe) (top panel) and Ca;BRhOg compounds (B = Cr/Mn/Fe) (bottom
panel). The temperatures required to grow the compounds at standard atmo-
spheric pressure are indicated by the dotted red line.

ambient pressure condition, or low pressure condition at room temperature.

5.4 Conclusions

In this study we considered the case of yet-to-synthesized Rh family of magnetic
double perovskites, namely Sr(Ca);BRhOg, where B is Cr or Mn or Fe. While Rh
double-perovskites, having Nb, Ta or Sb at B site position have been synthesized,
so far Rh based double perovskites having 3d TM ions at B site position have
not been reported.
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Through our computational study, we predicted the crystal structure, elec-
tronic, magnetic properties and growth conditions of these compounds, which
should form a useful basis for attempts in synthesizing these compounds. In par-
ticular, we used the evolutionary algorithm to predict the crystal structure. To
the best of our knowledge, such an algorithm has not been applied previously to
complex, four component magnetic oxides. We validated our approach through
prediction of crystal structure of well-known double perovskite like SroCrMoQOg.
The excellent comparison between predicted and measured structure provided
confidence in our prediction. Considering the example of SrosBRhOg we discov-
ered the competition between non-perovskite and perovskite structure, which is
found to be dictated by change of nominal valence from 4+ /4+ at B/Rh sites to
3+/5+. Very interestingly, we find that that 3+/5+ scenario is favored for choice
of Hubbard U parameter at B site, Ug beyond a critical value. The unusual va-
lence of Rh5+ is found to be stabilized through U g-assisted change in the position
of B d level, thereby destabilizing O p levels, effecting the Rh-O covalency, and
creating oxygen ligand hole. The stabilization of Rh®" through formation of the
ligand hole would be possible to verify through spectroscopic techniques if these
compounds can be synthesized, as in case of cuprates or nickelates. [30] Studying
the electronic and magnetic structure of the compounds in predicted crystal struc-
tures, we further show that while Cr-Rh and Mn-Rh combinations give rise to
ferromagnetic, half-metallic solutions, the Fe-Rh combinations are rare examples
of antiferromagnetic metals. Analyzing the electronic structure further, we found
that the magnetism in this compounds to be driven by hybridization-mediated
mechanism, first discussed in context of SroFeMoOg. [27] Based on this analysis,
we derived a model Hamiltonian, which we solved through Monte Carlo simu-
lation to compute the magnetic transition temperature. The calculated values
of magnetic transition temperatures turn out to be above 100 K for most com-
pounds, except SroMnRhOg and CasFeRhOg. Following this, we analyzed the
favorable growth conditions from consideration of the formation enthalpies of the
predicted compounds and their competing phases. Our analysis indicates that
high temperature and low partial pressure oxygen would be required to synthesis
the predicted materials.
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Chapter 6

Machine-learning Assisted
Prediction of Magnetic Double
Perovskites®

6.1 Introduction and motivation

Prediction of new double perovskite compounds is important in order to add more
compounds with interesting magnetic properties to this family. This is however
challanging. Use of ab-initio calculations for this purpose is very tedious due to
various level of complexities. The reasons are the following. First of all, this
would involve testing the stability of a hypothetical compound against all other
possible phases including those that could result from the decomposition of the
hypothetical compound. Secondly, the enthalpies of formation should include the
vibrational contributions for prediction of stable phases at finite temperature,
making the computation further expensive. This would allow us to broaden the
material-base of magnetic compounds, which is urgently needed for technological
purpose. The other alternative could be the use of machine learning algorithm to
check the stability criteria instead of any direct ab-initio calculation. The method
is very simple yet powerful to reach the goal. It tries to learn underlying pattern
from the existing compounds and predict new stable compounds by using this
pattern. Careful screening of the possibilities helps to synthesize and characterize
the compounds experimentally.

Most common double perovskites have a divalent alkaline-earth cation, Ca, Sr
or Ba at A-site. There are also reports of double perovskites with trivalent rare-

*This chapter is based on publication : Anita Halder, Aishwaryo Ghosh and Tanusri
Saha-Dasgupta. (Manuscript accepted in Phys. Rev. Materials.)
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earth cations at A-site, but they are significantly smaller in number, which may be
rationalized by smaller sizes of A" cations compared to A% cations, limiting the
choice of B/ B cations. Focusing on the alkaline-earth based double perovskites,
the average B-site cation oxidation state will be four, which can be achieved by a
combination of B4+/B'4+7 B3+/B'5+, B2+/B'6Jr or BH/B/7Jr cations. Therefore,
cations with oxidation states ranging from one to seven can be inserted into the B
site, covering all the cations in the periodic table, opening up a vast possibilities.
Among them, only about 640 compounds have been synthesized and structurally
characterized. For a detailed review see Vasala et al. [1] Understandably, there
are several possible combinations of B/B’ that have remained unexplored so far.

In order to make a headway in this complex problem, we applied a multi-
pronged approach to this problem, by first applying machine learning technique,
using the known double perovskite compounds as a training set, to screen the most
probable B/B/ combinations giving rise to stable double perovskite structure.
This is followed by prediction of the crystal structure by employing evolutionary
algorithm based on density functional theory (DFT) total energies, calculation
of the nominal valences of the transition metal cations, the magnetic state, and
the mean field estimation of the transition temperatures. Since most known
magnetic double perovskites with high magnetic transition temperatures have
combination of 3d and 4d or 5d transition metal (TM) cations at B and B’ sites,
we restricted our search to B/B’ combinations to 3d/4d(5d) TMs. Our exhaustive
study, taking into account a large number of possibilities, should form an useful
reference for future experimental research with a goal to synthesize new magnetic
double perovskites.

6.2 Machine learning approach

In order to screen the unexplored B/B’ combinations for possible prediction of
new stable, double perovskite compounds we used machine learning (ML) algo-
rithm. The adapted ML scheme can be described in terms of four basic steps,
shown schematically in chapter 2, Fig. (2.12). In the following, we provide the
calculation details based on these steps.

6.2.1 Database construction

As already mentioned in chapter 2, two crucial ingredients for database construc-
tion are, instances and attributes.

Instances are the existing compounds having chemical formula of A;BB Oy,
reported in literature. Since we focus our search on double perovskites with diva-
lent rare-earth cations at A-site, our choice of instances included the compounds
where A is divalent cation with three different possibilities, Ca/Sr/Ba, and B and
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B’ are mostly transition metals, with some choices of lanthanides and actinides.
The existing AyBB Og compounds were classified into two categories: (a) Dou-
ble perovskites (DPs) : where B/B" form octahedra, and corner-shared BOg and
B’Og octahedra are arranged in an ordered manner. (b) Non-double perovskites
(NDPs) : where the compounds either exhibit disordered B/B’ arrangement, or do
not form perovskite structure with corner-shared arrangement of BOg and B'Og
octahedra. This gave rise to 641 compounds in the training data set, among which
115 compounds are Ca-based, 224 compounds are Sr-based and 302 compounds
are Ba-based. 515 compounds were classified as DP and 126 compounds as NDP.
For effectiveness of the training data set, both the quality and quantity of the
data set are important. The quantity of data in this case is limited as is often the
case in materials science projects. To reinforce the quality of the data that can
reduce noise and bias in the constructed model, we have cross-checked our data
base among different sources like Inorganic Crystal Structure Database (ICSD),
Ref. [1], and other available literature. Any questionable/doubtful instance is
removed from the database.

Attribute Notation Value range
av. radius of B/B’ <rpp > 0.51-1.04 A
radii diff. of B and B’ Arpp 0.00-0.85 A
radii ratio of B and B’ rB/TH 1.00-2.61
tolerance factor t 0.85-1.08
valence diff. of B and B’ AValgp 0-6
column B Cp 1-15
column B’ Cp 2-17
Row B Rg 2-7
Row B’ Ry 2-7
Row diff. of B/B’ ARpp 0-5
Atomic mass diff. of B and B’ AMpgp | 1.78-229.02 a.m.u
Electronegativity diff. of B and B' | Ayspm 0.01-1.84
Atomic number diff. of B and B’ AZpp 1-88

Table 6.1: The description, notation and range of 13 different attributes used in

the study. Tolerance factor is defined as t = —4tr9
V2(TBLIE 4rg)

are the ionic radii of A, O, B and B’ ions respectively.

where 14, 70, B, T

The features or characteristics which represent the uniqueness of a particular
instance, are termed as attributes. The choice of proper set of attributes is a
crucial part in machine learning. The attributes that have been used in this study
are based on either chemical or structural properties of the instances. The choice
of such attributes make the database construction easier and the entire process
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inexpensive as these attributes can be obtained without involving computation.
Table. 6.1 lists the 13 attributes used in this study, along with their notation and
ranges.

6.2.2 Data preprocessing

Data preprocessing is an important part in ML technique before model construc-
tion, which has been discussed elaborately in chapter 2 (cf. section 2.9). One of
the important steps of data preprocessing is removal of outlier data. In the Fig.
6.1, box plot is showing the diversity of 13 attributes, along with their mean and
median. The long whisker are set at Q1-1.5IQR and Q4-1.5IQR, where Q1,Q4
are first and forth quartiles and IQR is known as interquartile range. Any data
point outside the whisker was considered as an outlier data and was discarded.
Fig. 6.1 shows that the attributes like Cp/, Rp/, rg/rp and Argp have outlier
data which were removed from the training dataset.

et W
Lb leustatz:s —
Cp i Cyi Ryi Ry /piAval, iAM, 0 t IAZ AYy AR i <r, > Arg,

Figure 6.1: Box plot showing the spread of the 13 attributes which were considered
initially. The green and red line show the mean and median respectively. The
lower and upper whisker are set at Q1-1.5IQR and Q4-1.5IQR respectively. The
small squares indicate the maximum and minimum range of the data.

In the next step to remove correlated attributes, the heatmap drawn among
initial choice of attributes using Pearson correlation exhibits that a few attributes
are strongly correlated to each other, as shown in Fig. 6.2. From the created
heatmap of the present problem, it has been observed that:

1. Tolerance factor (t) and radius average of B site (< rpp >) are highly
correlated.
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Figure 6.2: Heatmap representing correlation among different attributes. Differ-
ent colors indicate the strength of their correlations. Weak or no correlation is
represented by blue boxes in the plot and strong correlation is represented by
yellow boxes in the plot.

2. Radius difference between B sites (Arpp/) and radius ratio r/rp: are highly
correlated.

3. AZgp and AMyy in B site are correlated.

We thus retained (i) ¢, discarding < rpp >, (ii) rg/rp, discarding Arpp/, and
(i) AMpy, discarding AZgpy from the list of attributes. Based on this in-
put, out of initial choice of 13 attributes, 10 attributes were used for the model
construction.

6.2.3 Model construction

The crucial step after data set construction and its preprocessing, is the suitable
choice of machine learning algorithm that can efficiently capture the underlying
pattern in the dataset. We initially used four different tree algorithms, namely
J48 [2], random tree [3], random forest [4] and REPtree [5], to make the classifi-
cation between DP/NDP compounds. We used standard k-fold cross validation
technique to characterize accuracy of the model. A value of k = 10 was found to
be sufficient in the present context. Fig. (6.3) shows the accuracy of four different
algorithms. The accuracy of a model can be calculated from confusion matrix,
which summarizes the prediction results while building a machine learning model.
During cross validation, it enlists the number of correct and incorrect predictions



6.2. Machine learning approach 133

85.5

o
85 84.87%

84.77%

82.68%

Accuracy
[=-]
w
“

81.12%

Tree J48 Random Forest Random tree REPTree

Figure 6.3: Plot of calculated accuracy in four different tree algorithms. It can
be seen that random forest algorithm provides best prediction probability among
them.

made to each class. In our case, the confusion matrix represents the number of
training set DP instances that have been predicted correctly as DP (True positive
or TP) or wrongly as NDP (False negative or FN) and the number of instances
that are originally NDP (True negative or TN) and have been predicted correctly
as NDP or wrongly as DP (False positive or FP). The off diagonal terms in the
confusion matrix give the number of wrongly predicted instances. The confusion
matrix can be written as,

TP FN
MZ[FN TN]

Thus, accuracy in this model can be defined as % x 100%. It was found
that random forest algorithm, which has been successfully used in many cases in
material informatics, [6,7] provides the best result among these four algorithms
from consideration of misclassified instances as shown in Fig. (6.3).

We also calculated the misclassification rate in a random forest calculation
as a function of number of instances as shown in Fig. (6.4). It is seen that
misclassification rate saturates as one increases the number of instances in the
training set. This plot assures that in our case, the model performance would not
be further affected by the quantity of data.

In passing we note that our training set shows imbalance [8] between DP and
NDP classes. As most often the unsuccessful experiments are not reported in
literature the number of known NDP compounds is much less than that of DP
compounds. To overcome the effect of this imbalance in building the model, we
made use of the cost sensitive (meta-learning) wrapper. [9, 10] It considers the
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Figure 6.4: Learning curve shows the misclassification rate as a function of num-
ber of instances in the dataset, which confirms whether the quantity of data is
sufficient for robust model as predicted by ML algorithm.

fact that the "cost” of misclassification of NDP compounds are more than the
misclassification cost of DP compounds. We found that the true negative rate
in a cost insensitive model is 46% whereas in cost sensitive model it has been
increased to 59%. The calculated confusion matrix for cost sensitive random
forest algorithm applied to our problem,

470 45
M= { 52 74]
Accuracy in this model as seen in Fig. (6.3) is 84.87%. We may also define F1
score in terms of precision and recall is given by QEEESﬁZiXPI: g;‘;’f;ﬁ" = 90.60%. F1
score gives a better evaluation of a model than accuracy when FP and FN have
different costs as in our case. The model obtained using cost sensitive random
forest algorithm has been finally used to predict the stability of unknown DP

compounds, reported in the following.

6.2.4 Prediction of new compounds

The developed machine learning model was used to predict the stability of un-
known A;BB’Og composition in double perovskite structure, by applying model
on the test dataset of size 412. The unknown dataset was constructed consid-
ering all possible combination of B cations from 3d transition metal series and
B’ cations from 4d or 5d transition metal series that have not been reported in
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Figure 6.5: A;BB'Og compositions with A = Ca, Sr, Ba, and B/B" = 3d/4d(5d)
TMs. Left most column represents the 3d B cation and top most row the B’ cation.
Different colors indicate known compounds (yellow), predicted double perovskite
compounds (green with “right” symbol), predicted compounds with either dis-
ordered B/ B’ arrangement, or non-perovskite structure with the A,BB' Oy stoi-
chiometry (red with “wrong” symbol), undecided predictions (grey with “ques-
tion” symbol).
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literature.

Fig. (6.5) shows a summary of known and predicted A;BB'Og compounds
with A = Ca/Sr/Ba and B/B" = 3d-4d/5d TMs. The known B/B’ DP combi-
nations are marked as yellow. The B/B’ combinations predicted to be NDPs are
marked with “wrong” symbol. The B/B’ combination is predicted to be DP if
the prediction probability is high (0.8-1.0). The B/B’ combinations with predic-
tion probability (0.6-0.7) are considered as moderately probable, while those with
prediction probability (0.5-0.6) are considered as undecided situations. The DPs
are marked with “right” symbol, while both moderately probable and undecided
situations are marked with “question” symbol. Our machine-learning screen-
ing predicts 33 compounds to be DPs with strong probability, 89 compounds
with unresolved prediction and 54 compounds as NDPs among all the studied
3d-B/4d(5d)B" combinations together with 119 known cases.

In the following, we consider the predicted DPs compounds, [11] and charac-
terize them in terms of their crystal structure, electronic and magnetic properties.

6.3 DFT details

The structural optimizations were performed in plane wave basis with projector-
augmented wave (PAW) [12] potentials. During optimization, the position of the
atoms were allowed to relax until the Hellman-Feynman forces became less than
0.001 eV/A. Energy cut-off of 600 eV and Monkhorst pack k-points mesh of
6 x 6 x 4 for monoclinic and tetragonal, 6 x 6 x 6 for cubic and rhombohedral
compounds were found to provide good convergence.

In all electron LAPW method, APW + lo was used as the basis set, and the
spherical harmonics were expanded upto [ = 10 and the charge density and po-
tentials were represented upto [ = 6. The criterion for the number of plane waves
in LAPW basis were chosen considering the muffin tin radius R,;r multiplied by
Kinax (plane wave cut off for basis) producing a value of 7.0.

The magnetic structure was determined by comparing the energies of A type
and FM arrangements of B spins. Here a larger supercell was considered which
can accommodate more than one inequivalent B atoms.

6.4 Properties of Predicted Compounds

6.4.1 Crystal Structure

The first step towards characterization of any compound is the information of its
crystal structure. To predict the structures, we employed genetic algorithm as
implemented in ”USPEX” (Universal Structure Predictor: Evolutionary Xtallog-
raphy) which is known for its accurate prediction of crystal structure of different
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multinary compounds, and has been also validated by testing on known DPs [13]
as discussed in chapters 2 and 3. Necessary information about the crystal struc-
ture of all the compounds have been provided from Table 6.5 to Table 6.11 at the
end of this chapter. Each table corresponds to a particular space group symmetry
with the compounds belong to this particular space group. In the tables we listed
lattice parameters, wyckoff positions and atomic positions of the free parameters
of the compounds.

Compound Space t |dpol|dy_o | (B-O-B
group @ | @ |
Cap TiMoOg | P2,/m (14) | 0.956 | 2.006 | 2.029 | 151.379°
CayVReOg 12/m (12) 0.964 | 2.012 | 1.977 | 151.122°
SroNiNbOg R-3 (148) 1.004 | 1.981 | 1.991 | 168.669°
SroNiTaOg Fm-3m (225) | 1.004 | 2.006 | 1.985 180°
CayCuRuOg R3 (146) 0.961 | 2.056 | 1.959 | 151.198°
CayCuOsOg R-3 (148) 0.951 | 2.101 | 1.931 | 151.121°
SroVRuOg Fm-3m (225) | 0.999 | 1.907 | 2.009 180°
CayCrRuOg P2, /n (14) 0.974 | 1.947 | 1.999 | 151.394°
CagFeRuOg | P2,/n (14) | 0.966 | 2.017 | 1.984 | 149.960°
CayCoRuOg I4,m (87) 0.975 | 1.997 | 1.964 | 150.226°
CayColrOg P2, /n (14) 0.954 | 2.011 | 1.959 | 148.123°
CaoNilrOs | P2;/n (14) | 0.967 | 2.079 | 1.959 | 148.250°
CapCultOg | DP2;/n (14) | 0.958 | 2.004 | 1.968 | 147.037°
Cas VWOg P2;/n (14) 0.925 | 2.125 | 1.947 | 149.304°
SraVWOgq P2,/n (14) 0.959 | 2.110 | 1.947 | 162.809°
CayNiNbOg P2;/n (14) 0.959 | 2.014 | 1.990 | 151.488°
CayNiTaOg P2, /n (14) 0.959 | 1.984 | 1.993 | 153.082°
BayCuMoOg | I4/mmm (139) | 1.033 | 2.168 | 1.953 180°
St,CuRhOg | I4/m (37) | 1.032 | 2.093 | 1.985 | 150°
CasTiWOs | P2./n (14) | 0.947 | 2.015 | 2.003 | 153.571°
SraVReOg Fm-3m (225) | 0.999 | 1.953 | 1.982 180°
CayCuNbOg 12/m (12) 0.974 | 2.179 | 1.999 | 140.118°
Ba,CuReOq I4/rn (87) | 1.038 | 2.256 | 1.910 | 164.355°
SroCuTcOg 3 (148) 0.973 | 2.147 | 1.930 | 159.063°
Bay;CuTcOgq -3 (148) 1.031 | 2.154 | 1.944 | 176.863°

Table 6.2: The space group symmetry, the tolerance factor (), the average B-O
bond-length (dp_o) in BOg octahedra, the average B'-O bond-length (d ) in
B'Og octahedra, the average B-O-B’ bond angle of the predicted DP compounds.

In Table 6.2, we list the important structural parameters of the predicted
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Figure 6.6: Tolerance factors of the predicted compounds, along with their space
group symmetries. The representative crystal structures for each structure types
are shown as insets, with monoclinic P2; /n symmetry in black, I2/m in magenta,
rhombohedral R3 in cyan, R-3 in red, tetragonal I4/m in blue, cubic Fm-3m in
light green and I4/mmm in dark green.

DP compounds along with their theoretical space-groups, as given by the genetic
algorithm. Analysis of the crystal structure data of the known DP compounds
shows [1] that the space group symmetries are dictated by the tolerance factors.
Compounds with relatively smaller tolerance values, 0.93 or less, are predomi-
nantly of monoclinic symmetry, while compounds with relatively larger tolerance
factors, 0.97 and beyond form in either cubic, or tetragonal 14/m or rhombohe-
dral symmetry. Our predicted space group symmetries are in agreement with
this general expectation, as shown in Fig. (6.6) where the tolerance factors of the
predicted compounds are shown along with their predicted space groups. Our
study predicts most of the compounds into P2;/n symmetry, in accordance with
the fact over 300 DPs are found to be formed in this space group. We found 11
compounds in P2;/n symmetry, 4 compounds in R-3, 3 compounds in Fm-3m, 3
compounds are in 14/m, 2 compounds in 12/m and 1 each in I4/mmm and R3
symmetry. Though the space group R3 has no inversion symmetry and may lead
to disorder but recently a double perovskite [14] has been found in this space
group where unusual cation ordering has been reported.
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Figure 6.7: Classification of predicted double perovskites, (Ca/Sr/Ba),BB Oy,
based on their electronic and magnetic properties. The color codes represent
FM-HM: red rectangle, FiM-I: magenta ellipse, AFM-I: blue hexagon, AFM-M:
cyan rounded rectangle, NM: green shaded ellipse and FM-M: grey diamond.

6.4.2 Electronic and Magnetic State

We calculated the electronic and magnetic state of the predicted compounds
within the density functional theory in generalized gradient approximation (GGA)
[15] of exchange-correlation functional in two different basis sets a) the plane-wave
pseudo-potential basis as implemented in Vienna Ab initio Simulation Package
(VASP) [16] and b) The full potential linear augmented plane wave (FLAPW)
basis as implemented in WIEN2k [17] code. The consistency of the calculations
in these two different basis set were cross-checked in terms of magnetic moments,
total and partial density of states. In order to include the electron-electron cor-
relation beyond GGA at 3d/4d/5d transition metal sites which is found to be
crucial to capture the correct electronic and magnetic properties, we considered
supplemented Hubbard U correction following Liechetenstein [18] formulation.
The choice of U value at B sites was chosen as 6-7 eV for late 3d transition
metals, 3-4 eV for early 3d transition metals. For 4d or 5d TM B’ sites, the
value of U was kept fixed at 1 eV. The Hund coupling Jy was chosen 0.8 eV
for both B and B’ sites. The influence of variation of U value on the electronic
and magnetic structures have been carefully considered, and the trend is found
to remain the same for the chosen ranges. We checked the effect of spin-orbit
coupling (SOC), which is expected to be important for 4d/5d TMs by repeating
the calculations within GGA+U+SOC. No significant changes were found in the
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qualitative description of electronic or magnetic states upon inclusion of SOC.

The calculated first-principles electronic structure, along with total energy
calculation of magnetic structure with ferromagnetic and antiferromagnetic align-
ment of transition metal spins, established that the predicted compounds can be
classified in six broad groups (cf. Fig. (6.7)): ferromagnetic half-metal (FM-HM),
ferrimagnetic insulator (FiM-I), antiferromagnetic insulator (AFM-I), antiferro-
magnetic metal (AFM-M), ferromagnetic metal (FM-M) and nonmagnetic (NM).
Out of predicted seven FM-HMs, four are Ca based and three are Sr based. Three
of AFM-Is are Ca based, one is Sr based and one is Ba based. All six FM-Is are
Ca based. One example of AFM-M is Sr based, and two examples of FM-M
are one Ca based and another Sr-based. There are four NM compounds, two
Ba based, one Ca based and one Sr based. In the following we provide a brief
account of each of the groups, the predicted compounds belonging to the group,
their electronic density of states, magnetic moment, magnetic state and mean
field estimate of magnetic transition temperatures. For a concise summary, see
Table 6.3. Total and projected magnetic moments at B, B" and O sites are listed
in Table 6.4.

Ferromagnetic half-metal

The largest group among six different classes is that of ferromagnetic half-metal,
which consist of seven compounds, Cas; TiMoOg, SroNiNbOg, CasCuRuOg, Cas VReOg,
SroNiTaOg, CagCuOsOg and SraVRuOg.

Cay;TiMoOg- Panel (a) of Fig. (6.8) shows the density of states (DOS) of
the compound projected onto Ti d, Mo d and O p states. As is seen from the
figure, the Mo ty, states are partially filled in the majority spin channel, and
completely empty in the down spin channel, with Mo e, states being empty
in both spin channels (not shown in the figure). Ti d states are empty, apart
from the covalency driven mixing with partially filled Mo ¢, states. This is in
accordance with the calculated magnetic moments, with a value of 1.50 up at Mo
site, and total moment of 2 pp in the formula unit, the residual moment being
distributed between Ti site (0.33 pp) and O sites (= 0.01 up) due to covalency
effect. This stabilizes a half-metallic ground state with nominal 44 /4+ valences
of Ti/Mo. While such isovalent combinations tend form disordered structure,
recent advances in high pressure synthesis has been reported to be able to stabilize
ordered structure of double perovskites with isovalent B/B’ combinations. [14]

Total energy calculation of ferro, and antiferromagnetic alignment of Mo spins
show the stability of FM state over AFM state by a relatively small energy dif-
ference of 15 meV, which would translate to a mean field T, of about 30 K. This
may be rationalized through Stoner instability driven ferromagnetism in a metal-
lic system.
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Compound | Nominal | Electronic | Band gap | Magnetic | T./Ty
Charges state (eV) state in K
CagTiMoOg | 4+/4+ | Half metal - FM 30
CasVReOg 3+/5+ | Half metal - FM 220
SroNiNbOg | 3+/5+ | Half metal - FM 400
SroNiTaOg | 3+/5+ | Half metal - FM 14
CayCuRuOg | 2+/6+ | Half metal - FM 483
CayCuOsOg | 2+4/6+ | Half metal - FM 125
SroVRuOg | 3+/5+ | Half metal - FM 102
CayCrRuOg | 3+/5+ | Insulator 0.570 FiM 135
CagFeRuOg | 3+/5+ | Insulator 0.660 FiM 547
CayCoRuOg | 3+/5+ Insulator 0.220 FiM 365
CagColrOg | 24/6+ | Insulator 0.090 FiM 95
CagNilrOg | 2+4/6+ | Insulator 0.120 FiM 39
CapCulrOg¢ | 2+4/6+ | Insulator 0.200 FiM 132
CaaVWOg | 2+/6+ | Insulator 0.830 AFM 67
Sro VWO 2+/64+ | Insulator 0.780 AFM 130
CaoNiNbOg | 3+/5+ | Insulator 0.580 AFM 11
CagNiTaOg | 3+/5+ | Insulator 1.110 AFM 39
BayCuMoOg | 2+/6+ | Insulator 1.030 AFM 2
SroCuRhOg | 2+/6+ Metal - AFM 184
CapTiWOg | 3+/5+ Metal - FM 14
SroVReOgq 3+/5+ Metal - FM 10
CayCuNbOg | 3+/5+ | Insulator 0.609 NM -
BayCuReOg | 14/7+ | Insulator 0.499 NM -
SroCuTcOg | 14/74+ | Insulator 0.175 NM -
BayCuTcOg | 14/7+ | Insulator 0.079 NM -

Table 6.3: The nominal valences of B/ B’, the electronic, magnetic state and the
band gap for the predicted double perovskites.
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Compound Total Mg (1B) My (uB) Mo (uB)
CapTiMoOg | 2.00 (1.991) | 0.337 (0.336, -0.008) 1.503 (1.499, -0.107) 0.005
CagVReOg | 0.00 (0.198) | 1.674 (1.499, -0.056) | -1.391 (-0.99, 0.341) -0.041
SraNiNbOg 1.00 1.450 0.056 -0.075
SraNiTaOg 1.00 1.458 0.043 -0.075
CagCuRuOg | 1.00 (0.989) | -0.649 (-0.761, 0.050) | 1.441 (1.214, -0.044) 0.033
CagsCuOsO¢ | 1.00 (0.867) | -0.451 (-0.662, -0.091) | 0.963 (0.963, -0.292) 0.028
SraVRuOg 1.00 (0.985) | -1.122 (-1.118, -0.022) 1.350 (1.340, 0.023) 0.105
CagCrRuOg | 0.00 (0.109) | 2.711 (2.778,-0.018) | -1.797 (-1.819, 0.018) -0.126
CagFeRuOg | 2.000 (2.020) | 4.194 (4.195, 0.019) | -1.781 (-1.775, -0.021) -0.042
CagCoRuOg | 1.000 (1.010) | 3.129 (3.180, 0.046) -1.750 (-1.708, 0.020) -0.031
CagColrOg | 2.000 (2.001) | 2.743 (2.708, 0.044) | -0.431 (-0.377, 0.004) | -0.038
CagNilrOg | 1.000 (1.043) | -1.721 (-1.727, -0.046) | 1.432 (1.325, -0.040) 0.160
CagCulrOg | 2.000 (2.002) | -0.612 (-0.622, -0.006) | 1.410 (1.304, -0.029) 0.149
CagVWOg | 3.000 (2.990) | 2.586 (2.575, -0.032) 0.236 (0.239, -0.022) 0.001
SroVWOg | 3.000 (2.992) | 2.559 (2.549, -0.032) 0.247 (0.249, -0.020) 0.003
CaaNiNbOg 3.000 2.070 0.023 0.133
CagNiTaOg 3.000 2.133 0.095 0.122
BapCuMoOg | 1.000 (0.993) | 0.714 (0.710, 0.192) 0.047 (0.047, 0.003) 0.040
SroCuRhOg | 2.000 (1.976) | 0.580 (0.662, 0.129) | -1.236 (-1.236, -0.003) | 0.172
CasTiWOg | 0.027 (0.157) | -0.267 (-0.247, 0.009) | 0.419 (0.397, -0.036) 0.015
SraVReOg | 0.567 (0.157) | 1.671 (1.592, -0.405) | -0.893 (-0.958, 0.317) | -0.034
CapCuNbOg 0.000 0.000 0.000 0.000
BayCuReOg 0.000 0.000 0.000 0.000
SraCuTcOg 0.000 -0.027 0.032 -0.001
BayCuTcOg 0.000 0.000 0.000 0.000

Table 6.4: GGA+U, and GGA+U+SOC calculated total magnetic moment, mo-

ment at B (Mg), B (M

I

) and average magnetic moment at O (Mp) site, for

SrsBRhOg and CasBRhOg compounds. For GGA+U calculations only the spin
moment is provided, while the spin and orbital moments at B and B’ sites as
given in GGA+U+SOC is shown in brackets. Total moment in GGA+U+SOC
is shown in bracket. In cases where the GGA4+U+SOC has only marginal effect,
the GGA4U+SOC results are not shown.
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Figure 6.8: The density of states projected to B d (black), B' d (red/grey) and O
p (shaded green/grey) character for compounds predicted to ferromagnetic half-
metals. Energy is measured with respect to Er. Octahedrally split dominant t,,
and e, character of TM d states are marked. Inset shows the schematics of orbital
occupancies at B and B’ sites, neglecting the distortion-induced splitting within
oy and e, manifolds and covalency effect with oxygen.

Ca;VReOg- The DOS (cf. Fig. (6.8)-(b)) shows that the V ¢y, states to
be partially filled in the majority spin channel, and Re ty, states to be partially
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filled in the minority spin channel, all other d states being empty. The calculated
magnetic moment gives rise to a value of 1.67 up at V site and 1.39 up at Re
site, suggestive of d? occupancies of both the sites. The net moment without
consideration of SOC turned to be zero due to cancellation of moments at V and
Ru, which turn out to be antiparallel driven by the two-sublattice double exchange
mechanism of ferromagnetism, as discussed for SroFeMoOg. [19] Introduction of
strong SOC effect at Re site, gave rise to be net moment of 0.198 upg.

The FM configuration is found to be stabler compared to AFM configuration
by 115 meV, giving rise to a mean field T, of ~ 220 K.

SroINiNbOg- The density of states, projected to Ni d, Nb d and O p states
are shown in panel (c) of Fig. (6.8). We find Nb d states are mostly empty (Nb
e, states not shown in the scale of the figure), suggestive of Nb®" nominal valence
with d° occupancy. This forces Ni to be in nominal 3+ valence, with 2+ and 2-
nominal valences of Sr, and O. Focusing on the DOS, we find the half-metallic
character, with filled Ni ¢y, states in both spin channels, empty Ni e, states in
the minority spin channel and highly dispersive Ni e, states strongly admixed
with oxygen character crossing the Fermi level (Er) in majority spin channel.
Interestingly, the strong admixture gives rise to the configuration where the spin
of the ligand hole aligns antiparallel of the Ni spin, thereby stabilizing the low-
spin state of nominal Ni** with net moment of 1 pp in the unit cell, which may
be better viewed as Ni** and ligand hole. The calculated magnetic moments of
1.45 pp at Ni, -0.08 up at O and 0.06 ug at Nb site supports the above mentioned
scenario.

The calculated energy difference between ferro, and antiferromagnetic align-
ment of Ni spins, turn out to be very large, ~ 210 meV with stability of FM state
over AFM state, suggestive of a high mean-field T. of ~ 400 K.

SroNiTaOg- The DOS projected to Ni d, Ta d and O p states, as presented
in panel (d) of Fig. (6.8), shows striking similarity to that of SroNiNbOg. This
is expected since Ta is in same column as Nb, one being 5d element and another
being 4d element. As in case of SroNiNbOg, the low-spin state of nominal Ni**
is stabilized with calculated magnetic moments of 1.46 ug at Ni, -0.08 pug at O
and 0.04 pp at Ta site, and net moment of 1 pup in the unit cell.

The calculated energy difference between ferro, and antiferromagnetic align-
ment of Ni spins, turn out to be &~ 7.2 meV with stability of FM state over AFM
state, suggestive of a low mean-field T, of ~ 14 K.

Cay;CuRuOg- The DOS, presented in panel (e) of Fig. (6.8), projected to Cu
d, Ru d and O p states, reveals less than half-filled ¢, states of Ru, and partially
empty high spin Cu e, states. The calculated magnetic moments of 0.65 up at
Cu site, and 1.44 pp indicates the stabilization of nominal 2+ state of Cu, Ru
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being in its nominal 6+ state, with d? and d? occupancies, respectively. The
magnetic moment of Ru is found to align antiparallely to that Cu, driven by the
two sublattice DE mechanism. The Jahn-Teller (JT) activity of Cu*" ion drives
the low-symmetry rhombohedral structure of the compound, splitting the three-
fold degeneracy of Ru ¢y, and two fold degeneracy of Cu e, states, which creates
a pseudo-gap in the majority spin channel, with significantly reduced DOS at
Er. Inclusion of spin-orbit coupling retains the pseudo-gap, although disordering
effect like anti-site disorder may localize the low DOS at Er inducing an activated
semiconducting behavior.

The FM state is found to be lower than the AFM configuration by about 250
meV, giving rise to high T, with mean-field estimate of 483 K.

Ca;Cu0OsOg- The DOS project to Cu d, Os d and O p states , presented in
panel (f) of Fig. (6.8), is of similar nature, as in Ca;CuRuOg, Os being below Ru
in the periodic table. This suggests nominal valences to Cu and Os in Ca;CuOsOg
to be identical to that of Cu and Ru in CayCuRuOg, being 24 and 6+ respectively,
giving rise to one hole in the crystal-field split and JT split d,2_,2 state of d? Cu
and one hole in the t, states of Os. The computed magnetic moments at 3d Cu,
5d Os and O sites, as listed in Table IV, are similar to that of 3d Cu, 4d Ru and
O sites of CayCuRuOg, with large orbital moment developed at 5d B’ site upon
introduction of SOC.

The mean-field T, calculated out of total energy between ferro and antiferro-
magnetic configuration turn out to be 125 K.

SrosVRuOg- The DOS, presented in panel (g) of Fig. (6.8) shows a half-
metallic behavior, with empty V d state and occupied Ru 5, states in the insu-
lating down spin channel (e, being empty) and V t5, states strongly hybridized
with Ru o, states crossing Ep in the up spin channel. Following the two sublat-
tice DE model, the spin splitting of V and Ru sites are found to be oppositely
aligned with magnetic moments of -1.12 up at V site and 1.35 pup at Ru site,
giving rise to a integer net moment of 1 pp.

The ferromagnetic alignment of V and Ru sublattice spins was found to be

stabler compared to anti ferro alignment by an energy difference of about 53 meV,
making the mean field T, of 102 K.

Ferrimagnetic Insulator

The next large group consisting of six compounds, CayCrRuQOg, CasFeRuOg,
CagCoRuOg, CayColrOg CagNilrOg, and Cay,CulrOg is that of magnetic insu-
lators with net moment. We note that insulators with net moment are rare,

as magnets we know of are ferromagnetic metals. Some of the examples are
EuO [20], CdCrySy4 [21], SeCuO3 [22]. All of them have T, less than 100 K. Net
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Figure 6.9: Same as in Fig. (6.8), but shown for compounds predicted to be
ferromagnetic insulators.

moment magnetic insulators with high T, are offered by double perovskite family
itself, the prominent examples being LasNiMnOg [23,24] and LayCoMnOg [25,26],
having T, more than 200 K. As we see in the following, many of the predicted
ferrimagnetic insulating double perovskites are predicted to be high T, materials
with large net moment. [27]

CayCrRuOg- The calculated electronic structure (cf DOS in Fig. (6.9)-(a))
shows filled 5, states of Cr in the up spin channel, it being empty in the down
spin channel. The opposite happens for Ru ty, states which is filled in down
spin channel and empty in up spin channel. The nominal valences of Cr and
Ru are thus estimates to be 3+ and 5+ respectively, with half-filled ¢, states
of both Cr and Ru, each having 3/2 spin, which are aligned antiparallely due
to antiferromagnetic super-exchange (SE) between half-filled states. Magnetic
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moments at Cr and Ru sites are found to be 2.7 up and -1.8 pp with large
moment of about 0.13 pup aligned in the direction of Ru spin due to large Ru-
O covalency. This gives rise to a compensated ferrimagnetic situation with net
moment of 0 up in absence of SOC. Inclusion of SOC, produces a total moment
of 0.11 pp.

The mean-field T, is estimated to be 135 K.

CayFeRuOg- The computed DOS of CagFeRuOg (cf Fig. (6.9)-(b)) confirms
the nominal 3+ and 5+ valences of 3d cation and Ru, as found for CasCrRuOg.
This leads to half-filled d shell of Fe with a magnetic moment of 4.19 up and
half-filled t,, states of Ru with a moment of -1.78 up, aligned antiparallely due
to antiferromagnetic SE. Due to d® and d*® occupancies of 3d cation and Ru
in CayFeRuOyg, as opposed to d® and d® occupancies of 3d cation and Ru in
CayCrRuOg, a partial compensation happens, giving rise to a net GGA+U mo-
ment of 2 up in the unit cell.

The estimated mean-field T, turn out to be 547 K, much larger than that of
CagCrRuOg, due to strong core spin of 5/2 of Fe.

Ca;CoRuOg- Moving to next TM in 3d series after Fe, i.e. Co, the calcu-
lated DOS (cf Fig. (6.9)-(c)) confirms that 3+ /54 nominal valences of B/B’ is
maintained in Cay;CoRuOg, as found for CasCrRuOg and CasFeRuOg. This puts
Co in d° configuration with Ru in half-filled ¢, of d* configuration. The calcu-
lated magnetic moment of 3.13 up ascertains the high-spin configuration of Co®*
dS. The magnetic moment of 1.75 up at Ru site is aligned antiparallely to 3d
moment, as in CayCrRuOg and CasFeRuOg, giving rise to a net GGA+U moment
of 1.0 pp in the unit cell. The tetragonal space group of the crystal structure,
driven by JT nature of high-spin Co d° in octahedral environment, makes the
in plane metal-oxygen bond-lengths of CoQyg, significantly different from that in
out-of-plane, which opens up a gap in the Co ¢34, manifold in down spin channel,
making the solution insulating.

The calculated mean field estimate of magnetic T, turned out to be 365 K, in
between the estimated T, of CayCrRuQOg and CasFeRuOg.

Ca,ColrOg4- Replacement of Ru by Ir at B’ site of Ca,CoB Og makes the
charge transfer between Co and B’ stronger, setting the nominal valences of
Co/B’ to 2+4/6+ as opposed to 3+/5+ for CayCoRuOg. The monoclinic dis-
tortion breaks the degeneracy of t54 and e, states, resulting into either filled or
empty states in both spin channels, the spin splitting at Co and Ir sites being
oppositely aligned (cf Fig. (6.9)-(d)). This gives rise to a net uncompensated
moment of 2 pp. The T, was estimated to be reasonably high (95 K).

CayNilrOg- Panel (e) of Fig. (6.9) shows the DOS of the compound, pro-
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jected to Ni d and Ir d states together with O p states. We find Ir ¢, states to be
filled and empty in majority and minority spin channels, respectively. This sets
the nominal valence of Ir to be 64 with half filled t5, d* occupancy of Ir. This in
turn, fixes the 2+ nominal valence of Ni, which is its d® configuration gives rise
half-filled e, bands. The antiparallel alignment of Ni and Ir moments, driven by
SE mechanism, produces a net uncompensated GGA+U moment of 1 pp in the
unit cell.
The mean field estimate of T, turned out to be 39 K.

CayCulrOg- Moving from Ni to Cu along the 3d series of the periodic table,
the nominal 2+ /6+ description of valences for B/B’ is found to remain valid, with
d? configuration of Cu and half-filled ¢5, d* configuration of Ir (cf Fig. (6.9)-(f)).
The JT active Cu?* makes the Cu dg2_,2 half-filled, which becomes gaped upon
introducing spin-splitting. The solution thus turns to be insulating, where Cu
and Ir moments align antiparallely, as found for all the compounds listed in this
class. This gives rise to a net GGA+U moment of 2 pp in the unit cell. A large
moment on oxygen (~ 0.15 pp) aligned in the direction of Ir moment is found.
The estimated mean-field T, is found to be 132 K.

Antiferromagnetic Insulator

Our analysis gave rise to five antiferromagnetic insulators, Cap,VWOg, SroVWOg,
CagNiNbOg, CagNiTaOg and BasCuMoOg. As discussed in the following, in all
cases the B’ site turned out to be in d° configuration with B site in half-filled
situation. The antiferromagnetic insulating state is thus driven by antiferromag-
netic super-exchange mechanism between half-filled states mediated by essentially
non-magnetic O-B'-O path.

Cay VWOg- Examination of the projected spin-polarized DOS (cf. Fig. (6.10)-
(a)) reveals W d states to be empty, confirming its 6+/d° configuration, which
sets the configuration of V to be 2+ with half filled 3, configuration. This is
supported by magnetic moment of 2.59 up at V site, with a moment of 0.24 upg
at W due to covalency effect, giving rise to a total GGA4+U moment of 3 up in
the unit cell.

The super-exchange interaction between half filled t?z’g states of V2 jons stabi-
lizes the antiferromagnetic state over the ferromagnetic state by an energy gain of
35 meV. The DOS corresponding to antiferromagnetic insulating state is shown
as inset. The antiferromagnetic Neél temperature (Ty) estimated in a mean field
way from total energy differences of ferro and antiferromagnetic spin arrange-
ments, turned to be 67 K.

SroVWOg- Replacement of Ca by Sr at A-site is found to keep the essen-
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Figure 6.10: Same as in Fig. (6.8), but shown for compounds predicted to be
antiferromagnetic insulators. Additional insets show the antiferromagnetic DOS.

tial features of the electronic structure same (compare panels (a) and (b) of Fig.
(6.10)) with d” and half filled 3, configurations of W and V. The calculated mean-
field antiferromagnetic Neél temperature of Sr compound is estimated to be about
double (130 K) compared to that of Ca compound, in line with strengthening of
super-exchange path by straightening of V-O-W bond angle due replacement of
Ca by bigger Sr cation at A-site.

Cay;NiNbOg- The spin polarized density of states, projected to Ni d, Nb d
and O p states are shown in panel (c) of Fig. (6.10). As in case of SryNiNbOg, we
find Nb d states are mostly empty, confirming the Nb3" nominal valence with d°
occupancy also in case of Ca compound. Strikingly, the nominal Ni3* shows sta-
bilization of a high spin configuration, with oxygen moment, arising due to strong
admixture, aligning parallel to Ni moment, as opposed to antiparallel alignment
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for Sr counterpart. This gives rise to a net GGA+U moment of 3 g in the unit
cell, with moment of 2.10 up at Ni site, average moment of +0.13 up at O and
0.02 up at Nb site. This interesting cross-over from ferromagnetic, half-metal to
antiferromagnetic, insulating state upon replacement of Sr?* by Ca?* deserves
further attention. The antiferromagnetic state (DOS shown as inset), stabilized
by super-exchange interaction between the high spin state of Ni-O complex, with
half-filled orbitals, gives a mean-field Ty of ~ 11 K.

Ca;NiTaOg- CasNiTaOg follows the same trend as CasNiNbQOg, in terms
of nominal d° configuration of Nb, stabilization of high spin configuration of
Ni®*, strongly admixed with oxygen, the moments of Ni (2.13 pp) and oxygen
(0.12 up) being oriented parallely, as opposed to antiparallel alignment in case
of SrosNiTaOg. Thus, the cross-over from ferromagnetic, half-metal to antifer-
romagnetic, insulating state between Sr and Ca sister compounds, is seen also
for 5d Ta compounds. The antiferromagnetic state (DOS shown as inset of Fig.
(6.10)-(d), stabilized by super-exchange interaction between the high spin state
of Ni-O complex, with half-filled orbitals, gives a mean-field Ty of ~ 39 K in this
case.

Ba;CuMoOg4- The last example of this category is Bao,CuMoOg, with Cu in
its nominal 2+, d? configuration and Mo in its nominal 6+, d° configuration, as
evident from the DOS plot in panel (e) of Fig. (6.10). The calculated total and
site projected moments (cf Table III) supports this. The antiferromagnetic Neél
temperature, however is found to be tiny (< 2 K).

Antiferromagnetic metal

Antiferromagnetic metals are considered to be rare since the examination of a
wide class of transition-metal oxides gives rise to general relation between mag-
netic order and electrical conductivity, that ferromagnetism typically coexists
with metallic conductivity, whereas insulators usually exhibit antiferromagnetism.
There are only few exceptions discovered so far, e.g., (La/Sr)sMnyO7 [28] or
CagRusO7 [29], characterized by low dimensionality. The only perovskite com-
pound with three-dimensional connectivity showing antiferromagnetic metallic
behavior is CaCrOj. [30] In recent time, we have made predictions of SroFeRhOg
and CasFeRhOg to be antiferromagnetic metals, which is yet to be confirmed
experimentally. Our present study includes one more compound in this rare se-
ries, Sro,CuRhOg. The nominal valences of B/B" predicted [13] for SryFeRhOg
compound was 3+/5+. Replacement of Fe by further late TM, Cu, effects charge
transfer between B and B’. Examination of the spin-polarized DOS (cf Fig.
(6.11)) shows the Cu states to be mostly filled in the majority spin channel and
one of the Cu e, states being empty in the minority spin channel, suggesting 24
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Figure 6.11: The density of states projected to Cu d (black), Rh d (red) and
O p (shaded green) character for SroCuRhQg, the only compound predicted to
antiferromagnetic metals. As in Figs 5, 6, and 7, energy is measured with respect
to Ep (marked by dotted line). Octahedrally split dominant 5, and e, character
of Cu and Rh d states are marked. Insets show the AFM DOS, and orbital
occupancies at Cu and Rh sites, neglecting the distortion-induced splitting within
t9y and e, manifolds and covalency effect with oxygen.

valence of Cu. This in in accordance of 0.66 pp magnetic moment of Cu. This
puts Rh in its unusual state of 6+, which presumably is stabilized by creation
of ligand hole, with moment of -1.24 up at Rh site and a large moment of 0.17
up at O site. Similar to two-site double-exchange driven magnetism as found for
SroFeRhOg, the magnetism in case of SroCuRhOg is driven by the same mecha-
nism, with antiparallel alignment of Rh-O moment to that of Cu moment. The
antiferromagnetism, metallic state (cf DOS in inset of Fig. (6.11)) is driven by
filling driven transition from ferro to antiferro, as explained for SroFeRhOg. [13]
The mean-field estimate of Neél temperature turned out to be reasonably high,
~ 184 K.

Ferromagnetic metal

Our exercise provided two examples of ferromagnetic metals, Ca;TiWOg and

SI’QVReOﬁ.

Cay;TiWOg4-The DOS presented in Fig. (6.12-a), shows the oppositely ori-
ented spin-splitting at Ti and W sites. In down spin channel a rather strong
mixing between Ti and W iy, states is observed, producing highly dispersive
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Figure 6.12: Same as in Fig. (6.8), but shown for compounds predicted to be
ferromagnetic metals.

states crossing Er. In the up spin channel, split out segment of Ti ty, from the
rest of Ti ¢y, states produces a pseudo-gap at Ep, rather than a gap, making
the solution metallic, rather than half-metallic. The large covalency effect and
metallicity produces a net magnetic moment of 0.27 pup, and substantially reduced
moment at Ti site, of -0.24 up compared to its nominal 1 up value, expected for
Ti3* (d'), with W moment of 0.42 up as expected for W in it nominal 5+ valence,
aligned antiparallely to Ti moment, possibly driven by DE mechanism. The mean
field T, is estimated to be 14 K.

SroVReOg- SraVReOg in its cubic structure with degenerate, partially filled
V ty, states in up spin channel, partially filled Re ¢, states in down spin channel
is metallic (cf. Fig. (6.12-b)). The occupancies of filled V and Re states suggest
nominal d? occupanies of both sites, amounting to nominal valences of 3+ and
5+, respectively. The spin spilttings at V and Re sites are found to be oppositely
aligned, driven by possible DE mechanism. Switching of SCO, introduces a large
orbital moment at 5d Re site within the partially filled ¢, manifold, as also ob-
served for CagVReOg. The calculated mean field T, gives a value of 10 K.

Nonmagnetic compounds

Out of our studied compounds, four were predicted to be nonmagnetic, all of
them being Cu based, CagCuNbQOg, SroCuTcOg, BasCuTcOg and BayCuReOg.
In all cases, the d° states of B', driven by high oxidation states (Nb3+, Tc™,
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Figure 6.13: Same as Fig. (6.8), but shown for predicted compounds with NM
character.

Re™) are found to be realized. This drives the unusual oxidation states of Cu,
Cu®™ with low-spin (S=0) d*" configuration for CayCuNbg, and filled shell Cu'*
for SroCuTcg, BagsCuTcg and BasCuReg, as seen in the projected DOS presented
in Fig. (6.13). In all cases, a nonmagnetic, insulating solutions are obtained
consisting of only filled and empty states.

6.5 Summary and Discussion

In conclusion, we used a multi-pronged approach of machine-learning assisted
evolutionary and first-principles calculations to predict new magnetic double per-
ovskites. In the first step, we employed a random-forest regression of machine
learning technique to develop an effective classification model for prediction of
stable double perovskite compounds. The ML study was based on a training
set constructed out of existing double-perovskite compounds, characterized by a
set of 10 structure and chemistry based attributes. The developed classification
model was applied to a unknown set consisting of 412 combinations of 3d B and
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4d or 5d B’ cations with A-sites occupied by divalent rare-earth cations Ca or
Sr or Ba. This screening exercise resulted in 33 compounds with high chance of
being formed in stable double-perovskite structure, out of which 25 was chosen
for the next stage of investigation. In the following steps, the crystal structure of
the predicted double-perovskites were theoretically calculated within the frame-
work of evolutionary algorithm, the nominal valences and occupancies of B and
B" TM sites were assigned based on first-principles electronic structure results,
the magnetic state was calculated and the magnetic transition temperature was
estimated in a mean field way from the energy difference of FM and AFM states.
Our analysis finds 7 FM half-metallic, 6 FiM insulating, 5 AFM insulating, 2 FM
metallic, 1 AFM metallic and 4 NM insulating double-perovskites. Our exhaus-
tive computational study, considering all possible combinations of 3d B and 4d or
5d B' cations should form an useful guide for future synthesis and experimental
study of new magnetic compounds in double-perovskite structure.

It is to be noted that some of the predicted compounds like CayNilrOg,
[31] CayColrOg, [32] CayCulrOg, [33] CaaVWOg, [34] CayTiWOg [35] have been
theoretically investigated under materials project. The space group symme-
try used in materials projects are in agreement with our predictions except for
CagCulrOg. Our genetic algorithm predicted P2;/n while the symmetry used
in materials project is a low symmetry C2. The total energy calculation of the
two structures find P2; /n to be lower, confirming the prediction of genetic algo-
rithm. There were also differences in magnetic states in case of CagNilrOg and
CaTiWOg. CayNilrOg was reported in ferromagnetic state, [31] while our study
finds ferrimagnetic state to be stabler compared to ferromagnetic state. Similarly
CapTiWOg was reported as non-magnetic [35] in contrast to the ferromagnetic
state as found in our study. There also exists mention of high-pressure synthe-
sis of CapNilrOg compound in an unpublished thesis, [36] without details of its
structure or properties. However this work claims Ir to be 64+ nominal valence
state which is in agreement with our prediction. Compensated magnetism in
SroVReOg was theoretically predicted by Pardo and Pickett [37], which though
ignored the significant SOC at Re site. The future experiments are essential in
order to clarify the accuracy of our predictions.
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Compound Lattice Atom | Wycoff Atomic
parameters positions positions
(xy2)
CayCoRuOg | a =5.492 A 01 8h -0.189 -0.322 0.000
c=T7.696 A 02 4e 0.000 0.000 0.245
SroCuRhOg¢ | a =5.348 A 01 8h -0.187 0.321 0.000
c = 83806 A 02 4e 0.000 0.000 0.225
BayCuReOg | a = 5.704 A 01 8h 0.202 -0.268 0.000
c=8775 A 02 4e 0.000 0.000 0.219

Table 6.5: Compounds with 14/m symmetry.

Compound Lattice Atom | Wycoff Atomic
parameters | sites | positions positions
(xy2)
CasVReOg | a = 5.502 A A 43 -0.518 0.000 -0.249
b=5544 A| O1 85 -0.247 0.251 0.055
c=T798 A 02 4i 0.102 0.000 0.244
B = 90.43°
CayCuNbOg | a = 5.156 A A 43 -0.535 0.000 -0.247
b=5317TA| O1 87 0.737 0.260 0.433
c=9192A| 02 4i 0.109 0.000 0.298
B = 90.08°

Table 6.6: Compounds with 12/m symmetry.

Compound Lattice Atom | Wycoft Atomic
parameters | sites | positions positions
0 (x y 2)
Ba,CuMoOg | a =5.617 A | O1 8h -0.247 -0.247 0
c=2883A| 02 de 00-0.219

Table 6.7: Compound with I4/mmm symmetry.
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Compound Lattice Atom | Wycoff Atomic
parameters | sites | positions | positions

(xyz)
SryNiTaOg 7.981 A O 24e 0.25100
SroVRuOg 7.835 A O 24e 0.256 0 0
SroVReOg 7.869 A O 24e 0.25200

Table 6.8: Compounds with Fm-3m symmetry.

Compound Lattice Atom | Wycoff Atomic
parameters | sites | positions positions
(xy2)
SraNiNbOg 5577 A A 2c -0.249 -0.249 -0.249
60.30° O 6f 0.284 -0.249 0.214
CayCuOsOg 5.449 A A 2c 0.246 0.246 0.246
61.75° O 6f 0.672 0.229 -0.149
SroCuTcOgq 5.626 A A 2c 0.249 0.249 0.249
61.04° O 6f 0.672 0.271 0.801
BayCuTcOgq 5.798 A A 2c -0.249 -0.249 -0.249
59.86° O 6f 0.261 -0.253 0.727

Table 6.9: Compounds with R-3 symmetry.

Compound Lattice Atom | Wycoff Atomic
parameters sites | positions positions
U (xy2)
CayCuRuOg¢ | a= 5.509 A Al 3a 0.000 0.000 0.417
c=13419 A| A2 3a 0.000 0.000 -0.082
01 9b -0.247 -0.333 0.113
02 9b 0.244 0.312 0.278

Table 6.10: Compound with R3 symmetry.



6.5. Summary and Discussion

157

Compound Lattice Atom | Wycoff Atomic
parameters sites | positions positions
(xy2)
CasTiMoOg | a = 7.799 A A 4e -0.249 0.049 -0.011
b=5610A4 | Ol e -0.454 0.292 -0.297
c= 5.463 A 02 de -0.454 0.795 -0.205
B = 90.05 ° 03 4e -0.251 -0.025 0.413
CasCrRuOg | a = 5.350 A3 | A 4e 0.489 0.448 0.750
b=5484 A | O1 de 0.295 0.700 0.542
c=7.647 A 02 4e 0.303 0.706 0.958
B = 89.84° 03 4e 0.082 0.482 0.253
CagFeRuOg | a =7.699 A A 4e -0.750 0.445 -0.012
b=559A4 | O1 4e -0.546 0.201 -0.297
c=5.392 A 02 4e -0.547 0.705 -0.197
B = 90.02° 03 4e -0.751 0.526 -0.591
CayColrOg | a=7.614 A A 4e -0.251 0.062 0.015
b=5508A4 | O1 4e -0.747 0.023 -0.596
c=5.307 A 02 4e -0.549 0.704 -0.311
B = 90.25° 03 4e -0.548 0.197 -0.198
CayoNilrOg | a=7.713 A A 4e -0.752 0.439 -0.484
b=56154 | O1 4e 0.052 0.210 0.811
c= 5.408 A 02 4e -0.452 0.807 0.206
B = 90.22° 03 4e -0.243 0.469 -0.097
CasCulrOg | a=5427 A A 4e 0.485 0.934 0.249
b=5706A4 | O1 4e 0.179 0.709 0.052
c=7.624 A 02 4e 0.297 0.187 0.049
B = 89.89° 03 4e 0.902 0.034 0.247
CaaVWOg | a=7.829 A A 4e -0.247 0.054 0.487
b=5657TA | Ol de -0.761 0.031 0.094
c= 5.467 A 02 4e -0.455 0.3075 0.212
B = 90.28° 03 4e 0.052 0.717 0.811
Sr,VWOg | a = 5.687 A A 4e 0.996 0.480 0.749
b=5679A4 | O1 4e 0.786 0.735 0.971
c=8.025 A 02 4e 0.263 0.784 0.027
B = 90.06° 03 4e 0.946 0.992 0.239
CayNiNbOg | a = 7.691 A A 4e -0.748 0.452 -0.011
b=5584A4 | O1 4e -0.547 0.213 -0.299
c= 5473 A 02 e -0.544 0.707 -0.205
B = 90.07° 03 4e -0.752 0.526 -0.587
CagNiTaOg | a = 5.414 A A 4e 0.489 0.953 0.247
b=5516 A4 | O1 4e 0.207 0.707 0.043
c=7.749 A 02 4e 0.295 0.208 0.041
B = 89.60° 03 4e 0.919 0.021 0.250
CayTiWOg | a=7.797 A A 4e 0.267 0.007 0.045
b=5459 A | O1 e 0.961 0.712 0.714
c=5.572 A 02 4e 0.462 0.293 0.292
B = 90.10° 03 4e 0.249 0.575 0.980

Table 6.11: Compounds with P2;/n symmetry.
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Chapter 7

Conclusion

7.1 Summary

In this thesis, we have investigated the structural as well as the microscopic
origin of different exciting and facinating properties of double perovskites which
is a special class of transition metal oxides. As discussed in chapters 3 - 6, our
studied double perovskite compounds can be divided into two broad categories,
namely (i) known double perovskite compounds which are already synthesized,
and (ii) yet to be synthesized double perovkites. In order to have microscopic
understanding of the properties of known double perovskites, we have mainly
used density functional theory and first-principles derived model Hamiltonians
which have been solved by using techniques likes Monte Carlo (MC) and exact
diagonalization (ED). For the study on unknown double perovskites, we have
used genetic algorithm to determine the crystal structure of the unknown double
perovskite compounds, while first principles calculations and finite temperature
model Hamiltonian study have been used to predict their properties. We used
machine learning algorithm to screen the stable double perovskite compounds
from a large number of possible combinations.

In this chapter we summarize the main conclusions of our study. Following
which we discuss the future directions.

7.1.1 Chapter 3 : Magnetism in SroCrMoQOg; : A Com-
bined Ab-initio and Model Study

In this chapter, we have investigated the microscopic origin of magnetism of
SroCrMoOg (SCMO) which can be considered as a sister compound of much dis-
cussed double perovskite SroFeMoOg (SFMO). We used a combination of density
functional theory and first-principle derived model Hamiltonian approach. We
also used dynamical mean field theory (DMFT) along with density functional
theory to capture the correlated nature of the electrons. The main findings are:
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e The spin-polarized density of states calculated in plane wave basis on pure,
defect-free SCMO shows that like SFMO [1], SCMO is a half-metallic fer-
romagnet. The main difference between the electronic structure of SCMO
and SFMO is the hybridization between B ¢y, and B’ t2g which is found to
be reduced in SCMO compared to SFMO.

e The calculated spectra from DMFET also confirms the robustness of the half-
metallic behaviour of SCMO upon inclusion of dynamical correlation effect.
The presence of lower, upper Hubbard bands and quasiparticle peak in the
spectrum indicate the dual nature of the Mo electrons having both, a local
spin moment and itinerant behavior.

e The origin of magnetism in SCMO turns to be somewhat different than in
SFMO. [2] The charge transfer energy between Cr and Mo in SCMO is found
to be larger than that between Fe and Mo in SFMO. This suppresses the
effect of hybridization between B and B’ sites in SCMO compared to SEMO
and has two consequences: (i) the hybridization-driven (HD) mechanism for
magnetism is reduced and (ii) a small but finite intrinsic moment develops
at the Mo sites. The latter gives rise to a partial localized character of the
Mo electrons, which was absent in SFMO. This in turn opens up a super-
exchange (SE) contribution to magnetism in SCMO, which was absent in
SFMO.

e The magnetic transition temperature (7.), obtained through solution of the
ab-initio derived model Hamiltonian by exact diagonalization, shows that
estimated 7. in SCMO to be similar to measured T, only if one includes
both super-exchange and hybridization-driven contribution.

7.1.2 Chapter 4 : Magnetism in Cation Disordered 3d-
4d/5d Double Perovskites

In this chapter, we have considered a variety of 3d — 4d/5d DP compounds which
have been reported to exhibit magnetic transition temperatures ranging from ~
200 K - =~ 800 K [3] and investigated the effect of B/B’ cation disorder (antisite
disorder) on magnetic properties employing exact diagonalization-Monte Carlo
(ED-MC) solution of the first-principles drivered model Hamiltonian. The major
findings are:

e The influence of B cation anti-site disorder on their magnetic properties
crucially depends on the mechanism of magnetism, being distinctly differ-
ent for solely double exchange driven or combined superexchange-double
exchange driven.



7.1. Summary 163

e The magnetic behaviour is far less susceptible to disorder for hybridization-
driven magnetism (compounds like SroFeMoOg, SroCrWOg, SraCrMOg,
CayCrWOg), while its effect is severe for compounds in which super-exchange
becomes operative (compounds like SroCrReQOg, SroCrOsOg).

e Further magnetic properties noticeably depend on the nature of disor-
der. Uncorrelated or random disorder affects magnetism severely, especially
when super-exchange is present whereas correlated disorder with high de-
gree of short range order retains to a large extent the magnetic properties
of the fully cation ordered case.

e This provides a natural solution to the puzzle of unexpected magnetic or-
dering found in fully cation disordered SryCrosRugsOs. [4] The driving
mechanism of magnetism operative in the fully ordered counterpart of com-
pound is found to be combined double exchange and superexchange driven,
hence magnetic ordering vanishes in case of 50% random disorder whereas
it sustains only in the case of correlated disorder. This strongly suggests
that despite of long range ordering as reported in the mentioned compound,
magnetic ordering is preserved due to high degree of local ordering as in

case of SFMO [5].

7.1.3 Chapter 5 : Computer Predictions on Rh-based
Double Perovskites with Unusual Electronic and Mag-
netic Properties

In this chapter, we have predicted six yet-to-synthesized Rh based magnetic dou-
ble perovskites, namely Sr(Ca);BRhOg, where B is Cr or Mn or Fe. We have
used a combination of computational algorithm for this purpose, which involves
evolutionary crystal structure predictor, density functional theory and finite tem-
perature Monte Carlo simulation of DFT derived spin model. The major findings
of this study are as follows:

e The larger size of Sr?T compared to Ca?* drives the tolerance factor t >
1 for Sr based compounds and < 1 for Ca compounds. This makes non-
perovskite structures possible candidates for Sr based compounds which is
found to be a strongly competing phase along with perovskite phases like
R3 for Sr,CrRhOg and SroFeRhOg, and 1/ /m for StyMnRhOg. For all Ca-
based compounds, on the otherhand low-energy structures are predicted to
be of perovskite-based R3 symmetry.

e Our calculated electronic structure shows that in SroBRhOg compounds
perovskite structure gets favoured over non-perovskite, dictated by change
of nominal valence at B/Rh sites from 4+ /44 to 34+/5+. Very interestingly,
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we found that that 3+/5+ scenario is favored for choice of Hubbard U
parameter at B site Up, beyond a critical value Ugetical,

e The unusual valence of Rh®" gets stabilized through Upg-assisted change in
the position of B d level, thereby destabilizing O p levels, effecting the Rh-O
covalency, and creating oxygen ligand hole.

e While the Cr-Rh and Mn-Rh compounds are predicted to be ferromagnetic
half-metals, the Fe-Rh compounds are found to form rare examples of an-
tiferromagnetic metals with magnetic transition temperatures above 100 K
for most compounds.

e Analysis of the favourable growth conditions from consideration of the for-
mation enthalpies of the predicted compounds and their competing phases,
indicates that high temperature and low partial pressure of oxygen may
promote the synthesis of predicted materials.

7.1.4 Chapter 6 : Machine-learning Assisted Prediction
of Magnetic Double Perovskites

In the last chapter, we have combined the techniques of machine learning with
quantum-chemical calculations to predict new double perovskite compounds. We
have created a dataset from known literature of double perovskite compounds and
each of the compounds (called instances), characterized by a choice of attributes,
have been used to train the algorithm. Our dataset contains about 641 double
perovskites, of which 115 have Ca at A site, 224 are Sr based and 302 are Ba
based. After data preprocessing and attribute selection, we have built a model
using Random forest algorithm. The model was used in making prediction of
possible new double perovskites. Finally, using computational tools like density
functional theory together with techniques of genetic algorithm to characterize
the crystal structure, the electronic and magnetic properties of the predicted
compounds have been studied. The main findings are

e 33 B/B’ combinations show high chance of being stablilized in double-
perovskite structure, out of which 25 was chosen for the next stage of
investigation.

e The predicted crystal structure using evolutionary algorithm shows that

most of the compounds into P2;/n symmetry, the other space groups are
R-3, Fm-3m, 12/m, 14/m, 14/mmm, R3.

e Our analysis finds 7 FM half-metallic, 6 FiM insulating, 5 AFM insulating,
2 FM metallic, 1 AFM metallic and 4 NM insulating double-perovskites.
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7.2 Outlook

e Effect of disorder on magnetotransport property: Some double per-
ovskites like SroFeMoOg exhibit high ferromagnetic transition temperature,
half metallicity and large low field magnetoresistance. Experimental results
in few cases pointed out that magnetoresistance decreases with the increase
of antisite disorder, [6] whereas others indicated an increment. [7] Theo-
retical study by P. Majumdar et al. [8] showed that the double perovskite
compounds with magnetisation driven by hybridization driven mechanism,
moderate amount of correlated antisite disorder slightly affects T. but can
adequately increase the low field magnetoresistance. So as an extension of
our work we plan to investigate the effect of antisite disorder on magne-
toresistance in the compounds where superexchange contribution is present
along with hybridization driven mechanism.

e Prediction of more Rh-based double perovskites: In chapter 5, we
have predicted six Rh based double perovskites, four of which are pre-
dicted to be half metallic ferromagnet and rest two are rare example of
antiferromagnetic metals. To predict new double perovskite with such ex-
otic property, we wish to extend our study in this series of Rh based double
perovskite compounds. In particular we want to focus on four yet to be
synthesized compositions with B sites occupied by very late 3d transition
metals like Co and Ni, namely SroNiRhOg, SroCoRhOg, CasNiRhOg and
CayCoRhOg. These compounds are way more complex with respect to pre-
viously discussed Rh based compounds in terms of increased charge transfer
with possible stabilization of 24 /6+ valances of B/Rh in contrast to 3+ /5+
found in other six Cr, Mn and Fe based Rh double perovskites. Also possible
effect of JT distortions need to be studied carefully.

e Prediction of new rare earth based permanent magnet using ma-
chine learning algorithm : Search for high performance permanent mag-
nets is everlasting due to their potential applications in different fields. The
quality of a permanent magnet depends on a) high spontaneous or satura-
tion magnetization M, with high remanence, b) high Curie temperature 7,
¢) strong uniaxial magneto-crystalline anisotropy which offers high coerci-
tivity, and d) thermodynamic stability. [9] On the basis of the above criteria,
rare earth transition metal inter-metallics are ideal candidate for modern
permanent magnets. It is generally consist of 3d transition metal M (offers
high saturation magnetization as well as high curie temperature), and rare
earth element R (responsible for strong magnetocrystalline anisotropy as a
result of spin-orbit interaction (SOC) in 4 f electrons of rare earth elements).
It is seen that performance of a magnet strongly depends on the propor-
tion of rare earth and transition metal. With the increase of rare earth



7.2. Outlook 166

concentration, although coercivity increases but there is reduction in mag-
netic moment, as the 4f magnetic moment cancels the magnetic moment
of 3d transition metals. There are huge number of materials belong to this
family as it is seen that more than 10 intermetallics can be obtained from
the combination of a single rare earth element and one transition metal.
The rare-earth intermetallic compounds can be classified mainly in three
categories: binary compounds, interstitial compounds and multicomponent
systems. [10] The series of binary compounds having different compositions
are RgM, R7M3, R4M3, RM, R,MQ, RMg, R2M7, R6M23, RM5, RMlg, RM13,
RoMy7. Interstitial intermetallic compounds are those in which small non-
metallics atoms are placed in the interstitial region of the elemental or host
intermetallic compounds to fill the void space without replacing the metal
atoms. [11] Though interstitial modification provides high saturation mag-
netization with high Curie temperature but it suffers from thermodynam-
ical stability. Presence of another non magnetic transition metal ion (Ti,
V, Nb, Mo, Ta, W) in multicomponent rare-earth intermetallic compounds
provides structural stabilization in cost of reduction of saturation magneti-
zation. So the search for a suitable candidate in terms of above mentioned
charectaristics is a challenge for making new permanent magnets. Machine
learning algorithm can help us to overcome this problem, as it can find
out the underlying pattern from the existing intermetallic compounds and
therfore the trained model can find out the correct combination for an ideal
magnet.
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