Epitaxial engineering
of ferrimagnetic
double perovskites

vom Fachbereich Material- und Geowissenschaften
zur Erlangung des akademischen Grades eines
Doktors der Ingenieurwissenschaften (Dr.-Ing.)
genehmigte Dissertation von

B. Tech. Vikas Shabadi
geb. in Bangalore, Indien
Darmstadt 2017 – D17

Referent:
Zweitreferent:

Prof. Dr. Lambert Alff
Prof. Dr. Wolfgang Donner

Tag der Einreichung:
Tag der mündlichen Prüfung:

01.03.2017
21.04.2017

i

__________________________________________________________________________________
Bitte zitieren Sie dieses Dokument als:
URN: urn:nbn:de:tuda-tuprints-62838
URL: http://tuprints.ulb.tu-darmstadt.de/id/eprint/6283
Dieses Dokument wird bereitgestellt von tuprints,
E-Publishing-Service der TU Darmstadt
http://tuprints.ulb.tu-darmstadt.de
tuprints@ulb.tu-darmstadt.de

Die Veröffentlichung steht unter folgender Creative Commons Lizenz:
Namensnennung – Keine kommerzielle Nutzung – Keine Bearbeitung 4.0 International
http://creativecommons.org/licenses/by-nc-nd/4.0/
ii

तमसो मा योितर् गमय ‖

‖
ℎ

.

– Brihadaranyaka Upanishad, ~700 BC

To my four pillars of strength –
my parents Siddaram & Vasanthi,
brother Guruprerana and
my beautiful wife Nandita,
for their unconditional love and support.

iii

Eidesstattliche Erklärung

Hiermit versichere ich an Eides statt, dass ich die vorliegende Dissertation selbständig
und nür mit den angegebenen Hilfsmitteln angefertigt habe.

Darmstadt, im März 2017

Vikas Shabadi

Eidesstattliche Erklärung

v

Abstract
Double perovskite (DP) oxides of the type A2BB’O6 (A: 12-coordinated large di/tri-valent
cation; B/B’: octahedrally coordinated transition metals) offer a unique material framework to
engineer a wide range of physical functionalities. In its simplest form, the DP structure
involves a cubic array of A-cations which is interspersed by corner-sharing BO6 and B’O6
octahedra, often arranged in a rock-salt type order. The choice of the B/B’ cations and their
coupling within the ordered DP structure are known to largely determine the electronic
structure and the resulting functionality of the compounds. Compounds such as the 3d5-4d1
coupled Sr2FeMoO6 (which exhibits fully spin polarized charge carriers and large
magnetoresistance at room-temperature1) and the 3d3-5d3 coupled Sr2CrOsO6 (which shows a
high ferrimagnetic ordering temperature and a positive temperature coefficient of coercivity2)
stand as prominent examples for the diversity of physical functionalities achievable in these
compounds. Yet, it is interesting to note that a vast majority of all possible DP compounds
remain experimentally unexplored,3 mainly due to the meta-stable nature of some compounds
and/or due to challenging synthesis procedures. With recent advances in thin film technology,
particularly with techniques such as pulsed laser deposition (PLD), the ability to stabilize
complex multi-cation oxides by epitaxial strain under non-equilibrium growth conditions has
been well established. Furthermore, the PLD process has also been noted to support
spontaneous cation ordering driven by a contrast in size/charge of cations. These
developments provide an effective alternative route to overcome the synthesis challenges
associated with meta-stable DP compounds.
In this work, we use the PLD based thin film approach to explore ferrimagnetic insulating
phases among DPs. Such phases when stabilized as thin films can have wide range of possible
device applications in the areas of spin-electronics and modern computing. In addition, such
compounds can also be viable templates for achieving single phase type I multiferroism, if the
A-sites are subsequently substituted with a ferroelectric active cation such as Bi3+. The study
was carried out across two families of double perovskites, namely 3d-3d and 3d-5d (the
nomenclature refers to the elemental periods from which the B and B’ cations are chosen).
Within the 3d-3d family, we chose to explore Bi2FeCrO6 (BFCO), a compound theoretically
predicted to be a robust ferrimagnetic-ferroelectric. Epitaxial thin films of BFCO grown via
PLD on single crystal SrTiO3 (STO) substrates were phase pure and fully strained. Distinct and
intense superstructure peaks (SPs) were observed in XRD scans along the pseudo-cubic [111]
direction. Considering the low scattering contrast between Fe and Cr, intensity of the SPs
appeared suspiciously high. Using the photon energy dependence of contrast between atomic
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scattering factors of Fe and Cr, a spontaneous chemical ordering at the B-site was ruled out.
Detailed structural calculations showed that the experimentally observed superstructure
occurs due to crystal distortions involving unequal shifts of cations along the pseudo-cubic
[111] direction. This result helped to clarify the discrepancies in magnetic and structural
order reported for BFCO. It was also established that the observation of the XRD SPs alone
may not be sufficient proof of chemical ordering in DPs. Consequently a very weak
magnetization of 0.06 µB/f.u. was achieved for BFCO.
The key findings from BFCO paved way for further work on 3d-5d family of DPs which, owing
to larger possible B/B’ cation size/charge contrasts, offer better prospect of achieving
structural and magnetic order. However 3d-5d compounds for insulating magnetism or
multiferroic purposes have so far been neglected due to rarity of insulating phases among
them as well as complicated synthesis involved. Using density functional calculations, new
ferrimagnetic insulating phases were identified in two promising DPs La2MnReO6 (LMRO) and
La2NiReO6 (LNRO). Motivated by the findings, stoichiometric ceramic pellets for PLD growth
of LMRO and LNRO were fabricated via an evacuated sealed quartz tube sintering process.
Subsequently, established PLD procedures were used to epitaxially stabilize phase pure films
of LMRO and LNRO on single crystalline STO substrates. In contrast to BFCO, both 3d-5d
compounds showed a theoretically consistent and significant magnetization of 2.20 (LMRO)
and 0.38 (LNRO) µB/f.u. suggesting presence of a stable magnetic and chemical order. A
cross-sectional atomic resolution transmission electron microscopy and energy dispersive Xray analysis confirmed the B/B’ chemical order in LMRO. X-ray magnetic circular dichroism
measurements showed consistent observation in accordance with the ferrimagnetic order and
also provided evidence of an unquenched orbital moment. Furthermore, a metal to insulator
transition observed in LMRO added to the functional qualities of the compound. This
transition was noted to result from an orbital symmetry selective hybridization of 3d and 5d
orbitals and the same was confirmed by dynamic mean field theory calculations. The results
illustrate the untapped potential of double perovskites as functional oxides and the
effectiveness of the PLD based thin film approach to realize them.
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1. Introduction
Most elements making up the earth’s crust are often found as oxides – either as simple binary
oxides or also more complex oxides. Due to their natural abundance, oxides have always been
a natural target of human scientific endeavors. In terms of works reported in the literatures, it
was noted that some of the earliest recorded studies from the beginning of the 20th century,
were on calcites and spinels – which are prevalent naturally found oxides.5,6 During the midcentury times, the focus shifted to oxide perovskites – particularly with the works of Michael
Glazer et al. who made remarkable contributions towards understanding perovskite
crystallography.7,8 This laid out a fundamental foundation for a huge number of works that
studied structure-property correlations in perovskites in the years to follow. The next major
landmark came with the realization of the world’s first high temperature superconductor in YBa-Cu oxides stabilized as thin films.9,10 This opened up an enormous amount of opportunity
for path-breaking device innovations and well as for unraveling exotic physics. The
advancement in thin film technology that followed in the subsequent years have been aimed
at realizing several material functionalities for device applications such as magnetism,
ferroelectricity and electrical transport among others. In the present day, thin film based
research on functional perovskites is driven by a constant need for device miniaturization,
faster performances and energy efficiency.

1.1. Perovskites
Named after the Russian mineralogist Lev Perovski, ‘Perovskites’ refers to the class of
compounds with a general formula ABX3 where A and B are two differently sized cations and
X is an anion that bonds with both A and B. In the scope of this work, we restrict ourselves to
systems with Oxygen as the anion and therefore generally refer to the oxide perovskites of the
form ABO3. Due to the versatile capability of incorporating a large portion of elements of the
periodic table into its structure, perovskites are arguably one of the largest studied classes of
materials across the branches of chemistry, physics and materials science.11,12

1.1.1. Crystal structure
In its simplest form, the perovskite structure (Fig. 1.1 (a)) involves a cubic unit cell with the
usually larger of the two cations - A occupying the corners and B occupying the body center
while the face centers are occupied the anion O2-. Alternatively the simple cubic perovskite
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structure can also be viewed as a three dimensional array of corner-sharing BO6 octahedra
interspersed with the large A-cation at the center of the cube which coordinates with 12
surrounding oxygen anions located at the cube edges. Such an ideal cubic from of the
perovskite requires a specific cationic size ratio of the A and B sites. By simple geometry, it
can be determined that bond lengths A-O / B-O must be equal to √2. Such cubic perovskites
belong to the Pm3m, where the atoms occupy equivalent positions as listed in Table 1.1.13

Fig. 1.1 (a) & (b) Crystal structures of a cubic perovskite created using VESTA visualization program14. Blue,
green and red spheres represent A-site cations, B-site cations and Oxygen anions, respectively.

Table 1.1: Atomic positions of elements in a cubic perovskite.

Ion

Wycoff site

Crystal co-ordinates

A cation

(2a)

(0, 0, 0)

B cation

(2a)

1 1 1
, , , /
2 2 2

O anion

(6b)

1 1
1
1
1 1
, , , 0 / , ,0 , / ,0 , , /
2 2
2
2
2 2

However in reality, only some ABO3 perovskites exist in the ideal cubic state as described
above. Strontium titanate (SrTiO3) is one well known example of a perovskite that has an
almost undistorted cubic structure.15 Variations in the ionic radii of the cations involved often
leads to a deviation from the ideal cubic perovskite regime. Early work by Goldschmidt
suggested an empirical calculation to predict the tendencies of perovskite distortions.16 A

2
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tolerance factor τ was defined in order to measure the deviation of the perovskite structure
from its ideal cubic from due to different ionic radii of the cations involved:
Goldschmidt tolerance factor, 0 =
Where

9, :

and

;

23 425
√7 28 425

are radii of the A-site cation, B-site cation and the O2- anion, respectively.

In general the stability regime of cubic perovskites is considered to lie in the range 0.89 < τ <
1.02.17 Smaller values of

9

than the ideal value leads to a smaller τ, and correspondingly

larger deviations lead to crystal structures with lower symmetry. In general lower values of τ
(~0.80) has been known to yield orthorhombic structures and larger values (>1.02) lead to
hexagonal variants. Such symmetry lowering deviations in perovskites are in reality
accommodated by different kinds of distortions of the structure itself. These distortions can be
classified in to three major types:
i. Shifts/displacements of cations
ii. Tilts of the oxygen octahedral
iii. Distortions of the oxygen octahedral
Extensive crystallographic investigations to classify and categorize the prevalent octahedral
tilt distortions were performed by A. M. Glazer et al. in 1974

8,18

. 23 different tilt distortion

systems were derived which lead to 15 different space groups. Details on this classification
and certain corresponding examples are available in Ref. [8].

1.1.2. Electronic structure of perovskites
This section has been formulated based on the excerpts from Ref. [19]. Extensive theoretical
and experimental studies have been undertaken in order to develop an understanding of the
electronic structure of perovskites. Due to the complexity the phenomena and a myriad of
physical observations, several different models and theories need to be simultaneously
considered in order to describe the electronic structure of perovskites. At the fundamental
level, the oversimplified Ionic Model can be used for a basic understanding, where perovskites
are considered purely ionic compounds. Here it is assumed that the A and B species
completely loose electrons to create the O2- anions within in the ABO3 perovskites. In common
practice, standard cationic oxidation states of common A site elements such as Na, Sr/Ca/Ba
and La which are known to be 1+, 2+ and 3+ respectively are noted. The oxidation state of
the B site element is then deduced simply based on principle of charge neutrality, as osB = 6 -

Introduction

3

osA (where osA and osB are oxidation states of A and B cations respectively). The number 6
corresponds to the total negative charge of the three oxygen anions (|3*(-2)|). For instance,
let’s consider the case of SrTiO3 (STO). A-site species strontium is known to have an osA of
2+. From the above charge neutrality equation, one arrives at an osB of 4 and thereby
titanium is deduced to be in the 4+ state. From this we can establish that the elemental
titanium in the [Ar]3d24s2 goes into a closed shell [Ar] configuration in SrTiO3. (STO)
Similarly Sr2+ and O2- are also in a closed shell [Kr] and [Ne] configurations respectively. As a
thumb rule, it can be considered that a perovskite such as STO which contains all species in a
closed shell configuration will be an insulator and is indeed the case for this material. On the
other hand perovskites containing non-closed shell species, take for example SrVO3 where a
V4+ cation has [Ar]3d1 configuration is known to show metallic conductivity. However, such a
thumb rule and the pure ionic model may not apply exhaustively to perovskites since several
other factors do play a role and often taken into consideration in theoretical evaluations of the
electronic structure and the resulting behavior.19
As noted by Wolfram et al.19, the reason that the simple ionic model is insufficient to explain
electronic structure and physical behavior in perovskites is simply because the various charged
species of the ABO3 system (Eg.: A2+, B4+ and O2-) are not isolated charges but indeed interact
electrostatically with each other and also with the electrons surrounding them. For instance
electrons of the A and B cations experience a repulsive potential of the negatively charged O2anions that surround them and conversely the electrons of the oxygen anions experience an
attractive potential of the surrounding positively charged cations. Such an electrostatic
potential existing at a given site of a crystal lattice due all other surrounding ions is termed as
the “site Madelung potential” and is named after Erwin Madelung, a German physicist.
Typically these potentials are in the range of 20 to 50 eV in perovskites. Firstly the Madelung
potentials are responsible and key factor in the stability of the perovskite structure. It is this
potential that energetically drives the transfer of electrons within the perovskite and is
therefore responsible for the ionic configurations of the constituent elements. The Madelung
potential is also responsible for shifting of the localized electron energies. Furthermore, the
combined electrostatic crystal field leads to the lifting of the degeneracy of orbitals. These
shifts in energy of electron states is illustrated in Figure 1.2 (a). 2p states of oxygen are split
into a double degenerate p┴ state and a non-degenerate p|| state which are perpendicular and
parallel to the B-O bond axis respectively. The lowest unoccupied s state of the A-cation is
shifted by the Madelung potential but no effect of the crystal field is seen because of its nondegeneracy and its spherical symmetry centered at a site of cubic symmetry. On the contrary,
the d states of the B site cation which sits surrounded by oxygen ions, are split by an
4
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electrostatic crystal field due to the octahedral environment into a 3 fold degenerate t2g (dxy,
dyz, dzx) orbitals and the 2 fold degenerate eg (dx2-y2, dz2-r2) orbitals. Since the dxz, dzy and dxz
orbitals lie in between the x, y and z axes, they have lesser overlap with the axial 2p orbitals
of the surrounding oxygen atoms and are therefore lowered in energy (lower Coulomb
repulsion) in comparison to their eg counterparts. This is further graphically elaborated in
Figure 1.2 (b).

Fig. 1.2 (a) Changes in the ionic energy states due to the electrostatic potentials (Adapted from Ref. [19]);
(b) d – orbital splitting in an octahedral environment (Taken from Ref. [20]).

In addition to the abovementioned electrostatic and crystal field effects, several other physical
effects have been noted to affect the electronic structure in perovskites. Covalent mixing is
one such effect which arises due to overlapping of electron wave functions within a crystal.
This can lead to hybridization of the p and d orbitals to form states of mixed nature. Such an
effect is almost always existing in perovskites which once again renders the simple ionic
model insufficient to fully explain the electronic structure. While the covalent mixing is able
to explain transfer of electrons within a crystal, in reality such an overlap of wave-functions
and thereby transfer of charge may also take place from ions in one unit cell to the
neighboring cells and similarly across the entire crystal. This leads to the formation of energy
bands and requires consideration of electronic behavior in terms of band structures. As an
example, a typical theoretically calculated band structures for the insulating perovskite SrTiO3
in Fig 1.3. The figure demonstrates presence of the distinct bandgap of ~ 2 eV at the Fermi
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level which separates the conduction bands (above), which are mainly composed of Ti 3d t2g
and eg bands from the upper valence band (below) constituted predominantly by O 2p states
hybridized with Sr and Ti states. Thus electronic structure of perovskites is a complex but
important attribute that requires a simultaneous consideration of several theoretical models to
characterize.

Conduction Band

Band-gap
Upper valence band

Fig. 1.3 Calculated band structure for cubic perovskite SrTiO3 (Adapted from Ref. [21]).

1.2. Double perovskites
From the preceding section, it can be inferred that the unique quality of perovskites lies in the
ability to tune their electronic structure to a large extent by choosing various combinations of
A and B-site cations. It is due to this versatility that a wide range of functionalities can be
deterministically engineered in perovskites. For instance, depending upon the distribution of
the electronic bands, one can have either insulating, semiconducting or metallic perovskites;
based

on

electron-electron

correlations,

some

perovskites

may

be

ferromagnetic,

antiferromagnetic or diamagnetic; based on optical absorption characteristics, perovskites
may also be rendered optically transparent or opaque; atomic displacements can also yield
ferroelectricity; and sometimes, perovskites can be multifunctional by the co-existence of two
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or more of the above qualities. Thus a wide range of properties could be engineered into
perovskites depending upon the desired functionality.
In addition to compositional variations of A and B cations in the simple ABO3 perovskites,
another effective approach to functional engineering that has been widely explored is the
partial substitution of A or B cations. Particularly interesting are compounds, where exactly
half of the A or B sites are substituted by a second cation giving rise to compounds of the form
A0.5A’0.5BO3 and AB0.5B’0.5O3. In some compounds, the substituted cations have been found
occupy the cationic sites in an ordered manner within the crystal structure. For such
compounds, it has been common practice to denote with a doubled chemical formula as
AA’B2O6 and A2BB’O6. These ordered half-substituted multi-cation perovskites are commonly
referred to as double perovskites and constitute a significantly large field of research by
themselves. This study is focused on the B-site ordered double perovskite and hence we
restrict this introductory section also to the A2BB’O6 type of compounds. For a more detailed
introduction, the reader is directed to Ref. [3,22] which provide extensive reviews on the
structure and properties of A2BB’O6 double perovskites. Some aspects from these review
articles have been adapted into this introduction due to their relevance to this study.
However, it should be noted both these reviews cover mainly the bulk studies on double
perovskites. Thin film approach to double perovskites is comparatively younger and smaller
field of study at the moment, but has been gaining growing amount of relevance in recent
years.
Some of the earliest reports on this class of compounds date back to the 1960’s where
possibilities of room temperature magnetism in Rhenium based double perovskites were
explored by Longo and Ward.23 A more recent revival of the field was marked by the
publication of Kobayashi et al in 1998 who reported on half-metallicity or the fully spinpolarized electronic conduction in Sr2FeMoO6 double perovskites.1 The possible application of
such a material in spin-electronic devices garnered huge amount of interest in this compound
and paved way for several exploratory efforts on the double perovskite compound in the
following years. The versatility of the double perovskite compounds lie in their ability to
accommodate a vast number of elemental combinations which can be a boon to materials
engineers aiming to tailor functionalities by design. In their review article, Vasala et al.
estimate that - within structural limitations, there are nearly 2 × 10= possible double
perovskite compositions, among which only about 1000 compounds have been so far
experimentally reported in the literature.3 This stands as evidence for the large untapped
potential of double perovskites as functional oxides.
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1.2.1. Crystal structure
The crystal structure of double perovskites is an extension of the simple perovskite structure
discussed in section 1.1.1. A three dimensional cubic array of A-sites are here again
coordinated with 12 surrounding oxygen atoms and are usually filled by a divalent or
trivalent cation (usually an alkaline earth metal or lanthanide). The octahedrally coordinated
B-sites are equally populated by a combination of two transition metals in contrast to just one
transition metal in case of a simple perovskite. Additionally, there exists an ordering of the Bsite cations as discussed in the following section. Once again, the simplest case would be a
high symmetry cubic structure which can be categorized within the Fm3m space group.
Similar to the case of the simple perovskites, the structure can undergo symmetry lowering
via cooperative tilts and distortions of the oxygen octahedral when there is a mismatch in
sizes of the B and B’ cations.24,25

Fig. 1.4 (a) Crystal structure of a cubic double perovskite belonging to an Fm3m space group; (b) Crystal
structure of a double perovskite with reduced symmetry to monoclinic P21/n space group for a double
perovskite with t = 0.93. Both structure were constructed using the Vesta crystal visualization program.14

Similar to the Goldschmidt tolerance factor defined for simple perovskites, a modified
tolerance factor, t is applied to double perovskites which takes into account the effect of the
ionic radii of both transition metal cations at the B-sites.26 This is expresses as:
=
Where

9,

:,

:A

and

C

9

:

>

O
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√2 @ 2 > 2 >

OB

are the radii of the respective ions taken from tabulated values by

Shannon.27 When t has values close to 1, a stable cubic structure is realized as described
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within the Fm3m space group. Figure 1 (a) shows a three dimensional illustration of such a
cubic double perovskite unit cell with

≈ 1. Several detailed crystallographic works have

studied the effects on the double perovskite structure with deviating values of t and also
established a list of all possible tilt systems and space groups for the ordered double
perovskites.24 However only a few tilt systems and space groups have been found to be
commonly occurring for most A2BB’O6 type compounds.3 Tetragonal space group I 4/m is
found to be common for cases with 0.97 < t < 1.00. For t < 0.97, orthorhombic and
monoclinic structures are known to occur with the monoclinic P21/n being the most
commonly found space group for A2BB’O6 double perovskites.3,26 A crystallographic illustration
of such a monoclinic unit cell for a compound with t ~ 0.93 is shown in Fig. 1.4 (b).

1.2.2. Cation ordering
As derived from preceding discussions, the process of tailoring functionalities in double
perovskites involves modification of their electronic structures by cationic substitutions. In this
context, it has been observed that structural ordering of cations is a crucial requirement for
achieving the desired functional response. Vasala et al. reviewed three possible ways of B and
B’ cation ordering in A2BB’O6 double perovskites – namely columnar, layered and rock-salt
type.3 Columnar and layered ordering involves alternating of the B and B’ cations along one
and two crystal directions respectively and are relatively uncommon. The most predominantly
found is the rock-salt type order which involves alternation of the B and B’ cations along all
three crystallographic directions (Fig. 1(a)).3 On a two dimensional plane containing the Bsite cations, rock-salt ordering creates a checker-board type pattern as illustrated
schematically in Fig. 1.5 (a). In reality, deviations from the ideal ordered state have been
found to occur in experimentally synthesized samples. This can occur when B and B’ cations
are misplaced at their sites forming what is commonly referred to as the anti-site defect (Fig.
1.5 (b)). Thus experimentally synthesized samples of double perovskite compounds can be
highly ordered or highly disordered or partially ordered depending upon the extent of antisite disorder. In reality, small amount of anti-site defects are always existent due to entropy
forces and as noted by Vasala et al., there can be several ways in which this disorder can
manifest in samples. In some cases, anti-sites can be distributed randomly; or sometimes they
may accumulate together forming a boundary referred to as anti-phase boundary, separating
two ordered domains. Some samples may only have anti-site defects or anti-phase boundaries
and some may have a mixture of both. Furthermore, some compounds may show separate
ordered and disordered domains.3 Thus cation order/disorder in double perovskites is a
complex microstructural phenomena and often requires non-trivial evaluation.
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Fig. 1.5. Schematic illustration of the cationic arrangement pattern on a 2-dimensional plane as a
consequence of (a) perfect rock-salt ordering; (b) rock-salt ordered structure containing anti-site defects.

B-site ordering in double perovskite samples can be evaluated by X-ray diffraction (XRD).
Ordering of cations leads to a doubling of the unit-cell which can be detected by observation
of superstructure peaks. However, doubling of unit-cell can also be caused by other known
structural distortions in perovskites which may hinder a precise evaluation of order.28 In
addition to XRD, atomic resolution imaging techniques such as transmission electron
microscopy can be effective in detecting ordering. Furthermore, functional responses such as
magnetization have also been used as a method to evaluate cation ordering in the
corresponding functional double perovskites.29
In spite of the entropic forces tending to disorder the B-site cations, there exist several
hundreds of double perovskite which have a stable cation ordered structure. This indicates
that there is a certain driving force and energy advantage associated with ordering. Through
several studies in the past, it has been established and accepted that this driving force is
derived from a difference in charges (∆F = |F:H I F: |) and a difference in ionic sizes (∆ =
|

:H

I

: |)

of the B / B’ cations (Fig. 1.6 (a)).25,30 Two like charges always repel each other

and the strength of the repulsion is proportional to the magnitude of their charge. Thus in
case of double perovskites with a larger ∆F, placing a higher charged B’ cations directly next
to each other will experience a higher electrostatic repulsion as opposed to case when each of
the B’ cations are surrounded by the lower charged B cation, as would be the situation in case
of a rock-salt order. Thus overcoming this electrostatic repulsion provides an energy gain that
underplays the entropy term thereby leading to the B-site ordering. On the other hand if ∆F
were 0, there is no electrostatic energy difference between the ordered and the disordered
state which results in a lack of a driving force towards ordering. Similarly, for double
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perovskites having B-cations with a larger ∆ , the entropic factor is counteracted by the lattice
strain energy which drives the system to an ordered state.3

Fig. 1.6 (a) Schematic illustration of the two parameters driving cation ordering in double perovskites:
difference in charge (∆C) and difference in ionic radii (∆r). (b) A statistical plot showing ordered (indicated
by solid triangles) and disordered (indicated by hollow triangles) double perovskites for different values of
∆C and ∆r (Taken from Ref. [3])

Fig. 1.6 (b) shows a statistically generated plot created by Vasala et al. who reviewed state of
the achieved ordering in nearly a 1000 literature reported bulk double perovskite
compounds.3 The hollow triangles represent disordered compounds and the filled dark
triangles represent ordered compounds – either partly or highly ordered. As expected from the
preceding discussions, it can be seen that for cases of large charge differences ∆F = 4 & 6 ,
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most reported compounds showed ordering which is driven by the electrostatic energy gain.
At lower charge difference conditions ∆F = 0 or 2 , compounds were found to be both
ordered and disordered, however the disordered compounds are concentrated more at the
lower end of ∆ . For cases with ∆ > 0.17 I 0.20 , the compounds are mostly ordered. Thus,
setting aside few exceptions, these statistics (with a significant large sample space) confirm
that larger differences in charge / size of the B-site cations energetically favour the cation
ordered state in double perovskites.

1.2.3. Magnetic ordering
Double perovskites offer the possibility to engineer a wide variety of magnetic properties. In
most compounds, the transition metals at B-sites are the active sources of their observed
magnetic responses. Since the structure consists of chains of B-cations separated by nonmagnetic oxygen anion, the operating mode of magnetic interaction is the indirect exchange
or also known as superexchange. Fundamentally, superexchange is a the most prevalent type
of magnetic interaction in perovskite compounds and involves the exchange between the spins
of the B-cations mediated by the overlapping oxygen p-orbital along the B – O – B chains. The
schematic drawing shown in Fig. 1.7 (a) illustrates the basic mechanism of superexchange.
Consider the two metal cations ‘B’ in an ideal ionic perovskite structure where the d-orbitals
directly overlap with the p-orbital of intermediate oxygen anion. The arrows signify the
electrons and their spin state - either spin-up or spin-down. It is considered in this simplistic
case that the magnetic moment of the metals cations B is coming from one unpaired electron
each in their d-shells. In addition, the oxygen has two electrons in its p-orbital. In the case
that the two spins of the metal cations are aligned anti-parallel as in the cases (i,ii,iii), the
ground state spin-order in (i) can mix with the excited states of (ii) and (iii). By virtue of this,
the magnetic electrons are capable of delocalizing across the whole B – O – B unit, thereby
lowering the kinetic energy. On the other hand, if the two metal spin moments are aligned in
a parallel fashion as case in (iv,v,vi), mixing of the ground state (iv) with states (v) and (vi) is
not possible; as these states are forbidden by the exclusion principle. Thus there is no kinetic
energy lowering in this case. Due to the above apparent energy advantage, indirect
interactions of the metal d-shell electrons across the intermediate oxygen creates a stable antiparallel ordering of the metal spins. This is the antiferromagnetic superexchange.31
In another circumstance indirect exchange can also yield a parallel or a ferromagnetic
coupling. Consider a case of exchange interaction between an occupied eg orbital and an
unoccupied eg orbital on the neighboring magnetic ion through an oxygen ion. Now consider a
case of electron delocalization due to hopping of the eg electron from the occupied to the ion
12
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with unoccupied eg. Now considering that the spin of the electron is conserved during the
hopping, there is an energy advantage if the hopping electron arrives at the eg orbital such
that its spin has same alignment with respect to the t2g electrons in that ion due to Hund’s rule
coupling. This thus drives a ferromagnetic arrangement.31 Thus different ground state
ordering patterns have been found in various systems depending upon several factors
including the electronic configurations of the cationic d-orbitals involved. In their published
works during 1960’s, Goodenough, Kanamori and Anderson categorized these interactions
and laid out few semi-empirical rules to identify nature of the superexchange ordering in
different situations. Details of these can be found in Ref. [32–34]. In addition to the d-orbital
configuration, the bond angle of the interacting B – O – B system is also found to be a crucial
parameter affecting superexchange. In an ideal cubic perovskite, this bond angle is 180˚.
Deviations from the cubic system to lower symmetry structures can lead to lowering of the
bond angle (that can change the extent of orbital overlap), which can alter strength of the
interactions.
In spite of the differences found in certain cases, anti-parallel spin arrangement across the B –
O – B chain is still the predominantly found order resulting from Superexchange interactions.
This is the reason why most simple perovskites (Eg. CaMnO3, LaMnO3, BiFeO3, BiCrO3 etc)
are all rendered to be antiferromagnetic with zero or negligible magnetizations (in canted
antiferromagnets).35,36 This is indeed a problem, when perovskites are intended for magnetic
applications. Nevertheless, it is worth noting that this drawback can be effectively overcome
in materials such as double perovskites which provide a unique situation to exploit
superexchange. Using a combination of two transition metals with different individual spinmoments, a net magnetization (of magnitude equal to a difference in their individual
moments) can be created via their anti-parallel coupling as illustrated in Fig. 1.7 (b). Such a
magnetic ordering is commonly known as ferrimagnetism and is indeed a functional quality of
double perovskites which can be exploited for applications. Several promising multifunctional
ferrimagnetic double perovskites have been discovered so far which make them a promising
class of materials. Ferrimagnetic Sr2FeMoO6 with a fully spin polarized electron transport or
half-metallicity1; high-magnetic ordering temperatures in Sr2CrB’O6 compounds (B’ = W, Re,
Os) are some of the prominent examples.37,38 In fact, high temperature insulating
ferrimagnetism found in compounds such as Sr2CrOsO6 (TC ~ 725 K) provides an interesting
prospect of double perovskites to be exploited for engineering room temperature type I
multiferroics as discussed in the section below.2
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Fig. 1.7 (a) Schematic illustration showing mechanism of indirect / superexchange across the B – O – B
bond (Adapted from Ref. [31]); (b) Schematic illustration of ferromagnetic and ferrimagnetic spin
alignments of the B and B’ spin sub-lattices in a double perovskite.

1.2.4. Multiferroism in double perovskites
A single phase multiferroic material is defined as one that simultaneously portrays two or
more of the ferroic order parameters such as ferroelectricity, ferromagnetism and
ferroelasticity.39 In the context of materials research for devices, the term ‘multiferroics’
predominantly refers to a material system where magnetism and ferroelectricity are coexistent
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even in the absence of any external magnetic or electric fields. Furthermore, a material system
where these two types of ordering not only exist but are also coupled to one another are
referred to as magnetoelectric multiferroics.40,41 The reason behind the heightened interest
within the materials community to pursue such materials stems from their potential
applications in creating high density universal non-volatile memory devices, magnetoelectric
sensors, multiferroic tunnel junctions and several other device elements.42–44 However, in spite
of these promising applications, the field of multiferroic materials has been held back due to
several reasons. A primary challenge being the scarcity or rarity of such materials, the reasons
for which were first theoretically addressed by N. A. Hill (now Spaldin) in 2000.45 Hill noted
that the scarcity of multiferroics stems from a contradiction between the conventional
mechanisms that lead to ferromagnetic and ferroelectric ordering. In conventional
ferroelectrics, the material needs to be strongly insulating and the polarization is caused by a
non-centrosymmetric shift of a cation in the crystal structure. Such a shift is facilitated by an
energy lowering covalency which formally requires a d0 state (Eg.: Ti4+ in conventional
ferroelectric BaTiO3). On the other hand magnetism results from uncompensated spins in the
partially filled d-orbitals and most magnetic materials are electrically conducting. Thus
magnetism and conventional ferroelectricity are considered to be chemically contraindicated.45,46 Consequently the strategy to find multiferroic materials was to either search for
alternative mechanisms to magnetism or an alternative mechanism to ferroelectricity;
however only the latter has been much explored so far.
Based on the microscopic origin of the alternatively induced ferroelectricity, multiferroics are
broadly classified into two groups, namely type I and type II.47 Type I multiferroics refer to
those materials where ferroelectricity and magnetism have different atomic sources within a
material. Primary example for such type is BiFeO3, where ferroelectricity is driven by the
stereochemical activity of the 6s2 lone pair of electrons on the Bi3+ cation while the magnetic
order is obtained from the B-site transition metal Fe3+. In this type of multiferroics,
ferroelectricity and magnetism appear largely independently of each other and the coupling
between them is usually weak. Thus the goal within this type is to keep all the features intact
while improving the magnetoelectric coupling. The second group is referred to as type II
multiferroics; here the magnetic order by itself causes the ferroelectricity indicating possibility
of a strong coupling between the two. Well known example is TbMnO3 which is a low
temperature multiferroic. In this class, complex magnetic structures such as spiral magnetism
create the electrically polarized states in the material structure. However, the polarization in
such materials is much smaller.47

Introduction

15

Fig. 1.8 (a) Venn diagram indicating the relationship between multiferroic and magnetoelectric materials
(Taken from Ref. [48]); (b) Schematic illustration of the structural and functional properties of multiferroic
BiFeO3 (Taken from Ref. [48]); (c) Schematic illustration showing the possibility of combining lone-pair
active ferroelectricity with ferro/ferrimagnetism in double perovskite compounds.

Based on the available theoretical treatment and existing classifications, Eerenstein et al.40
proposed a Venn diagram in their review on multiferroics which is shown in Fig. 1.8 (a) as
adapted from Ref. [48]. This illustration notes that only small sub-group of all magnetically
and electrically polarized materials are either ferromagnetic or ferroelectric and still fewer
have both other parameters. In these materials there is a possibility that a material is
magnetoelectric allowing electric field control of magnetism or magnetic field control of
electric order. However, magnetoelectricity is again an independent functionality that can
arise in any magnetically or electrically polarizable material, irrespective of whether the
material is multiferroic or not.48 This further emphasizes the peculiarity and the rarity of the
magnetoelectric multiferroic. Thus, for ultimate multiferroic device functionality, Martin et al.
noted that an ideal material system should be strongly ferroelectric and ferromagnetic in a
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single phase at room temperature, with a robust coupling between the two enabling the
control of the magnetic order with an electric field.49
The simple perovskite compound BiFeO3 (BFO) has been by far the most studied multiferroic
compound in the literature. The heightened interest in this compound was first sparked by the
work of Wang et al. who in 2003 established the possibility to grow high quality thin films of
BFO via pulsed laser deposition.50 Since then there have been several hundreds of
independent works that studied and established various structural and functional aspects of
the compound (a summary of which is shown in Fig. 1.8 (b)). Bulk BFO is known to
crystallize in a rhombohedral polar space group R3c with a spontaneous ferroelectric
polarization along the pseudo-cubic [111]-direction. As seen in Fig. 1.8 (b), the structure
consists of two distorted perovskite blocks connected along the pseudo-cubic [111] direction
to form a rhombohedral unit cell. The ferroelectric state arises from a large displacement of
the Bi-ions with respect to the distorted FeO6 octahedra. Thin films of BFO were shown to
have a significant ferroelectric polarizations up to ~90 µC cm-2 which was stable upto
temperatures as high as ~1100 K. In spite of the promising ferroelectric properties, the
drawback of BFO lies in its magnetic qualities. Due to an existent G-type antiferromagnetic
ordering of the Fe3+ cations with an ordering temperature TN ~ 643 K, the material does not
have a robust spontaneous magnetization. Some theoretical and experiments have established
that the BFCO crystal allows small canting of the antiferromagnetic moments in the structure
resulting in a weak canted ferromagnetic moment of 0.05 µB/f.u.49 The magnetic properties in
thin films of BFO remain heavily debated as the original work of Wang et al. showed an
anomalously large magnetic moment of 70 emu cm-3 which is an order of magnitude larger
than that expected for canted antiferromagnetic moment.50 In the later years, studies by
Eerenstein et al. and Bea et al. suggested formation of magnetic nano-impurities in thin films
which resulted in enhanced magnetic moment.51,52
The low observed moment in BFO is a consequence of the superexchange interactions which
renders the B-site cationic spins antiferromagnetically coupled. This is a common drawback
with most single perovskite type I multiferroics that have been explored (Eg.: BiMnO3, BiCrO3,
BiCoO3, etc.). As discussed in the preceding sections, this problem can be effectively overcome
in B-site ordered double perovskite compounds where a lone pair driven ferroelectricity of
Bi3+ A-site cations can be successfully combined with a strong B/B’ site magnetic moment
derived either from a ferro / ferrimagnetic order (Fig. 1.8 (c)). However, exploration of
multiferroism in double perovskites is a young field of study which has not received a
comparable level of attention as BFO due to bigger challenges associated with synthesizing
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bismuth based double perovskites. Based on the choice of the B/B’ transition metal cations
and their respective positions in the periodic table, double perovskite compounds may be
broadly classified into 3d-3d, 3d-4d and 3d-5d compounds. A few bismuth based 3d-3d double
perovskites (Eg.: Bi2FeCrO6, Bi2MnNiO6, etc.) have been studied so far, but have each faced
some structural or functional drawbacks hindering ideal multiferroic functionality (discussed
further in chapter 3).53 On the other hand bismuth based 3d-4d or 3d-5d double perovskites
have been seldom studied and undoubtedly deserve being explored (discussed further in
chapter 4).

With recent developments, advanced thin film technology (as discussed in

following sections) has emerged as an effective route to stabilize complex oxides like double
perovskites. If this could be successfully extended to engineer reproducible methods to realize
some of the unexplored multiferroic double perovskites, a renewed interest could be
generated in the field.

1.3. Thin film technology
A thin film can be defined as a material from that extends indefinitely along two dimensions
but has a limited dimension along the third perpendicular direction (referred to as thickness)
which may range from a few angstroms to a micrometer (10-6 m). In the past, traditional thin
film technologies were developed mainly for synthesis of metallic and alloy thin films. Coming
down from this era, significant advancements have been made over last three decades across
various thin film growth techniques which has enabled the application of thin film methods to
a wide range of materials beyond just metals or alloys – such as inter-metallics, oxides,
nitrides, polymers, composites, etc. In addition to the growth techniques, developments in the
available in-situ and ex-situ characterization techniques have also had critical impacts on the
development of this approach. In particular to the case of oxide materials, the thin film
approach has been a great enabler in terms of exploring new compounds, their functionalities
and to understand the microscopic and atomic level origins of their behavior.

1.3.1. Techniques for oxide thin film growth
Among all, three particular thin film techniques have been most used to study oxide thin
films. Each have their own advantages, disadvantages and niche capabilities. These have been
briefly described below
Molecular beam epitaxy (MBE): MBE technique involves evaporation of the desired
elements in an ultra-high vacuum (UHV) chamber with low base pressures (<10-9 Torr)
where the evaporated atoms travel from the source to the substrate as a molecular beam with
18
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minimal scattering. The flux of the atoms in the beam can be varied, thereby giving a user a
precise control of the resulting film stoichiometry. In contrast to the two other techniques
discussed below, MBE is a low-energetics deposition system. This allows for growth of very
high quality of low defect density thin films. After its remarkable success in growth of III-V
semiconductors, MBE has been widely explored as a viable technique for oxides. Growth of
simple binary oxides and also the ABO3 perovskites, has been well achieved for several
materials. However, its applicability to more complex multi-cation systems like double
perovskites has been restricted due to difficulties in flux rate / stoichiometry control when
several cation are involved. Also low energy of the flux species do not have sufficient thermal
energy to achieve required adatom mobilities, thereby calling upon the need for using high
substrate temperatures.54
Sputtering deposition: Sputter deposition or sputtering is a technique that involves ejection
of material species from a given target by high energy gas molecules which are subsequently
transferred to a substrate for the thin film growth. The energetic gas molecules are derived
from a gas plasma which is created by applying a high voltage across the target in the
presence of a background gas. Low background gas pressures are used to ensure a sufficient
mean-free-path for the material species to reach the substrate. In magnetron sputtering, a
magnetic field is imposed in such a way that the gas plasma is confined to a region close to
the target. This allows for enhanced target bombardment and consequently better film growth
rates and uniformity. In cases involving insulating oxides, charge build up at the target
cathode is a problem, hence RF sputtering is used where the sign of the anode-cathode is
switched or cycled at a very fast rate (in MHz). Advantages of sputter deposition include
possibility of growing films at low temperatures (when required), and control of film growth
via external parameters such as the background pressure and sputtering power. A common
drawback associated with sputter deposition is the possibility of reactions at the surface of the
targets which causes target poisoning, or in other words formation of unwanted phases which
may have different sputter characteristics.55,56
Pulsed laser deposition (PLD): In pulsed laser deposition, a high energy laser pulse
(usually in the UV range) with very short pulse durations (~few 10s of nano-seconds) is
directed onto a small area on the surface of an absorbing ceramic target. This large amount of
energy absorbed by the target leads to an ablation of a small portion of the target material
into a plasma plume. During the ablation process, the overall stoichiometry of the target is
transferred to the plasma plume unchanged, and subsequently the charged ions from the
plasma arrive at a substrate often held at elevated temperatures. Thermal energy at the
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substrate drives the nucleation and growth process that follows. In contrast to sputter
deposition, PLD can be carried out both in vacuum as well as in the presence of a background
gas. Detailed accounts on the PLD process and its construction are discussed in section 2.1.3.
Since the PLD process allows for a stoichiometric transfer from the target, it can be (in
contrast to MBE) an ideal technique to grow films of multi-cation complex oxides such as
double perovskites. Yet there are some drawbacks of the PLD process, namely defects caused
by high particle energies and possibility of larger chunks or droplets of the target material
reaching the substrate. It is not a very industrially viable process as it cannot be used for
depositing over large areas and also because it is generally a cost intensive process. In spite of
these drawbacks, PLD is still a method of choice in research when it comes to exploring new
complex materials systems. Over the recent years, the capabilities of PLD has been exploited
to achieve remarkable possibilities such as functional interfaces, superlattices, cation-ordered
materials, multi-stack material devices, etc.57,58

1.3.2. Fundamentals of thin film growth
Following section has been summarized based on inputs from Ref. [57]. Thin film growth
often starts with creation of the elemental species and then involves transfer of these species
to the substrate surface. Once the material species arrive at the surface of substrate a series of
complex multiple processes take place which has been illustrated in Fig. 1.9. An approaching
atom can either be absorbed at the surface or reflected back depending upon its kinetic
energy. Sticking coefficients of elements also influence the absorption processes. Initial
sticking of the atoms is categorized as physisorbtion where the atoms are held mainly by Vander-Waals forces. The thermal energy of the heated substrates surface can provide a driving
force for surface diffusion, where a physisorbed atom moves over the surface of the substrate.
Subsequently the adatoms may also be chemisorbed where a bonding with the substrate
atoms take place. Once chemisorbed the particles are rather stationary due to a strong
bonding. Atoms which arrive at the substrate surface can also damage the surface and
penetrate it when coming with extremely high kinetic energies. This destroys the substrate
surface and consequently creates defects at the interface. Such a situation is often avoided in
PLD processes by using background gases which help in reducing the kinetic energy of the
ablated particles. Subsequent process of film formation involves nucleation and growth
process. During nucleation adatom embryos are formed which are said to nucleate or achieve
a stable size when addition of more atoms to the embryo effectively reduces Gibb’s free
energy.
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Fig. 1.9 Schematic illustration of the elementary processes occurring at substrate surface at early stages of
film growth.

Further growth of the nuclei is characterized by the interplay of several parameters such as
the surface energies of the substrate (PQ ), film (PR ) and the interface (PS ) and also to some
extent parameters such substrate temperature, deposition rate etc. This has been noted to
manifest mainly as three different growth modes which have been illustrated in Fig. 1.10.
Frank-van der Merwe (layer-by-layer) growth: This growth mode refers to the illustration
shown in Fig. 1.10 (a). It is observed when the total surface energy of a film-layer wetted
substrate is lower than the surface energy of the bare substrate PR > PS T PQ . Such a
situation leads to growth of a complete surface covering monolayer and subsequent additions
of monolayers (hence also known as the layer-by-layer or 2D growth mode).
Volmer-Weber (islands) growth: As illustrated in Fig. 1.10 (c), this type of growth mode
involves formation of islands of the film material as the system tends to maximize the
unwetted substrate area which is the lower energy surface. Thus this corresponds to a
thermodynamical situation where PR > PS > PQ
Stranski-Krastanov (mixed) growth: This is the third type of growth mode which has been
illustrated in Fig. 1.10 (b). In this mode, which is one of the more often observed mode, the
growth starts of as a layer-by-layer process. However, as the film thickness increases, the
misfit energy (Emisfit) between the substrate and the film increases. At a critical thickness, the
Emisfit becomes large enough to break the thermodynamic condition favouring the layer-bylayer growth which then causes an island growth mode for addition of further layers.
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Fig. 1.10 Schematic illustration of the main thin film growth modes. ‘Θ’ refers to the coverage of the film
material in units of monolayers.

Thus for each system depending upon the corresponding surface energies of the film and
substrate material, one can end up having different ways in which the film can grow.
However, the 2D or the layer-by-layer mode is the most desired growth mode as it produces
the least amount of structural defects in the sample. The film growth process might lead to
the formation of films with different crystal morphologies and atomic order. Based on this, the
films can be classified as follows:
•

Amorphous, when the film does not have any long range order.

•

Polycrystalline, when film consists of randomly oriented grains, but a definite
crystalline order within the grains.

•

Textured, when structurally ordered grains in-turn align themselves along certain
preferential orientations.

•

Epitaxial, when there is long range structural order in the grains, and there is a
definite orientation relationship between the film grains and the substrate.

Perfect epitaxy relates to an ideal single crystalline film layer with no defects fixed in perfect
lattice registry on a single crystal substrate. In reality, most films may have slight deviations
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from this ideal picture of epitaxy either in the form of defect dislocations or mosiacity (small
angle tilts between crystal grains of same orientation)

1.3.3. Thin film approach to meta-stable double perovskites
As discussed in the preceding sections, advancements in technology and fundamental
understanding of thin film growth has enabled the realization of a wide range of complex
materials. However, use of thin film approaches for study of double perovskites (usually with
three cations) is still in a developing stage since only a fraction of all synthesized bulk double
perovskites have been adapted in the thin film form and many more remain unexplored by
experiment. Particular challenges have been noted to hinder the possibility of high quality
growth and reproducibility double perovskite materials. One of the important challenges is to
balance the stability of the three cations involved. During synthesis procedures, it may be the
case that the constituent cations have different thermodynamic regions of stability, or it may
happen with some combinations that a particular cationic species has a high volatility in its
precursor form and also in some cases, it may just be thermodynamically impossible to
achieve particular desired oxidation state of a cation. These problems may often result into
formation of unwanted secondary phases or in worse cases, inability to achieve the required
phase at all.
Using the PLD based thin film approach can be an effective alternative to overcome these
particular challenges. The fact that the PLD process is kinetically driven, allows us to a certain
extent to shift the stability windows of certain cations beyond the thermodynamic limiting
boundaries. This way small suitable deposition windows can be created where the required
states of the species may co-exist, so that the double perovskite can be stabilized as a pure
phase. In addition to the kinetic advantage, the known feature of the PLD process to be able
to ensure a stoichiometric transfer of species to the surface of the substrate is a further
valuable aspect for double perovskites (where often at least three cations are involved).
Another crucial aspect with regard to double perovskites is the chemical ordering, as was
discussed in section 1.2.2. Over the past years, several different approaches have been used to
achieve B-site chemical ordering double perovskite thin films. Three most important of them
are discussed below:
1. Thermal treatment / post annealing: This approach involves post synthesis thermal
treatments of double perovskite compounds under controlled atmospheres. Synthesized
samples of double perovskite compounds are subjected to annealing at elevated
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temperatures. Series of experiments are made to determine the required temperature and
duration which is needed to reach a thermodynamic equilibrium of the ordered phase.
Alternatively, as was shown for the A-site ordered double perovskite La0.5Sr0.5CoO3-δ with
high ionic mobilities, one could also use an in-situ furnace and structural characterization
methods to observe thermal effect on ordering in real time59. This is a thermodynamically
driven process and can be applied to compounds that consist of non-volatile and thermally
stable phases.
2. Superlattice approach / two target growth: The superlattice approach involves breaking
up a double perovskite into two individual constituent perovskites (La2FeCrO6 into LaFeO3
and LaCrO3)60. The double perovskite films are then realized by growing precise
alternating monolayers of each constituent perovskite say via PLD under a two target
approach. Such a process is often undertaken upon a (111) oriented substrates which can
yield the required rock-salt ordering of the B-site cations. For this process to be viable, it is
important that each of the constitutent perovskite can form a stable layer by itself and can
be grown under a high-quality layer-by-layer mode. There can always be problems
associated with intermixing in this method and also possibilities for large amount of
defects due to differences in growth dynamics of the two single layers.
3. Spontaneous ordering via PLD: Spontaneous ordering via PLD is an approach that
gained a recent popularity for growth of B-site ordered double perovskites following the
reports in Ref. [61–64]. The ordering process here can be thought to be kinetically driven
as it is believed to take place in real-time during the non-equilibrium PLD film growth.
Although the mechanism of spontaneous ordering at the atomic level remains to be
investigated, the driving force for the ordered occupation is noted to be derived from the
difference in ionic radii and the oxidation states of the two B-site cations. As discussed in
section 1.2.2, under these differences, the lowest energy configuration is that of a rock-salt
like occupation which could be the reason behind spontaneity in ordering. On completion
of deposition, the films are quenched to room temperature at a higher cooling rates to
freeze the atomic positions in the sample thereby preserving the achieved cation ordering.
This process involves PLD growth out of a single stoichiometric target for the desired
A2BB’O6 double perovskite. A thermodynamic P-T phase diagram is usually plotted to
roughly identify the stability regions for the required oxidation states of the cations. To a
certain extent, this method of simultaneous growth also allows to balance the
oxidation/reduction tendencies between the two B-site cations by deterministically
varying the PLD growth parameters, thereby enabling to stabilize the phase in its required
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state. As a consequence, for any given double perovskite, there often turns out to be only a
small window in terms of deposition conditions where the required ordered phase can be
stabilized. The challenge of this approach therefore lies in finding this suitable window,
which as noted by Ohtomo et al.64, calls for large amounts of trial and error protocols
exploring the kinetic and thermodynamic landscape.
From the literatures on each of the above approaches, it can be seen that the thin film
approach has had a fair amount of success in realizing several double perovskite phases, some
of which have been previously unexplored. General success of the PLD process for multication systems is evident in the literatures and hence is chosen as the suitable method of thin
film growth for this study. As for the ordering, since the selected compounds under this work
include volatile and thermally unstable species such as Bismuth and Rhenium, the approach
involving post deposition thermal treatments would not be suitable. Secondly, the superlattice
approach can be difficult, as some of the constituent single perovskites either cannot be grown
in a layer by layer mode and some others do not exist as a stable phase. Therefore, the
remaining option of realizing double perovskites via spontaneous ordering was taken as the
method of choice for this study. The viability of spontaneous ordering process was tested
across two families of double perovskite compounds namely 3d-3d and 3d-5d, referring to the
combination of the two transition elements taken as the B and B’ cations.
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2. Experimental methods
This study involved a thin film approach to material synthesis followed by a combination of
advanced

characterization

and

measurement

techniques.

Experimental

work

was

complimented by theoretical calculations and modelling wherever required. Preliminary
material synthesis steps involved fabrication of stoichiometric ceramic pellets for each of the
double perovskites. The pellets were meant to be used as laser ablation targets. Pulsed Laser
Deposition (PLD) under controlled environments was used to grow thin films of the desired
compounds on suitable surface treated single crystalline substrates. Post the fabrication,
structural, microstructural, chemical and functional properties of the thin films were studied.
Following sections provide an overview of fundamentals, experimental set-up and
methodology of the various steps undertaken in this work.

2.1. Materials synthesis and sample preparations
2.1.1. Substrates: selection and pre-treatment
Choosing a right substrate and preparing its surface prior to deposition is of prime importance
in thin film technology. Substrates act as a foundation and template to the overlaying film.
There are several substrate parameters that greatly influence thin film growth: most
important among them are: crystal structure & lattice constants, crystal orientation, surface
energies, surface roughness and chemical compatibility. Section 1.4 provided an overview on
the fundamentals of epitaxy and epitaxial films. Since it is our primary goal to grow epitaxial
films with low defect densities in this work, the crystal-structure/orientation and the
consequent lattice parameters of the surface mesh is the primary parameter influencing choice
of a substrate. The differences in the bulk lattice parameters of the substrate and the film
materials is quantified by lattice mismatch f, where:
=
Where

[

and

\

WX Y WZ
WZ

,

are the lattice constants of the substrate and the film respectively. As shown

in figure 2.1 (a) & (b) small amounts of mismatch may be accommodated as strain into the
structure of the film. The resulting film may either be tensile or compressive strained
depending on the sign of the mismatch. In some materials, it may indeed be a desirable
quality to have a strained film to achieve a certain functionality (e.g. strain driven
ferroelectricity)65. However larger mismatch can lead to misfit dislocations and relaxed films
with dislocations and defects that may be undesirable. In extreme cases, one may fail to grow
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crystalline films at all when the misfit is so large that it makes it impossible for the incoming
film material to nucleate on the substrate surface. Such a situation may lead to the formation
of an amorphous film.

Fig. 2.1 Illustration of the effect of lattice mismatch on heteroepitaxy of a thin film on a substrate (a) film
under tensile strain; (b) film under compressive strain; (c) film in a relaxed state above a certain thickness
(for t > dc). (Adapted from Ref. [6])

Thus choosing a substrate with the right lattice constants has a large impact on the
consequent film growth and phase stabilization. Fig 2.2 shows a list of commercially available
perovskite type substrates positioned on a horizontal linear scale of their lattice constants. It
may indeed often happen that a large number of double perovskites or any other compounds
in general may be just inaccessible via thin film approach due to lack of a suitable substrate.
Particularly in this study and other similar studies, where magnetism is a focus of study, one
also needs to take into consideration to use a diamagnetic substrate like SrTiO3 (STO) or
similar. This is particularly important when use of lab based non-element specific magnetic
characterization technique such as SQUID (Superconducting Quantum Interference Device)
magnetometry is intended. Paramagnetic substrates such as GdScO3 or DyScO3 may be unfit
for SQUID experiments as the paramagnetic contribution of the substrate is much larger than
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the magnetic signal of the film and thus the film response would be undetectable. In addition
to these restrictions, other substrate parameters discussed above such as surface
wettability/surface energies and chemical instability may drastically hinder film growth for
some compounds. Thus lack of availability of a suitable substrate may also often be a reason
why several double perovskites or other complex oxides may be unreachable at present.6,66,67

Fig. 2.2 List of commonly used/commercially available oxide single crystal substrates on a schematic scale
of their in-plane pseudocubic lattice constants; also bulk pseudocubic in-plane lattice constants of BFCO,
LMRO and LNRO have been indicated. (Adapted from Ref. [66])

This work comprises a study of three different double perovskites, first a 3d-3d compound
Bi2FeCrO6 (BFCO) and two 3d-5d compounds La2MnReO6 (LMRO) and La2NiReO6 (LNRO). As
indicated on the horizontal scale in Fig 2.2 the three compounds have a theoretical average
bulk in-plane lattice constants of 3.93 Å, 3.99 Å and 3.98 Å respectively. Knowing these
theoretically estimated lattice constants and also keeping in mind the necessity to use a
diamagnetic substrate that allows for SQUID based magnetometry, the widely studied cubic
substrate SrTiO3 (STO) was taken as a substrate of choice for all experiments covered in this
work. At ambient conditions, STO has lattice parameter a=b=c= 3.905 Å. These substrates
are commercially available and were purchased from the company CrysTec Krystaltechnologie
GmbH Berlin. Substrates used were of dimensions 5 X 5 X 0.5 – 1 mm.
Over the recent years, there has been a growing discussion in the oxide thin film community
about the need for a STO substrate surface pre-treatment prior to use for thin film growth.68–70
The goal of the pre-treatment is to create surfaces that are atomically smooth, clean and
homogenous that ensures a reproducible and defect free interface and film growth.
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Fig. 2.3 (a) AFM image of a substrate prior to chemical etching showing presence of half unit cell steps
(Taken from Ref. [68]); (b) AFM micrograph of a STO substrate post our buffered-HF etch process; (c) z profile along a line marker indicating full unit cell steps of ~0.39 nm (both axes are plotted on a nanometer
scale); (d) 3-dimensional projection of the observed surface in (b).

Early studies on the surface treatment of STO substrate were undertaken by M. Kawasaki et
al.70 and G. Koster et al.68 They noted that the commercially available STO substrates whose
specifically oriented surfaces are obtained by various crystal cleaving and cutting techniques
consist of equal amounts of Sr-O and Ti-O2 terminated domains that are separated by half
unit-cell steps (Fig 2.3(a)). Furthermore mechano-chemical polishing techniques are
commonly used to polish the cut surfaces that may render impurities in the surface. The goal
of a surface treatment process is thus to remove these impurities and create an atomically
smooth single terminated surface. In this study we adopted a method similar to the one
suggested by G. Koster et al. in to chemically process STO surface prior to deposition.68 The
various steps involved is described in the following section.
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Buffered Oxide Etch (BOE)
Buffered Oxide Etch, also known as buffered HF or BHF, is a popular wet etchant used in
micro-fabrication. A common buffered oxide etch solution comprises a 6:1 volume ratio of
40% NH4F in water to 49% HF in water. This solution will etch thermally grown oxide at
approximately 2 nanometres per second at 25 degrees Celsius71.
In-house preparation of the BHF solution
First a 40% NH4F Solution was prepared by dissolving 40 g of NH4F salt in 60 ml of water.
Then 6 parts by volume of this 40% NH4F solution was taken in a HF resistant plastic
container. To this, one volume part of 49% HF was added to obtain the buffered HF solution.
If the available HF acid is not of 49% in strength, a correspondingly different volume of the
required HF has to be calculated and accordingly mixed to obtain the commercially
recommended BHF composition.
STO substrate treatment procedure
First the as-received substrate surfaces were cleaned dry by blowing Nitrogen gas to remove
any dust or particles. Substrates were then subjected to successive ultrasonic cleaning in high
purity acetone and isopropanol. The cleaned substrates are then rinsed with deionized water
(DI water) and then transferred to another container with fresh DI water. The substrates were
fully immersed (polished surface facing up) in DI water and the surface was left to soak
undisturbed for 20 to 25 minutes. As per G. Koster et al. this step is meant to allow formation
of Sr-hydroxide complex from the reaction of the Sr-O blocks on the surface with H2O.68 This
hydroxide is known to selectively dissolve in acids thereby reducing the etch time required.
The soaked substrates were then etched individually for 30 seconds in the above prepared
BHF solution. Post the etching the substrates were rinsed in a stream of distilled water and
once again rinsed with ethanol (99.99%). Rinsed substrates were then blown dry with
pressurized nitrogen gas. These etched substrates were then annealed in a clean furnace at
950 ˚C in oxygen flow for 90 minutes. To confirm the completion of the etch process the
surface topography of a few selected substrates were characterized with an Atomic Force
Microscope (AFM). An Asylum Research MFP-3D AFM in the non-contact mode was used for
this purpose. Figure 2.3 (b) shows the as recorded AFM micrograph of the surface of a
chemically etched STO surface indicating a stepped terraces like topography. These surfaces
are single terminated (Ti-O2 layers). The reason such a stepped surface is formed is due to the
crystal miscut angle. Hence from such an AFM micrograph, the miscut anle of the substrate
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can be estimated by measuring the dimensions of the step. Figure 2.3 (c) shows a z height
plot of a line scan across terraces plotted on a nanometer scale. From the figure, it can be seen
that the steps are observed to have a width of ~ 200 nm. Each step height is identical and
uniform and equal by and large to 0.39 nm which is close to the known unit cell constant for
STO = 3.905 Å. From these values the approximate angle of miscut can be estimated to be ~
0.11˚. A 3-dimensional illustration of the measured area is shown in Fig 2.3 (d) for
illustration purpose.

2.1.2. Target synthesis
This section is based on reading from Ref. [72,57] and also from diverse collective inputs
from experienced colleagues over the years. Targets form a vital component of the PLD
process. Ceramic pellets, single crystals and metals/metal alloys are the most commonly used
types of targets. In case of oxide thin films as is within this study, bulk polycrystalline
ceramics are often used as targets because they are non-transparent/poorly reflective and thus
can better absorb the energy of the laser pulses. Density, stoichiometry, chemical homogeneity
and smooth-planar surface are some of the critical aspects that qualify ceramic pellets to be
used as targets for PLD.
Density: As a thumb rule, the ceramic pellet is required to have a density which is at-least
80% of the bulk single crystal density of the material being studied. This is important to avoid
the formation of large macroscopic target material fragments in the ablated flux. These larger
chunks/fragments of particles can bombard the substrate surface causing defects and
hindering film growth.
Stoichiometry: In case of simple oxides and compounds which are energetically stable in bulk
form so that bulk pellets of them can be synthesized with relative ease, it is commonly
preferred to have the targets in the pure single phase form. This ensures chemical
homogeneity of the target and stoichiometry. Phase pure targets whose phase is same as the
intended films, may also remove the complexity of changing oxidation states of the species
during the deposition process. However, in case of the compounds in this study and also in
the case of many complex oxides being studied currently, it often turns out that they are
either energetically meta-stable or unstable in bulk. In such cases it is commonly accepted
that, it is sufficient to have a stoichiometric phase mixture of the elemental species sintered
into a pellet with sufficient overall density in a way that the stoichiometry is homogeneous
over length scales much smaller than the laser spot size. This is because of the fact that the
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ablation process (as described further in section 2.1.3. ensures a stoichiometric transfer of the
ablated flux of material from the target to the film.
Homogeneity: Chemical or stoichiometric inhomogeneity either across the plane of the target
surface or through the depth can have detrimental consequences on the film growth. This can
lead to off-stoichiometry in films, defects in structure and in severe cases lead to
polycrystallinity or amorphous growth.
Surface Plane: Studies on the target-laser interactions have established that the direction of
the plume is dependent on the surface normal of the target plane. Thus unevenness of the
target plane may change the direction of the plume with respect to the position of the
substrate, thereby causing dynamic changes in the material arriving at the substrateconsequently leading to stoichiometric changes or defects in the film.
In this study, several different methods were used to synthesize the PLD targets. Conventional
solid state synthesis which was used for the case of the 3d-3d compound Bi2FeCrO6 (BFCO)
and a sealed quartz tube process was employed in the case of the 3d-5d compounds
La2MnReO6 (LMRO) and La2NiReO6 (LNRO). Spark Plasma Sintering was used in the case of
BiLaMnReO6 (BLMRO).
Conventional solid state synthesis: As illustrated in Fig. 2.4 (left) the conventional solid
state synthesis procedure started with mixing and thorough grinding of the oxide powders in
stoichiometric quantities. The well-mixed powders are subjected to calcination in a muffle
furnace. Partly reacted calcined powders are then reground to attain homogeneity and intermixing. In the usual solid state synthesis method, this process of calcining and re-grinding of
powders is repeated until the reaction of all oxide species is fully or nearly complete. These
powders were then pressed into a pellet using a uniaxial press. The pressed pellet was then
subjected to sintering to form a hard, stable and dense ceramic.
Solid state synthesis in sealed quartz tubes: As displayed in Fig 2.4 (right), a relatively
more complicated process was adopted in the case of the 3d-5d compounds LMRO and LNRO.
The process allows for almost complete isolation of the reaction mixture from air or
atmosphere. This is done in order to counteract the instability or meta-stability of the
Rhenium oxides. Under this method, all precursor powders were stored inside an Argon glove
box. Mixing and grinding of the oxide powders was performed within the glove box. Well
mixed powders of the component oxides were then transferred into one side closed quartz
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tubes. Following this, series of steps were undertaken within and outside the glove box to
evacuate the tube and finally seal it under a vacuum of about 10-2 mbar.

Fig. 2.4 (left) Sequence of steps undertaken in conventional solid-state synthesis of BFCO target; (right)
Sequence of steps adopted in the sealed tube process for LMRO/LNRO targets.
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All glass blowing and related quartz tube working was self-done using a mixed oxygenpropane gas burner. This required significant amount of self-handling practice over
weeks/months and some valuable inputs from expert glass blowers of our neighboring
chemistry department. Once initial reaction was complete, powders in intermediary phases
were then stable in atmosphere and were further handled outside the glove box. Once again
for sintering, powders were pressed in a uniaxial hydraulic press. Pressed pellets were placed
in evacuated sealed quartz tubes which were furnace sintered to form the required dense
pellets. As the temperatures used were always below 1000˚C, there was no indication of
reaction between the quartz tube and the powders. It may thus be noted that for such
sintering temperatures (<1000˚C), additional inert isolation (Eg: Platnium/tungsten foils)
may not be required.
Spark Plasma Sintering: Final sintering of in some target synthesis trails was also
undertaken by Spark Plasma Sintering (SPS), also sometimes known as Field Assisted
Sintering Technique (FAST). For this purpose, a Dr. SinterLab system from Fuji Electronics
Industrial Co. Japan, belonging to the group of Prof. Dr. Barbara Albert was used. SPS is a
high pressure sintering technique where the powders to be sintered are heating by a large
electric discharge through the powder mixture. The discharge between the particles creates a
spark plasma that allows for reaching extremely high temperatures within a short time period.
As a consequence, the elements in the mixture undergo an electrically assisted diffusion
process leading to a high density sintered pellet within considerably shorter time as compared
to conventional sintering techniques.

Fig. 2.5 Schematic construction of a Spark Plasma Sintering system (Taken from Ref. [73]).
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A schematic drawing of a typical SPS system is shown in Fig. 2.5. The powders to be sintered
are externally grinded in a mortar and then filled into a graphite dye. The inner sides of the
dye is lined with an additional graphite foil in order to prevent the reaction mixture from
fusing with the dye. The filled dye along with the two pistons is then placed on the sample
stage. The sample stage is fitted with a pressure control unit that is capable of providing a
uniaxial compression. In this system, forces upto 20 kN could be generated by the pressure
control system. The whole set up is placed within a vacuum chamber. It is important to have
the chamber devoid of oxygen in order to prevent burning of the graphite at elevated process
temperatures. The pressing unit is provided with an external power supply that provides the
DC source for the spark plasma process. Further information on SPS/FAST can be found in
Ref. [73].

2.1.3. Pulsed laser deposition
This section is written based on concepts found in Ref. [72,57] and also from diverse
collective inputs from experienced colleagues over the years. Pulsed laser deposition –
commonly abbreviated as PLD is a Physical Vapor Deposition technique (PVD), which has
been popularly used to grow high quality thin films of a wide range of materials. The process
is relatively simple and involves shooting of high energy laser pulses onto a surface of a
target. This leads to ionization/ablation of the target material into a plasma plume. A
substrate is placed at a suitable position in the vicinity of the target with its surface exposed to
the plume. Charged species from the plume collect at the surface of the substrate usually held
at elevated temperatures. Nucleation and growth processes at the surface of the substrate
leads to growth of a thin film. The entire process is carried out within a clean ultra-high
vacuum (UHV) chamber with base pressures of 10-6 Torr or lesser.
Although historically laser assisted film growth has been known since the 60s using the early
commercial ruby lasers back then, the real emergence of the PLD process as we know it today,
was in the late 80’s when a team of scientists at Bell Labs, USA demonstrated the use of laser
ablation to grow good crystalline quality thin films of YBa2Cu3O7 (YBCO) high temperature
superconductor.9 Since then the technique has been widely used to fabricate thin films of a
large range of materials including oxides, nitrides, metals and superlattices. The technique has
been particularly very successful for the case of ceramic oxides due to its unique capability of
being effective for both simple and complex stoichiometries. Parallel improvements also in
laser technologies which can now produce lasers with high repetition rate and short duration
pulses has further bolstered the capabilities of the PLD process.
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Fig. 2.6 (a) Schematic construction of the DCA Instruments PLD 500 system; (b) Actual photograph of the
DCA Instruments PLD 500 System (Photo credits: Gabi Haindl).
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System Construction: Fig. 2.6 (a) shows a schematic diagram of the PLD set up used for all
experiments in this work. It is a custom built system based on the PLD 500 sourced from DCA
Instruments, Finland. An KrF excimer laser from Lambda Physik LEXtra at 248 nm wavelength
is used for the ablation. The pulsed beam of the laser is directed through a series of custom
designed optics (lenses & mirrors) that ensure a homogenous beam with a small well defined
spot. Laser energy densities up to a maximum of 5 J/cm2 at average spot sizes of 3 mm2 were
achievable. A UV transparent window lets the laser beam into the vacuum chamber directed
on to the target carousal. The target carousal can hold 6 targets, each of which have both
rotation and sweep movements. Energy measurement is done outside of the chamber along
the beam path by moving the target carousal away from the beam path. Substrate
manipulator is suspended from top and the holder is positioned vertically above the target.
Target substrate distance can be varied by moving the height of the substrate manipulator.
Substrate heating is achieved by a 140 W infrared diode laser at 938 nm wavelength and
temperature is read out by an infrared pyrometer. Monitoring of surface structure of substrate
and the growing film is made possible by an in-situ Reflection High Energy Electron
Diffraction (RHEED) system which consists of a 50 keV electron gun pointed at grazing
incidence to the substrate surface. High purity process gases can be introduced into the
chamber via mass flow controllers and the chamber pressure can be controlled by pumps,
standard valves and also an electronic gate valve. Available software allows for remote control
of most of the process parameters involved. Furthermore, a load-lock is available for
transferring samples in and out of the chamber without breaking the vacuum.
Key Physical Aspects: Some key physical aspects of the PLD process is described below:
a. Laser Target Interactions: For a target material having an optical absorption coefficient
a, the Beer’s law provides for the calculation of the penetration depth t, at which the
incident laser energy is lowered by a factor of the Euler’s number (e = 2.718). The
formula being:
=

Y]

_
ln , /
_`

Where ε is the incident laser energy fluence and ε0 is the ablation threshold of the target

material. During the laser pulse interaction however, some energy is lost to the target by
heat diffusion which has a characteristic length of ξ. Excessive target heating is to be

avoided as it may lead to thermal evaporation which is undesirable. Thus, for favoring
ablation the condition has to be t T ξ. This is achieved by the use of lasers capable of

delivering high energy densities such as the KrF excimer laser 248 nm with pulse
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widths below 30 ns. It is due to the purposeful use of ablation as against evaporation that
one is able to achieve stoichiometric transfer of the target species74.

b. Plume Dynamics: There are several important points to consider when discussing the
plume plasma dynamics. Some of them are – the laser absorption characteristics of the
target involved, target surface morphology, interactions of the charged plasma species

with the background gases. As the laser pulse hits the target surface, the ablated material

is ejected into a plasma containing charged ions, electrons and molecules. The plasma that
is created at the target surface then expands and propagates away from the target. The

inter-particle collisions are known to cause an anisotropic expansion of the plasma
plume. Therefore a preferential forward direction, i.e. normal to the target surface is

observed for the plasma particles. Particles in the plasma typically have high velocities in
range of 104 m/s . Process gases such as Ar, O2 or N2 are thus often used to reduce the

kinetic energies of the plasma species. In addition, process gases may also influence
oxidation/reduction chemistry at the growing film72.

Fig. 2.7 Common trends of observed RHEED inference pattern for different surface morphologies. (Adapted
from Ref. [75] - unpublished report)

c. Film growth and in-situ RHEED monitoring: The arriving ionic species from the plume are

assimilated on to the substrate surface during film deposition. Film formation takes place
by nucleation and growth processes that were described in section 1.3.2. Substrates are

often held at elevated temperatures in range of 500 – 1000 ˚C . This provides atoms
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arriving at the surface with the thermal energy to distribute across the surface, which can
lead to crystalline films. Use of cold substrate surfaces may lead to the formation of

amorphous films. In-situ monitoring of the substrate surface prior to growth and the

surface structure of film layer during growth can be monitored by RHEED. A high energy
electron beam is diffracted by the surface lattice mesh and the diffracted beam

illuminates a phosphor screen at the other end. The observed beam pattern can provide
valuable real-time information about the surface structure. The crystallography of the
surface mesh determines the type of the diffraction pattern observed. As the film grows,

the pattern may remain same or change with time. This time evolution of the diffraction
pattern sheds light on the actual mode of the film growth. In case of a 2-D layer-by-layer
growth, the intensity of the diffraction spots show a periodic oscillation that corresponds

to constructive and destructive interferences at each added full monolayer and half

monolayer of the growing film. Thus by counting the oscillations, one can determine the
thickness of the film. This is particularly useful in case of growing superlattices. However,
not all materials may grow in a layer-by-layer fashion thereby restricting such an in-situ

monitoring of film thickness. Fig. 2.7 shows the different surface morphologies and their
corresponding RHEED patterns. Ideal 2D surface produces well defined spots along the
Laue Zones. A stepped surface has a similar pattern, however the spots appear elongated.
A surface with 3D islands results in a spotty pattern.

Laser Pulse Control Software: A small, yet important system upgrade was undertaken within
the scope of this doctoral work. This was concerned with coding a customized software to
control the pulsed emissions of the KrF excimer laser used for the experiments.

Fig. 2.8 An image of the National Instruments NI PCI 6601 Card (Ref.: National Instruments®. Retrieved
16.11.2016, from http://sine.ni.com/nips/cds/view/p/lang/de/nid/3589)
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Fig. 2.9 (a) Block diagram of the as coded program for the Laser control software; (b) Graphical User
Interface of the Laser control program.

The objective of the software was to generate an external pulse to trigger each pulsed laser
shot while the laser remained passively switched-on in remote control mode. By doing so, one
is capable of accurately counting the number of laser pulses to be shot and consequently preset required number of laser shots for each experimental run. Another aspect of the software
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was to be able to pre-set the laser pulse frequency for each experiment. This way, one is
capable of varying frequency of the laser pulses ranging from 1 Hz to 30 Hz. Laser pulse
frequency is one of the crucial film growth parameters that often needs to be optimized for
different materials. Thus this software has been an inevitable component of routine PLD usage
not just for this research work but also all other studies that have been carried out in above
mentioned DCA-PLD-500 system.
This task was realized by using a National Instruments PCI 6601 card which is a timing and
digital Input/Output board for PCI computers (Shown in Fig. 2.8). The card was inserted into
a PCI slot available on a regular Windows PC. The card was then connected to the hardware
input of the laser via a NI CB-68LP terminal block and a R-6868 connector cable. The software
for the required functions was coded using National Instruments LabVIEW 8.2. Fig. 2.9 (a)
shows a block diagram for the as written code for the laser control functions and the
corresponding graphical user interface is shown in Fig. 2.9 (b).

2.2. Structural characterization
This research work was aimed at fabricating epitaxial thin films of the materials concerned.
Fundamentals of epitaxy were discussed previously in section 1.3.2, from which one can infer
that crystallography is an important aspect of establishing epitaxy. Besides it also provides
useful information about the phases, phase purity, crystallinity, strain, crystal structure and
lattice parameters. Hence detailed crystallographic / crystal structure studies were undertaken
in this work using various methods of X-ray diffraction.

2.2.1. X-ray diffraction
This section is drafted based on Ref. [76–81]. X-rays are a type of electromagnetic radiation
whose energies lie in the range of 100 eV – 100 keV and were first discovered by Wilhelm
Röntgen 1895. Since then X-rays have been widely studied and technologically applied. To
condensed matter physicists, particularly of interest is the interaction of X-rays with matter
where scattering is one the most dominant effects. Two types of scattering may occur:
inelastic and elastic. Inelastic scattering or Compton scattering occurs when part of energy of
the X-rays is transferred to the scattering electron thereby changing its wavelength. When the
wavelength of the X-ray before and after a scattering event remains, unchanged, it is said to
have undergone an elastic scattering. When regular array of such scattering centers cause
elastic scattering of a beam of incident X-rays, the scattered rays can interact with each other
thereby allowing for the possibility for diffraction. X-ray diffraction (XRD) is a physical
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phenomenon where a crystal containing uniformly spaced atoms can cause an interference
pattern of a monochromatic beam of X-rays directed at the crystal. The phenomenon is
governed by the Bragg’s law which is depicted in Fig. 2.10. For a crystal with a given family of
planes (hkl), whose planes are placed at a repeating distance of dhkl, the Bragg’s law states
that a constructive interference will be observed when the incident angle θ, is such that the path
difference between two waves is a multiple of the wavelength of the incident X-ray radiation.
Mathematically, it is written as:
2

„…† sin‡

=

∙ ‰

Where n is the order of the diffraction and ‰ is the wavelength of the incident radiation. For

most experiments in this work, Copper Kα1 was used which has ‰ = 1.5406 Å

Fig. 2.10 (a) Illustration of conditions for satisfying Bragg’s law.

Thus X-ray diffraction can be used to get valuable dimensional and structure pattern
information of crystals and materials.
In order to conveniently analyze the observed diffraction effects and also to address various
measurement techniques, the concept of reciprocal lattice is widely used in XRD methods.
Under this convention, each family of lattice planes with equal d-spacing is represented by a
vector ghkl whose direction is identical to the plane normal and length is identical to the
inverse of the interplanar spacing dhkl. This vector is called the reciprocal lattice vector, whose
starting point is called the origin and the end point is a reciprocal lattice point. A collection of
the reciprocal lattice points the reciprocal lattice. The space in which the actual lattice and
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actual lattice planes exist is known as the real space and conversely the space containing the
reciprocal lattice is known as the reciprocal space. In order to define the Bragg condition
under this convention, the incident and the scattered X-ray beams are represented by wave
vectors ki and ks respectively whose directions are same as the direction of propagation of the
X-rays and whose lengths are given by

]
Š

. The scattering of the ki and ks is defined by the

scattering vector K which is a sum of the incident and scattering wave vector as follows:
ki - ks = K

Fig. 2.11 (a) Relationship of the incident beam vector ki, scattered beam vector ks and the scattering vector
K.

For a given family of lattice planes (hkl) each time the scattering vector K coincides with the
reciprocal lattice vector ghkl, the diffraction condition or the Bragg’s law is said to be met.
System Description: Most of the XRD experiments undertaken in this work were carried out
on a Rigaku SmartLab four – circle diffractometer with a rotating anode Cu Kα1 X-ray source
(‰ = 1.5406 Å). Figure 2.12 (a) Å shows an image of the front view of the diffractometer and
a schematic construction of the sample stage of the horizontal sample mount goniometer is
shown in 2.12 (b). In the standard configuration, on the incident beam side, we used a 2bounce Ge-monochromator and a slit to direct the divergent beam of X-rays to a parallel beam
mode. Additionally horizontal and vertical length limiting slits were used to cut the
dimensions of the incident beam in accordance with the sample under investigation. Thin film
samples were grown on 5 X 5 mm substrates and hence in most cases vertical and horizontal
slits of 1 mm and 2 mm respectively were used to tailor the beam to a 1 X 2 mm spot on the
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sample. The beam was once again narrowed with slits also on the reflected beam side using
two 0.5 mm slits. The various axes of possible movements have been depicted in Figure 2.12
(b). In addition the sample stage also has automated movement along the z-axis.

Fig. 2.12 (a) Photographic front view of the Rigaku SmartLab four-circle diffractometer (Picture Credits:
Gabi Haindl); (b) Sample stage of the horizontal sample mount goniometer (Adapted from Rigaku
SmartLab Training Textbook79).

Experimental methods

45

Several different XRD measurement techniques used in this study are described in the
following sections:
Coupled 2θ – ω Scan:
This type of measurement can be realized by the movement of both the source and the
detector, while the sample is held stationary. As the name suggests, in spite of both
movements of the detector and the source, a constant angular relation between the two is
maintained namely – the diffraction angle (2θ) is always held to be twice the incident angle
(ω). Thus the direction of the scattering vector remains unchanged during the measurements.
This method is used for the investigation of crystal planes that are parallel to the
measurement/surface plane. Interplanar spacings of these parallel planes can be estimated. In
case of epitaxial thin films this method is used to determine the out-of-plane lattice parameter
of the thin films. Besides, it can also help in identifying impurity phases, if present.
ω – Scan or Rocking Curve Measurement:
This type of measurement can be realized by holding both source and detector at fixed angle
corresponding to a particular Bragg reflection and then rocking the sample about the Bragg
peak slightly. Such a measurement enables the variation of the scattering vector along a
circular path centered at the origin. A plot of the detected intensity of such a measurement as
a function of ω is known as the rocking curve. In reality, the as-grown thin films even though
epitaxial, are different from ideal crystals. They may consist of crystallites that have small
differences in their orientation which leads to a mosiacity. Besides the measured samples may
also contain defects such as point defects and/or also dislocations. These crystal imperfections
can be effectively characterized by the ω – scan. A lower mosiacity leads to a smaller full
width at half maximum (FWHM) of the measured Bragg peak and relates to better
crystallinity. On the other hand, a high mosiacity leads to observation of a peak with a larger
FWHM.
X-ray reflectivity
An X-ray reflectivity measurement is performed similar to the 2θ – ω scan in terms of the
movement of the source and detector, however it is performed at much lower incidence
angles. Another important difference is that – for a reflectivity measurement, the alignment is
done with respect to the surface normal of the sample and not the lattice plane normal. X-ray
reflectivity is based on the principle of total external reflection where a beam of X-rays
incident at low angles on a surface of a film such that the incident angle is smaller than a
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critical angle θc, the beam is fully reflected back from the surface. θc is a function of the
electron density of the film media and thus indirectly related to its density.

Fig. 2.13 (a) Various features of an XRR profile and the information they can provide (Taken from Ref.
[80]); (b) Reflection and Refraction of a beam of X-rays directed at a material (Adapted from Ref. [80]).
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Beyond the critical angle, a part of the beam can penetrate into the film and get reflected
from interface of the film and the substrate. Interference occurs between the X-rays reflected
from film surface and the film-substrate interface which shows up as oscillations in the
measured intensity. These are known as Kiessig fringes. The period of the oscillations bear a
relationship with the thickness of the film, its amplitude with film-substrate interface
roughness and its damping with roughness at film surface. Figure 2.13 demonstrates various
features of a typical XRR curve and the corresponding valuable information they contain. The
measurement data can be analyzed by fitting the curve using standard reflectivity fitting
programs from where all the crucial film parameters such as density, film thickness, surface
and interface roughness can be extracted.
Skew-symmetric scans
In some cases, it may be of experimental interest to characterize a set of planes that are not
parallel to the sample surface or whose plane normal has an in-plane component. One such
case has to do with regard to characterization of ‘rock-salt’ type chemical ordering of the Bsite cations in double perovskite thin films studied within this work. Here, ordering of the Bsite cations causes doubling of the unit cell along the (111) direction. Detection of such a
superstructure may be possible by a skew-symmetric scan which is possible in a 4 circle
diffractometer such as the Rigaku SmartLab. In the skew geometry, the sample is tilted with
respect to its surface normal by the lattice plane inclination χ, which makes the required (hkl)
family of planes parallel to the measurement plane. Once the χ tilt is fixed, measurement is
completed similar to a coupled 2θ – ω Scan. The value of the skew-symmetric inclination χ,
used for measuring the (111) family of planes in the case of the cubic SrTiO3 substrates used
in this study was 54.7˚.
Reciprocal space mapping
Reciprocal space mapping (RSM) is a type of measurement used to extract intensity
distribution maps around a particular crystal reflection (hkl). Here one of the Miller indices –
say k, is fixed in the reciprocal lattice, and other two indices h and l are scanned in the
vicinity ±δh and ±δl. Such a contour map can be realized by measuring either several 2θ – ω
scans for different ω offsets, or conversely by performing several ω scans for different 2θ offsets.
It is particularly of interest for epitaxial layers, as it provides information on substrate-film
epitaxial relation, strain state of the film and lattice parameters in- and out-of- the layer plane.
The measurement is analyzed in a two dimensional plot of the intensity contour plotted across
perpendicular (qz or Q┴) and parallel (qx or Q║) components in reciprocal lattice units. The lattice
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parameters of the layer out-of- and in-plane are each inversely related to the peak positions
along Q┴ and Q║ respectively. Fig. 2.14 (top) shows a schematic of a RSM scan for symmetric
reflection [h0l]. Fig. 2.14 (bottom) shows variations in the reciprocal lattice for a strained and an
unstrained epitaxial layer.

Fig. 2.14 (a) Schematic representation of an RSM scan (Adapted from Rigaku SmartLab Training TextbookRef. [79]); (b) Variations in reciprocal lattice for a strained and relaxed film.
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Energy dependent measurements
Often synchrotron facilities are sought after when X-rays at different energies are required for
a particular study. In this work a similar goal was accomplished by simply making use of
various separate X-ray sources and laboratory diffractometers. As discussed further in section
3.4, this was primarily done to vary the structure factor of a particular reflection (Fhkl) as a
function of the incident X-ray energy. Measurements were performed at 4 different
characteristic X-ray energies namely Co-Kα (6930 eV), Co-Kβ (7649 eV), Cu-Kα (8047 eV) and
Mo-Kα (17,497 eV). Diffraction experiments under a Co source was performed on an EnrafNonius CAD-4 four-circle diffractometer while a home/built six-circle diffractometer was used
for experiments under a Mo source. For measurements at Cu- Kα energies, the same Rigaku
SmartLab 4-circle diffractometer, as described in above sections was used.

2.3. Surface topography, microstructrual characterization and imaging

2.3.1. Atomic force microscopy
Atomic Force Microscopy (or AFM) is a type of Scanning Probe Microscope (SPM) which was
developed as an extension of the Scanning Tunneling Microscopy for the sake of applying to
non-conductive samples. Since its development, AFM has been widely used to perform highresolution (of the order of a fractions of nanometer in best case) topography imaging of a
wide range of materials.

Fig. 2.15 Schematic drawing of an optical lever mechanism used in an AFM. (Taken from Ref. [82])
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AFM is realized by scanning a probe with a sharp tip (tip radius ~ 5 to 20 nm) across the
surface of the sample while delicately maintaining the force between the tip and the sample
surface. A laser beam is directed at the back side of the cantilever probe, which reflects off of
the probe and falls on to a distant highly sensitive photodetector. This is known as an optical
lever. As the tip is scanned across the sample surface by precise position controlling
piezoelectric mechanism, interatomic forces between the tip and the sample surface induces
displacement of the tip and corresponding bending of the cantilever. These small bending
movements of the tip due to the sample topography are recorded exaggeratedly by the
photodetector due to the changing reflected beam positions. This feedback is thus electrically
processed and used to build a high resolution topography image.82,83
There are several modes in which an AFM is operated. These are namely: contact mode,
tapping mode and the non-contact mode. The contact mode is a static mode where the tip is
literally dragged across the sample surface. Tapping and non-contact modes are considered to
be dynamic modes since in these modes, an additional piezoelectric element is used to induce
a high-frequency (in the range: 10 – 300 kHz). In the tapping mode, the tip actually comes in
contact with sample surface and goes back away from the surface with each oscillation. In the
non-contact mode, the cantilever remains close to the sample surface but not really in contact.
Post the success of the AFM, the basic technique was adapted to achieve various kinds of
functional characterization. Some examples are Piezoresponse Force Microscopy (PFM) which
can be used to characterize ferroelectric materials; Magnetic Force Microscopy (MFM) which
can be used to map magnetic domains at the sample surface; Kelvin Probe Microscopy (KPM)
which can be used to measure work function and contact potential differences across the
sample surface. Details of each of these advanced SPM techniques is beyond the scope of this
work.

2.3.2. Scanning electron microscopy
Scanning Electron Microscopy (SEM) or High Resolution Electron Microscopy (HREM) is a
surface topography, microstructure and chemical composition analysis technique where a
focused beam of electrons is used to illuminate a sample in a high vacuum chamber. In this
work, a Philips XL30 with a field emission gun (FEG) was used. Electrons emitted from the
field emission gun is accelerated by a positively charged anode. Focusing of the beam is
achieved by magnetic lenses and scanning coils are used to raster the focused electron beam
across the surface of the sample. Interaction of the electron beam with the sample results in
the ejection of secondary electrons, Auger electrons, X-rays and primary backscattered
electrons. The system used in this work consisted of two individual detectors for secondary
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and backscattered electrons which gather the ejected electrons to form the image. Secondary
electrons are emitted from the atoms close to the surface top and provides a direct
visualization of the surface topography. Often with secondary electron imaging, high
resolutions can be achieved. With most standard SEMs topographic features under a
magnification of up to 100,000 X, spatial resolutions of the order of 5 nm can be achieved.
Backscattered electrons are the incident electrons that are directly reflected back by the atoms
in the sample. In this type of imaging, the resulting contrast is determined by the atomic
number of the sample elements. This technique can thus be used to detect chemical phase
distributions in the sample. Samples can be observed live under the electron illumination,
images of the relevant features are then digitally recorded and saved using the provided
microscope control software.84

2.3.3. High angle annular dark field – Scanning transmission electron microscopy
Scanning Transmission Electron Microscopy (STEM) was used in this work to observe the
microstructure of the thin film cross-section. STEM sample preparation and measurements
were performed by the collaborating group of Prof. Dr. Joke Hadermann at the University of
Antwerp, Belgium. Measurements were carried out on a FEI Titan 80-300 “cubed” microscope
equipped with a Super-X detector and operated at 300 kV.

Fig. 2.16 An illustration of the HAADF detector in a STEM setup. (Ref.: JEOL Limited. Retrieved 17.11.2016,
from http://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=HAADF-STEM)
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High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) is a
one of the STEM methods where an annular dark field detector is used to receive inelastically
scattered electrons at high angles. As indicated in Fig 2.16 below the detector is in the form of
a disc with a hole. The STEM image is then constructed by integrating the intensities of the
electrons with respect to the incident probe position. It has been noted that the HAADF image
intensities are proportional to a power of the atomic number, Z (I~Zn, 1.5<n<2.0), hence

heavier atoms are observed brighter than the lighter ones.85,86

2.4. Chemical analysis methods

2.4.1. Energy dispersive X-ray spectroscopy
Energy dispersive X-ray spectroscopy (EDX or EDS) is an analytical technique used for
elemental analysis where both qualitative and quantitative chemical characterization can be
performed. The basic principle of EDX is as follows: when a focused beam of high energy
electrons is directed at the sample, inelastic collisions may occur leading to ejection of the
core shells of the atoms in the sample. This is followed by de-excitation where an electron
from an outer shells falls down to the vacant inner shell. The difference in the energy of the
electron leads to the emission of an X-ray photon. The energies of the emitted photons due to
the excitation - de-excitation process are characteristic of the elements involved. Thus the
energies of the emitted characteristic X-rays contain qualitative information of the elements
present in the sample. Besides the characteristic X-rays, there is also the Bremsstrahlung
radiation observed as a background which basically results from the energy loss of the
incident electrons by the Coloumb field of sample atoms. The EDS setup consists of a
semiconducting silicon/germanium detector that collects the incoming X-ray photons and
processes their energies to finally provide a plot of intensity of signal as a function of energy
of the photon. Integral area of the peak intensites in an EDS spectrum contains quantitative
information of the elements involved. EDS detectors are often coupled with electron beam
based microscopy techniques such as SEM and TEM. Combining with the imaging capabilities
of these tools, one can perform spatially resolved elemental analysis from areas in range of
few nanometers. In this work, EDS was mainly used to estimate stoichiometries of various
samples involved.84
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2.4.2. X-ray photoelectron spectroscopy
X-ray Photoelectron Spectroscopy (XPS) or sometimes also referred to as Electron
Spectroscopy for Chemical Analysis (ESCA) is a surface analysis technique that can provide
valuable quantitative and chemical environment/state information of the elements present on
the sample surface. The measurement depth is usually about 5 nm. XPS is based on the
principle of the photoelectric effect, where a sample illuminated by soft X-ray radiation leads
to the emission of photoelectrons from the bound states of surface atoms leaving them behind
in an excited state. Since the energy of the X-ray photons used is known, the kinetic energy of
the photoelectrons can be mathematically described as follows:
‹Œ = ℎ• I Ž‹ > •
Where h•, BE and • are the photon energy, binding energy of the ejected electron and the
work function of the material respectively.

Fig. 2.17 Principle of photoelectron emission and Auger relaxation. (Ref.: Eagle Lab – Polish Academy of
Sciences, Retrieved 17.11.2016, from http://www.eagle-regpot.eu/EAgLE-Equipment_XPS.html)

The ejected electrons are collected by an electron analyzer that records their kinetic energy.
Based on the equation above, a plot of the energy spectrum of intensity versus binding energy
is taken for analysis. Each peak on the obtained plot corresponds to a specific element thus
allowing to qualitatively identify the elements present in the sample. In addition to that, the
integral intensities of the peaks contain quantitative information and can thus be used to
determine the chemical composition of the sample. In addition to the ideal photoemission as
described above, additional phenomena may often occur that show up as features on the
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obtained energy spectrum and need to be considered in the analysis process. One example is
the Auger electron emission which basically results when a core hole recombines with an
outer electron by transferring the recombination energy to another outer electron leading to
its emission. In this work, XPS measurements were performed on a PHI Versaprobe 500
spectrometer using a monochromatic Al-Kα X-ray radiation source (1486.6 eV). Measurements
were performed at room temperature under ultra-high vacuum (<10-9 Torr). Samples for
measurement were fabricated ex-situ. Measurements were performed at high sampleinclination angles (75˚) in order to secure maximum depth of analysis.87,88

2.5. Functional characterization

2.5.1. Superconducting quantum interference device – Magnetic property
measurement system
Magnetic response of the as-fabricated thin films in this work was characterized by using a dcSuperconducting

Quantum

Interference

Device

(dc-SQUID)

–

Magnetic

Property

Measurement System (MPMS) from quantum device. Mainly two types of measurements were
performed – magnetic response of the sample as a function of the applied field and secondly
the magnetic response as function of temperature. The available MPMS system allowed for
field measurements up to ±7 Tesla and temperature variation between liquid Helium
temperature of 4.2 K to 330 K. SQUID Magnetometry is currently one of the most effective
and sensitive ways to measure the overall magnetic moment of a sample. The set-up of the dcSQUID-MPMS used in this work primarily consists of a superconducting coil with two
Josephson junctions connected in parallel. A Josephson junction is a thin insulating layer
separating two superconductors that can allow the electron Cooper pairs to steadily tunnel
through them when a biasing current is applied across the junction. In addition to the SQUID
coil, the MPMS also consists of a superconducting electromagnet, a superconducting pick-up
coil which is inductively coupled to the SQUID coil, Helium dewar and pumping unit and also
most importantly a set-up of voltage amplification electronics. In order to perform a
measurement, the sample is fixed within a clean commercially available non-magnetic straw
and placed inside the helium Dewar within the pick-up coils. When the sample is moved up
and down within the pick-coils, it produces an alternating magnetic flux, whose signals are
transmitted to the inductively coupled SQUID coil which is located away from the sample in
an isolated liquid helium bath.
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Fig. 2.18 (a) Schematic circuitry of a SQUID magnetometer (Taken from Quantum Design MPMS manuals)
(b) Construction of a dc-SQUID coil with two Josephson junctions (Ref.: University of Wuppertal, Retrieved
19.11.2016, from http://hydrogen. Physic. uni- wuppertal.de/hyperphysics /hyperphysics /hbase /solids
/squid.html); (c) Schematic view of pick-up coils in the MPMS and the standard sample positioning.

Thus the change in magnetic flux caused by the sample causes a change in the voltage drop
across the SQUID coil which is read out by locking in the read out frequency. Thus the SQUID
primarily acts as a magnetic flux-to-voltage converter. What is fundamentally important to
note here is that the discovery that magnetic flux is quantized and each single flux quanta
unit has an extremely small value of ϕo = h/(2e) = 2.07 × 10-15 Wb. This allows for the
SQUID to be extremely sensitive where magnetic moments of the order of 10-8 emu can be
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detected. The measured changes in voltage drop are then amplified by the MPMS electronics
and provided as an output. Furthermore the MPMS used in this study is equipped with a
Reciprocating Sample Option which allows for sensing of magnetic moments as low as 5 × 109

emu. Further elaboration on SQUID-Magnetometry can be found in Ref. [89–91]

2.5.2. X-ray absorption spectroscopy
This section is outlined based on Ref. [92–96]. All matter absorb X-rays to a certain degree.
When a beam of X-rays is directed at a material medium, they interact with the electrons
present in the atoms. Interactions of the X-rays with the electrons leads to various processes
like scattering, excitation, fluorescence or just transmission. As per the Beer’s law when a
parallel beam of X-rays of intensity Io passes through a material medium of thickness t, results
in a transmitted intensity I as per the following relation:
‘’
ln , / = “
‘
Where “ is the linear absorption coefficient of the material medium.

Fig. 2.19 (a) Standard nomenclature for absorption edges; (b) Interaction of a beam of X-rays with a
material block of width x.

At particular energies of X-rays, the absorption is observed to have a large peak which is
referred to as the Absorption edge. Similar to the case as explained in the section on XPS
above, these edges occur when the X-ray energy is just sufficient to excite the core electrons
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from their bound state to vacuum continuum. The nomenclature of the absorption edges are
based on the core-atomic shells from which they were excited – Eg: K, L, M and so on. An
integer sub-script is added for edges resulting out of L shell and above. For example,
excitation of electrons from the 2s orbital results in an L1 edge. Further more, since the porbitals are split into two energy levels (total angular momentum j =

]
7

and

”
7

) due to spin-

orbit coupling, excitations from the 2p shell are further classified into causing the L2 and L3
absorption edges respectively.

Fig. 2.20 Illustration of a typical absorption edge and its various sections of interest.

Fig. 2.20 shows an illustration of a typical absorption edge which generally has four
characteristic sections namely (i) Pre-edge; (ii) X-ray absorption near edge structure
(XANES); (iii) Near edge X-ray absorption fine structure (NEXAFS) and (iv) Extended X-ray
absorption fine structure (EXAFS). Pre-edge corresponds to energies lower than the binding
energy (E < Eo). Features in this region are commonly due to electron transitions from the
core levels to the higher unfilled/partly-filled shells. XANES refers to the region in the
immediate vicinity of the absorption edge (‹ = ‹’ • 10 I 12 –). In this region electron
transitions from the core levels to the immediate non-bound levels takes place. Since such a
transition is highly probably, a large change in the absorption is observed here which marks
the edge. NEXAFS and EXAFS refer to the region of energies greater than 10 eV above the
absorption edge. Studies on these extended regions are beyond the scope of this work,
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however it may be noted that these regions correspond to low and high energy photoelectrons
respectively that undergo scattering from nearby atoms and hence contain valuable
information of the chemical and structural information of the near vicinity of the excited
species.
X-ray magnetic circular dichroism:
X-ray magnetic circular dichroism (or XMCD) is an extended method of XAS that can be used
for element specific magnetic characterization of materials. Dichroism is a phenomenon that
refers to the difference in the absorption of electromagnetic radiation by a material medium
when two differently polarized light is used. In XMCD, circular polarized light (left- and rightcircular polarized) light is used to measure the resulting difference in X-ray absorption.

Fig. 2.21 (a) Illustration of the spin-dependent excitation process used in an XMCD measurement; (b) Xabsorption spectra at the Co L2,3 edges for right (µ+) and left (µ−) circular polarized light and the difference
spectrum – XMCD. (Taken from Ref. [93])
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Pioneering work on XMCD was presented by Gisela Schütz et al. in 1987 where they studied
the difference in absorption of left- and right-circular polarized light by iron. Since then,
development and access to synchrotron radiation has led to XMCD being a widely used
technique for element specific magnetic characterization for bulk materials, thin films, single
crystals and powders.
During an XMCD experiment, electrons are excited from a core shell to the partially filled
valence shells of d-block transition metals. These electron excitations are governed by the
dipole selection rules which state that only transitions involving a change in angular
momentum ∆ = •1 are allowed and also the electrons are not allowed to change their spin
during the excitation. When right and left circular polarized light is used, transitions
corresponding to ∆ = >1 and ∆ = I1 are allowed respectively. These conditions lead to the
difference in absorption of the left and right circular polarized light depending upon the
available empty valence d-shell of the element probed. The difference in absorption can be
caused either by using the oppositely polarized light as mentioned above or also by changing
the direction of magnetization of the sample. An illustration of the excitation process in XMCD
is shown in Fig. 2.21 (a). As can be seen in the figure, the above selection rules allow for spin
dependent excitation of p-electrons allows us to probe the available empty states in the
valence d-shell of the transition metal. As the magnetic properties of d-block elements arise
from an imbalance in the number of occupied-up and down-spin electrons in the d-shell, spin
dependent excitation allows us to quantitatively probe this imbalance and thereby
characterize the magnetic state of the element under consideration. As shown in Fig 2.21 (b),
XMCD spectra is then obtained by taking difference of the absorption spectra for the
excitations under the two polarized lights. From this obtained XMCD spectra quantitative
estimations of the spin and orbital moment can be estimated by using the so-called sumrules.95,96 If the integrated area under the XMCD spectra for the L3 edge is IL3 and similarly IL2
for the L2 edge, then as per the sum rules, the orbital moment is proportional to IL2+IL3 and
the spin moment is proportional to IL2I2IL3.
The XMCD measurements performed in this work were undertaken at the ID12 circular
polarization beamline at European Synchrotron Radiation Facility (ESRF), Grenoble – France.
ID12 beamline provides for measurements with hard X-rays in the energy range 2.0 T ћ• T
20 keV. Fig 2.22 (b) shows a schematic view of the ESRF synchrotron and Fig 2.22 (a) shows

the measurement set-up at the ID12 beamline where the high-field superconducting
electromagnet can be seen. This magnet allows for applying fields up to 17 Tesla. XANES
spectra were recorded using the total fluorescence yield detection mode. Measurements were
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performed with both helicities of the incident X-rays. In order to check for any measurement
artefacts, spectra were also recorded for both directions of applied magnetic field. In order to
have comparable results measurements were performed at same low temperatures of preexisting SQUID Magnetometry measurements of the samples concerned. The monochromatic
beam of X-rays have a high degree of circular polarization (in excess of 95 %).

Fig. 2.22 (a) Front view of the 17 Tesla superconducting electromagnet used for XMCD measurements at the
end-station of the ID12 beamline at ESRF; (b) Schematic view of the European Synchrotron Radiation
Facility showing all of its major components such as the linear accelerator, booster ring, storage ring and
the beamline end-stations. (Ref.: ESRF Grenoble, Retrieved 19.11.2016, from http://www.esrf.eu/
about/synchrotron-science/synchrotron)

2.5.3. Electrical characterization
In order to characterize the temperature dependence of resistivity of the double perovskite
films, the four-probe measurement method was used. As fabricated thin film samples were
taken onto which four gold electrodes were sputtered through a mask using a Quorum QD500
DC-sputtering unit under an applied current of 30 mA over a deposition duration of 200
Experimental methods

61

seconds. The geometry of the gold contacts was in the form of stripe pads as shown in Fig.
2.23.

Fig. 2.23 Schematic drawing of the 4-probe electrical resistivity measurement setup.

For the measurement, a constant current (10 – 100 nA) was applied through the two outer
electrodes using Keithley current source model 6621. By measuring the voltage drop (V)
between the two inner gold contacts (using a Keithley nanovoltmeter model 2182A, resistivity
(™) of the film could be estimated as:
™=
Where

is the film thickness,

×

–
‘

is the width of the substrate (5mm used), l is the length

between the two inner electrodes (2 mm as per mask design) and I is the sourced current.
Temperature of the unit is measured by a LakeShore calibrated silicon diode model DT-670DSD. The above contacting procedure is in-fact realized on a custom built dip-Stick stage. For
the measurement, the dip-stick which bears the sample stage at its lower end is introduced
vertically into a liquid helium dewar. Temperature variations were realized by moving the
dip-stick vertically up and down the dewar. A custom LabView program was used to record
the measurement data.
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3. 3d – 3d double perovskite : Bi2FeCrO6

In chapter 1, the requirements for a full-multiferroic functionality in double perovskite
compounds were established. Ideally a robust ferroelectric-ferromagnetic compound with
room temperature functionality is desired. Possibility to stabilize such compounds in a thin
film form is a further advantage towards possible device applications. From literatures, one
can note that the adopted strategy for ferroelectricity has been to introduce a lone-pair
ferroelectric cation such as Bi3+ at the A-site. Consequently, a combination of two transition
metals coupled via exchange interactions have been used at the B-sites which are a source of
the intended magnetic response in the compound. The explored B-site cation combinations
can further be widely classified into three groups namely 3d-3d, 3d-4d and 3d-5d systems.
Following the literature on these systems, 3d-3d compounds are comparatively the most
explored among the three systems. The reason behind this is the comparatively simple
chemistries of the constituent 3d transition metal oxides and their well-documented synthesis
routes. Based on this thought, our first line of approach in this work on ferrimagnetic double
perovskites, was to go for an A-site bismuth based 3d-3d double perovskite.
Some notable early thin film studies on 3d-3d double perovskites include the work of Ueda et
al. as published in the Science journal in 199860, where ordered LaFeO3-LaCrO3 layers were
reported to show a strong magnetic order. Further work was based on idea to explore
possibilities of using other magnetic 3d elements (such as Co,Ni,Mn) at the B-sites to promote
strong ferri-/ferromagnetism. Consequently interesting magnetoelectric effects were found in
other A-site Lanthanum based double perovskites such as La2MnNiO6 and La2MnCoO6.97,98 In
the meantime, the turn of the millennium saw the surge in pursuit of BiFeO3 and other similar
compound with ferroelectric+magnetic functionalities.50 Taking a lead from above the Ueda
et al.60 findings in 1998, Baettig and Spaldin proposed using density functional calculations
the compound Bi2FeCrO6(BFCO), as one of the first Bismuth based 3d-3d double perovskite
compounds foreseen for multiferroic functionality.36,99 The compound was actively pursued by
experimentalists in the following years. With similar motivations analogous compounds such
as Bi2NiMnO6,100 Bi2FeMnO6,101 Bi2CoMnO6,102 etc. were all extensively explored. Table 3.1
shows a list of such 3d-3d compounds which have been studied in the thin film form for an
intended ferro-/ferrimagnetic and or multiferroic functionality.
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Table 3.1 Non-exhaustive list of various ferri-/ferromagnetic 3d-3d double perovskites studied in the thinfilm form as potential templates for multiferroic functionality; included along is a list of the observed low
temperature saturation magnetizations and magnetic ordering temperatures for the corresponding
compounds.

Compound

La2FeCrO6

La2FeMnO6

La2MnNiO6

La2MnCoO6

Bi2FeCrO6

Bi2FeMnO6

Bi2MnNiO6

Bi2MnCoO6

Magnetization (M) at
low Temp. (~5 K)

Magnetic ordering
temperature (TC)

Ueda et al. (1998)60

6 µB/f.u.

375 K

Chakraverty et al. (2011)61

2 µB/f.u.

50 K

Ueda et al. (1999)103

2.6 µB/f.u.

230 K

Yoshimatsu et al.
(2015)104

1.3 µB/f.u.

--

4.63 µB/f.u.

270 K

Hashisaka et al. (2006)106

4.6 µB/f.u.

280 K

Singh et al. (2007)107

5.8 µB/f.u.

245 K

Guo et al. (2006)108

5.8 µB/f.u.

230 K

Nechache et al. (2009)109

1.91 µB/f.u.

> 400 K

Ichikawa et al. (2008)110

3.4 µB/f.u.

> 300 K

0.06 µB/f.u.

--

Zhao et al. (2010)111

0.6 µB/f.u.

--

Sakai et al. (2007)100

4.5 µB/f.u.

100 K

Padhan et al. (2008)112

4.3 µB/f.u.

130 K

Singh et al. (2008)102

3.1 µB/f.u.

800 K
(not-reproduced)

Reference

Guo et al. (2006)105

Bi et al. (2008)101

As is evident from Table 3.1, the compound Bi2FeCrO6 stands out particularly because of its
reported room temperature magnetic ordering. In-addition having the ferroelectrically active
Bismuth at the A-site is an advantage towards full multiferroic functionality. In-spite of these
advantages, diverse literature on BFCO highlight some unexplored challenges and
inconsistencies (as explained in following sections). This was the source of our motivation to
take BFCO as a 3d-3d compound of choice for the first line of study in this research work.
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3.1. Theory and background

As discussed above, first scientific findings on the compound BFCO were reported in the
theoretical studies of Baettig and Spaldin in 2005.99 At a time when the interest in BiFeO3 as a
multiferroic material was at its peak, it was realized that the compound owing to its inherent
antiferromagnetic nature had only a very small magnetic moment which came from the
canting of the spins. A solution to this drawback was suggested by Spaldin et al. who drew
motivation from a study by Ueda et al. in 1998 showing a strong magnetic coupling in thin
films with alternating layers containing Fe3+ and Cr3+.60 Starting from the parent compound
BiFeO3, Spaldin et al. suggested that replacing every second 3d5-Fe3+ with a trivalent 3d3-Cr3+
leading to an ordered double perovskite can yield a compound with an effective non-zero
magnetization. The non-zero magnetism is said to be achieved as a consequence of
ferrimagnetism. In ferrimagnetism, the coupling between the two magnetic species is strongly
antiferromagnetic, but since the sub-lattices of the two magnetic species have different
magnetizations, an effective net magnetization occurs. And since antiferrmagnetic
superexchange is strong, the authors expected Curie temperatures above room temperature.
Based on the pre-selected B-site cations, Spaldin et al. then used density functional theory
within the LDA+U framework to determine the ground state functionalities of the compound
BFCO. For the rock-salt ordered double perovskite BFCO, they found that the ground state
structure of the compound stabilized with an R3 symmetry (spacegroup 146). A schematic
crystal structure of the calculated R3 symmetric BFCO is shown in Fig. 3.1 (a) (constructed
using VESTA visualization program14). A strong ferroelectric polarization of ~80 µC/cm2 was
estimated to arise from the stereochemical activity of the Bi lone pair. Furthermore a stable
magnetic order was found to exist where ferromagnetic planes of Fe and Cr coupled
antiferromagnetically with each other to give rise to a magnetization of 2 µB/f.u. or 160
emu/cm3. Based on these values of magnetization and polarization, the theoreticians
predicted the compound to be more robust than any other single phase system with coexisting
magnetism and ferroelectricity. Their calculated density of states for BFCO is shown in Fig.
3.1 (d) where the top of the valence band is was set to 0 eV. Here it was noted that the dark
and light shaded regions include contributions from the Fe 3d and Cr 3d states, respectively.
States at -10 eV were noted to be that of the Bi 6s. Unshaded states in the broad band below
Fermi have largely O 2p character. The so predicted compound was clearly found to be
insulating. Besides the calculated density of states also indicated that top of the valence band
and the bottom of the conduction band are 100 % spin polarized.36,99
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Fig. 3.1 (a) 3-dimensional schematic of the theoretically predicted crystal structure for Bi2FeCrO6 (BFCO)99
constructed using the VESTA visualization program14; (b) Crystal structure of the B-site ordered BFCO
looking down along the b-axis; (c) Schematic comparison of ionic radii for Fe3+ and Cr3+ cations; (d)
Calculated ground state density of states for BFCO (Taken from Ref. [99])

The above theoretical findings of Baettig and Spaldin generated significant interest among
both bulk and thin film experimentalists to synthesize the compound. However, one of the
fundamental concerns with regard to synthesis of 3d-3d double perovskites is the challenge in
achieving the required B-site chemical order.
As was discussed in section 1.2.2, it is known that a larger difference in the ionic radii of the
two B-site cations and also a different formal valance state makes the ordered state more
energetically favorable. In the case of BFCO, both Fe and Cr are in their 3+ oxidation state
having no charge difference; furthermore, their ionic radii of 0.645 Å and 0.615 Å for Fe and
Cr respectively, are also rather similar. This makes achieving fully ordered BFCO sample a
challenging task experimentally. A report by Chakraverty et al. showed for the analogous A-

66

3d – 3d double perovskite : Bi2FeCrO6

site La based double perovskite system, that the Fe-Cr ordering can be forcibly induced by
growing films via PLD at very high temperatures (~900 - 1000˚C) followed by quenching and
subsequent annealing.61 However, it should be noted such a high temperature process and
post-annealing techniques are unsuitable for BFCO due to the high volatility of the Bismuth at
elevated temperatures.
Nevertheless, following the theoretical findings of 2005, several independent experimental
efforts towards synthesizing the double perovskite BFCO were undertaken which can be found
in Ref. [28,109,110,113–120]. A collective analysis of these literature shows that a consistent
picture of ferroelectricity was observed by most studies (with remnant polarizations in range:
50 to 60 µC/cm2). Contrastingly, large discrepancies in the observed magnetic moment
ranging from nearly zero to as high as 5.2 µB/f.u. were reported. Table 3.2 shows a summary
of various experimental efforts of BFCO synthesis and their reported magnetic moments.
First report on an attempted bulk synthesis of BFCO was published by Suchomel et al. where
they had to go for a high pressure furnace synthesis method under pressures of the order ~ 6
GPa to achieve a phase pure product. Their crystallographic analysis showed a BFO like polar
structure however, there was no evidence of B-site chemical order. Consequently, no magnetic
order corresponding to the expected d3-d5 superexchange was found, instead the
antiferromagnetic d3-d3 (Cr3+-Cr3+) and d5-d5 (Fe3+-Fe3+) were found to be dominating.114
This result highlights the meta-stable nature of the ordered double perovskite BFCO. Thin-film
approach which allows for synthesizing also meta-stable compounds was simultaneously
pursued by other groups. In a publication in 2006, Nechache et al. reported for the first time
an attempt to grow epitaxial BFCO thin films via PLD on single crystalline SrTiO3 substrates
from a single stoichiometric target. A small magnetic moment of 0.26 µB/f.u. was observed.113
In a follow-up paper by the same group in 2009, a much larger magnetic moment of 1.91
µB/f.u. (almost close to theoretical value) was reported in thin films grown by similar method
as in the previous attempt. They attributed this magnetic moment to be resulting from the
spontaneous ordering of Fe-Cr.109 Contrastingly, PLD grown BFCO thin films of Kim et al.
were reported to have a random distribution of Fe and Cr cations. No significant magnetic
moment was recorded in their samples.115 Furthermore, a much larger magnetization of 3.4
µB/f.u. was reported in the BiFeO3-BiCrO3 epitaxial thin film superlattices grown by Ichikawa
et al. which is larger than the theoretically expected moment for a ferrimagnetic coupling of
Fe-Cr sub-lattices.110 Contrastingly a meager 0.1 µB/f.u. were reported for polycrystalline thin
films of BFCO. Also more recent studies using advanced element specific magnetic

3d – 3d double perovskite : Bi2FeCrO6

67

characterization technique of XMCD, found no evidence of a strong magnetic coupling in the
compound.120
Table 3.2 List summarizing various independent experimental efforts towards synthesizing ferrimagnetic
BFCO and their corresponding saturation magnetizations as reported.

Reference

Synthesis/fabrication method/
sample details

Nechache et al. (2006)113

Epitaxial BFCO thin films grown via PLD
using single stoichiometric target

0.26 µB/f.u.

Suchomel et al. (2007)114

High-pressure synthesis of ceramic powders
at 6 GPa and 1000 ˚C

0.015 µB/f.u.

Kim et al. (2007)115

BiFeO3-BiCrO3 superlattices grown by PLD

~ 0.1 µB/f.u.

Ichikawa et al. (2008)110

BiFeO3-BiCrO3 superlattices grown by PLD

3.4 µB/f.u.

Nechache et al. (2009)109

Epitaxial BFCO thin films grown via PLD
using single stoichiometric target

1.91 µB/f.u.

Bai et al. (2012)116

Ceramic BFCO by high pressure synthesis at
~5 GPa and 1100 ˚C

No hysteresis

Nechache et al. (2012)117

BFCO thin film nanostructures by patterning
via masked growth by PLD.

5.2 µB/f.u.

Sha et al. (2013)118

Polycrystalline BFCO thin films by PLD

~ 0.1 µB/f.u.

Zhu et al. (2013)119

Polycrystalline BFCO ceramics by high
pressure synthesis at 4 GPa and 900 ˚C

No hysteresis

Shabadi et al. (2014)28

Epitaxial BFCO thin films grown via PLD
using single stoichiometric target

0.06 µB/f.u.

Vinai et al. (2015)120

Epitaxial BFCO thin films grown via PLD
using single stoichiometric target

0.1 µB/f.u.

Magnetization (M) at
low Temp. (~5 K)

Clearly there is a large divergence in the literature concerning the magnetic properties of
BFCO. By following the literature, one can note that a major source of these inconsistencies
lies in the difficulty in ordering of Fe and Cr which is a crucial requirement for the magnetic
functionality. Also the possibility of existence of magnetic impurity phases of Fe may lead to
erroneous observations of magnetism in some cases. Another difficulty with regard to ordered
Fe-Cr structures, is detecting the chemical order itself. For instance, direct imaging techniques
at atomic resolution such as HAADF-STEM cannot distinctly aid in detecting the ordering in
this case, due to insufficient Z contrast between Fe and Cr. For the studies that observed large
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magnetic moment such as by Nechache et al., the resulting magnetism was attributed to a
spontaneously achieved Fe-Cr order. As a proof of the existing chemical order, half-order
reflections or superstructure peaks in X-ray diffractograms along the pseudo-cubic [111]
directions were cited which are rather unusually intense in BFCO when compared to other
similar 3d-3d compounds.109
These diverse findings in the literature on BFCO present a peculiar challenge that concerns
double perovskite compounds in general. The question concerning difficulty in spontaneously
ordering two B-site cations of similar ionic radii/charge and also subsequently finding suitable
methods to characterize this order presents an interesting technological challenge. This
motivates the work undertaken as reported in the following sections of this chapter. We grew
high quality epitaxial BFCO thin films via pulsed laser deposition. Detailed structural studies
followed by magnetic characterization were carried out on the films. We establish a crucial
finding with respect to the Fe-Cr ordering and the observed superstructure in BFCO film
which helps in explaining the diverse findings on magnetic properties. Our work reveals
crucial understanding on the evaluation of chemical ordering in double perovskite thin films
and consequently helps to better engineer similar functional compounds in the future.

3.2. Target preparation
As discussed in the preceding section, it is inferred from study of Suchomel et al.,114 that
phase pure synthesis of bulk BFCO was realized only via high pressure synthesis (>5 GPa).
Different set-ups commonly used for such high pressure synthesis are capable of processing
only small amounts of ceramic – often in the milligram range. In addition it was also noted
that the high pressure synthesis did not yield an Fe-Cr ordering, instead a disordered
Bi(Fe,Cr)O3 was produced. Ceramics to be used as PLD targets require minimum mass in the
range of 3 – 5 grams. Since PLD involves a laser assisted ablation process, where the
stoichiometry of the target is transferred to the substrate irrespective of which phase/several
phases that exist in the ablated target72, it is not strictly essential to have a phase pure pellet
of the intended compound. Conventional solid state synthesis as elaborated in section 2.1.2
was undertaken to fabricate homogeneous flat stoichiometric ceramic pellets of BFCO.
Following chemical reaction was used as the basis for the stoichiometric calculations:
2 Bi7 O” > Fe7 O” > Cr7 O” š››››››››œ 2 Bi7 FeCrO•
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Bi2O3 is known to be a volatile oxide (Melting point - 817˚C), hence a 20 % stoichiometric
excess was taken to start with in order to make up for the losses during the sintering process.
In addition, a two-step process was adopted to minimize the Bi loss during the target
synthesis:

Fig. 3.2 (a) Photograph of an alumina crucible containing a reacted mixture of Fe2O3 and Cr2O3 powders
corresponding to Step 1; (b) Photograph of as-prepared BFCO target glued on to a standard metallic target
holder for use in DCA-500 PLD system; (c) SEM image of the polished top surface of the sintered BFCO
target.

Step 1: In the first calcination step, stoichiometric amounts of Fe2O3 (Purity: 99.998 %;
Source: Alfa Aesar) and Cr2O3 (Purity: 99.97 %; Source: Alfa Aesar) were weighed and
70

3d – 3d double perovskite : Bi2FeCrO6

transferred into a mortar. The powders were subjected to grinding for upto 45 minutes in
order to obtain a homogenous mixture. Mixed powders were then transferred to an Alumina
crucible and calcined at 1150˚C for 10 hours and then cooled down to room temperature. A
photo visual of the alumina cruicible with the reacted mixture of Fe2O3 and Cr2O3 is shown in
Fig 3.2 (a)
Step 2: The calcined powders containing an intermediate reaction mixture of Fe2O3 and Cr2O3
were retrieved from the crucible and once again homogeneously grinded in a mortar. To this
intermediate mixture, pre-weighed powder (with 20% excess) of Bi2O3 (Purity: 99.999 %;
Source: Sigma-Aldrich) was added and further ground for upto 1.5 hours to obtain a high
level of homogeneity. The homogeneous mixture was then pressed into a green-pellet using a
uniaxial press under 6 Tonnes of load. The pressed cylindrical pellet with a diameter of ~18
mm was then weighed and placed into a crucible. The green compact was then sintered in a
furnace at 790˚C for a duration of 20 hours and then slowly cooled to room temperature
(~5˚ / min).
This resulted in a stable, crack-free pellet with a density of 87% of the theoretical single
crystal density of BFCO. Stability of the target was tested by ablation carried out in a separate
custom-design PLD chamber (Baby-PLD) in order to avoid possible contamination of the main
DCA-Instruments PLD500 system. No indications of target disintegration or particle ejection
confirmed the stability of the stoichiometric target for further experimental use.
Pre-characterization of the so prepared target was carried out by XRD, SEM and EDS. As
expected in the preceding text, XRD pattern of the pellet (not shown) indicated existence of
several intermediary and primary phases of the three component oxides used. Microstructure
of the sintered target after polishing off the top surface with a sand paper was studied under
the Philips XL-30 FEG SEM. Fig 3.2 (c) shows an SEM image of the polished top surface of the
sintered target. Observed grains have sizes in the range of 0.2 to 2 µm. Besides the target
appears to be moderately dense. A crucial aspect for a successful PLD process is the
stoichiometry of the target. This was probed using an EDS detector fitted to the above Philips
XL-30 FEG SEM. Acceleration voltage of 30 kV was used for experiment. The collected EDS
spectra (not shown) did not show indications of any impurities. All peaks were identified to
be coming only from Bi, Fe, Cr or O. Intensity of the peaks in an EDS spectrum contains
quantitative information of the corresponding elements. The provided software of the EDS
detector contains an in-built algorithm to extract the atomic concentrations of the species
involved. After subtracting the background due to the Bremsstrahlung radiation, the EDS
spectra was quantitatively analyzed using the system software. The results of the EDS analysis
3d – 3d double perovskite : Bi2FeCrO6
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is outlined in table 3.3.

The algorithm of the software performs internally intensity

corrections due to the atomic number (Z), the absorption factor (A) and fluorescence (F)
which are indicated in the same table. The column marked in red shows the atomic
concentrations of Cr, Fe and Bi to be 25.44%, 24.32 and 50.24 respectively. Considering a 5%
error bar in EDS analysis, the target under consideration here contains Bi:Fe:Cr concentration
as per the intended ratio for BFCO and hence the target was taken to be suitable for growth of
BFCO films via PLD. For use in PLD, the ceramic pellet is glued onto a standard metallic target
holder with the help of commercially available silver glue as shown in Fig. 3.2 (b)

Table 3.3 Summary of the quantitative EDS analyses performed using the EDS Genesys software.

Element/Peak

Wt. %

At. %

Z

A

F

Cr-K

10.04

25.44

1.1229

0.6779

1.0201

Fe-K

10.30

24.32

1.1287

0.7575

1.0202

Bi-L

79.66

50.24

0.9414

0.9992

1.0000

3.3. Thin film growth and characterization
As inferred from the sections above, the motivation to use the thin film approach towards
stabilizing the BFCO phase form came from the successful story its parent compound BiFeO3
(BFO). Pioneering work that established the possibility of growing high quality epitaxial thin
films of BFO was undertaken by Wang et al. in 2003121. This success generated an
unprecedented interest in the compound, leading to numerous independent studies across the
world in the years that followed122–124. By virtue of this widespread interest, the process
parameters for achieving high quality BFO thin films via PLD were soon well established.
Besides, explorations for immediate alternative compounds with similar functionalities
extended the thin film growth capabilities also to other analogous compounds such as BiCrO3
and BiMnO3 among others125,126. These available reports provided a good starting point for
early growers of BFCO thin films. Detailed studies on the growth optimization of BFCO thin
films via PLD was undertaken in Ref. [109]. In addition, several other PLD growth studies of
BFCO thin films were independently undertaken (Ref. [110,113,115,127]). Today the growth
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window for stabilizing BFCO thin films is rather well established across several studies which
are largely in agreement with one another.

Fig. 3.3 Thermodynamic phase stability diagram for different oxidation states of bismuth, iron and
chromium. (Derived based on inputs from Ref. [128])

In general, for any multi-cationic system, a thermodynamic P-T (pressure vs temperature)
phase diagram can be plotted for the various redox reactions of the species in thermodynamic
equilibrium in accordance with the following equation128:
log ž O7 = Ÿ I ¡ Y]

Where the factors Ÿ and

are calculated from the standard enthalpy and entropy of

compound formation. The factors Ÿ and

for different redox systems of all cations involved

in this study as taken from Ref. [128] are listed in Appendix 1. Such a phase diagram can
serve as a good starting point to choose suitable P and T, which are the two important
deposition process parameters. Figure 3.3 shows one such phase diagram as plotted for the
different cationic species in the BFCO system. The straight lines mark the thermodynamic
redox equilibrium points in a Temperature-Pressure space between various oxidized and
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reduced states of the three constituent cations in BFCO. As indicated the suitable region to
stabilize Bi, Fe and Cr all in their 3+ state as desired for BFCO, is shown by the red shaded
region. It should be noted that, besides the thermodynamic stability constraints, the growth
window is also restricted by the limitations for possible growth temperature/pressure with
respect to Bismuth based compounds and the PLD system in general have also been
considered.
Although the above P-T phase diagram can be used to roughly identify broad range of process
parameters, one must also consider that the PLD is a kinetically driven process which may
cause the actual growth windows to be shifted from the thermodynamically derived growth
windows. Besides small variations in the growth parameters may also exist between one PLD
system to another.
Based on the thermodynamic phase diagram and the inputs from established growth routines
in Ref. [109], a short optimization study was undertaken in this study to achieve best growth
conditions. This is done to account for the small variations in growth conditions that may
exist in different PLD system. The three more important parameters namely pressure,
temperature and fluence were each individually varied in the vicinity of the established
literature values while optimizing for crystalline quality (monitored via XRD ω-scans) and for
phase purity (monitored via XRD ‡ I 2‡ scans). It was found that the pressure and
temperature windows were indeed narrow as expected. Oxygen pressures beyond ~40 mTorr
lead to the formation of Bismuth oxide impurity phases in addition to the perovskite phase.
This is consistent with observations in the literature - Ref. [109,124]. Oxygen pressures lower
than 1 mTorr led to films with low crystallinity since at such lower pressures, reduction to
metallic bismuth becomes prevalent as also indicated by the phase diagram. Growth
temperatures were scanned in the range of 600 to 740˚C. Temperatures higher than that
resulted in loss of the volatile bismuth from the film. In general, very high-temperature
synthesis and post annealing strategies to further promote chemical ordering, as suggested in
Ref. [61,63] cannot be adopted in case of BFCO thin films due the high volatility of the A-site
Bismuth.
Following the optimization process, phase pure BFCO thin films of best crystalline quality
(based on analysis of various XRD measurements) as grown in the DCA-Instruments PLD500
system were obtained under conditions outlined in Table 3.4.
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Table 3.4 Optimized parameters for PLD growth of epitaxial BFCO thin films on STO single crystal
substrates.

Growth Parameter

Optimum value

Background pressure

8 mTorr of Oxygen

Substrate temperature

680˚C

Laser fluence

1.3 J cm-2

Laser pulse frequency

5 Hz

Excimer laser used

248 nm KrF laser

Laser spot size

3 mm2

Structural Characterization: BFCO films were grown on single crystalline (001) and (111)
oriented SrTiO3 (STO) substrates. Commercially available STO substrates were pre-treated
with buffered-HF in accordance with the process highlighted in section 2.1.1 in order to
obtain atomically smooth surfaces. Bulk single crystalline STO has a cubic structure with
lattice parameter a = 3.905 Å. Figure 3.4 (a) shows an out-of-plane XRD pattern of a BFCO
thin film deposited on to a (001) oriented STO substrate grown under the above listed
optimized conditions. The film is seen to grow with a single preferential (00l) orientation.
Besides the (00l) oriented perovskite phase, there are no indications of any impurity phases or
second orientation as observed from the diffraction pattern. Since the (00l) peaks of the BFCO
film lie at smaller 2θ values as compared to the substrate (00l) reflections, BFCO is found to
have a higher c-axis lattice parameter in comparison with the STO substrate. Using the
Nelson-Riley extrapolation function, the out-of-plane lattice parameter of the BFCO film was
found to be 3.95 Å. This value is consistent with the observed c-axis lattice parameters in the
literature113,129. An enlarged view of the out-of-plane diffraction pattern around the BFCO
(002) reflection is shown in Fig. 3.4 (c). The observation of symmetric Laue oscillations
indicate a coherently grown, high crystalline and smooth film. The periodicity of the Laue
oscillation contains quantitative information on the thickness of the coherent film. Hence the
thickness t can be calculated using the following formula:
¢Å¤ =
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Fig. 3.4 (a) ¨ I ©¨ XRD pattern of the 25 nm think BFCO film grown on STO (001) substrate as measured
with a Cu ª« source; (b) Rocking-curve (ω-scan) of the BFCO (002) reflection; (c) Enlarged view of the XRD
pattern around the STO (001) reflection; (d) – (f) RHEED patterns recorded during the growth sequence
showing the bare substrate just before start of growth (d), intermediary island growth phase (e), streaky
stepped terrace surface towards the end of film growth (f).

Where λ is the wavelength of the X-ray radiation. ‡¦ and ‡¦4] correspond to two consecutive
Laue oscillation peaks, which are to be taken in radians. Using the above formula, the BFCO
film shown here is found to have a thickness of 25 nm. This thickness value was found to be
consistent with the thickness determined by analysis of an X-ray reflectivity curve of the same
sample. Fig. 3.4 (b) shows a rocking-curve scan of the BFCO (002) out-of-plane reflection
which has a full-width at half maximum (FWHM) of 0.07˚. Such a small value of the FWHM
indicates low degree of mosiacity in the film. Fig. 3.4 (d) to (f) show the surface RHEED
patterns recorded for the bare STO substrate prior to deposition and that of the growing
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BFCO film. The RHEED pattern of the bare STO substrate (Fig. 3.4 (d)) indicates a welldefined crystalline surface. The specular spot and diffraction spots corresponding to the 0th
Laue zone are clearly seen. As observed in Fig. 3.4 (e), the BFCO film had a characteristic
spotty RHEED pattern at the start indicating a Volmer-Weber type growth which is growth by
forming 3D islands. As the growth progresses the 3D islands grow and coalesce forming a
complete layer, after which a 2D like growth prevails as indicated by the streaky RHEED
pattern in Fig. 3.4 (f).

Fig. 3.5 Reciprocal Space Map (RSM) recorded in the vicinity of the STO (103) reflection. Q‖ and Q┴ stand
for directions along the STO [010] and STO [001] respectively.

X-ray reciprocal space mapping (RSM) was carried out in order to characterize the in-plane
lattice parameters and the strain state of the film. Fig. 3.5 shows an RSM intensity contour
map recorded in the vicinity of the STO (103) reflection. As is evident in the plot, the
substrate and the BFCO film peaks are aligned along the vertical axis at -∥ = 0.2561 ÅY]. The

corresponding in place d-spacing obtained by taking a reciprocal was found to be ~3.905 Å
which is the cubic lattice parameter of STO. For the same sample other RSMs were also
recorded around the STO 103 , 013 and 013 reflections (not shown). Similar patterns
were observed in all cases thereby ruling out presence of any orthorhombic distortions. Thus
from the collective structural analysis, it can be inferred that the BFCO films grown on the
(00l) oriented substrates are fully strained across the thickness of the film with in-plane lattice
3d – 3d double perovskite : Bi2FeCrO6
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parameters locked-in to that of the cubic STO lattice parameter. The out-of-plane lattice
parameter is larger as compared to that of STO thereby yielding a tetragonal like structure of
the BFCO phase. The epitaxy of the BFCO film can thus be concluded to be cube-on-cube type
with

no

in-plane

rotations

thereby

giving

an

epitaxial

relationship

of:

001 [100]BFCO || 001 [100]STO.
Chemical analysis: Chemical analysis of the as-grown films was done by X-ray photoelectron
spectroscopy (XPS) in an ex-situ on a PHI Versaprobe 500 spectrometer using a
monochromatic Al-Kα X-ray radiation source (1486.6 eV). Measurements were performed at
room temperature under ultra-high vacuum (<10-9 Torr). Qualitative and quantitative
chemical information of the thin films were extracted from the measurements. While the
spectral features such as peak positions, peak widths, satellite features, etc. contain qualitative
information on the chemical environment and the oxidation state of the species, the
integrated intensity areas under the peaks are quantitatively proportional to the abundance of
that particular species in the probing zone. However, it is important to note that XPS is a
surface sensitive technique whose probing depth is about 5 nm. So, in cases of some materials
which have active surface effects or instabilities, measurement information may deviate from
the bulk of the sample away from the surface. It is therefore customary to perform XPS
measurements in-situ, soon after fabrication. An in-situ vacuum transfer of sample was not
done in this case due to the existing device facility at the time of the measurement. However,
excess care was taken to minimize the duration of sample exposure to atmosphere. During the
measurement, an integrated Argon ion neutralizer was used to prevent charging on the
surface of the samples.
Fig. 3.6 shows a survey spectrum recorded for the optimized BFCO thin film grown on STO
substrate. All the observed peaks corresponded to the various binding energies of the corestates of the constituent atoms Bi, Fe, Cr or O. Some of the unmarked peaks correspond to
satellite peaks of the core levels. Peaks corresponding to no other elements could be found in
the survey spectrum thereby confirming the chemical purity of the BFCO film. Next, individual
core-level spectra corresponding to the four component elements Bi, Cr, Fe and O were each
collected separately and analyzed in the following text.
Fig 3.7 (a) shows the core level spectra recorded for bismuth where the detected electrons
originate from the Bi 4f orbital. The spectra shows a doublet peak which arises as a
consequence of the energy splitting due to spin orbit coupling. The angular momentum l (l =
]

0,1,2,3..n-1, where n is the principal quantum number), and the spin quantum s @ = • 7B,
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couple as per = >

which characterizes the spin orbit coupling. Therefore, the Bi 4f orbital

doublets are correspondingly referred to as the Bi 4f7/2 and Bi 4f5/2. The two peaks also have
specific area rations that arises from the degeneracy of each spin state. In this case there exists
a ratio of 3:4 for the areas of the 5/2 and the 7/2 peaks. In oxide materials, spectral features
of bismuth as a cation have been well documented in literature.130–133 The ‘3+’ state is a
rather stable oxidation state for bismuth. Bi 4f spectra for the BFCO film as displayed in Fig.
3.7 (a) shows the 4f doublets at 158.4 and 163.7 eV for the 7/2 and 5/2 peaks respectively.
These values are in good agreement with similar values recorded for Bi3+ in the literature. As
documented in the Perkin-Elmer Handbook of XPS (Ref. [133]), the binding energies
corresponding to metallic bismuth are clearly lower at 157 eV and 162.31 eV. Possible
presence of metallic bismuth in the sample, which might arise due to more reductive
atmosphere than required, would clearly indicate additional peak features at the
corresponding lower binding energy as was observed in Ref. [132] and Ref. [131]. Since we
do not find any such features or shoulders corresponding to metallic bismuth, we can confirm
the 3+ state for the A-site bismuth cations in BFCO.
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Fig. 3.6 X-ray photoemission survey spectrum recorded using the PHI Versaprobe 500 spectrometer with a
monochromatic Al-Kα X-ray source on an optimized BFCO thin film
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Fig. 3.7 (a) – (d) X-ray photoemission spectra recorded using a PHI Versaprobe 500 spectrometer with a
monochromatic Al-Kα X-ray source on optimized BFCO film at binding energies corresponding to Bi 4f (a),
Cr 2p (b), Fe 2p (c) and O 1s (d) core levels.

The recorded core-level spectra for chromium is displayed in Fig. 3.7 (b), where the detected
electrons are originating from the Cr 2p orbital. Similar to the 4f spectra of bismuth, the Cr 2p
spectra also shows a doublet splitting. Here the doublets have a nomenclature of 2p1/2 and
2p3/2 due to the spin-orbit coupling involving the electrons of the p-orbital which have an
angular momentum quantum number, l=1. Peak areas corresponding to the 2p1/2 and 2p3/2
peaks have standard ratio of 1:2 as opposed to a previously mentioned 3:4 ratio for the 4f
core peaks of bismuth. In order to characterize the fingerprint features of the Cr 2p spectra we
referred to the literature in Ref. [134–136], which together provide a systematic spectroscopic
overview of various oxidation states of chromium in different chemical coordination
environments. Cr metal (0), Cr3+, Cr5+ and Cr6+ are the commonly known stable oxidation
states for chromium. For a metallic chromium, the binding energy for the 2p3/2 as per the
Handbook of XPS is documented to be 574.4 eV.133 It is noted in the literature that going from
the metallic to the 3+ state, the BE of the 2p3/2 shifts by ~1 eV. This appears to be the case
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also for the 2p spectra of BFCO. The shift in BE of the 2p3/2 is much higher for the other stable
oxidation states of 5+ and 6+ (4 eV and 5 eV respectively). It has been noted in the literature
that going from metallic Cr to the 3+ state, a rather smooth spectra for the metallic state
changes into a more complex form because of multiplet splitting and shake up.134 The line
shapes are noted to become again simpler for the higher oxidation states of 5+ and 6+. The
split feature of the Cr 2p3/2 spectra in BFCO is a common feature which was also recorded for
the analogous LaCrO3 compound and is known to arise from the coupling interactions of the
three unpaired electrons in the 3d3 chromium with the photoemission driven 2p holes as
accounted for by Ref. [134]. In addition, the shake-up peak seen at ~597 eV in Fig 3.7 (b) is
also found to be a characteristic feature of 3+ chromium as found in compounds such as
Cr2O3 and LaCrO3. Such a shake-up peak was not found either for metallic Cr or for the higher
oxidation states. The above observations unambiguously confirm the desired 3+ oxidation
state for chromium in the BFCO film.
On a similar note, we now discuss the spectral features of the 2p core-level spectra of the iron
in BFCO film as show in Fig. 3.7 (c). Iron as cation in perovskite and other oxides is once
again a system that is widely studied and documented in the literature.101,136–138 2+ and 3+
are the most common oxidation states of iron. From the literature, it can be noted the spectra
of the Fe 2p for the different oxidation states and in several coordination environments have
by far similar components. However, now there are distinct fingerprint features which enable
to clearly distinguish between the two stable oxidation states of iron. The recorded spectrum
for the BFCO film shows two main peaks at 710.40 eV and 723.75 eV for the spin-orbit split
2p3/2 and 2p1/2 respectively. Our observed binding energy of the 2p3/2 (710.40) compares
closely with those reported for Fe3+ in PLD grown thin films of BiFeO3 (710.57) as in Ref.
[101] and also with other comparable compounds in literature. Furthermore, no shoulder
peaks to the 2p3/2 were observed, which are commonly present when sample may contain iron
in the 2+ state. In addition to the principal peaks, the iron 2p spectra often also show the
presence of distinct satellite peaks. In particular, the 2p3/2 satellite (718.40 eV) which in our
case is found at ~8 eV above the 2p3/2 main peak is considered to be a characteristic of the
oxidation state of iron in the literature. Based on Ref. [101,139,140], it is known that, due to
their different d-orbital configurations, Fe2+ and Fe3+ during relaxation will show satellite
peaks at 6 eV or 8 eV above the principal 2p3/2 peak respectively. Thus the recorded 2p spectra
for iron in our BFCO films indicate that the iron is mainly in its 3+ state. Finally Fig. 3.7 (d)
shows a core-spectrum of the oxygen 1s peak. The peak seems to be rather symmetric without
any distinct shoulders, therefore indicating presence of a single oxide phase of the BFCO thin
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film. Small shoulder like asymmetry to the left of the peak are attributed to the C=O bonds
due to the adsorbed carbon at the surface after exposure to atmosphere.
In the next step a quantitative analysis was performed on the collected core-level spectra for
the BFCO film. As was noted in the preceding sections, the area integral of the spectra can be
used to determine relative concentrations of the various elements at the surface of the sample.
In order to do this, we first subtracted the measured background from the spectra. To do this
we used the Shirley algorithm within the software program CasaXPS to apply the background
to the spectra. The raw areas under the spectra were then individually collected for each of
the elements. The raw area for each element is then corrected for elemental sensitivity by
dividing each area with its corresponding element specific Relative Sensitivity Factor (RSF).
The corrected areas are then each proportional to the atomic concentration of the
corresponding element at the surface. The resulting atomic concentrations of Bi, Fe and Cr
were thus found to be 49±5%, 25±2% and 26±2% respectively. Within the known limits of
error of the XPS technique calculated relative concentrations of the cations are consistent with
the required nominal composition for the BFCO double perovskite.

3.4. Investigation of chemical order
From the preceding sections, we know that one of the key structural requirement for the
intended functionality in BFCO is the chemical ordering of Fe3+ and Cr3+ cations. As per the
theoretical calculations, a rock-salt ordering is expected where-in the B-site occupation of Fe
and Cr ions alternate along all three directions. Such an order allows for exchange
interactions along the Fe-O-Cr coupling systems which is the source of the expected
ferrimagnetic ordering as per theoretical calculations. Structurally speaking, a rock-salt order
in a pseudo-cubically grown thin film with a (00l) orientation implies that the (111) family of
planes are alternately occupied by either Fe or Cr atoms. This therefore creates a doubling of
the unit cell along the (111) direction. In order to check for such an ordering in our BFCO
films we performed θ-2θ scans along the [111] as out-of-plane direction. Fig. 3.8 (a) shows
XRD θ-2θ scan of the (00l) oriented BFCO film measured in a skew-symmetric geometry
where the sample is tilted along the χ axis by an angle 54.7˚. It can be observed that the
fundamental reflections of the BFCO perovskite sub-cell namely (222)dpc and (444)dpc are
found in the vicinity of the STO substrate (111) and (222) reflections respectively (‘dpc’
denotes double-perovskite cell). For convention, we define the BFCO dpc lattice parameter
(adpc) is twice as large as its perovskite sub-cell lattice parameter (apc), namely

°±²

=2∙

±² .

Interestingly again in Fig. 3.8 (a), two additional peaks at 2θ values of ~19.5˚ and 61.1˚ are
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also observed which are indicative of a superstructure. We name these superstructure peaks as
‘SP’. We also attempted growth of the BFCO films on the (111) oriented STO substrate. Fig.
3.8 (b) shows an out-of-plane/ θ-2θ scan of the (111) oriented BFCO film. Also here, similar
superstructure peaks are found in addition to the fundamental perovskite reflections. Such SPs
are common to ordered double perovskite films as a consequence of the above discussed rocksalt order. For double perovskite films, these SPs are normally indexed as (111)dpc and (333)dpc.

Fig. 3.8 (a) ¨ I ©¨ XRD pattern of a 25 nm thick BFCO film grown on a STO (001) substrate measured along
the pseudo-cubic [111] direction; (b) ¨ I ©¨ XRD pattern of BFCO thin film grown on a (111) oriented STO
single crystal substrate. Both measurements were performed using a Cu Kα source.
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From crystallography and diffraction point of view, it is to be noted that the intensity of an SP
that arises due to pure chemical ordering has to be proportional to the square of the contrast in
the atomic form factor (a.k.a. atomic scattering factor) of the two B-site cations.141 Fe and Cr are
almost next neighbours in the periodic table. Furthermore, the scattering contrast between them
is rather low and one would expect difficulty in detecting their order. For example, in a similar
bismuth based double perovskite in Ref. [142] with similar low scattering contrast of the B-site
cations, high brilliance synchrotron radiation had to be employed to observe and characterize
the SPs coming from chemical order. Therefore, the intensities of the observed SPs in our BFCO
films appears to be suspiciously high. This motivates a deeper study into the reason behind the
high SP intensities and in general also the source of the observed superstructure in our BFCO
films.
From the fundamentals of diffraction, it can be noted that the intensity relations between
various reflections can be analyzed by determining the structure factor. The general formula of
the structure factor is given by:
»

„…†

=³
´¼]

´

µ7¶ „·¸ 4…¹¸ 4†º¸

(1)

Where the summation is performed over all N atoms in a unit cell. The atomic form factor for
atom j is given by fj. The fractional coordinates of the jth atom (xj,yj,zj) are derived from the
experimentally determined lattice parameters. The experimentally observed tetragonal like
structure of BFCO in contrast to the theoretically predicted rhombohedral, causes only a small
difference in the peak intensities due to the Q-dependence of the atomic form factors. The
extinction rules also do not change and remain as for a face-centered BFCO lattice, where
only (ooo)dpc and (eee)dpc [‘o’ and ‘e’ are odd and even numbers respectively] are allowed. In
some double perovskite literatures, SPs and the sub-cell peaks are referred in the half cell
]

notation as 7 ooo

±²

]

and 7 eee

±²

respectively.

We constructed an ideal BFCO crystal without any additional structural distortions (no
octahedral tilts/cation shifts). For such a crystal in a completely B-site disordered state, no
superstructure peaks are present, only the (eee)dpc peaks are present whose structure factor
can be formulated as:
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On the other hand for a fully rock-salt ordered case, we can write:
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has the same terms as from Eq. (2) and

are the contributions from the ordering of Fe and Cr
°±²
]]]

respectively. The structure factor for the (111)dpc SP
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is therefore:

(4)

Cr

It is seen that the above structure factor for the SPs is a function only of the ordered B-site
atoms Fe and Cr. Contrastingly the structure factor for the sub-cell (222)dpc refelection
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Which includes contributions from all atoms and is independent of the degree of B-site order.
The thus resulting structure factors were estimated using PowderCell143 for an ideal BFCO
crystal for various cases of irradiation under different X-ray sources used in this study. These
are shown in Table 3.5 below.
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Table 3.5 Calculated structure factors (|Fhkl|) values using Powder Cell at different X-ray energies used in
this study. Amplitude of the (222)dpc peak (and the STO (111) peak) is seen to be almost constant, whereas
maximum contrast for the (111)dpc peak occurs between the Co Kα and Co Kβ radiation (emphasized). Peak
intensities are proportional to |Fhkl|2.

BFCOdpc

SrTiO3

222

111

111

d – hkl (Å)

2.265

4.53

2.255

Cu Kα

64.02

2.54

30.78

Mo Kα

63.22

4.07

29.52

Co Kα

66.11

5.30

31.31

Co Kβ

65.62

1.98

31.04

Synthesis of double perovskites may also yield partially ordered compound. In such case, a
long range order parameter S can be defined, such that for a complete disordered case, Å = 0;

and for a fully ordered case, Å = 1. The amplitude of the (ooo)dpc SP is proportional to S and

to the contrast in the form factors, F = |

RÆ

I

Ç2 |,

whereas the integrated intensity of the SP

(which scales with square of the form factor, | |7 in the kinematic limit) is proportional to S2
and C2. Therefore, it can be noted that the integrated intensity of the SPs that arise purely due
to chemical ordering contain quantitative information of the B-site ordering. Complete
calculative estimations of peak intensities requires considerations of corrections due to several
factors such as beam polarization, temperature, Lorentz-polarization factor, film absorption
and irradiation volume.144 The corresponding relationship between the order parameter and
the superstructure peak intensities is:

Å7 =

where ‘]]] ⁄‘777

sample

‘]]]⁄‘777 sample
É‘ sample
=
‘]]] ⁄‘777 fully ordered É‘ fully ordered

and ‘]]] ⁄‘777

fully ordered

(6)

are intensity rations of the (111) to (222)

reflections of a partially ordered and fully ordered sample.
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Fig. 3.9 (a) Real and imaginary components of the atomic form factors for Fe and Cr atoms plotted as a
function of radiation energy; (b) calculated value of the contrast, C = |fFe – fCr|2 also plotted as a function
of same scale of radiation energy.

The real and imaginary parts of the atomic form factors for Fe and Cr plotted as a function of
energy of X-ray radiation is shown in Fig. 3.9 (a). What is particularly of interest to us here is
the contrast (C) between the form factors for Fe and Cr which is also consequently a function
of the radiation energy. Based on the preceding sections we have established that if the
(111)dpc SP originates purely due to B-cation ordering, its integral intensity should be
proportional to C2. We have therefore, plotted a graph of C2 versus energy in Fig. 3.9 (b). All
form factors were taken from the program Hephaestus,145 which is based on the CromerLiberman tables for calculations of the anomalous scattering (note that the calculations omit
the Q-dependance of the atomic form factors. In Ref. [141], Reinhard et al. showed for an FeCr system that it is possible to sweep the C2 (using a tunable energy synchrotron radiation
source) from almost zero to about 35 (e.u.)2 (e.u. stands for electron units) in vicinities of
energies close to the Cr absorption edge (see Fig. 3.9 (b)). Motivated by this idea, we realized
that a smaller but sufficiently significant contrast change can also be created by using
3d – 3d double perovskite : Bi2FeCrO6
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different laboratory X-ray sources. For example, from Fig 3.9 (b) it can be seen that by using
Co ÊË we can cause a smallest contrast between Fe and Cr among the available X-ray sources
marked on the graph. Such a situation should lead to the least intense SPs. On the other
hand, largest contrast can be caused by using a Co ÊÌ radiation which should result in the
highest intensity of SPs. Similarly also an intermediate contrast change can be caused when
going from Cu ÊÌ to Mo ÊÌ .

Fig. 3.10 (a) ¨ I ©¨ XRD pattern of the 25 nm thick BFCO film on (001) oriented STO substrate measured
along pseudo-cubic [111] direction with a Mo Kα source; (b) Enlarged view of the (111)dpc superstructure
peak; (c) Enlarged view of the ¨ I ©¨ XRD pattern in the vicinity of the STO (111) reflection. The splitting
of the STO (111) peak (as marked with star) arises due to the polychromatic Mo Kα1 and Mo Kα2 radiation.

Thus, in order to investigate the presence of B-site cation ordering in the BFCO films, we
performed diffraction experiments under various available laboratory X-ray radiation sources
(Cu ÊÌ , Co ÊÌ , Co ÊË and Mo ÊÌ ). Subsequently we analyzed the changes in the SP intensities
with corresponding changes in the irradiation source. Fig. 3.10 (a) shows an XRD pattern of a
(00l) oriented BFCO film measured along the pseudo-cubic [111] direction using Mo ÊÌ
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radiation. Detailed view of the SP and the sub-cell peak are shown in Fig. 3.10 (b) and (c).
From preceding discussion, we said that the intensity change of the sub-cell (222)dpc peak
with energy is small as it depends on the form factor of all BFCO atoms (Bi, Fe, Cr and O).
From structure factor estimations in Table 3.5, we know that the SPs due to chemical order
sample

measured under Mo ÊÌ radiation should have a normalized intensity É‘MoŒÌ larger than the
sample

É‘CuŒÌ measured under a Cu ÊÌ source by a factor of 2.63. However, we found that both

quantities were equal, there was no significant increase in the normalized intensity.,

Fig. 3.11 ¨ I ©¨ XRD patterns of the (001) oriented BFCO film measured along the pseudo-cubic [111]
direction using Co Kα and Co Kβ radiation. Superstructure peaks have been normalized to the STO (111)
peaks.

Furthermore, the same BFCO sample was measured using a Co source tuned to Co ÊÌ and

Co ÊË lines at 6930 and 7649 eV respectively. Except the source energy, no other parameters

were changed between the two scans in order to rule out any systematic errors contributing to
peak intensities. As established in above paragraphs, using both the Co lines, we can measure:
(a) at the lowest accessible contrast (at Co ÊË ); and (b) the largest possible contrast ratio
sample

sample

É‘CuŒÌ /É‘CuŒÌ ≈ 7 as derived from Table 3.5. XRD scans from these two measurements
are shown in Fig. 3.11. Here, due to the lower angular resolution of the diffractometer, we
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were unable to separate film and substrate peaks, and therefore used the STO (111) for
normalization of SPs. As evident in the figure, we did not see the expected seven fold change
in the normalized intensities of the SPs. Here, we were unable to normalize the intensity of
the SP to the BFCO sub-cell (222)dpc peak, which would be more accurate approach.
Nevertheless, it should be noted that the X-ray wavelength change between the two scans
(with Co ÊÌ and Co ÊË ) is small, across which the substrate (111) structure factor does not
change significantly as seen from Table 3.5, but importantly a significant change for BFCO
(111)dpc SP exists due to the scattering contrast jump near the Co absorption edge. From the
calculations of structure factor, the substrate peak intensity change should be approximately
1.75 % which is small compared to the expected seven fold contrast caused change to the SP.
A consistent observation for recorded also by considering the absolute reflected intensities by
correcting Bragg peak intensities relative to direct beam intensity.
As per our ideally constructed BFCO cell in the fully ordered case, the intensity ratio
‘

]]] dpc /‘ 777 dpc

when measured with Cu ÊÌ radiation, must be approximately 0.36 %

(including geometrical corrections and negletting illumination and absorption corrections).
However, ‘

]]] dpc /‘ 777 dpc

≈ 1.76 • 0.10% is observed, which is much larger than expected.

The above analysis thus suggests that the normalized intensity of the observed BFCO SPs are
large and independent of changes in the scattering contrast. This cannot be explained by pure
ordering of the Fe-Cr cations. Therefore, other possible origins of the SPs were investigated in
the following sections.

3.5. Origin of superstructure
In preceding sections we discussed at length cation ordering in perovskite structures which
causes doubling of the fundamental perovskite unit-cell. In addition to cation ordering, other
structural features such as cation shifts and tilts of the oxygen octahedral can also lead to
doubling of the perovskite unit cell.146 In 2007, Suchomel et al. attempted synthesis of bulk
BFCO using high pressure reaction methods. They were unable to achieve ordering of the Bsite cations Fe and Cr, however obtained a disordered BFCO powders that crystalized in the
rhombohedral space group R3c. Here the (hhh)dpc (‘h’ is odd) SPs are forbidden (Fig 3.12 (a)).
Since in our films, we observe a strong (111)dpc SP, the symmetry of the unit cell must deviate
from the R3c substantially. If this symmetry lowering was caused by cation ordering alone
without other distortions (as shown in Fig. 3.12 (b)), then the (111)dpc SP would have been
ideally suited for characterization of chemical order. But in fact, the R3 symmetry of the
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theoretically predicted full ordered BFCO unit cell (Fig. 3.12 (c)) does not only have a cationorder related symmetry lowering but also due to shifts of different magnitudes of Bi, Fe and
Cr cations along the polarization axis (the pseudo-cubic [111] direction), and also distortions
of the oxygen octahedral.99

Fig. 3.12 (a) – (f) Schematic figures (not drawn to scale) showing positions of A and B-site cations on the
ÐÑÏ plane of BFCO under the following various conditions of structural order/distortions:
pseudo-cubic Ï
CO – chemical order; AS – A-site cation shifts; BS – B-site cation shifts and OD – oxygen octahedral
distortions. (As published in Ref. [28])

To mutually compare the influence of the each of the symmetry lowering structural changes
on the SP, we calculated their relative contributions to the É‘ = ‘]]] /‘777 intensity ratio using

the crystal visualization software Vesta for Cu ÊÌ (and Co ÊÌ ) radiation, starting from the
theoretically predicted R3-symmetric BFCO.14 In the first step, a Fe-Cr 50% - 50% random
distribution (as shown in Fig. 3.12 (d)) results in a 6% decrease of the intensity ratio (51%
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for Co ÊÌ ). Second, a shift of every alternating Bismuth ion located at (x,y,z) =
] ] ]

(0.503,0.503,0.503) in R3 to the highest symmetry positions of @7 , 7 , 7B in R3c (Fig. 3.12 (e))

leads to a major 58% drop of NI (32% for Co ÊÌ ). Subsequent movement of the B-site cations

to their symmetric R3c postions leads to a significant 31% (15% for Co ÊÌ ) decrease in the NI.

The left over, considerably small 5% change of NI (2% for Co ÊÌ ) is due to the oxygen

octahedral distortions. Thus, the SPs can be caused by any electron density modulations
which are compatible with the face-centered lattice of BFCO. Based on the above analysis, the
contribution of the octahedral distortions is negligible and due to selection rules, there is no
contributions due to oxygen octahedral tilts to the (111)dpc SP.18 In addition to that, based on
the analysis in the preceding section, we can explicitly exclude B-site cation ordering as the
origin of the SPs as their intensities do not follow the energy dependence of anomalous
scattering. As is evident from the above analysis, it turns out that the theoretically predicted
displacements of the A- and B-site cations along the [111] pseudo-cubic directions have the
largest contribution and are the only structural modulations that are commensurate to the
magnitude of the observed SP intensities. In ferroelectric perovskites with lone-pair active
cations such as Bismuth, such shifts of cations along the polarization axis are common and
have been established also in other studies in the literature.147,148 Therefore by systematically
ruling out all other contributions, the only plausible origin of the observed doubling of the
unit cell here are the unequal displacements of Bi3+, Fe3+ and Cr3+ cations along the [111]pc
direction, which are compatible with the face-centering of the double pseudo-cubic unit cell.
Similar SPs were also reported by Kannan et al. in epitaxial BiCrO3 thin films grown by PLD
where only one B-site cation – Cr3+ exists. Here, the SPs were attributed to structural
modulations arising from substrate induced strain.

3.6. Magnetic characterization
In the introductory sections of this chapter, the existing large discrepancies concerning
magnetic properties of as grown BFCO thin films was discussed. Although theoretical
calculations on bulk ideally ordered BFCO predict ferrimagnetic coupling of the Fe – Cr sublattices resulting in a magnetization of 2 µB/f.u., varied observations of magnetic responses
ranging from almost zero to higher than predicted moment were reported. However, in light
of the detailed structural investigations in preceding sections, background of the existing
discrepancies can be understood. In our case with negligible chemical ordering, no significant
magnetic moment is expected. Magnetic characterization of the BFCO films were carried out
using a SQUID magnetometer.
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Fig. 3.13 Magnetization vs. field curves measured for the 25 nm thick BFCO film at 5 K and 300 K. Applied
field was in-plane with respect to the sample surface and the diamagnetic contribution of the STO substrate
was subtracted. Inset shows magnetization vs. temperature curves recorded for the same sample.

The magnetization vs. field curves for the (00l) oriented BFCO sample 5 K and 300 K are
shown in Fig. 3.13. Substrate contribution of the diamagnetic STO was subtracted. At
temperature of 5 K, only a meagre 5 emu/cc (0.06 µB/f.u.) is observed as the saturation
magnetization. This low value of magnetization suggests a predominant antiferromagnetic
order resulting from the lack of B-site cation order. Inset in Fig. 3.13 shows the field cooled
and zero field cooled magnetization curves for the BFCO film measured as a function of
temperature in range 5 to 330 K. The curves show a persistent small magnetization up to
room-temperature without any indications of a magnetic transition. This low residual
magnetization can arise either from a small degree of the ordered phase in the sample or due
to some magnetic nano-clusters that are beyond the resolution of the performed XRD
measurements. Therefore, it can be noted that the (111)dpc SP alone is not a sufficient
indicator of the Fe-Cr ordering. Study of energy-dependence of the X-ray intensities can clarify
origin of the SPs and allow for an unambiguous determination of chemical order. Resolving
all cation displacements and determining precise atomic positions for the BFCO films would
require more extensive analysis and use of high intensity synchrotron facilities. Our analysis
method can be applied to any ordered double perovskite, however double perovskites
containing ferroelectrically active species like Bi3+ are more prone to cation displacements
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that can mimic a chemically ordered state. Also more recent studies by Vinai et al. and Rout et
al. have used various advanced experimental an theoretical approaches to study the magnetic
response of epitaxial BFCO thin films.120,149 Both studies found lack of strong magnetic
ordering in the as grown films. In fact, the density functional calculations of Rout et al.149
established that the B-site disordered structure is more stable in coherently strained epitaxial
films which is consistent with the findings in this study.
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4. 3d – 5d double perovskites : La2MnReO6 and La2NiReO6

In chapter 3, a first line of approach in this work on finding suitable ferrimagnetic double
perovskites as templates for room temperature multiferroism was discussed. This study on the
A-site bisumuth based 3d-3d double perovskite Bi2FeCrO6 provided some valuable insights in
to epitaxial stabilization and characterization of double perovskite thin films. A fundamental
understanding of challenges concerned with achieving spontaneous B-site cation ordering in
as-grown double perovskite thin films and also concerning subsequent detection of the order
was developed. Although a weak magnetic response was observed, as opposed to the desired
robust ferrimagnetic order, the work on BFCO highlights the importance of choosing the right
combination of B-site cations to achieve the desired magnetic functionality. Leveraging on
these findings, we extended our work to 3d-5d double perovskites, results of which have been
elaborated in the following sections of this chapter.

4.1. Introduction and background
Combining a 3d transition metal with one from the 5d series as the two B-site cations in
double perovskites of the type A2BB’O6 can have several advantages when compared to their
3d-3d counterparts. For instance, there can be significant differences in the two B-site ionic
radii which in accordance to the discussions in section 1.2.2 acts as a strong driving force for
spontaneous chemical ordering. In addition to that, many 5d elements owing to their several
stable high oxidation states can be suitably coupled with appropriate 3d cations in
combinations having a difference in oxidation states of 2 or more, thereby also promoting
their spontaneous chemical ordering. Many 5d elements are by themselves often nonmagnetic metals. So the idea of employing them for magnetic double perovskites is to
combine them with appropriate magnetic 3d species which in-turn induce a magnetic moment
in them as a consequence of the exchange interactions along the – B – O – B’ – O – B –
chains.2 As a matter of fact, if you look back at the history of double perovskites in general (as
documented by D Serrate et al. in Ref. [22]), some of the earliest reports which date back to
the 1950 – 60s were indeed works on 5d Rhenium based double perovskites. These works
were reported by Longo and Ward in 1961, who at the time were probing room temperature
ferromagnetism in Rhenium based double perovskites.23
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Table 4.1 Non-exhaustive list of prominent 3d-5d double perovskites explored for room temperature
magnetism in either bulk, thin film or theory; included along is a list of the observed low temperature
saturation magnetizations and magnetic ordering temperatures for the corresponding compounds.

References

Magnetization, M
at low T (~5 K)

Magnetic ordering
temperature, TC

Type of
study

J. B. Philipp, L. Alff et al.150

1 µB/f.u.

390 K

Bulk

J. B. Philipp, L. Alff et al.151

1.9 µB/f.u.

> 400 K

Thin film

S. Geprägs, L. Alff et al.38

0.8 µB/f.u.

635 K

Thin film

A. J. Hauser et al.152

1.29 µB/f.u.

508 K

Thin film

Y. Kockenberger, L. Alff et al.2

2 µB/f.u.

725 K

Bulk

R. Morrow et al.153

0.4 µB/f.u.

660 K

Bulk

T. K. Mandal et al.154

1 µB/f.u.

884 K

Theory

S. Dasgupta et al., (unpubl.)

~0.8 µB/f.u.

> 330 K

Thin film

Ca2FeReO6

T. Alamelu et al.155

2.37 µB/f.u.

539

Bulk

Sr2FeReO6

K. –I. Kobayashi et al.156

2.7 µB/f.u.

400 K

Bulk

Ba2FeReO6

W. Prellier et al.157

3.04 µB/f.u.

315 K

Bulk

Bi2MnReO6

M. Ležaić & N. A. Spaldin4

2.34 µB/f.u.

330 K

Theory

Bi2NiReO6

M. Ležaić & N. A. Spaldin4

0.58 µB/f.u.

360 K

Theory

Compound

Sr2CrWO6

Sr2CrReO6

Sr2CrOsO6

Sr2CrIrO6

Most 5d transition elements, owing to their high Z (atomic number) values, are associated
with an enhanced spin-orbit coupling. This introduces energy interactions in the scales
comparable to coulomb correlation and bandwidth.158 As a consequence several compounds
containing 5d elements exhibit exotic functionalities such as topological insulators, metalinsulator transitions and complex magnetic order.159–161 In-spite of these advantages, double
perovskites with 3d-5d combinations of B-site cations have been less explored as compared to
the 3d-3d compounds. Furthermore, even fewer 3d-5d double perovskites have been stabilized
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in the thin film form. Primary reason for this is the relative chemical complexity of epitaxially
stabilizing 5d compounds as compared to the 3d ones. For some elements such as Osmium,
toxicity is also a further hindrance that calls for complex synthesis procedures. Table 4.1
shows a list of few prominent 3d-5d double perovskites that have been explored for room
temperature magnetism. At first look, one can note that almost all of the compounds
experimentally realized have shown magnetic ordering temperatures

above room

temperature. This is primarily a great advantage as compared to the prominent 3d-3d
compounds listed in Table 3.1, where a majority of the double perovskites were ferri/ferromagnetic only below room temperature. Also notable is the fact that only a few
compounds have been explored via the thin film approach as compared to the extensive 3d-3d
list in Table 3.1. 3d-5d compounds thus provide a large test ground for discovering new
functionalities in unexplored compounds using the thin film approach.
Some trends in Table 4.1 are particularly interesting to note. For example consider the series
of compounds of type Sr2CrB’O6 as enclosed in the blue-dashed box where we substitute B’
with various cations along the period of the 5d elements. All of these compounds exhibit very
high Curie temperature and appear to contain a trend. In the case of the popular and widely
studied 3d-4d double perovskite Sr2FeMoO6, modulation of the magnetic critical temperature
with electron doping up to an order of ~100 K for added electron was achieved. In this case
the electron doping was realized by partially substituting the A-site strontium with the
trivalent lanthanum in the Sr2-XLaxFeMoO6 system.162 Motivated by these results, the works on
the Sr2CrB’O6 used a different approach to electron doping. Instead of A-site substitution, the
B’ site was sequentially replaced with the series of 5d elements W, Re and Os thereby allowing
for studying the direct effect of 5d band filling on the magnetic properties of the
series.2,37,38,163 As was expected, a large curie temperature of ~725 K was observed for the
compound Sr2CrOsO6 sequentially higher than its two predecessors Sr2CrReO6 (635 K) and
Sr2CrWO6 (400 K).2 Thus an erroneous previous report that concluded Sr2CrOsO6 to be not
ferromagnetic at room temperature stood corrected.164 What was also an interesting outcome
of the findings of Y. Krockenberger et al. was the electrical state of the compound. The fully
spin polarized half-metallicity observed in Sr2CrWO6 and Sr2CrReO6 could be changed to a
ferrimagnetic insulating state in the case of Sr2CrOsO6. This was possible since, in the case of
Sr2CrOsO6, the Os 5d t2g minority-spin orbital is completely filled, while the majority-spin
channel is split by a gap, thereby rendering an insulating state for the compound.
Prior to the observation of insulating ferrimagnetism in Sr2CrOsO6, the use of 3d-5d double
perovskites in the design and search for single phase multiferroics was neglected as it was
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believed that most 3d-5d compounds, owing to the delocalized nature of the 5d bands are
largely metallic in nature. This metallicity can be contraindicative to the need for an
insulating state to achieve ferroelectric multiferroics. However, the reported insulating
ferrimagnetism in Sr2CrOsO6 with high transition temperatures upto 700 K changed that
perspective. Consequently in 2011, Ležaić and Spaldin by theoretical design proposed two 3d5d cationic systems that could provide potential ferrimagnetic insulating templates for
achieving room temperature multiferroicity (highlighted within the red-dashed box in Table
4.1).4 As per the commonly used approach for single phase type I multiferroics as discussed in
Section 1.2.4, the ferroelectrically active trivalent cation - Bi3+ was chosen as the A-site cation,
thereby predicting two compounds Bi2MnReO6 (BMRO) and Bi2NiReO6 (BNRO) as prospective
multiferroic compounds. However, experimental works on 3d-5d double perovskites with Asite bismuth have so far been seldom reported in the literature.
As reported in Ref. [4], Ležaić and Spaldin used first principles density functional theory to
calculate the ground state structure and the magnetic ordering of BMRO and BNRO. Their
structural optimizations using the Vienna ab initio Simulation Package (VASP) yielded a
monoclinic, centrosymmetric P21/n symmetry as the lowest energy structure for both
compounds in their ferrimagnetic insulating state. The authors noted that a slightly higher
energy ferroelectric structure with rhombohedral R3 symmetry could be achieved if two inplane lattice parameters are constrained to be equal in length. Such a constraint can be
achieved via coherent heteroepitaxy on a substrate with square in-plane lattice. Consequently,
their calculated values (incl. spin-orbit coupling) for the functional responses of polarization
and magnetization have been listed in Table 4.2. Non-integer values of the total
magnetization arise due to the inclusion of the spin-orbit coupling.

Table 4.2 Calculated properties for bulk ferroelectric R3 phase of Bi2MnReO6 and Bi2NiReO6 as calculated by
Ležaić and Spaldin (Taken from Ref. [4])
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Compound

Polarization, P
(µC/cm2)

Magnetization, M
(µB/f.u.)

Curie Temp. TC
(K)

Bi2MnReO6

86

2.34

330

Bi2NiReO6

80

0.58

360

3d – 5d double perovskites : La2MnReO6 and La2NiReO6

The magnetic ordering temperatures were estimated using finite-temperature Monte-Carlo
scheme and the lowest energy magnetic ordering was ferrimagnetic corresponding to the antialignment of the 3d and 5d spins. Oxidation states of 2+ was desired for the manganese
(3d5:

” 7
7Ò Ò )

and nickel (3d8:

• 7
7Ò Ò )

and 4+ for rhenium (5d3:

”
7Ò Ò̀ ).

As a consequence of these

configurations, a 150˚ bond angle between Mn-O-Re was found to stabilize an
aniferromagnetic coupling of Mn/Ni with Re via the superexchange mechanism.

Fig. 4.1 Theoretically calculated Density of States (DOS) for the ferroelectric phase of Bi2MnReO6 (a) and
Bi2NiReO6 (b) (Taken from Ref. [4]); Schematic comparison of the ionic radii of Mn2+ and Re4+ (c) and Ni2+
and Re4+ (d) in a 6 coordinate octahedral environment (Shannon ionic radii – Ref. [27]).

Fig. 4.1 shows the calculated density of states for the two compounds where an insulating gap
above the 5d t2g band is clearly found in both compounds similar to the case of Sr2CrOsO6. In
spite of these interesting theoretical findings on the Mn2+-Re4+/Ni2+Re4+ combinations, there
are as yet no reports in the literature on their experimental realization. One of the primary
reasons for this being the general difficulty of stabilizing 3d-5d compounds which is made
further complex by the presence of the volatile bismuth at the A-site. One way to overcome
this challenge is to establish synthesis routes to analogous compounds. For instance, one
3d – 5d double perovskites : La2MnReO6 and La2NiReO6
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could replace Bi3+ at the A-site in part or full with an alternative, less-volatile trivalent cation
such as La3+ (e.g.: Bi2MnReO6 – BixLa1-xMnReO6 – La2MnReO6). A-site lanthanum based
perovskites have been extensively studied in the thin film form and a technique such as PLD
offers good possibility to stabilize such meta-stable compounds via non-equilibrium growth
conditions and strain. Although La3+ cation lacks the stereochemically active lone pair as in
Bi3+, ferroelectricity may still be achieved non-conventionally also in Lanthanum based double
perovskite thin films as shown by Takahashi et al. in Ref. [165].
Motivated by these findings, we undertook a combined theoretical and thin film approach to
study two less explored double perovskites La2MnReO6 (LMRO) and La2NiReO6 (LNRO) for
possible room temperature ferrimagnetic functionality. The two compounds were treated
within density functional theory as well as dynamic mean field theory to identify the stable
ground state structural parameters, their electronic structures and magnetic ordering. Based
on the structural relaxations that yielded a monoclinic P21/n lowest energy phase, a
ferrimagnetic ordering of the Mn2+/Ni2+ and Re4+ is expected similar to the case of BMRO
and BNRO. Encouraged by these theoretical findings, we synthesized epitaxial LMRO and
LNRO thin films by pulsed laser deposition on single crystalline (001) and (111) SrTiO3
substrates. Ionic radii comparisons for the two 3d-5d cation combinations Mn-Re and Ni-Re
has been schematically shown in Fig. 4.1 (c) and (d) respectively. In contrast to a similar
schematic observed for Fe and Cr in Fig. 3.1 (c), a much larger and significant difference in
ionic radii is observed for Mn-Re and Ni-Re. This is expected to more readily promote the
spontaneously ordered state in LMRO and LNRO. Detailed structural investigations
established phase purity, fully strained epitaxy and a high crystalline quality of the films.
Microstructure was studied via advanced composition sensitive high resolution transmission
electron microscopy imaging techniques. This was followed by an analysis of the functional
properties of the two compounds. Collective evaluation of the results from structural,
microstructural and functional characterizations confirmed the ordering of the B-site cations
and consequently the desired stable and sizeable magnetization was attained.

4.2. Theory
Theoretical calculations in this chapter are an outcome of joint collaborative work between
ATFT Division, TU Darmstadt and three other research groups/individuals namely: group of
Prof. Dr. Marjana Ležaić (FZ Jülich), Prof. Dr. Hongbin Zhang (TU Darmstadt) and Dr. Adam
Jakobsson (Formerly at FZ Jülich). Their individual contributions have been noted and
acknowledged in the Preface section. As a starting point for the study of two 3d-5d double
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perovskites La2MnReO6 (LMRO) and La2NiReO6 (LNRO), density functional theory was used
to obtain the crystal and electronic structures of the two compounds. Structural optimizations
were performed using the Vienna ab initio Simulation Package (VASP)166–171, using projector
augmented wave (PAW) potentials and PBEsol exchange-correlation functional.172,173 The
semicore p-states of Mn, Re and La were treated as the valence. An energy cutoff of 500 eV,
and 6×6×6, 4×4×6 and 4×4×4 Γ-centered k-points meshes were used for the unit cells of
10, 20 and 40 atoms, correspondingly. Relativistic effects were not taken into account during
the calculations. The relative stability of ferro- and ferrimagnetic states in the ground state
structure was investigated within the full-potential augmented planewave code FLEUR
[www.flapw.de]. For this purpose, a planewave cutoff of 4.2 bohr-1 and a 4×4×3 k-points
mesh was employed.

Fig. 4.2 Total energies of the centrosymmetric structures with different combinations of oxygen octahedra
tilts in La2MnReO6 (a) and La2NiReO6 (b).

To find the ground-state structure for LMRO & LNRO we optimized 12 centrosymmetric unit
cells with different combinations of tilts and rotations of the oxygen octahedra, which can
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occur in double perovskites.174 The results of these calculations, depicted in Fig. 4.2 (a) and
(b), clearly show that the lowest-energy structure for both compounds is the monoclinic one
with P21/n symmetry (we note that a calculation initiated with P-1 symmetry also converged
to the P21/n structure and is therefore not shown separately in the figure). Only the total
energies for the assumed ferrimagnetic ordering of Mn and Re moments are shown in this
figure, since the ferromagnetic ordering was calculated to have essentially higher total
energies, by 433 meV per formula unit (f.u.) in the ground-state structure. The ground-state
structure is characterized by a- b- c+ oxygen tilts, in Glazer notation,8 and a 3-dimensional
checkerboard or rock-salt type arrangement of Mn2+/Ni2+ and Re4+ cations. The significant
difference in the ionic size of the B-site elements and also the difference in their formal
charge is expected to help stabilize their ordering at the B-site.

Table 4.3 Ground-state structural parameters for the LMRO and LNRO double perovskites as calculated with
VASP. Lattice constants are in Å.

Atom
La
Mn/Ni
Re
O1
O2
O3

Wyckoff Position
4e
2d
2b
4e
4e
4e

LMRO

LNRO

a = 5.512; b = 5.796; c = 7.894
β = 90.04˚

a = 5.489; b = 5.782; c = 7.826
β = 90.63˚

x

y

z

x

y

z

0.4858
0.0
0.0
0.9067
0.3090
0.7032

0.9426
0.0
0.0
0.0302
0.2077
0.8023

0.2513
0.0
0.5
0.2532
0.0503
0.5474

0.4843
0.0
0.0
0.9064
0.3118
0.7016

0.9374
0.0
0.0
0.0261
0.2095
0.8062

0.2510
0.0
0.5
0.2518
0.0501
0.5465

Tthe optimized bulk structural parameters for the two compounds have been listed in table
4.3. The VESTA visualization program was used to create 3-dimensional illustrations of the
as calculated crystal structures for the two compounds. A pseudo-cubic view of these
structures has been displayed in Fig. 4.3 (a) and (b). Structural illustrations of the as
calculated monoclinic unit-cells are provided in Appendix B.

102

3d – 5d double perovskites : La2MnReO6 and La2NiReO6

Fig. 4.3 Schematic crystal structures of the theoretically derived lowest energy P21/n configuration for
LMRO (a) and LNRO (b) constructed using the VESTA visualization program14 (shown in a pseudo-cubic
representation).

The as calculated zero Kelvin density of states for LMRO and LNRO are shown in Fig. 4.4 (a)
and (b) respectively. As it is commonly known, in an octahedral environment, the d-manifold
splits into three-fold degenerate t2g states with lower energy and two-fold degenerate eg states
with higher energy. Therefore, the highest occupied states of the majority (minority) spin are
the eg states of Mn (t2g states of Re) in LMRO and eg states of Ni (t2g states of Re) in LNRO. A
crystal-field induced gap with a width of ~ 1 eV was clearly observed for both compounds.
Thus the prospect of an insulating ground state appears promising for possible multiferroic
functionalties. In LMRO, a ferrimagnetic spin arrangement of the Mn2+ (3d5:
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and Re4+
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(5d3:

”
7Ò Ò̀ )

sub-lattices should yield a spin-only magnetic moment of 2 µB/f.u. (Fig. 4.4 (c)).

Similarly 1 µB/f.u. as is the expected spin only moment in LNRO by again an anti-parallel spin
arrangement of the Ni2+ (3d8:

• 7
7Ò Ò )

and Re4+ (5d3:

”
7Ò Ò̀ )

sub-lattices (Fig. 4.4 (d)).

Treatment of the compounds within the dynamical mean field theory (DMFT) also showed a
consistent picture of the electronic structures for both LMRO and LNRO. Precise estimations
of the total magnetic moment for a ferrimagnetic order including spin-orbit coupling yielded
2.9 µB/f.u. and 0.80 µB/f.u. for LMRO and LNRO respectively.

Fig. 4.4 Ground state spin-polarized density of states plots for bulk (a) LMRO and (b) LNRO, both
compounds behaving as insulating phases with ferrimagnetic ordering; The d-shell spin alignment of Mn2+
(3d5) – Re4+ (5d3) in LMRO (c) and Ni2+ (3d8) – Re4+ (5d3) in LNRO (d).

4.3. Target preparation
Similar to the case of BFCO in chapter 3, the goal of the target preparation here was to obtain
dense ceramic pellets to be used as PLD targets for growth of LMRO and LNRO films. A
similar A:B:B’ stoichiometry of La:Mn:Re = La:Ni:Re = 2:1:1 was desired for both targets.
However, inclusion of rhenium as one of the cations presents a specific challenge. Although
metallic Rhenium has quite a high melting point (>3180 K), in the presence of oxygen at
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elevated temperature, it undergoes oxidation quite easily.175 Apart from its stable oxidation
state of 4+ (corresponding oxide: ReO2), Rhenium can also get to higher oxidation states of
6+ and 7+ (corresponding to ReO3 and Re2O7) quite easily in the presence of oxygen at
elevated temperatures. Once it forms the Re2O7 oxide, it becomes difficult to handle as Re2O7
sublimes at relatively low temperatures (~300˚C).176 Thus a suitable method had to be
chosen to avoid the oxidation of rhenium to its 7+ state. Consequently an oxygen-exposure
free method as elaborated in section 2.1.2 was adopted where powder handing was done
inside a glove box and calcination/sintering were performed within self-prepared evacuated
quartz tube enclosures. It is to be noted that significant time/efforts and repeated attempts
were made via a trial and error route to identify best practices and conditions to obtain densestable and stoichiometric PLD targets in this case.
In the first step, commercially purchased powder of lanthanum oxide (La2O3 99.99 %, Alfa
Aesar) was dried overnight in a muffle furnace at 1000 ˚C in a standard muffle furnace in air.
This ensures removal of absorbed moisture which La2O3 was found to be highly prone to. The
dried La2O3 powder was then taken in to the glove box. Powders of Manganese oxide (MnO,
99.99% Alfa Aesar), nickel oxide (NiO, 99.99 % Alfa Aesar) and rhenium oxide (ReO2, 99.9%
Alfa Aesar) were also commercially purchased and stored within the glove box. Stoichiometric
amounts of the powders were weighed individually in accordance with the following
equations:

La7 O” > MnO > ReO7 š››››››››œ La7 MnReO•
La7 O” > NiO > ReO7 š››››››››œ La7 NiReO•

The powders were then grinded in a mortar within the glove-box by hand for up-to 1 hour to
obtain a homogeneous mixture. The mixed powders were then pressed in a cylindrical dye to
form the green compact of the pellet. The green compact is then carefully inserted into a one
side sealed quartz tube. The quartz tube is then evacuated and sealed at the other end by
melting under a laboratory oxy-propane torch (Fig. 4.5 (a)). A photograph of the pressed
pellet in the quartz tube after evacuation and sealing is shown in Fig. 4.5 (b).

3d – 5d double perovskites : La2MnReO6 and La2NiReO6
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Fig. 4.5 (a) Photograph showing use of a laboratory based Oxy-Propane Torch used for sealing of the quartz
tubes; (b) Photograph showing evacuated sealed quartz tube with a pressed pellet; SEM images of the top
surface of the sintered LMRO pellet (c) and LNRO pellet (d).

The quartz tube and the enclosed pellet were then placed in a muffle furnace and fired at
800˚C for a duration of 24 hours and cooled back to room temperature. The sealed quartz
tube was once again opened by melting a hole at one end of the tube and the now darker
coloured partially reacted pellet was withdrawn. The pellet was once again crushed and
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grinded in a mortar to form a homogenous powder. The above process of sintering in a sealed
quartz tube was repeated for a second time once again for 24 hours at 800˚C to achieve a
further reaction of the powder particles. At the end of the second sintering, the pellet was
extracted out of the tube and observed to be dark in appearance, mechanically stable, hard
and visually free from any macroscopic cracks. Similar procedure was performed to obtain
pellets for both LMRO and LNRO targets.
The so obtained pellets were then subjected to characterization via XRD and SEM-EDS. XRD
measurements (not-shown) showed the presence of a mixture of several phases. Considering
the metastable nature of the two compounds, ambient pressure synthesis is not expected to
yield phase pure LMRO and LNRO in bulk. Nevertheless, as was in the previous case of BFCO
in chapter 3, the goal of the PLD target fabrication process was to create mechanically stable
and dense pellets with a definite stoichiometry or elemental ratio of the component cations
and not necessarily to obtain a pure phase. SEM images of the surface of the as prepared
LMRO and LNRO pellets recorded using a secondary electron detector is shown in Fig. 4.5 (c)
and (d) respectively. In LMRO, a larger spread of grain sizes can be observed in the range of
0.5 microns to 2. 0 microns in diameter. On the other hand, a more homogenous grain sizes
with an average diameter in range of 1.0 micron was observed in LNRO. These differences
might arise due to differences in grinding and handling procedures during the synthesis steps.
Most importantly the pellets appeared to be reasonably dense and no observable cracks were
found on the surface.

Table 4.4 Summary of the quantitative EDS analyses performed on the as prepared LMRO target using the
EDS Genesys software.

Element/Peak

Wt. %

At. %

Z

A

F

Mn-K

10.32

24.33

1.1168

0.6504

1.0126

Re-L

33.61

23.38

0.9659

0.9197

1.0000

La-L

56.07

52.29

0.9873

0.8845

1.0135
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Table 4.5 Summary of the quantitative EDS analyses performed on the as prepared LNRO target using the
EDS Genesys software.

Element/Peak

Wt. %

At. %

Z

A

F

Ni-K

12.39

27.02

1.1606

0.7772

1.0341

Re-L

33.19

23.82

0.9564

0.9124

1.0000

La-L

54.42

50.16

0.9778

0.8834

1.0116

Qualitative and quantitative chemical analysis of the two pellets were performed using an insitu EDS detector fitted to the in-house XL-30 FEG SEM. Using an acceleration voltage of 30
kV, EDS spectrums were collected for both compounds. The collected EDS spectra (not
shown) did not show indications of any chemical impurities. All peaks could be identified to
be coming only from La, Mn, Ni, Re or O. It is known that the intensity of the peaks in the
EDS spectrum contain quantitative information of the corresponding elements. An in-built
software algorithm of the EDS system was used to first subtract a background intensity arising
due to the Bremsstrahlung radiation. Thereafter the algorithm performs a fitting analysis of
the peaks and uses the integrated area of the peaks to internally calculate the concentrations
of the individual elements.
The output of the quantitative analysis for LMRO and LNRO are shown in Table 4.4 and 4.5
respectively. The columns marked in red show the atomic concentrations for Mn, Re, La and
Ni, Re, La in the two pellets to be 24.33 %, 23.38 %, 52.29 % and 27.02 %, 23.82 % and
50.16 % respectively. Considering that the EDS analysis contains an error bar of up to 5 %,
the two prepared targets for LMRO and LNRO growth are both found to have the intended
2:1:1 stoichiometric ratio for the A:B:B’ cations within the limits of error of EDS analysis.
The pellets were then cleaned under a stream of pressurized air to remove any dust particles
and later glued onto a standard metallic target holder for further use in PLD using a
commercially available organic based silver glue.
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4.4. Thin film growth and characterization
Over the past decade, pulsed laser deposition has been well established as an effective
technique for thin film growth and a way to stabilize also those materials that have been
previously inaccessible in bulk due to their meta-stable nature. The key advantage of the PLD
process is its ability to provide a stoichiometric transfer of elements from the target on to the
substrate. It is thus a best suited technique to epitaxially stabilize multi-cation systems such as
La2MnReO6 and La2NiReO6. In order to roughly identify the good range of parameters that
would be suitable for the growth of LMRO and LNRO film, one can construct a pressuretemperature phase diagram in accordance with the equation:
log ž O7 = Ÿ I ¡ Y]
Where α and β are calculated constants from the standard enthalpy and entropy of formation
of compounds. We plot the points for various accessible pressures and temperatures for all
possible oxidation states of the component cations. The curves so obtained are effectively the
boundaries of stability between higher and lower oxidation states across a redox equilibrium.
The factors Ÿ and

for different redox systems of all cations involved in this study as taken

from Ref. [128] are listed in Appendix 1. Such a pressure temperature stability diagram can
provide good indications on whether an oxidizing or reducing atmosphere is suited for a
particular cationic system and if so, how strongly oxidizing or reducing. Besides an
approximate idea of the good growth temperature range can also be extracted. Fig. 4.6 (a)
and (b) show the as constructed P-T phase diagrams for LMRO and LNRO respectively. Both
cases show a rather similar range of thermodynamic stability (shaded in Red) which in terms
of oxygen partial pressure is mainly governed by boundaries of reduction of Re4+ to metallic
state and its oxidation to the 6+ state. In spite of these limits, what is promising to note is the
possible co-existence of a stable 2+ region for both Mn and Ni overlapping with the Re4+
region. This is primarily a promising sign that the 2+ - 4+ states for the two 3d-5d cationic
systems is thermodynamically favorable and achievable. In addition to the thermodynamic
equilibrium boundaries, what further narrows down the possible P-T region is the general
limits of standard working pressures and temperatures accessible in the PLD system.
Following the PLD growth literatures for similar material systems where there is greater
tendency of a cation (such as Re4+) to go to multiple higher oxidation states, reductive oxygen
pressure regimes have been successfully employed. These regimes often lie in range of 10-2
Torr at the upper limit and vacuum growth or base pressure limit around 10-8 Torr for the
lower boundary (marked by horizontal red-dashed lines). Standard temperature boundaries
for high quality crystalline growth in PLD often lie between 500˚C and 900˚C (or higher).
3d – 5d double perovskites : La2MnReO6 and La2NiReO6
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Fig. 4.6 Thermodynamic phase stability diagram for different oxidation states of Mn-Re (a) and Ni-Re (b)
(Derived based on inputs from Ref. [128]).
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This has been marked by the vertical red-dashed lines. Based on these theromodynamic and
technical boundary condition, we were able to narrow down the growth window for
experimental trails. However, one needs to keep in mind the fact that PLD involves a
kinetically dominant process due to which optimum conditions may eventually be slightly
shifted from the thermodynamically determined values.
After approximately identifying the growth window from the above phase diagrams,
individual sets of studies were undertaken towards the thin film growth of LMRO and LNRO.
In case of LMRO, film growth was performed by A. Kulkarni as part of a Master thesis project
supervised within this work (Ref. [177]). For both LMRO and LNRO, several films were
grown spanning across the identified growth window (Pressure range: 10-2 to 10-6 Torr;
Temperature range: 500 - 900˚C. Optimization of growth parameters were done based on
phase purity and crystalline quality of the films. Single crystalline cubic strontium titanate (a
= 3.905 Å) was chosen as a substrate. From the theoretically derived monoclinic structures
for bulk LMRO and LNRO (Fig. 4.3 (a) and (b)), their pseudocubic Mn-Re and Ni-Re lattice
parameters were found to be in the range of 3.94 to 3.99 Å along the in-plane axes. Considering
these lattice parameters, a lattice mismatch ranging up to 2.1 % can be expected. Thus an inplane compressive strain is expected for the heteroepitaxy of both LMRO and LNRO on STO.
Other commercially available substrates such as DyScO3 (~3.95 Å), GdScO3 (~3.97 Å) and
SmScO3 (~3.98 Å) have comparatively closer in-plane lattice parameters to the calculated
bulk LMRO and LNRO parameters. However, due to their paramagnetic nature, magnetic
characterization of the film with laboratory techniques such as SQUID magnetometry becomes
difficult as the large paramagnetic moment overshadows the small magnitude magnetic signal
coming from the film material. This is one of the important reasons behind choosing the
diamagnetic STO substrate, where the diamagnetic moment arising from the substrate can be
easily subtracted from the film signal. Growth of LMRO and LNRO films on alternative
substrate materials was not performed within the scope of this work and is certainly an
interesting topic for future studies. In addition to pressure and temperature another important
PLD parameter namely fluence or the laser energy density was also varied in the range of 0.5
to 2 J/cm2 during the optimization runs. At the end, a fluence of 0.8 J/cm2, a repetition rate
of 2 Hz, substrate temperature of ~750 ˚C and an oxygen background pressure 10-5 Torr
were found to be the most optimum growth conditions for both LMRO and LNRO (Table.
4.6). Based on the observations made from the phase diagrams in Fig. 4.6 (a) and (b), it is
not unusual that films of both materials grow best at similar pressure-temperature conditions.
Besides, the only differing factor between LMRO and LNRO is the B-site cation: Mn or Ni.
Since both these belong to the same 3d period with only a small difference in their atomic
3d – 5d double perovskites : La2MnReO6 and La2NiReO6
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masses, will have similar ablation characteristics, and therefore does not greatly differ in
terms of their required optimum fluences.
Table 4.6 Optimized parameters for PLD growth of epitaxial LMRO - LNRO thin films on single crystalline
STO substrates.

Optimized growth parameters for LMRO & LNRO thin films
PLD Parameter

Optimum value

Background pressure

1 x 10-5 Torr of Oxygen

Oxygen Flow

1 sccm

Substrate temperature

750˚C

Laser fluence

0.8 J cm-2

Laser pulse frequency

2 Hz

Excimer laser used

248 nm KrF laser

Laser spot size

3 mm2

Fig. 4.7 shows results of basic structural characterization performed on a representative
LMRO thin film grown on (001) oriented STO substrate grown under the optimized growth
conditions. The STO substrates used for the depositions were subjected to the established
buffered-HF acid etching and subsequent annealing procedure as discussed in section 2.1.1. in
order to obtain an atomically smooth single terminated surface. Fig. 4.7 (a) corresponds to an
XRD out-of-plane 2θ – ω scan of the LMRO film. From the graph, it can be noted that the
peaks corresponding to the LMRO film appear at lower 2θ values than the corresponding
substrate peaks. This indicates a larger out-of-plane lattice constant for the LMRO film as
compared to the substrate. This is consistent with the in-plane compressive strain expected for
the heteroepitaxy on STO. For the film, only peaks corresponding to the (00l) family are seen,
thereby indicating that the LMRO films grow with a preferential (00l) orientation on the
(001) oriented STO substrate. Within the resolution limit of the diffractometer, no other
peaks corresponding parasitic phases or mixed orientations were observed in the films. From
the 2θ values of the LMRO (00l) reflections, an out-of-plane pseudo-cubic lattice parameter
(cpc) of the LMRO film was found to be 4.02 Å. Fig. 4.7 (b) shows a RHEED pattern recorded
from the surface of the LMRO film at the end of the growth process. A streaky pattern was
observed from the start of the growth till end.
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Fig. 4.7 (a) ¨ I ©¨ XRD pattern of a 16 nm think LMRO film grown on STO (001) substrate as measured
with a Cu ª« source; (b) RHEED pattern recorded for the surface of the as grown LMRO thin film towards
the end of the deposition sequence; (c) Enlarged view of the ¨ I ©¨ XRD pattern around the LMRO (004)
reflection; (d) Rocking-curve (ω-scan) of the LMRO (004) reflection which has a FWHM of 0.05˚.i

This indicates a stepped-flow growth mode for the LMRO films. An enlarged view of the
LMRO (004) peak (Fig. 4.7 (c)) indicates the presence of Laue oscillations in the vicinity of
the main peak suggesting a coherently grown film. From the periodicity of the oscillations,
thickness of the film could be estimated according to the equation:

¢Å¤ =

i

‰ Å
2 ∙ [sin ‡¦ I sin ‡¦4] ]

Fabrication of LMRO films and some LMRO measurements (XRD, SQUID magnetometry, R-T) were performed by A. Kulkarni –
a Masters student supervised under this project during WiSe: 2014-15.
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Where λ is the wavelength of the X-ray radiation. ‡¦ and ‡¦4] correspond to two consecutive
Laue oscillation peaks, which are to be taken in radians. A calculated thickness value of 16 nm
was consistent with the thickness calculated from the Fourier transform of the oscillations in
an X-ray reflectivity measurements (XRR) on the same film. The XRR determined density of
the film was found to be 7.05 g/cc which is close to the estimated theoretical density of 7.73
g/cc for LMRO. Fig. 4.7 (d) shows a rocking curve scan performed on the LMRO (004)
reflection which had a narrow full-width at half maximum (FWHM) = 0.05˚. Thus the film
can be noted to have a low mosiacity.

Fig. 4.8 (a) ¨ I ©¨ XRD pattern of a 40 nm think LNRO film grown on STO (111) substrate as measured
with a Cu ª« source; (b) RHEED pattern recorded for the surface of the as grown LNRO thin film towards
the end of the deposition sequence; (c) Enlarged view of the ¨ I ©¨ XRD pattern around the LNRO (222)
reflection; (d) Rocking-curve (ω-scan) of the LNRO (222) reflection which has a FWHM of 0.08˚.
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Similarly Fig. 4.8 shows set of basic structural characterization performed on an LNRO thin
film deposited at the optimized growth conditions. An XRD 2θ – ω scan of the LNRO film on a
(111) oriented single crystalline SrTiO3 (STO) substrate is shown in Fig. 4.8 (a). Only peaks
corresponding to the (111) orientation of the LNRO film can be seen which confirms a single
oriented growth. The LNRO film was found to have a d(222) = 2.31 Å in comparison to the
corresponding d(111) = 2.25 Å of the STO substrate. Thickness of the film as calculated from
XRR was found to be 40 nm. From the critical angle for total reflection in the XRR scan, the
density of the LNRO was found to be 7.18 g/cc in comparison to the calculated theoretical
density of 8.12 g/cc. Within the resolution limit of the XRD system, there were no stray peaks
or reflections observed, thereby indicating a phase purity of the thin film. A RHEED pattern
recorded by directing an intense focused electron beam on the LNRO film surface during the
PLD growth of the film, showed a spotty pattern all though the growth process. This indicates
that the Volmer-Weber type or the growth by island formation is the active growth
mechanism in this case. In comparison to LMRO, a (111) oriented STO substrate was
preferred to stabilize epitaxial LNRO thin films instead of the using (001) substrate. This is
because repeated attempts to grow LNRO on (001) oriented STO led to multiple orientations
or textured films. A magnified view of the LNRO (222) reflection is shown in Fig.4.8 (c). In
comparison to LMRO films, LNRO films did not show any Laue oscillations indicating a
comparatively inferior crystalline quality of the film. This is also corroborated by the rocking
curve scan (Fig. 4.8 (d)) performed on the LNRO (222) reflection which showed a
comparatively higher FWHM of 0.08˚ indicating higher mosiacity as compared to LMRO films.
It is also observed that the rocking curve scan for LNRO has a comparatively larger diffuse
background intensity which corresponds to a higher defect / dislocation density in the film
which can be expected as an ideal 2D layer-by-layer growth mode was not achieved in the
case of LNRO. From the literature on heteroepitaxy of various perovskite materials, it is noted
that growth of very high quality epitaxial films on (111) oriented STO substrates is essentially
challenging due to the polar nature of its surface.178,179 In this context, the achieved LNRO
film quality via heteroepitaxy on STO (111) surface can be considered fair.
In addition to the above basic structural characterization, XRD reciprocal space mapping
(RSM) was carried out to investigate in-plane lattice parameters and strain state of the LMRO
and LNRO films. A schematic crystal structure of the La2BReO6 (B = Mn/Ni) compounds in a
pseudocubic form is displayed in Fig. 4.9 (b) for visualization, wherein the MnO34- (Lavender)
or NiO34- (Yellow) octahedra are arranged alternatingly with the ReO32- (Green) octahedra in
a checkerboard fashion resulting in the rock-salt type of ordering. Fig. 4.9 (a) shows an RSM
intensity contour map recorded in the vicinity of the STO (103) reflection. As is evident in the
3d – 5d double perovskites : La2MnReO6 and La2NiReO6

115

plot, the substrate and the LMRO film peaks are aligned along the vertical axis at -· =

0.2561 ÅY] . The corresponding in place d-spacing obtained from the reciprocal lattice was

found to be ~3.905 Å which is the cubic lattice parameter of STO. Thus the LMRO film
appears to be have an in-plane lattice fixed to that of STO. RSMs were also recorded around
the STO 103 , 013 and 013 reflections (not shown). All 4 measurements showed a
similar contour pattern with equivalent peak positions on both the parallel and perpendicular

axes, thereby ruling out any orthorhombic distortions in the film. Thus from the collective
structural analysis, it can be inferred that the LMRO films grown on the (00l) oriented
substrates are fully strained across the thickness of the film with in-plane lattice parameters
locked-in to that of the cubic STO lattice parameter. The out-of-plane lattice parameter is
larger as compared to that of STO thereby yielding a tetragonal like structure of the LMRO
thin films. The epitaxy of the LMRO film can thus be concluded to be cube-on-cube type with
no

in-plane

rotations

thereby

giving

an

epitaxial

relationship

of:

001 [100]LMRO || 001 [100]STO.

Fig. 4.9 (a) An XRD-reciprocal space map (RSM) recorded around the (103) reflection of the (001) oriented
STO substrate with an epitaxial LMRO film; (b) Pseudocubic representation of double perovskite La2MReO6
(M = Mn or Ni), wherein the MnO34- (Lavender) or NiO34- (Yellow) octahedra are arranged alternatingly
with the ReO32- (Green) octahedra in a checkerboard fashion resulting in the rock-salt type of ordering; (c)
XRD-RSM recorded around the (112) reflection of the (111) oriented STO substrate with an epitaxial LNRO
film.

Similarly a reciprocal space map recorded for the 40 nm thick LNRO film grown on a [111]
oriented STO substrate is shown in Fig. 4.9 (c). The intensity contour map was recorded in
the vicinity of the STO (112) reflection. The LNRO film peak was observed to be more diffuse
and stretched across a range of -· values that can be indicative of more defects and a possible
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gradient in the strain state of the film. The LNRO film peak and the STO substrate peak also
do not appear to be aligned along the vertical axis. Taking the centered value of the LNRO
film peak, the film was found to have a smaller -· = 0.2068 ÅY] as compared to the STO

substrate -· = 0.2091 ÅY]. This can be indicative of a partially relaxed state of LNRO films on

the (111) STO substrate.
Collectively from the above structural characterizations, it is encouraging to note that: in spite
of their meta-stable nature, an epitaxial phase stabilization could be achieved for both LMRO
and LNRO using the thin film approach. Among the two, it was observed from the
optimization studies that, a reproducible 2D growth and higher crystalline quality could be
better achieved in LMRO than in LNRO.

4.5. Investigation of chemical order
In the preceding chapters, we have established the importance of the B-site chemical ordering
in double perovskite thin films in order to achieve functionalities such as magnetism.
Magnetism in double perovskites is commonly achieved by the coupling of the B and B’ cation
via exchange interactions along the B-O-B’ chains. Rock-salt type of ordering where the B and
B’ cations occupy their octahedrally coordinated sites in a alternating fashion in all three
directions allows for such a type of B-O-B’ interactions. As it was observed in chapter 3, such a
type of B-site order creates alternating pattern of planes along pseudo-cubic [111] direction
which leads to creation of a superstructure or doubling of the unit cell. In order to check for
the presence of such a superstructure we grew a film of LMRO on [111] oriented STO
substrate via PLD. Figure 4.10 (a) shows 2θ – ω scan of the [111] oriented LMRO film. In
addition to the (hhh) peaks of the STO substrate, we also observed the (hhh) peaks
corresponding to the LMRO film. In addition to the fundamental perovskite sub-cell (222)
reflection, a distinct peak corresponding to the expected super-structure or unit-cell doubling
was also observed. The superstructure peak was found at a 2θ value of 19.27˚ which as per
Bragg’s condition, corresponds to a d – spacing of 4.60 Å, which is twice the d – spacing
corresponding to the fundamental (222) peak of 2.30 Å. Similarly 2θ – ω scan of the (111)
oriented LNRO film (same sample as in section 1.4) is once again plotted together in Fig. 4.10
(b) for comparison. As in the case of LMRO, the [111] scan of the LNRO film also shows
presence of a distinct superstructure peak at a nearly similar 2θ value of 19.24 ˚. Apart from
the odd and even (hhh) peaks, no other peaks were found for both LMRO and LNRO
indicating the absence of any stray impurity phases.
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Observation of a distinct superstructure reflection along the [111] direction in both LMRO
and LNRO could be taken as a first fingerprint of a spontaneously achieved B-site ordering.

Fig. 4.10 ¨ I ©¨ XRD patterns of (a) LMRO and (b) LNRO thin films deposited on (111) oriented STO
substrates, depicting the observation of a (111) superstructure peak in addition to the fundamental
perovskite (222) reflection.

However, one of the important findings of chapter 3 must be taken into consideration here.
Through systematic evaluations on a representative system such as BFCO, it was shown that a
mere observation of the superstructure peaks may not be a sufficient proof of chemical order,
particularly in systems where structural distortions such as cation shifts can also cause a
similar doubling of the unit cell. Thus evaluation of chemical order particularly in the thin
films of double perovskite needs a holistic or collective experimental approach to confirm the
presence of the chemical ordering. The unit cell in systems such as BFCO, are more prone to
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distortions such as cation shifts because of the presence of a lone-pair active species such as
the Bi3+ cation. Absence of such a stereochemically active species in both cases of LMRO and
LNRO reduces the tendency of this complication. Besides existence of a larger
difference/contrast in the ionic radii and Z (atomic number) of the two B-site cations, allows
us to use other direct visualization techniques such as high resolution electron microscopy to
detect the chemical ordering at an atomic level. As it has been observed in case of BFCO and
other similar double perovskites, characterization of functionalities such as magnetism and
magnetic coupling also shed valuable light on the state of the B-site ordering. Based on these
considerations, a multi-sided experimental approach has been used in the case of LMRO and
LNRO to establish the presence of a spontaneously achieved chemical ordering in the thin
films. These have been elaborated in the following sections.
In the case of LMRO, there is larger difference in ionic radii of the two B-site cations: 0.83 and
0.63 Å for Mn2+ and Re4+ respectively. This in addition with the Z contrast (Mn-25 and Re75) makes it a suitable system to investigate chemical ordering via a Z sensitive imaging
technique such as the high angle annular dark field – scanning transmission electron
microscopy (HAADF-STEM). Also the higher crystalline quality of the LMRO films is expected
to provide for better quality imaging at the atomic resolution. Figure 4.11 shows a set of
images obtained from the atomic resolution HAADF-STEM and STEM-EDS imaging performed
on the [00l] oriented LMRO film grown on the (001) STO substrate. Sample preparation and
imaging were performed within the electron microscopy group of Prof. Joke Hadermann at
the University of Antwerpen, Belgium. A cross-sectional lamina of the LMRO sample was cut
along the [110] zone was taken for the imaging.
Figure 4.11 (a) shows a HAADF-STEM image of the LMRO film and its interface with the STO
substrate. The hetero-epitaxial interface between LMRO and STO was mostly found to be
smooth and sharp through most parts of the sample. At the interface, the substrate is found to
end with a Ti-O2 layer and the film is found to start with an La-O layer. This is expected, as
the STO substrate, prior to deposition, was subjected to a buffered – HF etch process in order
to create an atomically smooth single terminated surface. Fig. 4.11 (b) shows a magnified
view of a portion of the LMRO film away from the interface. Since the brightness of the
intensities of the atomic columns on HAADF-STEM images are proportional to the average
atomic number along the columns (I~Zn, 1.5<n<2.0), the (B, B’), columns with Re atoms
will be brighter than the columns with Mn atoms. The layers of La-cations will have a
constant brightness. Using this knowledge, one can easily recognize the layers with (B, B’)
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cations in the image. A portion of the magnified image is further enlarged and shown as an
inset on the left side of Fig. 4.11 (b).

Fig. 4.11 (a) A HAADF-STEM cross-sectional image of an LMRO film grown on a (001) oriented STO
substrate depicting a sharp and atomically smooth interface of the film with the substrate; (b) A magnified
view of the [110] zone of the LMRO thin film away from the interface, (inset) – enlarged view of atomic
columns depicting the expected intensity/brightness variation pattern corresponding to the B - site chemical
order; (c) STEM-EDS mapping of the [110] zone, visually demonstrates the expected checkerboard pattern
of the Mn-Re rock-salt ordering. [STEM-EDS cation colour code: La (Red), Mn (Green) and Re (Blue)].

A repeating pattern of varying atomic image intensities can be distinctly seen along both
[001] and [110] directions. A schematic pattern of La, Mn and Re atoms, displayed next to
the inset demonstrates the observed arrangement of the atoms in the LMRO film. As the
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images show the [110] zone, this alternation pattern is in agreement with rock-salt order of
the B (Mn2+, Re4+) cations in the film. Close to the interface, and stretching up to two
monolayers of the LMRO film, such an alternation was not observed which indicates a B-site
disorder in the initial monolayers of the film. The disorder of the B cations close to the
interface has been commonly observed in independent studies of epitaxial thin films of
various (3d-3d / 3d-4d / 3d-5d) double perovskites.61,63,180,181 So far, it is believed to be caused
by complex interactions of competing surface energies of the species and/or due to surface
defects/mixed terminations at the substrate surface. Setting aside the two initial monolayers,
the ordered pattern of atoms in the majority bulk of the film was observed in similar imaging
performed at multiple locations in the film confirming a long range ordering of the Mn-Re
cations.
Qualitative identification of the atomic columns was further probed via atomic resolution
STEM-EDS mapping. Red, green and blue colours were chosen for the individual EDS maps of
La, Mn and Re respectively. The image as obtained from the cumulative EDS mapping is
shown in Fig. 4.11 (c). A checker-board type alternating arrangement of the green and blue
colours corresponding to Mn and Re atoms respectively, can be clearly seen in this atomic
resolution image. This pattern unambiguously confirms the desired rock-salt type ordering of
the Mn-Re cations. Continuous rows of atoms in red correspond to the A-site lanthanum
atoms. Among the green and blue columns, some green columns appear to be a duller green
or little bluish and some blue columns appear to be dull blue or a tad greenish. This effect
arises from the possible presence of anti-site defects along that atomic column where a
rhenium atom is misplaced at a manganese site and vice-versa. But considering that the
expected original colours for the atomic columns is largely retained in the pattern and a
similar observation recorded at several measurement locations in the sample, the overall
amount of anti-sites can be confirmed to be low.
The STEM-EDS analysis was also used to determine the stoichiometry of the LMRO films. The
chemical composition was quantified on 50 different regions of a LMRO film at low
magnification and out of [110] zone axis, by using Sprit 1.9 BRUKER software. The overall
composition of the film according to STEM-EDX is La2.00Mn0.99Re1.02Ox which is in good
agreement with the nominal composition of the double perovskite La2MnReO6.
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4.6. Functional characterization

The most important functionality of interest in this study of LMRO and LNRO double
perovskites is their magnetic properties. Coupling of the uncompensated spins of the two Bsite transition metal cations is expected to yield a sizeable magnetization in both the
compounds. In LMRO, Mn2+ with a 3d5 configuration couples with the 5d3 Re4+. If we
consider a B-site spin only moment, a total magnetization of 8 µB/f.u. can be expected for a
ferromagnetic coupling of the Mn-Re spins, and 2 µB/f.u. is expected for the case of
ferrimagnetic order. Similarly in the case of LNRO, 3d8 Ni2+ can couple with the 5d3 Re4+ to
result in a spin only moment of either 5 µB/f.u. or 1 µB/f.u. for a ferromagnetic or
ferrimagnetic ordering respectively. A more precise theoretical estimation of the overall
magnetization (including spin-orbit coupling) for the ferrimagnetic case yielded 2.90 µB/f.u.
and 0.80 µB/f.u. for LMRO and LNRO respectively.
In order to characterize the overall magnetization of the LMRO and LNRO thin films, we used
a Quantum Design MPMS system which via SQUID magnetometry is capable of measuring
magnetization as a function of applied field and temperature. The system allows for applying
field up to a maximum of 6 Tesla and the measurable temperature range is between liquid
helium temperature of 4 K and little above room temperature (~330 K). Fig. 4.12 (a) shows a
plot of the overall magnetization measured as a function of the field (applied in the plane of
the samples) at low temperature (20 K) for both LMRO and LNRO. Both compounds show a
well-defined hysteresis loop and indicate the presence of a finite magnetization. As evident
from the hysteresis curves, LMRO was found to have a harder magnetic state as compared to
LNRO with a high coercive field ~ 6200 Oe. After subtracting the diamagnetic contributions
of the STO substrates, saturation magnetizations of 2.2 µB/f.u. and 0.38 µB/f.u. was recorded
for LMRO and LNRO respectively.
Comparing these magnetizations with the theory, it is evident that the observed values clearly
deviate from the expected magnetizations for a parallel alignment of the B-site spin sublattices and hence ferromagnetic order can be ruled out. The magnetizations rather match
well with the ferrimagnetic order including spin-orbit coupling as estimated by theory. This
can be noted as an experimental confirmation of the DFT calculations which found
ferrimagnetism to be the more stable ground state magnetic order for both compounds with
lower total energies of the order of ~ 433 meV/f.u. as compared to their ferromagnetic
counterparts.
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Fig. 4.12 (a) Magnetization vs. field curves measured via SQUID magnetometry for LMRO and LNRO thin
films at T = 20 K, showing well-defined hysteresis loops for both; (b) Field cooled magnetization vs.
temperature curve (measured under an applied in-plane field of 0.05 T) of an LMRO thin film with a
transition temperature of 180 K; (c) Field cooled magnetization vs. temperature curve (measured under an
applied in-plane field of 0.05 T) of an LNRO thin film with a transition temperature of 200 K.

In comparison to the negligible magnetic response observed for the B-site disordered 3d-3d
double perovskite BFCO in chapter 3, the magnetizations observed in both LMRO and LNRO
are stable and significant. This is a promising prospect and further confirms the 3d-5d cation
ordering discussed in section 4.5. Now, considering the theoretical values for the
ferrimagnetically ordered LMRO (2.90 µB/f.u.) and LNRO (0.80 µB/f.u.), the experimentally
observed values are comparatively smaller for both compounds. This difference can either
arise due to an overestimation by theory (which is likely, as nonlocal correlations are not
considered in our DMFT calculations) and/or also due to some degree of B-site cation
disorder or anti-site defects.
As discussed in the introductory sections of this dissertation, anti-site defects are deviations
from the ideal rock-salt order of the B / B’ cations and result when a B cation is misplaced at a
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B’ site or vice-versa. The anti-site defect concentration in a double perovskite sample can vary
from zero to 50 %. A zero anti-site defect concentration refers to an ideal fully ordered double
perovskite. Starting from a fully ordered double perovskite misplacing every one B-site cation
creates two defect sites and thus 50 % anti-site defect concentration corresponds to a fully
disordered case. Existence of direct correlations between anti-site defects and properties such
as magnetization have been reported in a large number of studies on double perovskites. In
fact, several studies, both experimental as well as theoretical modelling on similar
ferrimagnetic double perovskite systems have concluded presence of a near linear relationship
between the anti-site defect concentration and magnetization.29,182–184 By applying a similar
model to this study, we found the anti-site defect concentrations in LMRO and LNRO thin
films to be 12 % and 26 % respectively. Here it is important to note that these defect
concentrations were calculated with respect to an overestimated theoretical value of total
magnetization (derived from DMFT) and in reality the defect concentrations in our films
should to be smaller (for example, performing a similar calculation with respect to the
theoretical magnetization reported for analogous compounds BMRO and BNRO (Table 4.2)
yields lower anti-site defect concentrations of 4 % and 17 % for LMRO and LNRO
respectively).4 Based on above evaluation, the degree of ordering in our LMRO and LNRO
films is estimated to be > 76 % and > 48 % respectively. However, it is to be noted that this
approximate evaluation provides a lower limit and the degree of ordering should be larger in
reality. A more precise estimation of the degree of ordering could be done if a fully ordered
thin film sample or single crystals were available as a reference.
The temperature dependences of magnetization for LMRO and LNRO are shown in Fig. 4.12
(b) & (c). Both curves show a distinct transition to the paramagnetic state. Transition
temperatures of 180 K and 200 K were recorded for LMRO and LNRO respectively. Comparing
the observed magnetic transition temperatures to the theoretically estimated values by Ležaić
and Spaldin for the analogous compounds BMRO (330 K) and BNRO (360 K) as listed in
Table 4.24, it is seen that the observed values follow a similar mutual trend as the theoretical
values for the Mn-Re and Ni-Re compounds.
Theoretical calculations also indicated a possibility of a significant orbital contribution to the
overall magnetization, considering the presence of heavy transition cation like rhenium.
Quantitative estimations and disentanglement of spin and orbital moment can be realised via
advanced synchrotron based and element sensitive magnetic characterization technique such
as X-ray magnetic circular dichroism (XMCD). We thus performed XMCD measurements on
both the LMRO and LNRO samples in order to qualitatively and quantitatively characterize
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the magnetic state of the Rhenium in the two compounds. Since the element sensitive XMCD
measurements on the 5d metal Rhenium uses excitation at the L2,3-edges for analysis, which
lie in the energy range of 10 to 12 KeV, we had to use hard X-rays for the experiment. Thus all
the XMCD measurements on both samples were performed at the hard X-ray circular
polarization beam line at the European Synchrotron Radiation Facility (ESRF) in Grenoble.
Measurements were performed at 20 K within a superconducting electromagnet capable of
producing magnetic fields up to 17 Tesla.
For the measurements, the energy of the intense incident beam of X-rays was scanned across
the absorption edge, while the spectra were recorded using the total fluorescence yield
detection mode. The corresponding XMCD signals at the edges were generated by taking the
direct difference between two consecutive absorption spectra scanned with opposite helicities
of the incident X-rays. Data were also collected for both directions of the applied magnetic
field in order to free the XMCD spectra of any artefacts. The obtained spectra were
normalized, and the edge jump ratio was corrected to 2.20/1, as per Ref. [185].
Fig. 4.13 (a) and (c) show plots of the normalized X-Ray absorption spectra recorded at the
Re L2,3-edges for the LMRO & LNRO films respectively. As observed, for both the edges and
also for both cases of LMRO and LNRO, the measurement range could not be extended much
beyond the edges, due to the detection of extremely intense diffraction peaks of the STO
substrate in the spectra, which greatly hindered our measurements. The L2 and L3 edges
correspond to the transitions 2Ô]/7 → 5 and 2Ô”/7 → 5

transitions respectively. The

normalised spectra of the recorded XMCD is also correspondingly plotted (black-red) for the
L2 and L3 absorption edges in Fig. 4.13 (a) & (c).
In case of LMRO (Fig. 4.13 (a)), a clear and sizeable XMCD signal is recorded at both the
absorption edges which indicates presence of a significant local magnetic moment at the Re
site. The recorded XMCD signals showed consistent features with other similar measurements
at 5d L2,3 edges in double perovskite compounds.2,163 The XMCD signal at the L3 edge was
small and positive, where as a relatively large negative signal was recorded at the L2 edge.
The overall XMCD thus clearly indicated that the magnetic moment at the Re site aligns
opposite to the net magnetization of the compound consistent with the expected theory as
elaborated previously in Fig. 4.4 (c). Thus the negative magnetic moment at the Rhenium site
once again confirms the anti-parallel or ferrimagnetic coupling between the Mn and Re
moments, which is a favoured magnetic order arising from the Mn-O-Re exchange.186,187
Variation of XMCD signal as a function of the applied field was also measured at both L2 and
L3 edges for the LMRO film (Fig. 4.13 (b)). A distinct hysteretic curve as expected was
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observed at both the edges which are consistent with the magnetization curves measured with
the SQUID MPMS. Both the hysteresis loops showed a remarkably large coercive field up to
0.5 T.

Fig. 4.13 (a) Normalized XANES and XMCD spectra recorded for the LMRO film at the Re-L2,3 edges under
an applied in-plane field of 2 T measured at T = 20 K; (b) Normalized XMCD at the Re-L2,3 edges measured
as a function of the applied field at T = 20 K, showing a clear hysteretic behavior; (c) Normalized XANES
and XMCD spectra recorded for the LNRO film at the Re-L2,3 edges under applied in-plane field of 2 T
measured at T = 20 K.

The area integral of the intensities under the XMCD curves contain quantitative information
on the spin, orbital and total local magnetic moment of the specific element which can be
deduced via the so called ‘Sum Rules’.95,96 The sum rules established that the sum of the
integrated intensities under the XMCD spectra at both L2 and L3 edges is proportional to the
orbital moment (mL), and the difference between the integrated intensities at the L3 and twice
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the L2 edge is proportional to the spin moment (mS). Final values of the spin and orbital
moments are obtained by normalizing the integrated spectra to the White Line (peaks of the
absorption spectra) intensity and the number of 5d holes (nh). The 5d holes (nh) simply refers
to the number of unoccupied electron states in the 5d shell of the cation, in our case its Re4+.
Although in some experiments in literature, the nh value is theoretically derived by simulation,
its value can be approximately estimated to range across 7 (for Re4+) and 9 (for Re6+),
derived simply as (10 – number of electrons in d-shell). Taking the value of nh = 7 for the
Re4+ in LMRO and by applying the sum rules, we estimated the total magnetic moment to be 0.73 µB/Re corresponding to a spin moment mS = 0.90 µB/Re and an orbital moment of mL =
+0.17 µB/Re. Thus it is observed that there is a clear evidence of a significant and
unquenched orbital moment in Rhenium. Now, assuming a B-site only model, the magnetic
moment of the Mn-atom was deduced from the values of total magneitization as measured by
SQUID and the derived total moment of the Re atom. This was found to be 2.93 µB/Mn atom.
XMCD at the Re L2,3-edges were also recorded for the LNRO film under similar measurement
conditions as in the case of LMRO (Fig. 4.13 (c)). In comparison to LMRO, the recorded
XMCD signals were very weak. As observed in the plot, no significant XMCD was recorded at
the L3 edge. At the L2 edge, indications of a small negative peak similar to the L2 XMCD in
LMRO was observed. However the recorded XMCD signal in the case of LNRO is in the order
of 2 ∙ 10Y” or smaller (about 100 times weaker than in the case of LMRO), thus rendering it
unfit for quantitative estimations. Reasons behind the noisy and a weak measured XMCD
could be several. In some cases, insufficient sample quality or noisy measurements due to the
very intense and unsystematic Bragg peaks in the vicinity can be an issue yielding an
unfavourable signal to noise ratios. Variations in incident beam intensity on a particular
measurement day and occurrence of a beam refill in the middle of a measurement sequence
were also found to affect the measured signals. Besides these, there could also be other
intrinsic reasons such as competing magnetic interactions, which were reported for some
other nickel based 3d-5d double perovskites in the literature.188 However, further
investigations and additional synchrotron measurements may be required to more extensively
characterize the rhenium magnetism in LNRO.
A cumulative list of all theoretically calculated and experimentally observed magnetic
moments for LMRO and LNRO have been listed in Table 4.7 below.

3d – 5d double perovskites : La2MnReO6 and La2NiReO6

127

Table 4.7 Overview of theoretical and experimental recorded element specific and overall magnetic
moments for LMRO and LNRO.

Theoretical (DMFT)
Total
Re
Magnetization,
|M|
mspin
morbital
(µB/f.u.)
(µB/Re) (µB/Re)

Experimental

Mn or Ni

Total M,

mMn/Ni

(SQUID
measured)
(µB/f.u.)

(µB/Mn or Ni)

Mn or Ni
(MTot – mRe)

Re
XMCD
mspin

morbital

(µB/Re) (µB/Re)

mMn/Ni
(µB/Mn or Ni)

La2MnReO6

2.90

-0.96

0.30

3.56

2.20

-0.91

0.17

2.93

La2NiReO6

0.80

1.11

-0.45

-1.46

0.38

-

-

-

Besides the magnetic investigations, X-ray absorption spectra are also commonly used to
extract other qualitative information such as the chemical environment or the oxidation state
of the particular element. Particularly for determining the oxidation state, often either the Kedges or the L1 edges are analysed. It is known that these edges shift to higher energies with
increasing oxidation state. This happens due to the fact that the core shells become more
bounded due to oxidation because of which its energy becomes lower. Correspondingly the
final unlocalized states are not shifted much, therefore the energy gap for transition is more
which shifts the edge. Thus the position of the absorption edges can often be used as a
fingerprinting technique to determine the oxidation states. Although such shifts in the case of
the L2,3 edges are comparatively smaller, Tougerti et al.189 performed a systematic
experimental and simulation study on a series of Rhenium oxides in its different oxidation
states going from metallic to 7+. By comparing the features of the experimental and
simulated curves of the L1 and L3 edges, they documented the differences in the features of
the various spectra. By comparing with the outlined features of all the rhenium oxides in the
study, it is observed that our measured L3 spectra of both LMRO and LNRO is more in
agreement with that of ReO2. The absorption edge White Line characteristics of the higher
oxidation state such as 7+ appear significantly different and are positioned 2 eV higher in
energy. The 7+ state can thus be ruled out unambiguously. In terms of the edge position, the
L3 edge for both 4+ and 6+ have been noted to occur at similar energy. However, it is not
readily feasible for Rhenium to go into a higher oxidation state like 6+ within a
stoichiometric double perovskite environment of LMRO and LNRO. Since, Lanthanum has a
very stable 3+ state, Rhenium shifting to a higher oxidation state of 6+ would require
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Manganese/Nickel to go to a lower oxidation state than 2+ in order to maintain the electrical
neutrality. Now considering both Mn and Ni have no lower stable oxidation state (except for
going in to metallic state), and since no metallic Mn or Ni was detected, we consider 6+ as an
unlikely state for Rhenium here. Also worth noting is the fact that for a double perovskite
with a trivalent A-cation (like La2BB’O6), there can only be three different combinations for
charge states of B/B’ cations in order to maintain electrical neutrality of the compound,
namely – (a): 1+/5+; (b) 2+/4+; and (c) 3+/3+. Considering that 1+ and 5+/3+ are not
stable states of oxidation for Mn/Ni and Re respectively, options (a) and (c) can be ruled out
for a stoichiometric, electrically neutral double perovskite. Thus from the overall evaluation
derived above from multiple characterizations performed on the LMRO and LNRO films which
established stoichiometric films of fair crystalline quality, we consider 2+ & 4+ to be the
dominant oxidation state in our samples for Mn/Ni and Re respectively.
We next looked at the electrical properties of the films. The as measured electrical resistivity
as a function of temperature for LMRO and LNRO are shown in Fig. 4.14 (a) and (b)
respectively. The corresponding magnetization vs. temperature curves for both the samples
have also been overlaid in the plots for illustration purpose. In the case of LMRO, the
resistivity was measured under a standard 4-bar probe setting built with a Keithley 6221
Current source & Keithley 2182A Nanovoltmeter. We unexpectedly observed a sharp and
distinct metal-to-insulator transition at a temperature which appears to coincide with the
magnetic ordering temperature of the compound. In the paramagnetic regime (>180 K), the
LMRO film was found to clearly show a metal like variation in the resistivity. Below the
magnetic ordering temperature (180 K), the resistivity curve was observed to sharply rise up
to >1000 mΩ cm beyond which the resistivity values remained higher than the measurable
limit of the unit suggesting a stable insulating state. The film continued to be in an insulating
state all the way up to liquid Helium temperature. The observed behavior was reproducible in
LMRO thin films grown at the optimized conditions.
On the contrary the LNRO film was found to be insulating at room temperature, also with a
simple multimeter test. Due to its higher values resistivity, a two probe set-up using the
Keithley 6717B Electrometer was used to once again measure the resistivity as a function of
temperature. In comparison to the LMRO film, the insulating state was stable across the
magnetic ordering temperature and remained insulating in the entire measured range up to
room temperature.
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Fig. 4.14 (a) As measured temperature dependent resistivity for the LMRO film overlaid on an M vs. T plot
of the same film, depicting the a transition (red shaded region) from ferrimagnetic insulating to
paramagnetic metal state at a transition temperature ~180 K; (b) As measured temperature dependent
resistivity for the LNRO film overlaid on an M vs. T plot of the same film, depicting a persistent insulating
behavior of the film up to the measured temperature of 300 K.

To understand the origin of the observed differences in the electrical properties of these two
compounds, we take a look at the differences in their electronic configurations. Schematic
illustrations of the individual band structures of LMRO and LNRO under conditions below and
above the magnetic ordering temperature are shown in Fig. 4.15 (b) – (e). In general, the 5d
transition element - rhenium is known to be a non-magnetic metal (Fig. 4.15 (a)). When such
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a cation is placed in a double perovskite framework, under the influence of an exchange
interaction with the neighbouring magnetic 3d cations, the B-O-B’ superexchange leads to an
exchange split ferrimagnetic insulating state (Fig. 4.15 (b) & (d)).2 Now, in the case of LMRO
as shown in Fig. 4.15 (c), if we were to have a condition where the interactions due to the
magnetic order are broken (for instance when T > TC), The induced moment at the rhenium
site is expected to vanish, the rhenium t2g will no longer be exchange split and return to a
condition similar in Fig. 4.15 (a). In this state, should there be sufficient thermal activation
energy, the rhenium t2g states could hybridize with the like symmetry and empty t2g states of
the nearest neighbours, namely manganese and thereby lead to metallicity.

Fig. 4.15 Schematic band-structure sketches for (a) A free-standing Re4+ as a non-magnetic metal; (b) Mn2+Re4+ in LMRO in its ground state as a ferrimagnetic insulator; (c) Mn2+-Re4+ in LMRO above the magnetic
ordering temperature; (c) Ni2+-Re4+ in LNRO in its ground state as a ferrimagnetic insulator; (c) Ni2+-Re4+
in LNRO above the magnetic ordering temperature.

On the other hand, looking at a similar condition (T > TC) in the case of LNRO (Fig. 4.15 (e)),
the nearest neighbours Ni2+ owing to their 3d8 configuration, do not have empty states in the
t2g, due to which hopping of rhenium t2g electrons may not be as readily feasible as compared
to LMRO (or may require higher thermal activation energies). The nearest neighbours Ni2+
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have empty states in their eg levels, however hybridization of the rhenium t2g with the eg states
is forbidden by symmetry. Thus, LNRO can be expected to have a more stable insulating state.
On the other hand, a symmetry selective orbital hybridization above the magnetic ordering
temperature can lead to a metal-insulator transition as observed in LMRO.

Fig. 4.16 DMFT derived spectral functions for LMRO at low temperature - Ö×ØÙÚ
(a) and elevated
Ï
×ØÙÚ
temperature Ö©
(b); Corresponding spectral functions derived for LNRO at low temperature Ö×ÛÙÚ
(c)
Ï
and at elevated tempearature Ö×ÛÙÚ
(d).
©

In order to confirm these observations, LMRO and LNRO were treated within the dynamical
mean filed theory (DMFT), which has been established as a successful method to study the
electronic structure and properties of correlated materials. Here, we studied the variations in
the electronic structure of LMRO and LNRO as a function of temperature, particularly
observing the changes below and above the expected magnetic transition. Consequently Fig.
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4.16 (a) and (b) show respectively the representative images of the calculated electronic band
structures below and above the transition temperature. The observed low temperature
calculations for LMRO (Fig. 4.16 (a)) shows a consistent picture of the bands as expected for
its ferrimagnetic ground state. An observed band gap close to ~0.6 - 0.8 eV is of similar
magnitude as derived with DFT estimations of the DOS. When sweeping the conditions from
lower temperatures (¡]ÜÝÞ; <400 K) to higher temperatures (¡7ÜÝÞ; <500 K), we observed a
clear magnetic transition from a ferrimagnetic to a paramagnetic state. Interestingly, this
transition was also accompanied by a closing of the bandgap and appearance of finite bands
at the Fermi level leading to a metallic state (Fig. 4.16 (b)). This is consistent with the
experimentally observed metal insulator transition in LMRO.
Similarly, DMFT calculations performed on LNRO also showed at lower temperatures (¡]Ü»Þ;
<400 K), a consistent ferrimagnetic state with a commensurate band-gap as observed from
the DFT calculations (Fig. 4.16 (c)). However, in contrast to LMRO, no magnetic transition
was observed in LNRO by increasing the temperature up to 500 K. Upon going further higher
in temperature (¡7Ü»Þ; >500 K), we see that states similar to the case of LMRO begin to
appear at the Fermi level (Fig. 4.16 (c)). However, in contrast to LMRO, we observed that at
this state LNRO had not undergone a complete transition to a paramagnetic state. The state
had a persistent finite moment and thus bore characteristics of a magnetic bad metal.
Thus, several observations and inferences can be drawn from the findings of the DMFT
calculations. Firstly, the theoretical estimations of the magnetic transition temperatures were
found to be between 400 - 500 K for LMRO and above 500 K for LNRO. The mutual trend of
these theoretical values are consistent with the experimental observations which showed
¡ÇÜ»Þ; > ¡ÇÜÝÞ; . The ¡Ç trend is also consistent with theoretical estimations reported for
analogous compounds BMRO and BNRO in Ref. [4]. However, we find that the theoretical
values are higher as compared to experimental values. This is to be expected with our DMFT
treatment and is a consequence of not considering non-local correlations in the calculations.
The second important observation from the DMFT calculations is that it accurately captures
the observed insulator to metal transition observed in the case of LMRO. This transition
accompanies the magnetic transition of the compound to a paramagnetic state. Furthermore
there is also a collective indication from the DMFT calculations that the insulating state in
LNRO is comparatively more persistent with temperature in comparison to LMRO, consistent
with our inference from Fig. 4.15. Thus, from the overall analysis, there seems to be a good
agreement of the theoretical calculations with the experimental findings on LMRO and LNRO.
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5. Summary and outlook

• This study was conducted with purpose of identifying ferrimagnetic insulating phases
among double perovskite compounds and using the thin film approach to epitaxially
stabilize them as pure phases.
• Double perovskites of type A2BB’O6 have been noted as valuable framework for engineering
functionalities such as half-metallicity and high TC magnetism.1,2 Room-temperature
ferrimagnetic insulating double perovskites are few, but particularly interesting as viable
templates to achieve single phase multiferroism. Stabilizing these functionalities in thin film
form can find large scale device applications.
• The flexibility of the A2BB’O6 structure allows for several thousands of structurally feasible
double perovskite compounds. However, particular challenges have so far withheld a widescale exploration, namely (i) meta-stable nature of some compounds, (ii) requirement of
chemical ordering.
• With recent advancements in thin film technology, Pulsed Laser Deposition (PLD) has
emerged as technique of choice to grow thin layers of multi-cation oxides. It offers unique
possibilities of creating non-equilibrium material growth conditions and epitaxial strain
induced phase stabilization.
• Thus the PLD process can be an effective alternative route to overcome the synthesis
challenges associated with meta-stable double perovskites which may be bulk-inaccessible.
Recent studies have also reported the ability of spontaneous chemical ordering of the B-B’
cations in epitaxial layers grown by PLD.
• In spite of the advances, only small fraction of all experimentally realized double perovskites
have been adapted to thin films, while many others remain unexplored by both bulk and
thin film methods.
• Each double perovskite system is different from another; their constituting cationic species
can have mutually competing chemical and physical interactions which can complicate the
synthesis. Thus, significant simultaneous efforts involving large amounts trial and error
attempts as well as systematic study are required to uncover the potential of double
perovskites.
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Table 5.1 Summary of the theoretically predicted and experimentally realized magnetic properties for the
three double perovskites studied under this work.

Oxidation state & ionic
Material System

radii of

3d-3d

B-site cations

Bi2FeCrO6

M

TC

TC

Theory

Exp.

Theory

Exp.

2.00

0.06

µB/f.u.

µB/f.u.

100 K

–

0.80

0.38

µB/f.u.

µB/f.u.

>500 K

200 K

2.90

2.20

~ 400 -

µB/f.u.

µB/f.u.

500 K

3d-5d

La2NiReO6

M

La2MnReO6

180 K

• At start of this work, existing literature was surveyed to identify particular material systems
that held promising potential for a room temperature functionality among two families of
double perovskite compounds: 3d-3d and 3d-5d (the nomenclature refers to the elemental
periods from which the B and B’ cations are chosen)
• Electronic structure and the resulting functionalities of double perovskites are driven by the
coupling interactions of the B and B’ cations. Thus by systematically choosing the right
cation combinations, one can indeed engineer functionalities on demand in this framework.
136

Summary and outlook

• Subsequent to material selection, thin film approach via PLD along with theoretical
evaluation methods was used to undertake individual studies.
• Each of the work-lines (as elaborated below) yielded results that collectively help in
developing crucial insights concerning growth and characterization of double perovskite
thin films; in due process, interesting material systems and functionalities were discovered.

5.1. 3d – 3d double perovskites
• Literatures showed: 3d-3d systems are comparatively more studied among double perovskite
compounds; reason being the well documented and relatively simpler synthesis chemistries
involving 3d cations. Handling and processing of 3d compounds is also less complex
(compared to 5d counterparts)
• Magnetism in double perovskites - coupling interactions of the B-site cations along the the
B-O-B’ chains resulting in either a ferri-or ferromagnetic order. For multiferroic functionality
(ferroelectric+ferromagnet), common approach is to introduce stereochemical lone-pair
active cation such as Bi3+ at the A-site; resulting in type I multiferroism where polarization
and magnetization have individual sources.
• Based on the literature review: common drawback with most 3d-3d double perovskites is
low magnetic ordering tempearatures; curtailed room-tempearature functionality. Particular
exception to this was reported for compound Bi2FeCrO6 (BFCO)
• Although ab-initio density functional theory predicted TC < 100 K for BFCO, some
experiments reported stable magnetic order above room temperature; generating significant
interest. However, subsequent independent studies reported divergent observations: ranging
from negligible or no magnetization to as high as 5.2 µB/f.u.
• Drawing interest from above, BFCO was selected as system of choice - for study under 3d-3d
regime. Theoretical predictions for BFCO: ferrimagnetic ground state resulting from the
anti-parallel coupling of the 3d5 Fe3+ with the 3d3 Cr3+. Magnetization of 2 µB/f.u. Stable
ground state structure - R3 symmetry with rock-salt ordering of Fe3+ and Cr3+.36
• Preparation of a stoichiometric PLD target – possible via standard solid synthesis – sintering
in muffle furnace at 790˚C. Required stoichiometry Bi:Fe:Cr = 2:1:1 confirmed by EDS.
Subsequently thin films of BFCO, grown via PLD on single crystalline STO substrates.
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• Optimized thin films of BFCO: epitaxial, phase pure, fully strained with stretched c-axis
lattice parameter = 3.95 Å; Preferential (00l) growth on (001) oriented STO substrates; no
in-plane rotations; epitaxial relationship: 001 [100]BFCO || 001 [100]STO.
• XRD investigation of B-site chemical ordering: Distinct superstructure peaks (SPs)
corresponding to unit-cell doubling observed for both the (00l) and (hhh) oriented BFCO
films. However, upon careful examination: intensity of the (111)dpc SPs - found to be
suspiciously high, considering low electronic scattering contrast between Fe and Cr.
• From structure factor calculations: Intensity of SPs (I111) are function of B-site ordering and
the corresponding contrast in Fe-Cr scattering factors; whereas intensity of the sub-cell
peaks (I222) - independent of the order. Thus scattering contrast between Fe and Cr was
intentionally varied (i.e. by measuring under various accessible X-ray sources), while
analyzing corresponding changes to intensity of SPs.
• Key Finding 1: In spite of large changes in scattering contrasts (For Eg.: between Co-Kα and
Co-Kβ – estimated to cause seven fold jump in the SP intensity), no corresponding change in
intensity of SP. This confirmed presence of other possible origins of unit cell doubling.
• Key Finding 2: Systematic structural analysis undertaken to evaluate influence of different
crystal distortions on SPs. It was found that theoretically predicted distortions in BFCO cation shifts and octahedral distortions indeed have significant and larger contribution to
intensity of SP.
• Key Finding 3: As intensity of observed SPs did not follow the energy dependence of
anomalous scattering, ordering of Fe-Cr explicitly excluded as origin for observed
superstructure. Systematically ruling out each possibility, structural modulations involving
cationic displacements found to be most plausible origin of superstructure.
• Key Finding 4: In light of these findings, experimental discrepancies concerning magnetic
properties of BFCO was better understood. In this case, due to no or negligible B-site order,
extremely low magnetic moment of 0.06 µB/f.u. was recorded. Source of this residual
moment can be small amount of ordered phase or undetectable impurities.
Conclusions:
Epitaxy and phase purity were achieved for the chosen 3d-3d double perovskite BFCO in the
thin films grown via PLD. The films were fully strained and had a good crystalline quality. By
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means of a detailed structural analysis, it was found that Fe and Cr were not spontaneously
ordered; highlighting the need for ensuring larger contrast (of size and charge) in the
selection of B-site cations. Other types of structural distortion were found to cause unit cell
doubling in BFCO – observation of SP alone may not be a sufficient indicator of chemical
ordering. Thus an approach of using multiple experimental methods/tools for a holistic
confirmation of chemical order is recommendable for double perovskite thin films. As a
consequence of the Fe-Cr disorder, a small magnetic moment was observed for the BFCO thin
film.

5.2. 3d – 5d double perovskites
• 5d elements based compounds - more complex synthesis and handling procedures, due to
meta-stable/toxic nature of some. On the other hand, there are several advantages: using
3d-5d cations allows having larger contrast (in size and charge) of B-site cations; enhanced
spin-orbit coupling in 5d elements - noted to result in exotic physical functionalities.
• Several 3d-5d double perovskites: Sr2CrB’O6 (B’ = W, Re, Os) or A2FeReO6 (A = Ca, Sr, Ba),
among others, have been synthesized and known to have high magnetic ordering
temperatures. However, only few - realized in thin film form.
• For case of multiferroism, 3d-5d compounds were mostly neglected, due to rarity of
insulating phases among 5d compounds. Consequently, combination of 3d-5d DPs with
ferroelectric cations like Bi3+ at A-sites have been seldom studied.
• Motivated by finding of insulating ferrimagnetic state in Sr2CrOsO6, Ležaić and Spaldin
proposed by first principles density functional calculations, a prospective room temperature
multiferroic state in two compounds Bi2MnReO6 and Bi2NiReO6.4 These compounds have so
far evaded synthesis; 3d-5d combinations of Mn-Re and Ni-Re have been seldom reported in
literature.
• Drawing motivation from this, we chose Mn-Re and Ni-Re as our combinations of choice for
study under 3d-5d system. We chose the more stable trivalent La3+ as A-site cation. No
existing reports were found in literature. Understanding these elemental combinations and
establishing synthesis routes can further enable realization of full multiferroic functionality
along prospective series of La2BReO6 – LaxBi1-xMnReO6 – Bi2MnReO6 (B = Mn/Ni).
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• Theory: Structural optimizations and density functional calculations were performed. Stable
lowest energy structure: monoclinic; P21/n symmetry. Ground state: stable ferrimagnetic
insulating phase. In La2MnReO6 (LMRO): ferrimagnetic coupling of Mn2+ (3d5:
Re4+ (5d3:

”
7Ò Ò̀ )

” 7
7Ò Ò )

and

– expected spin only moment: 2 µB/f.u. In La2NiReO6 (LNRO):

ferrimagnetic coupling of Ni2+ (3d8:

• 7
7Ò Ò )

and Re4+ (5d3:

”
7Ò Ò̀ ),

expected spin only

moment: 1 µB/f.u.
• Ground state structure involves rock salt ordering of Mn2+/Ni2+ and Re4+ cations in both
LMRO and LNRO. Larger differences in ionic sizes of B-site elements (Mn2+: 0.83 Å; Ni2+:
0.69 Å; Re4+: 0.63 Å) and also the difference in their formal charge, are expected to
promote spontaneous ordering at the B-site.
• PLD targets for both LMRO and LNRO synthesized via evacuated sealed quartz tube
sintering method. Sintering temperature 800˚C yielded dense pellets. Required La:Mn:Re =
La:Ni:Re = 2:1:1 stoichiometry confirmed via EDS analysis.
• PLD grown thin films of LMRO on STO (001) substrates: epitaxial, phase-pure and good
crystalline quality. Films fully strained with stretched c-axis lattice parameter = 4.02 Å;
Preferential (00l) growth on (001) oriented STO substrates. Thin films of LNRO grown via
PLD on STO (111) substrates: epitaxial, phase pure and fair crystalline quality.
• (111)dpc superstructure peaks corresponding to unit-cell doubling distinctly observed for
both LMRO and LNRO. This is indicative of chemical ordering, provided no other unit cell
doubling distortions exist in accordance with Ref. [28]. Such distortions – more prevalent
and observed for systems involving ferroelectrically active cations like Bi3+.
• Since an unambiguous confirmation of chemical ordering demands holistic approach; using
multiple experimental tools and analyzing functional properties; atomic resolution imaging
via HAADF-STEM used to characterize a LMRO film. Observed intensity pattern was
consistent with atomic arrangement corresponding to rock-salt order. STEM-EDS mapping
at atomic resolution - a further confirmation of Mn-Re rock-salt order. Similar images
recorded at multiple locations: show consistent pattern – confirms long-range / high degree
of ordering.
• Key finding 1: Magnetic characterizations showed both LMRO and LNRO films have a
stable magnetic ground state as predicted in theory. Clear hysteretic behavior observed for
both films from measured magnetization vs. field curves at low tempearatures.
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• Key Finding 2: Saturation magnetizations of 2.20 µB/f.u. and 0.38 µB/f.u. recorded for
LMRO and LNRO – suggestive of a ferrimagnetic order. X-ray absorption spectroscopy
showed presence of a significant XMCD signal at the Re-L2,3 for LMRO confirming a definite
induced moment at the Re-site. Quantitative evaluation via sum-rules showed an
unquenched orbital moment on Re – site. Overall moment at the Re-site aligned opposite to
the external field, consistent with spin alignments for ferrimagnetic order. Based on
established empirical relationship between saturation magnetization and anti-site disorder
for ferrimagnetic double perovskites, the degree of ordering was approximately estimated to
be >76 % in LMRO and >48 % in LNRO.
• Key Finding 3: Magnetic ordering temperatures for LMRO and LNRO – recorded at 180 K
and 200 K respectively. In LMRO, an unexpected metal-insulator transition was observed at
the magnetic ordering temperature, while an insulating state prevailed in LNRO within the
measured range. A schematic comparative analysis of the electronic band structures showed
that a symmetry selective orbital hybridization as possible source of the metal-insulator
transition in LMRO. Corresponding differences in the band structure for LNRO suggested a
more stable insulating state.
• Key Finding 4: To confirm above findings, the two compounds were treated within DMFT
theoretical methods. A clear transition from a ferrimagnetic insulating to a paramagnetic
metallic state was found in case of LMRO consistent with the experiment. Similarly, the
DMFT observations were also suggestive of a more stable insulating state in LNRO, thereby
confirming the model and experimental findings.
Conclusions:
Motivated by the theoretical findings, 3d-5d double perovskites La2MnReO6 (LMRO) and
La2NiReO6 (LNRO) were epitaxially stabilized in thin film form via PLD. In contrast to 3d-3d
case of BFCO, B-site cations in both compounds ensured larger contrast in size and charge.
Thin films showed crystallographic as well as functional indications of a spontaneously
achieved B-site order, which was unambiguously confirmed also microstructurally in case of
LMRO via HAADF-STEM imaging and STEM-EDS analysis.

Both films showed a stable

magnetic order in ground state as theoretically expected. XMCD analysis confirmed the
desired ferrimagnetic order. Magnetic ordering temperatures of 180 K and 200 K were
recorded for LMRO an LNRO, thereby curtailing their room temperature functionality.
Nevertheless, a metal-to-insulator transition at the magnetic ordering temperature discovered
in LMRO, adds a unique additional functionality to the compound.
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Table 5.1 provides a summary of the overall magnetizations and ordering temperatures
recorded for the three double perovskite compounds studied in this work. By comparing
among them their film growth dynamics, crystalline quality and functionality that could be
achieved, it is noted that the desired ferrimagnetic double perovskite state could be best
realized in the case of LMRO. This established possibility of stabilizing the La2MnReO6 phase
as thin films, opens up few avenues for future scientific investigations (as discussed in Section
5.2 below). This work highlights the opportunities and challenges associated with thin film
approach towards synthesizing functional double perovskites.

5.3. Outlook and future prospects
Based on the outcomes of this work, following topics are suggested as possible research lines
that can extend the findings contained in this thesis:
1. The promising functional qualities of the Mn-Re double perovskite can be extended by Asite substitution with a ferroelectrically active cation such as Bi3+. Realization of
compounds of the La2-xBixMnReO6 (LBMRO) system could lead to achieving type I
multiferroism. The established synthesis methods for the LMRO thin films in this work can
serve as a good starting point to realize the bismuth substituted compounds. However,
one must take into consideration the tendency of bismuth oxides to reduce to metallic
bismuth at low oxygen partial pressures as used in the target synthesis and film growth of
LMRO. Use of fast sintering methods such as spark plasma sintering could be an effective
alternative route to produce the required LBMRO PLD targets. Film growth may also
require use of comparatively higher oxygen partial pressures at which tendency of bismuth
to undergo reduction can be chemically balanced with the tendency of rhenium oxidation.
2. Effect of substrate-strain on the growth and functional responses of LMRO and LNRO films
is also a promising direction for future work. Considering, both LMRO and LNRO films
have larger lattice constants than STO, use of substrates such as Scandates (DyScO3 and
GdScO3) with larger lattice constants can change the strain state in the LMRO/LNRO
films. Reduction in the compressive strain with these substrates could yield higher film
qualities, at the same time, functional responses such as magnetization and magnetic
ordering temperature may also vary owing to the changing B-O-B’ bond angles by strain.
However, due to paramagnetic nature of the Scandate substrates, the element specific
techniques such as XMCD will be required for magnetic characterization.
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3. In case of the Sr2CrB’O6 series of compounds, electron doping via sequential B’
substitution by the series of 5d elements along the period (W, Re, Os, Ir) was found to
have a remarkable effect on their magnetic ordering temperatures. Starting from around
400 K for the Cr-W compound, magnetic critical temperatures above 700 K was achieved
for the Cr-Os case.2 Consistent with the trend, the Cr-Ir compound was theoretically
predicted to have a still larger ordering temperature (~800 K), however the compound
has so far evaded synthesis. Of course, use of the thin film approach to realize the metastable phase Sr2CrIrO6 (SICO) can itself be an interesting prospect for future research
(Ref.: Unpublished work of S. Dasgupta on SICO films). But more importantly in this
context, one could use the established La2MnReO6 framework, to substitute Re with
subsequent elements of the 5d period namely Os and Ir to probe if a similar electron
doping effect could yield magnetic ordering above room-temperature. A combined
theoretical and thin film approach, as was used in this work, can enable one to efficiently
uncover the prospects of these compounds.
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Appendix A

List of factors Ÿ and

used for the plotting of the thermodynamic P-T valence state diagrams

in this work. The factors were taken from Ref. [128], where they have been derived from the
standard thermodynamic data for condensed phases:

Oxidized Form

Reduced Form

«

ß

2/3 Bi2O3

↔

4/3 Bi + O2

9.9

20200

2/3 Cr2O3

↔

4/3 Cr + O2

8.8

39300

4 CrO2

↔

2 Cr2O3 + O2

7.6

5300

2 FeO

↔

2 Fe + O2

6.9

27600

2 Fe3O4

↔

6 FeO + O2

10.5

30600

6 Fe2O3

↔

4 Fe3O4 + O2

15.0

25600

2/3 La2O3

↔

4/3 La + O2

9.5

62000

2 MnO

↔

2 Mn + O2

7.8

40000

2 Mn3O4

↔

6 MnO + O2

12.8

24600

6 Mn2O3

↔

4 Mn3O4 + O2

7.8

10600

4 MnO2

↔

2 Mn2O3 + O2

10.8

8500

2 NiO

↔

2 Ni + O2

8.9

24500

ReO2

↔

Re + O2

9.5

22650

2 ReO3

↔

2 ReO2 + O2

6.6

15600

2 Re2O7

↔

4 ReO3 + O2

5.5

5300
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Unit-cells of the theoretically calculated P21/n structure of La2MnReO6 and La2NiReO6
constructed using VESTA visualization program14:
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