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Abstract

This review article describes the observation of some fascinating phenomena in double perovskites. Multifunctional double
perovskite materials of general formula A2BB'Os have received significant scientific attention owing to their fascinating physical
characteristics, such as low field magnetoresistance, high temperature ferromagnetism, metal-insulator transition, spin ordering,
phase separation and multiferroicity making them a potential candidate for spintronics device applications. Among them,
R2NiMnOs double perovskites have drawn significant attention in last few decades, owing to their rich physics and potential
applications. The ordered arrangement of B-site cations is essential for unlocking unique magnetic and transport characteristics in
these compounds. While double perovskites with ordered B-sites are highly sought after for their magnetoresistive and
ferromagnetic (FM) properties, achieving perfect order is challenging due to the similarity in ionic radii and oxidation states among
various cations at the B-site, leading to randomness in the arrangement of ions. This results in the occurrence of "anti-site™ disorders,
where the arrangement becomes random. These disorders may manifest as Ni>*-O—Ni?* and Mn**—~O—Mn** configurations, causing
antiferromagnetic (AFM) interactions in R2NiMnOe. Furthermore, the development of antiphase boundaries (APBs) owing to anti-
site disorders may be the primary source of antiferromagnetic interaction in R,NiMnOs. These antisite disorders strongly affect the
properties of the double perovskites and lead to the origination of some fascinating phenomena such as exchange bias and spin
glass. These phenomena are utilized in the development of spintronic devices. The discussion made in the present review article
would be extremely helpful to the researchers who are doing research in the field of material science.
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1. Introduction

Research on multifunctional materials is essential due to their significance in various crucial fields such as
multiferroicity, fuel cells, and spintronics (Chauhan et al., 2016; Kumar et al., 2017; Li et al., 2015; Mishra
et al., 2014; Balasubramanian etal., 2018; Singh etal., 2020). Figure 1 depicts the schematic diagram of
various kinds of multifunctional materials. Intensive studies of ferroelectric (FE) and ferromagnetic (FM)
materials have led to significant scientific and technological advances (Azuma et al., 2005; Sharma et al.,
2013b; Vijayasundaram et al., 2016; Vashisth et al., 2017; Zhang et al., 2023; Zhou et al., 2020).
Ferroelectricity can originate from mechanisms like charge ordering, octahedral distortion, strain
mediation,and geometrical frustration (Kimuraetal., 2003a). Ittypically involves the movement of positive
and negative ions creating surface charges, often requiring empty d orbitals. Nevertheless, magnetism is
related to the electron spins in partially filled d orbitals. Ferroelectric materials are utilized in capacitors
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with high dielectric constants, transducers, actuators, and memory devices, leveraging their hysteresis
properties for stable polarization states (Guo et al., 2014; Kimura et al., 2003a; Lu and Qi, 2019;
Vijayasundarametal.,2016). Ferromagnetic materials are essential in a lot of engineeringapplications, like
sensors, read heads, and memory devices (Asai et al., 2005; Gajek etal., 2005; Jonker and Van Santen,
1950; Zhou et al., 2011). Furthermore, Magnetoelectric (ME) multiferroics (MF) are also multifunctional
materials that show both ferromagnetic and ferroelectric characteristics, enabling linear coupling (Cebela
etal.,2017; Kimuraetal.,2003b; Nairetal., 2020; Sharifetal., 2021). This unique combination has gained
substantial interest owing to its fundamental physics and possible applications such as magnetic sensors,
memory devices, energy storage devices, actuators, and photovoltaics. ME materials can achieve strong
ME coefficients through the interplay of different ferroic order parameters, offering other functional
parameters and enabling multiple logic states for various applications. These materials integrate the
characteristics of their FE and FM components while exhibiting unique properties. The ability to control
charges with magnetic fields and spins with electric fields opens up possibilities for innovative
multifunctional devices (Cebela et al., 2017). Heusler compounds are another class of multifunctional
materials, known for their diversity, with over 1000 known members. These ternary intermetallic exhibit
strong d nature of bands near the Fermi energy and various local and hybridized moments in the 4f -shell,
leading to vital properties such as magnetic, topological, superconducting, magnetoelastic, heavy fermion,
and thermoelectric characteristics (Husain etal., 2017; Kawasaki et al., 2022; Kim et al., 2013; Mishra et
al., 2014; Moya et al., 2006; Sharmaet al., 2013a;Yadav and Chaudhary, 2015). These properties are often
explained through simple electron counting rules (Graf et al., 2011). The dependency of properties on
compositions, along with strong coupling to lattice distortions, makes Heusler compounds a promising
applicant for material designing (Kawasaki et al., 2022).

The increasing demand of energy and environmental concerns have driven the search for sustainable
solutions in unpolluted energy applications. Developing multifunctional materials with both electric and
magnetic orderings aims to reduce power consumption and enhance functionality for future electronic
devices (Gajek et al., 2005). Perovskite materials are particularly promising due to their diverse physical
properties, making them suitable for theoretical modeling and practical applicationssuch as spintronics,
electrodes, solar cells, sensors, memory devices, lasers, and fuel cells (Garcia-Landaetal., 1999; Kobayashi
etal., 1998; Tomioka etal., 2000). Oxides with an ABO; type perovskite structure have drawn significant
consideration for their magnetoresistance, ferroelectricity, and superconductivity (Cebela et al., 2017;
Torrance etal., 1992; Zhong et al., 2013). In the last few decades, perovskites have also been utilized as
electrodesfor fuel cells, especially those have two types of cations at the B site. Recently, a focus has been
on discovering new magnetic materials for applications in spintronics, magneto -caloric materials, hard
magnets, and multiferroics. Double perovskites having formula A,BB’Og, featuring an ordered arrangement
of BOgs and B’Og units, are versatile compounds for this purpose (Kato et al., 2002; Saha-Dasgupta, 2013;
Vasala and Karppinen, 2015). By selecting appropriate metal ions B and B’, along with rare earth ions A,
a vast variety of physical characteristics can be achieved (Vasala and Karppinen, 2015). Noteworthy
compound include Sr,FeMoOg and Sr,FeReOg, which are half-metals with high Curie temperatures (Tc)
and notable magnetoresistive properties (Serrateetal., 2006). These properties result from the combination
of localized 3d ions at the B site and delocalized 4d or 5d ions at the B’ site. Another important candidate
of the double perovskite family, Sr,CrOsOg, is a ferrimagnetic insulator with an exceptionally high T ~720
K, illustrating the requirement for discovering new magnetic materials among double perovskites.
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Figure 1. Schematic diagram of various kinds of multifunctional materials.

1.1 Perovskites

In the last few decades, Perovskite oxidesare intensely studied owing to vast variety of electrical, optical,
and magnetic characteristics (Imadaetal., 1998; Salamonand Jaime, 2009). Jonker and VVan Santen (1950),
while studying manganites (AMnQO;) first reported the oxide perovskites with near room temperature
ferromagnetism. The occurrence of mixed valence states of Mn in these compounds, allows transfer of
electrons between oxygen orbitals, which was invoked to further describe the ferromagnetism through a
double exchange interaction (Zener, 1951). Additionally, on applyinga magnetic field significant reduction
in resistance has been observed in these materials (von Helmolt et al., 1993). This negative
magnetoresistance has opened the window for the current research on colossal magnetoresistive materials,
which are applicable in magnetic storage devices (von Helmolt et al., 1993). Further, Muller and Bednorz,
discovered the superconductivity in copper oxides and accelerated the research in the area of doped
perovskites (Bednorz and Muller, 1986).

The ideal perovskite structure, ABOs, where, A, and B are cations and O is anion, respectively. In ABO;, B
ions occupy the center of oxygen octahedra, arranged in a corner-sharing configuration. A type ion is
located in the remaining space at the center and typically have a lesser direct impact on the characteristics
of the perovskite compared to the [BOg] octahedra, as depicted in Figure 2. Owing to their atomic
arrangement perovskite oxides shows features such as multiferroicity, piezoelectricity, ferroelectricity, etc.
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Figure 2. Simple cubic perovskite ABOs structure, A ions (blue spheres) are surrounded by octahedralarrangements
of oxygen atoms (red spheres), with a central B ion (golden sphere).

1.2 Double Perovskites

Research on the double perovskites dates back to the early 1950s, as evidenced by studies conducted by
Fresia et al. (1959), as well as Galasso et al. (1959). This structure is formed by combining alternate unit
cells of two distinct perovskites. Itsgeneral formulais A'A"B'B"Og, wheredifferent species are permissible
for both the A and B cations, indicated by the primes. When A'=A" and B '=B", the structure simplifies to
the previously described perovskite. A wider range of characteristics can be found by changing the B
cations, and extensive investigations involving virtually every transition metal and 4f element have been
conducted. For example, half-metallic Sr,FeMoO, shows high ferromagnetic T¢ (~420 K) with large low
field magnetoresistance (MR) (Garcia-Landaetal., 1999; Kobayashi etal., 1998; Tomioka et al., 2000).
Thus, in such systems, it is typically the B cations that undergo differentiation, with two or more distinct
species chosen, as this is where the intriguing physics and chemistry emerge.

Double perovskite structures can adopt three distinct arrangements of B cations (Vasala and Karppinen,
2015), illustrated in Figure 3. The first arrangement involves an alternate placement of B' and B" cations
at the center of oxygenoctahedra, referred to asthe rock saltor 1:1 type orderedstructure. The second array
featuresa layered structure where layers consist of either only B' or only B" at the center of the octahedra.
In the third scenario, a columnar ordering occurs, with alternating B cations in two directions. The second
typeisexceptionallyrare andwas initially synthesized in 1990 in La,CuSnOg (Anderson and Poeppelmeier,
1991), followed by Sr-doped La, ,Sr,CuSnOg (Anderson etal., 1993a), andsubsequently in Ln,CuMOs (Ln
= La, Nd, Pr,and Sm; M = Zr and Sn) (Azuma et al., 1998). Only six compounds were identified in fifty
years of research on double perovskite materials. Accompanying the successful formation of the layered
structure, Anderson et al. (1993b), collected data from over 300 studies since the 1950s to propose the
probable structure for a new compound.
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Figure 3. Different types of A2B'B"Os double perovskites: (a) rock-salt, (b) layered and (c) columnar order.

They emphasized that the primary determinant of the B cation arrangement was the charge disparity, with
ionic radii difference being the secondary factor (Vasalaand Karppinen, 2015). As the variance in valence
states between the two B cations increases, the preference leans towards a 1:1 type ordered or rock salt
arrangement. Moreover, an increase in the disparity of ionic radii between the two B cations also favors the
1:1 ordering. It can be simplified as: as the B cations become more alike, their specific placement becomes
less significant, leading to a tendency towards randomness in the arrangement of ions. Specifically, for
charge differences exceeding 2, the ordered arrangement is favored, while for differences less than 2, the
random array is more favorable condition. When charge differencesare exactly 2, the ordered arrangement
prevails if the ionic radii difference exceeds 0.2 A; otherwise, the random arrangement takes place.

The structure and characteristics of the system can be decided by the selection of B cations. After selecting
the B cations, the choice of the A cation is primarily determined by its dimension and its capacity to stabilize
the perovskite structure. Goldschmidt, presented a parameter ‘t’ to assess the probable stability of a
perovskite compound, based on simple geometrical considerations (Goldschmidt, 1926). Equation (1) has

been adapted for the double perovskite:
. [ZA%TA]+ <ro>

1)

V2RS4 1)

where, ra, ra-, I'e, e+, and ro are the ionic radii of theions. As the parameter 't' approaches unity, the structure
becomes cubic; however, as 't' decreases from 1, the structure becomes increasingly distorted. This
distortion leads to tension in the A-O bonds and compression in the B-O bonds, resulting in the octahedral
tilting to partially relieve these strains. Large A cations are chosen to reduce strain and accommodate the
[BO¢] octahedra comfortably within the double perovskite structure. While the model is simplistic and
doesn't consider the properties of individual ions, typically a ‘t’” value below 0.9 suggests that a structure
other than perovskite may be more favorable (Schmitz-DuMont and Kasper, 1965). Besides size, A cations
are selected for their ability to affect the valence state of B cations, which significantly impacts material
properties. Hence, numerous studies have replaced La®* with Sr?* due to their similar size but different
valence states, leading to compensating variations in the valences of B cations (Anderson etal., 1993a;
Schmitz-DuMontand Kasper,1965; Kangetal.,2009; Murthyand Venimadhav, 2013). In a perfectdouble
perovskite with cubic structure (t=1), A type cations are twelve-coordinated, with four oxygen anions in
each layer (Glazer, 1972). However, tilting and octahedral distortion typically reduce the coordination
number of A cations to 8-10. Glazer classified the tilting, distortion of octahedra, and dislocations of A or
B cations (Glazer, 1972). In A,BB'Og structure, there are partially filled orbitals of B and empty orbitals of
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B' or vice-versa. There occurs 180-superexchange through the oxygen ions between B and B' cations
resulting in ferromagnetic insulator behaviour (Dass et al., 2003). Many unique functional properties are
originated by the ordered array of B and B' ions in A;BB'Og structure. To attain the ordered array of B and
B’ ions in double perovskite compound is very difficult. Normally, perovskite compound exhibits
antiferromagnetic insulating behaviour but when it is doped with manganese, it shows ferromagnetic
semiconducting behaviour by developing a double perovskite compound (Vasala and Karppinen, 2015).
Hence, most of the perovskites are antiferromagnetic insulator, while double perovskite compounds exhibit
ferromagnetic semiconducting nature (Booth et al., 2009; Salamon and Jaime, 2009).

Materials, which possess co-existing magnetic and electric orderings are of main importance for potential
applications in electronic devices. Niand Mn based double perovskitesi.e. R,NiMnOs (RNMO, R=rare
earth element) type ferromagnetic (FM) double perovskites are such multifunctional materials, which have
drawn significant consideration owing to the rich physics leading to diverse properties such as
ferromagnetism, spin glass, ferroelectricity, near room temperature magnetoresistance and
magnetoelectricity and multiferroicity (Choudhury etal.,2012; Singh etal., 2011; Wang et al., 2009; Yang
etal.,2012). Thesematerials also show a large spin-lattice coupling leading to multiferroicity. The complex
and rich physical characteristics can be utilized in fabricating multiferroics and investigating the basic
coupling behaviour for device applications from a fundamental perspective.

2. Ro;NiMnOg Double Perovskites

R,NiMnOQgisa distinctgroup of double perovskites (Anderson etal., 1993a) where, ferromagnetic ordering
of d-electron spins arises due to a near-ideal eg-o-eg electronic interaction, as per the classical rule of
Goodenough—Kanamori (Goodenough, 1955; Kanamori, 1959). Out of them, La,NiMnOg compound,
having a high Curie temperature (T¢) of 280 K, has been in focus in recent years (Chandrasekhar et al.,
2012; Dass et al., 2003; Joly et al., 2002; Rogado et al., 2005), owing to the observation of multiple
properties and also due to the possibility that the basic understanding of its interaction may give new
directions towards designing of multifunctional compounds like Bi,NiMnOg (Azumaetal., 2005) and (La,
Lu)NiMnOg (Singh and Park, 2008). La,NiMnOg (LNMO) compound is rigorously explored in bulk and
thin film forms (Choudhury et al., 2012; Guo et al., 2006, 2008; Guo et al., 2013a; Singh et al., 2007),
however,other R,NiMnO; oxidesare less explored (Boothetal.,2009; Singh etal., 2011; Yangetal., 2012;
Yadav and Elizabeth, 2015). Although, oxides of this seriesare FM with T lower than that of the LNMO
but the connections between structure and physical property mainly for the relation between R3* and
NiMnQg system for the oxides of this family has not been completely studied. While R = La, Y and Nd
members of this series exhibit ordered monoclinic (space group) P21/n structure (Mouallem-Bahout et al.,
2004; Rogado et al., 2005), the orthorhombic (Pnma) structure is reported for other members (Bull and
McMillan, 2004) indicating an partial Ni and Mn ordering. Ni and Mn ordering was supposed (but not
found) by Asai et al. (1998) in their study on the magnetic behaviour of all the members of this family.
Furthermore, ithas also beennotedthat substituting La with asmaller rare earth elementresultin alterations
to the (Mn-O-Ni) bond length and bond angles, thereby modifying exchange interactions (Booth et al.,
2009). Thus, it is possible to control the physical characteristics of these materials by varying the Ni-O-Mn
bonds length and bond angles. Super-exchange interaction between ordered Ni?* and Mn** cations leads to
FM behaviour in these compounds while the anti-site disorders yield Ni2*-O?-Ni?* and Mn**-O%-Mn*
interactionsand, thereby, generating antiferromagnetic ordering (Yadav and Elizabeth, 2015). Thus, the
presenceof both FM and AFM phases together could lead to some interesting phenomena such as exchange
bias in these compounds. To study the magnetic behaviour of double perovskites, it is necessary to know
the crystal structure of the double perovskite compounds. In this regard, we have considered an example of
Nd,NiMnOs (NNMO) to explain the magnetism in R,NiMnOg family of double perovskites. The crystal
structure of NNMO is showed in Figure 4.
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Double perovskite NNMO grows in P21/n space group (Yadav and Elizabeth, 2015). The unit cell is two
times that of a single perovskite cell with lattice constants a ~b ~\2a, and ¢ = 2a,; where a, is the lattice
parameter of the cubic perovskite cell ABO; (Singh etal., 2010). In completely ordered double perovskite
structure, the Niand Mn ions alternate periodically in three dimensions. Both the transition metal ions are
bounded by six oxygen atoms, creatingan octahedral networkin a rock salt like manner (Singh etal., 2010).
The MnOg and NiOg octahedra layersare corner shared by in-plane oxygen ions (02 O3) and the apical
oxygen ions (O1). The Nd atom occupies the centre between the eight octahedron Figure 4) and is thus
coordinated by 12 oxygen atoms. The Mn and Ni atoms occupy distinct crystallographic positions 2b and
2c. In a unitcell, the coordinates of Mn atomsare (1/2 0 0) (0 1/2 1/2) and Ni atoms occupy (0 1/2 0) and
(1/2 0 1/2) positions (Nair et al. 2014). However, the Ni-O bond-lengths are slightly larger by nearly 0.1 A
(Saha-Dasgupta, 2013). Shi et al. (2011), found that NNMO exhibits FM behaviour with a T of
approximately 194 K, caused by Ni?*-O-Mn** superexchange interactions. An additional magnetic
transition near 105 K has been detected, caused by Ni**-O-Mn?* super exchange interactions. The magnetic
propertiesof NNMO canpotentially leadto the formation of Ni/Mn cation orderingin NNMO. For NNMO,
two main concerns arise: (i) Ni and Mn valence statesand (ii) exchange interaction giving ferromagnetic
ordering. Regarding the valences, there are two prospects: Ni**~Mn3* and Ni?*~Mn**. In octahedral
symmetry, Ni>*~Mn** combination exhibit electronic configurations of dS(tggej)—d3(t239), while Ni¥*—Mn3*
combination display electron configurations d’(t5,eg)-d*(t3,) or d’(t5,el)-d*(t3,eg). The exchange
interaction is determined by the sign of the superexchange interaction, governed by Ni and Mn valence
states in accordance with the Goodenough—Kanamori—Anderson (GKA) rules (Goodenough, 1955;
Kanamori, 1959). These rules predict that ferromagnetism arises from the interaction between the
unoccupied d orbital of one metal site and the half-filled d orbital of another metal site via an anion in a
180° super exchange interaction. Specifically, the GKA rules suggest that the Mn**- Ni?* interaction is
ferromagnetic, with interactions involving e, orbitals dominating over those involving t,4 orbitals owing to
larger cation-anion overlap. The super exchange interaction between filled eZ and vacant e, states yields
ferromagnetic character, as shown in Figure 5.

Figure 4. Crystal structure of Nd2NiMnQe.
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n4+ Ni 2+

Figure 5. The GKA rules predict that the super exchange interaction between egorbitals leads to ferromagnetic
ordering.

The magnetic order of such compounds is affected by the comparative strength of FM and AFM orderings,
which are determined by the electrons in the t,, and ey orbitals. This can be understood considering
superexchange interactions between Ni?* and Mn**. In an octahedral coordination structure, Ni2* (d8:t§geyz)
has a half-filled 4 orbital, while Mn** (d: tg’g eJ) possesses a half-filled t,; orbital and a vacant e orbital.
Superexchange interactions takes place through virtual hopping between the half-filled Ni-e4and vacant
Mn-e, orbitals, as well as between the half-filled Mn-t,q orbitals, leading to FM and AFM orderings,
respectively. When the <Ni-O-Mn>bond angle is 180°, virtual hopping between Ni-e;and Mn-g, orbitals
promotes FM character, whereas for a 90° bond angle, hopping between Ni-e;and Mn-t,, orbitals yields
antiparallel alignment of spin. Electron hopping between Ni-e, and Mn-t,4 orbitals strengthens with
diminishing the bond angle. On the other hand, hopping between Ni-e;and Mn-e4 orbitals deteriorates with
decreasing the bond angle. Consequently, the T decreases as the <Ni-O-Mn> bond angle reduces.

3. Antisite Disorders

In double perovskites, both B and B' ions are coordinated by six oxygen atoms and situate at the center of
oxygen octahedral (Vasalaand Karppinen, 2015). There should be another array of B and B' ions manner
along each cubicaxis in structurally ordered double perovskite. Although there is dissimilarity between B
and B' ions, there always occurs large chances of mislocation (Nair et al., 2014; Singh et al., 2016; Vasala
and Karppinen, 2015). The B’ site may be filled by B ion and conversely. This possibility is not present in
the perovskites due to only one type of ‘B ion’. The unavoidable ‘antisite disorders’ (ASDs) have to be
assumed in the synthesis of the double perovskites. The origin of magnetic ordering in structurally ordered
materials is due to a combined effect of delocalization of electron on B-O-B' network and strong electron-
spin coupling on the B ion (Vasala and Karppinen, 2015). The magnetic ordering is influenced by the
arrangement of B and B' ions. Two adjacent B ions, resulting from mis location, normally possess an AFM
superexchange interaction between the ions (Dass et al., 2003; Singh et al., 2016; Wang et al., 2009). Such
interaction can significantly improve the physical properties, including magnetic order and transport
properties (Dass et al., 2003; Singh et al., 2016; Wang et al., 2009).
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Antisite disorders are natural growth defects in double perovskite compounds (Singh et al., 2017c; Singh
and Chandra, 2018; Singh et al., 20173, 2017b; Singh et al., 2018). Ferromagnetism in double perovskites
is elucidated by the Goodenough-Kanamori rules, which govern the exchange paths involving B2*-O-B**
interactions (referto Figure 6 (a)). However, achieving perfect ordering of the B2*-O-B'#* cations in the 2¢
(01/2 0) and 2d (1/2 0 0) Wyckoff positions, as assumed, is rarely realized in actual samples. Laboratory -
prepared samples typically exhibit ASDs, where transition metal ions interchangeably hold the 2c and 2d
positions (see Figure6 (b)). These disorders lead B-O-B and B'-O-B' exchange interactions, thus impacting
the ideal ferromagnetism of the otherwise ordered lattice by inducing antiferromagnetic clusters (Dass et
al., 2003; Wangetal., 2009), consequently reducing T¢ and saturation magnetization (Guo et al., 2013c).
The result of disorders on the magnetic behaviour of double perovskites has been extensively investigated,
particularly in compounds like La,CoMnOgand LNMO (Guo etal., 2013b; Kang et al., 2009; Murthy et
al., 2016; Sahooetal., 2016). For instance, the domain structure of La,CoMnO; featuring two discernible
ferromagnetic regionswas found (Truong et al., 2007). The almost ordered ferromagnetic phase exhibited
a Tc of approximately 226 K, while the secondary magnetic phase had a T below 150 K. Similarly, atomic
disorder and the development of antiphase boundaries (APBs) were noted in LNMO (Dass et al., 2003).
The amount of anti-site disorder is influenced by factors such as cationic mismatch, the character of B and
B' ions, and growth parameters (Singh et al., 2016; Wang et al., 2009). Parameters like synthesis and
annealing temperature, as well as the annealing time, show pivotal roles in deciding the degree of ordering
(Dass etal., 2003; Singh etal., 2016; Wang et al., 2009). Antisite disorders may arise owing to inadequate
duration of annealing at lower temperatures, excessive annealing at significantly higher temperatures, or
local variations in the amount of B and B' ions resulting in the development of B/B'-rich regions (Sanyal et
al., 2008; Singh et al., 2016).

* o0, D204
v e ey 0”00500
0242024 4332324 242
M/o’o’o’o 928 e *’0*’0’0’*
222 22 2902 22 22 SER 20 2R 22

(@) (b) - ()

Figure 6. Different schemes of B-site cation disorder: (a) completely ordered, (b) antisite disorder and (c) antiphase
boundary.

To enhance the degree of ordering, it is necessary to carefully consider the parameters of temperature and
duration during annealing. Research suggests that the amount of ordering primarily rises with increasing
annealing temperature but then declines (Sanyal et al., 2008). Each double perovskite system has a critical
temperature at which maximum ordering occurs. By optimizing synthesis and annealing conditions, it is
possible to mitigate the formation of antisite disorders. These disorders can result in the creation of
antiphase boundaries illustrated in Figure 6(c), which are believed to be a primary cause of
antiferromagnetic coupling in these materials (Dass et al., 2003; Singh et al., 2016; Wang et al., 2009).

The presence and extent of ASDs and antiferromagnetic APBs are notably influenced by the grain size

(Wang et al., 2009). When the grain size is too small, ASDs are sparsely dispersed within each grain,
resulting in feeble magnetic interaction among them. However, as temperature increases, grains have a
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tendency to develop promptly, leading to the development of a larger number of antisite disorders with
stronger antiferromagnetic interaction within each grain. This phenomenon givesrise to the growth of both
antiferromagnetic and ferromagnetic moments (Wang et al., 2009).

4. Magnetic Phases in Double Perovskites

A range of magnetic phases arises from the numerous possible combinations of B and B cations in double
perovskites. Some examples include:

-Ferromagnets (see Table 1).

-Antiferromagnets (see Table 2).

Spin glass phase observed in compounds like Sr,FeCoOs (Pradheeshetal., 2012) and Ba, Y MoOg (De Vries
etal., 2010).

Additionally, double perovskites can exhibit superconductivity. For instance, the partially melted ceramic
material Sr,YRuUgg5CuUq1506 displays superconductivity with an onset temperature of T¢ around 45 K
(Blackstead et al., 2001; Galstyan et al., 2007) under ambient pressure. To begin our discussion, lets
provide a brief overview of ferromagnets.

4.1 Ferromagnetic Insulating Phase

Indouble perovskites like A,BB'Og, each Band B' occupies an octahedral scenario (BOg and B'Og), causing
a crystal field splitting of d-statesinto t,;and e, manifolds (Sarma et al., 1996). In Ca,FeReOs, the small
ionic radius of Ca results in a monoclinic distortion, increasing the degeneracy of t,4 levels on the Re sites
(each has two t,q electrons). This distortion leads to a variation of the bond angle (Fe-O-Re) from 180° to
approximately 156°, reducing the Re-Re overlap by misaligning the t,4 orbitals. Consequently, this
distortion diminishes the hopping energy of d-electrons due to decreased hybridization between transition
metal d and oxygen p states, resulting in the insulating behaviour of Ca,FeReO, (Kato et al., 2002). LNMO
is a significant member of this family, holding promise for various technological applications. It exhibits a
Tc~ 280 K, near room temperature (Dass et al., 2003). Ferromagnetism arises from superexchange
interactions among Mn-O-Ni (Haskel et al., 2011). The compound also displays magnetoresistance and
magnetocapacitance effects (Rogado et al., 2005), indicating a coupling between different properties
modifiable by applyinga magneticfield. The observation of such phenomenanearroomtemperature shapes
it a compelling aspirant for practical applications.

Table 1. Double perovskites exhibiting ferromagnetism.

Material Crystal structure Transport property Magnetic order Tc
Sr,FeMoOg Tetragonal Half-metallic 420 K (Tomioka et al., 2000)
Ba;FeMoOg Cubic Half-metallic 345 K (Kim et al., 2002)
Ca,CrReOg Monoclinic Insulating 360 K (Kato et al., 2002)
LazNiMnQOg Monoclinic Insulating 280 K (Dass et al., 2003)

4.2 Antiferromagnetic Insulating Phase

Double perovskites exhibit antiferromagnetic and insulating nature for selected combination of B and B'.
Sr,FeWOG is one typical member of this family (Bardelli etal., 2009). It has antiferromagnetic transition
temperature Ty ~40 K. At the Fe-site the localized electrons exhibit huge exchange splitting.
Antiferromagnetic insulating behaviour originates due to the coupling of Fe?* sites through superexchange
interaction in the absence of any delocalized electrons (Bardelli et al., 2009). The magnetic structure with
a wave vector (0 1 1) may be ascribed as a set containing alternate ferromagnetic planes that are attached
antiferromagnetically (Azad et al., 2002) with each other.
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Table 2. Antiferromagnetic double perovskites.

Material Crystal structure Magnetic order Ty
Sr,FeWOsg Monoclinic 40 K (Bardelli et al., 2009)
Sr,MnMoQg Tetragonal 13 K (Itoh et al., 1996)
Sra2NiMoOg Tetragonal 1.5 K (Brixner, 1960)

4.3 Spin Glass Phase

A spin glass state is the resultant of randomness and frustration in a magnetic system. In a triangular lattice,
frustration could arise as illustrated in Figure 7. The frustration arises in a triangular lattice because the
third spin could not fulfill the condition for antiferromagnetic interaction with both the nearest neighbor
spinson the other two sites. If we start populatinga non-magnetic lattice with a dilute, randomly distributed
magnetic atoms, the resultant system may exhibit a disordered state with no phase transition found to occur
from disordered state occurring at high temperature to an ordered state found to occur at low temperature.
However, at a particular temperature, the system shows phase transition that resembles a state, that might
not be ordered, but distinct from the disordered state found to occur at high temperature. This type of
magnetic state is called a spin-glass state which is dominated by freezing of spinsin a random manner at a
temperature T, (glassy temperature) below which a metastable frozen state exists without normal long-
range magnetic ordering (Bedanta and Kleemann, 2008).

Figure 7. Frustrated antiferromagnetic configuration for a triangular lattice.

At high temperatures, the thermal fluctuations are dominant over the magnetic character of the system and
all the spins behave independently (Binder and Young, 1986). However, on cooling down the system to
low temperature, the fluctuations in the spins begin to decline and these spins form correlated units called
domains. Further cooling of the system below T,, the fluctuations in the domains also decline and domains
begin to grow in size and the long-range glassy interactions occur between the spins while proceeding
towards T, in @ boundless time limit. Thus, after approaching this phase, each spin becomes responsive of
its neighboring spin and as a result, the system startsto freeze into a random frozen ground state at T,. The
spin-glass state is chaotic in behaviour (Bray and Moore, 1987) and any modification in the temperature
below T, results in a dissimilar spin configuration that could be achieved only asymptotically gradually.
This forms the basis of the memory effect after ageing which is sometimes also regarded as the ‘signature’
of a true spin-glass behaviour.
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The spin glass phase can arise from either extensive B-site disorder, such as in Sr,FeCoOg, or geometric
frustration, as seen in Ba,YMo0Os. In Sr,FeCoOs, neutron diffraction and subsequent bond valence sum
study revealed random arrangement of Co and Fe at the B site, with mixed valence states of Co®**/Co* and
Fe3*/Fe** , respectively (Pradheesh et al., 2012). The closely matched ionic radii of the B-site cations, result
in significant disorder. This disorder induces a competing interaction between two adjacent neighborsin
superexchange process, leading to spin frustration in the lattice and consequent spin glass behaviour.

In contrast, Ba, Y MoOg possesses a face-centered cubic (FCC) lattice structure. In thissystem, Mo exists in
a 5+oxidation state (Mo®*, S = 1/2) with an individually filled degenerate t,q orbital, while the Y3* ion lacks
a magnetic moment. The S = 1/2 Mo® moments are arranged on an FCC lattice and exhibit
antiferromagnetic coupling, leading to geometric frustration. This frustration, along with quantum
fluctuations, results in spin glass behaviour in Ba,YMoOg (Aharen et al., 2010). Various experiments
including heat capacity, ac and dc magnetic susceptibility, and muon spin rotation measurements indicate
the absence of magnetic ordering below 2 K (De Vries et al., 2010).

4.4 Exchange Bias

Exchange bias (EB) phenomenon was first observed by Meiklejohn and Bean in incompletely oxidized Co
particles after field cooling (Meiklejohn and Bean,1956). The EB phenomenon manifest itself as an
asymmetry in the hysteresis loop in form of a shift (Hgg) along the axis of magnetic field. Such condition
takes place, when a system consisting of AFM-FM interface is cooled down in presence of magnetic field
through a temperature T such that Ty < T < T, where T¢ is the Curie temperature of FM ordering and Ty is
the Néel temperature of AFM ordering (Figure 8 (a)). The shift is accompanied by the other related
observation like an increase in the coercivity (Hc), shift along the magnetization axis (Mg) (Figure 8 (b)),
below Ty after field cooling (Berkowitz and Takano, 1999; Chaturvedietal., 2014; Hrkac etal., 2014; Kiwi,
2001; McCord and Mangin, 2013; Meiklejohn and Bean, 1956; Nogués and Schuller, 1999; Sung et al.,
2012). Unidirectional anisotropy is another related effect which is generally observed in nanoparticles and
is different from uniaxial anisotropy. In unidirectional anisotropy, the angular dependence of magnetic
torque (1) is given by K,4 cos@rather than K, sin26as observed for the common uniaxial anisotropy, where,
Kuqs and K, are unidirectional and uniaxial anisotropy constants and @ is the angle between magnetization
and the anisotropy axis. The presence of unidirectional anisotropy induces only one stable state (zero 1,
minimum energy) instead of two stable states as observed for uniaxial anisotropy (Figure 8 (c)). The
physical origin of this phenomenon lies in the exchange interaction among the FM and AFM parts at their
interface. There are so many models to express the microscopic origin of the exchange bias due to this
exchange coupling. However, in a simple manner, exchange bias could be described in the terms of the
AFM spins parallel to the FM spins which takes place at their interface while field cooling process.

This could lead to two dissimilar limiting cases on the basis of the strength of the magnetic anisotropy of
AFM component. For large anisotropy of the AFM component, a shift in the hysteresis loop is seen, while,
in case of lower AFM anisotropy only enhancement in the coercivity is observed (without any loop shift).
However, both the effects can be observed in case of structural distortions or grain size distribution which
leads to local changes in magnetic anisotropy of AFM. The spin configurations for the AFM-FM
components before and after field cooling is depicted in Figure 9. When an external magnetic field H is
applied at a temperature T such that Tc > T > Ty, then the FM spins will follow the direction of the applied
magnetic field, while, the AFM spins will be randomly oriented as the temperature is above Ty. However,
the magnetic order will be set up in the AFM when the temperature goes below Ty. In the process of field
cooling, interfacial FM and AFM spins are likely to interact with each other. If we assume a FM interaction
at the interface (AFM-FM), then the AFM spins would like to follow the direction of the FM spins (or to
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say parallel to the FM spins), while, the rest of the layer of AFM spins will arrange in an antiferromagnetic
manner (antiparallel to the neighboring layer spins) to give zero net magnetization in the AFM layer.

| f Field Cooling

—t— -

© 7

Figure 8. Main effects observed due to AFM-FM exchange coupling, (a) Hysteresis loop shift, (b) Increased
coercivity, (c) Unidirectional anisotropy.

Figure 10 shows the spin configuration at various platforms when a hysteresis loop is measured for an
AFM-FM system. Asdiscussedabove, the spins occurringat AFM-FM boundary lie parallel to one another
after field cooling process (Figure 10 (a)). When the direction of the applied magnetic field is reversed, the
FM spins will try to rotate in an attempt to adjust themselves in the applied field direction. However, if the
magnetic anisotropy of AFM spins (Karw) i large then the AFM spins will prevail in the same situation.
Subsequently, the AFM spins will apply a microscopic torque on the FM spins to maintain them in their
actual way due to the interface coupling (Figure 10 (b)). Therefore, a comparatively large magnetic field
will be needed to entirely reverse the magnetization in the FM component, then the uncoupled FM
component, to surpass the torque applied by the AFM spins. This results in an increased coercivity along
the negative field axis (Figure 10 (c)). Now, when the magnetic field is reversed back to the positive
direction, it becomes easier to arrange the FM spins along the applied field as the torque applied by the
AFM spins at the interface will be parallel to the applied magnetic field and hence favor the rotation of the
FM spins for the magnetization reversal (Figure 10 (d)).

Thus, the coercivity along the positive field axis will be lesser in this case as compared to the uncoupled

FM components. The net result of this process will be a shiftin the hysteresis loop towards the negative
field axis (He).
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Figure 10. Spin configurations in an AFM-FM system at various platforms during the hysteresis loop foran AFM
system with large magnetic anisotropy.

5. Magnetic Behaviour of Double Perovskites

5.1 Bulk Compounds of Double Perovskites

Earlier studies on R,NiMnOg have been targeted to verify Goodenough-Kanamori's rules according to
which ferromagnetism in a material may result by the interaction of one metal site vacant d-orbital along
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with half-filled d orbital of another metal site via an anion through an exchange interaction which is 180°
superexchange interaction. The assumption of these rules is that owing to greater cation anion overlap the
contact of ey orbitals will lead over interaction among t,4 orbitals. It was also found that LNMO is a FM
semiconductor with ordered Ni2* (d8:t§ge§) and Mn** (d3: t23g eJ) ions occupying the metal (M) centers of
corner sharing MOg octahedra in a perovskite with structural distortion (Dass et al., 2003). Dass et al.
(2003), prepared the La,NiMnOs (LNMO) polycrystalline samples using different synthesis methods and
studied their magnetic and transport properties. At high temperatures, LNMO possesses rhombohedral
structure and at low temperatures it tums into amonoclinic structure (Rogado et al., 2005). The coexistence
of these two structures has been observed over a large range of temperature including ambient temperature.
The co-existence of structures is due to local inhomogeneities. Rogado et al. (2005), observed
magnetoresistanceand magnetocapacitance effect near room temperature in polycrystalline LNMO sample.
Choudhary etal. (2012), prepared a partially disordered La,NiMnQOs by the Pechini method, which shows
a reentrant spin-glass-like behaviour. Thereis a lot of studies on bulk La,NiMnOg (Barbosaet al., 2016;
Chandrasekharetal., 2012; Choudhuryetal.,2012; Guoetal., 2013; Kumarand Kaur,2013). Nevertheless,
other compounds of this group are less explored. Booth and colleagues (Booth etal., 2009), conducted a
synthesis of a range of bulk RNMO compounds and thoroughly examined their structural, dielectric, and
magnetic characteristics. Their findings indicated that a decrease in the ionic radius of rare earth element
leadsto changesin the Ni-O-Mnbond length andbondangle, both of which play directrolesin the exchange
interactions. For instance, Yadav and Elizabeth (2015), observed the crystallization of NNMO occurs in
monoclinic P2,/n symmetry which depending on synthesis parameters may be partially disordered. Shi et
al. (2011), detected two transitions in magnetization versus temperature curves of NNMO polycrystalline
sample. The first transition (~194 K) may be associated with Curie temperature of ferromagnetic character
of NNMO caused by the superexchange interactions Ni* and Mn** ions i.e. Ni**-O-Mn**. The other
transition observed (~105 K) may be associated to Ni**-O-Mn?* superexchange interactions. The formation
of ordered or disordered double perovskite structure is purely based on the synthesis conditions of the
sample.

Apart from this, a substantial work has been done on A-site doping in these compounds. For instance, Guo
et al. (2013), observed a tunable exchange bias effect in La,.,Sr,NiMnOg compound which increases with
Sr doping. Kangetal. (2009), investigated the magnetic characteristics of La,SryNiMnOgand observed
thatthe extentof ASDs increases with Sr-dopingand hencethe magnetizationreduces. Murthyetal. (2016)
studied the exchange bias effect in La,_,Sr,CoMnOgcompound, which is induced by the antisite disorders.
Consequence of Ca doping on the characteristics of polycrystalline La,NiMnOg has been investigated by
Guo etal. (2013b). As Ca-doping increases, there is a decrease in both the saturation magnetization and the
transition temperature, both have been associated with the reduction of Ni—O—Mn bond angle and the
enhancement in the amount of ASDs, respectively. ASDs-induced exchange bias phenomenon was studied
by Singhetal. (2016) in polycrystallinesamples of NNMO, however, they did not find any spinglass phase
in the sample. Moreover, Singh and Chandra (2022) found a high value of Tc¢~ 264 K in NdSrNiMnO6
nanoparticles, which is much greater than T¢ (~194 K) of parent compound Nd,NiMnO6. Additionally,
they also observed particle size dependent EB phenomenon in NdSrNiMnO6 nanoparticles.

5.2 Thin Films of Double Perovskites

Thin films of double perovskite compounds are much superior over bulk compounds. The thin films of
these compounds are promising candidates to be used in integrated devices, such as recording memories,
spintronics, micro-electro-mechanical systems, and sensors. (Asano etal., 2004; Guo etal., 2008; Kumar
and Kaur, 2011; Kumar and Kaur, 2013; Singh et al., 2007, 2009). To achieve these superior properties, it
is highly desirable to prepare high quality thin films. This can be achieved by employing a wide different
deposition methods like spin coating, sputtering, molecular beam epitaxy (MBE), pulsed laser deposition
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(PLD), MOCVD and many more (Ma et al., 2011; Singh and Kumar, 2024). However, the traditional
chemical methodsare not applicable when there is a demand of high structural perfection for the synthesis
of oxide thin filmsand customization of the oxide layer down to atomic level are required. Alternatively,
to achieve good epitaxial growth and coherent interfaces, techniques like PLD, MBE and sputtering
(physical vapor deposition) are preferred in which the thickness may be tuned at the atomic scale.

In PVD techniquese.g. PLD, the choice of substrate plays a substantial role to control the strain state and
orientation of the epitaxial films (Kovachev and Wesselinowa, 2009; Ma et al., 2011). The Orientation of
the thin films plays vital role in the morphology and crystallization of the multicomponent nanostructured
thin films. Magnetic and structural properties of epitaxial LNMO thin films have been studied by Guo et
al. (2008). In case of large lattice mismatch, the magnetic properties have been found to be strongly
substrate dependent. STO, LSAT, and LAO substrates have been used to deposit double -perovskite
structured epitaxial thin films of ferromagnetic LNMO (Guo et al., 2006). The magnetic and structural
measurements reveal that for Ni* and Mn** ions there occurs a rock-salt-type ordering. Epitaxial LNMO
films were deposited on STO and LSAT substrates in many situations by Sakurai etal. (2011), suggesting
that the primary growth stage prominently affects the ferromagnetism of ordered perovskite films.
Therefore, the selection of a single crystal substrate playsa vital role in achieving a much higher number
of B-site ions ordering, which is essential for the epitaxial growth of ordered perovskite. PLD technique
was utilized to grow LNMO thin films on LaAlO;, NdGaOs;, SrTiO3, and MgO substrates under different
conditions of oxygen back- ground pressure (25-800 mTorr) (Guoetal., 2008). It has been observed that
environment of oxygen while film deposition has a large influence on magnetic properties, chemical
composition, and crystal structure of the films. The outcome of this study stresses the role of mixed cation
valence and oxygen defects in finalizing the behaviour of the ferromagnetic LNMO compound and the
requirement to wisely adjust the processing parameters so as to obtain the intrinsic properties (Guoetal,
2008). The structural and magnetic properties of LNMO thin films with varying film thickness has been
systematically studied (Kumar and Kaur, 2013). A drastic change is observed in saturation magnetization
and Curie temperature with increasing film thickness. Magnetic properties and the phonon behaviour of
Pr,NiMnO6 (PNMO) films were investigated by Singh etal. (2011). Furthermore, Epitaxial NNMO thin
films were synthesized on STO substrate using the PLD technique with varying thickness by Singh et al.
(2017b). In another study, they also investigated the effect of different substrates on the structural and
magnetic properties of epitaxial NNMO thin films (Singh etal. 2017c). Singh et al. (2017a) also observed
spin glass and exchange bias phenomena in epitaxial NNMO thin film, which is caused by the increasing
amount of ASDs within the film owing to strain.

6. Conclusion

In summary, our investigation highlights the diverse magnetic properties offered by double perovskite
compounds, characterized by the variation ofboth Band B’ cations, in contrast to the single B cation present
in perovskite compounds. The manipulation of chemical composition involving B and B’ cations exert a
significant influence on magnetic properties. Antisite disorders, inherent growth defects in double
perovskite compounds, play a pivotal role in shaping their magnetic behaviour. It’s noteworthy that first-
principles calculations demonstrate a remarkable capability to elucidate the impact of chemical variations,
providing a microscopic understanding of observed magnetic phenomena. This understanding serves as a
valuable tool for both optimizing existing double perovskite materials and predicting novel compounds
with enhanced magnetic properties. The identification of spin glass and Exchange bias phenomena across
various types of double perovskite materials opens avenues for their application in spintronic device
development. These phenomena are ascribed to the existence of antisite disorders within the double
perovskite structure. Additionally, the finding of high Curie temperatures (T¢), approaching room
temperature, in double perovskite compounds holds promise for practical applications in spintronics.
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