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Abstract

The perovskite manganites with generic formula RE;_yAE, MnO3 (RE = rare earth, AE = Ca,
Sr, Ba and Pb) have drawn considerable attention, especially following the discovery of colossal
magnetoresistance (CMR). The most fundamental property of these materials is strong
correlation between structure, transport and magnetic properties. They exhibit extraordinary
large magnetoresistance named CMR in the vicinity of the insulator—metal/
paramagnetic—ferromagnetic transition at relatively large applied magnetic fields. However, for
applied aspects, occurrence of significant CMR at low applied magnetic fields would be
required. This review consists of two sections: in the first section we have extensively reviewed
the salient features, e.g. structure, phase diagram, double-exchange mechanism, Jahn—Teller
effect, different types of ordering and phase separation of CMR manganites. The second is
devoted to an overview of experimental results on CMR and related magnetotransport
characteristics at low magnetic fields for various doped manganites having natural grain
boundaries such as polycrystalline, nanocrystalline bulk and films, manganite-based composites
and intrinsically layered manganites, and artificial grain boundaries such as bicrystal, step-edge
and laser-patterned junctions. Some other potential magnetoresistive materials,

e.g. pyrochlores, chalcogenides, ruthenates, diluted magnetic semiconductors, magnetic tunnel
junctions, nanocontacts etc, are also briefly dealt with. The review concludes with an overview
of grain-boundary-induced low field magnetotransport behavior and prospects for possible
applications.

(Some figures in this article are in colour only in the electronic version)

Contents 3.3. Electron—phonon coupling and subsequent
theories 10
I Introduction . 2 3.4. Ordering phenomenon 11
1.1. The phenomenon of magnetoresistance 2
1.2. Giant magnetoresistance (GMR) 3 3.5. Phase separation (PS) scenario 13
2. Emergence of a new type of magnetoresistance: 4. Magnetoresistance at low magnetic fields (<10 kOe) 16
colossal .mag.n ctoresistance (C,MR) 4 4.1. Natural grain boundary systems 17
2.1. Brief history of manganites 4
2.2. Salient features of manganites 5 4.2. Artificial grain boundaries system 29
3. The known mechanisms: their salient features and 5. Recent observations of magnetoresistance in other
inadequacies 7 materials and relevant mechanism 31
3.1. Crystal field splitting and Jahn—Teller effect 7 . — .
6. E d applicat f t 34
3.2. Double exchange and related effects 9 fvisaged appiications Of manganites
7. Summary and future outlook 34
3" Author to whom any correspondence should be addressed. Present address: Ack led 5
National Physical Laboratory, Dr K S Krishnan Marg, New Delhi-110012, ~£cKnowledgments 3
India. References 35

0953-8984/08/273201+43$30.00 1 © 2008 IOP Publishing Ltd

Printed in the UK


http://dx.doi.org/10.1088/0953-8984/20/27/273201
mailto:pksiwach@yahoo.com
http://stacks.iop.org/JPhysCM/20/273201

J. Phys.: Condens. Matter 20 (2008) 273201

Topical Review

1. Introduction

Materials science and engineering have been at the frontier of
technological advancement since the bronze and iron ages. The
present information age relies on the development of ‘smart’
and ‘smaller’ magnetic materials for memory, data storage,
processing and probing. These magnetic materials can be di-
vided into numerous categories, depending on their origin and
applications. One prime example is the transition metal oxides
(TMOs) having perovskite (ABOj type) structure, which form
a vitally important class of materials from the point of view of
fundamental physics as well as technological applications [1].
They have been attracting intense attention because of their ex-
otic properties such as the ferroelectricity of titanates (doped
BaTiO3) [2, 3], high temperature superconductivity of cuprates
(Lay—Ba,CuOy4, HgBa,Ca,Cu3Oq4_;) [4-6], colossal magne-
toresistance of manganites (doped LaMnOs) [7], unconven-
tional p-wave superconductivity of ruthenates (Sr,RuQy) [8]
and multiferroicity [9, 10].

During the last decade, TMO based magnetoelectronics
is fast emerging as future viable technology. In the early
days, magnetic materials, e.g. Fe;O3, CrO,, were used only
in motors and generators, as permanent magnets, followed
eventually by applications like magnetic media (disks and
tapes) for data storage, magnetic field sensors, read heads etc.
The ever-exciting field of magnetism still continues to draw
attention both of scientists and the industrial community [11].
R&D for magnetic recording efforts is focused on the goal
of achieving higher areal density (the number of bits/unit
area on a disk surface), which is possible by increasing the
linear as well as track densities. Improvement in the linear
density requires advancement in materials, in the recording
techniques and in miniaturization of the components. Track
densities can be increased by improving the magnetic media or
material characteristics. The media or material developments
cover a broad range of materials and processes. The recent
development of deposited metal film media makes it possible
to achieve still higher magnetization values, having high linear
as well as track densities. Therefore, increased attention
is being paid to metal thin films. Thin films with higher
coercivity are required for higher density media. The most
challenging issue towards achieving high recording density
media is to produce magnetic thin films which have a large
signal-to-noise ratio despite the smaller size of the bit or data
being detected. The flexibility of thin film technology makes
it possible to tailor the magnetic properties to meet specific
design requirements [12, 13].

Magnetism is still a very competitive technology not only
for recording but also for other novel applications. Recently,
an approach to electronics is emerging that is based on the up-
or down-spin of the charge carriers rather than on electrons
or holes as in traditional semiconductor electronics. Devices
that rely on the electron’s spin to perform their functions form
the foundation of spintronics or magnetoelectronics [14—17].
These spintronics devices are being developed for applications
such as ultrasensitive magnetic sensors and magnetoresistive
random access memory (MRAM). The key factor for the
growth of magnetism based technology is the increase in
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Figure 1. Progress in areal density since its invention (courtesy
Ed Grochowski).

the areal density. The areal density of the state of the art
production was 700 Mbit in=2 in 1995. In the quest to lower
the cost and improve the performance, the areal density has
increased more than 20-million-fold in modern disk drives
and currently doubles every year (figure 1). Nonetheless, the
pursuit of higher areal densities still continues, as is evident
in recent laboratory experiments of recording densities beyond
100 Gbit in—2 [18, 19], and the next big challenge now looming
ahead is to achieve 1 Tbit in~2 recording density [20].

The main limitation on the size of the smallest
bit depends on the design of read—write head and the
intrinsic signal-to-noise ratio of the material. Herein comes
the next generation devices based on giant and colossal
magnetoresistive materials. Very sensitive magnetoresistive
materials called giant magnetoresistive (GMR) materials and
more recently the colossal magnetoresistive materials have
been rediscovered in the past few years, due to the intense, new
materials research. These materials exhibit a resistance change
when subjected to a magnetic field and may eventually evolve
into magnetoresistive (MR) heads to achieve the required areal
densities. Commercialization of the GMR and CMR effects
will require materials which have both high magnetization and
low activation fields, of the order of few tens of gauss or even
smaller. Thus, research on magnetic materials (magnetic thin
films and creating new materials systems) and understanding
their magnetic properties has the potential to make a significant
contribution to information technology [13].

1.1. The phenomenon of magnetoresistance

Magnetoresistance (MR) refers to the relative change in the
electrical resistivity of a material on the application of an
external magnetic field. MR is generally defined by the
equation

A —
MR% = =2 x 100 = [M] % 100,
Lo Lo

where py and py are the resistivities at a given temperature in
the applied and zero magnetic fields, respectively. MR can be
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positive or negative depending on the increase or decrease in
resistivity, respectively.

All metals show MR, which varies from few per cent
to an exceptionally high value, depending on the system and
the strength and orientation of applied magnetic field [21].
Non-magnetic metals, such as Au, exhibit small MR, but the
magnitude is somewhat greater (up to 15%) in ferromagnetic
metals such as Fe and Co. The semimetal Bi also shows
~18% MR in a transverse field of 0.6 T, which rises to a 40%
change at 24 T [22]. Cu is more typical in that the same
very powerful field (24 T) gave rise to change of only ~2%
at room temperature. This is the positive magnetoresistance
that varies as B% (B = applied magnetic field) in half-metallic
ferromagnets such as CrO, etc [23]. It is absent in the free
electron gas [21] but appears when the Fermi surface is non-
spherical (as in case of semimetal Bi) [22]. This MR originates
from the impact of the Lorentz force on the moving charge
carriers, similar to the Hall effect. Its value is ~10% at 10 T. A
classification of the magnetoresistance phenomenon is based
on the distinction familiar in magnetism between intrinsic
properties such as anisotropy constants, which depend only
on the crystal structure, composition and purity, and extrinsic
properties such as coercivity, which depend on the structure on
various (mesoscopic or microscopic) length scales [24].

1.2. Giant magnetoresistance (GMR)

The GMR effect was originally discovered in molecular
beam epitaxy grown epitaxial (100) oriented Fe/Cr/Fe
sandwiches [25] and Fe/Cr multilayers [26], but the effects
were quite modest at room temperature. Shortly afterward
it was discovered that similar effects could be found
in polycrystalline sputtered Fe/Cr multilayers [27], and
subsequently very large room temperature MR was found in
Co/Cu and related multilayers [28-30]. The GMR has also
been observed in variety of inhomogeneous granular (clusters
and alloys) systems predominantly comprised of Fe, Co, Ni
and their various alloys in Cu, Ag and Au matrices [31-34].
In granular magnetic systems, where small ferromagnetic
grains (e.g. Fe, Co, Ni etc) are embedded in an immiscible
insulating matrix, the macroscopic properties depend on the
metallic volume fraction, the grain size and the intergranular
distance. When the relative orientation of grains is antiparallel,
it results in a minimum in conductance. When antiparallel
grains are forced to be parallel by the application of a
magnetic field, conductance increases and results in large
magnetoresistance [35, 36]. On the other hand, in magnetic
multilayers spin-dependent scattering (SDS) at the interface is
responsible for the GMR effect [37]. Parkin et al [38] have
found that the relative orientation of the magnetic moments of
two neighboring Co (magnetic) layers depends on the thickness
of the intervening spacer Cu (non-magnetic) layer.

Fert and Campbell [39] have given a simple explanation
to analyze the transport properties of ferromagnetic metals by
mapping the electric current that flows through the magnetic
multilayers. They considered a trilayer with two magnetic
layers separated by a non-magnetic spacer layer. As the
GMR relies on the fact that electron spin is conserved over a
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Figure 2. Schematic illustration of electron transport across a
multilayer for (a) parallel and (b) antiparallel magnetizations of the
successive ferromagnetic layers. The magnetization directions are
indicated by the arrows. The solid lines are individual electron
trajectories within the two spin channels. Bottom panels show the
resistor network within the two-current series resistor model. For the
parallel-aligned multilayer (a), the up-spin electrons pass through the
structure almost without scattering, whereas the down-spin electrons
are scattered strongly within both ferromagnetic layers. Since
conduction occurs in parallel for the two spin channels, the total
resistivity of the multilayer is low. For the antiparallel-aligned
multilayer (b), both the up-spin and down-spin electrons are scattered
strongly within one of the ferromagnetic layers, and the total
resistivity of the multilayer is high [46]. Reprinted with permission
from [46]. Copyright Elsevier 2001.

distance of up to several tens of nanometers, which is greater
than the thickness of a typical multilayer, one can assume
that electric current in the trilayer flows in two channels, one
corresponding to electrons with spin-up projection 1 and the
other to electrons with spin-down projection |, [40]. Since the
4 and | spin channels are independent (spin is conserved),
they can be regarded as two wires connected in parallel.
The second essential ingredient is that electrons with spin
projection parallel and antiparallel to the magnetization of
the ferromagnetic layer are scattered at different rates when
they enter the ferromagnet. Thus the GMR in a trilayer
can be explained qualitatively using the simple resistor model
as shown in figure 2. This simple physical resistor model
of the GMR effect is believed to be correct but needs to
be converted into a quantitative theory that can explain the
difference between the current-in-plane (CIP) and current-out-
of-plane (CPP) geometries, the observed dependence of the
GMR on the layer thickness and also the material dependence
of the effect. The simple resistor network model discussed
above predicts that the resistance of a magnetic multilayer will
be higher for antiparallel alignment of the magnetic layers as
compared with parallel alignment [40, 41].

Several theoretical models have been developed, but most
of them are based on a pioneer model of the electrical
conduction in ferromagnets (FMs) proposed by Mott [42].
Mott hypothesized that the electric current in FM metal
is carried independently in two conduction channels that
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Figure 3. Temperature dependence of AR/ R, the resistivity p and
the magnetization M for thin films of La,;_,Ca,MnO; at x = 0.33
from [49]. Reprinted with permission from AAAS.

correspond predominantly to the spin-up and spin-down s—
p electrons. These electrons are in broad energy bands
with low effective masses. This assumption is believed to
be good at temperatures significantly below the magnetic
ordering temperature of the magnetic material so that there
is little spin mixing between two conduction channels. Mott
established that the conductivity can be significantly different
in the two channels, which is related to the corresponding
spin-up and spin-down density of empty states at the Fermi
level. These states will be largely of d character, and as a
result of the exchange split d bands the ratio of spin-up to
spin-down density of empty states at the Fermi level can be
significantly different in the ferromagnetically ordered states
of Fe, Co, Ni and their alloys. Consequently this leads to
the possibility of substantially different mean free paths A*
and spin-down (minority) electrons as compared with spin-up
(majority) electrons [43—45]. An extensive review covering
all aspects of the giant magnetoresistance effect is given by
Tsymbal and Pettifor [46].

2. Emergence of a new type of magnetoresistance:
colossal magnetoresistance (CMR)

Another magnetoresistive material which has drawn consid-
erable attention in the last decade is the unique intrinsi-
cally layered perovskite (ABO3 type) manganites of the form
RE|_,AE,MnO;, where RE is a trivalent rare earth cation,
e.g. La, Pr, Nd etc, and AE is a divalent alkaline earth cation,
e.g. Ca, Ba, Sr etc. Chahara et al [47], von Helmholtz et al
[48] and Jin er al [49] observed a high magnetoresistance in
these doped rare earth manganites (bulk as well as thin films)
in a magnetic field of several tesla (~6 T) (figure 3). As the
physical origin of the magnetoresistance in manganites was
completely different from the giant magnetoresistance effect
(GMR), the term colossal was coined (Jin et al) [49] to de-
scribe the effect. Since doped perovskite manganites are the
theme of the present review, the basics of colossal magnetore-
sistance materials are described and discussed in detail.

2.1. Brief history of manganites

About half a century ago Jonker and Santen [50-52] described
the preparation of polycrystalline samples of (La, Ca)MnOs3,
(La, Sr)MnO3; and (La, Ba)MnO3s manganites and reported
ferromagnetism and anomalies in the conductivity at the
Curie temperature with variation in lattice parameter as a
function of hole doping. A few years later Volger (1954)
observed a notable decrease of resistivity for Lag gSrg,MnO3
in the FM state, in applied magnetic fields [53]. Soon
after, a significant research effort started on the studies of
low temperature measurements in manganites such as specific
heat, magnetization, dc and ac resistivity, magnetoresistance,
magnetostriction, /-V curves, dielectric constant, Seebeck
effect and Hall effect [53, 54].

After these pioneering experiments, Wollan and Koehler
[55] carried out extensive neutron diffraction study to
characterize and draw the first ever magnetic structures (phase
diagram) of La;_,Ca,MnOj in the entire composition range.
(Wollan and Koehler (1955) were among the first to use
the technique of neutron scattering to study magnetism in
materials.) They found that in addition to FM phase many
other interesting antiferromagnetic phases were also present
in manganites (figure 4(a)). Among them the most exotic
spin arrangement is the CE-type state, which following their
classification is a mixture of the C phase with the E phase
(figure 4(b)). This CE state was also the first evidence of charge
ordering and mixed phase (phase separation) tendencies in the
manganites. Further progress came somewhat later when the
group at Manitoba grew a high quality millimeter long single
crystal of another interesting manganite, (La, Pb)MnOs3, which
has a Curie temperature well above room temperature [56].
Jirak et al [57] and Pollert et al [58] studied the structure
and magnetic properties of another very popular manganite
(Pr, Ca)MnOs by x-ray and neutron diffraction techniques.
They have also observed charge-ordered phases which are
totally different from the ferromagnetic phases of other
manganites [57].

A burst of research activity on manganites started during
1990 because of the observation of large magnetoresistance.
Work by Kusters et al [59] on bulk Ndjs5PbysMnO; reveals
the large MR effect.  Another work by von Helmholtz
et al [48] on thin films of Lay;3Ba;3MnOj3 also revealed a
large MR effect at room temperature. Thereafter, a similar
conclusion was reached by Chahara et al [47] using thin
films of Las/4Ca;;sMnOs and by Ju er al [60] for films
of La;_,SryMnOj;. They all observed MR values larger
than those observed in artificially engineered multilayers
(GMR) [38]. A defining moment for the field of manganites
was the publication by Jin er al [49] of results with truly
colossal magnetoresistance (CMR). Jin et al reported MR close
to ~1500% at 200 K and over ~100000% at 77 K for thin
films of Lag ¢7Cag 33Mn0O3. This enormous factor corresponds
to a thousand-fold change in resistivity with and without the
field. One year later Xiong et al [61] reported an MR ratio
of over ~100000% (MR = (pyo — py) x 100/pgy) using
thin films of Ndj7Srp3MnO; near 60 K and in the presence
of a magnetic field of 8 T. These studies led to the obvious
conclusion that manganites were a potential alternative for
‘giant” MR systems.
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Figure 4. (a) Possible magnetic structures of Mn oxides by Wollan
et al [55]. The circles are the Mn ions, and the signs the orientation
of the z-axis spin projection. For example, A type has planes that are
ferromagnetic, with antiferromagnetic coupling between them. The
B-type structure is the standard ferromagnetic arrangement, while G
type corresponds to an antiferromagnet in all three directions. The C
type has antiferromagnetism in two directions, and ferromagnetism
along the third. Reprinted figure with permission from [55].
Copyright 1955 by the American Physical Society. (b) Schematic
representation of the CE state proposed by Goodenough [63]. This
figure shows the spin, charge and orbital order states in Mn oxides.
Reprinted figure with permission from [63]. Copyright 1955 by the
American Physical Society.

2.2. Salient features of manganites

2.2.1. Crystal structure and its relevance. The characteristic
properties of doped perovskite manganites like the CMR effect
and the strong correlation between the structure and electronic—
magnetic phases can all be attributed to the ratio of the
Mn** and Mn** ions [50]. The parent compound crystallizes
in AMnOj type perovskite structure having general formula
RE;_,AE,MnQOj3, where RE stands for a trivalent rare earth
cation such as La, Pr, Nd, Sm, Eu, Gd, Tb, Y etc and AE
stands for a divalent alkaline earth cation such as Ca, Br, Sr
etc. In this perovskite-like structure (RE, AE) occupies the
vertices of the cubic unit cell, Mn occupies the body center and
O occupies the six faces of the cube, which forms the MnOg
octahedra (figure 5) [62-64]. The (RE, AE) site (so-called
perovskite A site) can in most cases form a homogeneous
solid solution. Both the end members LaMnO; (A type)
and CaMnO; (G type) are antiferromagnetic insulators having
single-valent Mn ions, i.e. Mn** (3d*, 6,el) and Mn** (3d’,
tggeg) respectively [55]. Partial doping of the trivalent RE ion
by divalent alkaline earth cation AE leads to the formation
of a mixed valence state of the Mn, i.e. Mn>T and Mn*", to
maintain the charge neutrality of the system [50]. The mixed
valence of the Mn ions may also be controlled by varying the
oxygen content [65, 66]. This doping with some divalent cation
causes the structure to become distorted due to the differences
in the size of the various atoms and leads to the Jahn—Teller
effect, which is discussed in section 3.1 [67].

Perovskite-based structures occasionally show lattice
distortion as modifications from the cubic structure due to
doping. One of the possible origins of the lattice distortion
is the deformation of the MnOg octahedron arising from
the Jahn-Teller effect that is inherent to high-spin (S =
2) Mn** with double degeneracy of e, orbitals. Another
lattice deformation comes from the connection pattern of the
MnOg octahedra in the perovskite structure (tilting of the
octahedra), forming rhombohedral or orthorhombic lattices.
In these distorted perovskites, the MnOg octahedra show
alternate buckling [68, 69]. Such a lattice distortion of the
perovskite AMnO3 (where A = RE|_,AE,) is governed by the
Goldschmidt tolerance factor ¢ [70, 71], which measures the
deviation from perfect cubic symmetry (t = 1) and is defined
as

[t: da—o _ (ra) +ro i|
V2dvin-o V2 (rsm) +ro) ]’

Q@ A(0D0)
e B(12121/2)

O 0@©12172)
(172012)
(1/21/20)

Figure 5. The ideal cubic LaMnQOj; perovskite structure (two views), where A = (RE, AE) (RE = trivalent rare earth cation e.g. La, Pr, Nd
etc and AE = divalent alkaline cation e.g. Ca, Ba, Sr etc), B = Mn and O = oxygen.
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where da_o is the distance between the A site, where the
lanthanide or alkaline earth ions are located, and the nearest
oxygen ion, i.e. ((ra) + ro), and dyn—o is the Mn—O shortest
distance, which are calculated from the sum of the ionic
radii for 12-coordinated A-site cations and 6-coordinated Mn
cations [72]. However, the tolerance factor is dependent
on both temperature and pressure. The A-O bond has a
larger thermal expansion coefficient and is normally more
compressible than the Mn—O bond of an AMnOs3 perovskite,
which makes dz/dT > 0 and d¢/dP < O [71].

Since for an undistorted cube the Mn—O-Mn bond is
straight (da—o = +/2dym-0), t = 1. However, sometimes
the A ions are too small to fill the space in the cubic centers,
and due to this the oxygens tend to move toward this center,
reducing da_o (dvn—o also changes at the same time). For
this reason, the tolerance factor becomes smaller than one,
t < 1, as the A-site radius is reduced, and the Mn—O-Mn
angle becomes smaller than 180°. Thus as the tolerance factor
decreases the tendencies of charge localization increase due
to the reduction in the carrier mobility and hence hopping
amplitude also decreases between Mn*t and Mn** [73]. This
has been observed experimentally and proved theoretically
in doped manganites [74-76]. For the ideal cubic structure
t = 1, but the stable perovskite structure occurs over a range
of 0.89 < r < 1.02. For lower values of ¢, the cubic
structure is distorted to optimize the A—O bond lengths. For
values of t between 0.75 and 0.9, the MnOg octahedra tilt
cooperatively to give an enlarged orthorhombic unit cell [73].
This distortion (reduction of Mn—-O-Mn angle from 180°)
affects the conduction band, which appears as hybridization
of the p level of the oxygen and the e, levels of the Mn. The
orbital overlap decreases with decrease in tolerance factor and
the relation between the bandwidth w and 6 has been estimated
as w o« cos? 0 [77].

Hwang et al [78] have carried out a detailed study of the
structure—property correlation as a function of temperature and
tolerance factor ¢, for the RE(7AE(3MnO; compound for a
variety of RE (trivalent rare earth ion) and AE (divalent) ions.
The typical relationship is shown in figure 6 and it shows
the clear presence of three dominant regions: a paramagnetic
insulator at high temperature, a low temperature ferromagnetic
metal at large tolerance factor and a low temperature charge-
ordered ferromagnetic insulator (FMI) at small tolerance
factor. Zhou et al [79] have also investigated the influence of
the tolerance factor ¢ and differences in the ionic radii of the
A-site cations in Curie temperature, resistivity, coercive field
and magnetoresistance. They observed that large difference
between the ionic radii of the A-site cations is detrimental
for magnetotransport properties. In another study Sun er al
[80] examined a series of compounds at constant 33% doping
level Lay/3_,R,Ca;;3MnO; (R = Pr, Nd, S, Eu, Gd, Tb, Y,
Er, Tm) with x chosen to be fixed at t+ = 0.911. Under
the constraints of constant doping level x and ¢, the picture
developed by Hwang et al [79] would predict no variation
of the insulator-metal transition temperature (7y) with rare
earth. Sun et al did observe a dependence of Tpy on the
choice of rare earth ion, which demonstrates that a single,
average tolerance factor ¢ is inadequate for describing the
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Figure 6. Phase diagram of temperature versus tolerance factor for
the system RE(;AE(3MnOj3, where RE is a trivalent rare earth ion
and AE is a divalent alkaline earth ion. Open symbols denote 7,
measured at 100 Oe. Closed circles denote 7”. Reprinted figure with
permission from [78]. Copyright 1995 by the American Physical
Society.

behavior of perovskite manganites where A-site components
have widely different radii. They attributed the discrepancy to
an inhomogeneous distribution of cations on the A site [80].

2.2.2. Phase diagram. Phase diagrams of doped
perovskite manganites are exceptionally rich with different
resistive/magnetic as well as structural phases [81-83]. The
phase diagrams that have been established so far for different
compounds, e.g. La;_,Ca,MnO3; (LCMO), La;_,Ba,MnOs;
(LBMO), La;_,Sr,MnO3; (LSMO) etc, are constructed from
detailed measurements of macroscopic physical quantities such
as resistivity (p), susceptibility (x) and magnetization (M)
on single-crystal and bulk ceramic samples [84, 85]. Even
though the phase diagram of each composition is different
due to the variation in sizes of different atoms involved,
they have some common features [86]. The Ca doped
LaMnO; i.e. La;_,Ca,MnO; (LCMO) is the prototype of
the intermediate bandwidth mixed-valent perovskite manganite
because the ionic size of Ca (~1.16 A) is almost identical
to the ionic size of La (~1.18 A) and thus a true solid
solution forms in the entire range of Ca concentration [82].
Furthermore, the structure, unlike other perovskite manganites,
remains orthorhombic below ~700 K in the entire doping
concentration.  So, La;_,Ca,MnO3; (LCMO) is a good
candidate material for basic understanding and hence its phase
diagram has been described in detail.

The first ever magnetic phase diagram for La;_,Ca,MnOs3
as a function of temperature was reported by Schiffer et al
[84], but the complete phase diagram for La;_,Ca,MnO;
was given by Cheong and Hwang [85] on the basis of
magnetization and resistivity data, as shown in figure 7.
Similar phase diagrams have been obtained using thin
films [88, 89]. In figure 7 we have shown the phase diagram
of intermediate bandwidth manganite i.e. La;_,Ca,MnOj3. At
high temperature (>275 K), for all doping levels, the system
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Figure 7. Phase diagram of La,_,Ca,MnOs3, constructed from
measurements of macroscopic quantities such as the resistivity and
magnetic susceptibility. PI, paramagnetic insulator; FM,
ferromagnetic metal; FI, ferromagnetic insulator; AF,
antiferromagnetism; CAF, canted antiferromagnet; CO,
charge/orbital order. The ferromagnetic—insulating and canted
antiferromagnetic states could be spatially inhomogeneous states
with ferromagnetic and antiferromagnetic coexistence. Reprinted
figure with permission from [85].

is a paramagnetic insulator (PI). At low temperature, LCMO
undergoes the following transitions: the end compositions
LaMnO; (x = 0) and CaMnO; (x = 1) are insulators at
all temperatures and canted antiferromagnetic insulators at
low temperature. For x = 0.175, a complicated regime
with FI (ferromagnetic insulator), CO (charge-ordered) and
CAF (canted antiferromagnetic) phases has been realized. On
further Ca substitution from 0.175 to 0.50, the regime of
CMR effect has been found. In this region, the material
undergoes an insulator—metal transition, Ty, which is usually
very close to the paramagnetic—ferromagnetic transition, 7.
Close to x = 0.5, where the Mn*t to Mn®* ratio is about 1:1,
a charge-ordered antiferromagnetic insulating phase starts to
evolve at low temperature. This phase has been observed up to
87% of Ca, beyond which a canted antiferromagnetic regime
(mixture of ferromagnetic and antiferromagnetic regions)
exists. Thus the phase diagram of La;_,Ca,MnO3 consists
of various phases such as canted antiferromagnetic, charge
ordered, ferromagnetic metallic, paramagnetic insulating and
others, which makes the physics of manganites interesting and
challenging [84, 85].

As can be seen from the phase diagram in figure 7, there
are well defined special features at the commensurate Ca
concentration of x = N/8 (N = 1, 3, 4, 5 and 7) [85].
At x = 3/8 (0.375), T. becomes maximum whereas Tco
peaks at x = 5/8 (0.625). The compound at the phase
boundary with x = 4/8 (0.5) undergoes first a ferromagnetic
transition and then a simultaneous antiferromagnetic and
charge ordering transition at low temperature. The system
at x = 1/8 concentration also undergoes two transitions,
first a ferromagnetic transition and then an antiferromagnetic
transition accompanied by a charge ordering transition. There
is another well defined phase boundary at x = 7/8 (0.875), and
a magnetic transition with a significant ferromagnetic moment
is observed for x > 7/8. The phase diagram also shows
that there exists pronounced electron—hole symmetry in the

ground state properties of (La, Ca)MnOs;. First of all, the
ground state is a ferromagnetic metal for the hole concentration
of 1/8 < x < 4/8, but the electron concentration 1/8 <
x < 4/8 shows charge ordering at low temperatures.
Furthermore, at the carrier concentration of 0 < x < 1/8,
ferromagnetism is much more pronounced for the hole carrier
as compared to the electron carrier. In general, holes in
LCMO tend to induce metallicity along with ferromagnetism
at low temperatures, while electron carriers are susceptible
to charge ordering. These anomalies at the commensurate
concentrations clearly indicate the importance of electron—
lattice coupling (which induces charge localization) in the
mixed-valent manganites [90, 91].

Another important manganite, La;_,Sr,MnO3; (LSMO),
is widely studied as a representative of large bandwidth
Mn oxides and has a high Curie temperature of 370 K at
intermediate hole doping [92]. In the LSMO compound
a structural transition from orthorhombic (x > 20%) to
rhombohedral (x < 20%) is present [81]. However, the
structural phase diagram is even more rich [82, 83]. In general,
the orthorhombic phase is stable at lower temperatures, while
the thombohedral phase requires higher temperature. Thus,
depending on the doping, one can obtain ferromagnetic or
antiferromagnetic metallic phases, as well as antiferromagnetic
insulating phases. Ferromagnetic insulators are less common,
since the occurrence of ferromagnetism is associated with
the movement of free carriers in the lattice, but can be
obtained for some partial orbital ordering cases [93, 94]. A
large amount of theoretical as well as experimental work
has been devoted to disclosing the orbital effects on the
magnetic phases of CMR manganites [95].  There are
differences in the phase diagram for different manganites,
e.g. La;_,Ca,MnOs [84, 85], La;_,Sr,MnOs [92, 96],
Pri_,Ca,MnO;5 [87], Nd;_,Sr,MnO;5 [97] etc; however, in
general they have some common features.

3. The known mechanisms: their salient features and
inadequacies

3.1. Crystal field splitting and Jahn—Teller effect

The physical properties of the doped perovskite mangan-
ite (LaMnQOs) involve a complex interplay between the spin,
charge, orbital and lattice degrees of freedom, which strongly
depend on the site of occupancy of the d orbitals. The basic
building blocks of the manganites are the MnOg octahedra. In
the cubic environment of the MnOg octahedron, hybridization
and electrostatic interaction with oxygen 2p electrons will cre-
ate a crystal field for the outer 3d electrons in Mn**. As the d
orbitals are fivefold degenerate (figure 8), this crystal field lifts
the fivefold degeneracy of d electrons present in free Mn** ions
by splitting the energy levels and forming lower lying triply de-
generate t, states and higher doublet e, states [98]. The low
lying ty, triplet consists of the d,,, d,, and d_, orbitals. These
orbitals have lobes oriented between the O>~ ions. The higher
energy ey doublet consists of the d,2_» and d3_,> orbitals.
Their lobes point in the directions of the 02~ ions, which raises
their energy because of the stronger Coulombic repulsion of
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Figure 8. Five d orbitals. In the cubic crystal field, this fivefold degeneracy is lifted to two e, orbitals ((x, — y;) and (3z; — 1)) and three t;,
orbitals ((xy), (yz) and (zx)) from [168]. Reprinted figure with permission from AAAS.

Figure 9. Lifting of the degeneracy of 3d orbitals in Mn** ions by
the Jahn—Teller distortion. The crystal field splitting (CFS), Ay, is
around 1.5 eV, while the energy difference 25,7 between the e, states
is about 1 eV [7].

the MnOg octahedra in doped LaMnOs. The energy difference
due to crystal field splitting (CFS) between t, and e, levels for
LaMnOs is approximately 1.5 eV (figure 9) [99]. Due to strong
intra-atomic Hund’s coupling, all electrons of Mn** and Mn**
are aligned parallel in the ground state, leading to a total spin
of § = 2 and § = 3/2, respectively. All three outer elec-
trons of Mn** occupy the ty, sites, while the extra electron of

Mn?" is situated in one of the e, levels. The ty, orbitals over-
lap relatively little with the p orbitals of nearby oxygen atoms,
so that the ty, electrons can be considered as forming a local-
ized core spin (s = 3/2). The e, orbitals on the other hand
overlap with the p orbitals of neighboring oxygen atoms. Al-
though strongly coupled ferromagnetically to the tp, spin, the
e, electron (s = 1/2) is more mobile and can hop between dif-
ferent Mn ions. Thus the partial degeneracy of the 3d orbitals
has been removed by CFS. The remaining degeneracy is usu-
ally broken by the lattice motion. The oxygen ions surrounding
the Mn3* ions can slightly readjust their locations, creating an
asymmetry between the different directions that effectively re-
moves the degeneracy. This lifting of degeneracy due to the
orbital-lattice interaction is named as the Jahn—Teller distor-
tion/effect. This effect tends to occur spontaneously because
the energy penalization of the lattice distortion grows as the
square of this distortion, while the energy splitting of the other-
wise degenerate orbitals is linear. For this reason, it is energeti-
cally favorable to spontaneously distort the lattice, thus remov-
ing the degeneracy. As far as manganites are concerned there
are 21 degrees of freedom (modes of vibration) for the move-
ment of oxygen and Mn ions [100]. Out of these only two types
of distortion (modes of vibrations) are relevant for the splitting
of the e, doublet, i.e. JT distortion: O, and Q3 [101], which are
shown in figure 10. Q3 is a tetragonal distortion, which results
in elongation or contraction of MnOg octahedra. However,
in the case of manganites the effective distortion is the basal
plane distortion (called the O, mode) in which one diagonally
opposite O pair is displaced outwards and the other pair
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Figure 10. The relevant modes of vibration are (a) Q> and (b) Q3 for the splitting of the e, doublet (Jahn-Teller distortion) [7].
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displaced inward. As Mn*" does not have an electron in the
e, states, it will not act as a JT ion.

Lattice distortion of the octahedral can be static or
dynamic. When the carriers have a certain mobility, the
distribution of Mn** and Mn** ions is random and changes
with time. Therefore, electron—phonon coupling arises and,
in fact, Millis et al [102] and Roder et al [103] have claimed
that it is necessary to take account of the lattice vibrations to
explain the change in curvature of the resistivity close to 7c.
Moreover, due to the large Hund’s coupling, magnetic polarons
can be formed [104]. The localization of the carrier in lattice
and/or magnetic polarons can explain the activated behavior
of the resistivity for T > T¢ [89]. When the bandwidth
is narrow, the localization induced by lattice deformations is
very relevant and leads to charge/orbital ordering and stripe
formation [93, 94, 105].

3.2. Double exchange and related effects

Soon after Jonker and Santen [50, 51] discovered the strong
correlation between ferromagnetism and metallic conductivity
in doped manganites, Zener [62] proposed a qualitative
explanation that remains at the core of our understanding
(of simultaneous ferromagnetic—paramagnetic and metal—
insulator transition) in manganites even today.

Zener interpreted ferromagnetism as arising from an
indirect coupling between ‘incomplete d shells’ of Mn** and
Mn** via ‘conducting electrons’ of oxygen, as shown in
figure 11. Zener pointed out that on doping with a divalent
ion at a rare earth site, i.e. RE;_,AE,MnQOs3, the Mn ions
become mixed valent, with Mn fraction x in the tetravalent
Mn*" (3d%, ), S = 3/2) and 1 — x in the trivalent Mn>*
(3d*, tgeé,
oxygen and two Mn ions i.e. Mn>* and Mn**. The basic idea
of double exchange is that the initial state ¢; (Mn*T—O-Mn**)

S = 2) state, which forms a cluster comprising
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Figure 11. (a) Schematic representation of the double exchange
mechanism proposed by Zener; (b) sketch of de Gennes spin-canted
states.

and final state ¢, (Mn**—O-Mn3*) are degenerate, leading
to a delocalization of the hole on the Mn** site or electron
on the Mn’* site. Thus the transfer of an electron occurs
simultaneously from Mn** to O?>~ and from 0%~ to Mn**;
this process is a real charge transfer process and involves an
overlap integral between Mn 3d and O 2p orbitals. Because
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of strong Hund’s rule coupling, the transfer-matrix element has
finite value only when the core spins of the Mn ions are aligned
ferromagnetically. The Hund’s rule coupling of degenerate
states lifts the degeneracy and the system resonates between
@1 and @, if the core spins are parallel, leading to simultaneous
occurrence of metallicity and ferromagnetism. Zener’s model
was based on the assumption that the manganites are uniform
and homogeneous without any form of coexisting clusters of
competitive phases.

Anderson and Hasegawa [106] modified Zener’s model
by treating the core spin (ty,) of each Mn ion classically
and the mobile electron (e;) quantum mechanically. They
showed that electron transfer between neighboring Mn ions
depends on the angle between their magnetic moments as
tsf = tcos(6/2). The transfer probability varies from 1 for
¢ = 0 to zero for 6 180° and the exchange energy is
lower when the itinerant electron’s (ey) spin is parallel to the
total spin of the Mn cores. Further, de Gennes [107] in a
mean field type description revisited the problem, treating the
effect of double exchange in the presence of antiferromagnetic
background. He formulated the DE problem for a lattice
and derived a band model for the motion of holes. de
Gennes considered a layered material with N magnetic ions
per unit volume, each spin S coupled ferromagnetically to
its Z’ neighbour on the same layer with exchange energy J'
and antiferromagnetically to Z neighbours on adjacent layers
with energy J. de Gennes predicted that at low doping level
an antiferromagnetic superexchange interaction competes with
the ferromagnetic DE interaction, which leads to a spin-canted
state. However, recent studies have shown that a strong
alternative to canted states is provided by the tendency to
phase separation. de Gennes further considered localization
and self-trapping of charge carriers, which gives rise to local
distortion of the spin lattice, i.e. the concept of the magnetic
polaron [108]. Another pioneer theoretical study in manganites
was carried out by Goodenough [109] regarding the charge,
orbital and spin arrangements in the non-ferromagnetic regime
of the phase diagram of LCMO [52]. The approach of
Goodenough was based on the notions of ‘semicovalent bond’
and elastic energy considerations. A semicovalent bond or
semicovalency arises when the overlap of spin-polarized sp
orbitals of Mn ions with occupied orbitals of the oxygen
allows only covalent bonds involving electrons of one spin
direction [109].

Kubo and Ohata [110] considered a fully quantum
mechanical approach employing mean field theory for
metallic double exchange ferromagnets. They calculated a
magnetic phase diagram, resistivity and the magnetoresistance.
Their results show a ferro-to-paramagnetic transition at Tt,
accompanied by a change in the temperature dependence
of resistivity, and diverging magnetoresistance at 7. They
have calculated low temperature resistivity due to second
order electron—-magnon process and found that resistivity
is proportional to 7°2. However, neither the predicted
low temperature resistivity dependence nor the constant
resistivity above T, agree with the experiments. Further,
Furukawa [111, 112] proposed an unconventional one-magnon
scattering process in manganites using the dynamical mean
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field theory and found that the low temperature resistivity
follows a T power law.

3.3. Electron—phonon coupling and subsequent theories

The double-exchange [62] and subsequent theories by
Anderson—Hasegawa [106], de Gennes [107] and Goode-
nough [108] only explain the transport properties of mangan-
ites qualitatively. They overestimate the Curie temperature of
most manganites, cannot describe the huge magnitude of the
CMR effect, underestimate the resistivity values in the para-
magnetic phase by several orders and cannot account for the
existence of various antiferromagnetic phases, charge/orbital
ordering, phase separation scenario and strong lattice ef-
fects/anomalies seen experimentally due to their inherent limi-
tations. Millis et al [102] invoke the idea that double exchange
alone does not explain the resistivity of La;_,Sr,MnOs;. Their
argument hinges mainly on an estimate of the Curie tempera-
ture in a pure double-exchange model, which turns out to be
an order of magnitude larger. Moreover, Millis ef al calcu-
lated the resistivity within the double-exchange model includ-
ing spin fluctuations and found that resistivity decreases below
T, and a positive magnetoresistance above 7, both features in
contradiction to the experimental results. Millis et al argued
that the electron—phonon coupling due to the dynamic Jahn—
Teller distortion plays an important role, and that a strong in-
terplay between electron—phonon coupling, including charge
localization, and Hund’s coupling, generating a FM metallic
phase, is responsible for the observed properties of mangan-
ites [113, 119, 120]. The strong e—ph coupling in manganites is
mainly caused by the Jahn—Teller effect of Mn®". The JT effect
causes local distortion of the crystal structure in which some of
the Mn—O bonds become shorter and other longer. This breaks
the local cubic symmetry and splits the degeneracy of the e,
levels on this site. By occupying the orbital with the lowest
energy, the e, electron can become effectively self-trapped to
form together with the surrounding deformed lattice a quasi-
particle called a lattice polaron or Jahn—Teller polaron. This
transport of lattice and spin distortions is also called a magnetic
polaron. Calculations by Millis et al [104, 113—115] predict the
localization of charge carriers by temporal and spatial JT dis-
tortions around and above 7. This would lead to the observed
activated resistivity behavior in the paramagnetic phase. Below
T., the self-trapping of carriers ends, leading to a relaxation of
the lattice and an enhancement of the conductivity. In this the-
ory both JT coupling and DE are needed to explain the proper-
ties in the various magnetic phases. This leads to the prediction
of lower more correct T;. values, and can explain the high resis-
tivity and large CMR effect in manganites. The work of Millis
et al marked a new stage in the study of the CMR manganites
by making use of the concept of static and dynamic JT insta-
bilities [116-118]. Several recent experimental observations,
such as resistivity [119], thermoelectric power [120, 121], Hall
effect [122], low temperature optical conductivity [123, 124],
mobility [125], neutron scattering [126], volume thermal ex-
pansion [127], a large nuclear magnetic resonance [128], iso-
tope effect [129], electron energy loss spectroscopy [130], pho-
toemission spectroscopy [131], x-ray absorption fine structure
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spectroscopy [132] and Raman scattering [133], clearly indi-
cate that self-trapping of a charge carrier as a small polaron
in doped perovskite manganites above T, due to Jahn—Teller-
induced electron phonon coupling should be taken into account
to explain the distinctive properties of perovskite manganites.

Roder et al [103, 134] incorporated Jahn—Teller (electron—
phonon) coupling into the double-exchange model and
suggested that the e, charge carrier becomes self-trapped as
localized lattice distortions with a spin polarization around
the position of the charge carrier, having a coherence length
of the order of five Mn sites. These quasi-self-trapped small
polarons can therefore be called magnetoelastic polarons, since
they are associated with spin clusters and essentially form
metallic islands in a paramagnetic lattice. Ample experimental
evidence regarding the existence of magnetic polarons has been
reported. It has been demonstrated by neutron diffraction
that for both perovskite [76] and layered manganites [135]
a volume reduction and relaxation of the lattice is observed
as the temperature decreases below 7.. This is due to
change in the Mn—-O bonds and indicates the existence of
localized e, electrons above 7¢, which become delocalized in
the ferromagnetic phase [136].

The close agreement between the theoretical predictions
and the experimental evidence strongly indicates that the lattice
effects in CMR materials are caused by the existence of small
magnetic Jahn—Teller polarons above 7; and ‘melting’ of these
entities below 7¢. In this theoretical picture, the properties of
manganites like the value of T, the magnitude of the CMR
effect and whether the ground state becomes metallic or stays
insulating depend on the relative strength of DE mechanism
and the electron—phonon coupling, which is determined mainly
by the nominal hole concentration x. There are various other
theories/models, e.g. the vibronic model of Goodenough [137],
the bi-polaronic model of Alexandrov [108, 138] and the
magnetoimpurity theory of Nagaev [139], that explain some
aspect or other of doped perovskite manganites. Recently,
Ramakrishnan and co-workers [140] have proposed a theory
for doped manganites where they argued that due to strong
JT interactions the doubly degenerate e, electrons dynamically
reorganize themselves into two types of coexisting electron
fluid. The majority of the electrons (labeled I) become
localized polarons, trapped by large local JT distortions
exponentially, with reduced intersite hopping, and a minority
of them (labeled b) can remain mobile and non-polaronic, with
no associated lattice distortions, and undiminished hopping
amplitudes. A virtual adiabatic transition to empty neighboring
sites induces a ferromagnetic exchange referred to as virtual
double exchange in doped manganites. The resulting Falicov—
Kimball type, /b model Hamiltonian in a simple dynamical
mean field treatment in the framework of an ‘orbital liquid’
description gave a good account of the distinctive properties of
these doped manganites.

Very recently, Mannella er al [141] describe the electronic
properties (Fermi surface) of manganites, revealing that
the interaction of electrons and lattice vibrations (phonons)
is crucial and should be taken into account to explain
their distinctive properties. They carried out ARPES of
the low temperature ferromagnetic—metallic ground state of
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La;»Sr;i §Mn,O; (LSMO). Their results indicate that the
spectral weight of LSMO is too small. In addition, they have
also found that the measured energy spectrum is not isotropic,
but depends strongly on the direction of electron propagation.
The electron propagates readily in a direction that is diagonal
to the square lattice of the Mn atom but poorly along the
axes of the lattice. The reduced spectral weight and the
velocity seem to imply that, even in the metallic state, in which
conduction electrons supposedly move freely throughout the
lattice, electrons and phonons are interdependent. The nested
shape of the Fermi surface (having large parts that are nearly
parallel) itself provides strong evidence of electron—phonon
coupling. Nesting provides a channel through which an
electron can be scattered between different parts of the Fermi
surface. The scattering centers are phonons in the present
LSMO case and they could also be magnetic fluctuations. Thus
scattering reduces the electronic spectral weight around the
Fermi energy and induces a gap in the energy spectrum, which
is very similar to the ‘pseudogap’ observed in high temperature
cuprate superconductors. Thus, Mannella et al confirmed that
in manganites the electron—phonon coupling is an essential
microscopic ingredient.

3.4. Ordering phenomenon

A fascinating phenomenon of charge ordering (CO) is found
to occur in various transition metal oxides (TMOs) wherein
electrons become localized due to ordering of cations of
different charges (oxidation states) on specific lattice sites.
Such ordering generally localizes the electrons in the material,
rendering it insulating or semiconducting. This phenomenon
of charge ordering (CO) is well known in Fe;O4 (magnetite),
which undergoes a disorder—order transition accompanied by a
resistivity anomaly, popularly known as the Verwey transition,
at 120 K [142, 143]. Charge ordering (CO) has been found to
occur in a few other TMOs [144, 145] as well, but the evidence
of CO in doped rare earth manganites is overwhelming due
to the discovery of colossal magnetoresistance and other
interesting properties [7]. The first evidence of CO in doped
manganites was observed by Wollan and Koehler [55] through
neutron diffraction and latter examined by Jirak et al [146].
The phase diagram of La;_,Ca,MnO; (figure 7) depicts well
defined features at the commensurate carrier concentration
(Ca)of x = N/8 (N = 1, 3,4, 5and 7) [84, 85]. CMR
has been observed for Ca concentration x of ~1/8-4/8. For
the high doping range with x > 4/8, the doped charge carriers
localize and order with stripe modulation at low temperatures
along with antiferromagnetic ordering [109, 147-149].

The general tendency of charge carrier localization and
ordering in doped Mott insulators [85, 150] is particularly
strong in doped manganites, due to the relatively enhanced
(electron/hole) carrier-lattice coupling. In addition, there
exists an orbital degree of freedom of the e, electrons in Mn**
ions. This orbital ordering can lower the electronic energy
through the Jahn-Teller mechanism. Therefore, there exists
orbital ordering (OO) in addition to charge ordering in mixed-
valent manganites. The first direct evidence of charge ordering
in LagsCapsMnO; (T, =~ 220 K) was provided by electron
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Figure 12. (a) [001] zone-axis electron diffraction pattern obtained
at 95 K. The fundamental Bragg peaks labeled a, b and ¢ can be
indexed as (200), (020) and (110), respectively. The presence of
superlattice spots with modulation wavevector (1/2, 0, 0) or (0, 1/2,
0) is evident. Kinematically forbidden (100) and (010) spots also
appear as a result of multiple scattering. (b) Schematic charge
ordering picture of Mn** and Mn** ions. Open and closed circles
represent Mn** and Mn®* ions, respectively. The orientational order
of dg orbitals of Mn>* ions, which results in the cell doubling along
the a axis, is also indicated. Reprinted figure with permission

from [149]. Copyright 1996 by the American Physical Society.

diffraction studies reported by Chen and Cheong as shown in
figure 12 [149]. Close to the onset of antiferromagnetism,
quasi-commensurate satellite reflections were observed, with a
modulation wavevector 27 /a (1/2— €, 0, 0). They interpreted
these reflections as a result from the coherent ordering of
Mn3t04 and Mn**Og octahedra, as expected for a charge-
ordered phase. Radaelli et al [151] reported a detailed
synchrotron x-ray and neutron diffraction investigation of 50%
Ca doped LaMnOs. They observed weak satellite reflections in
the x-ray diffraction pattern, which was consistent with that of
Chen and Cheong [149]. In La;;3Cay3sMnO3, there are twice
as many Mn** (3d®) ions as Mn** (3d*) ions, and the ordering
of diagonal rows of Mn** and Mn** ions plus the orientational
ordering of the d? orbitals in Mn®* gives rise to the striped
pattern as shown in figure 13. In figure 13(a), diagonal charge
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Figure 13. (a) Schematic real space charge ordering picture of Mn**
(open circles) and Mn* (closed circles) ions for the 16.5 A diagonal
stripes appearing in the x = 0.67 sample. The orientational order of
d? orbitals of Mn>* ions is also indicated. For comparison, a similar
schematic diagram for the sample of x = 0.5 is shown in (b), which
demonstrates 11 A periodic stripes. Dashed lines in (a) and (b)
indicate the unit cell of the superlattice. Reprinted figure with
permission from [149]. Copyright 1997 by the American Institute of
Physics.

stripes are evident, and their periodicity is ~16.5 A. These
~16.5 A charge stripes from the pattern in the real space image
(figure 14) [152] are obtained from electron microscopy for
x = 2/3. Shown in figure 13(b) is the similar charge/orbital
ordering scheme for x 0.5, where there are just as many
Mn** ions as Mn* ions. In this case, the diagonal charge
stripes adopt a wavevector § = 0.5 with a spacing of ~11 A.
Mori et al [152] have reported a different pattern of charge
localization in the charge-ordered phase of La;_,Ca,MnOj3
(x = 0.5), employing transmission electron microscopy at
95 K (figure 14). They observed extremely stable pairs of
Mn** Qg stripes, with associated large lattice contraction (due
to the Jahn-Teller effect), separated periodically by stripes
of non-distorted Mn**Og octahedra. These periodicities,
which adopt integer values between two and five times the
lattice parameter of the orthorhombic unit cell, corresponds
to the commensurate carrier concentrations of x 1/2,
2/3, 3/4 and 4/5; for other values of x, the pattern of
charge ordering is a mixture of the two adjacent commensurate
configurations.  These paired Jahn-Teller stripes appear
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Figure 14. Pairing of charge-ordered stripes in Lag 33Cag 67 MnO;.
(a) High resolution lattice image obtained at 95 K showing 3ay
pairing of the JTS. (b) Schematic model in the a—b plane showing the
pairing and orbital ordering of the Mn** JTS in blue, and the Mn**
in orange [152]. Reprinted with permission from Macmillan
(Nature), copyright 1998.

therefore to be the fundamental building blocks of the charge-
ordered state in the manganites. The charges ordering
in manganites have been accompanied by an increase in
sound velocity, change in lattice parameters and anomalies
in heat capacity, magnetization, resistivity and the activation
energy for conduction. These orbital/charge orders can
readily be melted to the ferromagnetic metallic state by
application of various impulses such as magnetic field [153],
pressure [154], exposure to x-ray photons [155], high voltage
(250-700 V) [156], electric field [157] and visible-IR light
laser pulses [158].

Charge ordering (CO) similar to that found in
Lag5CapsMnO3 has been reported for Ndg 5SrosMnOs [159]
and Pry5CapsMnO;3; [145]. Both these compounds ex-
hibit the CE-antiferromagnetic structure. However, not all
RE( 5AE(sMnO3 compounds exhibit charge ordering behav-
ior. For example, PrpsSrosMnOs; [160] has a A-type an-
tiferromagnetic insulating ground state. It has also been
demonstrated that equal numbers of Mn** and Mn** are not
a prerequisite to charge-ordered behavior. Pry;Cap3;MnO;
has also been reported to exhibit the CE-type antiferromag-
netic structure, suggesting a similar charge ordering as in
LagsCagsMnOs [106]. Rao et al [105] have carried out de-
tailed investigations on the effect of average radius of the A-
site cations (ra) on CO properties and concluded that Tco
(charge ordering temperature) increases with decrease in (ra).
The phenomenon of charge/orbital ordering in manganites is
very interesting and relevant to explain various peculiar prop-
erties such as colossal magnetoresistance and phase separa-
tion [105, 161-163]. Recently, Loudon ef al [164] have
observed the CO-FM phase in LagysCapsMnOs employing
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Lorentz electron microscopy at 90 K. They observed an in-
homogeneous mixture of ferromagnetic (3.4 & 0.2up per un)
and antiferromagnetic (zero-moment) regions, which extend
for several micrometers, and can span several crystallographic
grains. Loudon et al have suggested that CO occurs not only
in regions with no net magnetization, but can also occur in
ferromagnetic regions; this is consistent with the similar co-
existence in LagsPrg375Cag375sMn0Os, as observed by Mori
et al [165]. Recently Sagdeo et al [166] have given evi-
dence of room temperature charge ordering in La;_,Ca,MnO;
(0.55 < x < 0.67) through electron diffraction. In another
study, Cepas et al [167] have given a few model calculations
on CO in manganites by extending the /b model of Ramakrish-
nan et al [140]. They discuss the phase diagram of the two-
orbital model of half-doped manganites by calculating self-
consistently the Jahn—Teller (JT) distortion patterns, charge,
orbital and magnetic order at zero temperature. They analyze
the instabilities of these phases caused by electron or hole dop-
ing away from half-doping, or by the application of a mag-
netic field. For the CE insulating phase of half-doped mangan-
ites, in the intermediate JT coupling regime, they have shown
competition between canting of spins (which promotes mo-
bile carriers) and polaronic self-trapping of carriers by JT de-
fects. By studying the properties of electronic excitations cou-
pled with JT distortion, they suggest the incipient instabilities
of the CE phase indicative of the doping- and magnetic-field-
induced phase transitions, as well as the presence of localized
and mobile carriers. Tendeloo et al (2004) have extensively
reviewed the structure and microstructural aspects of colossal
magnetoresistive materials with special reference to charge or-
dering [69].

3.5. Phase separation (PS) scenario

The physics of solids with strongly correlated electrons such
as transition metal oxides (TMOs) [1, 168] and related com-
pounds such as doped manganites [169-173], cuprates [174]
and cobaltates [175] appears to be dominated by states that
are microscopically and intrinsically inhomogeneous in the
most interesting range of temperatures and charge carrier
(hole and electron) densities. The most relevant examples
are the cuprates at the hole densities in the underdoped re-
gion and the manganites in the regime of colossal magnetore-
sistance (CMR). In cuprates the competition occurs between
antiferromagnetic insulating and superconducting or metallic
phases [174]. On the other hand, in manganites the inhomo-
geneities arise from phase competition between ferromagnetic
metallic and charge-ordered insulating phases. These micro-
scopic and intrinsic inhomogeneities lead to phase separation
(PS) in manganites [169-173]. Indeed, the existence of phase
separation (PS) was envisioned by Nagaev [176] in an anti-
ferromagnetic semiconductor, where the doping of electrons is
expected to create a ferromagnetic phase embedded in an an-
tiferromagnetic matrix. Nagaev [177] remarked that if the two
phases have opposite charge the coulomb forces would break
the macroscopic clusters into microscopic ones, typically of
nanometer scale size. Percolative transport has been consid-
ered to result from the coexistence of ferromagnetic metal-



J. Phys.: Condens. Matter 20 (2008) 273201

Topical Review

lic and insulating phases. The tendency of PS is entirely re-
versible, and is generally the result of a competition between
charge localization and delocalization, the two situations being
associated with contrasting electronic and magnetic properties.
An interesting feature of PS is that it covers a wide range of
length scales anywhere between 1 and 200 nm and is static or
dynamic [169-173].

These intrinsically inhomogeneous states are more
pronounced and universally accepted for manganites. These
phase-separated states give rise to novel electronic and
magnetic properties with colossal magnetoresistance (CMR)
in doped perovskite manganites. CMR and related properties
essentially arise from the double-exchange mechanism of
electron hopping between the Mn’** (tgge;, JT ion) and
Mn*t (tggeg, non-JT-ion) ions, which favors the ferromagnetic
metallic phase below 7, and the paramagnetic insulating
state above T.. In the insulating state, the Jahn-Teller
distortion associated with the Mn>* ions localizes the electrons
and favors charge ordering (CO) of Mn** and Mn*" ions.
This CO competes with double exchange and promotes the
antiferromagnetic insulating (AFI) behavior [105]. Even
in many of the manganites (exhibiting CMR) which are in
FMM state at low temperatures, CO clusters occur. Thus
in doped rare earth manganites CO (AFM) and FM clusters
or domains coexist, the sizes of which are affected by the
carrier concentration or composition, average size of the
A-site cations, temperature and other external factors such
as magnetic and electric fields [178-181]. Phases with
different charge densities and transport properties coexist
as carrier-rich FM clusters or domains along with carrier-
poor antiferromagnetic (AFM) phase. Such an electronic
phase separation gives rise to microscopic or mesoscopic
inhomogeneous distribution of electrons, and results in rich
phase diagrams that involve various types of magnetic
structures [107]. Thus there is a clear evidence of electronic
phase separation in many manganite systems. Rao et al [169]
and Dagotto er al [182-184] have extensively reviewed all
aspects of phase separation in manganites.

The phase separation (PS) scenario in manganites is
somewhat complex because the transition from the metallic to
the insulating state is not sharp and the domains of the two
phases are often sufficiently large to give rise to well defined
signatures in neutron scattering or diffraction experiments. In
electronic phase separation for manganites, the concentration
of the charge carriers giving rise to ferromagnetism and/or
metallicity in a part of the crystal causes mutual charging
of the two phases. This gives rise to strong coulomb
interaction, which may mix the conducting ferromagnetic
and insulating antiferromagnetic phases in order to lower
the coulomb energy (stabilization of microscopically charged
inhomogeneous states) and gives rise to cluster of one phase
embedded in another. The size of clusters depends on the
competition between DE and Coulomb force. Electronic phase
separation of different charge densities is generally expected to
give rise to nanometer scale clusters. This is because large
phase separated domains would break up into small pieces
because of Coulomb interaction. Depending on the strength
of interaction the shapes of these pieces could be droplets
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or stripes. One can visualize PS arising from disorder due
to size mismatch of the A-site cations in doped manganites.
Such phase separation is seen in the (La;_,Pr,);_Ca,MnO;
(LPCMO) systems in terms of the insulator—metal transition
induced by disorder [185]. The size of the cluster depends on
the magnitude of the disorder. The smaller the disorder, the
larger would be the size of the cluster. These microscopically
homogeneous clusters are usually ~1-2 nm in diameter
dispersed in an insulating or charge-localized matrix. Such a
phase separation scenario bridges the gap between the double-
exchange model and the lattice models. In the last couple
of years, phase separation have been reported in several rare
earth manganites and the phenomenon has been investigated
by a variety of techniques [183]. Keeping in view the wide
implication of this phenomenon in solid state and material
science, it is important as well as necessary to give an idea
about the concept of phase separation in manganites.

The first evidence of phase separation in manganites
was given in the pioneer neutron diffraction study of
La;_,Ca,MnO; by Wollan and Koehler [55] in 1955.
They reported the coexistence of ferromagnetic and A-type
antiferromagnetic reflections in non-stoichiometric LaMnO;
(14, 18 and 20% Mn4+) and in Lag g9Cag 1;MnO3. The most
important results that have convincingly shown the presence
of coexisting clusters of metallic and insulating phases in the
CMR regime of manganites were obtained by Uehera et al in
their study of Las sy PryCassMnOj using transport, magnetic
and electron microscopy techniques [186]. They observed an
enormous low temperature resistivity in spite of the fact that
dp/dT > 0 suggests metallic behavior. In itself this shows
that a homogeneous picture of manganites will likely fail, since
only a percolative state can produce such large but metallic
resistivity. The magnetoresistance is large and increases
rapidly as T is reduced. The value of MR can be very large
even at low temperature where the resistivity is flat, far from
the actual ferromagnetic transition, suggesting again the mixed
phase tendencies in the system. Uehara et al [186] interpreted
their results in terms of two-phase coexistence of a stable FM
state at small y (Pr content) and a stable CO state in the large y
LPCMO compound. They proposed a percolative transition in
the intermediate regime of composition. To further strengthen
their results they carried out transmission electron microscopy
and found 500 nm coexisting domains of CO insulator and
FM metallic phases for Pr = 0.375 at 20 K. At 120 K, these
clusters become nanometer in size (figure 15). However, the
experimental results for LPCMO are in excellent agreement
with the ideas presented by Moreo et al [185], where first
order transitions are transformed into regions of two-phase
coexistence by the intrinsic disorder of the manganites, which
is called a disorder-induced phase transition.

Further remarkable evidence of mixed phase tendencies
in Lag7Cap3MnOs single crystals and thin films has been
given by Fath er al employing scanning tunneling spectroscopy
(STS) [187]. Below T, phase separation was observed where
inhomogeneous clusters of metallic and insulating phases
coexist. The cluster size was found to be as large as a
fraction of a micrometer and depends strongly on magnetic
field. They believe that T, and the associated MR behavior
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Figure 15. (a) Dark field images for Las;3_,Pr,Ca; sMnOs obtained by using a superlattice peak caused by CO. Panel a shows the
coexistence of charge-ordered (insulating) and charge-disordered (FM metallic) domains at 20 K for y = 0.375. The charge-disordered
domain (dark area) is highlighted with dotted lines for clarity. The curved dark lines present in CO regions are antiphase boundaries,
frequently observed in dark field images for the commensurate CO states of Lag sCagsMnO; [163]. Panels (b) and (c), obtained from the same
area for y = 0.4 at 17 K and 120 K, respectively, show the development of nanoscale charge-disordered domains at 7 > T¢. The curved lines
in (a), (b) and (c) signify the presence of antiphase boundaries of the CO domains. (b) Schematic illustration of the sub-micrometer-scale
coexistence of the x = 1/2-type CO insulating (dark area) and FM metallic (white area) domains. The typical size of domains is ~0.5 mm. In
zero field (a), the magnetizations of FM domains are random, but all magnetizations of FM domains can be aligned by applying field of about
4 kOe (b). With the variation of y (that is, the abundance of CO domains), the residual p, follows py o (y. — y)? with P ~ —6.9 and

P ~ —2.6 for (a) and (b), respectively. Reprinted by permission of Macmillan Publishers Ltd: Nature [186], Copyright (1999).

is caused by percolative transition. Fath et al (STS gives
a real space picture at microscopic level) remarked that the
presence of ‘clouds’, which can be metallic or insulating,
having size of tens to hundreds of nanometers, is not at
all compatible with the picture of homogeneously distributed
small polarons, which is a competing theory to the mixed
phase scenario. Other workers have also studied the mixed
phase tendencies by STS [188, 189], STM [190, 191] and
low temperature MFM [192]. The results provide an atomic
scale basis for description of the manganites as a mixture
of electronically and structurally distinct phases, in excellent
agreement with modern theoretical studies [182] and a wide
range of experiments [183].

Several other experimental techniques, e.g. EXAFS [193],
PDF (x-ray as well as neutron) [194], neutron scattering [195],
Raman scattering [196], Mossbauer spectroscopy [197],
muon spin relaxation [198], infrared reflectivity [199],
photoabsorption spectroscopy [200], isotope effect [201],
specific heat [202], thermal expansion measurements [203],
optical studies [204], internal friction [205] and others, give
strong evidence of phase separation in a variety of manganite
systems. Further evidence of phase separation in manganites
comes from inhomogeneous conductivity in the vicinity of
the insulator—metal transition for the noise characteristics of
film and single-crystal samples. The noise measurements
provide direct proof of conduction in perovskite manganites
dominated by mixed phase tendencies leading to a percolative
process below T, [206-209]. Merithew et al [210] and
Raquet er al [209] have carried out detailed analysis of voltage
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spectral density (1/f) for La/3Cay/;3MnO3 and concluded that
the effect arises from fluctuations between local states with
different conductivities. These fluctuations are likely located
along the percolative backbone expected in manganites. The
domains have a size of 10*~10° unit cells. These effects are not
caused by chemical inhomogeneity but seem to be intrinsic to
the material. Similar results were reported for Pry3Ca;3MnO3
by Anane et al [211] and for (La;_,Pry);_,Ca,MnOs in the
mixed phase regime by Podzorov et al [206, 212]. Recently
Sarma et al observed the formation of distinct electronic
domains by direct spatially resolved spectroscopy [213]. Very
recently, Viret et al [214] and Saurel et al [215] have shown
a ‘red cabbage’ sheet-like distribution of FM clusters in an
AFI matrix having a few nanometers width by employing
the polarized small angle neutron scattering technique. In
another recent study, Ma et al [216] have imaged for the first
time both occupied and unoccupied states simultaneously in
(Las gPrg3)CazsMnOj epitaxial thin film by in situ scanning
tunneling microscopy. The direct visualization of the doped
holes and intriguing electron inhomogeneity in real space for
TMO provide insights into polaron correlation in manganite
films.

There has been considerable theoretical work, motivated
by experimental results on perovskite manganites, on the
analysis of models for these materials.  Several many
body techniques for modeling strongly correlated electron
systems were developed and improved during recent efforts
to understand high temperature superconductors, thus it is
natural to apply some of these models to manganite systems;
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of particular relevance here are the computational technique
that allows unbiased analysis of correlated models on finite
clusters [217]. Intimately related to the concept of phase
separation is the idea of percolation of insulating and metallic
regions. The effective medium approach suggests that metallic
and insulating regions coexist as interpenetrating clusters,
also suggesting a percolative mechanism for the insulator—
metal transition. One such percolative model was proposed
by Bastiaansen and Knops [218] based on a random resistor
network. A Monte Carlo simulation (MCS) of resistor
networks with the 2D Ising model formed the basis of the
calculation, with unit resistors connecting aligned nearest-
neighbor and next-nearest-neighbor sites and infinite resistance
linking unlinked sites. The MCS is in good agreement
with experimental data concerning both the temperature
variation of the resistivity and the influence of the magnetic
field. Quite similar results for the resistivity of manganites
by the random resistor network model have been reported
recently by Mayr et al [219]. Weibe et al [220] proposed
a two-phase scenario of competing ferromagnetic metallic
and insulating polaronic phases; the balance between these
two states/phases can be tuned by the variation of various
parameters. The magnetization exhibits a first order transition,
which is consistent with the neutron scattering data of Lynn
et al [221] and the magnetization data of Mira et al [222]
and Ziese [223]. A more relativistic model was proposed
by Lyuksyutov and Pokrovsky [224], which is based on
Varma’s theory [225] of magnetic polaron formation, modified
to include Jahn-Teller effects. Magnetic polarons, which
coexist with small lattice polarons, are assumed to be large,
basically comprising magnetically correlated regions. As
the temperature is lowered, the magnetic polaron density
increases until the magnetic polaron overlaps, which defines
the percolation point. They argue that long range Coulomb
effects render implausible suggestions that macroscopic charge
separation underlies the CMR effect [169, 226, 227]. Recently,
Dzero et al [228] modeled the metallic phase as a two-band
Fermi liquid and applied the percolative model to study the
phase separation at low doping (x 0.16). In addition,
a variety of mean field and variational calculations also led
to phase separation. This shows that the evidence of phase
separation in manganites is not restricted to computational
methods only. The dynamical mean field theory of Millis et al
[104] and the simple mean field model of Jaime et al [229]
and several other MFTs only give a qualitative description
of phase separation rather than the essential contributions of
magnetic/conducting fluctuations. In fact, using approximate
analytic techniques, Ahn ez al [230] have shown that the strong
coupling between the electronic and elastic degrees of freedom
is essential in explaining self-organized inhomogeneities over
both nanometer and micrometer scales (phase coexistence). In
another work, Sagdeo et al [231] have carried out extensive
comparative structural studies on the powder (nearly strain
free) and the compressed pellets (strained) of La;_,Ca, MnOs3.
They have shown that the structural phase coexistence occurs
only in the pellets (strained) and not in the powder, which
is in agreement with theoretical calculation of strain-induced
phase coexistence by Ahn et al [230]. Recently Shenoy et al
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[232] adopted a different approach to explain the nanoscale
inhomogeneities in manganites. They modified the proposed
[b model by adding two critical ingredients, namely the long
range Coulomb interaction and dopant ion disorder [140, 169].
On the basis of numerical simulation they concluded that
the nanoscale electronic inhomogeneities in doped manganites
are not due to ‘phase-competition’-induced ‘phase separation’
between ‘insulating’ and ‘metallic’ phases frustrated by
disorder as suggested by earlier studies [182-184, 230].
Rather, they arise due to the long ranged Coulomb interactions
frustrating the phase separation induced by strong local
correlations.

In short, we can say that the instability towards phase
separation and the formation of inhomogeneous states or
competing phases (e.g. CO/AF and FM) is an intrinsic
property of doped perovskite manganites. The existence of
these preformed clusters (inhomogeneous state or competing
phase of CO/AF and FM) and their easy alignment with
modest magnetic fields leads to colossal magnetoresistance.
Thus phase separation appears to be at the heart of various
magnetotransport phenomena in manganites. So, one has to be
careful in attributing CMR and the associated insulator—metal
transition to percolation of FMM domains.

4. Magnetoresistance at low magnetic fields
(<10 kQOe)

Depending on the origin, the magnetoresistance (MR) [7]
effect is of two types. First, observed in the vicinity of
Tc in good quality single crystals and epitaxial films of
doped manganite perovskites it is intrinsic in nature and
usually referred to as the colossal magnetoresistance (CMR)
effect. Since CMR is observed at high magnetic fields it
has a limited application potential [47-49, 233-235]. The
second is the extrinsic MR effect, observed deep in the
ferromagnetic regime and at moderately low magnetic field
(<0.1 T), in which the grain boundary plays the central
role. This grain-boundary- (both natural as well as artificial)
induced MR is more promising for device applications and
hence is of great interest. Since significant MR is observed
at low magnetic field the extrinsic MR effect is generally
referred to as low field magnetoresistance (LFMR). The initial
works on polycrystalline bulk and thin films have shown
substantial MR at temperatures much lower than 7¢, having
relatively flat or monotonic temperature dependence. In
contrast, in the low temperature regime, single crystals and
epitaxial films of the same composition exhibit vanishingly
small MR at low magnetic fields [84, 236]. A number of
subsequent studies, both on bulk and thin film samples, have
confirmed the important role of grain boundaries as a source
of LFMR and VLFMR (very low field magnetoresistance
at magnetic field of ~few mT) [238-292]. The LFMR
is usually interpreted in terms of spin-polarized tunneling
(SPT) through electronic barriers across the grain boundaries.
Hence the nature and size of grain boundaries (GBs) plays
a major role in the LFMR mechanism. For example,
the low magnetic field magnetotransport properties in these
materials have been found to be sensitive to the nature and
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size of the GBS. This brings out the importance of grain-
size-dependent study of the magnetotransport properties of
manganites. In this regard, a variety of grain boundary
configurations (natural as well as artificial) have been
explored. The effect of natural GBs on magnetotransport
properties has been probed in a wide spectrum of samples,
such as nano/polycrystalline bulk [236-257], thick/thin film
samples [258-333], manganite-based composites [334-356]
and intrinsically layered manganites [357-385]. To
achieve the desired control over the magnetotransport,
artificial GBs have been tailored in different junctions
such as bi-crystals [395-406], step-edge [407-411], laser
patterned [410, 411] etc. All these have been explored to
figure out the role of the nature and size of GBs in the
low field magnetotransport of manganites. As low field
magnetotransport properties of polycrystalline manganite are
the theme of the present review, it is opportune and important to
give a overview of various GB systems and the effect they have
on LFMR in doped manganites [236-294]. In the following
subsections some important contributions to low field MR are
summarized.

4.1. Natural grain boundary systems

4.1.1. Polycrystalline and nanocrystalline bulk. In view of
the fact that transformation from multiple domains to a single
domain leads to disappearance of intrinsic MR and also that
micro/nanoscale inhomogeneities (and phase separation) play
an important role in manganites, several groups have centered
their research on nanosize manganites.  Nanocrystalline
manganites exhibit distinct magnetotransport properties due
to both the inherent nanoscale phase inhomogeneities and
additional surface effects.

Mahesh et al [237] were the first to explore the size
effect in polycrystalline Lag 7Cap 3MnO3 (LCMO) prepared by
a citrate-gel route and having different particle sizes (0.025—
3.5 um). The Mn*'t concentration, which is a crucial
factor in controlling the transport and magnetic properties,
was kept similar in the different samples. They observed
an increase in resistivity (p) with decreasing particle size
(figure 16). Furthermore, the ratio of p at 4.2 K and at the
Tim, corresponding closely to the 7, decreased with increasing
particle size. The T¢ has also been observed to broaden
with decreasing particle size, with the 0.025 um sample not
exhibiting a well defined transition temperature. They noted
that, despite these changes, the MR near the 7¢ did not
show any significant changes with the size of the particle.
However, the MR at 4.2 K is found to have both low and high
field components, with the former increasing with decrease in
particle size (figure 16). Based on this and the observation
that single-crystal and epitaxial films exhibit very small MR
at 4.2 K, they concluded that a substantial part of the MR at
low temperatures (T < T¢) arises from the GBs.

In another study Hwang et al [236] further elaborated the
role of GBs in manganites by direct comparison of the MR and
field-dependent magnetization for a Lay ¢7S1¢ 33MnO3 (LSMO)
single crystal and two ceramic samples of the same
composition sintered at 1300 and 1700°C. Both single-
crystal and polycrystalline samples show a sharp ferromagnetic
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Figure 16. Temperature variation of resistivity at H = 0 and 6 T and
magnetoresistance of Lag;Cay3MnO; samples with particle size

(a) 3.5, (b) 1.5 and (c) 0.025 wm [237]. Reprinted with permission
from [238]. Copyright 1999 by the American Institute of Physics.

transition at Tc ~ 365 K. However, at low temperatures,
p of the polycrystalline samples is significantly higher than
that of the single crystal, as shown in figure 17. At
5 K, a p of 35 uQ2 cm is observed for the single-crystal
LSMO; the p of the 1700 °C sintered polycrystalline sample
is about an order of magnitude higher owing to scattering
introduced by the grain boundaries. Furthermore, the p of
the 1300 °C sintered sample is almost an order of magnitude
larger than the 1700 °C sintered sample because of increased
scattering that is due to smaller grain size. As shown in
figure 17, the low temperature resistivity depends strongly
on the microstructure, whereas the magnetization at 0.5 T is
virtually identical for the three samples. The effect of the GBs
on the LFMR is even more surprising. Figure 18 shows the
field-dependent magnetoresistance and magnetization of the
samples investigated. For a single crystal there is negligible
MR at low temperatures, and with increasing temperature there
is increasing negative MR. Correspondingly, the magnetization
shows a rapid rise because of magnetic domain rotation
at low applied fields, followed by a slow approach toward
saturation at higher fields. The variation in the magnetization
at various temperatures for the single crystal closely tracks
the MR, strongly suggesting that the suppression of magnetic
fluctuations is the origin of the negative MR in the single-
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Figure 17. Top panel: p(T) of Lay/3Sr;,3MnOj3 for a single-crystal
sample and two polycrystalline samples with final sintering
temperatures of 1300 and 1700 °C. Bottom panel: the temperature
dependence of the magnetization for these three samples at 0.5 T.
Inset: the field-dependent magnetization of these samples at 5 and
280 K. Reprinted figure with permission from [236]. Copyright 1996
by the American Physical Society.

crystal sample. In contrast, both polycrystalline samples
exhibit a sharp drop in the resistance at low fields followed
by a slower background negative MR at higher fields. The
sharp drop is greatest at the lowest temperatures and decreases
with increasing temperature. In contrast to the resistivity
variations, the magnetization data are quite similar for three
samples. The magnitude of LFMR increases with decreasing
temperature, while the intrinsic MR that has a maximum near
the 7¢ decreases with lowering temperature. This suggests
that the MR in the polycrystalline samples is dominated by
intergrain effects, with the magnetic field associated with
the sharp drop in resistance identical to that associated with
magnetic domain rotation. Another important observation,
apparent from figure 18, is that above 0.5 T and for the entire
temperature range 5-280 K the MR in the polycrystalline
samples has the field dependence of type ~H? in addition
to the obvious dominant linear term in H. They concluded
that LFMR in polycrystalline samples is due to spin-polarized
tunneling between misaligned grains. It was further shown by
Wang et al [238] that, for a phenomenological analysis, one has
to distinguish between weak and strong link GBs. Only weakly
linked GBs give considerable LFMR. The microstructural
characteristics of the two types of links (weak and strong), that
is, the formation of weak or strong links, can be controlled by
the fabrication methods.
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Figure 18. (a), (¢), (e) The magnetic field dependence of the
normalized resistance at various temperatures from 5 to 280 K. (b),
(d), (f) The magnetic field dependence of the magnetization
(normalized to the 5 T value) at various temperatures from 5 to

280 K. Reprinted figure with permission from [236]. Copyright 1996
by the American Physical Society.

The Hwang proposal of SPT as the main source of LFMR
was provided strong support by the results of Bibes er al
[239]. Bibes et al analyzed the magnetic properties and
nuclear magnetic resonance response of LCMO ceramics with
different grain sizes, and observed that the surface of the grain
contained poorly conducting regions, some ferromagnetic and
some weakly magnetic. This region envelopes a thickness of
1-2 nm and can thus constitute the barrier involved in the
spin-polarized tunneling mechanism invoked by Hwang et al
to explain LFMR in powders of half-metallic oxides. The
SPT predicts that LFMR magnitude decreases with increasing
temperature. However, an anomaly has been observed in
the temperature dependence of LFMR in nanosize samples.
Hueso et al [240] have found that in polycrystalline LCMO
having particle size lower than ~150 nm the intrinsic CMR
disappears, but large intergrain LFMR still remains. They
invoked the presence of domain walls in the bigger particles
that arises due to transition from single domain (small grain
size) to multiple domain (large grain size), resulting in a
decrease in intrinsic CMR. These walls are dynamic and act
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constant up to 200 K. Reprinted figure with permission from [243].
Copyright 2005 by the American Institute of Physics.

as scattering centers altered by the presence of a magnetic
field, which results in appearance of the intrinsic CMR
mechanism.  This has also been theoretically confirmed
by Zhang et al [241]. Kim et al [242] prepared hollow
colloidal nanospheres of LCMO on a porous carbon template
having a magnetic transition near 250 K. Recently, Dey and
Nath [243] probed the effects of nanometric grain size on
temperature-dependent LFMR of single-phase nanocrystalline
granular Lay 7Srg3MnO;3 and Lag7Cap3MnO3 having average
grain size in the nanometric regime (12 and 17 nm). They
observed that the magnitude of LFMR, arising from spin-
polarized tunneling of conduction electrons, remains constant
up to a sufficiently high temperature (200 K) (figure 19),
and then drops sharply with temperature. In the case
of polycrystalline materials grain boundaries provide defect
sites where the anisotropy energy of the surface spin is the
lowest. So at the disordered surface of polycrystalline grains
strong pinning of surface spins is expected. In the case
of nanometric-size grains defects are expected to occur to a
higher extent at the enhanced grain surface due to a high
degree of (i) contamination, (ii) breaking of Mn—O-Mn bonds,
(iii) deviation of stoichiometric composition, (iv) termination
of crystal structure and (v) dislocation. With the application
of magnetic field, strong freezing of surface spins occur at the
defect sites of the disordered grain surface as a consequence

19

80 [ T I T I T I T I T I T ]
o - T=1300°C: diamond ]
i " 1200 C: triangle ]
- et 1100 °C: square n
] - -5 [ ] -
2; a0l v oA 1000°C: cirde
I L Sl ]
E 30 _Q'. A“ . A 4
20 Eeg - .
10 poon ]
0 V. __-7-,.“;'. 1 g, i
0 50 100 150 200 250 300
T

Figure 20. Variation of magnetoresistance at 0.3 T field in
Lay/3Ca;/3Mn;_,Cu, O3 with x = 0 (open symbols) and 4% (solid
symbols) synthesized at 1000, 1100, 1200 and 1300 °C. The sample
at 1300 °C shows a characteristic CMR peak near Ty, while the
samples <1200 °C have no peak MR but the LFMR increases with
decreasing temperature [245]. Reprinted with permission from [246].
Copyright 2003 by the American Physical Society.

of interactions between grain boundary pinning strength and
magnetic field. Thermal energy (kg7'), up to a considerably
high temperature, remains unable to flip them from their
strained condition, resulting in such a temperature insensitive
behavior of MR. They proposed a phenomenological model
based on SPT similar to Raychaudhuri et al [244] to explain
the magnetotransport behavior of LCMO having grain size of
~14-27 nm. They found that the temperature dependence of
MR is decided predominantly by the nature of the temperature
response of surface magnetization of these nanosize magnetic
particles as proposed by Lee et al [245].

Anomalously large LFMR was reported by Yuan et al
[246] in sol-gel prepared polycrystalline samples of nominal
Lay;3Ca;3Mn;_,Cu,O3. LFMR showed a strong dependence
on sintering temperature (7s). Lowering Ts causes a large
decrease of the Ty and a substantial increase in resistivity
at T < Tiv. In samples sintered at 7s < 1200°C
a colossal LFMR ~ 74% was found at a low magnetic
field 3 kOe near Ty as shown in figure 20. Interestingly,
the sample at 7s ~ 1000°C exhibits an almost constant
magnetoresistance with a value ~ 65% for the 3 kOe field
over the whole low temperature range. Rivas et al [247]
have also shown the importance of the surface contribution in
small grain size Lag¢7Cag33MnOs. The surface contribution
seems to be responsible for a great variety of extrinsic
effects. LFMR arises in smaller grain size samples and, at
the same time, intrinsic CMR around the phase transition is
destroyed. They emphasized the importance of the domain
wall contribution and a spin-polarized tunneling below phase
transition temperature. They suggested that in small enough
particles the observed electrical resistivity increase at very
low temperatures could be ascribed to an electrostatic barrier
present between grains. Nam et al [248] have systematically
studied the magnetotransport in La;_,Ba,MnO;. LFMR ~
12-16% at H = 500 Oe and T = 77 K was found in the
overdoped regime in the range 0.5 < x < 0.75.

Siwach et al [252] have extensively studied the effect
of sintering temperature on the low field magnetotransport
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Figure 21. Magnetoresistance (MR) as a function of temperature for
applied magnetic field of 3 and 10 kG for the samples sintered at
different temperatures. The peak MR values are ~13.07 and 10.34 %
at 10 kG field for S10 and S9, whereas for S8 and S7 there is a hump
in the MR variation around 7¢. At 80 K, the MR values are measured
to be ~12.87, 13.66, 13.85, 15.46 and 16.51 for S10, S9, S8, S7 and
S6, respectively, at the field of 3 kG [252].

of sol-gel-synthesized LCMO manganite and observed that
decreasing grain size leads to the enhancement in LFMR at
lower temperatures while the MR in the higher temperature
regime is suppressed. The 7¢, being an intrinsic characteristic,
does not show significant change as a function of the sintering
temperature, whereas Ty is an extrinsic property, that strongly
depends on the synthesis conditions and microstructure
(e.g. grain boundary density). The disappearance of the
high temperature MR can be explained by weakening of
the DE mechanism around the respective PM-FM transition
temperatures due to decrease in particle size, which results
from low sintering temperature, which is consistent with
previous studies on spin-polarized-tunneling-enhanced LFMR
in polycrystalline samples [251]. At 80 K, the MR values
are increased from ~12.9 (600°C) to ~16.5 (1000°C) at the
field of 3 kOe as shown in figure 21. Thus, decreasing grain
size leads to the enhancement of LFMR at lower temperatures
while the MR in the higher temperature regime is suppressed.
Peng et al [253] synthesized an ordered surface pattern consists
of grain chains located on regular orthogonal cracks on the
Lay sCag sMnOs films due to the thermal mismatch between
the film and the substrate. These cracks act as natural in-plane
weak link grain boundaries, which leads to enhanced low field
MR up to ~214% in 400 Oe at 90 K, which can be ascribed to
the intergrain spin-polarized tunneling.

It is well known that as the grain size becomes smaller
and smaller the surface to volume ratio increases. This results
in an enhanced contribution from the surface region to the
various physical properties of the materials. Consequently,
in nanosize materials the surface effects are responsible for
anomalous behavior because a large fraction of atoms reside at
the GBs. These grains and the GBs have different temperature
dependences of relaxation processes, which affect the transport
properties to a great extent [254]. In the case of nanostructured
manganites, magnetotransport studies reveal that the spatial
confinement of free and bound charges and the volume fraction
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Ferromagnetic coupling, with s
core separation (s is very small)
in the case of very large grain

size, at T< Ty, where Ty = T¢.

Distorted ferromagnetic coupling

b) (s' = s) for intermediate grain
size, at (T < Ty) where Ty < T.
Superparamagnetic phase (s" =s'>s)
for very small grain size.
c) At T > Ty, thermal flipping of spins

occurs randomly, which finally gets
blocked below its respective Ty,

where Ty << T
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Figure 22. Phenomenological demonstrative representation of the
possible ordering of core moments in the core—shell structure of
nanometric manganite grains with the grain size as a variable
parameter in different temperature ranges. Reprinted figure with
permission from [243]. Copyright 2006 by the American Physical
Society.

of highly disordered GBs play an important role in these
materials [255]. In order to understand the magnetotransport
behavior of polycrystalline manganites, the concept of a
core—shell-type structure has been proposed by Zhang et al
[256]. In the core—shell structure the inner part of the grain,
i.e. the core, would have the same properties as the bulk
manganite, whereas the outer layer, i.e. the shell (thickness t),
would contain most of the oxygen defects and crystallographic
imperfections, which would lead to a magnetically disordered
dead layer. As the surface to volume ratio becomes larger, that
is, the grain size is reduced, the shell thickness (¢) increases.
Basically, the net intercore barrier thickness (s = 2t + d),
namely the total shell thickness (2¢) of two neighboring grains
together with the intergranular distance (d), increases with
the reduction of grain size. As shown in figure 22, with the
decrease in grain size, core separation (s ~ 2f) increases
significantly with the thickness of the shell (#), even if we
consider the grains to be in intimate contact (d = 0) for
all grain size samples. Another important fact is that in the
absence of magnetic field the contributory portion of each
individual grain to the magnetization is the core and not the
shell, as in the absence of applied magnetic field the net
magnetization of the shell is considered to be zero. Since
the surface would contain most of the oxygen defects and
faults in the crystallographic structure that will lead to a
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Figure 23. (a) Kerr hysteresis loop of a polycrystalline LSMO film sample averaged over a number of grains. The three Kerr images
correspond to the points (a), (b) and (c¢) marked in the hysteresis loop. The external field has been applied horizontally, as indicated in the
image, and swept between plus and minus 200 Oe. The Kerr signal is sensitive to changes in the horizontal component of the magnetization.
(b) Resistivity (in log scale) as a function of temperature for polycrystalline (average grain size of 3, 14 and 24 mm) and epitaxial LCMO
films. For each sample, data measured at magnetic fields of 0, 0.5, 2 and 4 T are presented. The inset shows a plot of the zero-field resistivity
at 10 K as a function of the inverse grain size (1/L) for LCMO and LXMO films. Reprinted with permission of [272]. Copyright 1996 by the

American Physical Society.

magnetically disordered state, which may lead to formation of
spin canting or antiferromagnetic state at the manganite grain
surface [257, 258], large magnetoresistance has been observed
in the core—shell type structure.

4.1.2. Polycrystalline and epitaxial films. The discovery of
high temperature superconductivity (HTSC) in doped cuprates
and more recent observation of colossal magnetoresistance
(CMR) in doped manganites has seen the emergence of
epitaxial transition metal oxide (TMO) films as one of the
most attractive and overwhelming subjects for the materials
scientist not only because of the fundamental physics
but also due to their application potential [259].  Since
most technological applications such as ferroelectric field
effect [260], bolometric [261], optical [262] and spintronic
devices [14-17] require manganite thin films having good
magnetotransport properties on suitable substrates, the ability
to prepare such high quality single-crystal epitaxial films and
understand their properties is of prime importance. The
synthesis (growth optimization) for manganite thin films
has become possible by benefiting from studies of high
temperature superconducting thin films in the late 1980s.
Another reason for this quick transfer of growth technology
is that these oxides crystallize in the same perovskite structure
like HTSCs, and in several respects they are quite similar [263].
Different growth techniques, such as sputtering [264],
molecular beam epitaxy (MBE) [265], electron beam/thermal
co-evaporation [266], chemical vapor deposition (CVD) [267],
pulsed laser deposition (PLD) [233-235], nebulized spray
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pyrolysis [268—270] and the sol—gel technique [271] have been
extensively used for deposition of manganite epitaxial and
polycrystalline thin films. An excellent review on various
aspects of deposition and properties of manganite thin film has
been given by Haghiri-Gosnet et al [234] and Prellier et al
[235].

Gupta et al [272] systematically explored the prop-
erties of epitaxial and polycrystalline films of LCMO,
Lag 7S10.33Mn0; (LSMO) and Laj7sMnO3; manganites hav-
ing mean grain sizes ~3, 14 and 25 um. They found that the
polycrystalline films show substantial MR over a wide temper-
ature range, similar to polycrystalline ceramics (figure 23(b)).
They used a wide angle Kerr microscope to image the domains
in the polycrystalline manganite films of LSMO. Because these
domains have different coercivities, they are weakly coupled
and orient successively in an increasing field. Figure 23(a)
shows a Kerr M—H loop of a 14 um grain size polycrystalline
LSMO film and three corresponding Kerr images of the film
recorded at room temperature. Image (a) displays the nearly
uniform magnetic state of the sample at remanence. Near the
coercive point, half the grains switch orientation, as seen in
image (b). In image (c) most of the grains have switched as
the loop nears saturation. Individual grains can be observed to
switch at different fields, and the loop data are an average over
the many grains contained in the images. Some of the grains
are also observed to switch by wall motion. For example, in
the top right corner of (b), a wall can be seen to cross a grain
boundary. Wall motion can be impeded by surface defects such
as scratches on the film. This work clearly brings out the dif-
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ference between magnetization in polycrystalline and epitax-
ial LSMO films at microscopic level, which gives a qualitative
idea that the LFMR in polycrystalline samples is due to spin-
polarized tunneling of polarized electrons at the grain bound-
aries.

The LFMR has been found to depend on the degree of
texturing in polycrystalline thin film. Walter ef al have studied
Lag 7Srp3MnO; thin films on YSZ(100) substrates [273].
Experimental data on such films indicate that a key role
is played by high grain boundary resistance that results
from misorientation of adjacent grains, for both the low
field and the high field magnetoresistance of polycrystalline
ferromagnetic lanthanum manganites. Based on their results,
they have suggested that high angle grain boundaries may
cause structural disorder in a region at the grain boundary.
This could lead to magnetic disorder because the balance of
competing double exchange and superexchange interactions
in lanthanum manganites is very sensitive to local structure.
Then, magnetic disorder strongly enhances the resistivity of
the grain boundary due to the double-exchange transport
mechanism that dominates in these compounds. The highly
resistive GB provides both a kind of thin insulating barrier
for electron tunneling and magnetic decoupling of grains.
Cheng et al [274] have observed appreciable LEFMR ~ 27%
at 75 K in the low temperature regime in nanocrystalline
Lag7Srp3MnO; films with thickness ¢ 10 nm grown on
LaAlO;3 (100) substrates by RF magnetron sputtering. The
temperature dependent MR of the 10 nm thick film has the
inverse of temperature dependence as shown in figure 24,
which is consistent with the model of spin-polarized tunneling.

Liu et al [275] investigated the low field transport
properties of both polycrystalline and epitaxial films of
doped lanthanum manganite prepared by the sol-gel method.
The polycrystalline films show the same magnetic transition
temperature as the epitaxial films with the same composition,
but the transport properties are quite different from those
of epitaxial films and show strong grain size dependence.
The polycrystalline films show much lower resistivity peak
temperature than that of the corresponding epitaxial films,
and the resistivity peak temperature increases when the grain
size becomes larger due to the higher annealing temperature.
When the grains become very small, the intergrain conduction
dominates over the intragrain conduction. On the other hand,
the polycrystalline samples become magnetically harder with
reducing grain size, implying a higher degree of spin disorder
at the grain boundaries. Spray pyrolysis [268-270], which
is a rather cheap but very handy technique for making good
quality thin/thick films [233-235], has also made a significant
contribution to the study of manganites. Singh et al [269]
observed ~18% MR at a low field of 3 kOe in spray-
deposited LCMO polycrystalline films having average grain
size of ~125 nm. These films show broad insulator—-metal
transition temperature (7Tpy) at ~195 K and increasing MR
with decreasing temperature, which has been ascribed to the
presence of insulating regions around grain boundaries and
domain rotation as suggested by Pignard er al [276]. The
increasing LFMR is due to the presence of a large number of
grain boundaries, which dilutes the interdomain interactions in
each weak link region as proposed by Wang er al [239].
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Figure 24. Dependence of the magnetoresistance of the

Lag 7S1o3MnOj5 films with thicknesses in the range of ~10-60 nm on
applied magnetic field. The dotted and solid lines denote the first and
the second linear terms, respectively. The arrow indicates the
intercept obtained by backwardly extrapolating the high field data to
zero field. The MR—H dependence shows two gradients: One
corresponds to the intergranular tunneling effect (at low fields), and
the other corresponds to the intragranular magnetic fluctuation,
which is reflected above 5 kOe. Reprinted with permission of [274].
Copyright 2005 American Institute of Physics.

Magnetotransport characteristics of manganites are gov-
erned by DE interaction between Mn ion spins via the Mn>*—
O-Mn**+ path [62, 106, 107]. Therefore, even a small pertur-
bation in the Mn**—O-Mn** path affects MR properties sig-
nificantly. In addition, the strong electron—phonon-coupling-
induced Jahn-Teller (JT) distortion is crucial for magneto-
transport properties [102, 104, 113]. There are two types
of distortions of the ideal perovskite structure in bulk sam-
ples. The first is the rotational distortion of the MnOg oc-
tahedra due to the mismatch between the average A-site and
Mn-site ionic radii, which is similar to the strain effect in-
duced by substitution [277, 278]. The other is JT distortion
of MnOg octahedra. However, for manganite thin films, in ad-
dition to doping level and average size of dopant, the substrate-
induced lattice strain (caused by the lattice mismatch between
the film and substrates) also plays a key role [279]. This
kind of biaxial strain is different from the strain induced by
hydrostatic [280] or chemical pressure [277, 278], since an
in-plane strain generally accompanies an out-of-plane strain
with a different sign, which can cause electronic behavior
not found in bulk materials of the same chemical composi-
tion [279]. Substrate-induced lattice strain has been reported
to change a wide variety of properties, with examples includ-
ing the crystal symmetry [281-283], transport [284, 285] and
magnetic anisotropies [286], the magnitude of ferromagnetic
(Tc) [287] and charge ordering melting field [65], the spin and
orbital order structure [288] and the tendency towards phase
separation [279]. In most cases, these changes are interpreted
in terms of substrate-induced strain, which relaxes with in-
crease in thickness [289-291]. The lattice mismatch § along
the interface is defined by § = (ap substrate — dp bulk)/ap substrate -
When the film is grown on a substrate whose lattice parame-
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ter is smaller or larger than that of the bulk material, the epi-
taxial strain is expected to be compressive (the cell is elon-
gated along the growth direction and compressed in the film’s
plane) or tensile (the cell is elongated in the film’s plane and
compressed along the out-of-plane growth direction), respec-
tively. Compressive strain usually reduces the resistivity and
shifts Tc towards higher temperature. These effects have been
confirmed in Lag7Cag3MnQO;3 films [281] and Lag7Srg3MnOj3
films [292-294] grown on various substrates.

For manganite films, the study of strain-dependent film
properties is important from the physics standpoint as well
as from the point of view of applications, because most
devices are based on supported thin-film configurations. A
biaxial strain is induced by lattice mismatch and in some
cases by a large thermal expansion coefficient mismatch
with the substrate. Jin et al found that insulator—metal
transition is suppressed in very thin films because of
strain [295]. A theoretical analysis has suggested that
ferromagnetic 7¢ is extremely sensitive to biaxial strain,
that can have an impact on both the Mn—O bond distance
and the Mn-O-Mn bond angle [287]. Konishi et al
[296] have shown that thin films of LSMO under tensile
strain are metallic while under compressive strain they are
insulating. They attributed the difference to strain-induced
orbital polarization on the magnetic state of the films.
Strain effects on magnetoresistance, magnetic anisotropies and
magnetic domain structure have also been studied [297, 298].
Duo et al [294] have studied the magnetotransport properties of
the LSMO epitaxial thin film with varied oxygen background
pressure and thickness in relation to lattice strain. They
observed that T¢, Ty and Tyr are more sensitive to oxygen
pressure than film thickness and concluded that the oxygen
partial pressure is associated with the oxygen defect that
leads to magnetic and structural inhomogeneities and hence
affect the magnetotransport. Nelson et al [299] observed
that substrate-induced lattice strain for Prg¢Cap4MnO3 thin
films have a dramatic effect on the crystal symmetry,
low temperature charge and orbital ordering, transport and
magnetization behavior. They found low temperature ordering
to be more robust under compressive strain as compared
to tensile strain and suggested the importance of Mn-O-
Mn bond angle in the formation of low temperature charge
and orbital ordering. Wu er al [300] have investigated
Lag ¢7_Pr,Cag33MnO5; (x 0.13, 0.20, 0.27) thin films
under both internal chemical pressure from Pr doping and
external strain from lattice mismatch with substrates. They
found that lattice strain not only produces a wide span of
insulator—metal transition temperatures, as shown in figure 25,
but also induces tendencies towards multiphase coexistence in
films. Large tensile strain eliminates the metallic behavior
altogether and produces a ferromagnetic—insulating phase-
separated mixture. Dale ez al [301] have tuned the strain state
of epitaxial La;,»Sr;,>MnOs thin films on BaTiO3(BTO). As
BTO undergoes numerous phase transitions as a function of
temperature, so the BTO surface lattice can be dynamically
changed in an attempt to significantly alter the strain state
of the epitaxial film. They correlated the temperature
dependence of the structure with that of the fractional changes
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Figure 25. The magnetotransport of Lag 4Prg27Cag33Mn0O3

(~600 A) films on (a) NGO, (b) LAO and (c) STO substrates at 0
and 1 T having characteristic MR and shift in 71y. The film on STO
shows melting of the charge-ordered state evident by a huge
resistivity drop [300]. Reproduced with permission from [300].
Copyright 2003 by the American Institute of Physics.

in magnetization and magnetoresistance. Valencia et al [302]
have grown 50 nm thick fully strained epitaxial films of
Lay;3Ca;3MnO3 on SrTiO3 (001) substrates. After detailed
analysis of the structural and magnetotransport properties
of high temperature annealed film, they have found a
progressive increase of out-of-plane cell parameter, as the
annealing temperature rises but no change in the in-plane
cell parameters are observed. Simultaneously, the magnetic
transition temperature 7¢ and saturation magnetization, M,
substantially increases. They argued that high temperature
annealing promotes an enhancement of the itinerant charge
carriers likely to be due to an oxygen uptake accompanying
the lattice relaxation. Kanki er al [303] have deposited
LapgBap,MnO3; (LBMO) thin films on SrTiO; substrate by
PLD having atomically flat surface (width of atomically flat
surface was 150 nm with step height of 0.4 nm, corresponding
to one unit cell of LBMO). They found room temperature
ferromagnetism down to 5 nm thick films. The 5 nm thick
film shows T¢ at 290 K. They also observed several tens
of nanoscale ferromagnetic (local magnetization) domains at
room temperature (figure 26) by using non-contact magnetic
force microscopy (NC-MFM). The observation of nanoscale
magnetic domain behavior makes it possible to create workable
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200 nm

302.0K

301.0K

Figure 26. Temperature dependence of local magnetic domain by NC-MFM imaging of LBMO film around 7¢ ~ 3003 K. The rms
roughnesses are (a) 0.156 nm at 306 K, (b) 0.191 nm at 303 K, (c) 0.223 nm at 302 K and (d) 0.267 nm at 301 K, respectively. Above T¢ (a)
no magnetic domain exists. At ~303 K, a ~20 nm wide magnetic domain appears, which goes on increasing with decreasing

temperature [303]. Reproduced with permission from [303]. Copyright 2003 by the American Institute of Physics.

spintronic devices using a perovskite system, and that NC-
MEM techniques will also be applicable to decide the magnetic
state of nanostructural devices. Andres et al [304] have
studied structural and magnetic properties of Lag7Cap3MnO;
epitaxial films with varying thickness from 2.4 to 80 nm
on SrTiO; substrate. By extensive x-ray diffraction study
employing synchrotron radiation they demonstrated that for
fully strained films (<12 nm) the origin of T¢ reduction is due
to limitation of the spin fluctuation by the film thickness. Only
recently, it has been realized that, because of phase separation,
different lattice parameters associated with various phases can
result in large scale inhomogeneous strain in the interfacial
regions of supported thin films [190], but the relation between
strain, magnetic properties and electronic phase separation in
manganite films remains unclear.

The interplay between substrate and film allows the
modification of properties and can even enhance the
magnetoresistive effect [48, 49]. There are two mechanisms
by which substrates modify film properties. The first one
is associated with the lattice distortion of epitaxially grown
films. The substrate induces both bulk and biaxial strains in the
film, which alters the physical properties of films [305-307].
The other one is associated with the dynamics of film growth
and the manner of strain relaxation [308], which induce
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phase separation and inhomogeneities in films [309, 310].
These suggest that interesting phenomena may be observed
in highly strained thin films of manganite. The influence
that lattice strain appears to exert over so many properties of
manganite film suggests that it could be used advantageously
to tailor magnetotransport properties. These strain effects
have been evaluated by the dependence of properties on
the thickness and lattice matching between the films and
substrates. Although consistent behaviors have been reported
concerning the thickness dependence of 7¢ of the manganite
films [290, 311, 312], disagreement exists concerning the
origin of the observed phenomena. Some investigators have
argued that the difference in oxygen content is the most
important factor responsible for the 7¢ variation in manganites
and that strain has less effect [293, 312], while others have
claimed that a change in structure, which is strongly coupled
with the electronic system, must account for the origin of the
behaviors observed [290, 313].

Large LFMR has also been observed in epitaxial thin
films [314-317]. It has been shown by de Andrés et al [317]
that controlled chemical defects introduced in order to change
the electron—lattice coupling in LCMO result in formation of
polaron clusters just below 7¢. These defects act as pinning
centers for magnetic domain walls and increase their density,
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Figure 27. The temperature dependence of MR for LCMO films
deposited on STO, LAO and MgO in an applied magnetic field of
0.5 T [314].

leading to enhancement of a very low field component of the
magnetoresistance that is not observed at low temperature. The
origin of the larger MR around 7¢ than the one predicted
from a double exchange mechanism in LCMO is due to the
delocalization of the polaron clusters below Ty by moderate
external magnetic fields (mostly below 5 kOe). The MR at
5 kOe increases with chemical defects, which is equivalent
to an increase in electron—phonon coupling, and occurs only
around 7¢ when the balance between extended and localized
carriers is critical. Similar results have been reported by
Siwach et al [314] and Prasad et al [315] for PLD-grown
LCMO and DC magnetron-sputtered Lag ggSrp.1,MnO3 thin
films. Siwach et al [314] have shown that lattice defects
resulting from lattice relaxation also cause large LFMR just
below Tyy. Increase in lattice relaxation has been found to
enhance LFMR; e.g., the LCMO film on MgO (100) that
has highest degree of lattice relaxation exhibits the highest
LFMR ~ 21% at 5 kOe as shown in figure 27. Prasad
et al [315] show that in a 35 nm thin film of lightly doped
manganite such as Lag ggSrp 1, MnO3 deposited on LAO(100) a
large LFMR ~ 27% at 3 kOe is observed (figure 28). This
LFMR is thickness dependent, being smaller at lower film
thickness. This thickness-dependent enhancement has been
explained in terms of the delocalization of weakly localized
carriers around Ty by small magnetic fields.

Li et al [318] have investigated Las;3Ca;;3MnOs thin
films have been grown on YSZ-buffered silicon-on-insulator
substrates by the pulsed laser deposition technique. While full
cube-on-cube epitaxy was achieved for the YSZ layer, the top
manganite layer was found to be multioriented in plane, with
a coexistence of cube-on-cube and cube-on-diagonal epitaxial
structures. The local spin orientation was found to vary
across the large angle grain boundaries as a result of combined
influence from the magnetocrystalline, shape and stain-induced
magnetic anisotropy, in zero field and at low temperatures. As
aresult, a quite large LFMR based on spin-dependent tunneling
was observed. The film shows a resistance change of 20%
in a magnetic field, 1 kOe at 50 K. Recently Siwach et al
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Figure 29. The temperature dependence of low field MR measured
at constant dc magnetic field of 1.5 kG. Low strain relaxed films
(STO and LAO) have peak MR close to the transition temperature
which remains constant at ~2—-3% at low temperature, whereas the
MR for high strain relax films goes on increasing as we lower the
temperature (~9%, ALO; ~7%, YSZ) [319].

[319] found that polycrystalline thick films behave differently
to lattice strain and affect LFMR by producing disorders (grain
boundary density, stacking faults etc) depending on the amount
of strain relaxation. A larger film—substrate lattice mismatch
(as in the case of films deposited on ALO and YSZ) results
in higher disorder density, that reduces 7¢ and gives rise to
larger zero-field resistance and higher LFMR. The T¢ values
of the films deposited on ALO and YSZ are 254 K and 243 K
respectively and corresponding LFMR (Hg. = 1.5 kG, 77 K)
values are ~9% and ~7% respectively (figure 29). Similar
lattice-distortion-induced disorder has also been observed
for epitaxial films of LCMO by Yeh er al [316] and
Andres et al [317].

Besides synthesis techniques the GBs and oxygen
deficiencies are the major cause of noise in polycrystalline
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CMR films, which leads to higher resistivity with low Ty
and T, values [320-322]. Shreekala et al [323] reported that
the LCMO-Ag epitaxial films exhibit enhanced Ty and T¢
with improved homogeneity of the films. Prokhorov et al
[324] reported that in an epitaxial film of LaygCap,MnOs
kept at room temperature for six months structural phase
transformation occurs, which changes the characteristics of the
film. Recently, Srivastava and co-workers [269, 325] studied
the Ag admixing effect on polycrystalline LCMO films in
relation to magnetotransport, conduction noise and stability.
They observed that Ty shifts to lower temperature but 7
remains the same in all the subsequent measurements for
LCMO films, whereas for Ag-LCMO films both Ty and T
remain constant, which indicates improved stability of Ag—
LCMO films. For LCMO film only Ty shifts to a lower value
while 7, remain the same with thermal cycling, which indicates
that the thermal cycling is bringing change only at the grain
boundaries and not inside the grains. In the polycrystalline
films Ty depends on the properties of both the grains and the
grain boundaries, whereas T is the bulk property, depending
mainly on the grains. They concluded that the role of Ag
admixing is manifold. During the synthesis, the Ag segregation
at the grain boundaries not only increases conductivity of
the grain boundaries but also reduces the effect of thermal
strain, i.e. disorder at the grain boundaries and hence Ag—
LCMO films are stable for longer durations [323, 325]. Finally,
the nascent oxygen from the decomposition of AgNO3;/Ag,O
combines with LCMO [332], improves the inhomogeneity
of the films by decreasing the microstructural deficiency and
also enhances the conductivity of carriers through a change
in Mn** /Mn** ratio [269, 330]. The reduction in conduction
noise for polycrystalline LCMO film is similar to that observed
by Rajeswari er al [333] in epitaxial LCMO film. Thus the
role of Ag in CMR films is mainly that of catalyzing the
grain boundary diffusion of manganite species by providing
the nascent oxygen and improving the grain boundary ordering,
which offers better possibility for applications.

4.1.3. Manganite-based composites. Manganite-based com-
posites form an interesting system to study magnetotransport
at low magnetic field. The extrinsic LFMR effect observed
in polycrystalline materials is mainly due to spin-polarized
tunneling (SPT) [236, 237] as the conduction electrons tra-
verse the grain boundaries (GBs). Extrinsic CMR, a function
of the intergrain transport between ferromagnetic (FM) parti-
cles, plays a crucial role in enhancing low field magnetore-
sistance (LFMR) or increasing room temperature magnetore-
sistance. Since extrinsic CMR is a grain-boundary-controlled
phenomenon, magnetically dirty GBs in the virgin sample help
in achieving a high LFMR or increase the field sensitivity and
it is generally ascribed to the spin polarized intergrain tunnel-
ing of conduction electrons. Since the tunneling process takes
place across the interfaces or grains separated by an energy bar-
rier (related to the magnetic disorder), dilution of these GBs
by secondary phases in manganites such as insulators, metal,
polymer or another manganite etc [326-328, 334-353], which
impede the magnetic homogeneity near the grain boundary, ad-
justs the barrier layer influencing the tunneling process, which
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takes place across the GBs and also influences the degree of
magnetic disorder present therein. Also, since these extrane-
ous effects act as pinning centers in remagnetization by domain
wall displacement [334], a small field will align the neighbor-
ing ferromagnetic (FM) grains and hence an enhanced MR re-
sponse can be achieved at low fields and at low temperatures.
This is why a spin misorientation of the magnetically virgin
state of the system is crucial to achieve enhanced MR at low
fields, which is more useful for device application.

Recent efforts are being directed to synthesize composite
materials consisting of two (or more) different manganites or
manganites and polymer/insulator materials which may show
large LFMR near room temperatures [326-328, 334-353].
Several groups have attempted to enhance the low tem-
perature LFMR or the room temperature MR by mak-
ing a composite of manganites with a secondary phase
like an insulating oxide, a hard FM material, a polymer
etc [326-328, 334-353]. Balcells et al [335] and Petrov
et al [336] were the first who reported the magnetoresis-
tance of LSMO/CeO, and LSMO/SrTiO; composites and
they found enhanced LFMR near the percolative threshold.
The LFMR was also found to be enhanced in compos-
ites comprising manganites like Lagg7Cag33MnO3(LCMO)
and Lag ¢7S1033MnO3(LSMO) with secondary phases such
as an insulators (YSZ, V,0s, SiO,, Al,O5 etc) [337-342],
a hard ferromagnetic material [343], a soft magnetic ma-
terial [344], a polymer material (PPP, polyparapheny-
lene; PMMA, poly(methyl methacrylate)) [345-347], a
glass (borosilicate) [348], a metal/metal oxide (Ag, Ag,O
etc) [325-327] or with other CMR oxides (PSMO, SSMO
etc) [349-351]. But in every case the basic objective is to in-
crease the height of the tunnel barrier between the neighboring
FM grains.

In a recent study Kumar e al [347] admixed insulating
poly(methyl methacrylate) (PMMA) polymer in the nanocrys-
talline Lag7Bag,Srg1MnO; (LBSMO) and observed the ab-
sence of any intrinsic physico-chemical reaction between LB-
SMO and PMMA [345, 346]. The LBSMO exhibits the broad
Tiv and T respectively at ~150 and 303 K with a discrep-
ancy that can be attributed to the strong disorder due to small
grain size, which may include oxygen deficiency, high density
of blocked Mn spins at the GBs, increased misalignment of
the neighboring FM domains etc. This grain boundary seg-
regation of insulating PMMA affects the DE by decoupling
the FM grains [343-345]. In fact, it has been shown by Yan
et al [345] that addition of polymer (PPP) leads to the dilution
of the magnetization as well as yielding additional magnetic
disorder. PMMA admixing leads to a kind of inhomogeneity
comprising FM metallic clusters that are separated by insulat-
ing PMMA [345], and as its concentration increases the spa-
tial separation of these grains/clusters further increases. On
application of field, these FM clusters grow in size, resulting
in improved connectivity, and consequently the resistance de-
creases and the composites exhibit significant LFMR of ~14%
for 10% PMMA admixed LBSMO nanocomposites at 1.2 kOe,
as shown in figure 30.

The GBs in polycrystalline manganites mimic the
role of the thin insulating layer sandwiched between two
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Figure 30. Magnetic field dependence of magnetoresistance of
LBSMO-PMMA composite samples measured at 77 K. The MR for
the LBSMO sample is 12% and it increases to 14% for 10 wt%
PMMA admixed LBSMO composite. The inset shows the variation
of MR with PMMA concentration [347].

FM manganite grains, which are magnetically as well as
structurally disordered, having disordered Mn spins. In
fact, as Mn spin disorder density increases due to PMMA
admixture, the carrier scattering increases, leading to further
enhancement in the resistivity, and the magnetic interaction
energy also increases, and hence a higher magnetic field is
needed to suppress them. When a magnetic field is applied, the
spin disorder is suppressed, resulting in slightly higher MR,
especially above a magnetic field H ~ 1.5 kOe. Thus the
overall positive change in MR at lower temperatures is due to
the slightly enhanced spin disorder in the intragranular regions,
which leads to enhanced spin-polarized tunneling. Recently, in
nanocrystalline LCMO-PMMA composites an enhancement
of LFMR of ~30-35% has been observed [347]. In another
interesting study Yao et al [354] prepared nanocrystalline
composites of LCMO-CeO, by means of a dispersing particle
polymer-network gel method, which leads to both high field
(~70% at 50 K and 5 T) and low field magnetoresistance
of ~16% at 5 K and 0.05 T at the percolation threshold of
~35% CeO, content (figure 31). They invoked that smaller
grain sizes and good connectivity among neighboring grains
because of the dispersing particle polymer-network gel causes
enhanced LFMR in the LCMO-CeO;, nanocomposites. The
importance of manganite composites has been emphasized in a
recent report on epitaxial (Lag7Cap3MnO3);_,:(MgO), [355]
and (Lag 7S193Mn0O3)¢.5:(Zn0)o s [356] nanocomposite films.
Oriented (Lag7Srp3Mn0O3)05:(Zn0O)p s nanocomposite thin
films grown by Kang et al [356] having fine intermixed grains
have shown an enhanced LFMR of ~12% at 1 T, whereas
negligible LFMR has been observed in the postannealed films
with large phase separated grains, as shown in figure 32.
Bhadhur et al [352] and Chaudhuri et al [353] have
extensively reviewed the low field magnetotransport properties
of manganite composites.

4.1.4.  Intrinsically layered manganites. — Most of the
studies so far have been carried out on doped LaMnOs; type
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Figure 31. (a) High field MR of all composites versus temperature
for different metallic (LCMO) volume fraction x. Left inset: the
partial enlarged figure. Right inset: the variation of MR value with
increasing x in a 5 T field at 50 K. (b) Low field dependence of
resistance p(H)/p(Hc) of several composites recorded at 5 K. Right
inset, the partial enlarged figure; left inset, the variation of LEFMR
value with increasing x in a 0.05 T field at 5 K [354]. Reproduced
with permission from [354]. Copyright 2007 by the American
Institute of Physics.
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Figure 32. Resistivity, p(T), of the as-grown films (solid circles at
H =0T, open circles at H = 1 T) and the postannealed films (solid
square) at H = 0 T as a function of temperature. The MR (solid line)
of the as-grown films is also exhibited [356]. Reproduced with
permission from [356]. Copyright 2006 by the American Institute of
Physics.
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perovskites such as La;_,SryMnOj3, with three-dimensional
Mn-O networks (isotropic MnOg octahedra). They become
ferromagnetic metal at hole doping of x > 0.2 and
exhibit CMR effects [7, 232-235] along with various exotic
phenomena [69, 163, 173-176, 182—-184]. However, very
recently Moritomo et al [357] discovered CMR properties in
the layered La;,Sr; sMn,O; system (n 2) akin to their
3D counterparts (n 00); thereafter followed a flurry of
activity on these double-layered manganites [358, 359]. A
very large CMR effect has been observed for the n 2
compound above the Curie temperature. At 129 K, the MR of
200% at 0.3 T has been observed, which is significantly higher
than the equivalent 3D Sr-based compound. The CMR at a
few tesla is observed in a very broad temperature range from
100 K to close to room temperature. In another study, Kimura
et al [358] reported a large MR effect in Lay_5,Sry42,Mn,07,
which reveals that the magnetotransport behavior of Sr = 0.3
composition is very different from that of Sr 0.4. In
fact, at Sr = 0.3 the resistivities in plane and out of plane
behave qualitatively differently. These bilayered manganites
undergo a charge ordering transition at ~210 K, having CE
state ((3x2 — r%)/(3y* — r?) type). The x = 0.5 compound
also exhibits a substantial MR effect, although the charge-
ordered state could not be melted completely at a magnetic
field as high as 7 T [360]. In addition to the CMR effect these
bilayered manganites also show phase transitions from an FM
metal to either an AFM insulator or to a PM insulator. In some
compounds, the strong competition between the ferromagnetic
(FM) and the antiferromagnetic (AFM) phases, below T,
drives the system to a host of other new magnetic orders, such
as a cluster glass, spin-glass-like state or to a charge- or orbital-
ordered state. They also show an extremely rich variety of
magnetic structures as a function of doping, which allow for
the study of dimensionality effects on the charge transport and
magnetic properties in these bilayered manganites [360-370].
The reduced dimensionality of these structures is anticipated
to enhance the magnetic and electronic fluctuations in the
critical temperature region just above T¢ and in this region
where external fields can harness these fluctuations to generate
ordered phases and the CMR effect [360-370].

The doped double-layered perovskite manganites are a
stack of FM metal sheets composed of MnO, bilayers, which
are separated by the insulating (RE, AE),0O; layers and thus
form a natural array of ferromagnetic—insulator—ferromagnetic
(FM-I-FM) junctions [357, 363]. It has been observed that
the incorporation of the MnO,—(RE, AE),0,-MnO, junctions
in the structure naturally leads to higher magnetoresistance,
especially low field magnetoresistance (LFMR), in these
layered manganites than the infinite layer simple perovskite
counterparts [357, 362, 363, 371, 372]. The individual
bilayers consisting of the FM-I-FM (MnO,—(RE, AE),0,—
MnQO,) layers are themselves weakly coupled along the c-
axis, resulting in a quasi-two-dimensional FM order in these
materials and anisotropic exchange interaction. Around room
temperature the double-layer compounds with x 0.3
and 0.4 are paramagnets and around 7 ~ 270 K a short
range FM order due to in-plane spin coherence evolves and
the long range FM order corresponding to both in-plane
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and out-of-plane spin coherence evolves at a much lower
temperature [357, 363, 373, 374].

The double-layer manganites consist of two building
blocks, namely, the perovskite block incorporating MnOg
octahedra and the rock salt separation layer containing
(RE, AE);0O,. Thus the RE(AE) ions are located in the
perovskite block as well as in the rock salt layer, and the
distribution of the various RE(AE) cations between these
two building blocks is dependent on the dopant ion size.
Consequently, the magnetotransport properties are expected
to show a rather complicated correlation with the average
RE(AE) site radius. It is well known that the average or
effective cationic radius of the rare earth site plays a crucial
role in determining the magnetotransport properties of the
infinite layer manganites [375, 376], and some studies in
this direction have also been carried out on the double-layer
manganites [371, 372, 377, 378]. Shen et al [371] have studied
the effect of Ca®>" (~1.18 A) substitution in La; »Sr; sMn,O7,
in which the average La-site radius is ~1.272 A, and
have observed a gradual decrease in the paramagnetic to
ferromagnetic transition temperature 7¢ from 135 K for Ca =
0.0-82 K for Ca 0.6. This observed decrement in
Tc has been attributed to the contraction of the lattice unit
cell due to substitution of smaller Ca** cations in place of
larger Sr** (~1.31 A) cations. Somewhat similar results
have been observed by Chi er al [377] for La; 4Sr; ¢Mn,0O7
({(R) = 1.266 A). They report that the Tc and the insulator—
metal temperature (71y) both decrease when Sr2t is partially
substituted by either a bigger cation like Ba>™ (~1.47 A) or
a smaller cation, Ca>* (~1.18 A). Chi er al [377] suggests
that a preferential distribution of various cations between the
rock salt and the perovskite blocks is responsible for the
observed trends in the 7¢ and Tyv. However, this study
leaves a fair amount of ambiguity regarding the correlation
between the average La-site cationic radius and the various
transport parameters. Recently Zhu et al [374, 379] have
studied the compound La; 451} ¢—yBa,Mn,0O7 and found that
with increasing Ba content the long range or 3D FM order
diminishes and finally disappears beyond x = 0.3, and on
further increasing the Ba content the 2D or in-plane FM
phase fraction increases and induces a IM transition at the
percolative threshold [374, 379]. In another study Singh
et al [380] studied the effect of co-doping Ca and Ba at the
La site in La;4Ca;¢_,Ba,Mn,O; (x = 0.0, 0.2, 0.4, 0.6)
bulk polycrystals. They observed that large Ba>t cations
occupy the perovskite block while the smaller La’* and Ca>*
cations go preferentially to the rock-salt layer, which leads to
anisotropic change in the unit cell. This leads to reduction
in the distortion of the MnOg octahedra in the perovskite
block, which consequently leads to a reduction in the electron—
lattice coupling via weakening of the cooperative Jahn—Teller
distortion. They show that both T¢ and Tyy increase with Ba
content and Ba ~0.6 has a maximum 7T¢ and T of ~185 K
and ~136 K respectively. The drastic difference in the 7¢ and
Tiv is a known feature and is due to the intrinsic anisotropy in
the magnetic exchange interaction [357, 362, 371, 372]. All
the samples show the low field magnetoresistance (LFMR)
(figure 33(a)), which increases with the Ba content, and
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Figure 33. (a) Variation of low field magnetoresistance (LFMR) with
Ba content with temperature at 150 mT. The MR at 77 K increases
from ~10.2% for Ba = 0.0 to ~13.5% for Ba = 0.6. (b) Variation of
low field magnetoresistance (LFMR) with Ba content at different
magnetic fields at 77 K. The LFMR values are measured to be
~18.5, 19.1, 20.7 and 23.8 respectively for Ba content of 0.0, 0.2, 0.4
and 0.6 [380].

maximum LFMR of ~13.5% has been observed at 77 K. The
field evolution of LFMR shows (figure 33(b)) that the Ba-
doped samples have much larger MR than the virgin sample.
They do not observe any saturation-like features in the LFMR—
H curves, which are usually seen in the infinite layered
manganites, and such a behavior may be attributed to the
intrinsic contribution to the LFMR by the stacking of the
La(Ca, Ba),0,-Mn0O,-La(Ca, Ba),0, layers in the unit cell
of the layered manganites.

The epitaxial films of Lay_», Sri12,Mn, 07 have also been
observed to exhibit anisotropy in transport properties and high
field magnetoresistance in excess of 99% [381, 382]. The Ca-
doped double-layer compound, namely La;_5,Caj;2,Mn,O7
has been reported to exhibit higher 7¢ values; e.g.,
La; ¢Ca; 4Mn,O;7 (x = 0.2) has a T, =~ 170 K, which rises
to 215 K for a doping level x = 0.25 [360, 362, 363],
and they have significant LFMR below T¢ [360-362]. In
another study of double-layered manganite films Siwach er al
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[383] observed reasonable low field magnetoresistance of
~5% at 0.6 kOe and ~13% at 3 kOe in polycrystalline
spray-deposited Laj4Ca; ¢Mn,O; films. Weak short range
in-plane FM spin coherence sets in at 125 K [361], which
transforms to a complete long range FM ordering below
Tc ~ 95 K. On further lowering the temperature a spin-
glass-like state is observed at Tca ~ 50 K, suggesting the
magnetic frustration between competing FM double-exchange
(itinerant e, electrons) and the antiferromagnetic (AFM)
superexchange (localized t,, electrons) interaction [382].
Metal-insulator transition occurs at a lower temperature Ty ~
55 K. Resistivity shows an upturn in the spin-canted regime,
suggesting increased scattering of the conduction electrons due
to the canting of Mn spins [382, 384, 385]. The low field
magnetoresistance (~5% at 0.6 kOe and ~13% at 3 kOe) has
been attributed to complete spin-polarized tunneling of charge
carriers through the insulating (La, Ca)O, layers between the
adjacent MnQO, bilayers, supported by strong non-linearity in
I-V characteristics below T¢. Similarly, Asano et al [373]
and Zhou et al [360] also obtained significant MR of ~40% at
18 kOe applied field and ~25% at 10 kOe, respectively.

4.2. Artificial grain boundaries system

Several other studies [386—394] using polycrystalline films
have probed the role of grain boundaries in samples consisting
of multiple grains with different orientations over the
measurement distance of the probe contacts, which gives only
qualitative information, because the total MR contribution is
a complex convolution of the MR due to the ‘intrinsic’ CMR
contribution inside the grain and the ‘extrinsic’ contribution
coming from the GBs.  Bicrystal [395-406] and step-
edge/laser-patterned [407-411] junctions consisting of a single
grain boundary, with a well defined misorientation between the
grains, are ideal for the growth of films in order to isolate the
contribution of a single grain boundary. In order to enhance the
grain boundary contribution to the total p, the number of grain
boundary intersections is increased by patterning a meander
track on the substrate. Reduction of the grain region that is
probed will lead to further enhancement of the grain boundary
signal.

4.2.1. Bicrystal grain boundary junctions. Mathur et al [395]
have followed such an approach to pattern thin film devices
on a bicrystal substrate in order to isolate the contribution
of a single grain boundary. They deposited epitaxial LCMO
(~2000 A) films by PLD on SrTiO3 (001) bicrystal substrates
with a misalignment between two crystallographic directions
by 24°. In order to study the artificial grain boundary directly,
the manganite films are patterned into a meander-like track
(Wheatstone-bridge structures) crossing the grain boundary
many times, using optical lithography and ion milling, as
shown in figure 34(a). The symmetry of the bridge structures
ensures that all resistance contributions balance to zero, except
those arising from the grain boundary. The devices have
been characterized in a liquid nitrogen cryostat in a magnetic
field up to 300 mT by passing a constant current through
each bridge and measuring the voltage across the output
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Figure 34. (a) The meander track Wheatstone-bridge geometry used
for the grain boundary measurements. Each arm consists of 19 CMR
elements, 2 um wide (shown black), those on two of the arms
crossing the grain boundary (dashed line), the other two-sample
control material. The gold (marked in gray) was added to the
structure to reduce the resistance of the wiring between the arms and
the links between the elements. The bridge structure for
measurement along the grain boundary was similar except that the
meander was replaced by a single straight track in each case.

(b) Wheatstone-bridge measurements with / = 1.5 nA with B
in-plane and perpendicular to the grain boundary, at (a) 77 K and

(b) 247 K. Voltages V (B) and V,y, are the field-dependent output
voltage and the minimum output voltage measured. The asterisk
indicates data taken following zero-field cooling to 77 K. Data taken
following cooling to 77 K in 300 mT are also presented, but can
barely be distinguished. Reprinted by permission of Macmillan
Publishers Ltd: Nature [395], copyright (1997).

terminals. This measured voltage represents a direct measure
of the resistance introduced by the grain boundary. A large
bridge MR (27% at 77 K) is observed during magnetic
field sweeps within 200 mT over a range of temperatures
down to 77 K, with a strong low field hysteresis in bridge
resistance at low temperatures (figure 34(b)). At higher
temperatures, the magnitude of the peaks in MR decreases
and the peaks disappear altogether at temperatures around
230 K. These results are qualitatively similar to those observed
on polycrystalline films except for the magnitude of the low
temperature MR, which is about a factor of two to three
higher for the single grain boundary junctions. Interestingly,
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Figure 35. (a) Atomic force microscopy image of two step edges on
a LaAlOj; substrate. Grain boundaries might nucleate near the edges,
such that there are two grain boundaries per step-edge.

(b) Magnetoresistance ratio at 100 K of an epitaxial film and
step-edge arrays along [100] and [110], respectively [407]. Reprinted
with permission from [407]. Copyright 2002 by the American
Physical Society and 1999 by the American Institute of Physics.

a small positive MR is observed above T, which is masked in
experiments using polycrystalline samples by the contribution
from the grains. Steenbeck er al [396], Westerburg et al [397],
Evetts er al [398], Miller et al [399], Phillip et al [400],
Mathieu et al [401] and several others [402—406] have also
reported similar field dependence of LFMR in bicrystal grain
boundaries.

4.2.2. Step-edge junctions. Ziese et al [407] investigated
step-edge junctions made from LCMO films. LaAlO;
substrates were patterned prior to film deposition by
chemically assisted ion-beam etching such that an array of
steps along [100] or [110] was formed. The steps were 100—
200 nm high and 20 um apart; the substrates contained 150
[100] or 200 [110] steps, respectively. 25 nm thick LCMO
films were deposited on the patterned substrates using pulsed
laser deposition. These films show large resistance anisotropy,
the resistance showing intrinsic behavior for electric currents
flowing along the steps and typical grain boundary behavior
for currents across the steps. This resistance anisotropy
can be related to disordered regions near the step edges.
In comparison to epitaxial films, the magnetoresistance is
strongly enhanced (figure 35). The magnetoresistance value at
fixed field and temperature seems to be determined by the local
defect structure and varies between different samples. After
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annealing the film deposited on [100] step edges at 950 °C for
2 h in flowing oxygen, the resistance and magnetoresistance
resumed the typical behavior of epitaxial films. Bosak et al
[408] have also obtained low field magnetoresistance of step-
edge junctions based on Lag7Srp3MnOs; films on SrTiO3
substrate. Similar results were obtained on ‘scratch’ junctions
by Srinitiwarawong and Ziese [409].

4.2.3. Laser-patterned junctions. Another artificial junction,
which is important for low field magnetotransport, is the
laser-patterned planar junction. Bibes et al [410, 411]
studied the temperature and magnetic field dependence of
the magnetotransport properties of laser-patterned planar
junctions. A 248 nm KrF excimer laser with a fluence
of about 2.5 Jecm™2 was used to define tracks of 10 and
40 pum width on SrTiOj substrates. These tracks consisted of
overlapping discs of molten material, about 0.1-0.2 pwm deep.
Microcrack formation was observed within these disc regions.
LSMO films were deposited by pulsed laser deposition on
these patterned substrates. Strongly enhanced resistance was
only found for the 40 um wide tracks. However, both 10
and 40 pum tracks lead to a significantly enhanced low field
magnetoresistance with the characteristic magnetic field and
temperature dependence.

The above discussions make it evident that in the
polycrystalline samples (both bulk and thin films) having
natural grain boundaries as well as artificially engineered
grain boundaries (bicrystal and step-edge junctions) the
colossal magnetoresistance (CMR) effect can be observed at
compatibly low magnetic fields (~mT), which is important
since it interfaces directly with the application aspect of CMR.

5. Recent observations of magnetoresistance in other
materials and relevant mechanism

The discovery of the CMR effect in doped perovskite
manganites revolutionized material science and a lot of effort
has been carried out (and is still going on) to find materials
with improved magnetoresistance around room temperature
at low magnetic fields. The analogies with manganites and
other magnetoresistive materials are based on the presence of a
large magnetoresistance, a competition between FM and AFM
states and universally accepted inhomogeneities. Based on the
above analogies, the magnetoresistive family consists of a large
number of materials having different crystalline structures.
These materials are the following.

(i) Mn-based pyrochlores. TI;Mn,07; show metal-insulator
transition and large intrinsic magnetoresistance at a Curie
temperature of 140 K with a saturation magnetic moment
of 3 up per formula unit, corresponding to a ferromagnetic
ordering of the Mn*" ions [412-421]. The pyrochlores
are interesting in comparison with manganites as their large
magnetoresistance does not arise from a conventional double-
exchange mechanism [416]. Instead, the ferromagnetism
is predominantly dominated by superexchange, and the
conduction electrons likely arise from the Tl 6s band [417].
Thus in T1;Mn,O; there are two separate electronic systems,
a magnetic sublattice of Mn—O and a conducting sublattice
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of TI-O indirectly coupled to it. Because of the lack of
Mn??, there is no strong electron—lattice coupling driven by
the Jahn-Teller energy gains. In the pyrochlore, a large
degree of spin polarization appears to be due to the extremely
small number of carriers [413]. The value of 7., the
magnitude of the resistivity peak near 7, for TI;Mn,0O; and
the corresponding MR are generally altered by isovalent (Sc,
Bi, Ru) or aliovalent substitutions [418-421]. Alonso et al
observed room temperature MR and cluster glass behavior in
Tl Bi,Mn,0O7 [422].

(i1) Cr-based chalcogenides. —Ramirez et al [423] have
demonstrated moderately large high field magnetoresistance
near the Curie temperature in the Cr-based chalcogenide
spinels, i.e. Fe;_,Cu,Cr,S4. The spinel ACr,Chy is a
tetrahedrally coordinated compound, where cation A = Fe,
Cu, Cd and Ch is a chalcogen, i.e. S, Se and Te [424].
However, unlike the perovskite manganites, they do not
possess heterovalency, distortion-inducing ions, manganese,
oxygen or a perovskite structure. The transport in these
materials is due to electron hopping among d° states above
a valence band comprised of chalcogenide p-levels [425].
Theoretical studies of the electronic structure indicate a half-
metallic character with a gap in the minority density of
states [426].

(iii) Ordered double perovskite. Another promising
compound of the LFMR family is the double perovskite
Sr,FeMoOg [427] and Sr,FeReOg [428] with comparatively
high Curie temperature of 420 K and 400 K, respectively.
The structure is obtained by doubling the perovskite unit
cell, e.g. SroFeMoOg has alternate stacking of SrFeO; and
SrMoO; to form an ordered double perovskite structure. The
highest Curie temperature was reported for Ca,FeReOg with
T. 540 K [429]. These materials are half-metallic
in nature. Single crystals [430] do not show significant
MR but a substantial low field magnetoresistance (~5% at
300 K and ~20% at 5 K for H 1 T) [431, 432]
often appears in polycrystalline samples that are likely to be
of extrinsic origin from grain boundary or cation disorder
scattering, similar to that of the grain boundary MR observed
in manganites [433]. Westerburg er al [433] observed 5% MR
under 8 T field at Curie temperature in Sr,FeMoQg. Serrate
et al [434] have recently presented an excellent review on
the structural, magnetic and transport properties of FeMo- and
Re-based double perovskites with ferromagnetism above room
temperature. In particular, they focus on the large intergrain
magnetoresistance effect observed in polycrystalline samples
and the possible implementation of these materials for device
application.

(iv) Hexaborides. EuBg also shows a very large MR, but
it is completely different from the manganites. EuBg is
a ferromagnetic semimetal, and consequently the effective
mass and the number of carriers is small [435, 436]. It
shows two magnetic transitions at 12.5 and 15 K [437]. A
spin-flip Raman scattering shows the existence of magnetic
polarons [438]. Doped EuBg e.g. Eu;_.La,Bgs [439] and
EuBg¢_C, [440] also show substantial MR. Other Eu-based
materials, i.e. EuSe [441] and Eu;_,Gd,Se, also show MR
similar to manganites.

~

~
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(V) Ruthenates.  Ruthenates are materials that are also
receiving considerable attention currently [442]. In a single-
layer material Ca;_,La,RuO4 a dramatic decrease in the
resistivity is observed upon La doping and the Mott insulator
(CaRuQ,) eventually reaches a metallic state [443]. The
resistivity versus temperature curves are similar in shape to
those found in manganites. Both manganites and ruthenates
present metallic and insulating states that can compete with
each other. Ruthenates also show orbital ordering similar
to manganites [444]. Recently, CaO et al [445] discovered
tunneling magnetoresistance, due in part to the magnetic-valve
effect, with a drop in the resistivity of the bilayer CazRu,07
by three orders of magnitude. Very recently, Ohmichi er al
[446] demonstrated the existence of two types of field-induced
transitions at 6 and 15 T in CazRu,O;. They attributed these
behaviors to strong coupling between spin, charge and lattice
degrees of freedom in CazRu;O;, which can be controlled
by in-plane field orientation. Another ruthenate, SrRuOj3,
is a strongly correlated ferromagnetic d-band metal having
orthorhombic structure. The Curie temperature in the bulk is
165 K; for thin films reduced Curie temperatures of 150 K were
observed, possibly due to the strain effect [447, 448]. Near
the Curie temperature a maximum in the MR was observed
for SrRuQs;, that does not saturate in magnetic fields up to
8 T. The value of peak MR depends on the current and field
direction, with values between —2 and —11%. Klein et al
[449] interpreted this MR peak as arising from an increase of
the magnetization and corresponding reduction of spin disorder
scattering.

(vi) Magnetite. Fe;0y is a ferrimagnetic oxide crystallizing in
the inverse spinel structure and has the highest Curie tempera-
ture of 858 K among all magnetoresistive materials [450]. At
room temperature, in this structure large O ions are located on
a close-packed face-centered cubic lattice, whereas the Fe ions
occupy interstitial sites. There are two kinds of cation sites,
namely the tetrahedrally coordinated A site occupied only by
Fe* ions and the octahedrally coordinated B site occupied by
both Fe?>* and Fe?* ions. The A- and B-site sublattices are fer-
rimagnetically aligned such that the net moment is equal to the
magnetic moment j = 4 ug of the Fe>* (3d°) ion [451]. Re-
cently, Ziese et al [452] observed a few per cent MR in Fe; Oy
single crystals at the Verwey transitions and explained it on the
basis of the shift of the charge ordering/Verwey transition on
application of magnetic field. The temperature dependence of
resistivity is quite complex, changing from semiconducting to
metallic behavior slightly above room temperature and back
to semiconducting behavior near the Curie temperature [453].
Band structure calculations indicate a half-metallic nature with
a gap in the major density of states [454]. Recently Liu et al
[455] observed ~7.4% MR at room temperature in polycrys-
talline Fe;Oy films (figure 36), which they ascribed to spin-
dependent tunneling through the antiferromagnetically coupled
grain boundaries.

(vii) Chromium oxide. CrO; is the only stoichiometric binary
oxide that is a ferromagnetic metal having rutile structure.
It is the simplest and best studied half-metal [456]. Band
structure calculation of CrO, predicted 100% spin polarization
at Fermi level [457] and spin-polarized photoemission and
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Figure 36. Parallel and perpendicular MR measured at 300 K. The
inset shows normalized MR at different temperatures (left) and low
field MR (right). Reproduced with permission from [455]. Copyright
2003 American Institute of Physics.

vacuum tunneling experiments showed nearly complete spin
polarization 2 eV below Ep [458, 459]. The resistivity of
CrO, varies widely, from semiconducting to metallic, and
ranges over five orders of magnitude at low temperature [460].
Change in the slope of the resistivity is discernible near
the Curie temperature of 390 K. The MR effect in CrO,
is associated with transport of spin-polarized electrons from
one FM region to another with a different direction of
magnetization. These regions are not usually separated by a
domain wall but by a grain boundary. The MR effect at low
fields and low temperature can reach 50% in pressed CrO,
powder [461, 462], and several hundred percent in planar
manganite tunnel junctions [463], whereas small MR has been
observed in CrO, tunnel junctions [464, 465].
(viii) Diluted magnetic semiconductors. At present diluted
magnetic semiconductors (DMSs) are the hottest candidates
for spintronic devices [466]. Most of the past work on DMSs
has focused on (Ga, Mn)As and (In, Mn)As [467, 468]. But
the problem with these DMSs is that they have low Curie
temperature. Dietl er al [469] theoretically predicted that
GaN and ZnO would exhibit ferromagnetism above room
temperature on doping with Mn, provided that the hole
density is sufficient high. Currently a number of excellent
reviews are available which cover experimental as well as
theoretical aspects of all types of DMSs including oxide-
based DMSs, e.g. ZnO, TiO, and SnO, doped with Mn, Ni,
Co, Fe, V etc [470-473]. Since then a great deal of effort
has been focused on semiconductors, e.g. ZnO, TiO, and
SnO, doped with ferromagnetic elements (Mn, Fe, Co, V,
Ni etc) [474-490]. Among them a ZnO-based DMS would
be very promising because of its widespread application in
electronic devices, such as transparent conductors, gas sensors,
varistors, ultraviolet laser sources and detectors [478—480]
Kim et al [481] measured the isothermal MR of
7Zn;_,Co,0:Al thin films for x = 0.02, 0.06, 0.10 and 0.15
at various temperatures. They observed three different types
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of MR behavior below 20 K depending on the Co content, but
above 50 K all samples exhibit a very small negative MR as
observed in a ZnO:Al film without magnetic impurities. A
large positive MR of ~60% at 5 K under 2 T was observed in
Zr¢.94Fe(.05Cug.010 below 100 K [482]. Despite non-magnetic
elements, ZnO:S films also show a large MR of ~26% at
3 K [483]. Similarly, Co-doped TiO, films also show MR
under an 8 T magnetic field at 3 K which increases from ~6%
in an undoped TiO; film to ~40% in 2% Co-doped TiO, film
(Tip.98C00.0202-5) [484].

Prellier er al [485] have recently reviewed the oxide-
based DMSs. They conclude that most of the Co-doped ZnO
films exhibit FM above room temperature, and that in the
case of Mn-doped ZnO thin films a definitive 7, is not found
by some workers, but Sharma et al [486] recently reported
room temperature ferromagnetism in Mn-doped ZnO bulk as
well as thin films (Zn;_,Mn,O; x = 0, 0.01, 0.0 and 0.1).
Thus the ferromagnetic behavior of Mn- and Co-doped ZnO
have considerable doubt. Recently Rao er al [487] extensively
studied the ferromagnetism of Mn- and Co-doped ZnO and
pointed out that the presence of additional charge carriers is
responsible for ferromagnetism rather than the mere doping of
Mn and Co in ZnO, which is in agreement with the recent work
of Spaldin [488].

(ix) Doped silver chalcogenides. Recently, an anomalously
large MR was observed in two doped silver chalcogenides,
AgrisSe and AgpisTe, where the resistance displayed a
positive linear dependence on the magnetic field over a
temperature range 4.5-300 K without any sign of saturation at
fields as high as 60 T. At room temperature and in a magnetic
field of ~55 kOe, Ag,Se and Ag,Te show ~200% increase in
resistance, which is close to CMR materials [491, 492]

(X) Magnetic tunnel junctions. Magnetic tunnel junctions
(MTJs) show tunneling MR that is drawing considerable
attention due to the advent of sophisticated thin film junction
preparation techniques [493]. An MTJ consists of two
ferromagnetic metallic layers separated by a thin insulating
barrier layer. The insulating layer is so thin (a few nanometers
or less) that electrons can tunnel through the barrier if a bias
voltage is applied between the two metal electrodes through
the insulator. The most important property of an MTJ is that
the tunneling current depends on the relative orientation of the
magnetization of the two FM layers, which can be changed by
an applied magnetic field. This phenomenon is called TMR
or JMR (junction magnetoresistance). TMR is a consequence
of spin-dependent tunneling (SDT) due to an imbalance in
the electric current carried by up-and down-spin electrons
through a tunneling barrier. SDT was discovered in pioneering
experiments by Tedrow and Meservey [494]. The relationship
between SDT and TMR was explained by Julliere [495] within
a simple model that quantifies the magnitude of TMR in terms
of the spin polarization (SP) of the ferromagnetic electrodes as
measured in the experiments on superconductors [496]. As per
Julliere’s model the TMR is given as
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where p; (i = 1,2) is the effective spin polarization

of two electrodes. For the case of two identical ferromagnets,
the TMR is always —ve. It diverges for two half-metallic
electrodes. It can be both +ve and —ve.

A few years ago, however, Miyazaki and Tezuka [496]
demonstrated the possibility of large values of TMR in MTJs
with Al,O; insulating layers. Moodera et al [497] reported
TMR values for a Co/Al,O3/NiggFey junction of 20.2%,
27.1% and 27.3% at 295, 77 and 4.2 K, respectively. Vari-
ous workers have reported TMR values in excess of 100% at
4.2 K for ferromagnetic oxide tunneling junctions based on
manganite electrodes [498-506]. Recently, extremely large
TMR values up to 1800% were obtained by Bowen et al
[507] in an LSMO/STO (tsto = 2.8 nm)/LSMO/Co/Au struc-
ture. The extremely large TMR response (1800%) at 4 K
leads to a spin polarization of the LSMO at the interface
with STO of at least 95%. Moreover, the temperature de-
pendence of the TMR in this optimally etched junction van-
ishes only at T 280 K (T/T. = 0.7). Strains as well
as the mixed valency of Mn ions at the interface are the de-
ciding factors to have large TMR response, as deduced from
EELS measurements coupled with HREM observations by
Pailloux ef al [S08]. Very recently, Yamada et al [S09] atom-
ically engineered the interface of LSMO with STO and LMO
[LSMO(0.4)/LMO2uc)])/STO(2 nm)/[LMO(2uc)/LSMO(0.4)]
and observed an improved performance as compared to the
direct-interface junction (LSMO/LMO/LSMO; LSMO/STO/
LSMO).

(xi) Nanocontacts. Another type of material which is making
news in the last couple of years is nanocontacts, which
show ballistic magnetoresistance (BMR). When the size of
the contact between two FM electrodes is of the order of
nano- or atomic scale then the spin-polarized electron on
its way through the contact will have less of a chance to
accommodate itself to the spin regime of the secondary
electrode (if it is different from that of the first electrode)
and will consequently scatter more prominently, translating
into a ballistic MR effect [510, 511]. Recently, Chopra and
Hua (2002) of Sunny Buffalo reported remarkably large room
temperature BMR of 3150% in fields of 500 Oe at room
temperature in electrodeposited Ni nanocontacts [512]. In
subsequent study they observed 10000% BMR in fields of
3000 Oe at room temperature for stable Ni nanocontacts,
which were made using only mechanically pulled Ni wires
to eliminate the possibility of any extraneous chemical layer
being present [513]. The BMR is formulated by Tatara et al
2p?

[514] and is given by
F7
1— p2>

where p = (g;gt) describes the spin polarization, D4 and
D, are the densities of states for up and down spin at the Fermi
level and F is a function that describe the non-conservation
of conduction electron spin. If the domain wall width is
comparable to or smaller than the electron wavelength, the spin
should be conserved (F = 1) in the conduction process and the

BMR is given only by degree of polarization [515, 516].
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The BMR is a result of the spin-dependent scattering
(SDS) of electrons across the nano- or point contact from
a ferromagnetically aligned state (low resistance) to an
antiferromagnetically aligned state (high resistance) in an
applied field. In bulk ferromagnets, Cabrera and Falicov [515]
and later Tatara and Fukuyana [516] have shown that the SDS
by domain walls is negligible, owing to the adiabatic nature of
electron transport across a wall, which is typically of the order
of several tens of nanometers wide. The SDS, the nature of
domain walls [517] and the geometry of nanocontacts [518]
play a key role in the observed huge BMR effect but the
cause of such a huge resistance change is not fully understood.
Recently, a plausible mechanism for the observed large BMR
was given by Tagirov et al [519] on the basis of spin splitting
of quantized conduction states.

6. Envisaged applications of manganites

Perovskite manganites, initially, demonstrated a large potential
for applications based on their various physical and chemical
properties [232-235, 297, 298]. The magnetic field sensitivity
of the transport properties, the strong metal insulator transition
at the Curie temperature, the electric field polarizability of the
material and its subsequent effect on the transport properties,
the half metallicity of the electronic bands etc could possibly
be exploited in a variety of devices. Based on the properties,
a number of device approaches are being explored and few of
them are described below.

(1) The magnetoresistance of manganites might be used
in magnetic sensors; magnetoresistive read heads and
magnetoresistive random access memory.  Magnetic
sensors can be made from either thin films or single
crystals and can be used to sense the magnitude of a
magnetic field in one or several directions by choosing
the right crystal form and de-magnetizing factor. A
good low field magnetoresistive response, however, can
be obtained in manganite samples with a high density of
grain boundaries and in tunnel spin valve structures. One
of the first working devices of this kind was constructed by
Sun et al [498]. It consists of two layers of ferromagnetic
Lag 67Cap33MnOs, separated by an SrTiOs spacer layer,
and shows a resistance decrease by a factor of two in a field
of less than 200 Oe. The disadvantage of devices based
on grain boundary magnetoresistance or on ferromagnetic
tunneling junctions is that large magnetic field sensitivities
are only achieved at temperatures below 200 K.

(2) The electric field effect has also been observed in
manganites. Here the top layer can be paramagnetic,
such as STO [520], or a ferroelectric layer, such as
PZT (PbZry,Tipg03), and the bottom layer is a CMR
material, but the changes are more profound in the case
of PZT, where only 3% change in the channel resistance is
measured over a period of 45 min at room temperature,
which makes this material attractive for non-volatile
ferroelectric field effect device applications [521, 522].

(3) The large temperature coefficient of resistance (TCR,
calculated as (1/R)(dR/dT)) just below the resistivity
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peak makes these CMR materials interesting for use
in bolometric detectors [523-525]. A bolometer is an
instrument for detecting and measuring radiation. Indeed,
the TCR can reach 15% per degree at 300 K [255], which
is larger than that of VO,, the material commonly used in
bolometers.

(4) Since the properties of the CMR materials are quite
spectacular at reduced temperatures, i.e. below 100 K,
so at these low temperatures the combination of high-T¢
superconducting cuprate thin films and CMR manganites
could lead to hybrid HTSC-CMR structures [526, 527]
These HTSC—CMR structures not only lead to potentially
new spin-injection devices but also may serve as a
useful medium for understanding some of the forefront
theoretical ideas.

(5) Chemical applications include catalysis, such as catalysts
for automobile exhausts, oxygen sensors and solid
electrolytes in fuel cells.  The catalytic activity is
associated with the Mn**-Mn** mixed valence and
the possibility of forming oxygen vacancies in the
solid [528, 529].

7. Summary and future outlook

For over more than a decade, studies on manganites have
been focused on both various details covering the underlying
fundamental physics and on applied aspects; it is the former
which has received most of the attention. This review embodies
various aspects of CMR in doped manganites from its genesis
through recent studies to the several efforts made for making
the phenomenon intelligible. Many salient features such
as double exchange, Jahn-Teller effect, charge/orbital/spin
ordering, phase separation etc have recently emerged and these
have been described in detail in this review. Emphasis has
been placed on low-field-induced magnetoresistance, which is
the most important aspect from the application point of view.
Some important features are summarized below.

(A) The basic features, such as structure, 7—x phase digram,
occurrence of a variety of phenomena such as PM-FM
transition, CO-OO ordering, phase separation etc, that
result due to the interaction between the various degrees
of freedom involving spin, lattice, orbit, and charge, have
briefly discussed.

(B) Low field magnetoresistance (LFMR) is an extrinsic
characteristic of polycrystalline manganites, and for a
given material, magnetic field and temperature it is a
function of the grain size. The LFMR component
increases as the grain size is lowered. In general, LFMR
shows monotonically decreasing trend as the temperature
is increased, vanishing around the onset temperature of
the PM-FM transition. However, there are exceptions,
and nearly constant LFMR has been reported in lower
temperature range of the FM regime.

(C) The concept of spin-polarized tunneling (SPT) across the
grain boundary (it acts as a barrier) of two misaligned
grains has often been employed to explain the LFMR
in polycrystals. A decrease in the grain size results in
increased surface to volume ratio and a more disordered
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grain boundary. This leads to an increased barrier across
the grain boundary. However, the concept of spin-
dependent scattering (SDS) at the grain boundary is also
invoked, especially in composites.

(D) LFMR has also been observed around 7¢/Ty in epitaxial
films, and this of course cannot be explained by either
SPT or SDS. Here the strain and lattice relaxation play the
key role. Chemical as well as lattice defects can lead to
formation of polaron clusters just below T¢. These defects
act as pinning centers for magnetic domain walls and
increase their density, leading to enhancement of a very
low field component of the magnetoresistance that is not
observed at low temperature. The origin of the larger MR
around 7¢ than the one predicted from a double-exchange
mechanism in LCMO is the delocalization of the polaron
clusters below Ty by moderate external magnetic fields
(mostly below 5 kOe).

(E) That LFMR has strong correlation with grain boundaries
has also been supported by investigations of transport
across artificially patterned boundaries, e.g. in thin
epitaxial films on bicrystal substrates.

(F) Phase separation is believed to be one of the key
mechanisms that govern the overall landscape in
manganites. The important role of PS has been recognized
in LFMR also, both in polycrystalline and single-
crystalline materials. The decrease in grain size leads
to a kind of electronic PS due to the breaking of Mn—
O-Mn bonds and enhances the barrier across the grain
boundaries.

The magnitude of the extrinsic LFMR of the polycrys-
talline manganites seems to have limiting value ~ 30% at 4.2 K
and H ~ 3 kOe. So the future course of investigation should
focus on the LFMR in epitaxial thin films, which has been
found to be larger than 30% at H = 3 kOe around T¢/Tpy.
Irrespective of the temperature scale, the magnetic field sensi-
tivity of the manganites is still much smaller than that of the
conventional GMR materials being used. Thus before any real
device application the field sensitivity of the manganites has
to be drastically improved. In this regard, the rich 7—x phase
diagram of the manganites holds the key and any materials tai-
loring for achieving the large LFMR should exploit this. In
manganites, the 7—x phase diagram shows strong phase co-
existence with occurrence of a variety of phases such as PM,
FM, CO-00, AFM metal and AFM insulator. Consequently,
in any materials tailoring the multicritical regions of the phase
diagram hold the key to have significant low field magnetore-
sistance at room temperature.
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