
Academic Editors: Lucian Petrescu

and Catalin-Daniel Constantinescu

Received: 17 December 2024

Revised: 14 January 2025

Accepted: 15 January 2025

Published: 16 January 2025

Citation: Boora, N.; Ahmad, R.;

Rahman, S.; Dung, N.Q.; Ahmad, A.;

Alshammari, M.B.; Lee, B.-I. Recent

Advances of Colossal

Magnetoresistance in Versatile

La-Ca-Mn-O Material-Based Films.

Magnetochemistry 2025, 11, 5.

https://doi.org/10.3390/

magnetochemistry11010005

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Recent Advances of Colossal Magnetoresistance in Versatile
La-Ca-Mn-O Material-Based Films
Navjyoti Boora 1 , Rafiq Ahmad 2,* , Shafaque Rahman 1, Nguyen Quoc Dung 3, Akil Ahmad 4 ,
Mohammed B. Alshammari 4 and Byeong-Il Lee 3,5,6,*

1 Centre for Nanoscience and Nanotechnology, Jamia Millia Islamia, New Delhi 110025, India;
nav179433@st.jmi.ac.in (N.B.); shafaque187575@st.jmi.ac.in (S.R.)

2 ‘New-Senior’ Oriented Smart Health Care Education Center, Pukyong National University, Busan 48513,
Republic of Korea

3 Industry 4.0 Convergence Bionics Engineering, Pukyong National University, Busan 48513, Republic of Korea;
quocdungxc1208@gmail.com

4 Department of Chemistry, College of Science and Humanities in Al-Kharj, Prince Sattam Bin Abdulaziz
University, Al-Kharj 11942, Saudi Arabia; aj.ahmad@psau.edu.sa (A.A.); m.alshammari@psau.edu.sa (M.B.A.)

5 Digital Healthcare Research Center, Institute of Information Technology and Convergence, Pukyong National
University, Busan 48513, Republic of Korea

6 Division of Smart Healthcare, College of Information Technology and Convergence, Pukyong National
University, Busan 48513, Republic of Korea

* Correspondence: rahmad5@pknu.ac.kr (R.A.); bilee@pknu.ac.kr (B.-I.L.)

Abstract: Hole-doped manganese oxides exhibit a gigantic negative magnetoresis-
tance, referred to as colossal magnetoresistance (CMR), owing to the interplay between
double-exchange (DE) ferromagnetic metal and charge-ordered antiferromagnetic insula-
tor/semiconductor phases. Magnetoresistive manganites display a sharp resistivity drop
at the metal–insulator transition temperature (TMI). CMR effects in perovskite manganites,
specifically La0.67Ca0.33MnO3 (La-Ca-Mn-O or LCMO), have been extensively investigated.
This review paper provides a comprehensive introduction to the crystallographic structure,
as well as the electronic and magnetic properties, of LCMO films. Furthermore, we delve
into a detailed discussion of the effects of epitaxial strain induced by different substrates on
LCMO films. Additionally, we review the early findings and diverse applications of LCMO
thin films. Finally, we outline potential challenges and prospects for achieving superior
LCMO film properties.

Keywords: La-Ca-Mn-O; thin films; manganite; magnetron sputtering; colossal magnetoresistance

1. Introduction
The discovery of high-temperature superconductivity rekindled interest in magnetore-

sistive perovskite oxides. The term ‘colossal magneto-resistance (CMR)’ has gained rele-
vance, as it distinguishes the significant negative magnetoresistance observed in perovskite-
based manganite from the giant magnetoresistance (MR) observed in transition metal
systems, such as in granular or multilayer forms. The MR in manganite around the Curie
temperature (TC) was already known [1]. Searle and Wang first reported the magnetic-field
dependency of resistivity in 1969 [2]. Subsequently, this phenomenon was elaborated
upon in theoretical works [3–6]. The rediscovery of CMR phenomena and the intriguing
magnetic-field-induced insulator–metal (I-M) or lattice–structural transitions have rekin-
dled interest in MR within perovskite oxides. In the current context, perovskite manganites
stand out as superior materials that exhibit I-M transitions or versatile electronic–lattice
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structural changes when subjected to external factors, such as a magnetic field, light irradi-
ation, electron-beam irradiation, X-ray irradiation, or current injection.

CMR perovskite oxides exhibit a distinguished phenomenon of MR, which occurs near
TC as a magnetic field induces paramagnetic–ferromagnetic (P-F) transitions, metal–insulator
transitions, and lattice–structural transitions [1]. MR is the percentage change in electrical
resistance under an applied external magnetic field and is calculated using Equation (1).

MR(T) =
ρ(H, T)− ρ(0, T)

ρ(0, T)
(1)

where ρ(0, T) and ρ(H, T) represent resistivities in the absence and presence of applied
magnetic fields at a fixed temperature. The resistivity at low temperatures exhibits metallic
behavior in terms of magnitude and temperature dependence. As temperature increases,
resistivity rises until it reaches a metal–insulator transition temperature (TMI). Beyond
TMI, resistivity decreases. Manganite materials exhibit numerous exotic properties such as
CMR, phase coexistence at TMI, charge ordering, the magnetocaloric effect, multiferroicity,
and half-metallicity, making them promising candidates for spintronic applications. There
is a sharp decrease in resistivity near the TMI. These materials demonstrate higher MR
values just below room temperature (RT) (260 K < TC < 280 K). Mixed-valence oxides are
rich in physics related to electron–lattice interaction and electron–electron interaction. The
magnetic, electrical, and structural properties of these oxides are inherently interconnected.
The geometry of the MnO6 octahedra plays a significant role in governing the remarkable
physics of manganite materials.

The generated strain induces the elongation, rotation, and compression of the octahe-
dral geometry in manganite materials, resulting in the splitting of d-orbitals. Consequently,
a reconstruction of complex orbitals takes place within manganite materials by altering the
electron occupancy. The double-exchange (DE) mechanism effectively explains this striking
phenomenon in hole-doped manganese oxides.

The La-Ca-Mn-O (LCMO) structures, both in bulk and as thin films, are of significant
importance due to their unique structural, magnetic, and electronic properties, which make
them ideal for various technological applications. In bulk form, LCMO structures are
essential for their CMR, metal–insulator transition, and DE mechanism, which govern
their magnetic and electronic properties. These features make LCMO valuable for mag-
netic sensors, memory devices, and magneto-electronic applications, providing high spin
polarization and tunable transport behavior critical for advanced materials research and
device technologies [7–9]. To validate practical applications, high-quality epitaxial thin
films of these materials are required. Additionally, tailoring their magneto-transport and
electrical properties through doping and substrate modification is crucial for achieving
higher MR values and TC around or above RT. Hole-doped manganese oxides or mixed-
valent manganites [RE1−xAxMnO3, where RE and A represent trivalent rare earth and
divalent alkaline earth elements, respectively] have been recently reviewed [7–10]. In this
context, different concentrations of x result in an anti-ferromagnetic insulator phase at high
and low concentrations, whereas a specific concentration centered around x = 1/3 leads
to a ferromagnetic metallic phase [11]. Recently, CMR oxides have found applications in
highly sensitive magnetic field sensors, making them excellent materials in demand for the
read-heads of magnetic memory devices.

In this review, we discuss the physical origin of CMR using the DE and Jahn–Teller
(J-T) distortion mechanisms. We also review various fabrication techniques for depositing
La-Ca-Mn-O (LCMO) films on different substrates, revealing changes in their magneto-
transport properties for potential device applications. Furthermore, we include future
prospects, along with potential challenges for the development of superior LCMO films.



Magnetochemistry 2025, 11, 5 3 of 23

2. Structure, DE Mechanism, and J-T Distortion
2.1. Crystallographic Structure

Perovskite structures are exhibited in two forms: halide and oxide. Halide perovskites
are mainly studied in optoelectronic and photovoltaic applications due to their wide tunable
bandgap [12]. Oxide perovskites, such as LCMO and their composites, are primarily
investigated for magnetic characteristics like CMR [1]. The structure of RE1−xMxMnO3

manganese oxide is very similar to cubic perovskite, where large-sized trivalent rare earth
metal ions and divalent ions (M) occupy the A-site with 12-fold oxygen coordination.
Meanwhile, smaller-sized manganese ions in the Mn3+-Mn4+ state occupy the B-site with
6-fold coordination, located at the center of oxygen octahedra (Figure 1). The concentration
of Mn ions with valencies of 3+ and 4+ is represented by 1 − x and x, respectively, in this
stoichiometric oxide. The structure of perovskite oxide is determined by the tolerance
factor (t), defined by Equation (2).

t =
rA + r0√2(rB + r0)

(2)

where t should fall within the range of 0.89 < t < 1.02. At t = 1, a perfectly cubic structure
forms, while perovskite exhibits orthorhombic or rhombohedral symmetry structures
at low temperatures (from near zero degrees Celsius down to cryogenic temperatures
(−196 ◦C) [13]. The parameter t measures the lattice-matching of the AO and BO2 planes.
LCMO displays ferromagnetic ordering in the Mn-O layers (magnetic), which are separated
by non-magnetic La (Ca)-O layers [14].
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Figure 1. A schematic of the cubic perovskite structure.

The composition and crystallographic structure of La-Ca-Mn-O (LCMO) significantly
influence its magnetic, electronic, and transport properties, which are essential for its use
in advanced technological applications [8,9]. For example, the doping level of calcium (x in
La1−xCaxMnO3) determines the ratio of Mn3+ to Mn4+ ions, which directly controls the DE
mechanism responsible for ferromagnetism and metallic conductivity [8]. At an optimal
doping level around x ≈ 0.33, LCMO exhibits maximum CMR and a high TC, making it
ideal for magneto-electronic devices. Variations in composition, such as substituting La with
other rare-earth elements or Ca with different alkaline earth metals, allow for the tuning of
properties like TC and resistivity to meet specific design requirements. Additionally, the
crystallographic structure—whether orthorhombic, tetragonal, or rhombohedral—affects
the material’s electron bandwidth and lattice distortions, which influence the magnetic
ordering and metal–insulator transition temperature. Structural factors like the tilt and
bond angle of MnO6 octahedra play a critical role in determining the efficiency of electron
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hopping and the strength of magnetic interactions [10,14]. Therefore, precise control
over both composition and structure is crucial for optimizing LCMO’s performance in
applications such as spintronics, memory devices, and magnetic sensors.

2.2. Crystallographic Structure and 3D-Orbitals of Mn4+ and Mn3+ Ions Determining the
Magnetic Properties of LCMO

In cubic perovskite, for an isolated ion, the crystal field of the 5-fold degenerate d-
orbitals splits into 3 low-energy t2g orbitals (dxy, dyz, dzx) and 2 high-energy eg orbitals
(dx2−y2 , d3z2−r2 ), as explained in Figures 2 and 3. In these figures, the t2g electrons are
localized, whereas the eg electrons are itinerant, hence creating band energy. The correla-
tion between t2g and eg states is elucidated by the Zener and DE mechanisms, as shown
in Figures 4 and 5 [15]. The DE mechanism describes the back-and-forth movement of
electrons from Mn3+ to oxygen atoms and from oxygen atoms to Mn4+, thereby enabling
conduction in these oxide materials. In the DE mechanism, the transfer of an electron
from Mn3+ to O2− and from O2− to Mn4+ takes place, as depicted in Figure 4. The mag-
netic properties of LCMO are influenced by an exchange interaction between Mn4+ and
Mn3+ ions. Generally, Mn4+-O-Mn4+ interactions were observed to be anti-ferromagnetic,
whereas Mn3+-O-Mn3+ interactions were noted to be sometimes ferromagnetic and anti-
ferromagnetic, and Mn3+-O-Mn4+ interactions were reported to be ferromagnetic.
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Essentially, two kinds of distortions occur in the ideal bulk perovskite structure.
First, there is a rotational-like distortion in MnO6 octahedra, which arises due to the
mismatch in the averaged ionic radii rA of A-site materials and the ionic radius rMn of
manganese ions. Second, there are J-T distortions in Mn3+O6 octahedra, resulting from
strong electron-phonon coupling. Lattice–substrate mismatch can also induce strain. The
holes in Mn4+ cause DE interactions, coupling conductivity with magnetism. In contrast,
the J-T distortions in Mn3+ ions couple the lattice and magnetism, resulting in the intimate
intertwining of electronic, lattice, and magnetic degrees of freedom. The J-T coupling lifts d-
orbital degeneracy and stabilizes the energy levels of the occupied d electrons by deforming
the metal–ligand (Mn-O) octahedron. Mn3+ ions (3d4) found in octahedral coordination
are one example. Conduction electrons are subject to the J-T effect, which spontaneously
deforms the MnO6 octahedron. The probability of eg electron transfer from Mn3+ to Mn4+

is calculated using the effective transfer integral, as expressed in Equation (3).

t = t0 cos(θ/2) (3)

where θ represents the angle between core spins. When θ is 180◦ between the spins, collinear
ferromagnetism occurs (as shown in Figure 4). If θ deviates from 180◦ (as illustrated in
Figure 5), at angles lower than 144◦, no further exchange will occur. The maximum
exchange occurs at around 174◦; beyond that point, the spins become locked, and there is
no transfer between these two core spins.
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Mn3+ possesses degenerate 3d orbitals, which, in a crystal field, split into three t2g

and one eg orbital. In cases with undistorted cubic MnO6 octahedra, when one eg electron
transfers to the Mn4+ site, distortion begins between the eg orbitals. Consequently, the eg

orbitals further split into 3z2 − r2 and x2 − y2, resulting in a reduction in symmetry during
this hopping process. Thus, the octahedra experiences additional distortion when such
hopping takes place.

The conducting electrons are responsible for conduction but are now influenced by
this lattice distortion, leading to the formation of polarons. A polaron, larger than an
electron, moves slowly. Consequently, the metal gradually transforms into an insulator. To
inhibit polaron formation, a magnetic field is applied, initiating ferromagnetic ordering
and leading to the attenuation of the insulating state.

The La1−xCaxMnO3−δ composite (x ≥ 0.5) exhibits an orthorhombic perovskite struc-
ture, with the Pnma space group across the entire substitutional range at temperatures
below 700 K. This structure closely resembles the CaMnO3 structure. Four types of basic
distortions can lead to symmetry reduction compared to the cubic perovskite:

1. Rotations of MnO6 octahedra around the cubic [101] or [010] directions;
2. J-T distortion of octahedra;
3. Distortions arising due to the presence of electrons in the degenerate eg orbital of the

Mn3+ ion;
4. Shifts in A-site atoms.

In the case of CaMnO3, the rigid octahedra model is validated, since CaMnO3 contains
non-J-T Mn4+ ions. Consequently, structural distortion determines octahedra tilting. How-
ever, the substitution of La3+ for Ca2+ at room temperature generates two pairs of Mn-O
bonds with varying lengths, leading to the deformation of MnO6 octahedra [16].

A ferromagnetic metallic phase with TC ≈ 300 K is necessary for practical applica-
tions. According to the mean-field approximation, TC is approximately 2x(1 − x) − x2,
and it reaches its maximum around x = 1/3 [1]. Hence, in perovskite oxide materials,
ferromagnetic phases are typically found within a certain range of doping, particularly
around x = 1/3. In contrast, anti-ferromagnetic (AF) phases are found in other regions. For
spintronic applications, it is essential to have a ferromagnetic and metallic phase with TC

around RT. The half-metallic ferromagnetic properties of this metallic oxide’s spin-polarized
conduction band hold significant potential interest.

The electronic structure of LCMO has been investigated theoretically [17–20]. In the
lanthanum calcium manganite series (La1−xCaxMnO3), at a calcium content value of around
x = 0.01, there is a transition from a canted anti-ferromagnetic state to a ferromagnetic
insulator state. With further doping of calcium, this ferromagnetic insulator state changes
into a ferromagnetic metallic state, which is of particular interest from an application
perspective. In the specific range of x = 0.2 – 0.5, there is a considerable decrease in resistance,
and for the nominal calcium composition at x = 0.33, the ferromagnetic transition reaches
its maximum (as shown in Figure 6) [21]. Subsequently, it begins to diminish, influenced by
another significant domain, which could be either charge-ordered or anti-ferromagnetically
ordered. Thus, the system does not necessarily remain in a metallic state for an extended
period. There is a critical composition that incidentally occurs at x = 0.5, and beyond 0.5,
there continues to be some degree of magnetic exchange, albeit in the opposite direction. In
other words, the system alternates between ferromagnetic and anti-ferromagnetic states
and displays an unusual charge-ordered manganite state.
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2.3. Electrical Transport/Resistivity
2.3.1. Insulating Region

Resistivity is a thermally activated process where electrons become excited into the
conduction band due to temperature effects. In the paramagnetic phase, the resistivity
of manganites exhibits a strong temperature dependence, which can be explained using
various temperature-dependent resistivity [ρ(T)] laws stated in Equations (4)–(7) [22].

(i) Thermal activation law:

ρ(T) = ρ∞ exp(
E0

kBT
) (4)

where a typical gap is approximately 0.1 eV, E0 represents the activation energy, and kB is
the Boltzmann constant. Jonker and Saten measured the resistivity of LaMnO3-AMnO3

(A = Ca, Sr, Ba). They observed linear resistivity when plotted as log(ρ) versus 1/T [23].

(ii) The hopping of adiabatic polarons: this is also a causal factor for conduction in the
insulator region.

ρ(T) ∼ T· exp(
E0

kBT
) (5)

The activation energy of polaron-mediated conduction is given by Equation (6) [24]:

ρ(T) = ρ0·α·T· exp(
E0

kBT
) (6)

where ρ0 represents the residual resistivity at 0 T. In most cases, α equals 1.6, indicating
non-adiabatic small polaron hopping behavior, while in some cases, α equals 1.

(iii) The Mott variable-range hopping model: suggested by researchers, this is described by
Equation (7), which best explains electron transport at low temperatures in manganese
oxides when electronic states near the Fermi energy are localized [25–30]:
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ρ(T) = ρ∞ exp

[(
T0

T

) 1
4
]

(7)

These laws have several physical origins:

(a) The existence of a pseudo-gap at the Fermi level in the paramagnetic (P) phase.
(b) Local lattice distortion accompanying the movement of charge carriers (J-T polaron).
(c) Localization of charge carriers due to magnetic disorder.

2.3.2. Conduction Regime

In the metallic region, the resistivity is well described by Equation (8).

ρ = ρ0 + aT2 (8)

These materials exhibit large negative resistance known as CMR, which reaches its
peak around TC. The resistivity in the paramagnetic phase increases as the temperature
decreases. In contrast, the resistivity in the ferromagnetic phase decreases with decreasing
temperature, and the CMR increases as the TC decreases, at least for a given doping con-
centration. The relationship between magnetization and resistivity in manganite materials
is described by Equation (9).

ρ

ρ0
= 1 − C(M/MSAT)

2 (9)

Additionally, the correlation between magnetization and resistivity can be interpreted
using the variable-range hopping model, which incorporates a decrease in the localiza-
tion potential with increasing M/Msat. The experimental data of LCMO thin films were
well fitted to the magnetization-dependent variable-range hopping law, as calculated
using Equation (10).

ln(ρ/ρ∞) =
[
T0(1 − M/Msat)

2/T
]1/4

(10)

2.3.3. Low-Field Magnetoresistance

Perovskite manganites exhibit a colossal MR effect around TC when subjected to an
external magnetic field of a few tesla. In contrast, MR becomes negligible at temperatures
lower than the paramagnetic–ferromagnetic transition temperature, although the mag-
netization remains close to saturation. Polycrystalline LCMO displays a low-field MR
(LFMR), which increases with decreasing temperature and the reduction in the particle
size of the manganite material. Size effects play a crucial role in the transition from LCMO
(La1−xCaxMnO3) microcrystals to nanocrystals, significantly influencing their structural,
magnetic, and electronic properties [31–34]. As crystal size reduces to the nanoscale, phe-
nomena such as quantum confinement, increased surface-to-volume ratio, and enhanced
surface effects become dominant. These size-induced changes can lead to shifts in Curie
temperature, modifications in magnetic anisotropy, and variations in spin polarization, all
of which directly impact the performance of spintronic devices [33]. A thorough under-
standing and precise control of these size-dependent properties are critical for optimizing
LCMO-based nanomaterials for cutting-edge technological applications [35].

3. La-Ca-Mn-O Thin Films
Many applications (i.e., electronics, spintronics, and magnetic sensor technologies)

require single-crystal, high-quality epitaxial thin films with excellent magneto-transport
and temperature coefficient of resistance (TCR) properties at room temperature. The term
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magneto-transport properties refers to the behavior of the electrical transport properties of
La-Ca-Mn-O films (like electrical resistivity, conductivity, and the Hall effect) under the
influence of an external magnetic field [36,37]. Understanding magneto-transport properties
is crucial for exploring and harnessing the electronic, magnetic, and optical behaviors of
materials [33,35]. La-Ca-Mn-O thin films can be grown using various deposition techniques,
including Radiofrequency (RF) magnetron sputtering, ion beam sputtering, chemical vapor
deposition (CVD), co-evaporation, pulsed laser deposition (PLD), conventional sol–gel
techniques, reactive sputtering, and spin-coating methods, among others [38–49]. The RF
magnetron sputtering method is preferred for fabricating multicomponent layered films on
larger substrates.

Recently, it has been discovered that it is possible to modify the properties of man-
ganites through external perturbations without altering the chemical composition of the
sample. Various results have shown that the magnetic domain structure, M-I transition,
MR, and TC of LCMO thin films are related to factors that induce different strain states.
Notably, different substrates can induce various types and degrees of strain. The strain
state in LCMO films usually depends on the film orientation, directly influencing surface
morphology, growth, and magneto-transport properties.

The epitaxial strain in LCMO films induced by the mismatch between the film and
substrate lattice affects the bond angle and bond length of Mn-O-Mn and Mn-O, respec-
tively [50,51]. Substrate-induced strain in LCMO films can alter the bond length of Mn-O-
Mn and the bond angle of Mn-O-Mn through compression, elongation, or MnO6 octahedron
rotation, thereby changing the ferromagnetism of manganese oxide films [52]. In-plane
tensile strain induced by the substrate causes an increase in the bond length of Mn-O-Mn
and a decrease in the bond angle of Mn-O-Mn. This, in turn, enhances the interaction in
electron–phonon coupling, decreasing electronic hopping amplitude, and thus suppressing
ferromagnetism and reducing the TC of LCMO thin films [53].

Yeh et al. proposed a quantitative analysis of the magneto-transport properties in
manganite thin films [54,55]. They demonstrated that magneto-transport properties are de-
termined by J-T coupling-induced lattice polaron conduction at high temperatures (T→TIM).
This effect can be further enhanced through substrate-induced lattice strain increases. The
interplay between epitaxially grown films and the substrate plays a significant role in mod-
ifying the magneto-transport properties of the films and enhancing the magnetoresistive
effect. Strain can be employed to control phase separation, subsequently increasing TC.
Thicker films release strain, leading to the formation of misfit dislocations due to the sub-
stantial energy associated with epitaxial strain. The substrate induces biaxial strain in films,
altering the physical properties of the epitaxially grown films. Film growth dynamics and
strain release mechanisms also contribute to changes in magnetic and electrical properties.

Strains generated at the film–substrate interface can result from the following factors:

1. Dissimilarities in the film–substrate lattice spacing during epitaxial growth.
2. Differences in thermal expansion coefficients between the film and substrate.
3. Structural transformations due to additional stress in the film.

The strain induced by differences in substrate lattice parameters and manganite prop-
erties is a critical factor and plays a pivotal role in controlling the size and fraction of ferroic
phases, such as the ferromagnetic metal (FMM) and charge-ordered anti-ferromagnetic
(CO-AFM) insulator, that coexist due to strong coupling between lattice, spin, and orbital
degrees of freedom. Strain induces changes in Mn-O bond lengths and angles, subse-
quently altering electronic structures and electron hopping rates. The preference for orbital
occupancy strongly depends on the type of strain, whether it is tensile or compressive.

Tensile strain, by enhancing the in-plane bond length of Mn-O, favors the occupation
of the energetically more favorable dx2−y2 orbital. In contrast, in-plane compressive strain
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promotes the out-of-plane d3z2−r2 orbital. The relationship {tαCos(φ)/d3.5}, where φ repre-
sents the angle between Mn-O-Mn and d represents the Mn-O bond length, illustrates that
an increase in φ and d leads to an increase and decrease in electron hopping, respectively.
Tensile strain, by increasing bond length and Mn-O-Mn bond angle, decreases the hopping
integrals. In this scenario, occupied dx2−y2 orbitals lead to electron localization, and tensile
strain removes the FMM phase.

Conversely, if compressive strain is applied to the structure, it reduces bond length
and increases bond angles in the hopping integrals. The d3z2−r2 orbital becomes favorable,
increasing the J-T distortion and promoting electron localization. Consequently, the FMM
phase expands due to bond reduction and electron localization from the J-T effects, which
compete against each other. This competition between the two states results in a metallic
phase becoming more favorable. The strain has different effects on the FM and CO-
AFM phases.

Tensile strain in the ferromagnetic phase increases the A-type AFM phase, while
compressive strain reinforces the C-type AFM phase. In addition to the lattice mismatch
between the substrate and the film, other internal factors (such as disordered strains and
a dead layer) and external factors (such as thickness and deposition conditions) affect
the strain behavior of LCMO thin films [56]. Previous reports have indicated that film
parameters, including resistance, magnetoresistance, magnetization, CMR ratios, and
TC, depend on the preparation conditions, film thickness, and substrate used for film
deposition [57]. Typically, these films are grown at high temperatures (around 600–700 ◦C)
to achieve epitaxial growth. Research findings have demonstrated that LCMO films can
be successfully grown on a variety of substrates, including magnesium oxide (MgO),
lanthanum aluminate (LaAlO3), strontium titanate (SrTiO3), neodymium gallate (NdGaO3),
and silicon (Si).

The lattice mismatch along the strontium titanate (STO) interface is calculated as
δ = (ap substrate − ap bulk)/ap substrate. Positive values of δ result in tensile strain, while
negative values of δ correspond to compressive stresses. Substrate lattice mismatch induces
deformation in the lattice, which can be analyzed through unit cell distortion [58]. The
electrical properties of the grown films are dependent on the growth parameters and
crystallinity. Single crystalline films with low-field MR exhibit strong ferromagnetism.
Percolation theory was employed to fit the R-T curves and to understand the effect of
thickness and substrate on the properties of La-Ca-Mn-O films during the transition [59,60].

For low temperatures (lower than the M-I transition (T << TC)), the temperature
dependence of the resistance can be easily understood as exhibiting metallic behavior,
characterized by band electron conduction. This behavior involves the additional resistance
component R0, electron–electron interaction (T2), and electron–phonon interaction, which
follows a T5 dependency. Therefore, the resistance at low temperature (RL) can be expressed
using Equation (11):

RL = R0 + BT2 + CT5 (11)

where A, B, and C are constants, with A representing the residual resistance of the film
(R0). The transport behavior above TC is described using the thermally active hopping law,
specifically a small polaron hopping behavior.

RH = DT·exp(EH/kT) (12)

where EH represents the hopping energy. Around T ≈ TC, both low-temperature metallic
behavior and high-temperature hopping behavior contribute to the film’s conductivity. The
R-T relation is described by Equation (13).
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m
3
(R − RL)

1
RL + g∥ × (R − RL)

+
2

RL + g⊥ × (R − RL)
+ 3(1 − m)

R − RH

R + 2 × RH
= 0 (13)

where g⊥ = 1/2, g∥ = (b2RH/a2R) ln[1 + (aR/bRH)], and a and b represent the characteristic
lengths of the polaron in directions perpendicular (⊥) and parallel (∥) to the current direc-
tion, respectively. The parameter m = 1/{1 + (exp(k·(T − TC))} represents the contribution
of electrons from the band at temperature T, where k is a fitting parameter. Therefore, there
are only two variables: k (representing the fraction of polarons contributing to resistance)
and the ratio w (indicating the shape of the polarons). The parameters A = R0, B, C, D, and
E were determined through fitting R-T curves in both low- and high-temperature regions.
To fit the curves across the entire temperature range, the least square method was employed
for R-T curve fitting to obtain the coefficients k and w.

4. Early Findings
In recent years, LCMO films have been doped to improve their properties and oper-

ating temperature. Cao et al. reported the fabrication of strontium-doped LCMO films
(La0.7Ca0.3−xSrxMnO3, where x = 0, 0.10, 0.15, 0.25, and 0.30) on Si substrates using the
sol–gel method to enhance their TC [61]. TC increased monotonically from 235 K to 343 K
with Sr doping. The study also reported a decrease in resistivity with Sr dopant, as Sr2+

ions are larger than Ca2+ ions. This enlargement of the Mn-O-Mn bond length enhances
exchange interactions between Mn3+-O-Mn4+ ions, resulting in a higher TC. Mikailzade
et al. fabricated thin films of La0.66Ca0.33MnO3 and La0.66Ba0.33MnO3 on glass substrates
using the conventional sol–gel technique [62]. They investigated the thermo-magnetic
properties of the grown films in zero-field-cooled (ZFC) and field-cooled (FC) regimes. The
study concluded that the films exhibited supermagnetic behavior with a wide distribution
of blocking temperatures, averaging around 190 K for LCMO and 200 K for LBMO films,
respectively. Additionally, the calculated TC values were different, approximately 230 K for
LCMO and 270 K for LBMO. XS Wu et al. presented AFM images of LCMO films grown on
different substrates with varying thicknesses [63].

To improve the performance of LCMO, various materials were used as dopants to
create nanocomposites [64–74]. Lau and the group reported the synthesis of nanosized TiO2-
doped LCMO using the conventional sol–gel technique [75]. They claimed an improvement
in low-field magnetoresistance (LFMR) due to the introduction of a secondary phase in
the LCMO matrix. As the content of TiO2 increases, magnetization also increases. TiO2

added to the LCMO film acts as an insulating barrier that affects spin disorder at the grain
boundaries, facilitating LFMR. LCMO:TiO2 nanocomposites were found to be suitable for
magnetic sensors and memory devices. They also observed that the resistivity of LCMO
shifts from 172 K to 176 K with an applied magnetic field of 1 T, and MR also shows a
sharp increase from 0 T to 1 T, as extrinsic MR was more prominent in this region. Boora
and co-workers have grown thin films of LCMO on n-type Si/SiO2 substrate using RF
magnetron sputtering in an atmosphere with a mixture of argon and oxygen at 100-watt
power and 3 millibar base pressure [76]. They examined the prepared films for MR at
different applied magnetic fields (i.e., 0 T, 0.5 T, and 1.5 T). These films showed an 8.22%
and 10.28% increase in MR at RT. These films can be used for bolometric applications
and magnetic refrigeration. In another report, Boora et al. analyzed silver (Ag)-doped
LCMO for RT applications by calculating its MR up to an applied magnetic field of 10 T at
ambient temperature [77]. They reported a 10% higher MR than the pristine LCMO with
a TC ~ 277 K, where R-T curves showed a noticeable resistance change while applying a
magnetic field.
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Tselev et al. fabricated La5/8Ca3/8MnO3 films doped with Ag on a TiO2-terminated
SrTiO3 substrate with the pulsed laser deposition (PLD) technique using a KrF excimer
laser (λ = 248 nm) and showed Ag’s influence on the LCMO surface [78]. Also, it provided
a way to modify the surface properties of manganese oxides. Ag improves the electrical ho-
mogeneity in the LCMO due to the oxygenation effect after Ag2O deposition. Microscopic
analysis showed that surface doping with Ag gives mainly three types of reconstructions
that depend on the spatial position. Also, on the tip state, a

√
2 ×

√
2) R45◦ surface recon-

struction was seen on the samples without substantial Ag presence. Studies revealed the
modification in surface properties of LCMO after Ag addition. Awana and co-workers
synthesized La0.7Ca0.3MnO3:Agx (x = 0.00, 0.10, 0.20, 0.30, and 0.40) composites using the
conventional solid-state method and examined their structural, morphological, electrical,
and magnetic properties [79]. The paramagnetic–ferromagnetic transition temperature (TC)
increased slightly after Ag addition. MR was found to be maximum near TC, which was
around 280 K. Increased MR up to 60% was observed for the higher Ag content LCMO sam-
ple under RT and 7T magnetic fields. The TCR increased significantly (up to 15%) after Ag
addition, and a sharper metal–insulator transition was achieved. The improvement in TC,
TCR, and MR can be explained by improved grain size and connectivity with Ag addition
in the LCMO matrix. The manganite materials can be used as magnetic switching devices.

In another report, Awana et al. followed the solid-state method to develop
La0.7Ca0.3−xSrxMnO3 and Ag-La0.7Ca0.3−xSrxMnO3 composites and studied their opti-
mized magneto-transport properties [80]. Sr2+ ions were partially substituted at the Ca2+

site, which controlled the TMI as the divalent ion substitutions changed the Mn-O-Mn bond
and governed the dopant’s ionic size, tuning it to RT. Ag induced sharper transitions. The
La0.7Ca0.2Sr0.1MnO3 composition resulted in a maximum TCR (~9%/K) and LFMR of ~20%
and 30% a0t 5 kOe and 10 kOe, respectively. This material can be used for RT bolometers
(with high TCR) and magnetic sensors (with high MR). Tripathi and co-workers compared
the structural, morphological, and magneto-transport properties of indium (In) and Ag-
doped LCMO [81]. The Ag-doped LCMO synthesized samples proved to be superior to
the In-doped samples. LCMO-In doped samples showed a decreased para–ferro transition
temperature and TCR with deteriorated grain morphology compared to pristine LCMO,
whereas Ag-added LCMO showed positive modifications in magneto-transport properties.
To act as a switching device for bolometric applications, a material must have a high TCR
and should exhibit a sharp transition over a small temperature difference.

Jha et al. reported the magnetocaloric effect (MCE) in 10% Ag-doped La0.7Ca0.3−xSrxMnO3

(x = 0.0, 0.5, 0.10) [82]. The MCE is an adiabatic temperature or isothermal magnetic entropy
change in a magnetic material under an applied magnetic field. It was found that rare-earth
manganite materials showed good MCE, with large magnetic moments. Hence, they can
be useful in magnetic refrigeration. The La0.7Ca0.2Sr0.1MnO3:Ag0.10 composition has been
examined with a maximum entropy change of 7.6 J·kg−1K−1 at a field change of 5T near TC,
where TC and TMI were found to be 298 K. The MR% was as high as 31% at 1T and 49% at 3T,
which is remarkably good. This can be used as an active refrigerant material at RT. Gadolinium
has the highest MCE due to its second-order phase transition, but it is costly, which limits its
usage as a potential candidate in magnetic refrigeration. The huge magnetic entropy change
in manganese oxides was due to a change in magnetization near the para–ferro transition
temperature. Hence, they observed that Ag-added manganite bulk composite could be used in
magnetic refrigeration.

Ramadhan et al. examined the effect of sintering on the electric properties and magne-
toresistance of La0.67Ca0.33MnO3 [83]. Around 34% higher MR was observed for the LCMO
sample sintered at 1000 ◦C, and 32% for LCMO at 1100 ◦C with a 200 K and 20,000 oersted
applied magnetic field. Whereas, at 280 K, LCMO at 1100 ◦C has more MR than LCMO at
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1000 ◦C, as LCMO at 1000 ◦C tends to become saturated faster. At low sintering tempera-
tures, mostly filled shells had oxygen defects, and crystallographic imperfections became
thicker and magnetically disordered, leading to an anti-ferromagnetic state. The magnetic
field magnetically ordered the sample, and hence ferromagnetism suppressed the param-
agnetic semiconducting state, which decreased resistivity and shifted the TMI to a higher
value towards RT. Zhang et al. explained this by using their proposed core–shell model [84].

Siwach and their group explored RT MR and TCR in La0.7Ca0.3−xAgxMnO3 thin films
(0.5 µm) grown on LaAlO3(100) substrate (a = 3.795 A◦) via nebulized spray pyrolysis
method [85]. The spray pyrolysis technique uses a low synthesis temperature compared
to the solid-state method, which requires a high working temperature of around 1300 ◦C.
The virgin LCMO film showed a para–ferro transition at ~260 K and TMI at ~245 K because
of oxygen deficiency in the grain boundary region. However, 30% Ag doping in pristine
LCMO shifted the TC to ~315 K, and TMI was found to be around 325 K, which was 10 K
higher than TC at 7T applied field. Strong irreversibility was seen in zero-field cooled
magnetization curves of all grown films, and irreversibility temperature modified with Ag
addition, forming clusters above Tc. Pristine LCMO showed a small MR value of ~20%
and low TCR at RT, whereas for Ag-doped LCMO, there was an enhancement in MR value
of ~60% for x = 0.15, which decreased to ~30% for pure Ag-added samples. Ag-added
manganite showed a good TCR ~4%/K at ambient temperature. The interplay between
J-T effect, DE interaction, and potential discrepancies were noticed because of RE/AE site
valence fluctuations due to Ag-doping, which also enhanced the properties of LCMO. The
MR dependence on the field was given by the power law, where MR ∞ Hα.

Kuru and coworkers presented the RT MR in barium (Ba)-doped LCMO-Ag films [86].
Epitaxial La0.7Ca0.2Ba0.1MnO3-Ag films of different thicknesses (25 nm, 75 nm, and 150 nm)
were grown on (001) and (111) STO and (001) SrLaGaO3 (SLGO) substrates via the PLD
technique using a polycrystalline ceramic target consisting of LCBMO and Ag. The most
significant MR value (~75%) was observed on (111) STO under RT and 7 T magnetic fields.
It was observed that the thickness of LCBMO films affected the TMI due to epitaxial strain
relaxation, with some defects in the lattice. The higher MR values at RT were well explained
by first tuning the TMI of bulk LCMO to RT by doping with the appropriate amount of
Ba and then adding Ag to LCBMO to enhance grain connectivity, making percolation of
the metallic region easier. The LCBMO was deposited on a well-suited substrate with a
minimum lattice mismatch, which refined the magneto-transport properties further without
degrading the RT MR properties. Due to the imposed strain by the substrate and possible
structural changes, and the reconstruction of the surface or formation of vacancies, it was
observed that J-T distortions were fewer in the film grown on (111) STO, and the epitaxial
strain of STO on LCBMO hindered the formation of the AFM and insulating phase via
dimensional changes accompanying the phase transition from AFM to FM. Also, there
was a reduction in electron–phonon interaction, which enhanced the metallic behavior in
LCBMO films. These optimized films can be used in sensing applications.

Zhang et al. reported the control and tunable LFMR in single-phase La0.5Ca0.5MnO3

films with vertically aligned nanostructures (VAN) using a high magnetic field on
(LaAlO3)0.3(Sr2AlTaO6)0.7(001) [LSAT (001)] substrate deposited via PLD at 10T (HMF-
PLD) [87]. LFMR in LCMO VAN films was modified using a high magnetic field. LCMO
VAN films showed ~45% LFMR at 150 K and a 1 T magnetic field. LFMR larger than 25%
was obtained at 127–200 K with an applied field of 1 T, which can be attributed to the
enhancement in vertical interfaces and grain boundary density with the application of a
high magnetic field related to the spin-polarized tunneling effect. During film deposition,
a high magnetic field was applied to control the microstructure of as-grown films, which
further tuned the physical properties. VAN thin film consisted of continuous planar layers
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and a vertically aligned nanocolumnar layer. The continuous LCMO VAN thin-film layer
was responsible for tunability in transport properties. These films can be used in magnetic
head sensors to measure a wide range of temperatures.

Debnath and coworkers reported the LFMR and TCR of epitaxially grown La0.8Ca0.2MnO3

films (200 nm) fabricated on (100) LaAlO3 substrate using the PLD technique (Figure 7a) [88].
The fabricated film showed a firm out-of-plane texture. Approximately 73% and 57% MR
were obtained in the a–b and c planes, respectively, at an applied field of 1.5 T (Figure 7b). The
TCR value in the a–b plane was 14.2% K-1, whereas along the c direction, it was recorded to
be 11.5% K-1. The observed Tc was 249 K, which was higher than that of bulk samples due to
strain induced by the LaO substrate and non-stoichiometry in LCMO films (Figure 7c). Strain
induced by the substrate affects the transfer integral of electron hopping in Mn4+-O-Mn3+,
which further enhances TC.
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Figure 7. (a) A cross-sectional SEM image of the La0.8Ca0.2MnO3/LaAlO3 film; (b) MR at an applied
field of 1.5 T; (c) TCR values along the a–b plane and in the c direction [adapted from [88], copyright
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Recently, uncooled IR detectors have been developed for both civil and military
purposes, such as night-vision cameras, thermal sensors, and surveillance cameras. A
bolometer is a device that uses the characteristics of a thermosensitive layer, where the
thermosensitive layer changes its sheet resistance with respect to temperature. The larger
the change in resistance, the higher the TCR and sensitivity. Such films can be used as IR
active layers of bolometers. Also, these films exhibit a dramatic resistivity change at TC

and TMI, which results in high TCR values and can be used for magnetoresistive sensing
applications near RT. The maximum MR (approximately 94%) and TCR (around 14% K-1)
were reported, making them well-suited for novel electronic and uncooled and moderately
cooled infrared imaging (bolometric) applications.

Dauodi et al. investigated the microstructure and electron transport in epitaxially
grown Ca-doped La-Mn-O films on (001) MgO (a = 4.20 Å) substrate via the metal–organic
deposition technique (Figure 7d) [89]. XRD data revealed a low-intensity secondary phase
peak of MnO at ~73.2◦ along with the LCMO peak at ~32.7◦, confirming the successful
growth of LCMO/MgO. The LCMO and MgO had a lattice mismatch difference of ~8.14%,
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which imposed a large out-of-plane compressive strain and a significant in-plane tensile
strain (Figure 7e). The magneto-transport properties in LCMO nanofilms depend on the
degree of strain as well as relaxation. Here, magnetization vs. temperature measurements
showed a TC of ~75 K (Figure 7f). This report also calculated the electrical properties using
the variable-range hopping model and small polaron hopping. In perovskite oxides, it
was also observed that annealing temperature plays an essential role in controlling the
stoichiometry and crystallinity. The large lattice mismatch in LCMO/MgO weakens the
charge carrier movement and reduces the ferromagnetic DE phenomenon. Less crystalline
LCMO films showed semiconducting-like behavior over a large range of temperatures.

Yotsuya et al. examined the optical response of La0.7Ca0.3MnO3 films fabricated on
MgO and SrTiO3 substrates by the PLD method [90]. As-grown films showed a phase
transition from para to ferro at ~190 K Tc with a sharp drop in resistivity. These films were
used as bolometric photosensors, which showed a detectivity and noise equivalent power of
D* = 2.7 × 108 cm

√
Hz W−1 and NEP/

√
B = 7.4 × 10−10 W

√
Hz, where B is the bandwidth

of the amplifier and assumed to be 1 Hz. Also, the carrier density (3 × 1019 cm−3) was
calculated at 300 K using Hall effect measurements. LCMO film has an absorption edge
at a 7 µm wavelength, which is correlated with the plasma frequency and was calculated
using Equation (14).

ωp =
√

Ne2/mε (14)

where N is charge density, e is the charge of an electron, m is the effective mass, and ε is the
dielectric constant of the plasma. The charge density determined by the equation comes
out to be 4.13 × 1019 cm−3, which was close to the experimental data. The temperature–
resistivity dependence can be given by Equation (15).

R = R0e
∆E
KT (15)

where R0 is the fitting parameter, ∆E is the energy gap, and K is the Boltzmann constant.
The absorptance vs. wavelength was also calculated in the given experiment, which showed
that the thin film can work as a bolometric radiation detector. A high value of TCR gives
high sensitivity. A sharp transition from para to ferro was observed at 190 K, which can be
used for a superior bolometer.

Zhou et al. produced self-assembled epitaxial LCMO:NiO and LCMO:Co3O4 thin films
on LaAlO3 substrate using the inexpensive polymer-assisted deposition (PAD) method [91].
They reported an enhancement in LFMR by the addition of 10% NiO and 10% Co3O4 in vir-
gin LCMO, from −44.6% to −59.1% and −52.7%, which is ascribed to the introduction of an
insulating phase at the grain boundaries (GBs). Self-epitaxially grown thin composite films
exhibited a remarkable increase in resistivity from 0.0061 Ω·cm to 0.59 Ω·cm and 1.07 Ω·cm,
along with a decrement in TMI from 255 K to 180 K and 172 K for LCMO:10%-NiO and
LCMO:10%-Co3O4 compositions. These two observations can be attributed to the insu-
lating phase introduced at GBs, which induced barriers in electrical transportation and
obstructed magnetic spin alignment at GBs. This, in turn, increased the tunneling barrier
height between adjacent magnetic grains. M-T curves revealed that TC followed the same
trend as that of TMI. LCMO:Co3O4 films have more suppressed magnetism than NiO due
to their AFM properties. Solution-processed films with extraordinary properties can bring
a breakthrough in hole-doped manganite materials and their growth.

5. Applications of La-Ca-Mn-O Films
Hao and colleagues reported LCMO film growth using PLD and facing target sput-

tering techniques on LaAlO3 and NdGaO3 substrates for RT bolometric applications [92].
This work described the photo response of LCMO thin films to a He-Ne laser (632.8 nm)
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and incident infrared (IR) (8–14 µm) power at RT. Optical responses to both incident radi-
ations were reduced with an increase in chopping frequency, which was consistent with
the bolometric response mechanism. The optical response increased linearly with the
bias current. Manganite-based bolometers can have a wide range of military and thermal
imaging applications over a broad wavelength region. Also, the suggested LCMO films are
an excellent material for bolometric elements, since they have a higher TCR than metals
and semiconductors near RT. Therefore, the opportunity exists to utilize LCMO films as
sensitive optical bolometers, which can tailor the desired working temperature, such as
RT. These characteristics are highly inspiring for promising applications in an uncooled
optical detector using hole-doped manganese oxides. Karuna et al. investigated the current
switching behavior of LCMO and LCMO-rGO (0.1%) composites by analyzing the I-V
characteristics of the nanocomposite below RT [93]. Goyal et al. revealed the potential
for using thin manganite films as heat-sensitive material in uncooled or slightly cooled
bolometers [94,95].

Recently, the application of LCMO thin films in magnetic sensors at RT has been under
consideration. A steep change in resistance with respect to temperature and high TCR
values near TMI could be of interest for bolometry, as it allows for the detection of optical
excitations by tuning the magnetic field. The magnetocaloric effect in Sr-doped LCMO films
could be used for magnetic refrigeration [82]. Recent research has highlighted the potential
of highly spin-polarized manganese oxides, which will be fascinating nanomaterials for
spintronics nano-devices in the near future [96]. Their unique properties, including high
Curie temperatures and strong magnetic anisotropy, make them a promising candidate
for nano-device applications. Manganese oxides such as MnO, Mn2O3, Mn3O4, and their
mixed-valent forms can exhibit significant spin polarization at the Fermi level, a critical
feature for spintronic devices. These materials are essential for components like magnetic
tunnel junctions, spin valves, and other devices that utilize electron spin. The large spin-
polarization of charge carriers in half-metallic manganites and spin-dependent tunneling
between two FM manganese oxide electrodes across an insulating barrier gives a high value
of MR response [97]. Also, these materials allow for true switching operations. Hence, these
materials are suitable for sensor elements of non-volatile devices, such as magnetic random-
access memory (MRAM). To achieve large MR effects, planar devices that use LFMR across
GBs, artificial defects, and domain walls have been proposed and are promising from an
applications perspective.

The first application of the MR effect was as a field-sensitive sensor, reported by Hunt
in 1971. Later, IBM introduced an MR head that could read and write bits on an MR
strip, eventually turning it into the first hard disk drive in 1991. Nowadays, MR is used
in a wide range of devices, from price tags and badge readers to magnetic tapes. Since
the MR effect originates from the scattering of conducting electrons, it inevitably shows
temperature dependence. However, its behavior is specific to the material used. LCMO
also has its usefulness in magnetic cooling at around RT and low-temperature regions.
Manganite materials can be used as position sensors, contactless potentiometers, sensor
elements of non-volatile MRAMs, and in the patterning of MR heads at the submicron level.
Synthetic antiferromagnets (S-AFMs) consisting of strongly correlated oxides have shown
potential for spintronic device applications [98]. The CMR mechanism has the potential for
miniaturizing electric circuits that work at a lower power. CMR research directly affects the
development of new electronic and spintronic devices, including new forms of ’non-volatile’
computer memory, such as resistive random-access memory (RRAM).

MR has great technological importance, mainly in designing magnetic memory sys-
tems (such as hard disks, magnetic sensing, and magnetic storage). CMR manganite
materials have the potential for use in information storage and processing, drug delivery,
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sensor fabrication, cooling technology, etc. [99,100]. In today’s era, nanoscale magnetism
provides detailed scientific knowledge with application potential. This includes ferrofluids,
magnetic recording media, magnetic refrigeration, catalysis, bioprocessing, medical diag-
nostics, drug delivery systems, and miniaturized magnetic sensor applications. LCMO films
that exhibit a high CMR effect can be used in CMR-B-scalar sensors [101,102]. These allow
for the measurement of the absolute magnitude of the magnetic flux density during high-
magnetic-field pulses. They have also been used to measure magnetic field distribution
in railguns [103–105], coil guns [106], and non-destructive pulsed-field magnets [99,107].
However, in plasma science applications, it is of huge interest to have sensors that operate
at cryogenic temperatures and over a wide range of magnetic field amplitudes (0.1–100 T).
For example, the efficient and successful operation of the International Thermonuclear
Experimental Reactor requires a reliable set of magnetic diagnostics [108,109]. Magnetic
diagnostic systems can measure several parameters essential for the operation and un-
derstanding of TOKAMAK plasmas [108,109]. In particular, plasma position and shape,
plasma current, and the magnetic field distribution created by superconducting magnets
inside and outside the vacuum vessel of the reactor are measured using various magnetic
field sensors (Rogowski coils, flux loops, Faraday rotation method) [109]. Recently, it was
shown that CMR-B-scalar sensors can be used for low-temperature applications. Research
has shown that LCMO films have high sensitivity towards lower memory effects, mag-
netic fields, and faster resistance relaxation during the measurements of pulsed magnetic
fields [110,111]. The magnetoresistive phenomenon is useful in magnetic sensors, spintronic
devices, spin-polarized quasi-particle injectors, uncooled IR bolometer sensors, magnetic
flux concentrator transducers, and ferroelectric gates [112–116].

6. Conclusions and Future Prospects
We reviewed a detailed and systematic study of lanthanum-based manganese oxide and

discussed its crystal structure, DE mechanism, and Jahn–Teller distortion. Different growth
techniques have been utilized to deposit LCMO films on various substrates, and the magneto-
transport properties of fabricated films were evaluated. LCMO’s unique combination of
electrical, magnetic, magneto-transport, and thermal properties makes it an outstanding
material in advanced technology fields. The DE interaction that causes ferromagnetism in
the perovskite manganites is an effective interaction that is unlike the familiar Heisenberg
direct exchange interaction. Due to the fascinating properties of LCMO films, such as large
CMR and high TCR, these films are used in bolometry, night-vision cameras, thermal sensors,
artificial planar junctions, and magnetic refrigeration, among other applications. The resistive
switching properties of LCMO are being examined by various researchers for usage in non-
volatile memory devices, which could lead to faster and durable memory storage solutions.
LCMO is also used in catalytic applications, such as the oxidation of hydrocarbons and
reduction reactions because of its surface properties and oxygen mobility. The temperature
dependence of resistivity in LCMO makes it fit for use in thermistors and other temperature-
sensing devices. However, the major critical issue related to these films is their high growth
temperature and the use of expensive single-crystal substrates. For practical purposes, more
emphasis should be given to LFMR at RT.

To further improve the magneto-transport properties of LCMO films, researchers are
using different dopant materials in LCMO films to achieve TC near RT. Additionally, for
industrial applications, the growth temperature should be decreased, the use of inexpensive
single-crystal substrates should be overcome, and the film growth area should be improved.
The most promising techniques for depositing magnetoresistive oxides are CVD, PLD,
and sputtering, which are expensive. These issues should be resolved to reduce the
manufacturing cost of magnetoresistive oxide-based devices.
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Perovskite manganite have a high TCR (~10–15%) but operate around the M-I tran-
sition, which is slightly below RT and requires cooling, as with thermoelectric refriger-
ation. The limited working temperature range necessitates temperature stabilization of
the working point and limits the dynamic range of the bolometer. Manganese oxides are
low-resistance materials, making it possible to create a microbolometer with resistance
that can be easily matched with the readout electronics to achieve sufficiently high voltage
sensitivity. However, nanofilms are preferred to create the heat-sensitive layer in the form
of a meander. Further study is required to reduce the current noise in manganite thin films.
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Measurement System Based on Colossal Magnetoresistance-B-Scalar Sensors for Railgun Investigation. Rev. Sci. Instrum. 2014,
85, 044704. [CrossRef]

103. Schneider, M.; Schneider, R.; Stankevic, V.; Balevicius, S.; Zurauskiene, N. Highly Local Measurements of Strong Transient
Magnetic Fields During Railgun Experiments Using CMR-Based Sensors. IEEE Trans. Magn. 2006, 43, 370. [CrossRef]

104. Schneider, M.; Liebfried, O.; Stankevic, V.; Balevicius, S.; Zurauskiene, N. Magnetic Diffusion in Railguns: Measurements Using
CMR-Based Sensors. IEEE Trans. Magn. 2009, 45, 430. [CrossRef]

105. Haran, T.L.; Hoffman, R.B.; Lane, S.E. Diagnostic Capabilities for Electromagnetic Railguns. IEEE Trans. Plasma Sci. 2013, 41, 1526.
[CrossRef]

106. Liebfried, O.; Loffler, M.; Schneider, M.; Balevicius, S.; Stankevic, V.; Zurauskiene, N.; Abrutis, A.; Plausinaitiene, V. B-Scalar
Measurements by CMR-Based Sensors of Highly Inhomogeneous Transient Magnetic Fields. IEEE Trans. Magn. 2009, 45, 5301.
[CrossRef]
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