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Article info Abstract

Keywords: Colossal magnetoresistance (CMR) is a remarkable phenomenon observed in certain magnetic
Colossal magnetoresistance, materials where electrical resistance changes dramatically in response to an applied magnetic
manganites, field. This effect is primarily found in manganese-based perovskite oxides known as
spintronics, manganites. The strong coupling among electron spin, charge, and lattice structure in these
magnetic sensors, materials leads to extremely large changes in resistivity compared with conventional
perovskite oxides, magnetoresistive materials. CMR materials have attracted significant attention due to their
magnetic materials, potential applications in magnetic sensors, data storage systems, spintronic devices, and
electronic transport, advanced electronic components. This article reviews the fundamental principles of CMR
advanced materials materials, the physical mechanisms underlying the phenomenon, major material systems, and

their technological applications. Current challenges and future prospects for integrating CMR
materials into next-generation electronic technologies are also discussed.

Introduction

Magnetoresistance refers to the change in electrical resistance of a material when exposed to an external magnetic field. In ordinary metals this
effect is relatively small, typically only a few percent. However, certain materials exhibit an extremely large change in resistance, a phenomenon
known as colossal magnetoresistance (CMR). CMR is most commonly observed in mixed-valence manganese oxides with a perovskite crystal
structure, commonly called manganites. These materials can display resistance changes several orders of magnitude larger than conventional
magnetoresistive materials when subjected to magnetic fields. The underlying mechanism involves the alignment of magnetic moments in
manganese ions under an applied magnetic field. This alignment reduces electron scattering and significantly enhances electrical conductivity.
Interest in CMR materials increased significantly during the 1990s after the discovery of large magnetoresistive effects in doped manganite thin
films. These discoveries opened new research directions in condensed matter physics and materials science, particularly in the fields of
spintronics and magnetic storage technology. The phenomenon of colossal magnetoresistance (CMR) is fundamentally associated with the
intricate interaction between electronic charge transport, magnetic spin ordering, and the crystal lattice structure in certain transition-metal
oxides. In manganite compounds, particularly those with a perovskite structure, manganese ions exist in mixed valence states such as Mn3* and
Mn**. This mixed valence configuration allows electrons to transfer between neighboring ions through a mechanism known as double exchange.
The double exchange process is highly sensitive to the relative alignment of magnetic spins of adjacent manganese ions. When the spins are
parallel, electron hopping between Mn3** and Mn** ions becomes energetically favorable, resulting in improved electrical conductivity.
Conversely, when the spins are misaligned or disordered, electron transfer becomes hindered, which increases electrical resistance. The presence
of an external magnetic field strongly influences this spin alignment. In the absence of a magnetic field, the spins in manganite materials are
typically disordered in a paramagnetic state, leading to significant scattering of conduction electrons. As a magnetic field is applied, the spins
gradually align in the same direction, enhancing electron mobility through the crystal lattice. This alignment dramatically reduces electrical
resistance and produces the colossal magnetoresistance effect. The magnitude of this resistivity change can be several orders of magnitude larger
than that observed in conventional magnetoresistive materials, which makes CMR compounds particularly interesting for advanced electronic
and magnetic applications. In addition to the double exchange mechanism, structural distortions within the crystal lattice also play a significant
role in determining the electronic behavior of CMR materials. One important phenomenon is the Jahn-Teller effect, which arises from the
degeneracy of electronic orbitals in Mn®* ions. This effect leads to distortions in the MnO4 octahedra of the perovskite lattice, modifying the
overlap between orbitals and affecting the pathways available for electron transport. These distortions can localize electrons and create
insulating behavior under certain conditions. Strong electron-phonon interactions further complicate the system by coupling the motion of
electrons with lattice vibrations, thereby influencing both electrical and magnetic properties. The interplay among spin, charge, orbital, and
lattice degrees of freedom gives rise to the rich and complex physics associated with CMR materials. A variety of material systems have been
identified that exhibit colossal magnetoresistance, with perovskite manganites representing the most extensively studied class. These materials
typically follow the general chemical formula La;_xAyMnOs, where A represents a divalent alkaline-earth metal such as calcium (Ca), strontium
(Sr), or barium (Ba). Substituting trivalent lanthanum ions with divalent ions introduces holes into the system, thereby altering the ratio of Mn®*
to Mn** ions and controlling the electronic transport properties. By adjusting the doping concentration parameter x, researchers can tune the
magnetic ordering temperature, electrical conductivity, and magnetoresistive behavior of the material. Among the most widely studied
compounds are La;_xCayMnOs, La;_4SryMnOs, and La;_yBay,MnOs;. These manganites typically exhibit a phase transition near their Curie
temperature, where the material changes from a paramagnetic insulating state to a ferromagnetic metallic state. Around this transition
temperature, the magnetoresistance effect becomes particularly pronounced because the system is extremely sensitive to magnetic ordering.
Even a relatively small external magnetic field can significantly alter the alignment of spins, leading to dramatic changes in electrical resistance.
Beyond perovskite manganites, other material families have also shown magnetoresistive properties related to the CMR effect. Pyrochlore oxides
represent one such group, where the complex crystal structure can produce strong magnetic interactions and unusual transport phenomena.
Magnetic semiconductors have also attracted attention due to their ability to combine magnetic ordering with semiconducting electronic
properties, making them promising candidates for spin-based electronics. Chalcogenide compounds, which contain sulfur, selenium, or tellurium,
have likewise demonstrated magnetoresistive behavior in certain compositions and structural forms. Recent developments in materials science
have expanded research into thin-film heterostructures and nanostructured CMR materials. Thin films allow precise control of strain, interface
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effects, and crystal orientation, which can significantly modify the magnetic and electronic properties of the material. Nanostructuring can also
introduce grain boundaries and surface effects that enhance magnetoresistance at lower magnetic fields. These strategies are particularly
important for attempting to achieve strong CMR effects at or near room temperature, which is necessary for practical device applications. The
electronic transport behavior in CMR materials is closely linked to their magnetic phase transitions. In the paramagnetic phase, thermal
fluctuations cause the magnetic moments of manganese ions to become randomly oriented. This random orientation leads to strong scattering
of conduction electrons, producing high electrical resistance. As the material is cooled toward the Curie temperature, ferromagnetic ordering
begins to emerge. The spins gradually align, allowing electrons to move more easily between manganese ions through the double exchange
mechanism. The application of a magnetic field accelerates this alignment process. As the spins become increasingly ordered, electron scattering
decreases and electrical conductivity increases. This effect produces a sharp reduction in resistivity, which is the hallmark of the CMR
phenomenon. The resistivity of the material typically shows a pronounced peak near the magnetic transition temperature, reflecting the
competition between insulating and metallic phases. This insulator-to-metal transition is one of the most striking features of manganite systems
and is often used as an indicator of strong magnetoresistive behavior. Understanding the coupling between magnetic ordering and electronic
transport remains a central challenge in condensed matter physics. Research continues to explore how nanoscale phase separation, lattice strain,
and orbital ordering influence the CMR effect. Advances in experimental techniques such as neutron scattering, synchrotron spectroscopy, and
scanning probe microscopy have provided deeper insight into the microscopic mechanisms governing these materials. Such studies are essential
for designing new compounds and device structures capable of exploiting colossal magnetoresistance for technological applications in sensing,
data storage, and spin-based electronics. Colossal magnetoresistance (CMR) materials have attracted considerable attention in modern materials
science and electronic engineering due to their unique coupling between magnetic ordering and electrical transport properties. The remarkable
sensitivity of these materials to external magnetic fields enables dramatic changes in electrical resistance, making them highly suitable for a
range of technological applications. As research into magnetic materials and spin-dependent electronics continues to advance, CMR materials
are increasingly being investigated for integration into next-generation electronic devices, sensing technologies, and advanced computing
systems. One of the most promising applications of CMR materials lies in the development of high-sensitivity magnetic sensors. These sensors
rely on the significant change in electrical resistance that occurs when a magnetic field is applied to the material. Because CMR materials exhibit
extremely large magnetoresistive responses, they can detect very weak magnetic signals with high precision. This capability makes them useful
in applications such as industrial monitoring systems, navigation technologies, automotive sensors, and scientific instrumentation. In addition,
CMR-based sensors may provide improved sensitivity compared with conventional magnetoresistive sensors, particularly in environments
where accurate magnetic field detection is essential. Another important technological area where CMR materials are being explored is magnetic
data storage. Modern data storage devices, including hard disk drives, rely on magnetic read-head technologies that detect small magnetic
variations on storage media. The large resistance changes associated with CMR materials offer the potential to enhance the sensitivity and
performance of read-head devices. By improving signal detection capabilities, CMR materials could contribute to higher data storage densities
and faster read speeds in future storage systems. Although giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR) technologies
currently dominate commercial storage devices, research into CMR materials continues because of their potentially superior magnetoresistive
responses under certain conditions. CMR materials are also of great interest in the rapidly developing field of spintronics. Unlike conventional
electronics, which rely solely on the charge of electrons, spintronic devices exploit both the charge and the intrinsic spin of electrons to process
and store information. In CMR materials, electron transport is strongly influenced by spin alignment, making them natural candidates for spin-
based electronic devices. These materials could potentially be used in spin valves, spin transistors, and non-volatile memory systems where
magnetic states control electrical conductivity. The integration of CMR materials into spintronic architectures could lead to devices that operate
with greater energy efficiency, faster switching speeds, and improved data retention compared with traditional semiconductor technologies. The
strong dependence of electrical resistance on magnetic field strength also allows CMR materials to function as magnetic switches and logic
elements in electronic circuits. When a magnetic field is applied, the resistance of the material can change dramatically, effectively switching the
current flow within a circuit. This property can be exploited to create magnetic logic devices or memory elements in which information is stored
or processed through magnetic states rather than electrical charge alone. Such devices may offer advantages in terms of stability, durability, and
reduced energy consumption, particularly in environments where conventional semiconductor components may experience limitations. In
addition to electronic and computing applications, CMR materials have potential uses in biomedical and imaging technologies. Magnetic sensors
based on CMR effects can be used in advanced diagnostic systems capable of detecting extremely small magnetic signals produced by biological
processes. For example, magnetoresistive sensors may be used in biosensing platforms to detect biomolecules labeled with magnetic
nanoparticles. This approach can enable highly sensitive detection of proteins, DNA fragments, or pathogens in medical diagnostics. Furthermore,
CMR-based magnetic sensors may contribute to improvements in medical imaging techniques and magnetic field detection systems used in
research laboratories. Despite these promising applications, several challenges must be addressed before CMR materials can be widely
implemented in commercial technologies. One of the most significant limitations is that the strongest CMR effects typically occur at relatively
low temperatures and under high magnetic fields. For many practical applications, especially those involving consumer electronics or industrial
systems, materials must operate effectively at or near room temperature. Achieving large magnetoresistive responses under these conditions
remains a major focus of current research. Another important challenge involves the fabrication and stability of CMR materials. Producing high-
quality crystalline structures, thin films, or nanostructured forms of these materials requires precise control over synthesis conditions, doping
levels, and lattice composition. Small variations in composition or structural defects can significantly affect the magnetoresistive behavior. In
addition, integrating these materials into electronic devices often requires compatibility with existing semiconductor fabrication processes,
which presents further technical challenges. Research efforts are therefore increasingly focused on improving the performance and stability of
CMR materials through advanced material engineering techniques. One important direction involves the development of room-temperature CMR
materials that maintain strong magnetoresistive responses without requiring extremely high magnetic fields. Scientists are also investigating
nanoscale heterostructures, where thin layers of different materials are combined to enhance magnetic and electronic interactions at interfaces.
These structures can sometimes produce enhanced magnetoresistance through strain effects, interface coupling, or quantum confinement.
Another active area of research involves integrating CMR materials with conventional semiconductor technologies. Such integration could enable
hybrid devices that combine the advantages of magnetic materials with established microelectronic systems. This approach may lead to new
forms of memory devices, magnetic logic circuits, and sensor technologies capable of operating in complex electronic environments. Finally,
researchers are exploring new classes of magnetic compounds beyond traditional manganite systems in the search for improved CMR behavior.
Novel oxides, layered magnetic materials, and low-dimensional nanostructures are being investigated to identify materials with stronger
magnetoresistive effects and more favorable operating conditions. Advances in computational materials science and high-precision experimental
techniques are accelerating the discovery of new candidate materials. Overall, continued progress in materials synthesis, device engineering, and
theoretical understanding is expected to expand the technological potential of CMR materials. As these challenges are gradually overcome, CMR-
based technologies may play an increasingly important role in advanced sensing systems, spintronic electronics, and next-generation
information processing technologies.

Summary

Colossal magnetoresistance represents one of the most intriguing phenomena in condensed matter physics. Observed primarily in manganese-
based perovskite oxides, the effect results from strong coupling between electron spin, charge transport, and crystal lattice distortions. When an
external magnetic field aligns magnetic spins in these materials, electrical resistance can decrease dramatically, sometimes by several orders of
magnitude. Research into CMR materials has significantly expanded understanding of correlated electron systems and stimulated developments
in spintronics and magnetic electronics. Although practical applications remain limited due to temperature and field constraints, ongoing
advances in nanotechnology, material engineering, and thin-film fabrication are expected to bring CMR materials closer to real-world
technological applications.
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