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Article info Abstract

Keywords: Two-dimensional (2D) magnetic materials have recently emerged as an exciting class of
Two-dimensional materials, materials for next-generation spintronic devices. Unlike conventional electronic devices that
Spintronics, rely on electron charge, spintronics exploits the spin degree of freedom of electrons to enable
Magnetic thin films, faster, more energy-efficient, and non-volatile information processing technologies. The
Ferromagnetism, discovery of intrinsic ferromagnetism in atomically thin materials such as Crl3, Cr,Ge,Tes, and
Magnetic anisotropy, Fe;GeTe; has opened new opportunities for integrating magnetic functionality into nanoscale
Spin transport, electronic devices. These materials exhibit unique magnetic, electronic, and optical properties
Magnetic tunnel junctions, that can be tuned through strain, doping, and external fields. This article reviews the
Quantum materials fundamental properties of two-dimensional magnetic materials, their synthesis methods, and

their potential applications in spintronic devices including magnetic tunnel junctions, spin
filters, and memory systems. The study also discusses current challenges such as material
stability, fabrication scalability, and interface engineering. Finally, future prospects of 2D
magnetism in quantum technologies and energy-efficient electronics are highlighted.

Introduction

Spintronics, or spin-based electronics, represents a transformative approach in modern electronics by utilizing the intrinsic spin of electrons in
addition to their charge. Traditional semiconductor devices rely solely on charge transport, which leads to significant energy losses and thermal
limitations as devices scale down. In contrast, spintronic technologies promise improved energy efficiency, faster switching speeds, and enhanced
data storage capabilities. The discovery of two-dimensional materials such as graphene has significantly expanded research in low-dimensional
systems. However, graphene itself lacks intrinsic magnetism, limiting its application in magnetic technologies. Recently, the discovery of intrinsic
ferromagnetism in atomically thin materials such as chromium triiodide (Crl3) and chromium germanium telluride (Cr,Ge,Tes) has opened a
new frontier in condensed matter physics and materials science. Two-dimensional magnetic materials possess unique properties that differ from
bulk magnetic materials due to reduced dimensionality, quantum confinement effects, and strong spin-orbit coupling. These properties make
them highly promising for applications in spin-based electronics and quantum devices. Researchers are actively exploring methods to integrate
these materials into functional spintronic architectures. Their atomically thin structure allows seamless integration with semiconductor
platforms, enabling the development of ultra-compact and energy-efficient electronic systems.

Fundamental Properties of Two-Dimensional Magnetic Materials

Two-dimensional (2D) magnetic materials possess distinctive physical and magnetic characteristics that arise from their atomic-scale thickness
and reduced dimensionality. In these materials, magnetic ordering is strongly influenced by exchange interactions between neighboring atomic
spins and the presence of magnetic anisotropy. Exchange interactions determine whether spins align parallel or antiparallel, leading to
ferromagnetic or antiferromagnetic ordering. However, according to the Mermin-Wagner theorem, long-range magnetic order in strictly two-
dimensional systems cannot exist at finite temperatures without the presence of anisotropy. Magnetic anisotropy introduces an energy barrier
that stabilizes spin alignment and allows magnetic ordering to persist even in ultrathin layers. The discovery of intrinsic ferromagnetism in van
der Waals layered materials has revolutionized the field of low-dimensional magnetism. Materials such as chromium triiodide (Crl3), chromium
germanium telluride (Cr,Ge,Te¢), and iron germanium telluride (Fe;GeTe;) exhibit stable magnetic ordering even when reduced to monolayer
thickness. Among these, Fe;GeTe; is particularly notable because it demonstrates relatively high Curie temperatures compared to many other
2D magnetic materials. This property makes it a promising candidate for spintronic devices that require stable magnetic behavior under practical
operating conditions. Another important feature of two-dimensional magnetic materials is their strong spin-orbit coupling and
magnetocrystalline anisotropy. These properties influence how spins interact with the crystal lattice and external magnetic fields. Strong spin-
orbit coupling can lead to phenomena such as the anomalous Hall effect, spin-orbit torque, and topological magnetic states, all of which are highly
relevant for advanced spintronic applications. These effects allow researchers to manipulate electron spin states using electrical signals rather
than external magnetic fields, enabling more energy-efficient device operation. The tunability of magnetic properties is one of the most attractive
characteristics of 2D magnetic materials. Their thin structure allows external stimuli such as electric fields, mechanical strain, pressure, or
chemical doping to significantly modify their magnetic behavior. For instance, applying an electric field can alter magnetic anisotropy, enabling
electrical control of magnetization states. Similarly, strain engineering can change interatomic distances within the crystal lattice, thereby
modifying exchange interactions and magnetic ordering temperatures. Furthermore, the ability to stack different two-dimensional materials into
van der Waals heterostructures enables the creation of artificial magnetic systems with tailored properties. By combining magnetic layers with
nonmagnetic materials such as graphene or transition metal dichalcogenides, researchers can design structures with enhanced spin transport
and controlled magnetic interactions. These heterostructures offer a versatile platform for studying fundamental quantum phenomena and
developing novel spin-based technologies.

Synthesis and Fabrication Techniques

The fabrication of high-quality two-dimensional magnetic materials is essential for both fundamental research and practical device applications.
Because the magnetic properties of these materials are highly sensitive to structural defects, impurities, and thickness variations, precise
synthesis techniques are required to achieve uniform and stable atomic layers. Over the past decade, several fabrication approaches have been
developed to produce 2D magnetic materials with controlled thickness, crystallinity, and chemical composition. One of the earliest and most
widely used techniques is mechanical exfoliation, which involves peeling thin layers from bulk crystals using adhesive tape or other mechanical
methods. This approach was first popularized during the discovery of graphene and has since been applied to many layered materials. Mechanical

*Corresponding author
Email: manderson@mit.edu

DOI: 10.53533/]MA.v2i1.27
10


http://www.jourmag.org/index.php/jma
http://dx.doi.org/10.53533/JMA.v2i1.27

M. Anderson Journal of Magnetism and Its Applications, 5 (1) 2025

exfoliation can produce extremely high-quality monolayers with minimal defects, making it ideal for laboratory studies. However, the method is
limited in scalability and reproducibility, which restricts its use for large-scale industrial manufacturing. To address these limitations,
researchers have turned to chemical vapor deposition (CVD) as a scalable synthesis technique. In CVD processes, gaseous precursor molecules
react at high temperatures on a substrate surface to form thin crystalline layers. This technique allows precise control over growth conditions
such as temperature, pressure, and gas flow rates, enabling the production of large-area films with uniform thickness. CVD is widely considered
one of the most promising methods for manufacturing 2D materials for electronic and spintronic applications. Another advanced technique used
for fabricating ultrathin magnetic materials is molecular beam epitaxy (MBE). MBE is a highly controlled vacuum-based deposition method that
enables atomic-level precision in thin-film growth. In this process, beams of atoms or molecules are directed toward a heated substrate, where
they condense to form crystalline layers. Because MBE allows extremely precise control over composition and layer thickness, it is particularly
useful for studying fundamental physical properties and constructing complex heterostructures. In addition to these synthesis techniques,
modern nanofabrication and lithography technologies play a crucial role in integrating two-dimensional magnetic materials into functional
devices. Techniques such as electron-beam lithography, focused ion beam processing, and atomic layer deposition allow researchers to pattern
nanoscale structures and fabricate spintronic circuits. These fabrication methods enable the creation of magnetic tunnel junctions, spin valves,
and other nanoscale devices required for advanced spin-based electronics. Encapsulation and protective coatings are also important
considerations in the fabrication process. Many 2D magnetic materials are sensitive to environmental factors such as oxygen and moisture, which
can degrade their magnetic properties. To address this issue, researchers often encapsulate these materials between layers of inert materials
such as hexagonal boron nitride (h-BN). This protective strategy preserves the structural integrity and magnetic performance of the materials
during device operation.

Applications in Spintronic Devices

Two-dimensional magnetic materials have opened new possibilities for the development of next-generation spintronic technologies. Spintronics,
which utilizes the spin state of electrons in addition to their charge, offers significant advantages over traditional electronics, including lower
power consumption, faster switching speeds, and non-volatile memory operation. The atomic-scale thickness and tunable magnetic properties
of 2D magnetic materials make them particularly attractive for integration into nanoscale spintronic devices. One of the most important
applications of these materials is in magnetic tunnel junctions (MT]s). An MT] typically consists of two magnetic layers separated by a thin
insulating barrier. When electrons tunnel through the barrier, the resistance of the device depends on the relative orientation of the
magnetizations in the two magnetic layers. This phenomenon, known as tunneling magnetoresistance (TMR), forms the basis of modern magnetic
memory technologies such as magnetic random-access memory (MRAM). The use of two-dimensional magnets in MTJs can significantly reduce
device size while improving switching efficiency. Another promising application involves spin-filter devices, which exploit the spin-selective
transport properties of magnetic materials. In these devices, a magnetic layer acts as a filter that allows electrons with one spin orientation to
pass while blocking electrons with the opposite spin. This selective transport enables efficient generation and detection of spin-polarized
currents, which are essential for many spintronic circuits and quantum computing applications. Two-dimensional magnetic materials also play
a key role in spin-orbit torque devices, where electrical currents are used to manipulate magnetic states through spin-orbit interactions. This
mechanism allows rapid and energy-efficient switching of magnetic bits without the need for external magnetic fields. Such technologies are
expected to play an important role in the development of next-generation memory and logic devices. In addition to memory applications, 2D
magnetic materials are being explored for spin-based logic circuits. Unlike conventional logic circuits that rely on charge transport, spin logic
devices use spin states to perform computational operations. This approach can potentially reduce power consumption and enable highly parallel
information processing systems. Furthermore, hybrid structures combining two-dimensional magnets with semiconductors, superconductors,
or topological materials are opening new research directions. These hybrid systems enable the study of exotic quantum phenomena such as spin
Hall effects, topological magnetism, and Majorana fermions. Such discoveries could lead to revolutionary technologies in quantum information
processing and neuromorphic computing. Overall, the integration of two-dimensional magnetic materials into spintronic architectures
represents a significant step toward the development of ultra-efficient electronic systems. Continued advances in material synthesis, device
engineering, and theoretical understanding will further accelerate the adoption of these materials in practical technological applications.
Challenges and Future Research Directions

Despite remarkable advances in the study of two-dimensional magnetic materials, several scientific and technological challenges continue to
hinder their widespread implementation in practical spintronic devices. One of the most significant limitations is the relatively low Curie
temperature (Tc) observed in many 2D magnetic systems. The Curie temperature represents the threshold above which a ferromagnetic material
loses its magnetic ordering. Many currently studied two-dimensional magnets, such as Crl; and Cr,Ge,Te¢, exhibit Curie temperatures well below
room temperature. This restricts their direct application in commercial electronics, which typically require stable magnetic properties under
ambient operating conditions. Consequently, one of the central goals of current research is to design materials that retain robust magnetic
ordering at or above room temperature. Another important challenge relates to the environmental stability of two-dimensional magnetic
materials. Many of these materials are highly sensitive to atmospheric conditions, particularly oxygen and moisture. Exposure to air can lead to
chemical degradation, oxidation, or structural changes that significantly alter their magnetic properties. This instability complicates device
fabrication and long-term reliability. To address this issue, researchers are developing protective strategies such as encapsulating 2D magnets
within chemically inert materials like hexagonal boron nitride (h-BN). Such encapsulation techniques protect the material from environmental
damage while preserving its electronic and magnetic characteristics. In addition, chemical modifications and alloy engineering are being explored
to improve intrinsic stability. The scalability of fabrication techniques also remains a major barrier to commercialization. Many experimental
studies rely on mechanical exfoliation methods that produce small, irregular flakes of material. Although these samples are ideal for fundamental
research, they are unsuitable for large-scale device manufacturing. To overcome this limitation, researchers are investigating scalable growth
techniques such as chemical vapor deposition (CVD), molecular beam epitaxy (MBE), and atomic layer deposition. These methods allow for the
controlled synthesis of large-area thin films with uniform thickness and crystal quality. Achieving reliable and reproducible fabrication at
industrial scales is essential for integrating two-dimensional magnetic materials into practical electronic and spintronic systems. Another
challenge arises from the complexity of interfaces in multilayer device structures. Spintronic devices often require stacking multiple materials
with different electronic and magnetic properties. Imperfections at the interfaces between layers can significantly affect spin transport efficiency,
magnetic coupling, and overall device performance. Therefore, precise control of interfacial properties is critical. Researchers are currently
exploring van der Waals heterostructures, where atomically thin layers are stacked without strong chemical bonding. These heterostructures
provide clean interfaces and enable novel magnetic interactions that can enhance device functionality. Thermal management and spin transport
efficiency are additional factors that require further investigation. In nanoscale devices, heat generation and dissipation can strongly influence
magnetic behavior and device reliability. Understanding how spin currents propagate through two-dimensional materials and across interfaces
is essential for optimizing device performance. Advanced characterization techniques, including spin-polarized scanning tunneling microscopy
and ultrafast spectroscopy, are helping researchers explore these processes in greater detail. Looking toward the future, one of the most
promising research directions is the discovery of new two-dimensional magnetic materials with improved magnetic transition temperatures and
enhanced stability. The rapid expansion of computational materials science is playing a key role in this effort. Machine learning algorithms and
high-throughput computational screening are being used to analyze large materials databases and predict candidate materials with desirable
magnetic and electronic properties. This approach significantly accelerates the discovery process compared to traditional experimental trial-
and-error methods. Another emerging research area involves the development of hybrid quantum materials and multifunctional
heterostructures. By combining 2D magnets with other advanced materials such as topological insulators, superconductors, and semiconductors,
researchers can create systems with novel quantum phenomena. These hybrid structures may enable breakthroughs in quantum information
processing, spin-based logic devices, and neuromorphic computing architectures. Furthermore, future research will likely focus on electric-field

11



M. Anderson Journal of Magnetism and Its Applications, 5 (1) 2025

control of magnetism, which could allow spintronic devices to operate with extremely low power consumption. The ability to manipulate
magnetic states using electric fields rather than magnetic fields represents a significant technological advantage and could lead to the
development of ultra-efficient memory and logic devices. In summary, while two-dimensional magnetic materials offer tremendous potential for
next-generation spintronic technologies, several fundamental and engineering challenges remain. Addressing issues related to Curie
temperature, environmental stability, fabrication scalability, and interface control will be essential for translating laboratory discoveries into
real-world applications. Continued collaboration between materials scientists, physicists, and device engineers will play a critical role in
advancing this rapidly evolving field.

Summary

Two-dimensional magnetic materials represent a major advancement in materials science and condensed matter physics. Their unique magnetic
properties and atomic-scale thickness make them promising candidates for next-generation spintronic devices. These materials enable efficient
spin manipulation, reduced power consumption, and improved device miniaturization. Although several challenges remain in terms of stability,
fabrication scalability, and operating temperature, ongoing research continues to address these limitations. With continued progress in material
synthesis and device engineering, two-dimensional magnets are expected to play a critical role in the development of future electronic, quantum,
and information technologies.
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