J. Smith Journal of Magnetism and Its Applications, 3 (2) 2023

http://www.jourmag.org/index.php/jma

Journal of Magnetism and Its Applications

:=.§--..I
;

Ind ian M, tics Societ
eesiEnTagnEts ey Received October 23nd received in revised December 14th accepted December 23th e e L]

2023 2023 2023

Research articles
Two Dimensional Magnets: History & Spintronic Applications

John Smith
Department of Physics, University of California, Berkeley, USA

Article info Abstract

Keywords: Two-dimensional (2D) materials have revolutionized the fields of material science and
2D magnets, condensed matter physics, offering novel platforms for technological innovation. Among the
spintronics, various types of 2D materials, 2D magnets have garnered considerable attention due to their
van der Waals materials, intrinsic magnetic properties and potential for applications in spintronics. This paper explores
magnetic anisotropy, the historical evolution of 2D magnetic materials, from their theoretical predictions to
monolayers, graphene, experimental realizations, and investigates their relevance in spintronic applications. By
quantum materials, examining both the challenges and prospects, we aim to shed light on how 2D magnets could
two-dimensional systems impact next-generation electronic devices, such as spin-based transistors and memory storage

devices. The combination of reduced dimensionality and magnetic interactions in these
materials opens new avenues for energy-efficient and highly scalable technology solutions.

Introduction

The discovery of graphene in 2004 marked the beginning of a new era in material science, where two-dimensional materials, primarily composed
of a single atomic layer, emerged as promising candidates for a wide range of applications. Since then, the research into two-dimensional (2D)
materials has extended beyond semiconductors and insulators to include magnetic materials, giving rise to the concept of 2D magnets. These
materials, which retain magnetic properties even at the monolayer level, present significant potential for spintronic applications, where the spin
of electrons is exploited for data storage, processing, and logic operations. This paper delves into the historical context of 2D magnets, the
mechanisms behind their magnetism, and the applications of these materials in the rapidly growing field of spintronics.

Historical Development of Two-Dimensional Magnets

Initial Theories and Predictions of 2D Magnets

The concept of two-dimensional (2D) magnets was first theorized in the late 20th century, building on the advancements in low-dimensional
systems and condensed matter physics. Early research suggested that it was theoretically possible for magnetic properties to persist in a material
even when reduced to a single atomic layer. This was counterintuitive to classical models, which suggested that the reduction in dimensionality
would result in the loss of magnetic interactions due to the weakening of long-range exchange interactions. The idea was largely speculative until
experimental techniques advanced to the point where the isolation of monolayers became feasible.

The Breakthrough Discovery of 2D Ferromagnetic Materials

The breakthrough discovery came in 2017 when researchers successfully isolated a monolayer of the ferromagnetic material chromium triiodide
(Crl3), confirming that 2D magnets could indeed exist. This discovery shattered the prevailing belief that magnetism could not persist in two-
dimensional systems. Crl; exhibited a strong intrinsic magnetic order even at the monolayer level, showing that magnetic properties were not
inherently bound to bulk materials. Following this discovery, other 2D ferromagnetic materials, including Fe;GeTe, and VsSs, were isolated and
their magnetic properties studied, opening new possibilities for 2D materials in spintronic applications.

Evolution of Experimental Techniques Used to Isolate Monolayers of Magnetic Materials

The development of experimental techniques has been crucial in the discovery and characterization of 2D magnets. Initially, techniques like
mechanical exfoliation were employed to isolate monolayers of materials. However, as researchers delved into magnetism at the 2D scale, more
sophisticated methods were introduced, such as chemical vapor deposition (CVD), liquid-phase exfoliation, and molecular beam epitaxy (MBE).
These techniques allowed for more precise control over material thickness and the ability to fabricate high-quality monolayers. Furthermore,
advancements in scanning tunneling microscopy (STM) and atomic force microscopy (AFM) enabled detailed atomic-level imaging of 2D
materials, allowing researchers to observe and manipulate the magnetic properties of these materials with unprecedented accuracy.
Fundamental Properties of 2D Magnets

Magnetic Anisotropy and the Effects of Reduced Dimensionality

Magnetic anisotropy in 2D materials refers to the directional dependence of their magnetic properties, such as the preferred direction of magnetic
moment alignment. In bulk ferromagnetic materials, anisotropy arises due to the crystal structure and long-range interactions between magnetic
moments. However, in 2D materials, the reduced dimensionality significantly enhances the magnetic anisotropy, making the direction of
magnetization particularly sensitive to the geometry of the monolayer. This is crucial for many spintronic applications, as it allows for more
control over the magnetization direction, which can be tuned by external stimuli like magnetic fields or strain. The confinement of electrons to a
single plane also intensifies quantum effects such as spin-orbit coupling, which further influences anisotropy.

The Role of Van der Waals Interactions in Stabilizing Magnetism in 2D Materials

In 2D magnetic materials, the role of van der Waals (vdW) interactions cannot be understated. Unlike bulk materials, where magneticinteractions
are typically mediated by direct exchange between magnetic atoms, 2D materials rely heavily on weak vdW interactions to stabilize the overall
structure. These interactions, while not strong enough to induce magnetism on their own, help in maintaining the integrity of the monolayer and
preserving its magnetic properties. The vdW bonding also facilitates the stacking of different 2D materials, which is essential for constructing
heterostructures that combine 2D magnets with other functional materials to create hybrid devices for spintronic applications.
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Quantum Phenomena in 2D Magnets such as Spin-Orbit Coupling and Topological Effects

One of the most exciting aspects of 2D magnets is the presence of quantum phenomena that are unique to low-dimensional systems. Spin-orbit
coupling (SOC) is one such phenomenon that plays a crucial role in 2D magnetism. SOC arises due to the interaction between the electron's spin
and its orbital motion, and in 2D materials, this effect can be significantly enhanced. This can lead to phenomena like the spin Hall effect, where
the spin of electrons is deflected perpendicularly to their momentum, opening new avenues for spin-based electronics. Additionally, topological
effects, such as the formation of topologically protected edge states, are also observed in 2D magnets, which could have applications in fault-
tolerant quantum computing. These topological states are robust against local perturbations, offering potential for highly stable and scalable
quantum devices.

Spintronic Applications of Two-Dimensional Magnets

Spintronic Devices Based on 2D Magnetic Materials

Spintronics, which exploits the intrinsic spin of electrons in addition to their charge, has the potential to revolutionize electronics by offering
faster, more efficient, and energy-saving alternatives to traditional charge-based devices. 2D magnetic materials are ideally suited for spintronic
devices because of their unique properties, including high magnetization and the ability to manipulate electron spin at the atomic scale. These
materials could be used in a wide range of spintronic applications such as spin transistors, magnetic tunnel junctions (MT]Js), and racetrack
memory. The reduced dimensions of 2D materials offer a higher degree of integration, making them ideal candidates for next-generation
spintronic devices, which could lead to faster data processing and non-volatile memory systems.

Potential Applications in Data Storage (MRAM), Transistors, and Quantum Computing

2D magnets are particularly promising for data storage applications, especially in the development of magnetoresistive random-access memory
(MRAM), which is one of the most promising candidates for next-generation non-volatile memory. MRAM uses magnetic fields to store data,
offering high speed and endurance with low power consumption. The use of 2D magnetic materials in MRAM could drastically reduce the size
and increase the efficiency of these devices. Furthermore, 2D magnets could be integrated into spin-based transistors, leading to faster, low-
power electronics. Beyond traditional applications, 2D magnets also hold immense promise in the field of quantum computing. Their stable
magnetic properties, combined with quantum effects like spin-orbit coupling and topological states, could help create stable qubits for quantum
information processing.

Challenges in Material Stability and Scalability for Industrial Applications

Despite the promising potential of 2D magnets, significant challenges remain in their practical implementation. One of the primary hurdles is
material stability. Many 2D magnetic materials are sensitive to environmental factors such as temperature, humidity, and exposure to air, which
can cause their magnetic properties to degrade over time. Additionally, while the synthesis of 2D materials has made significant strides, scaling
up production while maintaining high quality and material uniformity remains a major challenge. These issues need to be addressed before 2D
magnets can be integrated into commercial spintronic devices. Furthermore, the integration of 2D magnets into existing fabrication processes
for electronics presents another set of challenges, as these materials require new methods for deposition, patterning, and interfacing with other
components. 2D magnets represent a rapidly growing field with vast potential for spintronic applications. Their unique properties, such as
enhanced magnetic anisotropy, quantum effects, and the ability to integrate with other 2D materials, make them ideal candidates for next-
generation electronic devices. However, overcoming challenges related to material stability and scalability is essential for realizing their full
potential in industrial applications. Continued research into the fundamental properties and novel applications of 2D magnets will likely play a
key role in shaping the future of electronics and quantum technologies.

Magnetic Properties of 2D Magnets vs Bulk Materials
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Summary

The investigation into two-dimensional (2D) magnets is an exciting frontier in material science that holds promise for advancing the field of
spintronics. From their theoretical prediction to experimental realization, 2D magnets have demonstrated fascinating magnetic properties,
including high Curie temperatures, stability in monolayer forms, and strong spin-orbit coupling. These characteristics open the door to
applications in next-generation spintronic devices, where electron spin is utilized for processing and storage of information, potentially replacing
traditional charge-based electronics. Despite challenges such as material synthesis and defect control, the prospects for 2D magnets in spintronic
applications remain highly promising. Researchers continue to explore new materials and hybrid systems, anticipating breakthroughs in
efficiency and scalability. The future of spintronic devices based on 2D magnets could play a key role in the evolution of energy-efficient, high-
performance electronic systems.
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