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

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

Journal of Magnetism and Its Applications

Indanesian Magnetics Society

§:=.§-...I
|

Received March 2nd received in revised March 25th accepted April 10th -
2025 2025 2025

Research articles

Spintronics-Based Memory Devices: Materials, Design, and Future Prospects
Michael Anderson
Department of Physics and Nanotechnology, Massachusetts Institute of Technology (MIT), Cambridge, USA
Email: manderson@mit.edu

Article info Abstract

Keywords: Spintronics, also known as spin electronics, represents a transformative approach to
Spintronics, information storage and processing by exploiting the intrinsic spin of electrons in addition to
Magnetic Random Access Memory, their charge. Traditional semiconductor-based memory technologies are approaching
Spin-Transfer Torque, fundamental scaling limits, prompting the exploration of alternative paradigms such as
Spin-Orbit Torque, spintronics-based memory devices. These devices offer advantages including non-volatility,
Magnetic Materials, high-speed operation, reduced power consumption, and enhanced data durability. Recent
Non-Volatile Memory, advances in materials science—particularly magnetic multilayers, Heusler alloys, and two-
Nanotechnology, dimensional magnetic materials—have accelerated the development of spin-transfer torque
Data Storage magnetic random access memory (STT-MRAM), spin-orbit torque memory (SOT-MRAM), and

racetrack memory architectures. This article reviews the fundamental materials used in
spintronic memory systems, discusses device architectures and operational mechanisms, and
examines emerging design strategies for next-generation non-volatile memory technologies.
Furthermore, the paper explores challenges related to scalability, thermal stability, and
fabrication complexity. The future prospects of spintronic memory are promising, particularly
in the context of high-performance computing, neuromorphic systems, and energy-efficient
data centers. Continued interdisciplinary research in materials engineering, nanofabrication,
and device physics will play a crucial role in realizing the full potential of spintronics in modern
memory technologies.

Introduction

The rapid expansion of digital technologies and the exponential growth of data have placed increasing demands on memory devices with higher
speed, lower power consumption, and improved scalability. Conventional semiconductor memory technologies such as dynamic random-access
memory (DRAM) and flash memory are approaching their physical and technological limits due to scaling constraints and energy inefficiencies.
These challenges have prompted the scientific community to explore alternative paradigms for next-generation memory technologies.
Spintronics has emerged as one of the most promising solutions in this regard. Unlike traditional electronic devices that rely solely on the charge
of electrons, spintronics exploits the quantum mechanical property of electron spin. This property allows information to be stored and
manipulated using the orientation of magnetic moments within materials. The ability to control spin polarization in nanoscale devices enables
the development of memory systems with superior energy efficiency, high endurance, and non-volatility. One of the most successful
implementations of spintronic technology is Magnetic Random Access Memory (MRAM). MRAM devices utilize magnetic tunnel junctions (MT]s)
to store information through the relative alignment of magnetic layers. Advances such as spin-transfer torque (STT) and spin-orbit torque (SOT)
have significantly improved the efficiency and scalability of MRAM devices. These innovations have enabled faster switching speeds and reduced
energy consumption compared to earlier magnetic storage technologies. Recent progress in material science has further accelerated the
development of spintronics. Novel materials such as Heusler alloys, topological insulators, and two-dimensional ferromagnets have
demonstrated enhanced spin polarization and improved magnetic stability. These materials enable improved device performance and open new
possibilities for spin-based computing systems. Given these advancements, spintronics-based memory devices are increasingly being considered
as viable alternatives to conventional semiconductor memories. Their integration into modern computing architectures could significantly
enhance the efficiency of data storage and processing systems.

Fundamental Principles of Spintronics

Spintronics, or spin electronics, is a field of study that utilizes both the charge and the intrinsic spin of electrons to process and store information.
In conventional electronic systems, data is encoded through electrical charge, where the presence or absence of charge represents binary
information. However, spintronics introduces an additional degree of freedom by exploiting the quantum property of electron spin. Electrons
possess two possible spin orientations—commonly referred to as spin-up and spin-down—which can represent binary states in memory and
logic devices. This dual use of charge and spin enables the development of devices with improved energy efficiency, faster switching speeds, and
enhanced data retention capabilities. The manipulation of electron spin is achieved through magnetic fields, spin-polarized currents, or spin-
orbit interactions within materials. In spintronic systems, electrons traveling through magnetic materials can become spin-polarized, meaning
that the majority of electrons share the same spin orientation. This spin polarization is essential for transmitting and controlling spin information
within nanoscale devices. The ability to generate, transport, and detect spin-polarized currents forms the fundamental basis for spintronic
memory and logic architectures. One of the most important components of spintronic devices is the magnetic tunnel junction (MTJ]). An MT]
consists of two ferromagnetic layers separated by a thin insulating barrier, typically made of magnesium oxide (Mg0). One of the magnetic layers
has a fixed magnetization direction, while the other layer is free to change its orientation under the influence of spin-polarized current. The
electrical resistance of the junction depends on the relative alignment of these two magnetic layers. When the layers are aligned in a parallel
configuration, electrons can tunnel more easily through the barrier, resulting in low resistance. Conversely, when the layers are aligned in an
antiparallel configuration, electron tunneling becomes more difficult, producing higher resistance. This change in resistance is known as tunnel
magnetoresistance (TMR). TMR allows the magnetic state of the device to be detected electrically, enabling the storage and retrieval of digital
information. Magnetic Random Access Memory (MRAM) technologies rely heavily on MT] structures because they combine non-volatility with
fastread and write operations. Unlike traditional semiconductor memories, MRAM retains data even when power is removed, which significantly
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improves energy efficiency and system reliability. Another important mechanism in spintronic devices is spin-transfer torque (STT). STT occurs
when a spin-polarized current transfers angular momentum to a magnetic layer, causing its magnetization direction to switch. This mechanism
allows data to be written into MRAM cells without the need for large external magnetic fields, thereby reducing power consumption and enabling
higher device densities. STT-based switching has become a key technique for modern spintronic memory technologies.
Advanced Magnetic Materials for Spintronic Devices
The development of efficient spintronic memory devices relies heavily on the discovery and optimization of magnetic materials with superior
spin transport properties. These materials must exhibit high spin polarization, strong magnetic anisotropy, and stable magnetic configurations
at nanoscale dimensions. The selection of suitable materials directly influences device performance, including switching speed, energy efficiency,
and thermal stability. Among the most widely studied materials for spintronics are Heusler alloys, which are ternary intermetallic compounds
composed of elements such as cobalt, manganese, and silicon. Heusler alloys are particularly attractive because they can exhibit nearly 100%
spin polarization at the Fermi level. This property significantly enhances the efficiency of spin injection and detection in spintronic devices. In
addition, Heusler alloys possess tunable magnetic and electronic properties, allowing researchers to design materials specifically optimized for
MRAM and other spin-based technologies. Traditional ferromagnetic metals such as cobalt (Co), iron (Fe), and nickel (Ni) also play an essential
role in spintronic device fabrication. These materials exhibit strong magnetic ordering and relatively high Curie temperatures, making them
suitable for stable data storage applications. In many spintronic devices, multilayer structures composed of cobalt-iron-boron (CoFeB) and
magnesium oxide (MgO) are used to form high-performance magnetic tunnel junctions. These multilayer structures provide large tunnel
magnetoresistance ratios and improved device reliability. In recent years, researchers have begun exploring two-dimensional (2D) magnetic
materials for spintronic applications. Materials such as chromium triiodide (Crl3) and van der Waals magnetic compounds have demonstrated
the ability to maintain magnetic ordering at atomic thickness. These materials enable ultra-thin spintronic devices with reduced power
consumption and enhanced scalability. Their layered structure also allows easy integration with other two-dimensional electronic materials such
as graphene. Another emerging class of materials in spintronics is topological insulators. These materials exhibit insulating behavior in their bulk
while supporting highly conductive surface states that are protected by quantum mechanical symmetry. The surface electrons in topological
insulators possess strong spin-momentum locking, meaning their spin orientation is directly linked to their direction of motion. This property
allows efficient generation of spin currents without the need for ferromagnetic layers, opening new possibilities for low-power spintronic
devices. Furthermore, the combination of spintronic materials with heavy metals such as platinum and tantalum has enabled the development
of spin-orbit torque mechanisms. These materials exhibit strong spin-orbit coupling, which can generate spin currents capable of switching
magnetic layers. Spin-orbit torque devices are currently being investigated as a next-generation alternative to spin-transfer torque technologies
due to their faster switching speeds and improved endurance. As research in materials science continues to advance, the discovery of new
magnetic materials and heterostructures will play a crucial role in improving the efficiency, scalability, and functionality of spintronics-based
memory devices. These innovations are expected to contribute significantly to the development of future computing systems that require fast,
reliable, and energy-efficient data storage solutions.
Spintronic Memory Architectures
In recent years, several spintronic memory architectures have been developed to exploit the advantages of electron spin for data storage and
processing. These architectures aim to provide non-volatile, high-speed, and energy-efficient alternatives to traditional semiconductor memory
technologies such as DRAM and flash memory. Each architecture is based on different physical mechanisms for controlling magnetic states,
resulting in unique performance characteristics and application areas. One of the most mature and commercially viable spintronic memory
technologies is Spin-Transfer Torque Magnetic Random Access Memory (STT-MRAM). In this architecture, information is stored in a magnetic
tunnel junction (MT]) where the relative orientation of magnetic layers represents binary states. Writing data in STT-MRAM occurs through the
injection of a spin-polarized current that transfers angular momentum to the free magnetic layer. This process, known as spin-transfer torque,
causes the magnetization of the free layer to switch between parallel and antiparallel states relative to the reference layer. STT-MRAM offers
several advantages including high endurance, nanosecond switching speeds, and long data retention. Additionally, because it is non-volatile, it
retains information even when power is removed, making it highly suitable for embedded memory systems in microcontrollers and system-on-
chip architectures. Another important development in spintronic memory technology is Spin-Orbit Torque MRAM (SOT-MRAM). Unlike STT-
MRAM, which requires the current to pass directly through the magnetic tunnel junction, SOT-MRAM uses spin currents generated through spin-
orbit coupling in heavy metal layers such as platinum or tantalum. When an electrical current flows through these heavy metals, a transverse
spin current is generated due to the spin Hall effect. This spin current exerts a torque on the adjacent magnetic layer, causing its magnetization
to switch. One of the main advantages of SOT-MRAM is its ability to achieve faster switching speeds with improved endurance because the read
and write current paths are separated. This separation reduces device degradation and enhances operational reliability. As a result, SOT-MRAM
is considered a promising candidate for next-generation high-performance computing systems. Another innovative spintronic memory concept
is racetrack memory, originally proposed by researchers at IBM. Racetrack memory stores information in the form of magnetic domain walls
within nanoscale ferromagnetic nanowires. These domain walls can be moved along the nanowire using spin-polarized currents, allowing data
to be shifted to fixed read and write heads. This design eliminates the need for individual memory cells and enables extremely high storage
densities. Racetrack memory combines the non-volatility of magnetic storage with the high speed of solid-state memory technologies. Although
still in the experimental stage, this architecture has the potential to significantly increase storage capacity while reducing energy consumption
and physical device size. In addition to these architectures, ongoing research is exploring hybrid spintronic memory systems that integrate
magnetic devices with conventional CMOS technology. These hybrid systems aim to combine the strengths of both technologies to create memory
solutions capable of supporting future data-intensive applications such as artificial intelligence and edge computing.
Device Design and Fabrication Challenges
Despite remarkable progress in the field of spintronics, the practical implementation of spintronic memory devices still faces several technical
challenges. One of the most significant challenges is achieving reliable magnetization switching at low power levels while maintaining strong
thermal stability. As memory devices shrink to nanoscale dimensions, thermal fluctuations can destabilize magnetic states, potentially leading
to data loss or reduced device reliability. Another critical challenge is related to the precise fabrication of spintronic device structures. Spintronic
memory cells typically consist of multiple ultra-thin layers of magnetic and non-magnetic materials, each only a few nanometers thick. These
layers must be deposited with extremely high precision using techniques such as molecular beam epitaxy, sputtering, or atomic layer deposition.
Even minor defects or variations in layer thickness can significantly impact device performance by altering magnetic coupling or reducing spin
polarization efficiency. Patterning these multilayer structures into nanoscale memory cells also requires advanced lithography techniques. The
development of reliable nanofabrication processes is essential for producing spintronic devices at industrial scales. In addition, maintaining
consistent interface quality between layers is critical for achieving high tunnel magnetoresistance ratios in magnetic tunnel junctions. Integration
with existing semiconductor manufacturing infrastructure presents another important challenge. Modern computing systems rely heavily on
CMOS technology, and any new memory technology must be compatible with established fabrication processes. Ensuring that spintronic memory
devices can be integrated with CMOS circuits without significantly increasing production costs remains a key objective for researchers and
industry. Power efficiency is another area that requires further improvement. Although spintronic devices generally consume less energy than
traditional memories during data retention, the energy required for switching magnetic states must be minimized to achieve large-scale
deployment in mobile devices and data centers.
Future Prospects and Emerging Applications
The future of spintronics-based memory technologies is closely connected to ongoing developments in nanotechnology, quantum materials, and
advanced device engineering. Researchers are actively investigating new materials that can enhance spin transport efficiency while reducing
switching energy requirements. Materials with strong spin-orbit coupling, topological properties, and two-dimensional structures are expected
to play an important role in next-generation spintronic devices. One of the most promising application areas for spintronic memory is
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neuromorphic computing, which aims to mimic the structure and functionality of the human brain. In neuromorphic systems, memory and

processing are closely integrated, enabling highly efficient parallel computation. Spintronic devices are well suited for such systems because they

offer non-volatility, low energy consumption, and the ability to emulate synaptic behavior through controllable magnetic states. Spintronics may

also contribute significantly to the development of artificial intelligence hardware accelerators. Al applications require memory technologies

that can process and store large volumes of data while minimizing energy consumption. Spintronic memory devices could enable faster data

access and reduced latency in Al-driven systems. Another emerging application area is quantum and probabilistic computing, where spin-based

devices may be used to implement stochastic computing elements and quantum information processing components. The quantum mechanical

nature of electron spin makes spintronic devices particularly attractive for future quantum technologies. In addition, spintronic memory

technologies have the potential to revolutionize data center infrastructure. Modern data centers consume enormous amounts of energy, much

of which is used for data storage and retrieval operations. By replacing conventional volatile memory technologies with non-volatile spintronic

memory, it may be possible to significantly reduce energy consumption while improving system performance. Finally, spintronics could enable

new generations of energy-efficient edge computing devices, including sensors, Internet of Things (IoT) systems, and wearable electronics. These

devices require compact, low-power memory solutions capable of operating reliably in diverse environments. As research continues to address

the remaining technical challenges, spintronics-based memory devices are expected to become a cornerstone of future computing technologies.

Summary

Spintronics-based memory devices represent a significant advancement in modern data storage technology by utilizing the spin property of

electrons for information processing. Compared to traditional semiconductor memories, spintronic devices provide advantages such as non-

volatility, lower power consumption, high switching speed, and improved durability. Advances in materials science, particularly the development

of Heusler alloys, magnetic multilayers, and two-dimensional magnetic materials, have significantly enhanced the performance of spintronic

devices. Architectures such as STT-MRAM, SOT-MRAM, and racetrack memory demonstrate the diverse design possibilities enabled by

spintronics. However, challenges related to device fabrication, scalability, and thermal stability remain areas of active research. Continued

interdisciplinary collaboration among physicists, materials scientists, and engineers is essential to overcome these challenges. In the coming

decades, spintronic memory technologies are expected to play a vital role in high-performance computing, artificial intelligence systems, and

energy-efficient data infrastructures. As research progresses, spintronics may become one of the foundational technologies driving the future of

digital storage and computing.
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