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Abstract 

Spintronics, or spin electronics, leverages the intrinsic spin of electrons 
and their associated magnetic moment, in addition to charge, for 
advanced information storage and processing technologies. Coupled with 
the field of magnetism, spintronics offers promising avenues for low-
power, high-speed devices, magnetic random access memory (MRAM), 
spin transistors, and quantum computing. This review discusses the 
fundamental physics of spin-dependent phenomena, key magnetic and 
spintronic materials, synthesis and characterization techniques, and 
current and emerging applications. Special emphasis is given to spin 
transport, spin–orbit coupling, topological materials, and novel 2D 
magnetic materials. Challenges, including scalability, stability, and 
interface engineering, are also highlighted alongside future research 
directions. 
 

 
Introduction  
1. Background 
Traditional electronics relies on electron charge, 
but electron spin adds an additional degree of 
freedom. Spintronics integrates spin-dependent 
phenomena, enabling devices with faster 
operation speeds, lower energy consumption, 
and nonvolatile memory. Magnetic materials, 
ranging from ferromagnets to antiferromagnets, 
are central to spintronic functionality. The field 
intersects condensed matter physics, materials 
science, and nanotechnology, driving innovations 
in computation, data storage, and sensing. 
2. Fundamental Physics 
Spin-dependent transport phenomena include: 

 Giant Magnetoresistance (GMR): 
Resistance changes in layered 
ferromagnetic/nonmagnetic structures 
under a magnetic field. 

 Tunnel Magnetoresistance (TMR): 
Quantum tunneling through insulating 
barriers modulated by spin alignment. 

 Spin Hall Effect: Conversion of charge 
current into transverse spin current due to 
spin–orbit coupling. 

 Spin–orbit torque (SOT): Control of 
magnetization in magnetic layers using 
spin currents. 

Electron spin coherence, relaxation times, and 
spin injection efficiency are key physical 
parameters that define device 
performance. 

3. Materials for Spintronics 
 Ferromagnets: Fe, Co, Ni, and their alloys. 
 Antiferromagnets: Mn-based 

compounds, CuMnAs, promising for 
ultrafast dynamics. 

 Half-metallic materials: CrO₂, Heusler 
alloys, providing 100% spin polarization. 
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 2D magnetic materials: CrI₃, Fe₃GeTe₂, 
enabling atomic-scale spintronic devices. 

 Topological insulators: Bi₂Se₃, Bi₂Te₃, 
exhibiting spin-momentum locking. 

These materials are engineered using molecular 
beam epitaxy (MBE), sputtering, chemical vapor 
deposition (CVD), and pulsed laser deposition 
(PLD). 
4. Applications 

 Memory devices: MRAM, racetrack 
memory. 

 Logic devices: Spin transistors and spin 
logic gates. 

 Sensors: Magnetic field sensors using 
GMR/TMR. 

 Quantum computing: Qubits based on 
electron or nuclear spin. 

5. Motivation for Review 
Spintronics is poised to revolutionize electronics 
by exploiting spin phenomena for low-power, 
high-performance devices. Understanding the 
physics, materials, and applications of 
spintronics is critical for advancing next-
generation information technologies. 
 
Literature Review  
1. Z utic , I., Fabian, J., & Das Sarma, S. (2004). 
Spintronics: Fundamentals and applications. 
Reviews of Modern Physics, 76(2), 323–410. 
2. Wolf, S. A., et al. (2001). Spintronics: A spin-
based electronics vision for the future. Science, 
294(5546), 1488–1495. 
3. Parkin, S. S. P., et al. (1999). Giant 
magnetoresistance in magnetic nanostructures. 
Science, 282, 166–169. 
4. Fert, A. (2008). Nobel lecture: Origin, 
development, and future of spintronics. Reviews 
of Modern Physics, 80, 1517–1530. 
5. Chappert, C., Fert, A., & Van Dau, F. N. (2007). 
The emergence of spin electronics in data 
storage. Nature Materials, 6, 813–823. 
6. Hirohata, A., et al. (2020). Review on 
spintronics: Principles and device applications. 
Journal of Magnetism and Magnetic Materials, 
509, 166711. 
7. Awschalom, D. D., Bassett, L. C., Dzurak, A. S., 
Hu, E. L., & Petta, J. R. (2013). Quantum 
spintronics: Engineering and manipulating atom-
like spins in semiconductors. Science, 339, 1174–
1179. 
8. Manchon, A., et al. (2019). Current-induced 
spin-orbit torques in ferromagnetic and 
antiferromagnetic systems. Reviews of Modern 
Physics, 91, 035004. 

9. Sinova, J., et al. (2015). Spin Hall effects. 
Reviews of Modern Physics, 87, 1213–1260. 
10. Dieny, B., et al. (2017). Opportunities and 
challenges for spintronics in microelectronics. 
Nature Electronics, 1, 6–11. 
11. Baltz, V., et al. (2018). Antiferromagnetic 
spintronics. Reviews of Modern Physics, 90, 
015005. 
12. Wang, Z., et al. (2018). Very large tunneling 
magnetoresistance in layered magnetic tunnel 
junctions. Nature Materials, 17, 206–211. 
13. MacDonald, A. H., Tsoi, M. (2011). 
Antiferromagnetic metal spintronics. 
Philosophical Transactions of the Royal Society A, 
369, 3098–3114. 
14. Ohno, H., et al. (1999). Electrical spin injection 
in a ferromagnetic semiconductor 
heterostructure. Nature, 402, 790–792. 
15. Chumak, A. V., Vasyuchka, V. I., Serga, A. A., & 
Hillebrands, B. (2015). Magnon spintronics. 
Nature Physics, 11, 453–461. 
16. Z elezny , J., et al. (2014). Relativistic Ne el-
order fields induced by electrical current in 
antiferromagnets. Physical Review Letters, 113, 
157201. 
17. Gibertini, M., Koperski, M., Morpurgo, A. F., & 
Novoselov, K. S. (2019). Magnetic 2D materials 
and heterostructures. Nature Nanotechnology, 
14, 408–419. 
18. Bader, S. D., & Parkin, S. S. P. (2010). 
Spintronics. Annual Review of Condensed Matter 
Physics, 1, 71–88. 
19. Ralph, D. C., & Stiles, M. D. (2008). Spin 
transfer torques. Journal of Magnetism and 
Magnetic Materials, 320, 1190–1216. 
20. Tsymbal, E. Y., & Z utic , I. (2011). Handbook of 
spin transport and magnetism. CRC Press. 
21. Wolf, S. A., Awschalom, D. D., Buhrman, R. A., 
Daughton, J. M., von Molna r, S., Roukes, M. L., 
Chtchelkanova, A. Y., & Treger, D. M. (2001). 
Spintronics: A spin-based electronics vision for 
the future. Science, 294, 1488–1495. 
22. Felser, C., Fecher, G. H., & Balke, B. (2007). 
Spintronics: A challenge for materials science 
and solid-state chemistry. Angewandte Chemie 
International Edition, 46, 668–699. 
23. Zutic, I., Fabian, J., & Das Sarma, S. (2004). 
Spintronics: Fundamentals and applications. 
Reviews of Modern Physics, 76, 323–410. 
24. Li, X., & Guo, G. Y. (2016). Spin–orbit torque in 
magnetic materials. Physics Reports, 671, 1–45. 
25. Chuang, P., et al. (2015). All-electric all-
semiconductor spin field-effect transistors. 
Nature Nanotechnology, 10, 35–39. 

 
Comparative Table and Analysis 

Material / 
Structure 

Spin Property Synthesis / 
Fabrication 

Applications Strengths / Limitations 



Advance Physics Letter 

73 

Fe, Co, Ni 
alloys 

Ferromagnetism Sputtering, 
MBE 

MRAM, sensors + High Curie 
temperature; – Moderate 
spin polarization 

Heusler alloys Half-metallicity Bulk synthesis, 
thin films 

Spin injectors + 100% spin 
polarization; – Complex 
stoichiometry 

CuMnAs Antiferromagnet MBE, PLD Ultrafast memory + Fast dynamics; – 
Difficult integration 

CrI₃ 2D magnet Mechanical 
exfoliation 

Nanoscale spin 
devices 

+ Atomically thin; – Air 
sensitive 

Bi₂Se₃ Topological 
insulator 

MBE, CVD Spin Hall devices, 
quantum 
computing 

+ Spin-momentum 
locking; – Defect 
sensitivity 

CoFeB/MgO Tunnel junction Sputtering MRAM + High TMR ratio; – 
Interface engineering 
critical 

 
Analysis: 

 2D magnetic materials allow nanoscale 
control and integration in 
heterostructures. 

 Heusler alloys and half-metals maximize 
spin polarization for efficient spin 
injection. 

 Antiferromagnets offer ultrafast spin 
dynamics and minimal stray fields. 

 Interface engineering is crucial for TMR 
and spin–orbit torque devices. 

 
Discussion  
Spintronics relies on the manipulation of electron 
spin in addition to charge, with magnetism 
providing the underlying ordering necessary for 
spin-dependent phenomena. Materials like 
ferromagnets, antiferromagnets, half-metals, and 
2D magnets form the core of device design. Spin 
transport, coherence, and relaxation are crucial 
parameters, dictating performance in MRAM, 
spin transistors, and spin logic devices. 
The rise of 2D magnets and topological insulators 
offers atomically thin, high-coherence platforms 
suitable for quantum devices. Spin–orbit 
coupling enables electrical control of spin, 
reducing power consumption in memory and 
logic devices. Antiferromagnets allow ultrafast 
spin dynamics without generating stray fields, 
addressing scalability and density issues. 
Challenges remain in material stability, interface 
quality, and scalability. Spin injection efficiency, 
spin lifetime, and coherent spin transport are 
limited by disorder, impurities, and interface 
roughness. Emerging computational methods 
and high-throughput synthesis can accelerate 
materials discovery and optimization. Combining 
CMP principles with device engineering will be 
key for next-generation low-power spintronic 
applications. 
 
 

Conclusion  
Spintronics, leveraging electron spin in addition 
to charge, represents a transformative paradigm 
in electronics. The interplay between spin-
dependent phenomena and magnetic materials 
has enabled breakthroughs in MRAM, spin logic, 
quantum computing, and high-sensitivity 
sensors. Materials such as ferromagnets, 
antiferromagnets, half-metals, 2D magnets, and 
topological insulators demonstrate unique spin 
properties critical for device performance. 
Advancements in synthesis, thin-film growth, 
heterostructures, and interface engineering have 
facilitated efficient spin injection, spin transport, 
and spin–orbit torque applications. 2D magnetic 
materials and topological systems provide 
platforms for atomically precise devices and 
quantum applications. Antiferromagnetic 
spintronics offers ultrafast operation with 
minimal stray fields, enabling dense integration. 
Despite significant progress, challenges remain. 
Scalability, stability, spin coherence, and interface 
control continue to limit practical 
implementation. Future research will focus on 
novel material discovery, quantum spin 
manipulation, and integration with conventional 
electronics. Computational materials design, 
machine learning, and high-throughput 
experimental techniques will accelerate these 
developments. 
In conclusion, spintronics and magnetism 
represent a fusion of condensed matter physics, 
materials science, and device engineering, 
promising energy-efficient, high-speed, and 
quantum-ready technologies. Continued 
interdisciplinary research will drive next-
generation spintronic devices, shaping the future 
of electronics and information technology. 
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