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Spintronics exploits the electron’s spin degree of freedom 

in addition to charge, enabling energy-efficient electronic 

devices with enhanced functionality. Low-dimensional 

materials, including two-dimensional (2D) systems, 

topological insulators, and graphene, offer unique 

opportunities for spin manipulation due to strong spin-

orbit coupling, reduced dimensionality, and high mobility. 

This paper reviews the fundamental principles of spin 

transport, spin relaxation mechanisms, and device 

concepts in low-dimensional materials. Recent 

experimental advances, challenges in scalability, and 

future perspectives for spin-based computing and memory 

applications are also discussed. 
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1. INTRODUCTION 

Spintronics, or spin-based electronics, exploits the spin degree of freedom of electrons for 

information storage and processing (Žutić et al., 2004). Conventional electronics rely solely on 

charge transport, whereas spintronics offers potential advantages including non-volatility, 

reduced power consumption, and faster processing speeds. Low-dimensional materials, such 

as graphene, transition metal dichalcogenides (TMDs), and topological insulators, provide 

enhanced spin lifetimes and controllable spin textures, making them ideal platforms for next-

generation devices. 

This paper explores spin transport mechanisms, spin relaxation phenomena, and 

spintronic device implementations in low-dimensional systems. 
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2. FUNDAMENTALS OF SPIN TRANSPORT 

2.1 Electron Spin and Spin Polarization 

Electron spin, a quantum mechanical property with two possible orientations (up/down), can 

encode binary information. Spin polarization is defined as: 

P=n↑−n↓n↑+n↓P = \frac{n_\uparrow - n_\downarrow}{n_\uparrow + n_\downarrow}P=n↑

+n↓n↑−n↓  

where n↑n_\uparrown↑ and n↓n_\downarrown↓ are the densities of spin-up and spin-down 

electrons. 

 

2.2 Spin-Orbit Coupling (SOC) 

SOC is a key mechanism enabling spin manipulation. In low-dimensional materials, SOC leads 

to phenomena such as Rashba splitting, where spin degeneracy is lifted in the presence of 

inversion asymmetry (Bychkov & Rashba, 1984). 

 

2.3 Spin Relaxation and Diffusion 

Spin relaxation mechanisms include Elliott-Yafet, D’yakonov-Perel, and Bir-Aronov-Pikus 

processes. Spin diffusion length is a critical parameter, typically ranging from tens of 

nanometers to several microns depending on material and temperature. 

 

3. LOW-DIMENSIONAL MATERIALS FOR SPINTRONICS 

3.1 Graphene 

Graphene exhibits long spin diffusion lengths (>10 µm) and weak intrinsic SOC. 

Functionalization or substrate engineering can induce SOC for spin control. Spin injection and 

detection have been demonstrated using ferromagnetic contacts. 

 

3.2 Transition Metal Dichalcogenides (TMDs) 

TMDs such as MoS₂ and WS₂ possess strong SOC and valley-dependent spin polarization, 

enabling valleytronics applications. Spin and valley indices can be controlled via optical or 

electrical methods. 

 

3.3 Topological Insulators (TIs) 

TIs exhibit spin-momentum locked surface states, allowing robust spin transport without 

dissipation. Integration of TIs with ferromagnets enables spin-torque devices and non-volatile 

memory applications. 

 

4. SPINTRONIC DEVICES 

4.1 Spin Valves and Magnetic Tunnel Junctions (MTJs) 

Spin valves consist of two ferromagnetic layers separated by a nonmagnetic spacer. Spin-

dependent tunneling in MTJs provides high magnetoresistance, forming the basis of magnetic 

random access memory (MRAM). 
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4.2 Spin Field-Effect Transistors (Spin-FETs) 

Spin-FETs exploit spin precession controlled by gate voltages. Low-dimensional channels 

enhance spin coherence and allow gate-tunable spin transport. 

 

4.3 Spin-Orbit Torque Devices 

Spin currents generated via SOC in TMDs or TIs can switch adjacent ferromagnetic layers. 

These devices promise ultra-fast, energy-efficient memory and logic applications. 

 

5. EXPERIMENTAL TECHNIQUES 

 Non-local spin valves: Measure pure spin currents without charge contributions. 

 Spin-resolved ARPES: Probes spin textures in momentum space. 

 Optical pump-probe spectroscopy: Tracks spin relaxation dynamics in real-time. 

 

6. CHALLENGES AND FUTURE DIRECTIONS 

 Spin injection efficiency: Poor interface quality reduces spin polarization. 

 Material synthesis: High-quality, defect-free low-dimensional layers are essential. 

 Device integration: Combining spintronics with CMOS requires hybrid architectures. 

 Quantum computing: Spin qubits in 2D materials offer robust, scalable platforms. 

Future research emphasizes hybrid QD-2D systems, topological spin devices, and room-

temperature spintronic circuits. 

 

7. CONCLUSION 

Low-dimensional materials offer unprecedented opportunities for spintronic devices due to 

their enhanced spin coherence, tunable spin-orbit interactions, and novel quantum phenomena. 

Advances in material synthesis, interface engineering, and device design will enable practical 

spin-based electronics, memory, and quantum computing systems. 
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