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Spintronics vs. Conventional Electronics: A Comparative
Analysis
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Abstract—Spintronics harnesses the spin of electrons, rather
than their charge, to process and store information, offering
significant improvements in energy efficiency, non-volatility,
and durability compared to conventional charge-based
electronics. While CMOS (complementary metal-oxide
semiconductor) devices depend on the movement of electric
charge, which results in power loss, heat generation, and data
volatility, spintronic systems manipulate spin orientation,
allowing data to be retained without constant refreshing.
Magnetic tunnel junctions and spin-transfer mechanisms
enable fast, low-power memory and logic operations that are
resistant to radiation and wear. Although challenges remain in
achieving precise spin injection and maintaining coherence at
small scales, advances in materials and fabrication are steadily
improving performance. Spintronics represents a promising
complement  to  traditional electronics, = combining
quantum-level control with practical energy savings for
next-generation computing technologies.
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I. INTRODUCTION

Spintronics, or spin transport electronics, is an emerging
field of condensed matter physics and device engineering that
exploits not only the charge of the electron, as in conventional
electronics, but also its intrinsic spin and associated magnetic
moment. By using spin polarization as a variable, spintronics
enables information storage, processing, and transmission with
potentially lower power consumption, faster operation, and
greater  non-volatility than traditional charge-based
devices[1-3]. Unlike conventional transistors, where
information is encoded solely through electron density and
potential, spintronic devices manipulate the spin degree of
freedom to generate novel behaviors, often in combination with
charge transport[4,5]. Figure 1 summarizes the energy carriers
involved of both information technologies.

A fundamental requirement for spintronics is the generation
and control of a spin-polarized current, in which most carriers
possess the same spin orientation. This can be achieved via spin
injection from ferromagnetic layers into nhon-magnetic metals
or semiconductors[6], through spin—orbit coupling effects[7],
or via phenomena such as the spin Hall effect[8], in which a
transverse spin current is produced from an unpolarized charge
current. Spin-polarized currents can alter the magnetization of
thin magnetic layers, enabling resistance changes in giant
magnetoresistance (GMR) devices and magnetization

1Korean Minjok Leadership Academy, Gangwon-do, South Korea
2The University of Texas at Austin, Texas, United States

https://doi.org/10.17758/URUAE31.H0326601

30

switching in spin-transfer torque (STT) devices. These
mechanisms are central to magnetoresistive random-access
memory (MRAM), a non-volatile memory technology that
retains stored data without power, offering high endurance,
radiation hardness, and reliable operation in extreme
environments. The field builds on decades of foundational
research. Key milestones include Julliére’s development of the
magnetic tunnel junction (MTJ) [9], Johnson and Silsbee’s spin
injection experiments[10], and the discovery of GMR by Fert
and Griinberg[11], which revolutionized magnetic sensing in
hard-disk read heads. More recently, the spin field-effect
transistor (spin-FET), proposed by Datta and Das, has become
a conceptual prototype for spin-based logic, integrating
ferromagnetic source and drain contacts with a semiconductor
channel in which a gate voltage controls spin precession.
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Fig. 1: Comparison of conventional electronics and spintronics.
Conventional electronics utilize the flow of current as the logic
indicator, while spintronics uses the property of spin

Spintronics encompasses both metal-based approaches, such
as GMR and tunneling magnetoresistance (TMR) structures
used in  magnetic sensors and MRAM, and
semiconductor-based approaches, which leverage
spin-polarized currents in silicon, 111-V compounds, or organic
semiconductors for easier integration with existing CMOS
technology. Applications already in commercial use include
GMR- and TMR-based hard-disk read heads, high-sensitivity
magnetic sensors for automotive and biomedical applications,
and MRAM modules for embedded memory. Looking forward,
spintronic logic has potential to overcome the energy and
scaling limitations of conventional CMOS technology. This
paper compares these emerging technologies with previous
technologies.
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Magnetism is a fundamental physical phenomenon arising
from two principal sources: the motion of electric charges and
the intrinsic magnetic moments of elementary particles, most
notably electrons. In most materials, the magnetic moments of
electrons tend to cancel due to random orientations or pairing
with opposite spins. However, when a fraction of these
moments align, either spontaneously or under an external
magnetic field, a net magnetic field emerges. This alignment is
influenced by temperature, lattice  structure, and
electron—electron interactions. From the classical viewpoint,
electric currents produce magnetic fields according to
Ampere’s law.

Magnetism manifests in several forms depending on the
material’s electronic structure. Diamagnetic materials develop
an induced magnetic moment opposing the applied field due to
Lenz’s law, vanishing once the external field is removed.
Paramagnetic materials possess unpaired electron spins that
align weakly with an external field, losing alignment when the
field is withdrawn. Ferromagnetic materials exhibit strong,
persistent alignment of magnetic moments even after removal
of the field, a property exploited in permanent magnets and
essential to magnetic data storage. The quantum mechanical
origin of magnetism is rooted in electron spin, an intrinsic
property producing a magnetic dipole moment. The Pauli
exclusion principle, which prohibits identical fermions from
occupying the same quantum state, governs the spin
arrangement in atoms and solids, leading in some cases to
cooperative ordering of spins (ferromagnetism). In spintronic
systems, an additional concept: the spin diffusion length,
becomes critical. It defines the distance over which a
spin-polarized current can maintain its orientation before
decoherence. Device performance often depends on
engineering pathways to favor the transmission of a desired
spin orientation while suppressing the opposite, a challenge
that requires precise control of material interfaces, electronic
scattering, and quantum coherence.

Quantum mechanics governs the behavior of matter and
energy at atomic and subatomic scales, where classical
mechanics fails to describe observed phenomena. Unlike
classical systems, which follow deterministic trajectories,
quantum systems exhibit inherently probabilistic behavior
governed by principles such as wave—particle duality, the
Heisenberg uncertainty principle, and quantum entanglement.
Wave—particle duality, formalized in de Broglie’s matter wave
hypothesis, asserts that all particles possess wavelike
properties, enabling phenomena such as quantum interference.
The double-slit experiment, in which electrons produce an
interference pattern even when sent one at a time, vividly
demonstrates that electrons cannot be described solely as
discrete particles; instead, their probabilistic wavefunctions
interfere, much like classical waves, to produce regions of
constructive and destructive interference. The Heisenberg
uncertainty principle formalizes the intrinsic limits of
measurement in quantum systems: the more precisely one
determines a particle’s position (Ax), the less precisely its
momentum (Ap) can be known, such that AxAp > A/2, where A
is the reduced Planck constant. This relation arises from the
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wavelike nature of particles and has profound implications for
nanoscale devices, where electron confinement leads to
momentum uncertainty that can affect transport properties.

Another key quantum phenomenon is tunneling, in which a
particle penetrates a potential barrier that it could not surmount
classically. Tunneling plays a dual role in technology enabling
device operation in applications such as flash memory
programming, while also contributing to leakage currents that
limit the miniaturization of conventional electronics. Quantum
entanglement represents one of the most non-classical aspects
of quantum theory. When two or more particles are entangled,
their quantum states are interdependent regardless of spatial
separation. Measurements performed on one particle
instantaneously determine the state of the other, without any
exchange of signals, a phenomenon that defies classical locality
while remaining consistent with the probabilistic framework of
quantum mechanics. Entanglement has direct technological
implications for quantum information science, enabling secure
communication through quantum key distribution and
increasing computational efficiency in quantum processors.

Electron spin is an intrinsic quantum property analogous to
charge or mass, representing a fundamental form of angular
momentum that has no true classical counterpart. Unlike orbital
angular momentum, which arises from an electron’s motion
around a nucleus, spin is an inherent characteristic of the
electron itself. The Pauli exclusion principle, which prohibits
two electrons in the same quantum state from occupying the
same orbital, directly couples spin to atomic structure: in a
given orbital, one electron must have spin-up and the other
spin-down, ensuring the net spin of a fully filled shell is zero.
The magnetic character of spin arises because the electron is a
charged particle, and its spin generates a magnetic dipole
moment akin to that produced by a tiny current loop.

In many materials, paired electrons with opposite spins
cancel one another’s magnetic moments, resulting in
diamagnetism. In contrast, paramagnetic materials contain
unpaired electrons, producing a net spin and thus a nonzero
magnetic moment. Spin also interacts with orbital motion
through spin—orbit coupling, a relativistic effect in which the
electron experiences the nucleus’s electric field as a magnetic
field in its own rest frame, leading to splitting of atomic energy
levels. The quantization of spin was first demonstrated in the
Stern—Gerlach experiment (1922), where a beam of silver
atoms passing through a non-uniform magnetic field split into
two discrete components corresponding to spin-up and
spin-down states, defying classical predictions of continuous
angular momentum orientation.  Spintronics leverages
phenomena such as spin polarization, spin coherence, and
spin-transfer torque to enable memory and logic devices with
potentially lower energy consumption and novel functionalities
compared to charge-based electronics

I1l. CASE STUDIES

A. Case Study 1: Hard Disk Drives (HDD) vs.
Magnetoresistive Random Access Memory (MRAM)

The IBM 350 magnetic disk drive, introduced in 1956,
offered a storage capacity of only 4.4 MB with an areal density
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of 0.002 Mb/inq[12]. In contrast, modern hard disk drives
(HDDs) achieve densities exceeding 100 Gb/in2, representing
an increase of approximately five orders of magnitude. Areal
density, the number of bits stored per square inch of disk
surface, has grown dramatically through innovations in both
the magnetic recording process and the materials used in disk
components. Early drives used longitudinal magnetic recording
(LMR), in which data bits are stored as horizontal
magnetization patterns, with binary states corresponding to the
absence or presence of magnetization. While functional, LMR
is susceptible to thermal instability at high densities, leading to
the adoption of perpendicular magnetic recording (PMR),
which encodes bits as vertical magnetization differences
between adjacent domains[13].

The modern HDD architecture consists of spinning platters,
a spindle motor, read/write heads mounted on an actuator arm,
and a disk controller. The controller maps logical addresses
from the host system to physical locations on the platters,
processes analog-to-digital conversion, manages servo control,
and maintains cache memory. Power consumption is
dominated by the 12 V spindle motor, which maintains constant
rotational speed, and the 5 V electronics powering the
controller, DSPs, and interface logic. Failures in HDDs are
often linked to environmental stressors such as temperature,
humidity, and altitude, and may arise from mechanical or
electronic component wear
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Fig. 2: Comparison of normal transistors versus spin-transistors

Despite significant advances, HDDs face inherent
limitations in mobile and low-power applications. MRAM
stores data using the magnetic orientation of ferromagnetic
layers separated by an insulating barrier, relying on effects such
as  anisotropic ~ magnetoresistance  (AMR), giant
magnetoresistance (GMR), and, most prominently, tunneling
magnetoresistance (TMR). TMR-based MRAM can achieve
magnetoresistance ratios up to 220% at room temperature,
enabling high-density, high-speed operation[15]. MRAM’s
non-volatility eliminates the leakage power associated with
SRAM and DRAM, making it attractive for low-power,
always-on systems. Its endurance, high-temperature tolerance,
and scalability suggest applications in embedded memory,
radiation-hardened systems, and spintronic logic.

B. Case Study 2: CMOS vs. Spin Field-Effect Transistors
(SpInFETS)

Conventional CMOS technology has achieved exponential
performance growth over decades, largely following Moore’s
Law[16]. Gordon Moore originally predicted in 1965 that the
number of components per chip would double annually, later
revising this to every two years. However, as transistors have
approached the nanometer regime further scaling has been
slowed by fabrication complexity, increased photomask counts,
and fundamental limits such as leakage currents through
ultra-thin gate oxides. Critical CMOS dimensions such as gate
oxide thickness are now constrained by quantum tunneling,
leading to investigations into high-permittivity dielectrics as
replacements for SiO . . Material integration challenges,
channel engineering, and short-channel effects pose additional
hurdles, motivating research into alternative device paradigms
such as spintronics.
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magnetoresistance (GMR), discovered by Albert Fert and Peter
Grinberg in 1988 (Nobel Prize, 2007). In a spin-based
transistor, logical states are represented by spin orientation, and
the gate controls spin precession rather than charge density
alone. This can, in principle, reduce dynamic power
consumption, as switching spin states does not require the same
capacitive charging and discharging as in CMOS[17,18]. The
performance of SpinFETs depends critically on achieving
high-efficiency spin injection from ferromagnetic contacts into
semiconductor channels, a process complicated by the
conductivity mismatch problem. Spin lifetime in the channel
sets an upper bound on channel length. Maintaining coherence
requires careful material selection, interface engineering, and
suppression of spin—orbit-induced scattering. With spin
lifetimes on the order of picoseconds, device operation must be
fast enough to preserve polarization through the channel.
Compared to CMQOS, SpinFETs promise reconfigurable logic,
reduced standby power through non-volatility, and new
opportunities for hybrid charge—spin circuits. However,
manufacturing  challenges, integration with  existing
semiconductor infrastructure, and variability in spin injection
efficiency remain active areas of research.

In addition to improved energy efficiency, spintronics offers
strong advantages in durability and reliability[19,20]. Magnetic
states are naturally resistant to charge leakage, radiation, and
thermal noise, allowing spintronic memories to perform
reliably in harsh environments. While CMOS technology
remains faster and more mature, it faces increasing limitations
as devices shrink, leading to leakage and heat issues.
Spintronics, though still developing, provides a promising
pathway toward low-power, high-density, and non-volatile
computing. As fabrication methods improve and spin control
becomes more precise, future systems may integrate both
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technologies—combining the speed and scalability of CMOS

with the efficiency and persistence of spin-based electronics.

TABLE I: Comparisons between conventional electronics and spintronics

Features Conventional Electronics Spintronics
Physical Property Electron Charge Electron Spin
Data Storage Charge in Capacitor Magnetic Orientation
Volatility Volatile Non-volatile
Power Use Constant None
Durability Sensitive to leakage Highly durable
Maturity Highly Developed Emerging
Spin diffusion length is a critical parameter in spintronics, interconnects, memory, and logic. Materials with long

representing the characteristic distance over which a
spin-polarized electron population retains its polarization
before decaying to 1/e of its initial value. This property governs
the feasibility of spin-based information transfer within
devices, influencing material selection, device geometry, and
system architecture. The following analysis, based on values
extracted from the provided worksheet, presents a comparative
overview of spin diffusion lengths in various material systems
and discusses their implications for spintronic applications.
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Fig. 3: Demonstration of diffusion length in a spin material

In spintronic devices, logical states are encoded in the spin
orientation of electrons. If the spin polarization decays before
reaching its detection point, the stored or transmitted
information is effectively lost. Thus, the spin diffusion length
imposes a hard limit on channel length in spin transport
devices, directly influencing device scaling, integration
density, and power efficiency. Long spin diffusion lengths
enable efficient spin transport over extended distances,
reducing the need for repeated spin injection and lowering
overall power consumption. Conversely, short diffusion
lengths necessitate compact device geometries and may require
higher current densities or specialized interfaces to maintain
adequate signal strength. Spin relaxation mechanisms, such as
Elliott-Yafet scattering or D’yakonov—Perel’ precession,
dictate the achievable diffusion lengths and are strongly
dependent on material properties, impurity levels, and
operating temperature.

The compiled dataset illustrates the wide variation in spin
diffusion lengths across different classes of materials. For
example, oxide ferromagnets such as Lag.;Sro. 3 MnO 3
exhibit diffusion lengths on the order of hundreds of
nanometers to micrometers, while single-layer graphene and
high-purity silicon can reach micrometer to millimeter ranges
under favorable conditions. Organic semiconductors such as
rubrene demonstrate significantly shorter diffusion lengths,
limiting their use in long-range spin transport without
additional engineering.

Spin diffusion length remains a decisive figure of merit in
spintronics, determining the design space for spin-based
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diffusion lengths, such as silicon and graphene, offer promising
pathways for large-scale spin transport, while materials with
shorter lengths are better suited to localized spin manipulation
or sensing applications. Ongoing advances in material
synthesis, interface engineering, and suppression of spin
relaxation mechanisms will be crucial to fully exploiting the
potential of spin-based electronics

Spin Diffusion Lengths of Materials

Material
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Fig. 4: Spin diffusion lengths for selected materials, plotted on
a logarithmic scale

IV. CONCLUSION

In summary, the comparison between spintronics and
conventional electronics highlights a major shift in how
information can be stored and processed. Traditional
CMOS-based systems rely on the movement of electric charge,
which leads to energy loss, heat generation, and volatility.
Spintronic devices, by contrast, use the spin orientation of
electrons to represent data in a more stable and energy-efficient
way. This allows spin-based technologies like MRAM to retain
information without power, reducing energy consumption and
improving durability.

Although spintronics is still an emerging field, its potential is
clear. Devices that exploit electron spin could enable faster,
non-volatile, and radiation-resistant memory and logic systems,
overcoming many of the power and scaling challenges faced by
charge-based electronics. The continued development of
materials with long spin diffusion lengths, such as graphene
and silicon, and the refinement of spin injection and control
techniques are critical steps toward making large-scale
spintronic circuits practical. Ultimately, spintronics represents
a bridge between classical electronics and quantum technology.
It combines the familiarity of semiconductor physics with the
advantages of quantum spin behavior, offering a pathway to the
next generation of efficient, compact, and intelligent
computing systems. As research continues, it is likely that
spintronics will not replace conventional electronics entirely
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but will coexist with it: enhancing performance where low
power, non-volatility, and robustness are most essential
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