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Abstract

Quantum materials exhibit electronic, magnetic, optical, and topological behavior that cannot be
adequately explained through conventional descriptions of independent particles. Their properties arise
from quantum confinement, strong electron correlation, spin—orbit coupling, superconductivity,
topology, and collective excitations. These characteristics create opportunities for computing systems,
low-power electronics, highly sensitive measurement devices, and advanced energy technologies. This
simulation-based study develops an application-oriented framework for comparing topological materials,
two-dimensional quantum materials, superconductors, and quantum-dot systems across four
technological domains: computing, electronics, sensing, and energy technologies.

A multicriteria analytical model was constructed using six dimensions—quantum functionality,
operating-condition compatibility, manufacturability, stability, integration potential, and projected
energy efficiency. The simulated results indicate that no single material family provides the highest
potential across every application. Superconducting materials achieved the strongest illustrative scores
for computing and sensing, whereas two-dimensional materials showed the highest electronics potential.
Quantum-dot systems produced the strongest simulated energy-technology score because of their
tunable optical response and compatibility with photon-management applications.

Topological materials displayed comparatively balanced potential across computing, electronics,
and sensing but remained constrained by material purity, interface control, and operating-condition
requirements. The findings demonstrate that technological value depends on the alignment between
material properties and application-specific engineering requirements rather than on an assumed
universal superiority of quantum materials.

Keywords: quantum materials, quantum computing, topological materials, two-dimensional materials,
superconductors, quantum sensing, quantum dots, energy technologies.

1. Introduction

The continuing demand for faster, smaller, more energy-efficient, and functionally diverse technologies
is exposing fundamental limitations in conventional electronic materials. Established semiconductor
platforms have supported extraordinary advances in computation and communication, yet device
miniaturization increasingly encounters difficulties associated with heat generation, leakage current,
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quantum interference, fabrication variability, and escalating manufacturing complexity. These
limitations have encouraged researchers to investigate materials whose useful behavior originates
directly from quantum-mechanical effects rather than treating such effects only as design constraints.

Quantum materials constitute a broad class of solids and nanostructures in which topology,
electron correlation, spin, orbital interactions, superconductivity, or quantum confinement produces
unconventional physical behavior. The category includes topological insulators, Dirac and Weyl
semimetals, superconductors, magnetic quantum materials, atomically thin materials, strongly correlated
oxides, quantum dots, and selected low-dimensional heterostructures. These platforms may support
dissipation-resistant transport, controllable quantum states, spin-dependent information processing,
single-photon emission, and unusually sensitive responses to external fields.

The technological significance of these properties extends beyond quantum computers.
Topological states may support robust information transport; superconducting circuits can form
controllable qubits and highly sensitive detectors; two-dimensional materials permit atomic-scale
electrostatic control; and quantum dots provide tunable optical and electronic behavior. The U.S.
Department of Energy has similarly recognized that different material systems may serve distinct roles
in quantum computing, sensing, and communication rather than expecting one platform to dominate
every application. Materials selection must therefore be related to the physical and operational demands
of the intended technology.

Translation from a laboratory discovery to a functional device remains difficult. Exceptional
behavior observed in a carefully prepared sample may weaken when the material is patterned, connected
to electrodes, exposed to ambient conditions, or fabricated at larger scale. Quantum coherence can be
disrupted by defects, thermal fluctuations, interface disorder, strain, and electromagnetic noise. Materials
that perform well at cryogenic temperatures may also require substantial supporting infrastructure,
complicating claims of energy efficiency.

The present study evaluates emerging opportunities for quantum materials through a transparent
simulation-based comparison. It does not report laboratory measurements or commercial forecasts.
Instead, it constructs an analytical framework that compares four material families across computing,
electronics, sensing, and energy technologies. The objective is to identify domain-specific strengths,
integration barriers, and research priorities while avoiding the assumption that high scientific novelty
automatically produces technological readiness.

2. Review of Literature

2.1 Topological and Low-Dimensional Quantum Materials

Topological materials possess electronic states whose behavior is connected to the global structure of

their quantum wave functions. Topological insulators can combine an insulating interior with conductive

surface or edge states, while Dirac and Weyl semimetals support unusual quasiparticle behavior and

high-mobility transport. Their resistance to certain forms of scattering has encouraged proposals for low-

dissipation electronics, spin manipulation, robust interconnects, and topological quantum computation.
Magnetic topological materials add another functional layer by combining magnetic ordering

with nontrivial band topology. This interaction may produce anomalous transport, switchable

photocurrents, and magnetoelectric responses. Research on layered MnBi.Tes systems, for example,

AJAMRI Volume 8, Issue 1, January-February 2026 61




American Journal of Advanced Multidisciplinary
Research and Innovation (AJAMRI)

-\
AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

demonstrates how magnetic ordering and topological structure can coexist within a single material
family. Practical use nevertheless depends on controlling composition, layer thickness, surface quality,
domain structure, and interface contamination.

Two-dimensional materials provide a separate route to quantum functionality. Their atomic
thickness strengthens electrostatic control and allows unlike materials to be stacked without
conventional lattice-matching requirements. Graphene, transition-metal dichalcogenides, hexagonal
boron nitride, and related heterostructures can support high-mobility transport, valley-dependent
behavior, excitonic phenomena, and flexible optoelectronics. Defect engineering may improve selected
functions, but it can also increase instability and device-to-device variation.

2.2 Superconductors, Quantum Dots, and Correlated Systems

Superconductors carry electrical current without conventional resistance below a critical temperature
and expel magnetic fields through the Meissner effect. Josephson junctions constructed from
superconducting materials provide a widely investigated platform for quantum bits. Superconducting
circuits can be designed, coupled, controlled, and measured using established microfabrication methods,
although coherence remains vulnerable to interface defects, two-level fluctuators, radiation, thermal
excitation, and electromagnetic interference.

Superconducting materials are equally important for sensing. Superconducting quantum
interference devices can detect extremely weak magnetic signals, while superconducting photon and
radiation detectors can approach fundamental sensitivity limits. These functions are valuable in
biomedical measurement, astronomy, particle detection, materials characterization, and security-related
sensing. Their performance advantage must, however, be evaluated alongside cooling requirements and
system-level energy consumption.

Quantum dots confine charge carriers within nanoscale regions and consequently exhibit size-
dependent energy levels. Their emission and absorption can be tuned through dimensions, composition,
shape, surface chemistry, and surrounding dielectric conditions. Such tunability supports single-photon
sources, light-emitting devices, photodetectors, biological labels, solar-energy conversion, and displays.
A major review in Science identifies quantum dots as technologically important quantum-confined
semiconductor structures while emphasizing the continuing need for controlled fabrication and
integration.

2.3 Quantum Materials in Energy and Intelligent Discovery
Quantum materials can contribute to energy technologies through improved charge transport, selective
photon absorption, catalytic behavior, thermoelectric conversion, and reduced switching losses. Two-
dimensional materials and quantum dots are particularly relevant to photovoltaic and
photoelectrochemical systems because their electronic structures can be tuned for light absorption and
carrier separation. Strongly correlated and topological systems may also provide new pathways for
thermoelectricity and low-power information processing.

The environmental value of these technologies cannot be inferred solely from device-level
efficiency. Material scarcity, toxic precursor use, cryogenic infrastructure, fabrication yield, replacement
frequency, and end-of-life treatment influence the complete energy and environmental profile. A device
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that consumes little electrical power during operation may still impose substantial material and cooling
burdens.

Artificial intelligence and high-throughput computation are becoming important tools for
quantum-material discovery. Data-driven methods can connect composition and crystal structure with
predicted electronic properties, prioritize synthesis candidates, interpret microscopy or spectroscopy, and
guide autonomous experiments. A review by Schleder and colleagues describes artificial intelligence as
an increasingly important component in the search and discovery of quantum materials, while cautioning
that physically informed models and reliable experimental data remain essential.

3. Objectives of the Study

The principal objective of the study is to assess how different quantum-material families may contribute

to computing, electronics, sensing, and energy technologies. The analysis treats technological potential

as a multidimensional construct rather than equating an exceptional physical property with immediate

application readiness.

The study specifically seeks to:

o Compare topological, two-dimensional, superconducting, and quantum-dot material platforms across
four technology domains.

« Examine the relationship between quantum functionality and practical engineering requirements.

« Identify the material families that exhibit the strongest application-specific potential under a
simulated evaluation framework.

o Analyze barriers involving operating temperature, defects, manufacturability, stability, and system
integration.

o Develop research priorities for translating quantum-material discoveries into reproducible devices.

4. Research Methodology

4.1 Research Design

A simulation-based comparative design was adopted because no primary laboratory dataset was

supplied. The study does not claim to reproduce a specific experiment. It offers a structured

methodology through which evidence from future experimental studies may be organized and compared.
Four material families were included: topological materials, two-dimensional quantum materials,

superconducting materials, and quantum-dot systems. Conventional electronic materials were retained as

a reference baseline. Four application domains were assessed: computing, electronics, sensing, and

energy technologies.

4.2 Evaluation Dimensions
Application potential was evaluated through six analytical dimensions:
APSij=k=1Y 6wkSijk
where APSIj represents the application-potential score of material family i in technology domain j, Sijk
represents its standardized score on criterion k, and wk represents the assigned criterion weight.

The criteria  included quantum  functionality, operating-condition  compatibility,
manufacturability, environmental stability, integration potential, and projected device-level energy
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efficiency. The weights summed to one. Sensitivity checks were conceptually applied by varying
individual weights within a restricted interval to ensure that the ranking was not dependent on a single
criterion.

4.3 Simulation Protocol

Scores were constructed on a 0-100 analytical scale. Higher values represented stronger comparative
potential. The values were constrained by established physical characteristics reported in the literature,
but they remained illustrative rather than measured. Computing scores emphasized coherence, state
controllability, and information retention. Electronics scores emphasized transport, switching, scaling,
and interface compatibility. Sensing scores emphasized sensitivity, selectivity, and noise performance.
Energy-technology scores emphasized photon control, conversion potential, stability, and projected
operational efficiency.

Table 1: Multicriteria framework used in the simulation

Evaluati : - . . :
vg ua_ on Weight Principal analytical consideration
criterion
Quantum . .
i . 0.25 Strength and controllability of useful quantum behavior
functionality
Integration - : . : .
g .' 0.20 Compatibility with device architectures and supporting systems
potential
Energy efficiency 0.18 Potential to reduce switching, transport, or conversion losses
Manufacturability 0.15 Scalability, reproducibility, and fabrication yield
Operational . . .
- 0.12 Temperature, field, and environmental requirements
compatibility
ility an . . -
S:?elljilalt;[i);i?yd 0.10 Resistance to degradation, defects, and performance variation

Note: The criteria and weights constitute an author-designed analytical model. They are not an
experimentally validated universal standard.

5. Analysis

The simulation demonstrated that application potential differed considerably across material families.

Superconducting materials received the strongest computing score because of their established relevance

to controllable qubits and quantum-coherent circuits. Their sensing score was also the highest because

superconducting detectors can respond to extremely weak magnetic, optical, and radiation signals.
Two-dimensional quantum materials achieved the strongest electronics score. Atomic-scale

thickness, gate controllability, heterostructure formation, and optical responsiveness created substantial
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simulated potential for transistors, flexible devices, photodetectors, and optoelectronic interfaces.
Quantum-dot systems achieved the highest energy-technology score because their tunable absorption
and emission can support photovoltaics, photon conversion, and light-management applications.

Table 2: Simulated application-potential scores

Material platform Computing Electronics | Sensing Energy technologies
Conventional materials 58 66 55 64
Topological materials 86 89 84 73

Two-dlme_n5|onal 81 92 78 88

materials
Supercon(_juctlng 94 80 95 69

materials
Quantum-dot systems 83 87 91 90

Source: Author-designed simulation. Values are illustrative and are not laboratory observations or

market forecasts.

Graph 1: Simulated Application-Potential Scores of Quantum Material Platforms
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Interpretation: The graph illustrates the absence of a universally dominant platform. Superconductors
show specialized strength in computing and sensing, two-dimensional materials lead in electronics, and
quantum-dot systems show the strongest potential for energy-related technologies. Topological materials
produce balanced scores but do not lead any individual category.
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Key finding: Next-generation technologies are more likely to emerge from hybrid material architectures
than from reliance on one material family.

6. Challenges

The first challenge concerns materials synthesis and reproducibility. Quantum behavior is often highly
sensitive to composition, crystal quality, surface termination, layer alignment, strain, and defects. Small
deviations between samples can produce significant changes in conductivity, magnetism, optical
response, or coherence. Reproducible fabrication is therefore a prerequisite for technological translation.
The second challenge is system integration. A material may display exceptional behavior in isolation but
lose its advantages when placed in contact with electrodes, dielectrics, substrates, or packaging
materials. Interface contamination and lattice mismatch can introduce scattering or unstable charge
states. Reliable integration requires atomic-scale interface control and manufacturing processes that do
not destroy the desired quantum phase.

Operating conditions create another barrier. Several superconducting and correlated material

systems require low temperatures, strong magnetic fields, or carefully shielded environments. The
energy used by cooling, control electronics, signal processing, and error correction may exceed device-
level savings. Energy claims should consequently be based on complete system boundaries.
Scalability also remains uncertain. Laboratory devices are frequently produced through specialized
exfoliation, transfer, deposition, or nanofabrication procedures. These processes may not provide
acceptable yield, uniformity, throughput, or cost at industrial scale. Materials containing scarce or toxic
elements introduce additional supply-chain and environmental concerns.

Finally, quantum technologies present measurement and reporting difficulties. Researchers may
use different definitions of coherence, stability, switching efficiency, sensitivity, or readiness. Selective
reporting of best-performing devices can obscure batch-level variation. Transparent reporting should
include fabrication yield, sample count, uncertainty, degradation, unsuccessful devices, and complete
operating conditions.

7. Discussion

7.1 Domain-Specific Material Advantage

The results indicate that quantum materials should be evaluated through application-specific
requirements. Superconducting materials are highly suitable where coherence and sensitivity justify
cryogenic infrastructure. Two-dimensional materials may be more practical for electronics because they
provide electrostatic control and heterostructure flexibility. Quantum dots are especially valuable where
tunable photon absorption or emission is central.

Topological materials occupy an intermediate strategic position. Their theoretically robust states
could support low-dissipation transport and spin-based technologies, but practical performance depends
heavily on chemical potential control, disorder, surface stability, and interface quality. Topological
protection should not be interpreted as protection from every material or device imperfection.
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7.2 Hybrid Architecture as a Development Path

The absence of a universal winner supports hybrid device development. A quantum processor may
combine superconducting circuits with semiconductor control electronics, topological components, and
photonic interconnects. Sensors may integrate two-dimensional detection layers with quantum dots or
superconducting readout circuits.

Hybridization creates new interfaces and sources of noise, but it also allows each material to
perform the function for which it is most suitable. Future evaluation should therefore move beyond
comparisons among isolated materials and investigate complete architectures containing complementary
quantum and conventional components.

7.3 Implications for Research and Innovation

Research programs should place greater emphasis on reproducibility, manufacturability, and system-
level performance. A modest improvement demonstrated across many devices may possess greater
technological significance than an exceptional result observed in one highly selected sample. Shared
benchmarks and standardized reporting would make comparisons more defensible.

Machine learning can accelerate candidate screening, spectral interpretation, synthesis control,
and defect identification. However, data-driven discovery must remain connected to physical theory and
experimental validation. Predictions of exotic behavior should not be treated as material discoveries until
synthesis, characterization, and independent reproduction have occurred.

8. Conclusion

Quantum materials offer important opportunities for next-generation computing, electronics, sensing,
and energy technologies because their functionality originates from quantum confinement, topology,
superconductivity, spin behavior, and collective electronic interactions. These properties may support
information processing, sensitive measurement, photon control, and lower-loss device operation beyond
the capabilities of conventional materials.

The simulation-based comparison showed that technological potential is distributed across
material families. Superconductors displayed the strongest illustrative potential for computing and
sensing, two-dimensional materials led the electronics category, and quantum-dot systems achieved the
highest energy-technology score. Topological materials presented comparatively balanced potential
across several domains. The results therefore reject the idea that one platform will necessarily replace all
established materials.

Significant barriers remain between scientific discovery and practical deployment. Material
defects, unstable surfaces, low fabrication yield, difficult operating conditions, interface disorder, scarce
elements, and supporting-system energy requirements can reduce the value of attractive laboratory
properties. Future assessments should consider complete device architectures and life-cycle implications
rather than relying solely on idealized material characteristics.

The findings are limited by the simulated design. The scores are illustrative analytical values and
should not be cited as experimental performance measurements. Future research should apply the
framework to verified datasets containing synthesis conditions, device yield, coherence, sensitivity,
stability, energy consumption, and uncertainty. Progress will depend on coordinated advances in
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materials science, fabrication engineering, quantum measurement, computational discovery, and
responsible technology assessment.
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