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Abstract: Keywords:
High-temperature superconductivity (HTS) remains one of the High-Temperature
most fascinating and challenging frontiers in materials science, Superconductivity,
offering significant promise for a wide range of applications in Materials Science,
energy transmission, magnetic levitation, and quantum Cuprates, Pnictides,
computing. Over the past few decades, advancements in the Quantum Materials,
discovery of novel superconducting materials have led to the Superconducting
emergence of various classes of HTS materials, such as copper Mechanism, Doping,
oxide-based (cuprates), iron-based (pnictides), and hydrogen-  Heterostructures, Room-
rich compounds. Despite considerable progress, the mechanism Temperature
underlying HTS remains poorly understood. This article provides Superconductivity

a comprehensive overview of novel approaches in the
development of HTS materials, highlighting key strategies such
as doping, heterostructure design, and quantum material
synthesis. Additionally, the latest insights into the role of lattice
vibrations, electron pairing, and topological states in enhancing
superconductivity at elevated temperatures are discussed. The
goal is to provide a multidisciplinary perspective on the
materials design and challenges that need to be addressed to
achieve room-temperature superconductivity.

INTRODUCTION

Overview of High-Temperature Superconductivity (HTS)

High-temperature superconductivity (HTS) refers to the phenomenon in which certain materials
exhibit zero electrical resistance and the expulsion of magnetic fields (known as the Meissner
effect) at temperatures higher than those observed in conventional superconductors. Traditional
superconductors, such as elemental superconductors, require extremely low temperatures (close to
absolute zero) to function. However, HTS materials exhibit superconducting behavior at relatively
higher temperatures, often above the boiling point of liquid nitrogen (77 K). This makes HTS
materials more accessible and commercially viable compared to their low-temperature
counterparts.
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HTS materials have garnered significant attention due to their potential applications in a variety of
fields, including energy transmission, medical imaging (MRI), and quantum computing. Notably,
these materials display the remarkable ability to conduct electricity without energy loss, which
could revolutionize industries by making power grids more efficient and leading to new,
innovative technologies.

Historical Development and Key Milestones

The discovery of HTS dates back to 1986 when researchers J. Georg Bednorz and K. Alexander
Miiller at IBM Zurich discovered superconductivity in a copper oxide-based material, lanthanum
barium copper oxide (LaBaCuO), at a critical temperature of 35 K. This groundbreaking discovery
earned them the Nobel Prize in Physics in 1987. The discovery of the cuprate superconductors
marked the beginning of an entirely new era of research in HTS.

In the years following, additional families of HTS materials were discovered, including iron-based
superconductors in 2008, which provided new avenues for exploring HTS mechanisms and
improving performance. The development of hydrogen-rich materials, particularly under high
pressure, has also provided promising results in the pursuit of room-temperature
superconductivity.

A key milestone in recent years was the 2020 discovery of superconductivity at 15°C (288 K) in a
hydrogen sulfide compound doped with hydrogen, under extremely high pressures. This discovery
demonstrated that room-temperature superconductivity might be achievable, a breakthrough that
has spurred extensive research into the conditions and material structures necessary for achieving
this goal.

Importance of HTS in Modern Technology

HTS has the potential to revolutionize numerous technological applications. The most immediate
and profound impact is in the field of energy transmission. Currently, electricity transmission
through power lines results in significant energy losses due to resistance. HTS cables, on the other
hand, can transmit electricity with negligible losses, potentially leading to more efficient power
grids and reduced environmental impacts.

In medical technology, HTS materials are already used in magnetic resonance imaging (MRI)
machines, which rely on strong magnetic fields created by superconducting magnets. HT'S magnets
can provide stronger and more stable magnetic fields, improving the resolution and accuracy of
imaging, and enabling the development of more compact and affordable MRI machines.

The potential for HTS extends to quantum computing as well. Superconducting qubits, which
leverage the unique properties of HTS materials, are one of the leading candidates for the
development of scalable quantum computers. These technologies could dramatically increase
computational power, making it possible to solve complex problems that are currently intractable
with classical computers.

HTS materials are essential for the development of maglev (magnetic levitation) trains, which use
superconducting magnets to float above the track, eliminating friction and allowing for extremely
fast and energy-efficient transportation systems. As HTS materials improve and become more
practical for large-scale applications, their integration into various technologies will continue to
shape the future of energy, medicine, transportation, and computing.

HTS materials hold the key to unlocking new technological frontiers. The continued advancement
of research in HTS promises to lead to transformative changes across multiple industries,
addressing both current technological limitations and environmental concerns.
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2. Fundamental Concepts in Superconductivity

Cooper Pairing and Superconducting Mechanism

At the core of the superconducting phenomenon is the formation of Cooper pairs—pairs of
electrons that move through a lattice without resistance. In a conventional superconductor, when
electrons interact with the atomic lattice, they form pairs due to an attractive interaction mediated
by the lattice vibrations (phonons). These Cooper pairs behave as bosons, which can collectively
condense into a coherent quantum state, allowing them to flow without scattering or resistance.
This mechanism is the foundation of superconductivity in conventional superconductors.

The superconducting state is characterized by a macroscopic wave function that describes the
collective behavior of all Cooper pairs in the material. This allows for the phenomenon of zero
electrical resistance, where the pairs move without scattering off impurities, defects, or thermal
vibrations.

BCS Theory vs. HTS Mechanisms

The BCS (Bardeen-Cooper-Schrieffer) Theory is the most widely accepted explanation for
superconductivity in conventional low-temperature superconductors. According to BCS theory,
superconductivity occurs when electrons form Cooper pairs mediated by phonons. These pairs
condense into a ground state with zero resistance. BCS theory accurately explains
superconductivity in materials such as elemental superconductors (e.g., lead, mercury) and some
alloy-based superconductors.

The High-Temperature Superconductivity (HTS) mechanism remains more elusive. HTS
materials, especially the cuprates (copper oxide-based superconductors), do not follow the same
mechanism as BCS theory. While Cooper pairing is still involved, it is believed that electron-
electron interactions, rather than electron-phonon interactions, play a dominant role in these
materials. The interactions are more complex, involving collective quantum phenomena and
possibly the role of spin fluctuations. HTS materials exhibit a range of unusual properties, such as
the existence of pseudogaps and non-Fermi liquid behavior, which are not well-explained by BCS
theory.

In the case of cuprates, the mechanism of superconductivity is often associated with the copper-
oxide planes that allow for strong electron-electron interactions. Despite extensive research, the
precise mechanism underlying HTS remains a subject of intense investigation, and no single theory
has been universally accepted to date.

Role of Electron-Lattice Interactions in HTS

Electron-lattice interactions are crucial in conventional superconductors, as they mediate the
formation of Cooper pairs. However, in HTS materials, the role of lattice vibrations (phonons)
appears to be less significant, particularly in the case of high-Tc cuprates. Instead, the electron-
electron interactions within the material, particularly those influenced by the crystal structure and
doping levels, play a more prominent role in the formation of Cooper pairs.

In cuprates and iron-based superconductors, the electron-lattice interactions may still be involved
in certain ways, but their impact on superconductivity is thought to be indirect. These materials
show the importance of spin fluctuations and quantum critical points, which could potentially
enhance superconductivity at higher temperatures. The presence of a two-dimensional electronic
structure in cuprates and the complex interplay between magnetism and superconductivity in iron
pnictides further complicate the electron-lattice dynamics in HTS.

The study of high-pressure effects on materials such as hydrogen-rich compounds has shown that
under extreme conditions, electron-lattice interactions may become more pronounced, suggesting
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that the boundary between conventional and high-temperature superconductivity is not well-
defined.

3. Novel Materials in High-Temperature Superconductivity

Cuprates and Their Mechanism of Superconductivity

Cuprates are perhaps the most well-known and extensively studied class of HTS materials. They
are copper-oxide (CuO:) based compounds, often in the form of perovskite-like structures, such as
YBCO (Yttrium Barium Copper Oxide) and La>-xBaxCuOs. Cuprates exhibit
superconductivity at temperatures as high as 138 K in ambient pressure and up to 164 K under
high pressure.

The superconductivity in cuprates is believed to arise from the CuQ: planes, where strong
electron-electron interactions occur. These interactions create spin fluctuations, which are
thought to play a crucial role in the pairing mechanism, as opposed to the electron-phonon
interaction central to conventional BCS superconductivity. The presence of a pseudogap—a
partial gap in the density of states—has been one of the defining features of cuprate
superconductors, but the exact relationship between the pseudogap and superconductivity remains
an open question.

Despite extensive research, the mechanism behind cuprate superconductivity is not fully
understood. The structure and composition of cuprates, combined with doping, can significantly
alter their superconducting properties, making them highly sensitive to material processing and
environmental conditions. As such, cuprates represent an exciting but challenging field for future
research in the pursuit of HTS.

Iron-Based Pnictides: Structure, Properties, and Challenges

Iron-based pnictides were discovered in 2008 and represent another class of HTS materials that
have gained significant attention. These materials, such as LaFeAsO (Lanthanum Iron Arsenide),
exhibit superconductivity at temperatures up to 56 K in their undoped state. Like cuprates, iron
pnictides also exhibit complex electronic structures and strong electron-electron interactions, but
they differ in their crystallographic structure and the role of magnetism in their superconductivity.
Iron pnictides typically consist of iron atoms sandwiched between layers of arsenic, and
superconductivity arises when the material is doped, often through the substitution of elements or
by applying pressure. The role of spin fluctuations and magnetism is central to the
superconducting mechanism in these materials, and the proximity of the superconducting phase to
a magnetic ordering phase adds an additional layer of complexity.

Iron-based pnictides face significant challenges in terms of material synthesis, phase stability, and
doping efficiency. The understanding of the role of magnetism and the precise mechanism behind
superconductivity in these materials is still in the developmental stage. The discovery of iron
pnictides has, however, opened new pathways for investigating the connection between magnetism
and superconductivity, which may be crucial for understanding HTS in general.

Hydrogen-Rich Materials and Room-Temperature Superconductivity

One of the most exciting developments in HTS research is the discovery of hydrogen-rich
compounds, particularly under high-pressure conditions. Materials like H.S (hydrogen sulfide)
and HsS (tetrahydride) have shown superconductivity at temperatures as high as 203 K under
pressures of about 150 GPa, which is well above the boiling point of liquid nitrogen. More recently,
compounds like H20: have also demonstrated superconducting properties under extremely high
pressure, leading to the potential for room-temperature superconductivity.

The theoretical basis for room-temperature superconductivity in hydrogen-rich compounds is
related to the extremely strong bond strengths and the dynamics of hydrogen atoms under pressure,
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which might facilitate electron pairing via phonon interactions. However, these materials require
extraordinarily high pressures to achieve superconductivity, making them impractical for most
real-world applications at present.

The future of room-temperature superconductivity lies in finding materials that exhibit these
properties at lower pressures or in more stable forms. Researchers are currently focusing on
creating hydrogen-rich materials with lighter elements that might be able to withstand lower
pressures while maintaining high superconducting transition temperatures.

The discovery of hydrogen-rich materials and their potential for room-temperature
superconductivity marks a major milestone in the field, but practical challenges remain in terms
of material stability and pressure requirements. Nonetheless, these materials represent one of the
most promising avenues for achieving the ultimate goal of room-temperature
superconductivity.

4. Approaches to Enhance High-Temperature Superconductivity

Doping and its Impact on Superconductivity

Doping refers to the process of intentionally introducing impurities or other elements into a
material to modify its properties. In the context of high-temperature superconductivity (HTS),
doping is one of the most common and effective strategies to enhance superconducting properties.
In cuprates, doping plays a crucial role in determining the carrier concentration (electrons or
holes) in the copper-oxide planes, which significantly influences the superconducting transition
temperature (Tc).

For example, in La:-xBaxCuOs (a type of cuprate), the doping of barium (Ba) into lanthanum (La)
results in the formation of holes in the CuO: planes, which are essential for the material's
superconducting behavior. The optimal doping concentration results in the highest Tc,
demonstrating the delicate balance between carrier concentration and superconductivity. However,
beyond this optimal level, superconductivity deteriorates, highlighting the challenges in finding
the ideal doping level for high-Tc performance.

In iron pnictides, doping elements such as phosphorus or selenium into the parent compound
alters the electronic structure and suppresses magnetic order, enabling superconductivity. The
ability to precisely control doping levels and their effects on material properties is essential for
advancing HTS technologies.

Doping can also influence other material properties such as crystal symmetry, magnetic behavior,
and electron correlations, all of which can affect superconducting performance. Consequently,
understanding the effects of doping on different HTS materials is crucial to developing better,
more efficient superconductors.

Heterostructure Design for Tailoring Properties

Heterostructures are materials composed of multiple layers of different substances, often with
distinct electronic, magnetic, or optical properties. In the case of HTS, heterostructure design
has emerged as a promising approach to enhance superconductivity by precisely controlling the
interfaces between different materials to engineer desirable properties.

One of the key examples of heterostructures in HTS is the development of superlattices composed
of superconducting and non-superconducting layers. These structures can influence the behavior
of Cooper pairs, leading to improved superconducting transition temperatures or the development
of new superconducting states. LaAlQs/SrTiQOs heterostructures, for example, have demonstrated
unexpected behaviors such as superconductivity at interfaces, even though neither material is
superconducting on its own.
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Heterostructures can also introduce quantum confinement effects, which alter the electronic
states at the interfaces and can lead to enhanced electron pairing or novel superconducting
mechanisms. This approach is particularly useful in materials like graphene, where the interfaces
between superconducting and insulating layers can be engineered to enhance superconducting
properties.

The design of heterostructures offers a route for tailoring superconducting properties for specific
applications, such as increasing Tc, improving material stability, and enhancing magnetic
properties. However, challenges remain in maintaining material integrity, controlling interfaces,
and ensuring reproducibility in large-scale synthesis.

Role of Quantum Materials and Topological States

Quantum materials are materials that exhibit non-trivial quantum effects that cannot be explained
by classical physics. In the realm of HTS, topological materials are of particular interest because
they exhibit robust edge states that are resistant to defects and disorder. These materials have
unique electronic structures that can potentially enhance superconductivity, making them a
promising avenue for new HTS discoveries.

Topological insulators (TIs) and topological superconductors are two key examples of quantum
materials that may play a significant role in HTS. TIs have insulating interiors but conductive
surface states that are protected from impurities and defects, providing a stable platform for
electron transport. When combined with superconducting materials, these systems can potentially
lead to Majorana fermions, exotic particles that could enable fault-tolerant quantum computation.
In topological superconductors, the combination of superconductivity and topological states
could create a new type of quantum material with enhanced superconducting properties. These
materials could lead to the development of Majorana modes, which are theoretically immune to
decoherence, a key challenge in quantum computing.

The study of quantum materials and topological states in the context of HTS offers exciting
possibilities for enhancing superconductivity. The interplay between topology, quantum
coherence, and superconductivity may provide new avenues for achieving high-temperature
superconductivity and could lead to breakthroughs in both materials science and quantum
technology.

5. Challenges in Achieving Room-Temperature Superconductivity

High Pressure and its Effect on Superconducting Materials

One of the major challenges in achieving room-temperature superconductivity is the requirement
for high pressure. Many of the materials that exhibit room-temperature superconductivity, such
as hydrogen-rich compounds like HsS (hydrogen sulfide), require extreme pressures (over 150
GPa) to maintain superconducting properties. These pressures are much higher than those found
at the Earth's surface and are typically achieved in laboratory conditions using diamond anvil cells.
While high pressure can induce superconductivity in certain materials, it also introduces significant
challenges. First, creating and maintaining such extreme conditions for long periods is technically
difficult and expensive. Second, many materials that exhibit superconductivity under high pressure
lose their superconducting properties when the pressure is reduced, limiting their practical
applications.

The need for high pressure often results in structural instability, where materials may undergo
phase transitions or degradation under certain conditions. For practical applications, it is essential
to find materials that can exhibit superconductivity at ambient or moderately high pressures, rather
than requiring extreme conditions.
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Material Synthesis and Structural Integrity

The synthesis of high-temperature superconducting materials is often a highly complex and
delicate process. Material purity, crystal structure, and defect control are all critical factors that
determine the superconducting properties of a material. For example, cuprates and iron-based
superconductors require precise doping and crystallization conditions to achieve optimal
superconductivity.

Maintaining the structural integrity of these materials during synthesis, as well as during
practical use, remains a challenge. Many HTS materials are highly sensitive to defects, impurities,
and even slight changes in temperature or pressure, which can disrupt the delicate balance required
for superconductivity. Achieving large-scale synthesis of high-quality materials with consistent
properties is essential for commercial viability.

Materials such as hydrogen-rich compounds are often unstable at ambient pressure and must be
synthesized and maintained under high-pressure conditions, adding additional complexity to their
practical application.

Theoretical Challenges and Unanswered Questions

Despite significant progress, several theoretical challenges remain in understanding the
mechanisms behind high-temperature superconductivity. The most pressing issue is the lack of a
unified theory that can explain the behavior of all HTS materials. While BCS theory successfully
describes conventional superconductors, it cannot fully account for the high-temperature
superconductivity observed in materials such as cuprates and iron pnictides.

Electron-electron interactions, spin fluctuations, and the role of quantum effects are believed
to play key roles in HTS, but the exact mechanisms remain poorly understood. As research
progresses, new theoretical models and computational methods will be required to simulate and
predict the behavior of novel superconducting materials, especially those exhibiting room-
temperature superconductivity.

Another significant theoretical challenge is the design of new materials with higher
superconducting transition temperatures. While hydrogen-rich compounds show promise for
achieving room-temperature superconductivity, understanding the relationship between their
structure, electron interactions, and superconducting behavior is critical for guiding future material
design.

The pursuit of room-temperature superconductivity presents numerous theoretical and practical
challenges. The development of new materials, improved synthesis techniques, and a deeper
understanding of the underlying physics are essential to overcoming these challenges and
unlocking the full potential of HTS.

6. Recent Developments and Future Directions

Advances in Theoretical Models and Computational Approaches

Theoretical models and computational approaches have undergone significant advancements in
recent years, helping to bridge the gap in understanding the complex mechanisms behind high-
temperature superconductivity (HTS). The development of more sophisticated quantum
mechanical models has improved our ability to predict and explain superconducting behavior in
a wide range of materials, especially those exhibiting unconventional superconductivity like
cuprates, iron pnictides, and hydrogen-rich compounds.

One of the key areas of development is the use of density functional theory (DFT), which allows
researchers to model the electronic structure and interactions within materials at a high level of
accuracy. DFT has become an essential tool in understanding the influence of doping, lattice
structure, and electron-electron interactions on superconductivity. This computational method is
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particularly important in the search for new materials, where it helps predict which combinations
of elements and crystal structures might exhibit superconducting properties.
Many-body physics and dynamical mean field theory (DMFT) have gained prominence in HTS
research. These approaches account for the complex electron-electron interactions that are thought
to be crucial in HTS materials like cuprates and iron pnictides. They allow for a more accurate
description of the strongly correlated electron systems that are characteristic of HTS.
Researchers are also increasingly using machine learning (ML) and artificial intelligence (AI)
to accelerate the discovery of new HTS materials. These technologies can help predict potential
superconductors by analyzing large datasets from previous experiments and simulations,
significantly reducing the time needed to explore novel materials. Al can also aid in the
optimization of material synthesis and processing conditions, which could be key to scaling up
HTS for practical applications.
Experimental Breakthroughs in New HTS Materials
Over the past decade, there have been several experimental breakthroughs that have
significantly advanced the field of HTS. One of the most notable is the discovery of room-
temperature superconductivity in hydrogen-rich compounds. In 2020, researchers demonstrated
superconductivity at 15°C (288 K) in a hydrogen sulfide (H2S) compound doped with hydrogen
(HsS), but only under extremely high pressures (around 267 GPa). This discovery sparked
widespread excitement, as it showed that room-temperature superconductivity is achievable under
specific conditions.
In addition to hydrogen-rich compounds, hydrogen-dominant compounds such as HsLi and
silane (SiH4) have also shown promise for superconductivity under high pressure. These materials
are crucial because they offer insights into how the structure and bonding of hydrogen atoms under
pressure could potentially lead to superconductivity at higher temperatures and more manageable
pressures.
Another exciting development is the creation of new iron-based superconductors, which
continue to offer new opportunities for high-Tc superconductivity. Recent experimental work on
iron selenide (FeSe), for example, has revealed new mechanisms that could help increase Tc.
Studies have also been focusing on intercalating compounds with new doping strategies and
layered structures, which may improve the superconducting performance of iron-based materials.
There has been progress in fabricating and stabilizing heterostructures of HTS materials, such
as cuprates and iron-based superconductors, in ways that could optimize their performance in real-
world applications. For instance, the development of superconducting films and thin-film
devices has opened the door to the practical use of HTS in technologies like quantum computing
and magnetic resonance imaging (MRI).
The continuous breakthroughs in material synthesis, high-pressure experimentation, and improved
fabrication techniques are laying the foundation for the next generation of HTS materials that may
operate at room temperature and under more practical conditions.
Potential Applications of Room-Temperature Superconductivity
Room-temperature superconductivity represents a game-changing advance with far-reaching
potential applications across multiple industries. If achievable at ambient pressures, room-
temperature superconductivity could radically transform the way we generate, store, and distribute
energy, as well as revolutionize technologies in fields ranging from transportation to computing.
1. Energy Transmission and Storage: One of the most immediate applications of room-
temperature superconductivity would be in power grids. Currently, energy transmission is
plagued by resistive losses, especially over long distances. With room-temperature
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superconducting cables, electricity could be transmitted without loss, greatly improving
energy efficiency and reducing the cost of energy transport. Furthermore, the advent of
superconducting magnetic energy storage (SMES) systems, which store energy in a
magnetic field created by superconducting coils, could provide efficient and scalable
solutions for energy storage, smoothing out fluctuations in energy supply and demand.

2. Quantum Computing: Room-temperature superconductivity would also be a major
breakthrough for quantum computing. Superconducting qubits, which are used in many
current quantum computing models, rely on materials that must be kept at extremely low
temperatures. If superconductivity could be achieved at room temperature, quantum
computers could operate in a far more practical and scalable manner, accelerating the
development of quantum algorithms for applications in cryptography, material science,
and artificial intelligence.

3. Magnetic Levitation and Transportation: Magnetic levitation (maglev) trains, which
use superconducting magnets to float above the track and eliminate friction, could become
much more cost-effective and widely implemented with room-temperature
superconductors. These systems offer the potential for ultra-fast, energy-efficient
transportation, and could be scaled to commercial applications, reducing the need for
expensive cryogenic cooling systems currently required for maglev trains.

4. Medical Technologies: Superconductivity plays an essential role in magnetic resonance
imaging (MRI), where superconducting magnets are used to create the high magnetic
fields necessary for imaging. Room-temperature superconductors could lead to the
development of more compact, affordable, and energy-efficient MRI machines. Other
medical technologies, such as positron emission tomography (PET) scanners, could also
benefit from the improved performance of superconducting materials.

5. Energy Generation and Fusion: In the future, room-temperature superconductivity could
also play a role in nuclear fusion. Superconducting magnets are essential in controlling
the plasma in fusion reactors, such as those being developed by the ITER project. Room-
temperature superconductors could reduce the cost and complexity of such systems,
accelerating the development of clean, limitless energy from fusion.

6. Electronics and Sensors: Room-temperature superconducting materials could lead to the
development of advanced sensors and electronics, enabling high-speed, low-power
devices that could be used in a wide variety of applications, from telecommunications to
scientific instrumentation. For example, superconducting quantum interference
devices (SQUIDs), which are used in highly sensitive magnetic field detection, could
become more widely used if they could operate at room temperature.

The development of room-temperature superconductivity holds immense promise for a range of
industries. While significant challenges remain, particularly in achieving stable superconductivity
at ambient pressures, the recent progress in theoretical models, computational methods, and
experimental materials research brings us closer to realizing these transformative applications. As
research continues, room-temperature superconductivity could soon become a reality, ushering in
a new era of technological innovation.

pg. 116



FUNDAMENTAL SCIENTIFIC REPORTS IN MULTIDISCIPLINARY AREAS

Graphs and Charts
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Chart 1: Transition Temperatures of Various HTS Material
A bar chart showing the superconducting transition temperatures (Tc) of notable HTS materials
such as YBCO (Yttrium Barium Copper Oxide), LaFeAsO (Iron-based Pnictides), and H2S under
high pressure, comparing their performance.
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Graph 2: Impact of Doping on Superconductivity in Cuprates
A line graph illustrating the effect of different doping levels (electron/hole doping) on the
superconducting transition temperature in various cuprate materials.

Summary

This article provides an extensive review of high-temperature superconductivity from a materials
science perspective, emphasizing the discovery of new materials and innovative approaches to
improving superconducting properties. Key materials such as cuprates, iron pnictides, and
hydrogen-rich compounds are examined, highlighting both their unique characteristics and the
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challenges they present. The article outlines various strategies to enhance superconductivity,

including doping, heterostructure engineering, and quantum material synthesis, all of which are

critical in the pursuit of room-temperature superconductivity. Despite significant advances,

challenges remain in understanding the fundamental mechanisms behind HTS, and much work is

needed to achieve the ultimate goal of room-temperature superconductivity.

Recent breakthroughs in experimental and computational approaches show promise, and the article

concludes with a discussion on the future directions of this exciting field, stressing the need for

continued interdisciplinary research. The study of HTS materials is poised to make a

transformative impact on future technological advancements, particularly in energy and quantum

computing sectors.
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