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Abstract:  

The discovery and pursuit of room-temperature superconductivity (RTS) have 

remained at the forefront of condensed matter physics due to its transformative 

implications for technology and energy systems. This paper presents a comprehensive 

review of both theoretical predictions and experimental breakthroughs in the field. We 

analyze current models that attempt to explain high-Tc superconductivity, including 

BCS theory extensions and unconventional mechanisms involving phonons and 

electron correlations. We further evaluate recent experimental efforts, particularly 

those involving hydride compounds under high pressure, and examine challenges in 

stabilizing RTS at ambient pressure. Finally, the paper highlights Pakistan’s growing 

contributions to the field and outlines future research pathways toward ambient RTS 

realization. 
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INTRODUCTION            

Superconductivity, the phenomenon of zero electrical resistance and expulsion of magnetic fields 

below a critical temperature (Tc), was first observed in mercury in 1911 [1]. While conventional 

superconductors operate at cryogenic temperatures, the dream of achieving superconductivity at 

or near room temperature (~300 K) has propelled both theoretical advances and experimental 

innovations [2]. Recent developments in lanthanum decahydride (LaH₁₀) and yttrium 

superhydride (YH₆) under high pressures represent major milestones [3]. This article explores the 

theoretical underpinnings, experimental techniques, material challenges, and implications of RTS 

research from a global and Pakistani perspective. 

2. Theoretical Frameworks for High-Tc Superconductivity 

The quest for understanding high-temperature superconductivity (HTS), especially at or near 

room temperature, necessitates extensions and alternatives to classical superconducting theories. 

While BCS theory has provided the bedrock for conventional superconductors, novel 
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mechanisms and computational frameworks have emerged to address the complex interactions in 

high-Tc and hydride-based superconductors. 

BCS Theory and Its Limits 

The Bardeen-Cooper-Schrieffer (BCS) theory, formulated in 1957, explains superconductivity as 

a result of electron pairing via lattice vibrations (phonons), leading to an energy gap at the Fermi 

surface [4]. 

It predicts superconductivity at low temperatures, typically < 30 K. 

BCS theory fails to explain superconductivity in cuprates and iron-based materials, where the 

electron-phonon coupling is insufficient. 

Its limitations have motivated the search for unconventional pairing mechanisms. 

Phonon-Mediated Coupling in Hydrides 

Recent advances show that hydrogen-rich materials under high pressures exhibit 

exceptionally strong electron-phonon interactions: 

Materials like LaH₁₀ and YH₉ have exhibited superconductivity above 250 K under >150 GPa 

pressure [5]. 

First-principles calculations reveal high vibrational frequencies (due to light hydrogen atoms), 

enhancing the pairing interaction. 

The McMillan–Allen–Dynes equation, derived from BCS theory, has been adapted to predict Tc 

in these materials. 

Tc≈θD1.45exp⁡(−1.04(1+λ)λ−μ∗(1+0.62λ))T_c \approx \frac{\theta_D}{1.45} \exp\left(-

\frac{1.04(1+\lambda)}{\lambda - \mu^*(1+0.62\lambda)}\right)Tc≈1.45θD

exp(−λ−μ∗(1+0.62λ)1.04(1+λ))  

where λ\lambdaλ is the electron-phonon coupling constant, and μ∗\mu^*μ∗ is the Coulomb 

pseudopotential. 

Unconventional Mechanisms in High-Tc Superconductors 

Materials such as cuprates and iron-based superconductors exhibit behaviors inconsistent 

with traditional phonon-mediated theories: 

Spin fluctuations and antiferromagnetic correlations are believed to mediate pairing in these 

materials [6]. 

Multiband superconductivity is observed in FeSe and related compounds, involving distinct 

superconducting gaps [7]. 

Topological states, including Majorana fermions, are explored in doped topological insulators 

and heterostructures for their superconducting potential. 

These mechanisms suggest that high-Tc superconductivity may arise from purely electronic 

interactions, not lattice vibrations. 



SUPERCONDUCTIVITY AT ROOM TEMPERATURE: THEORETICAL AND….. 

EXPERIMENTAL PERSPECTIVES 

 

 

 
350 

Density Functional Theory (DFT) and Eliashberg Simulations 

Computational modeling has become indispensable in predicting and explaining superconducting 

behavior: 

Density Functional Theory (DFT) allows simulation of electronic structures, phonon spectra, and 

electron-phonon interactions [8]. 

Eliashberg equations extend BCS theory to strong coupling regimes, offering more accurate Tc 

predictions [9]. 

Computational screening has led to the discovery of candidate hydride superconductors and 

topological superconductors. 

These methods bridge theory with experimental feasibility, accelerating the discovery of new 

superconductors. 

3. Experimental Milestones and Material Design 

Room-temperature superconductivity (RTS) has transitioned from theoretical speculation to 

experimental reality, particularly through the development of hydrogen-rich materials under 

extreme conditions. Despite the historic breakthroughs in achieving superconductivity above 250 

K, practical realization at ambient conditions remains an unsolved challenge. This section 

highlights key experimental developments, synthesis strategies, and measurement techniques that 

define the state-of-the-art in RTS research. 

Hydride Superconductors Under Pressure 

The most promising materials for RTS thus far are polyhydrides—compounds rich in 

hydrogen that behave as metallic superconductors under immense pressures: 

Lanthanum decahydride (LaH₁₀) demonstrated superconductivity at temperatures up to 250 K 

under 170 GPa pressure [10]. 

Yttrium superhydride (YH₉) was later reported to sustain superconducting behavior at 262 K, 

although above 180 GPa [11]. 

These materials show conventional BCS-like behavior with strong phonon-mediated coupling, 

supported by theoretical predictions. 

Despite these advances, the high-pressure requirement remains a substantial barrier to real-world 

applications. 

Stabilization Challenges at Ambient Pressure 

While hydride superconductors exhibit high-Tc behavior under controlled laboratory 

conditions, their extreme pressure dependence limits scalability: 

Diamond anvil cells (DACs) are required to sustain pressures above 150 GPa, which is 

impractical for devices and industrial systems [12]. 

Attempts to stabilize superconducting phases at ambient or near-ambient pressure through 

chemical doping, strain engineering, or nanostructuring are ongoing but largely in early stages. 
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Material metastability and phase degradation under ambient conditions further complicate 

commercialization. 

Addressing these challenges is central to translating laboratory discoveries into technological 

breakthroughs. 

Synthesis Techniques 

Several high-precision synthesis methods are employed to prepare hydride 

superconductors: 

Chemical Vapor Deposition (CVD): Enables uniform deposition of hydride layers and 

integration with substrates. 

High-Pressure Annealing: Used to induce superconducting phases post-synthesis, often in 

combination with laser heating. 

Direct Hydrogenation: Metallic precursors are exposed to hydrogen gas at high pressures to 

synthesize desired stoichiometries [13]. 

Each technique must balance structural stability, reproducibility, and compatibility with 

measurement setups. 

Measurement Techniques 

Confirming superconductivity requires rigorous characterization under experimental 

constraints: 

Electrical Resistance Drop: A defining feature of superconductors is the sudden drop in 

resistance to zero below Tc. 

Meissner Effect: The expulsion of magnetic fields confirms superconducting state and is 

typically tested via SQUID magnetometry. 

Tunneling Spectroscopy: Provides information on the superconducting gap and pairing 

symmetry. 

AC Susceptibility & Critical Current Measurements: Further confirm bulk superconductivity 

and performance metrics [14]. 

These techniques are adapted for high-pressure environments, often using miniature probes 

integrated into DAC setups. 

4. Potential Applications and Limitations 

The realization of superconductivity at or near room temperature would represent a technological 

leap with wide-ranging implications for energy systems, medical technology, transportation, and 

quantum devices. However, significant material and engineering challenges continue to hinder 

large-scale application. This section explores the transformative potential of RTS and the key 

barriers that must be overcome to fully exploit its benefits. 
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Power Grids and Transmission Lines 

One of the most compelling applications of room-temperature superconductivity (RTS) is 

in electrical power transmission: 

Conventional power lines suffer from Ohmic losses, accounting for up to 8–10% of total energy 

loss in transmission [15]. 

RTS-based conductors could completely eliminate resistive losses, increasing efficiency and 

reducing the carbon footprint of energy systems. 

Superconducting cables also support high current densities, enabling compact grid infrastructure 

in urban areas. 

Pilot projects using cryogenic superconductors (e.g., YBCO) already exist, but RTS would 

eliminate the need for costly cooling systems. 

Magnetic Levitation and MRI 

Magnetic applications represent another domain poised for disruption by RTS: 

Maglev trains: Current superconducting maglev systems require liquid helium or nitrogen 

cooling. RTS would allow ambient-temperature levitation, reducing operational costs and 

complexity [16]. 

MRI technology: Medical imaging relies on superconducting magnets for strong, stable fields. 

RTS could eliminate cooling infrastructure, improving portability and accessibility of MRI 

machines. 

Energy storage systems, such as superconducting magnetic energy storage (SMES), would 

become more viable with RTS. 

Quantum Computing and Detectors 

Superconducting qubits form the backbone of leading quantum computing architectures, 

including those by Google and IBM: 

RTS materials could improve qubit coherence times by reducing thermal noise, particularly in 

hybrid quantum systems [17]. 

Quantum sensors, such as transition-edge sensors (TES) and kinetic inductance detectors (KIDs), 

would benefit from ambient operation, broadening their use in astrophysics, cryptography, and 

military sensing. 

Such improvements would help bridge the gap between laboratory-scale quantum devices and 

commercial quantum computing platforms. 

Barriers to Implementation 

Despite its promise, RTS faces several serious obstacles: 

Metastability: Many hydride superconductors are stable only under extremely high pressures, 

and may degrade at ambient conditions [18]. 
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Fabrication complexity: Synthesizing hydrides with precise stoichiometry and structure remains 

a high-skill, resource-intensive process. 

Scalability: Current synthesis and measurement methods (e.g., DACs) are unsuitable for mass 

production. 

Material brittleness and toxicity (e.g., sulfur hydrides) pose challenges for integration in real-

world systems. 

Overcoming these limitations will require advances in materials science, engineering, and 

industrial chemistry. 

5. Future Outlook and Pakistan’s Role in RTS Research 

The pursuit of room-temperature superconductivity (RTS) represents one of the grand challenges 

in condensed matter physics and materials engineering. As the field moves from fundamental 

discovery to application-oriented research, new opportunities arise for emerging scientific 

communities, including those in Pakistan. This section highlights the future direction of RTS 

research and the growing role of Pakistani researchers in this transformative field. 

Local Research Contributions 

Pakistani academic and research institutions have begun to make significant strides in the 

theoretical and computational modeling of superconducting materials: 

Researchers at Quaid-i-Azam University, COMSATS Institute of Information Technology, and 

National Centre for Physics (NCP) are actively working on density functional theory (DFT) and 

molecular dynamics simulations of high-pressure hydrides [19]. 

Experimental groups at University of the Punjab and National University of Sciences and 

Technology (NUST) are engaged in developing solid-state synthesis routes and low-temperature 

measurement techniques. 

Government-funded projects under the Higher Education Commission (HEC) are beginning to 

support superconductor-related infrastructure and collaborative R&D. 

These efforts lay the foundation for a domestic superconductivity program with both scientific 

and technological impact. 

International Collaborations 

Global progress in RTS demands cooperation across borders, and Pakistan is expanding its 

footprint through international collaborations: 

Pakistani physicists are involved in modeling and experimental validation of superconducting 

materials in collaboration with CERN, the American Physical Society (APS), and Chinese 

Academy of Sciences [20]. 

Shared access to high-pressure experimental facilities, synchrotron radiation labs, and 

supercomputing clusters has enabled joint publications and multi-institutional research teams. 
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Student and faculty exchange programs with institutions in China, Germany, and the USA 

further enhance local expertise and technology transfer. 

These partnerships are instrumental in integrating Pakistan into the global superconductivity 

research network. 

Proposed Pathways for Future Research 

To translate the promise of RTS into practical technologies, research efforts must converge 

on specific challenges. The following strategies are particularly relevant for Pakistani 

research institutions: 

Computational Design of Novel Materials: Continued investment in AI-assisted materials 

discovery, including generative models and high-throughput DFT screening. 

Ambient Pressure Stabilization: Focus on discovering metastable phases, lattice strain 

engineering, and chemical doping techniques to stabilize RTS at ambient conditions. 

Scalable, Low-Cost Synthesis Techniques: Develop routes that do not rely on diamond anvil 

cells—such as thin-film deposition, ball milling, or plasma-assisted hydrogenation. 

Multidisciplinary Consortia: Form national research centers combining physicists, chemists, and 

engineers focused on superconducting materials. 

Figures & Charts 

 

Figure 1: Line Graph – Critical Temperature (Tc) vs. Pressure 

Shows the increase in Tc for various hydride superconductors under applied pressure. 
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Figure 2: Bar Chart – Predicted Tc from Various Theoretical Models 

Compares predictions from BCS, Eliashberg, and DFT models for select materials. 

 

Figure 3: Scatter Plot – Density of States (DOS) vs. Energy for LaH₁₀ 

Illustrates the phonon-enhanced electronic DOS at the Fermi level. 

 

Figure 4: Phase Diagram – Superconducting vs. Metallic State in YH₉ 

Depicts critical regions as a function of pressure and temperature. 

Summary 
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This review underscores the enormous potential and complexity of achieving superconductivity 

at room temperature. Theoretical tools like DFT and phonon calculations have successfully 

guided experimentalists toward high-Tc hydrides, albeit under extreme pressure conditions. The 

main challenge remains translating these findings to ambient conditions. Pakistani researchers 

are poised to make meaningful contributions, particularly in computational modeling and 

material science. A collaborative, multidisciplinary approach will be essential to advance this 

transformative field. 
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