
International Journal of Engineering & Extended Technologies Research (IJEETR) 

                        |ISSN: 2322-0163| www.ijeetr.com | A Bimonthly, Peer Reviewed, Scholarly Indexed Journal | 

| Volume 3, Issue 4, July-August 2021 | 

DOI:10.15662/IJEETR.2021.0304001  

IJEETR©2021                                                       |     An ISO 9001:2008 Certified Journal   |                                                    3377 

 

Superconductivity at High Temperatures: 

Current Progress and Challenges 
 

Aurobindo Ghose 

St. Joseph College, Satpala, Virar (w), Palghar, Maharashtra, India 

 

ABSTRACT: High-temperature superconductivity (HTS), discovered in cuprates in 1986, revolutionized condensed 

matter physics by breaking the cryogenic barrier. Materials like YBa₂Cu₃O₇ (YBCO) with Tᶜ ≈ 93 K enabled practical 

cooling with liquid nitrogen, sparking widespread research and the so-called “Woodstock of Physics” in 1987 . 

Subsequent discoveries included Bi-, Tl-, and Hg-based cuprates reaching Tᶜ up to ≈ 133 K . 

 

Experimental progress extended beyond cuprates. Interface-enhanced superconductivity in single-layer FeSe on SrTiO₃ 

showed possible Tᶜ above 100 K . Hydrogen-rich compounds under extreme pressure, such as H₂S superconducting at 

≈ 203 K, demonstrated conventional electron-phonon coupling may also achieve high Tᶜ . Microscopic studies—

including STM/STS—unveiled pseudogap behavior, vortex phenomena, and density modulations, enriching 

understanding of HTS mechanisms . High-field experiments revealed quantum critical points in cuprates that could 

underpin pairing . 

 

However, challenges persist. The pairing mechanisms remain elusive due to complex normal-state properties like 

pseudogap, phase fluctuations, and interplay of competing orders. Practical application is hindered by brittleness, 

anisotropy, and fabrication difficulties of ceramic HTS—e.g., BSCCO tapes require careful grain alignment and 

mechanical processing . 

 

This paper synthesizes these advances, offering a clear timeline of breakthroughs, examining methodologies from 

atomic-scale probes to high-pressure synthesis, summarizing prevailing theories (e.g., RVB, interface phonon 

coupling), and highlighting both the promise and limitations of HTS. Addressing the interplay between experimental 

innovation and theoretical ambiguity before 2020 provides a robust foundation for future exploration of room-

temperature superconductivity. 
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I. INTRODUCTION 

 

Since the 1986 discovery by Bednorz and Müller of superconductivity in a lanthanum cuprate at ~35 K—a 

breakthrough that earned them the Nobel Prize—high-temperature superconductivity expanded rapidly to new 

materials including YBCO (~93 K), Bi-, Tl-, and Hg-based cuprates pushing Tᶜ to ≈ 133 K . These significantly higher 

transition temperatures enabled the use of affordable liquid nitrogen cooling, making practical applications more 

feasible . 

 

Beyond cuprates, interface-engineered superconductivity emerged as a compelling route; notably, monolayer FeSe on 

SrTiO₃ exhibited superconductivity beyond 100 K, far exceeding the ~8 K of bulk FeSe, suggesting strong interface-

enhanced pairing mechanisms involving phonons . 

 

Simultaneously, high-pressure hydride superconductors like H₂S showed Tᶜ ~203 K within diamond-anvil cells, 

implicating conventional electron-phonon interactions under extreme conditions . 

 

Microscopic studies using STM/STS exposed intricate features in HTS—such as large energy gaps, pseudogap states, 

and vortex core structures—providing deep insight into electron pairing and competing orders not captured by classical 

BCS theory . Moreover, experiments under intense magnetic fields identified quantum critical points potentially 

essential for understanding superconductivity in cuprates . 
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Practical challenges remain formidable. Cuprate materials are brittle ceramics with anisotropic properties and short 

coherence lengths, complicating wire fabrication and application in systems like power cables or magnets. BSCCO, 

despite being tape-formable, requires precise grain alignment due to weak interlayer bonding . 

In parallel, the theoretical foundations—such as RVB and phonon-mediated models—remain incomplete. Essential 

normal-state phenomena like the pseudogap and linear resistivity are not well understood, complicating mechanistic 

resolution. 

 

This review systematically covers the experimental advances, mechanistic puzzles, and material limitations that shaped 

HTS research leading up to 2020. 

 

II. LITERATURE REVIEW 

 

Key pre-2020 developments and insights include: 

Cuprate Presidencies & Material Advances 

 The cuprate era began with La-based perovskites (~35 K), rapidly followed by YBCO's discovery (~93 K), enabling 

liquid nitrogen cooling—a seminal advance in practical superconductivity . 

 Further advancements took place with complex cuprate families: Bi-, Tl-, and mercury-based compounds reaching 

Tᶜ up to ≈ 133 K . 

 

Interface and Hydride Superconductivity 

 FeSe monolayers grown on SrTiO₃ displayed Tᶜ over 100 K, likely due to interfacial electron-phonon coupling and 

forward scattering mechanisms . 

 Under extreme pressure, H₂S reached Tᶜ ~203 K, demonstrating that hydrogen-rich compounds could achieve 

extraordinarily high superconductivity via conventional mechanisms . 

 

Microscopic Investigations 

 STM/STS experiments resolved pseudogap phenomena, vortex core behavior, and spatial modulations in cuprates, 

revealing nanoscale electronic inhomogeneity and challenging standard BCS paradigms . 

 High-field studies in cuprates uncovered a quantum critical point under the superconducting dome, suggesting a 

crucial role in pairing mechanisms . 

 

Mechanistic and Normal-State Mysteries 

 Despite extensive progress, HTS mechanism remains unresolved due to anomalous behaviors such as pseudogap, 

charge-spin separation, and strong phase fluctuations — demanding new theoretical and experimental approaches. 

 

Material and Fabrication Challenges 

 Ceramic HTS materials are brittle and anisotropic, complicating the fabrication of practical tapes and wires. 

BSCCO requires grain alignment techniques due to its layered structure . 

This literature map highlights a research trajectory marked by extraordinary materials innovation and persistent 

fundamental and practical challenges. 

 

III. RESEARCH METHODOLOGY 

 

The methods utilized in pre-2020 HTS research span materials synthesis, atomic-scale characterization, and high-field 

measurement techniques: 

1. Material Synthesis 
o Bulk cuprates synthesized via solid-state reaction, oxygen annealing, and high-pressure techniques. FeSe 

monolayers grown via molecular beam epitaxy (MBE) on SrTiO₃ substrates. Hydrogen-rich hydrides synthesized under 

ultra-high-pressure conditions using diamond anvil cells . 

 

2. Structural & STM/STS Characterization 
o Atomic-resolution STM/STS employed to probe local density of states, superconducting gaps, vortex cores, and 

pseudogap features in cuprate crystals . 
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3. High Magnetic Field Experiments 
o Pulsed magnetic fields (~90 T) applied to suppress superconductivity and probe quantum critical behavior in 

cuprates, enabling analysis of the normal state and pairing mechanisms . 

 

4. Transport & Spectroscopic Measurements 
o Four-point probe and ARPES used to measure resistivity, energy gaps, and band structure, especially in FeSe/STO 

studies reaching Tᶜ above 100 K . 

 

5. High-Pressure Techniques 
o Diamond anvil cells coupled with resistivity and magnetic measurements allowed discovery of superconductivity at 

203 K in H₂S under megabar pressures . 

 

6. Material Processing & Wire Fabrication 
o BSCCO tapes produced using powder-in-tube methods; grain alignment via mechanical deformation and melt 

processing addressed brittleness and anisotropic current flow . 

 

7. Theoretical and Computational Models 
o Theoretical models like RVB and Hubbard-based frameworks guided interpretations. Simultaneously, new 

experimental-theory feedback loops emerged aiming to elucidate pairing in complex HTS systems . 

 

This multi-pronged methodology—spanning synthesis, nanoscale probing, extreme-condition measurements, and 

fabrication—drove the frontiers of HTS research up to 2020. 

 

 
 

IV. KEY FINDINGS 

 

Pre-2020 advances in high-temperature superconductivity generated key insights: 

1. Breakthrough Materials with Elevated Tᶜ 
o Cuprate materials like YBCO (~93 K) and Hg-based cuprates (~133 K) set new benchmarks for Tᶜ, making 

liquid-nitrogen cooling feasible . 

 

2. Interface & Hydride Superconductivity 
o FeSe monolayer on SrTiO₃ achieved Tᶜ > 100 K, attributed to substrate phonon-enhanced pairing . 

o H₂S under extreme pressure exhibited superconductivity at ≈ 203 K via electron-phonon coupling, suggesting a 

viable conventional route to higher Tᶜ . 
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3. Microscopic Phenomena Unveiled 
o STM/STS revealed nanoscale heterogeneity, pseudogap features, and vortex core anomalies, enriching 

understanding of HTS electronic states beyond BCS theory . 

 

4. Quantum Criticality 
o High-field experiments pinpointed a quantum critical point lying beneath the superconducting dome—potentially 

central to understanding pairing in cuprates . 

 

5. Structural Challenges in Practical Use 
o BSCCO tapes demonstrated potential for superconducting wires, but their brittleness and grain-alignment demands 

limit scalability . 

 

6. Mechanism Debate Remains Unresolved 
o Despite progress, the pairing mechanism remains controversial. Competing models (e.g. RVB vs phonon-mediated) 

persist because of unresolved phenomena in the normal state. 

 

These findings position HTS as a field propelled by novel materials and incisive probes but still fundamentally 

constrained by incomplete theory and application barriers. 

 

V. WORKFLOW 

 

A typical research workflow in HTS pre-2020 comprises: 

1. Material Design & Synthesis 
o Select or engineer candidate systems: cuprates, FeSe/STO interfaces, or high-pressure hydrides. Synthesize via 

solid-state reaction, MBE, or diamond anvil cell methods. 

 

2. Structural Characterization 
o Verify crystalline quality via XRD, XPS, and electron microscopy; ensure appropriate doping and interface 

formation. 

 

3. Electro-Transport & Spectroscopy 
o Measure resistivity vs temperature, magnetic susceptibility, and Hall effects. Utilize ARPES for band structure and 

pairing gap insights (especially in FeSe studies). 

 

4. Microscopic Probing 
o Apply STM/STS to observe pseudogap, density modulations, vortex structure, and electronic inhomogeneity. 

 

5. Extreme-Condition Testing 
o For cuprates: suppress superconductivity with high magnetic fields to uncover quantum critical behavior. 

o For hydrides: subject samples to megabar pressures to induce and study superconducting transitions. 

 

6. Mechanical and Fabrication Assessment 
o Develop wires/tapes (e.g., BSCCO) and assess critical current density and mechanical stability under strain. 

 

7. Data Analysis & Theoretical Modeling 
o Analyze behavior to test competing theories—RVB, phonon coupling. Explore how electron correlations, 

pseudogap, and quantum fluctuations impact pairing. 

 

8. Iterative Optimization 
o Use experimental feedback to refine synthesis, interface engineering, or pressure conditions. Aim toward higher Tᶜ 

and better material performance. 

 

9. Assessment for Application 
o Evaluate feasibility for magnets, power cables, or electronics considering stability, manufacturability, and 

operational conditions. 

 

This iterative workflow balances exploration of fundamental mechanisms with practical performance targets. 
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VI. ADVANTAGES & DISADVANTAGES 

 

Advantages 

 Substantially higher Tᶜ than traditional superconductors (cuprates >77K, hydrides >200K). 

 Diverse material platforms: cuprates, interfaces, and hydrides offering multiple routes to HTS. 

 Advanced microscopy: STM/STS and high-field studies provide rich microscopic insight. 

 

Disadvantages 

 Unresolved mechanisms—fundamental theory remains incomplete, especially for cuprates. 

 Material brittleness and complexity restrict scalability (especially for industrial wires). 

 Extreme conditions like megabar pressure are impractical for applications. 

 High-field requirement for exploring normal state (e.g., quantum criticality) limits experimental feasibility. 

 

VII. RESULTS AND DISCUSSION 

 

HTS research before 2020 showcased major strides: cuprates, interface-engineered crystals, and high-pressure hydrides 

achieved record-breaking Tᶜ. Microscopic techniques like STM/STS revealed critical phenomena such as pseudogap 

and electronic inhomogeneity, advancing understanding of superconducting states. High-field experiments pointed to 

quantum critical points potentially central to pairing. 

 

However, the field is marked by tension between progress and uncertainty. Despite broad experimental data, the 

mechanism—especially in cuprates—remains elusive. Disparate observations (e.g., fractal defects, pseudogap 

behavior) complicate theoretical consolidation. 

 

From an applications standpoint, materials like BSCCO show potential but suffer from brittleness and manufacturing 

complexity. Hydrides at high pressure display tantalizing high Tᶜ, yet their practical implementation remains distant. 

Interface systems like FeSe/STO offer a scalable platform if interfacial control challenges can be overcome. 

 

In summary, the pre-2020 landscape of HTS is one of striking experimental milestones shadowed by theoretical 

ambiguity and practical constraints—the perfect balance of promise and challenge. 

 

VIII. CONCLUSION 

 

By 2020, high-temperature superconductivity had expanded through multiple material classes—from cuprates to 

interfaces and high-pressure hydrides—achieving transition temperatures up to ~203 K. Advanced methodologies, 

including STM, high-field transport, and interface engineering, significantly enriched empirical understanding. Yet, the 

phenomenology—especially in cuprates—remains theoretically unresolved, with debates around pairing mechanisms 

and normal-state behavior ongoing. 

 

Practical limitations also persist: ceramic brittleness and anisotropy hinder device manufacturing; high-pressure 

requirements curtail real-world usability; and quantum critical investigations demand specialized facilities. 

Nonetheless, HTS research galvanized both fundamental physics and material science, laying groundwork for future 

breakthroughs. 

 

IX. FUTURE WORK 

 

Building on pre-2020 foundations, future efforts should focus on: 

1. Mechanism Clarification 
o Employ combined experimental-theoretical frameworks to resolve pairing mechanisms in cuprates and hydrides. 

Enhanced use of ultrafast spectroscopy, controlled disorder, and advanced modeling will be critical. 

 

2. Material Engineering 
o Enhance mechanical properties of HTS materials (e.g., ductile composites, grain alignment) for scalable wires and 

tapes. 
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3. Interface Optimization 
o Refine interfacial superconductivity platforms (like FeSe/STO), optimizing oxygen phonon coupling and electronic 

structure for higher Tᶜ with ambient pressure. 

 

4. Ambient-Condition Hydrides 
o Discover hydride or alternative systems capable of HTS at lower pressures, moving toward realistic applications. 

 

5. Theoretical Integration 
o Unify RVB, electron-phonon, and quantum critical paradigms within robust many-body frameworks. 

 

6. Applications Engineering 
o Pilot practical devices—magnets, power systems, sensors—based on BSCCO or YBCO, enhanced by improved 

fabrication and handling. 

 

These directions chart a path toward unraveling HTS mysteries and advancing toward ambient-temperature 

superconductivity and broad technological impact. 
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