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Research Paper Superconductivity, a quantum phenomenon enabling zero electrical
Accepted: 15-11-2025 resistance and perfect diamagnetism below a critical temperature (T;),
Published: 10-12-2025 continues to redefine the boundaries of materials science and
Keywords: engineering. This comprehensive review elucidates the historical
Superconductivity;,  High- progression, intrinsic properties, emergent phenomena, and burgeoning
temperature applications of superconducting materials, with a focus on high-
superconductors;  Critical temperature superconductors (HTS). Drawing on foundational theories
temperature; Meissner like Bardeen-Cooper-Schrieffer (BCS) and recent 2025 breakthroughs
effect; Quantum such as Germanium's superconductivity induction and ambient-
applications; Room- pressure stabilization of nickelates we explore pathways toward room-
temperature materials temperature variants. Enhanced with empirical data visualizations,

including timelines of (T,) evolution and application benchmarks, this

paper highlights superconductivity's role in lossless energy
transmission, quantum computing, and fusion energy. Challenges like
cryogenic demands are addressed alongside prospects for scalable,
sustainable implementations, positioning superconductivity as a

linchpin for the net-zero future.

1. Introduction

Superconductivity manifests as a macroscopic quantum state wherein electrons in certain materials pair

up to traverse lattices without scattering, annihilating electrical resistance and expelling magnetic fields
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via the Meissner effect. This diamagnetic response arises from induced supercurrents that precisely
counter external fluxes, confining fields to a London penetration depth (4, = 50 — 500 nm).
Operationally, superconductivity persists only below 7., bounded also by critical field (H.) and current
density (J.) thresholds surpassing these induces a phase transition to the normal state, often via thermal

or magnetic quenching.

Classified into Type I (e.g., pure metals like lead,T, = 7.2K, sharp H, transition) and Type II (e.g., alloys
like NbTi, T, = 9.5K , vortex-mediated partial penetration), these materials underpin diverse
technologies. The BCS theory (1957) formalizes conventional superconductivity: attractive electron-
phonon interactions yield Cooper pairs with binding energy 4(B) =~ 1.76 kgT,, where kj is Boltzmann's
constant. The gap equation, derived from weak-coupling Eliashberg extensions, predicts T, =
1.13 hwpexp(—1/1), with Debye frequency wp and coupling A = N(0)V (density of states times

interaction potential).

Despite cryogenic barriers liquid helium (4.2K) for low T, nitrogen (77K) for HTS advances mitigate
costs, slashing global transmission losses (8 — 10%) and enabling compact high-field devices. This
review synthesizes classical lore with 2025 innovations, employing tabular and graphical analyses for

clarity, to forecast superconductivity's integration into decarbonized infrastructures.
2. Historical Evolution

Superconductivity's chronicle spans empirical serendipity to theoretical mastery, marked by exponential
T, gains post 1986. Heike Kamerlingh Onnes's 1911 mercury experiment (T, = 4.2 K) defined classical
resistivity models, where R(T) o« T via phonon scattering. Early alloys nudged T, to ~ 18K by 1957,
aligning with BCS's debut.

The 1986 Bednorz-Miiller cuprate leap (LaBaCuO, T, = 35K) ignited HTS fervours, soon yielding
YBa,Cu3;0,(T, = 92K) in 1987 surpassing liquid nitrogen's boil-off. Subsequent waves included MgB,
(2001, T, = 39K, phonon-mediated), iron-pnictides (2008, T, = 55K), and pressurized hydrides (2015
onward, T, > 200K, e.g., H3S at 203K). By 2025, ambient-pressure nickelates approach 40K, bridging

hydride extremes with practical cuprates.
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Table 1: Timeline of Milestone Superconductors and Critical Temperatures

Year | Material T. (K) Type/Notes Key Contributor(s)
1911 | Hg (Mercury) 4.2 Type I, elemental H. Kamerlingh Onnes
1930 | Pb (Lead) alloys 7.2 Type 1, early alloys W. Meissner
1957 | Nb3Sn (Niobium-tin) 18 Type 11, A15 structure B. Matthias
J.G. Bednorz, K.A.
1986 | LaBaCuO (Cuprate) 35 HTS, unconventional
Miiller
1987 | YBa,Cu30, (YBCO) 92 HTS, liquid N, compatible M.K. Wu
MgB, (Magnesium
2001 39 Conventional, metallic J. Nagamatsu
diboride)
2008 | LaFeAsO (Pnictide) 26 Unconventional, Fe-based Y. Kamihara
2015 | H3S (Hydrogen sulfide) | 203 Conventional, high-pressure A.P. Drozdov
LaH,, (Lanthanum Conventional, megabar
2019 250 E. Snider
hydride) pressure
SmNiO, (Samarium
2025 40 HTS, ambient pressure, non-Cu | S.L.E. Chow
nickelate)

This table illustrates T,.’s stagnation pre-1986 followed by surges, reflecting materials innovation.
Graphical trends (e.g., semi-log T, vs year) reveal plateaus interrupted by paradigm shifts, with hydride

peaks under pressure hinting at phonon strengthening.
3. Fundamental Properties and Mechanisms

At cryogenic regimes, resistivity p(T) = 0asT — T, per two-fluid models: normal fluid fraction

el
_“ JR—
n T,

superconducting ns enabling infinite DC

ne.e’t

(t > )

Diamagnetism enforces B = 0 interiorly, with
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for HTS, 4, = 150 nm yields robust screening.
Type Il dynamics involve Abrikosov vortices: flux quanta @, = % ~2.07x 1071 Wb

thread lattices between H.; and H,, = @,/ (2m &?), coherence length & ~ hwvg / (m 4). Pinning

vortices via defects sustains J, > 107% A/cm?, vital for wires.

In cuprates, under-doping (hole density p < 0.16) yields pseudogap phases, with T,(p) peaking at
optimal doping via dome-shaped phase diagrams. Unconventional pairing implies sign-changing gaps,
probed by ARPES revealing Fermi arcs. Recent 2025 germanium induction via strain exemplifies
proximity effects, extending SC into semiconductors for hybrid devices. Electrodynamic responses, via

Mattis-Bardeen conductivity 6(w) = o7 — ig,, show inductive o,w 0 — 0, enabling AC levitation.
4. Key Phenomena

The Meissner effect, thermodynamically irreversible below T, underpins flux pumping and quantum
locking pinned vortices enabling stable levitation, as in HTS bearings. Josephson effects in junctions
(E; = (h/2e) I, cosg) facilitate phase-coherent tunneling: DC (V = (h/2e) de/dt) and AC modes
power voltage standards and SQUIDs, detecting 6B ~ 1075T for MEG/EEG.

Proximity-induced SC in normal extends coherence over &y = hvp/(2m kgT), fostering SNS qubits.
2025's chiral superconductors merge SC with intrinsic magnetism, yielding spontaneous fields sans bias
ideal for spin-valve sensors. Flux flow resistivity py = B®yB,/ 1 (n viscosity) is mitigated by artificial

pinning landscapes, enhancing quench resistance.
5. Practical Applications

HTS's merit lies in efficiency: e.g., YBCO tapes carry 100 — 500 A/mm? at 77 K, 20 T. Table 2

benchmarks applications.

Table 2: Superconducting Applications and Performance Metrics

Application Material Key Metric Impact/Status (2025)

Power Grids | Bi — 2223 , | Loss <1% over 1 km AmpaCity  project: 10 kA
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(Cables) YBCO pilots
MRI Scanners NbTi , HTS|B = 15—-7T , resolution | > 50,000 units; HTS for

hybrids <1 mm 10T +
Maglev Trains YBCO Speed > 500 km/h , lift|Japan  Chuo: operational
>100 kN /m? segments

Fusion (Magnets) REBCO B >13Tat20K ITER/CS: 2025 assembly
Quantum Al/Nb junctions | Coherence > 100 us, qubits | IBM/Google: error-corrected
Computing > 1000 scales
Detectors NbN NEP<10~"17w /\/ Hz CMB telescopes:  Simons
(Bolometers) Observatory

These leverage persistent modes for energy storage (SMES: efficiencies >95%) and fault limiters. 2025

nickelate stability at ambient pressure unlocks grid-scale lossless lines, curbing 50% urban losses.
6. Recent Breakthroughs

2025 herald’s germanium's strain-induced SC (T, = 1 — 5 K), fusing silicon tech with quantum channels
for cryo-free chips. Penn State's DFT-driven predictions forecast T, > 200 K in symmetry-broken
hydrides, sans megabar pressures. UH's pressure-quench protocol stabilizes BST phases ambiently,
aiding higher-Tc¢ hunts. SmNiO,'s bulk 40 K SC breaks 40-year non- Cu HTS barrier, promising

isotropic wires. Chiral SC-magnets from MIT obviate bias fields, streamlining sensors.
7. Future Horizons and Challenges

The trajectory of superconductivity research as of late 2025 points toward a convergence of theoretical
ingenuity, computational prowess, and experimental precision, aiming to dissolve longstanding
constraints and unlock unprecedented capabilities. Foremost among these aspirations is the pursuit of
room-temperature superconductivity under ambient pressures a milestone that could cascade across
industries, eliminating cryogenic dependencies and rendering superconducting technologies as

commonplace as semiconductors today.

Consider the materials frontier: while hydrides have tantalized with Tc values exceeding 250 K under
extreme pressures, 2025's innovations in nickelates and pnictides suggest a pragmatic pivot. For instance,

samarium nickelate (SmNiO,) variants, stabilized without high-pressure synthesis, exhibit T, near 40 K
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with s-wave pairing symmetry, offering isotropy that eases wire fabrication and integration into flexible
cables. Machine learning algorithms, trained on vast datasets of electronic band structures, are now
predicting hybrid compounds such as carbon-doped iron selenides or lanthanum-based organics that
could nudge T, beyond 150 K at one atmosphere. These tools, leveraging density functional theory
(DFT) with neural network surrogates, accelerate discovery cycles from years to months, as evidenced by

Penn State's recent catalog of 500 + candidates screened for stability and toxicity.

Yet, challenges persist, demanding multifaceted solutions. Cryogenic infrastructure, though optimized
with pulse-tube refrigerators achieving 4 K with 20% less power draw, remains a bottleneck for
widespread adoption. Emerging "warm" superconductors, like twisted bilayer graphene hybrids showing
T.~10 K at 200 K, hint at modular cooling via thermoelectric stages, potentially halving operational
costs. Brittleness in ceramic HTS tapes is being combated through additive manufacturing: 3D-printed
YBCO scaffolds with embedded metallic reinforcements now withstand tensile stresses up to 500MPa,

enabling kilometer-scale coils for fusion tokamaks.

On the application front, superconductivity's symbiosis with renewables and quantum systems heralds
systemic transformations. In energy grids, superconducting magnetic energy storage (SMES) units could
buffer intermittent solar/wind inputs with 99% round-trip efficiency, stabilizing microgrids in remote
locales. Projections for 2035 indicate that HTS-based underground lines might avert 15-20% of global
transmission losses, equating to terawatt-hours saved annually and a commensurate dip in CO,
emissions. Fusion energy, bolstered by REBCO magnets generating 207 fields in compact stellarators,
edges closer to breakeven; the 2025 commissioning of private ventures like Commonwealth Fusion

Systems' SPARC device underscores viability, with net plasma gains anticipated by 2028.

Quantum technologies stand to benefit profoundly. Superconducting qubits, already scaling to 1,000+ in
fault-tolerant arrays, could entwine with photonic links for distributed computing networks, enabling
secure, low-latency global data processing. Chiral superconductors' intrinsic magnetism opens doors to
topological quantum bits resistant to decoherence, potentially extending coherence times to milliseconds.
Challenges here include scaling fabrication: electron-beam lithography for Josephson junctions must

evolve to wafer-scale imprinting, a goal within reach via EUV extensions borrowed from chipmaking.

Environmental and ethical dimensions loom large. Rare-earth dependencies in HTS (e.g., yttrium,
neodymium) spur "green" synthesis routes, such as bioleaching from e-waste or Al-optimized recycling

loops yielding 95% recovery rates. Equity in access ensuring that quantum-accelerated drug discovery or
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lossless rural electrification doesn't exacerbate divides calls for open-source material repositories and

international consortia, much like the Human Genome Project's legacy.

In essence, the horizon gleams with hybrid paradigms: superconductivity fused with 2D materials for
flexible electronics, or embedded in neuromorphic hardware mimicking brain efficiency. By 2040,
envision urban landscapes threaded with invisible superconducting veins, powering megacities with
whisper-quiet efficiency while quantum sensors monitor climate fluxes in real-time. Overcoming these
hurdles through collaborative, interdisciplinary endeavours will not merely advance technology but

redefine humanity's stewardship of energy and information.
8. Conclusion

Reflecting on superconductivity's odyssey from Onnes's serendipitous chill in Leiden's labs to the 2025
symphony of nickelate lattices humming at near-ambient whispers one discerns a narrative of persistent
human curiosity unravelling nature's deepest enigmas. What began as a curiosity in frozen mercury has
burgeoned into a toolkit reshaping diagnostics, propulsion, and computation, with Tables 1 and 2

chronicling not just metrics but milestones of ingenuity.

This phenomenon's quantum choreography Cooper pairs gliding in lockstep, vortices etching invisible
tapestries mirrors broader scientific truths: order emerging from chaos, the infinitesimal dictating the
colossal. Yet, its true measure lies in prospective alchemy: transmuting theoretical Tc pinnacles into
everyday artifacts, from levitating freight across continents to qubits deliberating molecular cures. The
expanded vistas in Section 7 illuminate this alchemy's blueprint Al-forged materials, resilient

architectures, equitable deployments tempered by sobering realities of cost, scarcity, and scale.

Ultimately, superconductivity beckons as more than a physical curiosity; it embodies an ethos of lossless
pursuit, where energy's squander yields to precision's grace. As we stand on October 31, 2025's
threshold, poised between hydride pressures and room-temperature reveries, the field's vitality rests in
our resolve to bridge the chasm. In doing so, we don't merely electrify wires but illuminate pathways to a
resilient, interconnected world one persistent current at a time. This review, weaving archival threads
with emergent patterns, invites scholars and practitioners alike to contribute to this unfolding epic,

ensuring that superconductivity's promise endures as a beacon of sustainable innovation.
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