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Superconductivity, discovered by Kamerlingh Onnes in 1911, is characterized by zero electrical
resistance and the Meissner effect. For decades, the highest critical temperature (7.) was 23 K (
NbsGe), explained by the Bardeen-Cooper-Schrieffer (BCS) theory. The paradigm shifted in 1986 with
the discovery of cuprate perovskites by Bednorz and Miiller, achieving 1. above the boiling point of
liquid nitrogen (77 K). These High-Temperature Superconductors (HTS) challenged the BCS
framework, leading to a complex landscape of phenomenological models and niche technological
deployments.

Assumptions

The theoretical understanding of HTS is bifurcated: conventional BCS theory applies to the phonon-
mediated pairing in the low-1. regime, while HTS (cuprates, iron-based pnictides) requires extensions
involving strong electronic correlations.

Conventional BCS Assumptions (Baseline)

The attractive potential between electrons is mediated by lattice vibrations (phonons). The normal
state is a Fermi liquid where electrons are well-defined quasiparticles. The Cooper pairs form in a
spherically symmetric state (angular momentum [ = 0).

HTS-Specific Assumptions (Cuprates)

For cuprates (e.g., Y BasCusO7_,, BisSroCaCus0sg. ), superconductivity occurs primarily in the
Copper-Oxygen (C'uO-) planes. The coupling between planes is weak (quasi-2D). The parent
compound is an antiferromagnetic Mott insulator. Superconductivity emerges upon doping holes or
electrons into these planes. The normal state is a "strange metal" with linear-in-temperature resistivity
(p o< T') and unconventional charge dynamics. The superconducting order parameter has nodes
(points of zero gap) along the diagonal directions of the Brillouin zone, indicating anisotropic pairing
mediated by magnetic spin fluctuations rather than phonons.

Governing Equations

The Ginzburg-Landau (GL) Theory

While derived for conventional superconductors, the GL theory remains the cornerstone for describing
HTS behavior near 7. and in applied fields. It assumes the superconducting state can be described by
a complex order parameter ¢ = |w|el¢, representing the density of Cooper pairs.

The free energy expansion near 1. is given by:
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Minimizing the free energy with respect to ¢ yields the Ginzburg-Landau equation:
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Minimization with respect to the vector potential A yields the supercurrent equation:
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From this, two fundamental length scales emerge:
1. Coherence Length (£): The scale over which 1) recovers from a perturbation.
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2. Penetration Depth (\): The scale over which magnetic fields are screened.
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The ratio x = A/ determines the behavior in magnetic fields. HTS materials typically have very large
k(k>1/ V2 ), classifying them as Type-Il superconductors. This allows magnetic flux to penetrate
as quantized vortices (fluxons), which is critical for power transmission as it permits high magnetic
fields without quenching superconductivity.

The d-wave BCS Extension
The standard BCS gap equation for s-wave pairing is:

Ak/ Ek/
A = — /2K tanh
k ;Vk’k Yo (2k3T>

where Ex = /€2 + |Ag|?.

For cuprates, the pairing potential Vi y’ is derived from spin fluctuations rather than phonons. This
potential is attractive when the wavevector q = k — k’ corresponds to the antiferromagnetic nesting
vector (m, ).

Solving this with a d,>_,» symmetry yields a gap function:

Ag = % (cos(kga) — cos(kya))

The gap vanishes along lines where £k, = +k,. The presence of nodes leads to a linear temperature
dependence of the electronic specific heat (C¢; o< T') at low T, and a power-law dependence for

penetration depth (A\(T") o< T"), distinguishing it from the exponential decay expected in s-wave
superconductors.
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Critical Current Density (J_c) in HTS

For applications, the critical current density is governed by flux pinning. In Type-Il superconductors,
the Lorentz force (F;, = J x B) causes vortices to move, creating dissipation. The critical current is
defined by the depinning condition:
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where U, is the pinning potential (introduced by artificial defects like non-superconducting precipitates)
and ¢g = hc/2e is the magnetic flux quantum.

HTS materials exhibit strong intrinsic pinning due to the layered structure, but also suffer from weak
links (grain boundaries). In polycrystalline HTS, the critical current is limited by the grain boundary
angle 6:

Jo(0) = J.oexp(—0/00)

This necessitates the use of coated conductors (e.g., IBAD-MOCVD) where the crystalline texture is
aligned to eliminate high-angle grain boundaries.

Power Transmission Applications

The adoption of HTS in power transmission is driven by the physics described above: high 7. allows
operation at liquid nitrogen temperatures (77 K) rather than the expensive liquid helium (4.2 K)
required by conventional superconductors.

HTS wires (e.g., REBCO — Rare Earth Barium Copper Oxide) can carry 100-1000 times the current
of equivalent cross-section copper cables. While AC operation introduces hysteresis losses due to
vortex motion (o< f - B? ), DC transmission lines exhibit near-zero resistive loss. High power density
reduces the need for wide rights-of-way and allows for underground transmission at voltages lower
than traditional HVAC or HVDC.

Notable Limitations

Anisotropy (7): The ratio v = \./ A4 (out-of-plane vs in-plane) can be as high as 5-10 in cuprates.
This limits the performance of wires in magnetic fields oriented perpendicular to the tape.
Mechanical Strain: The J. degrades under tensile strain due to the brittle ceramic nature. The critical
strain ¢, is governed by the irreversible degradation of the pinning landscape.

The Hydrogen Nexus

The most promising current application is the "Hydrogen-Electric" corridor. Liquid hydrogen (LH2) boils
at 20 K, which is well below the 7. of HTS (77 K for nitrogen, but 20 K yields even higher .J. and lower
AC losses).

System Integration

Coolant: LH2 serves as a cryogen for the HTS cable.

Fuel: LH2 is transported as an energy carrier (chemical energy) to industrial hubs.
Electrical Conduit: The HTS cable transmits electrical power in parallel.
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The cooling power requirement is derived from the heat in-leak ((;,,) and the AC losses (P},ss):

j2) o an + Ploss
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where COP(T) is the Carnot coefficient of performance for the cryocooler. At 20 K, the COP is
significantly lower than at 77 K, meaning the system must be optimized to minimize heat in-leak
through the use of high-vacuum cryostats and low-loss terminations.

HTS Wires

A thin ribbon of highly textured metal, usually a nickel-tungsten alloy forms the substrate. It’s flexible,
strong, and must be magnetically unresponsive—a non-magnetic heart for a superconductor destined
for high-field magnets. A series of layers are applied to the metal tape, through a process known as
the "RABITS" (Rolling Assisted Biaxially Textured Substrates) or, more commonly for REBCO, the
**IBAD** (lon Beam Assisted Deposition) process.

A series of ceramic buffer layers, typically magnesium oxide, yttria, and lanthanum manganite, are
then deposited on the substrate. They serve two crucial purposes: they preserve the crystalline
alignment of the foundation, and act as a chemical barrier, preventing the metal substrate from
poisoning the delicate superconductor.

The HTS material is a complex ceramic—typically (Gd, Y ) BasCuzOr-s. Metal-Organic Chemical
Vapor Deposition (MOCVD) is often used to deposit the HTS layer. In the MOCVD chamber, the
substrate tape moves through vaporized precursor metals—barium, copper, and the rare-earth
elements—in the presence of oxygen. The previously deposited buffer layers act as a "seed." The
crystal lattice of the buffer layer forces the REBCO crystals to form in a specific orientation and the
resulting HTS layer is 1 to 2 micrometers thick.

The next stage of fabrication is stabilization and protection. The delicate REBCO-coated tape is
immediately surrounded by a protective layer of silver, usually via sputtering. It provides a path for
current if the superconductor momentarily loses its zero-resistance state (quenches), preventing the
wire from burning up.

Finally, to be useful in a magnet for a fusion reactor or an MRI machine, the tape must be kept
cryogenically cold. This is made possible by the cable-in-conduit conductor (CICC) or a stacked tape
assembly. Multiple REBCO tapes—either stacked like a deck of cards or twisted into a rope—are
inserted into a stainless steel or aluminum jacket. Running alongside the stack of wires are specially
designed channels. They are meticulously engineered to allow the flow of liquid helium (at 4.2 K) or
liquid nitrogen (at 77 K).

Concluding Remarks

While the underlying physics (pairing mechanism, pseudogap phase) remains an active area of
fundamental research, the engineering of HTS has matured. Current understanding of vortex pinning
(U, optimization) has led to commercial REBCO tapes capable of /. > 1000 A at 77 K. The primary
barriers to widespread grid adoption are no longer fundamental physics but cost-per-kA-m and the
reliability of cryogenic cooling systems.

© All rights reserved, Orange County Science Institute, 2026



