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Description

Thermodynamics has long been an important method for
understanding material behavior under various conditions, but when it
comes to low-temperature physics, the traditional concepts of
thermodynamics are often challenged. The phenomena of
superconductivity and superfluidity are most important examples
where quantum mechanics governs the material properties, especially
at temperatures close to absolute zero. These quantum states exhibit
remarkable characteristics such as zero electrical resistance in
superconductors. To understand these phenomena, it is essential to
know thermodynamic principles, discovering the key quantum effects
that give rise to such exotic states of matter.

Superconductivity was first discovered in 1911 by Heike
Kamerlingh Onnes, it is a state of matter where a material typically a
metal or an alloy, loses all electrical resistance when cooled below a
critical temperature. This phenomenon is a direct result of quantum
effects that occur within the material's electron structure. At low
temperatures, the thermal energy is insufficient to break the quantum
mechanical pairing of electrons known as Cooper pairs. In a normal
conductor, electrons move through the lattice, scattering off impurities
and vibrations in the crystal structure (phonons), which generates
electrical resistance. However, in a superconductor, the Cooper pairs
move through the lattice without scattering, which leads to the absence
of electrical resistance. The thermodynamics of this state are governed
by the Bardeen-Cooper-Schrieffer (BCS) theory, which describes how
these electron pairs form below a critical temperature and condense
into a collective quantum state.
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From a thermodynamic standpoint, superconductivity is characterized
by a phase transition at the critical temperature. Below this temperature,
the system undergoes a second-order phase transition from a normal
metallic state to a superconducting state, marked by the appearance of
long-range order in the electron pairs. The Gibbs free energy of the
system changes significantly and superconductors exhibit perfect
diamagnetism (the Meissner effect), meaning they expel magnetic
fields from their interior, an essential thermodynamic feature of
superconductivity. The thermodynamic stability of the superconducting
phase can also be understood in terms of the free energy of the Cooper
pair condensate, which is lower than that of the normal state at
temperatures below the critical temperature.

Superconductors also exhibit quantum mechanical effects that are
not seen in classical systems. For instance, quantum tunneling and
macroscopic quantum coherence are key features in the operation of
superconducting devices like SQUIDs (Superconducting Quantum
Interference Devices). These devices exploit the quantum effects of
superconductivity for extremely sensitive measurements of magnetic
fields, showcasing the practical applications of thermodynamic
quantum effects.

Superfluidity, discovered in liquid helium-4 and helium-3 in the
1930s, is another example of a quantum mechanical phenomenon that
manifests at extremely low temperatures. In a superfluid, a liquid
exhibits the ability to flow without viscosity or friction, which means it
can maintain perpetual motion in certain conditions. This
remarkable state is also a result of quantum mechanical principles,
where the constituent particles (such as helium atoms) condense into a
single quantum state at low temperatures. The thermodynamics of
superfluidity can be understood through the Bose-Einstein
Condensation (BEC) theory for bosonic particles (helium-4 atoms)
and Fermi-Dirac condensation for fermionic particles (helium-3
atoms). In both cases, at sufficiently low temperatures, the particles
undergo a phase transition into a collective ground state where
quantum effects become apparent on a macroscopic scale.

One of the most important thermodynamic features of superfluids is
their ability to exhibit zero viscosity. In a normal fluid, viscosity arises
from the scattering of particles, but in a superfluid, the particles move
in such a way that there is no energy dissipation. The superfluid phase
is also characterized by a second-order phase transition at a critical
temperature, below which the liquid transitions into the superfluid
state. At the transition, the system's free energy changes and the
entropy decreases as the system reaches a new, more ordered state.
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