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Quantum A Matter Of Size
←Quantum

Approach to Mesoscopic Physics: Quantum Size Effects

This article is based on Wikipedia articles and other sources as well
as Wikiversity:Original research.The objective is to explain
how "sizes" are used in Quantum Mechanics (QM). Often
sizes in quantum mechanics are probabilistic, with particles
not having a fixed size, but a size that depends on factors like
wavelength or boundary condition.

Mesoscopic physics is a field within condensed matter
physics that describes systems whose dimensions are
intermediate between the nanoscale of individual atoms or
molecules and the micrometre scale of bulk materials.[1]

Systems large enough to contain many atoms, yet still small
enough so that the motion of particles is influenced by
quantum mechanical effects rather than being fully described by classical physics.[2][3]

An electronic device miniaturized from macroscopic to mesoscopic dimensions (see also Carlo
Beenakker) behaves differently as a consequence of quantum coherence. Macroscopic wire shows a
smooth increase in electrical conductance with thickness, but a wire at mesoscopic scale exhibits
quantized conductance, increasing in discrete steps rather than continuously. Research in this area uses
both experimental measurements and theoretical models to explore transport phenomena in insulators,
semiconductors, metals, and superconductors. The field also has applications in the engineering of
nanoscale electronic components.[2][3]

Important for mesoscopic physics is that the physical properties of materials—mechanical, chemical, and
electrical—change significantly during miniaturization. Objects shrink toward the nanoscale, the fraction
of atoms located at the surface becomes large enough to influence behavior. In contrast, for conventional
bulk materials larger than about one micrometre, surface effects are negligible compared to the total
number of atoms. Mesoscopic research focuses on metallic or semiconducting structures produced using
nanofabrication and microelectronic techniques.[2][3]
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Brazilian Crystal Opal.

Quantum-tunneling

There is no single precise size boundary that defines a mesoscopic system; it typically refers to structures
ranging from about 100 nm (the size of a small virus) up to around 1,000 nm (the size of a bacterium),
with 100 nm often regarded as the upper size limit for a nanoparticle. Mesoscopic physics is related to
nanotechnology and nanoscale device engineering. Three common types of phenomena in mesoscopic
systems include quantum interference, quantum confinement, and electron charging effects.[2][3]

Wikiversity Learning Resource – Physical Scienses

⋅Alexey Ekimov or Aleksey Yekimov solid state physicist
and a pioneer in nanomaterials research. He discovered the
semiconductor nanocrystals known as quantum dots in 1981,
while working at the Vavilov State Optical Institute.[4][5][6] In
2023, he was awarded the Nobel Prize in Chemistry for this
discovery.

In 1981, Ekimov, along with Alexei A. Onushchenko [7]

reported the discovery of quantum size effects in copper
chloride nanocrystals in glass,[8][9][10][11] a phenomenon now
known as quantum dots. During his time at the institute he
further investigated these system and developed the theory of
quantum confinement with Alexander Efros.[12][13]

Tunneling is directly related to the wave nature of matter.[14]

Quantum tunneling is a quantum mechanical phenomenon in
which particles, such as electrons or protons as wave packets,
can pass through potential energy barriers even when they do
not have enough classical energy to overcome them.[15][16] In
classical mechanics, this would be impossible. Low-mass
particles are most likely to tunnel, and the probability
decreases rapidly with increasing particle mass or barrier
width.[17] For electrons, tunneling can be significant through
barriers with thicknesses of about 1–3 nm, while for protons
or hydrogen atoms, it is typically only observable for much
thinner barriers, around ≤0.1 nm.[18] The principle of
tunneling leads to the development of Scanning Tunneling
Microscope (STM) which had a serious impact on chemical,
biological and material science research.[19]

Research on sizes
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A mass–radius log plot of various
objects

The Compton Gamma
Ray Observatory

The Planck length( ) is often considered the smallest meaningful
length in physics, obtained by combining quantum mechanics,

relativity, and gravity:  At this

scale, quantum fluctuations of spacetime are expected to become
significant, and both ordinary quantum mechanics and general
relativity break down. A complete theory of quantum gravity (such as
string theory or loop quantum gravity) would be required to describe
physics below this length.

The Schwarzschild radius is a parameter in the Schwarzschild
solution to Einstein's field equations that corresponds to the radius of a sphere in flat space that has the
same surface area as that of the event horizon of a Schwarzschild black hole of a given mass. It is a
characteristic quantity that may be associated with any quantity of mass. The Schwarzschild radius was
named after the German astronomer Karl Schwarzschild, who calculated this solution for the theory of
general relativity in 1916.

The Schwarzschild radius is given as

where G is the Newtonian constant of gravitation, M is the mass of the object, and c is the speed of
light.[20][21]

For a particle of mass , the Compton wavelength ( ) is defined as

 It represents the smallest region in which a particle can be

localized without creating particle–antiparticle pairs. For example:

Electron:  m

Proton:  m

The de Broglie wavelength ( ) depends on the particle’s momentum :  This wavelength can be

made arbitrarily small by increasing the particle’s momentum, so there is no fixed minimum scale in non-
gravitational quantum mechanics. The wavelength of a sine wave, λ, is measured between two points ot

Planck length

Schwarzschild radius

Compton wavelength

de Broglie wavelength
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Sine wave

LHC

Position x and momentum p
wavefunctions corresponding to quantum
particles.

the same phase, between crests (on top), or troughs (on bottom), or zero
crossings as shown.

Experiments have probed distances down to about  m (the scale of
high-energy collisions at the Large Hadron Collider), and elementary
particles still appear pointlike at these scales.

Attempts to measure distances smaller than the Planck length encounter fundamental
limits due to the combination of quantum mechanics and
general relativity.

According to the Heisenberg uncertainty principle:

 To probe a very small region , a particle

with very large momentum  (and hence very high energy
) is required.

However, according to general relativity, concentrating too
much energy into a small region of space will create a black
hole if the energy corresponds to a Schwarzschild radius

When the Schwarzschild radius becomes

comparable to the uncertainty in position ( ), further localization becomes impossible, because
the region collapses into a black hole.

Combining these relations gives an approximate limit:  Thus, the Planck length

represents the smallest measurable distance in principle: below this scale, the very concept of "position"
loses operational meaning. [22][23][24]

The existence of a minimum length scale is a common feature in approaches to quantum gravity,
including string theory and loop quantum gravity. In these theories, spacetime may have a discrete or
quantized structure at the Planck scale, preventing the definition of smaller distances.[25][26][27][28]

Experimental limits

Limits of measurement below the Planck length

Conceptual implications
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Meaning -Planck length, Electron, Compton wavelength, de Broglie wavelength- Quantum mechanics
itself does not impose a fundamental smallest size, but when gravity is included, the Planck length is
often regarded as the smallest physically meaningful scale.

Size and Quantum Effects: Quantum mechanics becomes significant at scales on the order
of nanometers (10⁻⁹ meters) or smaller, where properties like wave-particle duality,
superposition, and quantization of energy levels dominate. For example, in atoms, electrons
occupy discrete energy levels determined by the size of their orbitals.

Scaling and Classical Transition: As size increases to macroscopic scales, quantum effects
become negligible due to decoherence and the averaging of quantum probabilities. This is
why classical mechanics describes larger systems effectively.

Specific Contexts
Quantum Confinement: In nanostructures like quantum dots, the physical size of the system
restricts electron movement, leading to quantized energy levels that depend directly on size.
Heisenberg Uncertainty Principle: The smaller the spatial confinement (size), the larger the
uncertainty in momentum, a purely quantum effect.
Macroscopic Quantum Phenomena: In rare cases, like superconductors or Bose-Einstein
condensates, quantum effects persist at larger scales, but these are exceptions and often
involve low temperatures or specific conditions.

A quantum (plural quanta) is the smallest discrete unit of a physical property, such as energy, light, or
angular momentum. For example, a photon is a quantum of light.

Quantum physics is the branch of science that studies the behavior of matter and energy at
very small scales, such as atoms and subatomic particles. It explores phenomena that
classical physics cannot explain, including wave-particle duality and quantized energy
levels.

Quantum mechanics is the mathematical framework within quantum physics that provides
the rules and equations to describe and predict the behavior of quantum systems. It
includes principles such as the uncertainty principle, wavefunctions, and superposition.

So:

Quantum = the smallest piece of a property.
Quantum physics = the study of the behavior of these small pieces.
Quantum mechanics = the set of rules and equations that describe how they behave.

Quantum Science consist of Quantum physics (QP) and Quantum mechanics (QM) describing the
behaviour of matter and light at the atomic and subatomic scale.[29] These phenomena underlie
technologies such as semiconductors, lasers, and solar cells, and form the basis of developing fields
including quantum computing and quantum sensing.[30]

Summary

Theory
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