1. INTRODUCTION - Why Quantum Physics
• Classical mechanics (Newton's mechanics) and Maxwell's equations (electromagnetics
theory) can explain MACROSCOPIC phenomena such as motion of billiard balls or rockets.
• Quantum mechanics is used to explain microscopic phenomena such as photon-atom
scattering and flow of the electrons in a semiconductor.
QUANTUM MECHANICS is a collection of postulates based on a huge number of experimental
observations.
The differences between the classical and quantum mechanics can be understood by examining
both
• The classical point of view
• The quantum point of view

1.1. Classical point of view
• In Newtonian mechanics, the laws are written in terms of PARTICLE TRAJECTORIES.
• A PARTICLE is an indivisible mass point object that has a variety of properties that can be
measured, which we call observables. The observables specify the state of the particle
(position and momentum).
• A SYSTEM is a collection of particles, which interact among themselves via internal forces,
and can also interact with the outside world via external forces. The STATE OF A SYSTEM
is a collection of the states of the particles that comprise the system.
• All properties of a particle can be known to infinite precision.
Conclusions:
TRAJECTORY r ( t ), p(t ), t ≥ t0
the linear momentum is defined as
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EVOLUTION OF THE STATE è Use Newton's second law
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PRINCIPLE OF CAUSALITY è Two identical systems with the same initial
conditions, subject to the same measurement will yield the same result.

1.2.

Quantum point of view

• Quantum particles can act as both particles and waves è WAVE-PARTICLE DUALITY
• Quantum state is a conglomeration of several possible outcomes of measurement of physical
properties è Quantum mechanics uses the language of PROBABILITY theory (random
chance)
• An observer cannot observe a microscopic system without altering some of its properties.
Neither one can predict how the state of the system will change.
• QUANTIZATION of energy is yet another property of "microscopic" particles.
1.3.

The Heisenberg Uncertainty Principle

One cannot unambiguously specify the values of particle's position and its momentum for a
microscopic particle, i.e.
∆x (t0 ) ⋅∆p( t0 ) ≥ 12 2hπ
Position and momentum are, therefore, considered as incompatible variables.
The Heisenberg uncertainty principle strikes at the very heart of the classical physics => the
particle trajectory.
1.4.

The Correspondence Principle

When Quantum physics is applied to macroscopic systems, it must reduce to the classical
physics. Therefore, the nonclassical phenomena, such as uncertainty and duality, must become
undetectable. Niels Bohr codified this requirement into his Correspondence principle:
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Quantum Physics

Classical Physics
• Laws
• Physical models
• Predictions

1.5.

Explanation of the particle DUALITY

The behavior of a "microscopic" particle is very different from that of a classical particle:
è in some experiments it resembles the behavior of a classical wave (not localized in
space)
è in other experiments it behaves as a classical particle (localized in space)

Corpuscular theories of light treat light as though it were composed of particles, but can not
explain DIFRACTION and INTERFERENCE.
Maxwell's theory of electromagnetic radiation can explain these two phenomena, which was the
reason why the corpuscular theory of light was abandoned.
Waves as particles:
• Max Plank work on black-body radiation, in which he assumed that the molecules of the
cavity walls, described using a simple oscillator model, can only exchange energy in units of
hν , led to the following expression for the radiative energy density
2

ρ( ν, T ) =

8πν

hν
c3 exp(hν / k BT )− 1

• 1905 Einstein proposed that the energy in an electromagnetic field is not spread out over a
spherical wavefront, but instead is localized in individual clumbs - quanta. Each quantum of
frequency ν travels through space with speed of light, carrying a discrete amount of energy
hν and momentum hν / c =photon => used to explain the photoelectric effect, later to be
confirmed by the x-ray experiments of Compton.
Particles as waves:
• Double-slit experiment, in which instead of using a light source, one uses the electron gun.
The electrons are diffracted by the slit and then interfere in the region between the diaphragm
and the detector.
• Aharonov-Bohm effect:
Let ψ 1 and ψ 2 describe the probability amplitudes for the electrons traveling to the right from
the upper and lower half-part of the ring.
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The probability that the electron will arrive at the RHS is then given by:
2
iϕ
iϕ 2
ψ 1 + ψ 2 ∝ e 1 + e 2 ∝ 2 + 2 cos(ϕ1 − ϕ 2 )
A time varying magnetic field induces an electric field in the conductor:

Ei = −

dΦ
dt

For an electron moving in an electric field, we have that

F =h

e
dk
= − eEi → k = k0 − ∫Ei dt ,
dt
h

which then gives for the phase difference:

Φ
∆ϕ = ϕ1 − ϕ 2 = 2 π
Φ

0

where Φ 0=h/e is the quantum unit of flux.
Conclusions:
1. Static magnetic field creates a phase difference between the waves that traverse the two
paths, which leads to the fluctuation in the conductance as the magnetic field is varied.
2. The Aharonov-Bohm effect is observable at low temperatures when the phase
interference of the two waves is maintained over long distances.

