Part A

Quantum Chemistry

A revolution took place in science when Werner Heisenberg (1925)
and Erwin Schrodinger (1926) independently developed quantum
theory as we use it today. There is no major area of science left today
that is unaffected by this theory. Explanations for many puzzling
phenomena in physics and chemistry fell out (literally) from the
theory within a year or two of its formulation. Among them are
the nature of the chemical bond, the mechanism for radioactive
decay and the connection between structure and spectroscopy. It is
not an exaggeration to say that no other theory has achieved such
prominence in so short a time. Quantum theory has also been an
engine for the development of new technologies, such as the electron
microscope and magnetic resonance imaging.

You will find the study of quantum theory both fascinating and
rewarding.
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Chapter 1

The Schrodinger Equation, Waves
and Wave Packets

1.1. Critical Experiment 1.7. The Uncertainty Principle
1.2. Wave Packets 1.8. Interpretation of the Wave
1.3. Wave Functions and Wave Function
Packets: A Tutorial 1.9. Particle in a Three-Dimensional
1.4. The de Broglie Principle Box
1.5. Particle in a Box 1.10. Quantum Wells, Wires and Dots

1.6. The Schrédinger Equation

1.1. Critical Experiment

The experiment that I will describe was among many such tests which
directly lead to the heart of quantum theory. You may be familiar
with Young’s double-slit experiment, which shows that light waves
interfere to form dark and bright bands. This experiment dispelled
any lingering doubts about the wave nature of light since waves, and
only waves, can show such behavior.

What happens when you use electrons instead of light? These
experiments were done By Dr. A. Tonomura and associates in
Advanced Research Laboratories of Hitachi. Figure 1.1 shows the
results of a decisive experiment. Notice the interference pattern
projected on the screen. It may seem surprising that electrons show
the characteristic interference pattern of waves, but there is a bigger
surprise to come. In this experiment, an electron goes through the
slit area before the next is ejected from the sharp tip of the electrode.
There is no way of avoiding the conclusion that each electron forms a
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4 Invitation to Physical Chemistry

complete wave and goes through both slits; otherwise we would not
see the diffraction pattern in Fig. 1.1.

If the wave pattern were due to the collective movement of many
particles, as is the case with water waves, no one would give a second

Fig. 1.1. A field emission electron microscope with a biprism is used to record
the observed interference patterns in the figure. The biprism functions in the
same way as two slits in the optical experiments. This experiment is unique in
that one electron wave packet at a time goes through the biprism plane. The
frames in the figure show the emergence of the electron interference pattern.
The numbers of electrons recorded in the five frames shown are: (a) 5, (b) 200,
() 6,000, (d) 40,000, and (e) 140,000 (reproduced with the kind permission of
Dr. Akira Tonomura, Hitachi, Ltd., Japan).
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6 Invitation to Physical Chemistry

thought to this experiment. But that is not what is happening.
It is worth repeating: each electron shows wave-like behavior; it
apparently goes through both slits simultaneously like a wave.

If we look at the series of photographs in Fig. 1.1 we get another
surprise. Each electron makes a dot on the screen just like a particle.
These results are so puzzling and so unexpected that this and similar
types of experiments have been done many times, under widely
different conditions, not just with electrons but also with neutrons,
protons, hydrogen molecules, helium and heavier atoms. Similar
results have been obtained. Each case begs the same question: How
could objects we assume to be particles display wave-like behavior?

1.2. Wave Packets

Puzzling as this behavior is, it can be satisfactorily explained if we
accept the following postulate with one essential proviso to be added
later:

FElementary units of matter and radiation are wave packets.

A wave packet is a superposition (summation or integration) of
a very large number of waves of different frequencies. Figure 1.2
gives the profile of a wave packet generated by adding several waves.
Leaving the details for a later time, we can say this much now: since
it is a collection of waves, a wave packet shows interference when
passing through the slits; since it is compact, a wave packet hits the
screen like a particle when there is no slit. What we are seeing in this
experiment is the effect of change in the size of the wave packet as it
passes from the tip of the electrode to the screen.

Think of the electron before it is ejected as a concentrated wave
packet confined in a solid material. That wave packet, liberated from
the tip, spreads out. By the time it reaches the slits it is large enough
to cover the whole slit width. At the screen the wave packet condenses
again into a smaller unit to appear as though it were a particle on
the screen. Why do I accept this view? Spectroscopic experiments
show that electrons embedded in solids show the properties of wave
packets and not of tiny balls. You may think that an atom in a solid
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Fig. 1.2.  The superposition of many waves of different wavelengths gives a wave
packet which exhibits both wave-like and particle-like properties. In this figure,
21 sine waves are added with different weights to form a wave packet. The wave
packet behaves like a wave near small objects and shows diffraction. It behaves
like a particle near large objects, scattering in near classical trajectories.

state is a particle. Quantum theory says that this is a valid and useful
picture under many conditions, but that an atom is never at rest and
its properties can only be understood by starting with wave theory.

This explanation raises two questions. Firstly, why does the wave
packet change its size in travelling from the tip to the detector?
Secondly, when a collection of wave packets are detected, each wave
packet seems to know its “assigned” position on the screen and forms
an interference patterns instead of bunching in one spot. How do they
collectively form a pattern while behaving independently? How does
each wave packet know where to “collapse”?

The first question can be answered unambiguously. As I will
show later in the chapter, the size of the wave packet depends on
its interaction with the environment. At present, there are no totally
satisfactory answers to the second question and the mechanism for
collapse of the wave packet is still being discussed in the physics
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