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The more you see how strangely Nature behaves, the harder it is to make a model
that explains how even the simplest phenomena actually work. So theoretical
physics has given up on that ... What I am going to tell you about is what we teach
our physics students in the third or fourth year of graduate school... It is my task
to convince you not to turn away because you don’t understand it. You see my
physics students don’t understand it. ... That is because I don’t understand it.
Nobody does.

~Richard P. Feynman, The Strange Theory of Light and Matter.~Richard P. Feynman, The Strange Theory of Light and Matter.~Richard P. Feynman, The Strange Theory of Light and Matter.~Richard P. Feynman, The Strange Theory of Light and Matter.~Richard P. Feynman, The Strange Theory of Light and Matter.
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1.11.11.11.11.1 INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION
Classical physics deals with objects at macroscopic level. In classical physics most of the

phenomenon are directly observable by naked eyes or by simple instruments like a microscope.
Newton’s laws of motion easily explain these phenomenon. However, from the mid-19th through
the early 20th century, scientists studied a set of new and puzzling phenomena concerning the
nature of matter and indeed, of energy in all its forms. With the discovery of X-rays, radioactivity,
photoelectric effect etc., it became evident that the description of the phenomenon on atomic and
subatomic scales do not fit well within the domains of classical laws. In microscopic world the
variables like energy and momentum were found to have discrete values and did not change in
a continuous manner from one state to the other as in classical physics. The new concepts led
to the formulation of quantum mechanics.

The development of quantum mechanics took place in two stages. The first stage began with
Max Planck’s hypothesis that radiation is emitted or absorbed by matter in discrete packets or
quanta of energy, hν. The second stage began with the development of wave mechanics by Erwin
Schrodinger in 1926. In the present chapter, we discuss the failure of classical mechanics and the
phenomena of black body radiation which led to the development of quantum mechanics. The
later part of the chapter deals with the dual nature of particles making the quantum system. The
various features of waves associated with these particles have been enumerated. The Heisenberg’s
uncertainity principle, an inherent property governing the behavior of quantum particles, is
discussed at the end of the chapter.

Before moving on to the above mentioned topics, a brief historical introduction (1850s to
1920s) of the field of quantum mechanics is given. Many different paths were followed by the
scientists. There were many false starts and hence a person following the developments of the field
can easily get lost in the intricate maze.

1.21.21.21.21.2 HISTORICAL INTRODUCTIONHISTORICAL INTRODUCTIONHISTORICAL INTRODUCTIONHISTORICAL INTRODUCTIONHISTORICAL INTRODUCTION
The path to quantum mechanics begins in 1859 with the work of the German physicist Gustav

Kirchhoff, who was studying the absorption of dark D-lines, emitted by the sun, by the sodium
flame produced in a bunsen burner. He observed selective absorption but could not explain it. He
began to consider the emission and absorption of radiation by heated materials in general.

Kirchoff imagined a cavity whose walls, when heated, emitted radiations that were trapped
in the container. He assumed the system to be a perfect absorber. This perfectly absorbing body
became known as a blackbody blackbody blackbody blackbody blackbody and the radiation inside it as blackbody radiation. Kirchoff
challenged people to determine the intensity distribution of radiations inside the blackbody. It was
not until the mid-1920s that the first theory that really accounted for the form of intensity
distribution function was created.

The next step in development was taken by the Austrian theoretical physicist Ludwig
Boltzmann. Boltzmann used the laws of thermodynamics to give total energy density as proportional
to fourth power of temperature. (Energy density = σT4, where σ is a universal constant known as
the Stefan-Boltzmann constant).

The next important step forward were taken a decade later by Wilhelm Wien. On the basis
of thermodynamics alone, Wien observed that energy density function is of the form λ–5φ(λT). He
could not determine the function φ. At this point entered Max Planck. He studied under Kirchoff
at the University of Berlin and after Krichoffs death in 1887, succeded him as professor of physics
there. He became fascinated by the subject of blackbody radiation and started working seriously
on it in the mid 1890s. His initial goal was to derive Wien’s law from Maxwell’s electromagnetic
theory and thermodynamics. The derivation kept eluding him.

In early 1900, Planck’s colleagues Otto Lummer and Ernst Pringsheim at Berlin did
measurements of the long wavelength region of the blackbody spectrum. These observations
revealed that Wien’s law broke down in the infrared region. Planck came up with a function that
reduced to Wien’s law at lower wavelength and fitted the experimental data at higher wavelengths.
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By applying methods of statistical physics introduced by Boltzmann in the 1870s, Planck
obtained the Kirchoff formula. He made a drastic assumption that a blackbody contained
“resonators”“resonators”“resonators”“resonators”“resonators” or charges that could only emit and absorb energy of frequency ν in units of hν ,
where h is a new universal constant with dimensions of energy multiplied by time. He called these
energy units quanta.quanta.quanta.quanta.quanta.

During the same time, some months before publication of Planck’s paper, Lord Rayleigh also
published a brief paper on the subject. Einstein in 1905 decided to explore the consequences of
the Wien end of the Planck formula. He proposed that if light beams really consisted of quanta
of energy satisfying the relation E = hν, then such a beam falling on a metallic surface should be
able to liberate electrons with an energy that depends only on the frequency of the light. This
phenomenon is referred to as the photoelectric effectphotoelectric effectphotoelectric effectphotoelectric effectphotoelectric effect . It was not until about 1915 that the
American experimental physicist Robert Millikan demonstrated with finality that Einstein’s idea
was right. The photoelectric effect involves only the conservation of energy. But the quanta also

carry a momentum having magnitude p = 
νh
c

and this must be conserved. It was not until 1922

that Arthur Compton considered the implications of both the conservation of energy and the
conservation of momentum in an experiment on scattering of X-rays. He treated the X-rays as
particles with a definite momentum and energy. He introduced the photon, the quantum of light,
as a full fledged elementary particle.

11111.3.3.3.3.3 FFFFFAILAILAILAILAILURE OF CLASSICURE OF CLASSICURE OF CLASSICURE OF CLASSICURE OF CLASSICAL MECHANICSAL MECHANICSAL MECHANICSAL MECHANICSAL MECHANICS
1. The earliest evidence of the need for revision of classical concepts came from the field of

chemistry. It was long before realized that atoms or molecules of a substance, say oxygen,
are composed of a number of positively and negatively charged particles held together by
electrostatic forces. However, a system of charged particles cannot remain at rest in stable
equilibrium under the influence of purely electrostatic forces. Thus, the charges should be
in a relative motion. If the particles are confined to a restricted region of space they must
frequently or continuously change their direction of motion i.e., they should be accelerated.
It is, however,  a well known fact that accelerated charged particles radiate energy in the
form of electromagnetic waves. Hence, the particles in a molecule should progressively
change their state of motion in accordance with the loss of energy mentioned before. But,
this is not in line with observations. This fact alone shows that stability of molecules can
not be understood on the basis of a classical model.

2. Light is emitted by substances which are raised to a high temperature or subjected to an
electric discharge. This light can be separated into its various wavelengths by using a
prism or a diffraction grating. If the light source is a hot solid (e.g. light bulb filament), or
liquid, the spectrum is continuous; i.e., light of all wavelength is present. But if the source
is a gas carrying an electric discharge (as in a neon sign), or a salt heated in flame, only
few colours appear in the form of isolated sharp parallel lines, (each corresponding to a
definite wavelength and frequency) i.e, a line spectrum is obtained. The characteristic
spectrum of an atom was presumably related to its internal structure. Attempts by scientists
to understand these solely on the basis of existing laws of classical mechanics and
electromagnetism were not successful.

3. In the year 1887, while working on electromagnetic-wave experiments, Hertz discovered
the photoelectric effect. When light strikes a metal surface, some electrons near the metal
surface absorb enough energy to overcome the attraction of the positive ions  in the metal
and escape into the surrounding space. Classical optics failed to explain this effect.
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4. Scientists were unable to explain the production and scattering of X-rays discovered in
1895. The X-rays are produced in high voltage electric discharge tubes and have
wavelengths much shorter than those of visible light. On scattering by matter, the scattered
X-ray had larger wavelength than the incident X-ray.

5. The enormous range of electrical conductivities of solid materials can not be reasonably
explained in terms of classical ideas. The conductivity of silver is more than 1024 times
larger than that of fused quartz. A similar situation is found in magnetism:  the magnetic
susceptibility of iron is observed to be nearly 109 times larger than that of other metals.

All these phenomenon, and several others, pointed forcefully to the conclusion that classical
mechanics had its limitations.

1.41.41.41.41.4 DEVELOPMENT OF OLD QUANTUM THEORYDEVELOPMENT OF OLD QUANTUM THEORYDEVELOPMENT OF OLD QUANTUM THEORYDEVELOPMENT OF OLD QUANTUM THEORYDEVELOPMENT OF OLD QUANTUM THEORY
Failure of classical mechanics to explain the phenomenon like continuous and line spectra,

photoelectric effect etc. led to development of new concepts which laid the foundations of quantum
mechanics. The path to quantum mechanics was laid by Gustav Kirchoff who posed the problem of
black body radiations which eventually led to the quantum theory.

1.4.1 Blackbody Radiation

A hot piece of metal gives off visible light. As the temperature of the metal is increased, the
colour of the metal goes from red to yellow to white. This can easily be observed when a black
smith heats his metal in a furnace. In fact, the heated metal gives off other wavelength also which
do not lie in visible range. The objects do not need to be heated to emit energy. Whatever be the
temperature, all object radiate energy continuously, though the wavelength and the frequency of
radiation emitted depends upon the temperature of the body. At room temperature, most of the
radiation emitted lies in the infrared part of the spectrum and hence is invisible.

The ability of a body to radiate is closely related to its ability to absorb radiation. An ideal
surface that absorbs all wavelengths of electromagnetic radiation incident upon it is also the
best emitter of electromagnetic radiation at any wavelength. Such an ideal surface is called a
blackbody,blackbody,blackbody,blackbody,blackbody, and the continuous spectrum radiation that it emits is called blackbody radiationblackbody radiationblackbody radiationblackbody radiationblackbody radiation. In
the laboratory, a black body can be approximated by a hollow object with a very small hole
leading to its interior. Any radiation entering the body is trapped by reflections back and forth
and is completely absorbed. The black body radiates out the absorbed radiation and the radiations
are more when it is heated. By the year 1900, the radiations had been studied extensively, and
several characteristics had been established. Fig. 1.1 shows the spectrum of a black body at three
different temperatures. Investigators discovered different properties of thermal radiations. These
can be summarized as :

1. The variation of energy density with wavelength is not uniform in the spectrum. At a
given temperature, the energy emitted increases with wavelength, reaches a maximum
and then falls down.

2. The wavelength at which the energy emitted increases to its maximum value, is represented
by λm. With increase in temperature, the peak of the curve shifts towards lower wavelength
side i.e., as temperature increases, λm decreases. This  is given by the equation

λm T = constant ... (1.1)
Equation (1.1) was deduced by Wilhelm Wien and is called Wien’s displacement law.Wien’s displacement law.Wien’s displacement law.Wien’s displacement law.Wien’s displacement law. The
law is clearly evident in Fig. 1.1 where the dashed line is showing the shift in λm towards
the lower wavelength side as the temperature increases. The experimental value of the
constant in equation (1.1) is 2.90 � 10–3 mK.
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3. As the temperature of a body is increased, the intensity of the emitted thermal radiation
rises rapidly. The area under each curve represents the total energy emitted by the body at
a particular temperature for the range of the wavelength considered. This area increases
with temperature. This was summarized quantitatively as the Stefan-Boltzmann lawStefan-Boltzmann lawStefan-Boltzmann lawStefan-Boltzmann lawStefan-Boltzmann law
(equation (1.2)). According to this law, the total radiated power, summed or integrated
over all wavelengths, is proportional to fourth power of temperature, i.e.,

I ∝ T4

or I = σ T4 ... (1.2)
where σ is a fundamental physical constant called the Stefan-Boltzmann constant. In SI units

σ = 5.670 � 10–8 W/m2 K4

Many attempts were made by the physicists during
the last decade of the nineteenth century to derive the
emperical results of the black body spectrum from the
existing basic principles. What was missing was an
expression for the intensity of the cavity radiation as
a function of wavelength i.e. an equation that
completely fits the experimental results of the form
plotted in Fig. 1.1.

Lord Rayleigh and James Jeans examined this
problem by considering the radiation inside a cavity
of absolute temperature T. The radiations were
considered to form a series of standing electromagnetic
waves due to reflections from the walls of the cavity.
The condition for formation of standing waves is that
the path length should be an integral multiple of half

wavelengths i.e.
2

nλ⎛ ⎞
⎜ ⎟⎝ ⎠  so that nodes are formed at

each reflecting surface. The number of independent modes of vibration in the wavelength interval
λ and λ + dλ is

n(λ) dλ = 4
8π
λ

dλ

According to classical physics, the theorem of equipartition of energy, the average energy per

degree of freedom is 
1
2

 kT. For the electromagnetic radiation in the cavity there are two degrees of

freedom associated with the wave and hence the classical energy per standing wave is ε  = kT
The total energy density, therefore, is

I(λ) dλ = kT . n(λ)dλ

= 4
8π
λ

 kT dλ ... (1.3)

Equation (1.3) is called the Rayleigh-Jeans formula.Rayleigh-Jeans formula.Rayleigh-Jeans formula.Rayleigh-Jeans formula.Rayleigh-Jeans formula.  It satisfies the experimental results well
at large wavelengths. However, the above result fails to satisfy the experimental curve at shorter
wavelengths or in the ultra violet region. As λ → 0, the energy radiated should go to infinity. In
reality of course the energy density falls to 0 as λ → 0 (or ν → ∞). This discrepancy became known
as the ultraviolet catastropheultraviolet catastropheultraviolet catastropheultraviolet catastropheultraviolet catastrophe of classical physics.

T > T > T3 2 1

T3

T2

T1

Fig. 1.1.Fig. 1.1.Fig. 1.1.Fig. 1.1.Fig. 1.1. Spectral energy density for radiation
from a black body at three different temperatures
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Wien also proposed an expression for the energy density. According to Wien’s lawWien’s lawWien’s lawWien’s lawWien’s law

I(λ) dλ = 5
8 hcπ

λ
 e–hc/λkT dλ ... (1.44444)

However, here I(λ) is still finite even at T → ∞ which is again in contradiction with the experimental
curve for high frequency regions but not for low frequency regions.

Finally, in 1900 the German physicist Max Planck succeeded in developing a formula for the
energy density of black body radiation. The formula or function, now called the Planck’s radiationPlanck’s radiationPlanck’s radiationPlanck’s radiationPlanck’s radiation
law,law,law,law,law, agreed very well with experimental intensity distribution curves.

For deriving the function, Planck made the assumption that the oscillators in the cavity walls can
not have a continuous distribution of all possible energies. Instead, they can radiate or absorb energy
in units of magnitude hν. This unit is called the quantum of radiation and is named as  photon photon photon photon photon.

i.e., oscillator energies εn = n hν ... (1.5)
where n = 0, 1, 2, ...
h now is called the Planck’s constantPlanck’s constantPlanck’s constantPlanck’s constantPlanck’s constant and has value

h = 6.626 � 10–34 Js
The Planck’s radiation lawPlanck’s radiation lawPlanck’s radiation lawPlanck’s radiation lawPlanck’s radiation law is

I(λ) dλ = 5
8 hcπ

λ
 
( )/ 1λ

λ

−hc kT
d

e
... (1.66666)

where, h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant, T is the absolute
temperature and λ is the wavelength.

At  low wavelengths (or high frequencies) ehc/λkT → ∞ and I(λ) → 0. Thus, the Planck’s law does not
leads to ultraviolet catastrophe. At high wavelengths (or low frequencies ) we can approximate

ehc/λkT = 1 + 
⎛ ⎞
⎜ ⎟⎝ ⎠λ

hc
kT

 + 
2⎛ ⎞

⎜ ⎟⎝ ⎠λ
hc
kT

 + ...

Taking only the first two terms, we have

ehc/λkT = 1 + 
λ
hc
kT

Thus, equation (1.6) at large wavelengths becomes

I(λ) dλ = 5
8 hcπ

λ
 

λ
⎛ ⎞
⎜ ⎟⎝ ⎠λ

d
hc
kT

or I(λ) dλ = 4
8π
λ
kT

 dλ

which is the Rayleigh-Jeans lawRayleigh-Jeans lawRayleigh-Jeans lawRayleigh-Jeans lawRayleigh-Jeans law (see equation (1.3)).
Planck’s radiation law also contains the Wien displacement law and the Stefan Boltzmann law.
The Plancks hypothesis of emission and absorption of radiation in discrete units called photons,

was later on applied to other phenomenon which could not be explained by classical theory. These
phenomenon, for example, are photoelectric effect, Compton effect etc. We will discus them briefly in
the next section.
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