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§1 Inadequacy of Classical Theories

There were several experiments which pointed to inadequacy of the clas-

sical thoeries such as mechanics,electromagnetic theory of light, and sta-

tistical mechanics. Here we list some of the important experimental facts

which had no explanation within the classical theories.

1. Black Body radiation

2. Photoelectric effect

3. Atomic spectra

4. Frank Hertz experiment

5. Compton effect

6. Stern Gerlach Experiment

7. Zeeman splitting of spectral lines in magnetic field
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8. Stark effect

9. Wave nature of electrons

10. Alpha decay

11. Beta decay

12. Specific heat of solids and gases

While efforts to explain some of the above experiments played crucial

role in the development of quantum theory, Some other experiments

provided crucial support for proposals during 1900-1925, before quantum

mechanics was born in 1926. Still an explanation of some others had to

wait for a fully developed quantum mechanics.

§2 Rise of quantum theory

1. Planck’s theory Black body radiation (1900)

In order to explain the black body radiation Planck introduced

assumption that the radiation is not emitted continuously but in

form of packets of energy.

2. Einstein’s paper on photoelectric effect (1905)

Einstein’s explanation of photoelectric effect brought in the parti-

cle nature back and led to acceptance of dual nature of radiation.

A crucial assumption was that energy of a photon of frequency

is E = hν and that absorption of light can takes place only by

absorbing one or more photons, energy from light is not absorbed

continuously as was assumed in the classical electromagnetic the-

ory.

3. Bohr’s theory of H atom spectra (1913), Franck Hertz ex-

periment (1914)

Bohr assumed that all orbits are not allowed and an electron does

not radiate in certain states, called stationary states. To find the

allowed orbits and corresponding energies, Bohr assumed that the

angular momentum of the electron can only take values equal to

integral multiples of Planck’s constant ~. This rule was later re-

formulated as the Bohr Sommerfeld quantisation rule.

Discrete nature of atomic energy levels was confirmed by the Franck

Hertz experiment.

4. Wilson Sommerfeld Quantisation (1916) The quantisation

rule
∮

pdq = nh

generalized the qunatization of angular momentum used by Bohr’s

and was found useful for wider applications, one example being

relativistic corrections to hydrogen atom levels. Notable failure of

this rule was the spectrum of He atom.

5. Zeeman effect (1896-1916)

Normal Zeeman effect observed (1896), in some atoms, was ex-

plained by Lorentz (1897) using classical electromagnetic theory.

It came to be called normal Zeeman effect.After Bohr model was

published, Sommerfeld and Debye, independently, gave a explana-

tion of the observed pattern within older quantum theory (1916)

before quantum mechanics was born. It required the assumption

that the component of angular momentum along the magnetic field

is quantized.
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The Zeeman pattern in most atoms is very complex and an expla-

nation had to wait for introduction of spin of electron.

6. Compton Scattering (1923) The experimental results on scat-

tering of X-rays by atoms firmly established, beyond any doubt,

the corpuscular nature of radiation. In addition to establishing the

particle picture for light, the energy momentum relation E = pc, a

prediction of special relativity was beautifully confirmed by Comp-

ton scattering data.

7. Heisenberg’s Matrix mechanics(1925) While trying to under-

stand intensities of spectral lines of hydrogen spectrum, Heisenberg

laid foundations of matrix mechanics. During this investigation he

sought to reformulate Sommerfeld quantisation condition
∮

pdq = nh

and arrived at

h = 4πnm

∞
∑

α=0

{

|a(n, n+α|2ω(n+α)− |a(n, n−α)|2ω(n, n−α)
}

.

(1)

In this work Heisenberg assumed that the probabilities of transi-

tion from n to n−α was proportional to |a(n, n−α)|2. This paper

was written in middle of July 1925 and was sent to Max Born.

Max Born wrote Heisenberg’s equation in the form
∑

k

[

p(n, k)q(k, n) − q(n, k)p(k, nn) =
h

2πi
(2)

and realised that the relations was diagonal element of the matrix

form of quantum condition

pq − qp =
h

2πi
I. (3)

To learn more about Eq.(1) refer to Heisenberg’s original paper.

Matrix mechanics was eventually completed by Heisenberg, Born

and Jordan by October 1925 and was applied to quantisation of

electromagnetic field.

8. Canonical quantisation(1925) Dirac brought in the correspon-

dence of matrix commutator in quantum theory with Poisson brack-

ets in classical theory. Fowler had asked Dirac to give his comments

on the manuscript of Heisenberg’s paper. Dirac went on to develop

full abstract machinery of quantum mechanics as we know today.

Pauli, who had been initially critical of formal matrix approach,

solved the hydorgen atom problem within the matrix mechanics.

9. Matter waves(1924) The idea of associating waves with mate-

rial particles was introduced by de Broglie. This was confirmed by

beautiful experiment of Davisson and Germer on electron diffrac-

tion (1927). The data of 1921 experiments was already pointing

towards effects of diffraction.

10. Bose Einstein Statistics (1924) Bose’s derivation of black body

radiation opened the doors for treatment of systems of identical

particles and quantum statistics.

11. Introduction of spin (1925)

Goudsmith and Uhlenbeck’s idea to introduce spin was crucial to

understanding Stern Gerlach experiment, anomalous Zeeman ef-

fect and the fine structure of atomic spectra. Heisenberg and Jor-

dan completed the solution to the problem of anomalous Zeeman

effect within matrix mechanics.

12. Pauli exclusion principle (1925) and periodic Table
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13. Quantisation as an eigenvalue problem (1926) Schrödinger

as an attempt developed wave mechanics as an alternative to the

Matrix mechanics of Born Jordan Dirac and Heisenberg. He pro-

posed quantisation as an eigenvalue problem and solved the Hy-

drogen atom problem. Schrodinger went on to prove equivalence of

wave mechanics with matrix mechanics, discovered independently

by Eckart (1926).

14. Probability in quantum mechanics (1926) The probabilis-

tic nature already appeared in Heisenberg’s work. Working on

anomalous Zeeman effect he assumed that the intensities were pro-

portional to absolute square of Fourier coefficients of x(t). Max

Born while formulating quantum scattering, arrived at the proba-

bilistic interpretation of the wave function.

15. Mathematical foundations (1927) The works of Dirac on clas-

sical correspondence, transformation theory, of Hilbert and of von

Neumann brought in the Hilbert spaces into quantum mechanics

as its mathematical foundation.

16. Uncertainty principle (1927) The fact that one could not as-

sign precise values to canonical conjugate pair of variables is im-

plicitly there in Dirac Jordan transformation theory and Dirac and

Jordan were aware of this fact. Heisenberg proceeded to formulate

this mathematically and arrived at his famous uncertainty princi-

ple. Several issues became clear through works of Rurak, Kennard,

Condon, Robertson and others before it was established that the

uncertainty in the form we understand today.

17. Complementarity Principle (1928) Soon after quantum me-

chanics was fully developed and equivalence of matrix mechanics

and wave mechanics was established, questions of interpretation

of quantum mechanics were hotly debated. The complementarity

principle played an important role in clarifying issues related to

the interpretation of quantum mechanics.

Notes and References

[1] For a student of quantum mechanics a strongly recommended book

for details of historical account is :

Max Jammer, The Conceptual Development of Quantum Mechan-

ics, McGraw-Hill Book Company New York (1966).

[2] The write up on matrix mechanics is based on J. Mehra’s account

in his Heisenberg memorial lecture at CERN in 1976. This lec-

ture contains details of Heisenberg’s contribution and sequence of

events in those fateful years. It gives a fascinating accounts of how

Heisenberg, and also Born spent sleepless night, before seeing the

light in the morning.

Jagdish Mehra,The Birth of Quantum Mechanics, Werner Heisen-

berg Memorial Lecture delivered at the CERN Colloquium on 30

March 1976, CERN Report 76-10.

[3] A brief account of historical development of mathematical founda-

tions of quantum theory can be found in

Arno Bohm, Haydar Uncu and S. Komy, A Brief Survey of the

Mathematics of Quantum Physics, Reports on Mathematical Physics

64 (2009) 5-32.
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