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The German island of Heligoland, where Werner Heisenberg wrote his breakthrough paper on quantum theory.

Therevolutionary dawn
of quantum mechanics

Concerns around the idea of electrons ‘orbiting” atoms
upended physics 100 years ago. By Kristian Camilleri

nJuly 1925, a 23-year-old German physicist
submitted a paper to the journal Zeitschrift
 fiir Physik entitled ‘On quantum-theoretical
reinterpretation of kinematic and mechani-
calrelationships’. The publication of Werner
Heisenberg’s article was arguably the moment
that ushered in the modern age of quantum
mechanics, thus setting in train an astonish-
ing revolution in our basic understanding of
physics that hasrepercussionsto thisday. The
United Nations has proclaimed 2025 to be the
International Year of Quantum Science and
Technology, in no small measure because of
theeventsthat begantounfold at breathtaking
speed 100 years ago.
Heisenberg’s paper was a bold attempt to
find away out of difficulties that had plagued

endeavours to explain atomic spectra — the
frequencies and amplitudes of the light emit-
ted and absorbed by atoms. His particular
bone of contention was the Bohr-Sommerfeld
model of the atom, named after the two physi-
cists, NielsBohr and Arnold Sommerfeld, who
developed it in the 1910s. This model was a
centrepiece of what hasbecome known asthe
old quantumtheory, whichitselfwas the prod-
uctofarealizationatthe turn of the twentieth
century that the precepts of classical physics
were not sufficient to explain observations of
subatomic phenomena. This gap could, how-
ever, be closed by assuming, inanad hoc way,
thatenergy camein discrete packets: quanta.

By supposing that electrons movein ellipti-
cal orbits around an atomic nucleus, subject

to certain quantization conditions, the Bohr-
Sommerfeld model provided aset of rules for
selecting certain ‘allowable’ orbits of a classical
system (in the case of the hydrogen atom, an
electron orbiting a proton), delivering calcu-
lated values in agreement with the observed
energy spectrum. The model had success-
fully explained the spectrum of the hydrogen
atom — consisting of just one proton and one
electron —and thesplitting of spectral lines in
the presence of an applied electric field (the
Stark effect) or magnetic field (the ordinary
Zeeman effect). Butit had runinto a host of
problemsindealing with hydrogen molecules,
and with atoms with more than one electron.

This was a problem that Heisenberg had
uncovered when he joined the Institute
for Theoretical Physics at the University of
Gottingen, Germany, in 1923, as theorist Max
Born’sassistant. Heand Born had made aseries
of detailed calculations of the helium atom’s
spectrum, using all of the orbits allowed by
the Bohr-Sommerfeld model, but their results
did not agree with experimental observations.
Their early suspicions that the problem lay
with the calculation methods soon gave way
toamore fundamental misgiving. “Itbecomes
increasingly probable,” Born wrote?, “that not
only new assumptions will be needed in the
sense of physical hypotheses, but that the
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entire system of concepts in physics will have
to be rebuilt from the ground up.” Writing to
Sommerfeld, his old teacher, in December
1923, Heisenberg noted that “none of the
model representations really make sense.
The orbits are real with respect to neither the
frequency nor the energy.”

Heisenberg was not alone inexpressing this
doubt. His friend and frequent correspond-
ent Wolfgang Pauli also became increasingly
convinced that the idea of electrons moving
in orbits was untenable, telling Sommerfeld
in December 1924, “we are speaking a lan-
guage inadequate to describe the simplicity
and beauty of the quantum world.” Yet it was
not clear how to proceed without the orbital
models. As late as April 1925, Heisenberg wrote
that in “the present state of quantum theory,
one must rely onsymbolic, model-like pictures
that are more or less built on the mechanical
behaviour of electronsin classical theory”.

It was a couple of months later, when seek-
ingrespite fromabout of hay fever on the Ger-
manisland of Heligoland inthe North Sea, that
Heisenberg set out the kernel of amore drastic
approach. Rather than constructing an atomic
model based on the idea that electrons move
along well-defined orbits in a roughly classi-
cal fashion, Heisenberg decided to develop
an innovative theory of motion, a ‘quantum
mechanics’inwhich electrons could no longer
be thought of as particles that move along
continuous trajectories. On9July, he wroteto
Paulithat “allmy wretched efforts are devoted
to killing the concept of orbits completely —
which cannot be observed anyway”. This was
the decisive break with classical mechanics.

In his paper’, which was submitted a few
weeks later, he set out “to establish a basis
of theoretical quantum mechanics founded
exclusively on relationships between quan-
tities that in principle are observable”. Hei-
senberg formulated an equation of electron
motion based on the classical equation of
motion for a periodic system. In place of
quantities such as position and momentum,
it included complex arrays of observable
energies and transition amplitudes (the
probabilities of atoms undergoinga transition
from one quantum state to another).

This was astrategy bornmore out of desper-
ationthan from any philosophical conviction.
As Heisenberg explained in the paper’s intro-
duction, in light of the complexities involved
indealing with atoms with several electrons, “it
seemssensible to discard allhope of observing
hitherto unobservable quantities such as the
position and period of the electron”.

However, it was difficult to see how the elimi-
nation of unobservable quantities would guide
thefurther development of the theory. Before
thetheory could describe phenomenasuch as
collisions and the motion of free particles, it
would havetoinclude other quantitiesinaddi-
tion to energies and transition amplitudes.
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A nuclear emulsion plate showing radioactive a-decay, an event explained by quantum theory.

Beyond that, it was not even clear which
quantities should be regarded as unobserv-
able. The electron position, for example, was
re-admitted as being observable in 1927. As
Bornreflected decades later, theidea of elim-
inating unobservable quantities had sounded
reasonable enough in 1925, but in practice
such a“general and vague formulationis quite
useless, even misleading”.

Pragmatic considerations lay at the heart of
Heisenberg'’s physics. He often played with all
sorts ofideas until he found one that worked —
an approach well suited to a period of such
conceptual turmoil. Philosophical principles
were typically used as ameans of overcoming
animpasse, or as a last resort, and could be
discarded when they were no longer useful. As
Born would later note, the real value of philo-
sophical principles for the working physicist
canbejudged “only accordingto their relative
usefulness in producing results”.

Matrices or waves?

Heisenberg was adamant that only a “more
intensive mathematical investigation” would
reveal whether the method he had used in his
July paper could “be regarded as satisfactory”.
This was done by Born and Pascual Jordanin
Gottingen in the months that followed. Real-
izing that the quantities that appeared in
Heisenberg’s equations could be represented
as matrices (a form of mathematics unfamil-
iar to most physicists at the time), they recast
the theory in these terms. Their innovative
‘matrix mechanics’ was set outinalong paper®,
commonly known as the Dreimdnnerarbeit
(the three-man paper) submitted by Born,
Heisenberg and Jordanin November 1925.
But this model came at a price. As the
authors explained, the new theory had “the
disadvantage of not being directly amenable

to a geometrically visualizable interpreta-
tion, since the motion of electrons cannot be
described in terms of the familiar concepts
of space and time”. Whereas Born and Jordan
revelledin the abstraction, Heisenberg could
not help but wonderinaletter to Pauliinjune
1925 “what the equations of motion really
mean”. Pauli’s successful calculation® of the
hydrogenatom spectrumusing the schemein
December that year was widely regarded as a
vindication of the effort. But most physicists
found it difficult to come to terms with the
abstruse mathematics. It was a welcome
relief when an altogether different approach
appeared just a few months later, in the first
half 0f1926.

This cameinthe form of aseries of ground-
breaking papers in the Annalen der Physik
published by Erwin Schrodinger®, working
at the University of Zurich, Switzerland. The
idea that the motions of electrons could not
be described in space and time was, as far as
Schrédinger was concerned, an abdication of
the physicist’s responsibility,and amounted to
abandoningall hope of ever understanding the
atom’s inner workings. Such an understand-
ing, Schrodinger maintained, was possible.
Admitting in a footnote to one of the papers
that he was “repelled by” the Goéttingen
approach to quantum mechanics, he instead
formulated awave equationthat enabled him
tocalculate the energy states of the hydrogen
atom. For Schrodinger, this promised amore
intuitive understanding of quantum states as
a“vibration processintheatom”.Rather than
thinking of electrons as particles moving in
orbits, he proposed that they could be thought
of aswaves, with a continuous distribution of
electric charge in 3D space.

Heisenberg was having none of it. After
attending a colloquium in Munich, Germany,
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at which Schroédinger presented his theory,
Heisenberg complained to Pauli that the
wave theory could not account for a host of
quantum phenomena, including the photo-
electric effect —the emission of electrons from
ametallicsurface whenitisilluminated —and
the Stern-Gerlach effect, in which a beam
of atoms was found to deflect in one of two
ways when passing through a spatially vary-
ing magnetic field. Moreover, describing a
many-particle systemrequired awavefunction
in an abstract multidimensional space. The
wavefunction was undoubtedly a useful cal-
culational tool, butit didn’t seem to describe
anythinglike areal wave. “Evenifa consistent
wave theory of matter in the usual three-di-
mensional space could be developed,” Heisen-
bergwroteinjune1926, “itwould hardly yield
anexhaustive description of atomic processes
in terms of our familiar space-time concepts”’.

Over the next year, Schrodinger tried
valiantly to find a satisfactory physical inter-
pretation of his wave mechanics, but to no
avail. At the fifth Solvay Conference, in Brus-
selsin October 1927, he again expressed the
hope that “everything will indeed become
intelligible in three dimensions again”. By
this time, few physicists shared this hope.
Schroédinger’'s wave mechanics quickly became
the preferred mathematical formalism for
solving problems, but his efforts to explain
individual processesinthe atominspace and
time found little support. Schrodinger became
increasingly despondentabout the newerahe
had helped to usher in, in which physicists no
longer felt it was necessary, or even possible,
to visualize what was happeningin the atom.

Extraordinary speed

Lookingback, the rapidity with which quantum
mechanicstook shapeis striking. The equiva-
lence of the matrix and wave formulations was
established in the spring 0f 1926, unleashing
astring of developments. In June 1926, Born
submitted the first® of two papers on collision
phenomena in which he reinterpreted the
square of the amplitude of the wavefunction
inSchrodinger’s theory as the probability that
a particle would be scattered in a particular
direction after colliding withanatom. Papers
byJordan and by Paul Dirac on‘transformation
theory’, which described quantum states (not
just transitions between them) in terms of
probability amplitudes, soon followed.

By arough count, nearly 200 articles were
published on quantum mechanics between
Heisenberg’s paper on quantum mechanics
in July 1925 and an equally seminal one’ in
which herounded offthe developments, pub-
lished in March 1927. Init, Heisenberg intro-
duced the idea of the uncertainty relations,
which proposed that the more precisely the
position of the electron is specified, the less
precisely its momentum can be determined
(andviceversa). Probability now emerged asa

fundamental concept in quantum mechanics.

From mid-1926 onwards, physicists also
applied quantumtheoryto an ever-expanding
array of practical problems, yielding surpris-
ing insights and, in many cases, providing a
deeper understanding. Inaseries of papersin
1926-27, for example, Eugene Wigner showed
how to derive empirical rules concerning
atomic structures and molecular spectra by
applying symmetry principles of quantum
mechanics and the mathematical techniques
of group theory.

“Lookingback, the
rapidity with which
quantummechanics
took shapeis striking.”

Theavalanche of papers left many physicists
strugglingto keep up with the latest develop-
ments. No sooner had someone grasped a
new technique or formulation of quantum
mechanics thananother appeared. There are
several examples of physicists having com-
pleted a paper, only to discover that someone
else had found the same thing, and beaten
them to publication. The frenetic pace of
development left many physicists complain-
ing of “intellectual indigestion”. Pondering the
deeper implications of the new physics was a
luxury that few physicists could afford.

By the time of the 1927 Solvay Conference,
most physicists felt that quantum mechan-
ics had reached a provisional conclusion. In
their report, Heisenberg and Born declared
quantum mechanicsto be a“complete theory,
whose fundamental physical and mathemat-
ical assumptions are no longer susceptible to
modification”. Others were less convinced.

Werner Heisenberg, pictured in 1925.

In his opening speech on the final day of the
conference, Hendrick Anton Lorentz, then
aged 74 and ‘the grand old man of physics’,
expressed the hope that one might yet restore
adescription of the motion of the electronin
space and time.

Similar sentiments were expressed by
Schrodinger, Albert Einstein and Louis de
Broglie, who in 1923 had first suggested that
electrons exhibit wave-like properties. All
of them found quantum mechanics deeply
problematic. Quantum mechanics “might be
a correct theory of statistical laws”, Einstein
wrote to Sommerfeld in November 1927, “but
itis aninsufficient conception of the individ-
ual elementary process”. Einstein would never
waver from this view, but the tide of opinion
was against him. The critics rapidly became
outsiders, their protestations dismissed as
nostalgia for the lost paradise of classical
physics. In mathematical terms, at least,
quantum mechanics was as complete as it
would ever be. What remained was to continue
further along the path that modern physics
had taken.

Most physicists were content to dojust that,
andto put the theorytogood use. Tonamebut
afew examples from those first heady years
after 1925, quantum mechanics was used to
provide fundamentalinsightsinto the nature
of chemical bonds, to explain the process of
radioactive a-decay in the atomic nucleus
andto understand how electrons move freely
through a crystallattice, effectively solving the
problem of why metals conduct electricity.
“Within a few years,” as Victor Weisskopf,
a postdoctoral student of Heisenberg’s in
Leipzig and Schrodinger’s assistant in Berlin,
later recalled, “problems that had been con-
sidered unsolvable for decades — such as the
nature of molecular bonds, the structure of
metals, and the radiation of atoms — were
finally understood.”

Deeper questions about the physicalinter-
pretation of quantum theory still arouse
debate among the more philosophically
inclined. But whatever philosophical conun-
drums the theory posed and still poses, it
provided an extraordinary window on the
subatomic realm.
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