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The Pauli exclusion principle determines the periodic relationships between the chemical elements — however they are depicted.

The quantum law of matter

From strange beginnings, the Pauli exclusion principle hasbecome
agift that keeps on giving. By Olival Freire Jr and Thiago Hartz

hat makes matter stable? Why
are atoms as they are? Why do
different materials vary in their
properties, such as electrical
conductivity, density, melting
temperature or light-absorption spectra?
Such questions exercised physicists greatly
in the decades after Dmitri Mendeleev intro-
duced his periodic table of the chemical ele-
ments in 1869. They received new impetus
around the turn of the twentieth century with
J.J. Thomson’s discovery that atoms were not
indivisible, but contained smaller, negatively
charged entities called electrons — the first
subatomic particles to be identified. Then, in
1911, came Ernest Rutherford’s discovery that
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atoms contain a central ‘nucleus’ of densely
packed positive charge.

Thisopenedthe doortoathrillingjourney of
discovery, tounderstand the rules governing
subatomic structures. It reached some form
of destinationacentury ago, at the beginning
of1925, with aprinciple that hasunderpinned
ourideas of the stability of matter ever since.

Thisis the Pauliexclusion principle, named
for the brilliant young Austrian theoretical
physicist who devised it!, Wolfgang Pauli.
It was a product of what is now labelled the
old quantum theory — a period of ad hoc
theorizing between 1900 and 1925 that led
to the introduction of a consistent theory of
quantum mechanics in 1925-27 by Werner

Heisenberg, Pascual Jordan, Max Born, Erwin
Schrodinger, Paul Dirac and others. Pauli’s
principle can be considered the apex of the
old quantum theory and, unusually, survived
tobeincorporatedinto the new one. Its cente-
naryisanoccasiontoremember the odyssey of
physicistsinattempting tounderstand, amend
and test properties predicted by the periodic
table, and how this principle has guided our
understanding of matter — and not just the
conventional stuff.

Bold hypotheses

The discovery of a charged substructure to
atoms, which are neutral overall, created con-
siderable difficulty for pictures of how atoms
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worked. In 1842, the mathematician Samuel
Earnshaw showed that thereis nostable, static
distribution of such charges, ruling out static
models of the atom. Yet, despite numerous
attempts following the discovery of subatomic
structure, no one could arrive at a model that
achieved atomic stability and explained fea-
turessuchasthedistinct, discrete spectrallines
of lightemitted by atoms of different elements.

Shortly after Rutherford’s discovery of the
nucleus, the Danish physicist Niels Bohr began
to attack this problem using quantum prin-
ciples. He harnessed an idea introduced by
Max Planckin1900 to explain the spectrum of
lightemitted by a non-reflective ‘black body’ —
thatenergy comesonlyindiscrete chunks, or
quanta. Bohrapplieditto the spectrum of light
emitted and absorbed by hydrogen atoms.
Thebasic hydrogenatomis the simplest of all
atoms, now known to consist of asingle proton
and asingle electron.

Bohr started with a picture in which
electrons circle the atomic nucleus, rather
as planets orbit a star. He postulated that
there are specific values of orbital energies at
whichelectrons do not radiate and, therefore,
atoms remain stable. Light can be emitted and

absorbed only at frequencies corresponding
to the difference in energy between two of
these stable orbits, which Bohr character-
ized with different values of afirst, ‘principal’
quantum number?,

This bold hypothesis could explain some
features of the hydrogen spectrum, but not
all. Bohr’s odyssey continued, incorporat-
ing new spectroscopic data and theoretical
conjectures. These were derived in part from

“Pauli’s approach seemed
tobebased innumerology,
withnodirect connection
toknown physics.”

classical mechanics, from applying the pre-
cepts of Albert Einstein’s 1905 special theory
of relativity to atomic electrons, and by
introducing more quantum ideas entirely at
odds with classical physics. The ‘quantum of
action’ introduced by Planck (now known as
Planck’s constant, h, whose ‘reduced’ form
when divided by 2m, £, is widely used), for
example, suggests thereisaminimumamount

Wolfgang Pauli delivering a lecture in Copenhagen in 1929.

of energy a system can exchange. And Bohr’s
own principle of correspondence stated that,
when the principal quantum numberis large,
predictions achieved using this mixed theoret-
ical toolkit should approachtheresults known
from classical physics.

These efforts resulted in Bohr introducing
two more quantum numbers?; an azimuthal
quantum number, whichrepresented the mag-
nitude of the electron’s angular momentum;
and the magnetic quantum number, which
described the size of its magnetic moment.
These additions made sense in Bohr’s picture
of the atom: if the electron is moving along a
circular orbit around the atomic nucleus, it
would have an angular momentum; and as a
charged body in circular motion, you would
also expectit to have amagnetic moment.

But again, this couldn’t explain all features
of the hydrogen spectrum. By 1923-24, the
main puzzle was how to explain the Zeeman
effect,inwhich new spectrallines appear when
orbiting electrons interact with an external
magnetic field. Thisis the point at which Pauli
enters the story.

Electron exclusion

At the turn of 1925, Pauli was just 24 years
old. Already a lecturer in theoretical physics
at the University of Hamburg, Germany, he
was highly regarded by his peers. Since his
youthin Vienna, he had been recognized as a
mathematics prodigy — a mantle that he did
not wear with ease, as is so often the case. He
sought help through the new psychoanalysis
promulgated by the psychologist CarlJung,
with whom Pauli maintained alasting intellec-
tual dialogue®. Pauliwas a prolific correspond-
ent, and his published letters are animportant
source for scientists as well as historians.

Pauli’s principle! was informed by ideas from
Edmund Clifton Stoner, but hisapproach was
original —and unusual — in many senses. For a
start, it seemed to be based mainly in numer-
ology, with no direct connection to known
physics. Pauli’s key addition to Bohr’s model
was a fourth quantum number — one that,
unlike Bohr’s, had no analogy with classical
physics, and not even any visual representa-
tionin space-time. This new quantum number,
spin, could have only two values, either +#/2
or —h/2.Electrons with opposite values of this
quantum number would interact differently
with an external magneticfield, leading tothe
splitting of spectral lines seen in the Zeeman
effect.

Nowadays, we know that the spin quan-
tum number cannot be interpreted visually:
if you try to model an electron as a charged

Nature | Vol 639 | 13 March 2025 | 297



Books & arts

Exotic Bose-Einstein condensates do not obey the Pauli exclusion principle.

body spinning on its axis, you find its surface
would be spinning at a velocity greater than
that of light. It is the strongest indication in
atomic models of just how bizarre quantum
theoryis, filled with features that defy classical
intuitions.

Pauli did not formulate his exclusion
principle on the basis of classical theories
or dynamical principles, but stated it as a
simple postulate: that no two electrons inan
atom can share the same set of four quantum
numbers. As characterized by historian John
Heilbron, this statement wasratherinthe style
of the biblical Ten Commandments: “It shall
be forbidden for more than one electron [in
the same atom] ... to have the same values of
[all applicable] quantum numbers™. In this
regard, Pauli anticipated the new quantum
mechanics, which also — to the distress of
many physicists, including Schrodinger and
Einstein —abandoned intuitive visual models
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inthe construction of the theory orinitsinter-
pretation.

Pauli’s work on the exclusion principle was
part of amuch broader discussion about the
stability of matter that surrounded the intro-
duction of the new quantum theory?. This
brought its own problems, such as why, if the
electron orbits were stable, an electron would
ever transition between them. It was only in
1927, when Dirac formulated aquantum theory
ofthe electromagnetic field, that it was finally
understood how such ‘spontaneous decay’
worked in terms of the new theory®.

In the late 1920s, physicists realized that
the Pauli exclusion principle plays a crucial
partinthe stability of matter. A student today
will learn that it applies to the group of parti-
cles called fermions, which have half-integer
spin, measured in units of 4. Such particles
obey what are known as Fermi-Dirac statis-
tics, introduced by Dirac and Enrico Fermi

independently’ in 1926. Other quantum
systems, such as photons, are ruled by a differ-
ent law, Bose-Einstein statistics (which arose
fromacollaboration between Einsteinand the
Indian physicist Satyendra Nath Bose).

The quest for a rigorous mathematical
connection between the exclusion principle,
quantum statistics and the stability of matter
lasted for decades. After Pauli’s 1925 paper,
and the development of Fermi-Dirac statistics,
it was established that electrons have aspin of
1 and obey these statistics, although arigor-
ous demonstration of the connection between
spin and statistics came only in 1939, when
Markus Fierz, a student of Pauli’s, presented
the first proof. Several other proofs followed
inshort order, most notably one by Pauli him-
self®in 1940. These results were dubbed the
spin-statistics theorem in 1964 by Raymond
Streater and Arthur Wightman’.

“The Pauli principle is why
atoms are so unnecessarily
big, and metal and stone
are so bulky.”

It was Freeman Dyson who, in 1967, proved
that the exclusion principle was not only a suf-
ficient condition for matter’s stability, but a
necessary one. He opens hisarticle' recalling a
statement made by Paul Ehrenfestin1931: “We
take a piece of metal. Or astone. When we think
about it, we are astonished that this quantity
of matter should occupy so large a volume.
Admittedly, the molecules are packed tightly
together, and likewise the atoms within each
molecule.But why are the atoms themselves so
big?... Answer: only because of the Pauli princi-
ple, ‘No two electrons in the same state’. That
iswhy atoms are so unnecessarily big, and why
metal and stone are so bulky.”

Beyond the atom

Dyson was part of a new community of
mathematical physicists who, in the 1960s,
began to approach the stability of matter as
amathematical theorem, to be derived from
general principles. The first such theorem
was stated and proved” by Dysonand Andrew
Lenard in 1967, in what has been described as
one of the most complicated proof's ever to
appear in mathematical physics. Ashorterand
more elegant proof was provided® by Elliott
Lieband Walter Thirringin1975. In the debates
leading to these advances, the exclusion
principle was central to the argument.
Pauliwas awarded the Nobel Prize in Physics
in1945 for the exclusion principle. It has come
to play a central part in our understanding
of the periodic table: with four quantum
numbers and the exclusion principle, it was
possible to construct a table with ascending
values of atomic number, and achieve abetter
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understanding of the table’s workings.

It has also provided a guide to more-exotic
forms of matter. An example is given by neu-
tronstars, the collapsed coresleft behind after
ahuge supernova explosion. Neutron stars are
as densely packed with matter as are atomic
nuclei, despite being ten or so kilometres
across. First detected by radio spectroscopy
in1967,they had been theorized aslongago as
the1930s. Thekey to their existence is ‘neutron
degeneracy pressure’, whichis aconsequence
ofthePauliexclusion principle. As the nuclear
matter that makes up the stellar core is com-
pressed downunder its own gravity, electrons
begin to combine with protons to form neu-
trons that are vying to enter the lowest possi-
ble energy state. The Pauli principle prevents
them all from doing so, providing alimitasto
how far the star can collapse. A similar process
happens in white dwarfs, the collapsed rem-
nants of less-massive Sun-like stars.

And as the spin-statistics theorem made
plain, not all particles are fermions and so
obey the Pauli principle. Unlike fermions, bos-
ons can, under certain conditions, undergo
aphase transition in which they all enter the
same quantum state. Only at the end of the
twentieth century was a form of matter with
this property, a Bose-Einstein condensate,
producedinalaboratory —afeat for which Eric
Cornell, Wolfgang Ketterle and Carl Wieman
shared the Nobel Prize in Physics in 2001.

Over the past century, Pauli’s exclusion
principle has been a gift that keeps on giving.
It has guided our understanding of particle
behaviour in situations ranging from astro-
physicsto condensed-matter physics —afield
that forms the material basis, among other
things, for the transistor and much of the
twentieth-century technological revolution.
What was considered once almost magical
numerology has become a central pillar of
contemporary science.
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Booksinbrief

My Head
For A Tree

My Head for a Tree

Martin Goodman Profile (2025)

The Bishnoi, a desert people in India’s northwestern state Rajasthan,
are the focus of writer Martin Goodman'’s intriguing book. Widely
regarded as the world’s earliest environmentalists, they live by

29 rules devised in the sixteenth century by their spiritual leader,
Jambhoji. In 1730, 363 Bishnoi villagers were executed while hugging
local trees by axe-wielding officials sent by the Maharaja of Jodhpur
to chop down the forest to build his palace. In their own words, the
Bishnoi are the only community “that dies for animals and trees”.

IN SEARCH OF

GREEN
CHINA

MA TIANJIE

In Search of Green China

Ma Tianjie Polity (2025)

In the 1990s, part of China’s Huai River ignited. This event, caused

by flammable pollution produced by food-processing plants and
paper mills, triggered a remarkable increase in China'’s efforts to
clean its rivers and air, and stabilize its carbon emissions. Ma Tianjie,
an environmental activist based in Beijing, where he was previously
employed by Greenpeace, reveals the story in all its political
complexity. However, he emphasizes that his book is “by no means an
objective academic analysis of Chinese environmental politics”.

Dr Barbara J. Sahakian
Dr Christelle Langley
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Healthy Habits for a Happier Life

Brain Boost

Barbara J. Sahakian & Christelle Langley Cambridge Univ. Press (2025)
The more London taxi drivers cruise the city, the larger their posterior
hippocampus — “a critical area for learning and spatial memory

and awareness”. Mental health deteriorates if the brain isn't kept
active, similar to how physical health declines if muscles aren't used,
note clinical neuropsychologist Barbara Sahakian and cognitive
neuroscientist Christelle Langley. Their book, aimed at the general
reader but supported by many studies, explores healthy behaviours,
ranging from exercise and diet to social kindness and mindfulness.

““JEFF SEBO

The Moral Circle

Jeff Sebo W. W. Norton (2025)

Which living beings have moral rights? What about robots? Ethicist
Jeff Sebo’s subtle book examines such tricky questions. It starts with
two events in 2022. Should a New York zoo elephant be transferred to
a natural environment with others of its kind, as demanded by animal-
rights activists? And should a Google-designed chatbot be deemed
sentient, as suggested by a company engineer? The elephant stayed
at the zoo and Google fired its engineer. Although Sebo disagrees
with both decisions, he is troubled by his own arguments.

Under a Metal Sky

Philip Marsden Granta (2025)

Rock collectors will love this book about minerals. Writer and rock
hunter Philip Marsden lives in Cornwall, UK, a region known for its tin
and copper mines, which date back to the Bronze Age. He notes that
‘Britain’ is said to derive from the Cornish bre (hill) combined with

‘tin’ — a view he considers “nonsense”. He explores the history of
minerals and their exploitation in Europe in his book, which features a
wide range of people, such as Marie and Pierre Curie, who discovered
the elements radium and polonium. Andrew Robinson
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