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• Solids and the genesis of quantum mechanics
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• Quantum statistics, complex spectra, and the many-
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• Electron gas and metallic conduction

• Conclusions



Solids and the genesis of 
quantum mechanics

• Study of solids and crystallography active fields of research already in late 19th century 
(Curie, Drude, Riecke, Voigt, …).

• Leading figures of development of quantum theory in early 20th century interested in 
properties and behavior of solids (Bohr, Born, Debye, Einstein, Schrödinger, Sommerfeld, …).

• Quantum theory relevant for solids (specific heat, lattice dynamics, magnetism, conductivity 
of metals). 

• But what role did solids play in the development of quantum mechanics?

Second Solvay conference (1913): “The Structure of Matter.”



Solids and the genesis of 
quantum mechanics

• Developments in quantum theory immediately fueling the 
formulation of quantum (and wave) mechanics in 1925–1926 have 
little to do with the study of solids:

• atomic spectroscopy

• optical dispersion

• gas statistics

• Very soon after the formulation of matrix and wave mechanics, 
several important protagonists turn attention at least partly to the 
study of solids.

• Why did solids not play a role in the “crucial years” 1925–6?

• What makes them interesting objects of study so shortly thereafter?



• Answer: Conscious narrowing of interests.

• Best illustrated by Max Born’s research in the 
1910s and 1920s.

• Around 1910, Born begins studying crystals: Born-
von Kármán (1912) on vibrations of crystal lattices 
builds on Einstein‘s theory of specific heats.

• This paper is Born‘s first contribution to quantum 
theory.

• Born (1915) Dynamik der Kristallgitter.

Solids and the genesis of 
quantum mechanics

Why do solids not play a role in the “crucial years” 1925–6?

Max Born with Son 
Gustav (1925)



• In a programmatic 1920 article entitled “The bridge 
between chemistry and physics,” Born advocates a 
“molecular physics“ whose ultimate goal would be:

Solids and the genesis of 
quantum mechanics

Why do solids not play a role in the “crucial years” 1925–6?

“proof of the unity of all physical and 
chemical forces and their reduction to 
the interactions of the basic building 
blocks of matter, electrons and atoms.”

• In the early 1920s, Born follows this research program 
together with his students in Göttingen and focuses on 
extending perturbation theory in terms of action-angle 
variables to degenerate many-body systems in order 
to treat molecules and solids (Born and Brody 1921, 
Born and Pauli 1922, Nordheim 1923, Born 1924).

DIE NATURWISSENSCHAFTEN 
woCHENSCHRIFT FOR DIE FORTSCHRITTE DER NATURWISSENSCHAFT, DER MEDIZIN UND DER TECHNIK 

H E R ~ U S G E G E B E N  Y O N  

DR. A R N O L D  B E R L I N E R  U~D P R O F .  DR. A U G U S T  P U T T E R  

A c h t e r  J a h r g a n g .  14 .  ~ Ia i  1 9 2 0 .  ~Ief t  20. 

Die  Bri icke  zwi schen  Chemie  u n d  
Physik.  

Von M. Born, FranTcfur~ a. M. 
1. Die Problems der chemischen Affinitiitslehre. 

Die wichtigste Aufgabe der physikalischen 
Chemie ist die Bestimmung der GrSl~e der che- 
mischen Anziehungskr~fte oder Affinit~iten und 
die darauf gegriindete Voraussage des Verlaufs 
yon Reaktionen. Die Entwicklung clieses For- 
schungsgebietes zerf~llt deutlich in Abschnitte, 
die mit den Fortschritten der Thermodynamik 
paralle~ ~i,nd (1)l). 

Der ersts Abschnitt wird gekennzeictmet 
durch die Anwendung des 1. Hauptsatzes der 
WSrme~heoTie, des Satzes yon der Erhal~ung der 
Energie, auf die chemischen Prozesse. Ber~helot 
uud Thomsen glaubten das ~[al] der Affinit~t in 
der W~rmetSnung des Vorgangs entdeckt zu 
haben; BertheIot ~ormuIierte (1867) das Prinzip: 
,,Sede chemische Umwandlung veranlal~t die 
Entstehung derjenigen Stoffe, bei deren Bil- 
dung sich die gr5Bte W~rmemenge entwickelt." 
Aber dieses Gesetz bew~hrte sich nicht; insbe- 
sondere konnte es nicht die gro~]e Klasse der 
endothermen l~eaktionen erkl~ren, bei denen 
keine W~irme ~re[ ~ird, sondern die unter A~b- 
sorption yon W~rme verlaufen. 

D e r  niichs~e Abschnitt  der Affiniti~tslehre 
entspricht der Entwickl, ung des ~. Hauptsatzes 
der W~rmetheorie, des Satzes yon der Entropie. 
Van't Ho f f  (1883) erkannte, dal]  das richtige 
Ma]~ der Aff ini t i t  diejenige Arbeit  'ist, die im 
gfinstigsten Falls, n~mlich bei umkehrbarer 
(reversibler) Ffihrung des chemischen Prozesses 
(bei konstanter Temperatur) gewonnen werden 
kann. Helmholtz hat diese Arbeit ,,freie 
Energie ~ ~genannt; ihr Temperaturkoeffizient 
ist die Entropie. Die Definition va~'~ Hoffs  
hat sich durchaus bew~hrt und ermSglichte die 
Vorausberechnung der chemischen Reaktionen in 
ihrer Abh~ingigkeit yon d e r  Temperatur, dem 
Druck und anderen Umstiinden mit Hilfe einer 
geringen Zahl yon ~fessungen. Diese s i n d -  
his auf ei,ne" einzige ~ rein physikatischer Art, 
n~imlich Bestimmungen yon W~irmetSnungen 
un'd yon spezi~ischen W~irmen; die eine Aus- 
nahme aber ist die: man  mu~] ~fir sine Tempe- 

~) Eine schSne ?3bersicht fiber die Entwicklung der 
Thermochemie his zum Nernstschen Theorem ein- 
SchMe21ich hat kfirzlich in dieter Zeitschrift Herr 
J. Egger~ gegebem (Di~ Naturw., 7, 883, 1919.) 
Die eingeklammerten N.ummern (kur~iv) beziehen sich 
auf alas Literaturverzeichni~ am Schh~se. 

ratur die chemische Affinit~it selber durch ~Ies- 
sung bestimmen, erst dann kann man sie durch 
Rechnung fiir .a]le anderen Temperaturen aus  
den Gesetzen der Thermodynamik ermitteln. 

Die Aufgabe, chemische ~[essungen ganz 
auszuschalten und die Berechnung der A f i i n i -  
t~ten auf rein physikalische GrS~en zurfickzu- 
fiihren, hat erst ~Vernst gelSst und damit den 
dritten Abschnitt in der Entwicklung der Ther- 
mochemie eingeleitet. Die Wichtigkeit des 
lqernstschen Theorems fiir die Praxis und seine 
Verkniipfung mit den letzten Prinzipien der 
•aturerkenntnis (Quautentheorie) rechtfertigen 
seine Bezelchnung als den 3. Hauptsatz dsr 
Wiirmelehrei). Der Hernstsche Gedanke ist der, 
da~ die noch nStige Bestimmang der A~finit~it 
bei einer Temperatur durch einen allgemeinen 
Satz fiber das Verhalten bei ganz tiefen Tempe- 
raturen ersetzt wird. Hach allgemeineu thermo- 
dynamischen Prinzipien treffen sich beim ~bso- 
luten Nu~llpunkte die Kurven, welche die W~rme- 
~Snung und die A~in~:i~t in ihrer Abh~ingigkeit 
van der Temper atur darstellen; nach l~ernst 
sollen sis sich fiberdies belm absoluten Nullpunkt 
berfihren, d. h. ffir ganz tiefe Temperaturen soll 
das Berthelotsche Prinzip wieder zu Recht be- 
stehen. Durch diese Bedingung ist da~n tier 
weitere Verlauf der Affinifiitskurve ffir al~]e Tem- 
perataren festgelegt. 

Damit w~re nun in der Tat ein hohes ZieI 
erreicht: die Bestimmung der chemischen 
Prozesse mit ]~ilfe rein physikalischer ]~[essungen. 
Es scheint eine Yerschme]zung tier Chemie 
mit der Physik erzielt zu sein, ,die nichts zu 
wfinschen fibrig ]~iBt. 

Und d~och ist d'amit noch nicht diejenige Auf- 
gabs gelSst, die dem Physiker als Ideal vor- 
schweben mull: der lqachweis der Einheit alter 
physikal~schen und chemischen Kr~ifte und ihre 
ZUrfickffihrung auf die Wechselwirkungen 
zwischen den e]ementaren Bausteinen der ~faterie, 
den Elektronen und Atomen bzw. Atomkernen~). 
Die heutige .Fhysik besitzt bereits Bilder der 
Atome, die sicherlich b i s  zu e inem gewissen 
Grade der Wahrheit sich :ann~ihern, u,nd sie kann 
damit zahlreiche mechanische, elektrische, mag- 
netische, optische Eigenschaften der Substanzen 
erkl~iren. Sie darf nun vor den chemlschen 
Eigenschaf~en n.icht H a l t  mache~ und mu~ ver- 

1) ~Ian finder N~heres darfiber in dem zit. Auf- 
eatze yon Eggert. 

2) Ver~l. den Aufsatz ~es Verfasser~: Das Atom 
{Di~ Naturw. 8, 213, 1920). 

Nw. IS~0. 52 

M. Born (1920). Die 
Brücke zwischen 
Chemie und Physik. Die 
Naturwissenschaften, 8, 
373–382, p.373.



• In December 1923, Born together with Heisenberg 
provides a perturbative theory of molecular spectra 
(vibration, rotation) that is a direct precursor of the 
1928 Born-Oppenheimer paper and its separation of 
nuclear and electronic motion.

• Neither Born nor Heisenberg follow up on this paper 
in 1925–6 but turn towards the atom.

• In June 1924, as a reaction to Bohr-Kramers-Slater 
theory, Born writes another programmatic paper 
entitled “Über Quantenmechanik“ [On Quantum 
Mechanics].

Solids and the genesis of 
quantum mechanics

Why do solids not play a role in the “crucial years” 1925–6?

Born-Heisenberg (1924)
On the Quantum Theory 

of Molecules



• In the 1924 paper, Born identifies optical dispersion as the key 
to questions involving multiple electrons. 

“The failure of quantum theory whenever one deals 
with the motion of multiple electrons (e.g., in the 
case of Helium) has already been traced back to the 
fact that the oscillatory field acting on the individual 
electrons is of the same order of magnitude as that 
of a light wave. […]
As long as one does not know the laws of the 
influence of light on the atom, and thus the 
connection between dispersion, the structure of the 
atom, and the quantum jumps, one will certainly 
remain in the dark concerning the interactions 
between multiple electrons in an atom.”

M. Born (1924). Über 
Quantenmechanik. Zeitschrift 
für Physik, 26, 379-395, p. 379.

Solids and the genesis of 
quantum mechanics

Why do solids not play a role in the “crucial years” 1925–6?

379 

Uber Quantenmechanik. 
Von M. Born in GSttingen. 

(Eingegangen am 13. Juni 1924.) 

Die Arbeit enth~lt einen Versuch, den ersten Schritt zur Quantenmeehanik der 
Kopplung aufzustellen, welcher yon den wichtigsten Eigensehaften der Atome 
(Stabilit~t, Resonanz fiir die Sprungfrequenzen, Korrespondenzprinzip) Reehenschaft 
gibt und in natfirlicher Weise aus clan klassisehen Gesetzen entsteht. Diese Theorie 
enth~lt die Dispersionsformel von Kramers  und zeigt eine enge Verwandtschaft 

zu Heisenbergs  :Formulierung der Regeln des anomalen Zeemaneffekts. 

E i n l e i t u n g .  Das Versagen der Quantentheorie in allen F~llen, 
w o e s  sich um Bewegungen mehrerer Elektronen handelt (z. B. beim 
Helium), ist schon mehrfach daranf zuriickgeffihrt worden, dal] dabei auf 
iedes E]ektron ein Wechselfeld wirkt, dessen Frequenz yon derselben 
Gr51]enordnung ist wie bei einer Lichtwelle. Da man nun weir, dab die 
Atome au~ Lichtwellen unter Umst~nden g~nzlieh ,unmeehanisch" rea- 
gieren (namlich zu Quantensprfingen angeregt werden), so wird man aueh 
nicht erwarten dfirfen, dM] die Wechselwirkung zwisehen Elektronen 
desselben Atoms naeh den Gesetzen der klassisehen Mechanik erfolgt; 
damit wird die Anwendung der dutch Quantenrege]n erg~nzten klassisehen 
StSrungstheorie zur Berechnung der station~ren Bahnen hinfallig. Solange 
man die Gesetze der Einwirkung desLiehtes auf Atome, also den Zusammen- 
hang der Dispersion mit dem Atombau und den Quantenspriingen, nieht 
kennt, wird man ers~ reeh~ fiber die Gesetze der Weehselwirkung zwischen 
mehreren Elektronen eines A~oms im Dunkeln sein. 

In  neuerer Zeit ist nun aber gerade auf diesem Gebiete des Zusammen- 
hanges yon S t r a h h n g  und Atombau eln wesentlieher Fortsehritt  durch 
B o h r ,  K r a m e r s  und S ] a t e r  1) erzie]t worden. Dieser besteht meiner 
~r nach vor allem darin, dal~ die klassische 0pt ik  wieder in hohem 
~al~e zu ihrem Reehte kommt. Die Fruchtbarkeit  dieser Ideen hat  sieh 
aueh darin gezeigt, dal] es K r am e r s ~) gehmgen ist, eine Dispersionsformd 
aufzustellen and zu begriinden, die allen Anforderungen der Quanten- 
theorie, vor allem dem Korrespondenzpr~_nzip, geniigt. 

Bel dieser SacMage kann man daran denken, ob es nieht m~glieh 
ist, die yon K r a m e r s  so erfolgreich auf die Wechselwirkung zwisehen 
Ltchtfeld und Leuchtelektron angewandten t3berlegungen sinngem~l~ auf 

1) N. Bohr, H. A. Kramers  und J. C. Sla ter ,  ZS. f. Phys. 24, 69, 1924. 
~) ]3[. A. Kramers ,  Nature 118, 673, Nr. 2845, 10. Mai 1924. 



• Born’s 1924 paper constitutes a considerable 
readjustment of his research program:

• first solve the problem of atomic dispersion,

• only then tackle complex spectra, molecules, and 
crystals.

• Born’s paper constitutes the basis for the 1925 
Heisenberg-Kramers theory of dispersion and, 
eventually, Heisenberg‘s mid-1925 Umdeutung.

• Conscious narrowing of interests.

Solids and the genesis of 
quantum mechanics

Why do solids not play a role in the “crucial years” 1925–6?

Max Born with Son 
Gustav (1925)



Solids and the genesis of 
quantum mechanics

What makes solids interesting objects of study so shortly thereafter?

• Often, moves into areas other than atomic spectroscopy are 
interpreted as “validations of the theory” (Jammer) or as 
“empirical foundations” (Mehra and Rechenberg).

Friedrich Hund
(1896–1997)

“By the end of 1926, the principles of 
quantum mechanics by and large had been 
discovered. With the Schrödinger equation, 
physicists since the spring of 1926 had at 
their hands a convenient procedure suited to 
their mathematical skills which allowed 
them to solve the simpler problems. These 
circumstances around 1927 led to a flood of 
applications and to the development of 
practical methods of calculation.”

F. Hund (1967). Geschichte der Quanten-
theorie. Mannheim: Bibl. Institut, p. 169.



• Hund’s hindsight view overly optimistic.

• Many open problems in quantum mechanics, 1926:

• origin of Pauli principle?

• two sets of statistics?

• interpretation of wavefunction?

• spin?

• relativistic formulation?

• quantum-mechanical many-body problem?

• Actors’ move to empirical areas beyond the atom (“flood of applications,” 
Hund) often motivated by desire to resolve these pending questions!

Solids and the genesis of 
quantum mechanics

What makes solids interesting objects of study so shortly thereafter?



Solids and the genesis of 
quantum mechanics

What makes solids interesting objects of study so shortly thereafter?

• Jeremiah James (MPIWG Berlin) and I are studying the 
epistemological status of these early “applications” of 
quantum mechanics.

• With the exception of Born’s scattering theory (June/July 
1926), most accounts, e.g., on the prehistory of solid-
state physics, treat the early “applications” to molecules, 
solids, and nuclei as applications in a subordinate sense 
(both subsequent and subsidiary).



Solids and the genesis of 
quantum mechanics

What makes solids interesting objects of study so shortly thereafter?

• Claim I: Rather than being subordinate “tests” of a finished 
theory following a constructionist rationale, many early 
“applications” in areas beyond atomic physics contributed 
to extending quantum mechanics by providing new 
concepts, techniques, and terminology that are today seen 
as canonical elements of the core of quantum mechanics.

• Claim II: Often, the physical meaning and interpretation of 
key elements of the formalism were clarified in the 
context of early “applications.” 

• Claim III: In many early “applications,” strong continuities 
to older approaches from classical or old quantum theory 
can be observed. 



• Examples:

• quantum statistics, complex spectra, and the 
many-body problem

• exchange, covalent bonds, and magnetism

• electron gas and metallic conduction

• tunneling in molecules and nuclei

• …
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• Connecting statistical mechanics to quantum theory a 
thriving activity already in the 1910s.

• Neither Bose nor Fermi statistics were originally derived 
within the framework of quantum mechanics, but within old 
quantum theory.

• The novel quantum statistics emerged independently from 
and almost simultaneously with the new mechanics and had 
to be slowly and painfully integrated into the new theory.

• Crucial role in this integration played by Pauli’s January 1925 
exclusion principle (“housing office for electrons”):

“The problem of a further justification of the occurence of 
equivalent electrons in the atom [...] likely can only be 
tackled after a future deepening of the fundamental 
principles of quantum theory.”

• Quantum mechanics at first did not provide this deepening.

Quantum statistics, complex spectra, 
and the many-body problem

Wolfgang Pauli



• Confusion about exclusion principle, quantum 
statistics and quantum mechanics lifted only 
gradually during the year 1926.

• In March 1926, unaware of the new quantum 
mechanics, Fermi shows that a gas of particles 
obeying Pauli’s exclusion principle satisfies a new 
statistics.

• In August 1926, Dirac shows that the many-body 
problem within quantum mechanics allows for a 
complete solution in terms of either symmetrical 
or antisymmetrical eigenfunctions:

“The theory at present is incapable of deciding which 
solution is the correct one”

Quantum statistics, complex spectra, 
and the many-body problem

Enrico Fermi (1927)

Paul Dirac



• Already in late 1925, Heisenberg, Pauli and Bohr realize that 
the problem of ortho- and para-Helium is connected to the 
problem of the (still dubious) spin.

• Heisenberg (June 1926): Mehrkörperproblem und Resonanz in 
der Quantenmechanik  [Many-body problem and resonance in 
the quantum mechanics]:

“Additional rules like Pauli’s exclusion of equivalent orbits in 
their present form do not have a place in the mathematical 
scheme of quantum mechanics. One could thus ponder a failure 
of quantum mechanics […].“

• Heisenberg’s paper introduces the concept of resonance into 
quantum mechanics

Quantum statistics, complex spectra, 
and the many-body problem

Werner Heisenberg
(1927, photo by F. Hund)



• Key idea: spectrum of coupled electrons splits 
up into noncombining subsets due to 
resonance between electronic states.

• For Helium, only one subset excludes 
equivalent orbits.

• Heisenberg generalizes to n particles and finds 
n! subsets. He believes this explains the factor 
1/n! in Bose-Einstein.

“Pauli‘s exclusion prescription and Bose’s rule 
are the same, [...] they do not contradict 
quantum mechanics” (letter to Born)

• Only in December 1926, Heisenberg manages 
to resolve this confusion and to show that for 
electrons, Fermi-Dirac statistics hold within 
quantum mechanics. 

Quantum statistics, complex spectra, 
and the many-body problem



Oppenheimer on Heisenberg’s paper:

“I regarded it as a kind of discovery of the 
meaning of quantum theory. [...] 

I think that if Heisenberg had found that there 
wasn't anything new but just that the integrals of 
wave functions happened to give the helium 
spectrum right, it would have been problem 
solving. It was the fact that there was an element 
of novelty and something which had never been 
described before which turned it from solving a 
problem into exploring the content and meaning 
[of quantum mechanics].”

Oppenheimer interview by T. S. Kuhn, Nov 20, 1963, AHQP

J. Robert Oppenheimer

Quantum statistics, complex spectra, 
and the many-body problem
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• Heitler and London, “Interaction Between 
Neutral Atoms and the Homopolar Bond 
According to Quantum Mechanics” (1927). 

• “We were aware of the fact that the 
spin was the problem, which we 
couldn’t solve, that it was just attached 
to Schrödinger’s wave equation or 
superimposed on it, but there was no 
natural amalgamation between wave 
mechanics and the spin...It would 
never have occurred to us that you 
could combine the wave equation of 
Schrödinger with some matrix 
mechanical ideas...” 

 [Heitler interview by Heilbron, March 1963, AHQP]
Linus and Ava Helen Pauling in Munich, 

with Walter Heitler (left) and Fritz 
London (right), 1927.

Exchange, covalent bonds, and 
magnetism



• Heitler and London construct two 
antisymmetric wave functions by 
hand, and perform a perturbative 
approximation.

• They analyze the resulting integral 
into “Coulomb” and “exchange” 
components and show that the 
exchange component leads to a 
bonding state.

• They associate this state with the 
formation of the covalent bond.

E11 without exchange
Eα “symmetric” bonding

Eβ “anti-symmetric” repelling

Exchange, covalent bonds, and 
magnetism



Walter Heitler

“For a long time I really thought it was a 
major and ununderstood problem of 
quantum mechanics to explain what the 
exchange really means […]

One can define a frequency of exchange in a 
certain manner... But this does not really 
occur in the finished molecule...I think the 
only honest answer today is that the 
exchange is something typical of quantum 
mechanics, and should not be interpreted-—
or one should not try to interpret it—in 
terms of classical physics.”

Exchange, covalent bonds, and 
magnetism

 [Heitler interview by Heilbron, March 1963, AHQP]



• Pauli (Dec 1926):
 “Heisenberg has converted me to believe that 
not the Einstein-Bose statistics of gas 
degeneracy, but rather Fermi’s, which is based 
on the ‘housing office,’ is the correct one.”

• Pauli generalizes Fermi’s treatment and explains 
weak paramagnetism of metals, thus putting an 
important objection against the spin hypothesis at 
rest.

• Heisenberg (Nov. 1926 in letters to Pauli): 
ferromagnetism due to resonance. Conductivity 
likely, too (“resonance peregrination à la Hund“).

• Heisenberg (1928), building on the work of 
Heitler and London, clarifies nature of the Weiss 
molecular field as an exchange phenomenon in his 
theory of ferromagnetism.

Pauli paramagnetism

Exchange, covalent bonds, and 
magnetism

Bohr, Heisenberg, Pauli
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• Drude 1900, 1904

• Lorentz 1905

• Bohr, dissertation, 1911

• prototypical model in statistical 
mechanics, despite glaring 
shortcomings with respect to 
experiment.

“The example of Bohr’s dissertation makes it clear 
that the electron gas theories did not arise simply as 
applications of new microscopic concepts, but were 
harbingers of the quantum revolution. The dilemma 
of diamagnetism in metals [...] was one reason for 
[Bohr] to turn his attention to bound electrons.”

Michael Eckert et al., in: Out of the Crystal Maze (1992).

Electron gas and metallic 
conduction



• In the late 1910s and 1920s, Bridgman experiments 
with metals at high pressures and proposes a 
radically different quantum-theoretical mechanism 
for conduction, based on Bohr’s atomic model rather 
than on the electron gas model:

• At absolute zero, metals are “naturally perfect 
conductors in the sense that the electrons 
may pass without resistance from atom to 
atom when the atoms are in contact at rest.”

• At finite temperature, the motion of electrons 
from Bohr orbit to Bohr orbit is impeded by 
periodically formed “gaps”.

• Similar models by Fritz Haber and Albert Einstein.

• Question of metallic conduction (electron gas? 
conduction chains?) wide open when quantum 
mechanics takes center stage.

Percy W. Bridgman

Electron gas and metallic 
conduction



• Sommerfeld (Jan 1927), impressed by Pauli’s success 
in explaining the weak paramagnetism of metals by 
using Fermi statistics, introduces Fermi-Dirac 
statistics into the model of the electron gas.

• Despite huges successes, e.g., in deriving the 
Wiedemann-Franz law, there are also glaring 
shortcomings, e.g., no explanation for the long mean-
free path of the electrons in metals.

• In 1928, Bloch attacks the problem of metallic 
conduction by considering electrons in a periodic 
potential using wave mechanics and the insights of 
Heisenberg and Heitler and London; develops the 
concept of the so-called Bloch wave.

Fermi Sommerfeld

Electron gas and metallic 
conduction

Felix Bloch



Felix Bloch, Heisenberg and the Early Days of Quantum 
Mechanics, Physics Today, December 1976.

“[...] Heitler and London had already shown-how 
electrons could jump between two atoms in a 
molecule to form a covalent bond, and the main 
difference between a molecule and a crystal was 
only that there were many more atoms in a 
periodic arrangement. To make my life easy, I 
began by considering wave functions in a one-
dimensional periodic potential. By straight Fourier 
analysis I found to my delight that the wave 
differed from the plane wave of free electrons only 
by a periodic modulation. 

This was so simple that I didn't think it could be 
much of a discovery, but when I showed it to 
Heisenberg he said right away: ‘That's it!’”

Bloch

Heisenberg

Electron gas and metallic 
conduction



• Hoddeson and Baym (1980): electron theory of metals goes through three phases: 
classical (Drude), semi-classical (Sommerfeld) and quantum mechanical (Bloch):

“[only with Bloch] the full machinery of quantum mechanics, developed in 1925 
to 1926, was brought to bear on solids.”

• Bloch’s theory is more than a mere quantum-mechanical extension of 
Sommerfeld‘s theory of metals: Bloch’s achievement is the integration of a whole 
body of knowledge of the old quantum theory (Einstein-Debye theories of specific 
heat, Born-von Kármán theory of lattice dynamics) into the quantum-mechanical 
description of solids.

• There is no evidence (to my knowledge) that Bloch knew the alternative theories 
of conduction advanced in the 1910s by Bridgman, Haber, Einstein, which were 
based on conduction chains between adjacent Bohr atoms.  His quantum-
mechanical approach, however,  displays intriguing similarities to these theories.

Electron gas and metallic 
conduction



• Continuity: Techniques for handling quantum many-body problem began 
developing in old quantum theory and were neither immediately nor 
fully replaced by quantum mechanics.

• Practicability: New concepts (resonance and exchange, tunneling) only 
arose in context of “applications,” yet today form an integral part of 
what we call quantum mechanics.

• Meaning: Use and physical meaning of quantum-theoretical concepts 
(exclusion principle, Bose-Einstein and Fermi-Dirac statistics, spin) were 
clarified in context of extending quantum mechanics to solve various 
many-body problems.

• This alters the epistemological significance of early researches in solid-
state and chemical physics and invites a reexamination of the 
relationships between “mainstream” or “fundamental” physics and  the 
emerging “peripheral” subdisciplines.

Conclusions


