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Outline

® Solids and the genesis of quantum mechanics
® Three (interrelated) case studies:

e Quantum statistics, complex spectra, and the many-
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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, Schrodinger, 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?




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
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Solids and the genesis of
quantum mechanics

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

® Answer: Conscious narrowing of interests.

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

® Around I910, Born begins studying crystals: Born-
von Karman (I9I2) on V|brat|ons of crystal Iattlces‘_
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Solids and the genesis of

quantum mechanics

925-6?

Why do solids not play a role in the “crucial years’

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

‘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 Gottingen and focuses on

DIE NATURWISSENSCHAFTEN

WOCHENSCHRIFT FUR DIE FORTSCHRITTE DER NATURWISSENSCHAFT, DER MEDIZIN UND DER TECHNIK
HERAUSGEGEBEN VOX
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Achter Jahrgan;

Die Briicke zwischen Chemie und
Physik.

Von M. Born, Frankfurt a. M.
1. Die P!ublcma der chemischen Affinititslehre.

Die wichtigste Aufgabe der physikalischen
Chemio ist die. Bestimmung dor Grbe der ¢
mischenAusiehuagakrifie oder Affinititen wnd
die darauf gegrindete Voraussage des Verlaufs
von Reaktio e Entwicklung dieses For-
schungsgebictes zerfillt deutlich in Absc
die mit den Fortschritten der Thermodynamik
parallel sind (1)9).
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Die Definition van't Hoffs

hat sich durchaus bewihrt und ermoglichte die
Vorausberechnung der chemischen Reaktionen in
ibrer Abhingigkeit von der Temperatur, dem
Druck und snderen Umstinden mit Hilfo einer
geringen Zahl von Masungun Diese sind —
bis auf eino’ einzige — rein physikalischer Art,
nimlich Bestimmungen von Wirmeténungen
und von sperifischen Wirmen; die eine Aus-
nahme aber ist die: man muB fiir eine Tempe-
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dad die noch ndtige Bestimmung der Affinitit
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e Prinzip wieder zu Recht be-

weitere \'»rhuf der Affinititskurve fir alle Tem-
peraturen fest
o nun n dor Tut oin bobes Ziel
Buhmm\m der s
iy Hilts zein hee Messunien.
Vertchimeloung. der . Chamis
ik ermielt m woin, dis michts za
winschen tibsig Jilt
Und doch st demit noch it dejen
gabe geldst, die hysiker als Tdesl vor.
schweben muf: der Nacl er Einheit aller
physikalischen und chemischen Krifto und ihre
Zuriickfihrung  au Wechselwirkungen
zwischen den elementaren Bausteine
Die_heuti
Atome, die _siche
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M. Born (1920). Die
Brucke zwischen
Chemie und Physik. Die

Naturwissenschaften, 8,
373-382, p.373.

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).



Solids and the genesis of
quantum mechanics

Why do solids not play a role in the “crucial years” 1925-6!

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 “Uber Quantenmechanik [On Quantum
Mechanics].

1924. X 9.

ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 74.

1. Zur Quantentheorie der Molekeln;
von M, Born und W, Heisenberg.

Einleitung,

In der Anwendung der Quantentheorie auf die Molekeln
kann man folgende Entwicklungsstufen unterscheiden: Das
erste Stadium?) ersetzt die zweiatomige Molekel durch das
Hantelmode]l, das als einfacher , Rotator" bebandelt wird.
Mehratomige Molekeln werden in entsprechender Weise als
starre , Kreisel“ angesehen.?) Dieser Standpunkt erlanbt es,
die einfachsten Gesetze der Bandenspektren und der spe-
zifischen Wirme mehratomiger Gase zu erkliren. Das nichste
Stadium?) 1aBt die Annahme starrer Verbindungen zwischen
den Atomen fallen und beriicksichtigt die Kernschwingungen,
zunichst als harmonische Schwingungen; dabei ergeben sich
nach Sponer?) und Kratzer!) Zusammenhinge zwischen
den einzelnen Banden eines Bandensystems. Im dritten Sta-
dium®) wird die Wechselwirkung zwischen Rotation und Kern-
schwingung in Rechnung gezogen; zugleich muB beachtet
werden, deB die Schwingungen nicht streng harmonisch sind.
Hierdurch erkliren sich die feineren Gesetze der Linien-

abstdnde einer Bande und der Aufeinanderfolge der Bandén.
Bei diesen Untersuchungen werden wesentlich nur Kemn-
bewegungen behandelt, wihrend von den Elektronen, die um

1) K. Schwarzschild, Berl. Akad. Ber. 1916. 8. 548; N. Bjerrum,
Nernst-Festschrift 1912, 8. 90.

2) T. Hourlinger, Phys. Zeitschr. 20, 8. 188. 1919; Zeitachr. £
Phys. 1. 8. 82, 1920; W. Lenz, Verh. d. Deutach. phys. Ges. 21. 8. 632,
1919,

3) H. Sponer, Diss, Gottingen 1020; Jahrb. d. Phil Fak. 1921
8. 163.

Zeitachr. f. Phys. 8. 8. 289. 1920. 16 8. 353. 1923;
Phys. Zeitschr, 22, 8.552. 1921; Amn. d. Phys. 67. 8. 127, 1922; 71
8. 72, 1013; Sitzber. Bayr. Ak. 1022. 8, 107; Naturw. 11. 8. 577. 1913,

5) A. Kratzer, a.a..0.; ferner M. Born u. E. Hickel, FPhys
Zeitachr. 24. 8. 1. 1923,

Apnalen der Physik, 1V, Folge. 74

Born-Heisenberg (1924)
On the Quantum Theory
of Molecules



Solids and the genesis of
quantum mechanics

Why do solids not play a role in the “crucial years” 1925-6!

® 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

er Quantenmechanik.

case of Helium) has already been traced back to the

Die Arbeit enth: cinen 3
3 . ° . ° . Kopplung au en, er v en wichtigsten Eigenschaften der Atome
(Stabilitat, Resonanz fir die Sprungfrequenzen, Korrespondenzprinzip) Rechenschatt
i hen (tesetzen entsteht. Diese Theorie
ie igt eine enge Verwandtschaft
zn Heisenbergs Formulierung der Regeln d alen Zeemaneffe]
H S Einleitung. Das gen der Quantentheorie in allen Fillen,
electrons 1s oI the same orader oI n lagl 11tude as that o sch m Bowogmge mebrerr leldonen bandelt . B. b
. i i f s 2 d e
GrBenordnung ist wie 2 Da man nun weif, da die
[ ] o o o 7- en (

mlich zu Quantensprimgen anger ird man auch

ten diirfen, dab die Wechs g = ;n Elektronen

As long as one does not know the laws of the e
influence of light on the atom, and thus the S
connection between dispersion, the structure of the

Meinung nach vor allem dari
Mafe zu ihrem Rechte kom

atom, and the quantum jumps, one will certainly
remain in the dark concerning the interactions T
between multiple electrons in an atom.”

M. Born (1924). Uber
Quantenmechanik. Zeitschrift
fur 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!?

® 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
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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).

“By the end of 1926, the principles of
quantum mechanics by and large had been
: dlscovered W1th the Schrodmger equatlon

R v_':' '_. 3 7. gk 1 Q Zad ¥ ¥ .‘.A. -4
s e sk I‘ ‘ l?;‘ “ ’ & -I": Q ’ ‘ p" " f, ﬂ G oy f ‘ J‘ ok 'f X ,'. Can TR
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Solids and the genesis of
quantum mechanics

What makes solids interesting objects of study so shortly thereafter?

® Hund’s hindsight view overly optimistic.
® Many open problems in quantum mechanics, 1926:
® origin of Pauli principle?

® two sets of statistics?

| SONR . ) - ey o Sy e : - el 2 " T, A: * 3 L N Ay N e AP VR . [ 3 : & S Sy 4 LS 8 22 fatd ¥yt ER L el 3 L M n s DRI M |
Pt T e S Y- P LN T P by e ¢ o o b il e o\ S AL e o e A 2ALNE L AL e AL YL T p IR S o F o ) SSRGSl e e W AR N ) T R S A o Sy e
-y o I o s W L i ~'- [ b *l_ F e P, AL d Sar v HaPRB I, AW ey s : B ey 1V / Fsd S '.‘ X - y <0 e '-0" N L~ ’:" h s /, "' o N
- DA £ 9 i My Y N 4 - i h W o 3 ¥ » A v + > oy f2 S a Y
. | AN Bt BT & g L AN g » “".'r#\ 5 PR ES B Nty - ¥ i RN ek - R e R S o VLR e s W HYhS 2 54 LS
Do 4 < | M Y . Y N s~ 7 | v A gl Yol o T i) » S NS P 2N L0y Lol Y TEN . X AV N
| D ’




Solids and the genesis of
quantum mechanics

What makes solids interesting objects of study so shortly thereafter?

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




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.
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Solids and the genesis of
quantum mechanics

® Examples:

® quantum statistics, complex spectra, and the
many-body problem
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Solids and the genesis of
quantum mechanics

® Examples:

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




Solids and the genesis of
quantum mechanics

® Examples:

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

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.

Wolfgang Pauli



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

® 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.

Enrico Fermi (1927)
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Quantum statistics, complex spectra,
and the many-body problem

® 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): Mehrkorperproblem und Resonanz in
der Quantenmechanik [Many-body problem and resonance in
the quantum mechanics]:
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Quantum statistics, complex spectra,
many-body problem

and the

Mehrkorperproblem und Resonanz
in der Quantenmechanik.
Von W. Helsenberg is Kopenhagen.
(Eingegangen am 11, Juni 1926.)

Die Arbeit versucht, eime Grundlage far die quantesmechanische Bebandl
Mchrkirperproblems ea geben. Zu diesem Zwecke wird ein fir die
mechanik des Mehrkorperproblems charakteristisches Resonansphinomen a
untersucht und ein Zusammenhang der auf Grund dieser Untersuchung gewe
Resultate mit der BEinstein-Boseschen Abzihlung und dem Paulischen Verbot
iquivalenter Bahnen hergestellt,

Die Quantenmechanik ist bisher nur aul Systeme, die aus einem
beweglichen Massenpunkt bestehen, angewandt worden. An dicser Be-

~
gchrinkung waren in erster Linie die mathematischen Schwierigheiten
gchuld, die eciner Berechnung der einzelnen Amplitodenelemente bisher
im Wege stonden. In der Jetzten Zeit ist in dieser Frage ein auler.
ordentlicher Fortschbritt erzielt worden durch die bedeutungsvollen Unter-
suchungen, in denen Schrédinger?), ansgehend von der de Broglie-
schen ) Wellentheorie der Materie, einen neuen mathematisch wesentlich
bequemeren Zugang zum Gebiet der Quantenmechanik estdeckt hat

{ eadls

Ebenso, wie seinerzeit eine grobe formale Ahnlichkeit der klassischen
Mechanik mit einer geometrischen Optik i
von Hamilton aufgedeckt und zur Grundl:
matische Behandlungsweise klassischer P
besteht nach Schrddinger eine grofie fory
mechanik mit einer Wellenoptik in mehrdi

hier zur wirksamsten mathematischen Bel

nischer Probleme fibrt. Bei einem System

Schridinger das quantenmechanische Pr
aufgabe in einem Raum von f Dimensio
nliiren Zustinde sind die Eigenwerte des P
erscheinen als Koeffizienten einer Entwic
wenn die Eigenfunktionen gefunden sind, k
durch reine Quadraturen esmittelt werden,

pretation des mathemstischen Formalismus

1) E, Schrodinger, Ann. d. Phys, 79, 36

“) L. de Broglie, Aon. de phys, (10) 3,
Zeitschaife fur Physik. Bd. XXXVIIL

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
|/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. [...]

[ 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 rlght it would have been problem
ng. It was the fact that there was an ele cmen
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Solids and the genesis of
quantum mechanics

® Examples:

® quantum statistics, complex spectra, and the
many-body problem
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Exchange, covalent bonds, and
magnetism

® Heitler and London, “Interaction Between
Neutral Atoms and the Homopolar Bond
According to Quantum Mechanics” (1927).

e “We were aware of the fact that the
spin was the problem, which we
couldn’t solve, that it was just attached
to Schrodmger S wave equation or
superimposed on it, but there was no
‘natural amalgamatlon between wave
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Exchange, covalent bonds, and
magnetism

Ei without exchange
Ea “symmetric” bonding
Eg “anti-symmetric” repelling

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.



Exchange, covalent bonds, and
magnetism

“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 fmlshgd molecule A thmk the
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Exchange, covalent bonds, and
magnetism

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 a 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.

Bohr, Heisenberg, Pauli



Solids and the genesis of
quantum mechanics

® Examples:

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

Bl e AT ;: ¥ .‘ ;:...._./;'.‘7‘.__N A : b ks s 2.0 IAA;. AL iy 25 n 8 ’ s s > "'»“‘I". ¢ At T R R e Y IR < rEeas ] PSS S0 s BAS i) e P Ld - A.: " g v - ™ y o N :; iy W
" . g R e e St a3 P SR A 3 : y - U n ) - o - g n g \ - P 1 AT P2 O L e by A Y- L .l TR
g =t R u- IS ¥ TP, -4 ,.., 4 ’"‘ S n_', AN 2 1 —"‘, ‘v_‘ 0 .’ s _..‘ U'\;:“ s '%“ﬁ’ fa .4.: ,., 3@‘-9& o‘:g’ ﬁ'l‘s aa AT T L N ',J . b PO e X \‘,s\«_.,i Y
- o i bow SO L .‘ Ny B ALAIT -8 S A& | (d L] - =5 A EA\D SN g L » @ P @ A AN RN > (¢ A Mg | ¢ dlrd] 1] [A \ | ) 3 & q o b XL A LA e - o (S e 5 g
° [ RS AR By e s i 4 o AN e PO A '-}-“' B '-"." = N 31 o AWy ‘ =i % TR ) e ,‘C N b s~ :\ v e 4 _:. A '4-_“ ) .-.‘”“. P it R oy N S Y 3 i ol L . ", »




Electron gas and metallic
conduction

® Drude 1900, 1904
® Lorentz 1905

® Bohr, dissertation, 191 |

Electron cloud that

doesn't belong to ® prototypical model in statistical

any one metal ion

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.”
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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- Fermi Sommerfeld

o
- free path of the electronsin metals.
v N iy - RLR R — > ANTAL (el L e A e d A 5 e A b bt Avad™ g Sobd wi . o s e by 5
) A i 22 Veeaaty p‘.:? ’"‘\‘. YT B ._\ Wl canr i i L&, T Wi Y E P AR TN l';, ¥ . Tt ;-“';#i‘;-“ S o A L o > ko LR VA T
I SR S Gl T SN ey RN e e f“,‘.,’"",:w e ok :';'Yr‘_!-‘rﬁ'}. T T N, 7 S e N
o 9 e T R Fry e S T PR fod) X SO N LR LY. T ¥ W s ORGR P B s e R L 2N

K oSNl sk BRI
. 2 3 <« Lol s TN % o s
LB .qw DA A o T o e
b ."fi:.-. 15 -.""' "._‘:n‘ S N o ‘ et Y ey PR

, s
PRSCTN .',?s‘._é,‘k_..*-.r’..'
S s, ~r




Electron gas and metallic
conduction

“[...] 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
,,dlffered from the lane wave of free electrons only

L e Ay ‘-i isd
% ‘ S 0 'l : l?» ‘ &’ RS
N ~\ Y ¢ i
Bt ARNYHA : )1 *10)() ,'211'._. 55 l_\, “ O __..\» “. AT10T ‘j. c A.Q '} J:-f Q- ,t..c-J\',_..\ fA < e ("_,-\'-,;,, .\‘,Mr- Ay

| S




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 Blochl] 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 oId quantum theory (Elnsteln Debye theories of speC|f' C
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Conclusions

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.

Meanlng Use Ehle phyS|caI meanlng of quantum-theoretlcal concepts
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