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Four Elements
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Aer (air)

Aqua (water)

Terra (earth)

Deutsche Fotothek

Quelle:

Robert Fludd (1617)



70| 7|H| 392t Boltzmann’s Kinetic Theory of Gases

Ludwig Boltzmann (1890’s)

S:]{iBan

Based on the existence of atoms and
molecules, Boltzmann’s kinetic theory of
gases laid the foundation of statistical
mechanics.
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O Brownian motion

Jean Baptiste Perrin (1908)
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Perrin verified Einstein’s theory of
Brownian motion and thereby confirmed
the atomic nature of matter.

Nobel prize awarded in 1926 “for his work on the discontinuous structure of
matter, and especially for his discovery of sedimentation equilibrium”



ARt 2349| XI5t Evolution of the Atomic Model

J. J. Thomson’s Rutherford’s Bohr’s Quantum
Plum Pudding Model Model Model Mechanics
(1904) (1911) (1913) (1926)
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ZH AN Superconductor

Heike Kamerlingh Onnes (1911) discovered that

Nobel prize awarded in 1913 “for his investigations on the properties of matter at
low temperatures which led, inter alia, to the production of liquid helium”



ZFA| Superfluid

Pyotr Kapitsa (1937) discovered the superfluidity effect of liquid helium, i.e.,

Nobel prize awarded in 1978 “for his basic inventions and discoveries in the area
of low-temperature physics”



Satyendra Bose (1924) Albert Einstein (1924)

Bose first sent a paper to Einstein on the quantum
statistics of photons. Einstein was so impressed
that he translated the paper himself from English
to German and submitted it for Bose to Z. Physik.
Einstein then extended Bose’s idea to matter.

v
’ A

Fritz London (1938)

London proposed
BEC as a mechanism
for superfluidity in
“He.



H=Cl| 20|82 Boson versus Fermion

E E
. / \\ ~ e
Condenstate —\. / \ s D /
1 1
fBE(e) - e(e—,u)/kBT —1 fFD(e) - e(G_N)/kBT + 1

Bose-Einstein Statistics Fermi-Dirac Statistics



Bardeen-Cooper-Schrieffer (BCS) Theory of
Superconductivity

John Bardeen, Leon Cooper, and John Schrieffer (1957)

Nobel prize awarded in 1972 “for their jointly developed theory of
superconductivity, usually called the 7



BCS 0|22 Q9F6tH BCS Theory in a Nutshell

«  Electrons are paired via the “exchange of phonon ((Z£=2| W2t).”
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«  Electrons pairs, known as Cooper pairs (F-I4), behave more or less as if they
are usual bosons.

Y
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 Similar to bosons in superfluidity, Cooper pairs can move freely once the

phases of all Cooper pairs become coherent, i.e., aligned (FI|&2| 2[&Zf0

SElE)

e The gauge symmetry is spontaneously broken (Z|0|X| C{ZEA0| XAPLHO =
S2[3ICh).



M7t Q= Ordered




Spontaneous Symmetry Breaking:

Spontaneous Symmetry Breaking

Philip W. Anderson (1962)

Meissner Effect



Z|H|RA Mo 2] A
Quantum Levitation on a Mobius Strip




Higgs Mechanism (/A H|FL[S):

Crowd analogy originally proposed by David Miller in “Politics, Solid
State, and the Higgs,” Physics World (1993)



Zz2iZi = Flatland

Written by Edwin A. Abbott in 1884



X0l = AMZF QIEF? No Order in the Two-dimensional World?

e Mermin-Wagner theorem (0{21-2f31L H2|).

Thermal fluctuations destroy all orders (obtained by breaking the continuous
symmetry) in a flat, two-dimensional world even in the limit of absolute zero
temperature.

 Superconductivity and superfluidity cannot exist in a thin film? =X TH|2}
ZRA7I 2 HE FEIZ= EXE o= giCp?

Both are long-range ordered states, where the phase of Cooper pairs and superfluid
bosons, respectively, should be all aligned like little arrows in a ordered state.
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Kosterlitz-Thouless Transition

Kosterlitz, Thouless, J. Phys. C: Solid State Phys. 5, L124 (1972); ibid. 6, 1181 (1973)

* The Kosterlitz-Thouless theory tells us that there can be a quasi-ordered state,

which undergoes a topological phase transition with proliferation of vortices
(A8=0[2| O E0| &its Sot faretd ATO0]) at a critical temperature.

L&

Single vortices

y-
Tight pair of vortices @l‘ A

- .

LOWER TEMPERATURE <«———— TOPOLOGICAL PHASE TRANSITION ———— > HIGHER TEMPERATURE

2016 Nobel prize press release



2016 3 =2|et4r 2016 Nobel Prize in Physics

David J. Thouless (1/2), F. Duncan M. Haldane (1/4), and J. Michael Kosterlitz (1/4)
“for theoretical discoveries of topological phase transitions and topological phases of
matter”
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2=0[ Vortex as a Topological Object




1

Chern number, or winding number: (C = e / d’rn - (0,10 x Oyn)
s






Lorentz force due to magnetic field Electric force due to charge accumulation
ERES SHE

€ J
F=—-vxB=-<xB _
VB =X F = ¢E

* The Hall resistivity is given by the steady-state condition balancing the two forces.




Klaus von Klitzing (1980) Rwy —

Nobel prize awarded in 1985 “for the discovery of the quantized Hall effect”



2016 3 =2|et4r 2016 Nobel Prize in Physics

David J. Thouless (1/2), F. Duncan M. Haldane (1/4), and J. Michael Kosterlitz (1/4)
“for theoretical discoveries of topological phase transitions and topological phases of
matter”
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TKNN Z2A1 TKNN Formula

Thouless, Kohmoto, Nightingale, den Nijs, PRL 49, 405 (1982)

* The Thouless-Kohmoto-Nightingale-den Nijs (TKNN) formula relates the topological
invariant called the Chern number (™ ==A}) with the Hall conductivity (& T = X).

S e

e (k)<er

4 / (Vi (K)| % |Vt () - 3
keBZ

C“:27T

Berry flux in the momentum space (2&& S7t0[A|2| H|2]| E={A)



H[2] 2[4 Berry phase

Qo A

(U (@) [ (6 + AG))
¥ (6 + Ad)) =1 fA%Z<Qf?)(a)| Va [thn(a))
[ (@) =€ n

/ * Berry connection: vector potential
Ay
Qg -

An (@) = i {n(Q)| Va |10 (d))

* Berry curvature: magnetic field

B, (@) = Vg x A, (@) = i (Vahn(@)] X [Van(d))

* Berry phase: Aharonov-Bohm phase

ro_ 7{) déi - A, () = /A 45 - B(a) = i /A 05 - (Vb ()] % |V atbn (@)



Interpretation of the TKNN formula via the Berry phase

* The TKNN formula tells us that the Hall conductivity is proportional to the Berry phase
of a closed path encompassing the entire Brillouin zone.

r o—; /A 45 - (V 510 (@) X |V 500 (&)

O\
_)/\
a+— k
\/
N

Ty oc/ d*k Z (Viu, (k)| x |Viu,(k)) - 2
keBZ

en(k)<ep



St=2 HESoM™  Cartoon for the TKNN Formula

T

electrical
conductance

e®g -
‘e® Ve G

2holes
i, ‘ ° @ 1 hole

0 holes

2016 Nobel prize press release
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Two-dimensional carbon matter Relativity manifests itself in condensed

in honeycomb lattice structure matter!
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stH|2l 29 Haldane model

VOLUME 61, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1988

Model for a Quantum Hall Effect without Landau Levels:
Condensed-Matter Realization of the “Parity Anomaly”

F. D. M. Haldane

Department of Physics, University of California, San Diego, La Jolla, California 92093
(Received 16 September 1987)

A two-dimensional condensed-matter lattice model is presented which exhibits a nonzero quantization
of the Hall conductance o* in the absence of an external magnetic field. Massless fermions without
spectral doubling occur at critical values of the model parameters, and exhibit the so-called “parity
anomaly” of (2+1)-dimensional field theories.

H(k) = ?‘; f;‘k —dy o

dk = (Refk7 _Imfk7 gk)

FIG. 1. The honeycomb-net model (“2D graphite”) showing fk _— Z eik. a;
1

nearest-neighbor bonds (solid lines) and second-neighbor bonds
(dashed lines). Open and solid points, respectively, mark the 4
and B sublattice sites. The Wigner-Seitz unit cell is con-
veniently centered on the point of sixfold rotation symmetry gk = M + 2t2 Z CcoS (k . bz + ¢)
(marked “*”) and is then bounded by the hexagon of nearest- -

neighbor bonds. Arrows on second-neighbor bonds mark the v
directions of positive phase hopping in the state with broken
time-reversal invariance.




Magnetic monopole 1n the pseudospin space

Bn(&) — V@‘ X An(&) =1 <V5g¢n(52)| X |V5g¢n(52)>
B—; _— Q » This 1s precisely equal to the “magnetic field” exerted by a
+ (&) - W Dirac monopole at the center with monopole strength —1/2

B




Equivalence between the Berry flux and the Chern number

H(k)=<gk i )de'd ..

dk,y

Momentum space Bloch sphere

IR}
y b vy
v 'y

Berry flux = Chern number

1 a3 P 4
€= 4— d2k dk 3 (&%dk X 8k,ydk)
T
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Chen et al., Science 325, 178 (2009), adapted
by Qi, Zhang, Phys. Today 63, 33 (2010)

Electrons can move freely on the surface of 3D
topological insulators, behaving as if they are
relativistic particles. These states are known as

helical surface states (LpM HEH AEY).

Bi,Se;
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Xia et al., Nature Phys. 5, 398 (2009), Hsieh et al., Nature 460,
1101 (2009), adapted by Qi, Zhang, RMP 83, 1057 (2011)
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