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L.N. Cooper (1986)
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. There is a vast difference between science |
being created and science being presented (in|
textbook, for example). For science being
created, I see a closeness between art and
science. Creating a painting or a sculpture, a
piece of music or a piece of science, involves
processes in which intuition is important. The
process is not entirely logical - quite distinct
from formal presentations in textbooks. |
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L.N. Cooper (1986)

There is a vast difference between science
being created and science being presented (in
textbook, for example). For science being
created, I see a closeness between art and
science. Creating a painting or a sculpture, a
piece of music or a piece of science, involves
processes in which intuition is important. The
process is not entirely logical - quite distinct
from formal presentations in textbooks.
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General introduction to
Solid State Theory )
Lo et

From solid state physics to condensed & -
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A) Focus on: long-range order + eX01tat10nsi
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B) Introduce modern concepts in low— oo

dimensional and &opological em [0 Kelvla
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C) Introduce important methods: mean field/s ey

theory, Green’ s function method including
equation of motion and Feynman diagrams.
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\/Phlhp L. Taylor and Olle Heinonen, A quantum
approach to condensed matter physics, 1 5 |4
Cambridge University Press /o¢} D7l

\3/D. I. Khomskii, Basic Aspects of the Quantum
Theory of Solid, Cambridge University Press 20/

Alexander Altland and Ben Simons, %' #5-z¢%

Condensed Matter Field Theory, Cambridge
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5. P. W. Anderson, Basic notions of condensed
matter physics, Westview Press | 72?% Z*f;u 2%
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P.W. Anderson (1923-): 1977 NobelZZ “for their
fundamental theoretical investigations of the electronic

structure of magnetic and disordered systems” ﬁ IR (043
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moVe TS

D) el W {son
. levent 1957 Aﬁ’) p (othe "/% /
BRESVBEER: TP RA

W, REPEZ R EE?@W’% EE/ i
PRI, LR EIPoor man AREER LS 1961

— Nambu , Goo(dstore

it TR I XK 3 e
u&f ﬁ fﬁg}mﬁk XNIEE, BRE @%E&E?ﬁ Koo Higf &3

//-om JO Dwé@"” ’

19844 “ﬁ%4u~%ﬁ$mg¢%A”

L\ non
[roldstone oo B2

& Podo —> By 7 T A 0%
- %

' % k15K,
)/Hﬁag W&OAZJMSW‘ Qz/ ( (DV\[{)W\E 74‘{’,@(@6’50 4/\) )
< L > plasmon % ok o\ E 38

Izl




Auguries of Innocence

To see a world in a grain of sand
And a heaven in a wild flower,
Hold infinity in the palm of your hand
And eternity in an hour.

--William Blake
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KENNETH G. WILSON (1936~): 1982 Nobel ¥ %%
for his theory for critical phenomena in connection with phase

transitions.

AT

Renormalization group

theory: its basis and —

formulation in statistical
physics, MICHAEL E.
FISHER,

Chapter 8 in Tian Yu Cao -
Conceptual foundations of

quantum field theory
(1999).

1
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* Before Wilson, quantum field theory an
statistical mechanics were separate subjects.
* Before Wilson, the renormalization group was
a set of half-formed ideas, both in field
theory and in statistical physics.

* Before Wilson, the subject of critical

phenomena was a mass of poorly understood Af%AAﬁ“t
experimental data and a fgﬂ_ﬁxani_1§§ul£§-()nsag%2r

e Before Wilson, the role of renormalization

in field theory was itself poorly understood.

e Before Wilson, color confinement in gauge
theories was only a hypothesis.

e Before Wilson, the use of computers to
understand fundamental physics was suspect.
* Before Wilson, early physics education was

not a priority for research physicists.
John CardXﬂ\arXiv:1308.1785V1
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“Metamorphosis II”
M. C. Escher




Berezinskii-Kosterlitz-Thouless phase transition —2D XY model
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VL Berezinskii, JETP 34, 610 (1972).
JM Kosterlitz, and DJ Thouless, JPC 6, 1181 (1973).



Berezinskii-Kosterlitz-Thouless phase transition —2D XY model
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The quantum theory of condensed matter (i.e. &\X\/Y\/ /Zi\
solids and liquids) has been dominated by two A//\

main themes. The first one is band theory and N\ N
perturbation theory. It is loosely based on / {(
Landau's Fermi liquid theory. The second y

theme is Landau's symmetry-breaking theory

and renormalization group theory. )\/ </§/\
A peek into the new world is offered by the \// </\ S A A‘
discovery of the fraction quantum Hall effect

(Tsui et al, 1982). Another peek is offered by

the discovery of high-Tc superconductors
(Bednorz and Mueller, 1986). Both phenomena
are completely beyond the two themes
outlined above.

Quantum Field Theory
of Many-Body Systems

Selected from

PREFACE of Quantum Field Theory of Many-
body Systems

by Xiao-gang Wen

OXFORD GRADUATE TEXTS

&



Integer Quantum Hall effect * ¥ SAH 34, F%

A Hall Bar

d Under low temperatures
and strong magnetic fields,
the Hall conductance take on
the quantized values.

R AL L B P, =K,/ n  n=integer

Pec 5ot l W By — —_—
kOYsq 7 10 hie? 0 R, Resistance quantum

i /\R = h ezjz— o8l 80% kQ
/ 3 (Hall-) Resistance Ry = LI/l

{02 PRL 45,494 (1980) 25 812.68 (8) €2
BIPM (PARIS) 25 812.809 (3)€2

. . | o PTB (D) 25 812.802 (3)€2
? 2 4 5 B 10 2 14 ETL (JAPAN) 25 812.804 (8)€2
Magnet ¢ Field (T VSL (NL) 25 812.802 (5)L2

NRC (Can) 25 812.814 (68)82

L EAM (CH) 25 812.809 (4)<2
K.Von KI|tzmg (1980) NBS (USA) 25 812.810 (2)2

: NPL (GB) 25 812.811 (2)X2
Nobel Prize 1985 1.1.1990 25 812.80700 2




Fractional quantum Hall effect
L

ZI/F;LL‘.;:G FA@ o [985 éalj\gé\'&iv\ (;;\0\\/@'— 7@\/\ C+’\L)\/l

dHall conductance fractional

value
P, =(/9R, eg. p=3,q=1

(] Theoretical explanation
1. Collective motion of electron

under magnetic field.

@ Composite fermion with

; & ‘ fract1 nal charg p
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Topological origin of Integer Quantum Hall effect

\

M
David Thouless
Bloch Bands  |,(9))=[#,(¢+G)) Nobel Prize (2016)

e2 d*k K/ &2 (C:j/\e)//\/ Nnuwm é{h

Bloch Bands Brillouin zone

2wl CaP Y T

' /

n,uv n'#n (6n €At )2 Berry curvature (1984) It

O The Hall conductance is topological invariant 7
(Chern number), which can only take integer
values.

TKNN, PRL (1982) Michael Berry
Dirac Medal (1996)



Integer Quantum Hall effect without Landau Level — Haldane model

I
o
]/l\Elzero Chern number, [one
B

need to break time reversal

symmetry. But the total flux is

Zero. (785
F. D. M. Haldane
Toy model of F. D. M. Haldane. Nobel Prize (2016)
Lifolane  Moclel ' : '
6V3 |

Tunnel
couplings

Staggered
flux

-6V3 |
topokegical wifmPer

R 2 - n 0 on st
d/USnL,Qv(, ’6% Té W(ZS Ha’(o‘qﬂi 20[6 §NV5€Z(I’ PV}LQE
M % 4 Haldane, PRL (1988)
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Realization of Haldane ‘s model and QAHE (2013%

Scientific Background on the Nobel Prize in Physics 2016

—’
TOPOLOGICAL PHASE TRANSITIONS AND
TOPOLOGICAL PHASES OF MATTER ﬁﬁﬂﬂﬁ%
B 30mMK yoqsy $ 0\

) SRR ¢ i 6 - T . . i
breaks the invariance under time reversal, which is necessary to have a llall o '
effect. This phase of matter described by Haldane is now called a Chern insu- Y3 :
lator, and twentylive years later, in 2013, a quantized Hall ellect was observed S )
in thin films of Cr-doped (Bi,Sbh),Te; at zero magnetic field, thus providing o 05k | |
the first experimental detection of this phase of matter [15]. Tn I'ig. 6 we see a8 ' b =©=r,00)
a clear platcau in the Hall resistance p,, at a density (regulated by the gate =% : —8-p,(0)
voltage) corresponding to a filled band. 'The later development of topological e P
band theory will be discussed in the concluding scetion.

0.0



From IQHE to(‘l’opological Insulators! &
L : _

K.Von klitzing C. L. Kane &S. C. C. L. Kane & . E.
(1980) Zhang (2006) > Moore, etc. (2007)
Quantum Hall state @ Quantum ISpln Hall state A 3D TI

Il'-'"'--l.

0Q0 "

€dlle SEokRS -
)

\

\

Conduction band Conduction band

L

Energy
Energy.

Valence band Valence band
k > k S Surface states
Chiral edge states. Helical edge states. Satisfy TRS.
Break TRS. No backscattering without magnetic
No backscattering. Impurities.

M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).
X. L. Qi and S. C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).



Experimental verification of Topological Insulators

Divac Prlee  Buckley Prize (2012)

0.0
= 3
2 —
uf H Charles L. Kane
0.4 ' v -
2 0O O 00 0.2
o
0.2
0.1
00 Laurens W.
Bl by Molenkamp
-0.24
0.2 01 00 0.1 0.2
- ko (A)
Shoucheng Zhang
ARPES detection. —

L

M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).
X. L. Qi and S. C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).



Topological semimetals , Topedogical  lasulotoy

B

Se ) metol 3 sl af oy Mk B -M
Simplest Case with Kk, k-ik, e
Weyl nodes: H(k)=k-0 == ko+ik, -k,
Weyl nodes: A(k) = i(u(l?)|Vk»|u(l}'))
(1) Gapless, no mass term L T _

- . Grigorii E. Volovik

(2) Chirality =+ (left or right-hand) Onsager Prize (2014)

(3) Protected by lattice symmetry INTERNATIONAL SERIES OF MONOGRAPHS
ON PHYSICS * 117

Monopoles in k-space:

The Universe in a
\:\ ” f \\tff/

Helium Droplet

—~ ..
i“i\ “8\
N /IM‘\ GRIGORY E. VOLOVIK
Z‘II + U, p-O0 II-—vrp-oL
> 1 3 — Topological Charge:
O(k)=V xA(k)_+|kL|3 ; 1
Drrv curvature|diverges near Ef 2(k) - dS(k) =

the monopoles. Grigorii E. Volovik, JETP (2002).



Beyond Topological Insulator/Semimetal

I
From band topology to SPT

Fermion SPT

1. Classification of free-fermion nontrivial
SPT is well-known (Ludwig; Kitaev )
Topological insulators (time-reversal)
Topological crystalline insulator. (space group)
2. Classification of interacting-fermion nontrivial
SPT is under debate (Gu,Wen, Senthil,Qi....)

Boson SPT

Topological quantum computation
@naioranajermion as Ising anvon.

Honeycomb Kitaev model

2D Kitaev model_‘

|

Maijorana

|e,=e,( cos 0, +e, sinG,l

AR o )y Ty L X .V _z
H= Jmeaj [\,ZO'iG'j JzZ(T,?G'} KZO'ia'jo'k

(i.jk)

a—links y—links z—links

1. Haldane phase in spin-1 is

a bosonic SPT, a short-range
entangled state. (Pollmann)

Xiao-gang Wen
Buckley Prize (2017)

2. Group cohomology
classication (Wen)

T. Senthil, ARCMP, 2015

P&

1D Kitaev model

¥ 0 P N (G Y P N 4 g |
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H (k) =1,(2tcosk — 1)+ 7 Asink
d

d(k)

d

m|<2t

topological SC Alexei Kitaev

‘Buckley Prize (2017)



The progress has no necessary end, it 1s the beginning of infinity.
--David Deutsch
In retrospect to Thomas Kuhn “paradigm shift”

THE

THE FABRIC BEGINNING
OF REALITY OF INFINITY

A leading scientist interweaves

evolution, theoretical
physics, and

computer science to offer a

new understanding EXPLANATIONS
: THAT
« reality TRANSFORM
THE WORLD

DAVID DEUTSCH
Winner of tiie'PaulDirac Medal and Prize




General introduction to
Solid State Theory

From solid state physics to condensed
matter physics.

A) Focus on long-rang order + excitations.

B) Introduce modern concepts in low-
dimensional and topological systems.

C) Introduce important methods: mean field
theory, Green’ s function method including

-

equation of motion and Feynman diagrams.
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