1. YEmEFE/ —NILE

Condensed Matter Physics and
Nobel Prizes

1.1 BB{zE Superconductivity
HBiRE Superfluidity
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Nobel Prizes about superconductivity
and superfluidity




The Nobel Prize in Physics 1913

"for his investigations on the properties of matter at low temperatures which

led, inter alia, to the production of liquid helium*
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The Nobel Prize in Physics 1962

helium “

"for his pioneering theories for condensed matter, especially liquid
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Lev Davidovich Landau

Academy of Sciences,

1941 HEYF7RERLI-AUD LADE RS
IRRFE/AIC

Bl

1950 K. EF7T/LIHEAREREAL. AY
D L3DYELRE . ZLOYMEEFE

BIAAN) ) LOEEPFOEFRICULEHASN
BAIEEEDITILIRADIRIE

Moscow, USSR

b. 1908
d. 1968
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The Nobel Prize in Physics 1972

John Bardee

-

n Leon Neil Cooper

@ 1/3 of the prize Q) 1/3 of the prize

University of lllinois Brown University
Urbana, IL, USA Providence, RI, USA
b. 1908 b. 1930

d. 1991

"for their jointly developed theory of Superconductivity, usually called the
BCS-theory*
BCSEmEMFIIN HBIZEERDBARIIHLT

John Robert
Schrieffer

@ 1/3 of the prize

University of
Pennsylvania
Philadelphia, PA, USA

b. 1931
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Origin of Superconductivity: Electrons Pairs (Cooper Pairs) formation

BCSI#:f : Bardeen—Cooper—Schrieffer Theory (1957)

First Electron distorts lattice.

Lattice distortion produces extra positive charge.

o Q = Second Electron is attracted by the charge.
o O ©—-4a 3

@ 2DDEF AT
Electron o O —6 BEELTWWSEIICRZS
A4 ‘ (Electron pair formation)

_ S| HDEBBE—RFDOVTH
_ Attractive intercation; lattice distortion
' : BCSH&tE BCS Mechanism
Lattice of positive ions

2DMNEF=BosefiF=2R—X T AL 1 31M4 > 5iE
Two electrons = Boson= Bose-Einstein Condensation
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The Nobel Prize in Physics 1956

UERICBET BAFE L R T VU R A =R OFE R LT
“for their researches on semiconductors and their discovery of
the transistor effect”

William B. Shockley John Bardeen Walter H. Brattain
USA USA USA
Semiconductor University of lllinois Bell Telephone
Laboratory of Laboratories
Beckman
Instruments, Inc.
b. 1910 b. 1908 b. 1931

d. 1989 d. 1991 d. 1987




BCSHEiHICKHBIzERR A EE Superconducting critical temperature by BCS theory
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Shaded elements: superconducting only under high pressure

The Nobel Prize in Physics 1987

ceramic materials“(19864F)
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J. Georg Bednorz
® 1/2 of the prize

gL

K. Alexander Miiller

® 1/2 of the prize

Federal Republic of Germany Switzerland

IBM Zurich Research
Laboratory

Ruschlikon, Switzerland

b. 1950

IBM Zurich Research
Laboratory

b. 1927

Superconducting critical temperature (K)

Ruschlikon, Switzerlan

“for their important break-through in the discovery of superconductivity in
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Development of Superconducting Critical Temperature
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Spin of Cooper Pairs
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The Nobel Prize in Physics 1996

4 .
"for their discovery of superfluidity in helium-3“ He: 2 protons & 2 neutrons

NI LITOEREDFEERE (2.3 mK) 3He: 2(5;?322 & 1 neutron

(Fermion)

@) David M. Lee @) Douglas D. Osheroff @) Robert C. Richardson
USA USA USA
Cornell University Stanford University Cornell University
Ithaca, NY, USA Stanford, CA, USA Ithaca, NY, USA

b. 1931 b. 1945 b. 1937




The Nobel Prize in Physics 2003

"for pioneering contributions to the theory of superconductors and superfluids®
BIEERLVEBRBDERADEHS

14

O Alexei A. Abrikosov o Vitaly L. Ginzburg o Anthony J. Leggett

USA and Russia Russia United Kingdom and USA

Argonne National P.N. Lebedev Physical University of lllinois

Laboratory Institute Urbana, IL, USA

Argonne, IL, USA Moscow, Russia

b. 1928 b. 1916 b. 1938
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Magnetic flux in type-1I superconnnnductor
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The Nobel Prize in Physics 2001

"for the achievement of Bose-Einstein condensation in dilute gases of alkali
atoms, and for early fundamental studies of the properties of the condensates”
TIHIEFOFZARATOR=Z-TAL L2134 VERBOREE .28 pK

Laser Cooling

@Eric A. Cornell @Wolfgang Ketterle @Carl E. Wieman
USA Federal Republic of USA
Germany
University of Colorado, Massachusetts Institute of  University of Colorado,
JILA Technology (MIT) JILA
Boulder, CO, USA Cambridge, MA, USA Boulder, CO, USA
b. 1961 b. 1957 b. 1951

1.2. £8{K Semiconductors
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Nobel Prizes about semiconductors
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The Nobel Prize in Physics 1956
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“for their researches on semiconductors and their discovery of the
transistor effect”

@D vavoL- D N—F1-v D TIv5Y
William B. Shockley John Bardeen Walter H. Brattain
USA USA USA

Semiconductor University of lllinois Bell Telephone

Laboratory of Laboratories
Beckman
Instruments, Inc.
b. 1910 b. 1908 b. 1931
d. 1989 d. 1991 d. 1987

NIVERERFTCTIESNIZRRDEZYI R SI F

First transistor radio made at Bell Lab in 1947
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Amprification (Norton Publishers, 1997).




Various types of Transistors
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W. Shockley, G.L. Pearson,
Modulation of conductance of thin films of

semiconductors by surface charges,
Phys. Rev.74 (1948) 232.
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Point-Contact Transistor
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J. Bardeen, W.H. Brattain,
The transistor a semiconductor triode,
Phys. Rev. 74 (1948) 230.

BERDSYIRS

Junction Transistor
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Latest Large-Scale Integrated Circuit Gate leneth = 20 nm
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The Nobel Prize in Physics 2000 NIVEEHPES

for basic work on information and communication technology

‘B RTLIPOZIRIEDNLFREATORE “EEFE B R D FEBFI 2% L T""for his part in the
D EAFEIZx L T“"for developing semiconductor invention of the integrated circuit"
heterostructures used in high-speed- and opto-electronics"
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Zhores 1. Alferov Herbert Kroemer Jack S. Kilby

Russia USA
Germany

More than 100
Million transistors
are on a chip in

A.F. loffe Physico- PClcell phone.

Technical Institute University of California Texas Instruments
St. Petersburg Santa Barbara, CA Dallas. TX. USA

b. 1930 b. 1928 b. 1923
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¥ “for the invention of efficient blue light-
emitting diodes which has enabled

bright and energy-saving white light
sources”
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Y>> B R light > electric current::

558 — s . .
& > JE Electric current = light: LED .
; ANZE i solar cell

|~ T U3 )LAAS digital camera
|
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The Nobel Prize in Physics 1973 J/—RILEAEHPAD
F U RNVHRDFER,
for discovery of tunneling effect
FEAENT BIEEANT Va7V UHROBRHTH
In semiconductors in superconductors Prediction of Josephson effect

T

Ty T @ FT-0N- O Yatwovy

Leo Esaki Ivar Giaever Brian D. Josephson
Japan USA United Kingdom
IBM General Electric Company University of Cambridge

b. 1925 b. 1929 b. 1940




(light-emitting) diodes
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E*ﬁ%*ﬁiﬁ Superstructures™ AI.%EEEE Man—made Crystals .

BRARFERAERLSI—IBHNRE
— BRIZITFELGWOWAIYE
(EFHFA) P

shutter—;
Quantum well 5.

1
e—
.

Gs
shutter :
SifC) - 3
shutter—; .
. EEEE TN T
& 3 R A kR
shutter— A - ;
SI(A) 2 . :
shutter—;
Ge ’ 77 AERRARERE © . Al
: == 4 2 =B Hi#8:D. E. Jesson, et al., in SiGe Based Technologies
GeSiEBRRFDEFIMEIETE ‘ot 1992
— MM BIRTFEE
B =3=/\F mini bands
INEX vy TD
E1 ) A 2 R {E
. Control of band gap size
T MRS (kL) BiFiE

The Nobel Prize in Physics 2007

for the discovery of Giant Magnetoresistance
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1.3. {EX7t% Low-dimensional systems
IZB89 5/ —RILE

Nobel Prizes about low-dimensional
systems

The Nobel Prize in Physics 1985

for the discovery of the quantized Hall effect (QHE)
B AR —ARROFERITH LT Oji international seminar
booklet, 1980

5.2.1980 BIRTHDAY OF QHE > ;\;{E“lﬁ)
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Klaus von Klitzing f
Max-Planck-Institut fur ! /\ f\\!
Festkorperforschung, ' GATEVOLTAGE 0 / } :
Stuttgart, 4 : ; :n v
b. 1943 .
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2 )Rﬁ%?% Two-dimensional electronic systems
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The Nobel Prize in Physics 1998

for their discovery of a new form of quantum fluid with fractionally charged excitations
SEERE b ORIRIZ L 2H LWEOBRTIRIEOF IR LT
(B ETFH—N%R fractional quantum Hall effect (FQHE))

o Robert B. Laughlin O Horst L. Stormer o Daniel C. Tsui

USA Germany China
Stanford University Columbia University Princeton University
b. 1950 b. 1949 b. 1939
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FQHE is a many-body phenomenon including el-el-interaction = fractional charge, anyon, composite Fermion




The Nobel Prize in Physics 2010

QRITWE T T 7 = T B EER A =R

Groundbreaking experiments of two-dimensional material graphen

i Pencil
®A. K. Geim ® K.S.Novoselov

b. 1958 b. 1974 7571> (%flﬁ)

University of Manchester, UK

HEYSIIT(EFR EFH—LHELBAL, EELODDiracki T =T
They observed (half-integer) QHE at graphene, verifying massless Dirac electrons.

The Nobel Prize in Physics 2016

for theoretical discoveries of topological phase transitions and
topological phases of matter
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David J. Thouless F. Duncan M. J. Michael
() prize share: 112 Haldane Kosterlitz TKNN theory
E} Prize share: 1/4 E} Prize share: 1/4 of QHE
USA USA USA Thouless-Kohmoto-
Univ. Washington Princeton Univ. Brown Univ.  NighYngale-den Nijs
b. 1934 b. 1951 b. 1943
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David J. Thouless
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J. Michael Kosterlitz
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Announcement of the 2016 Nobel Prize in Physics by Professor Goran K. Hansson, Secretary
General of the Royal Swedish Academy of Sciences, on 4 October 2016.
[o) o~
FREDAILIRGIK
ey 7 s’ ‘—é
o EFoxHLF— E X = j;'iffﬁ()
A A A == L AKX HE
. - KEEFRE
E%F ) RS Topological insulators (semi-
NV conductors) and surface electronic
Cond. Band ’ states
HE)E P E
fii G A
NUR it ¥ -
Valence NRuR :
Band Band crossing (inversion)  Topo. Ins.
(a) BH OMEFIK (b)) N RZZE (c) MR r ULz
E 7 (trivial insulators) &mE-5Fm| MENED Ry RS
L Surface/interface inside
BFOTZxLX— E wrOTRLFX— E

Irig
N R

NIRIZBRANTES
-~ —pi R (4) NELS

(d) 18 DOHEf% A Trivial Ins. (e) hAN 1 ¥ Ltk Topo. Ins.




Dirac Cones of Topological Insulators
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Dirac cone

The electron energy is determined
by its momentum (and spin).

Time-Reversal Symmetry

E(k 1)=E(- K )

spm S
Tlme reversa

I
* Momentum

(Wavevector)

Space Inversion Symmetry

But, ace- Inversmn_) ﬂ? E(K 1)=E(-k 1)

on Surfaces 4 K — '>

Time-Rev. Sym.+Space-Inv. Sym.= Spin(Kramers) Degenera

Spin-Split in Surface States 4= | E(k 1)#E(% |)
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Space-inversion symmetry is always broken down at crystal surfaces.
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Spin-Orbit Interaction for Moving Surface Electrons

An electron moving at a crystal surface feels virtual magnetic field.
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@ Laboratory System current

Electron spin _
= Virtual mag. field

1 1 d // surface
H = 2—p +V{(x)+ e o-\gra pr L electron momentum
m mc
) ) ) Virtual —Spin—-momentum locking
Electron spin Interacts with virtual mag. field. 54 Fielq spin L momentum

= energy difference depending on spin direction
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Spin-orbit interaction by motion of surface electrons
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Surface electrons moving at surface feel imaginary magnetic field
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Difference in Energy between Spin{ and Spin|

Spin-Orbit-Coupling Hamiltonian
T X ) — Effective
(g ad V p Magnetic Field B

Orbital Motion Orbital Motion Eff. Mag. Field B
of Electron of Nucleus
Electron

Nucleus

o +
> Interact with spin O
Lorentz Electron
Transformation (Rest Frame of Electron)

Difference between 1 and |
=Zeeman Energy by Eff. Mag. Field B

Zeeman Effect RAEVDHIGICFETMARETHNTIRILEF—IELS

Energy depends on the spin direction (parallel or anti-parallel) with respect to the magnetic field.
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Rashba Effect/ Topological insulators Virtual Mag. Field due
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Energy depends on the spin direction with respect to the virtual magnetic field.




Electronic States of Bi,Se; (Theory)

H. Zhang, et al., Nature Physics (May 2009)
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Band Inversion due to strong SOC
= Parity is reversed.
= Topological Material

Topological Surface States

Analogue of Edge States in Quantum Hall States (2DEG)
= Extension to 3D Materials
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