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An example that serves as pattern or model.
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BHERBELR LT AR BRIEH K BRI
. HIYE R P Ex (pre—paradigm)
. EELZHr B (normal science)
. REBrE (anomaly)
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A (new paradigm).
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2). REW
L . Maxwell i

E=E,cos(wt—k-¥) H=H,cos(wt—k-x)

¥.i:) A =
W=2nv.k = - k isalong Fx H
A
E= EU cos(wt —k-x) —» ng»’

E{(m’.—r{ -X)
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Intensity of light [ oc E{; =3 )
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R XEFEATET B 1%

von Laue Equation

Diffracted

Direct X-rays

X-ray
beam

Crystal

For general lattice
2smO 1
A d

d,,; = distance between (hkl) crystal planes.

X-ray tube Reflections
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YF &h4& (photonic crystal)

JE BA 45 4 R 1 &MLwﬁiéﬁ TR,
BRZ B s 2 i@, RN

H 7 {12 3]]

Y FHizzs)?

T andh 72 = T ST AR T e fr B R BA T B IR 5 R 1Y
PR XML S R R AR A T R RRE M,
5 T R RIE3

19874EIR IS E. Yablonovitch (PRL 58, 2059)
S. John (PRL 58, 2486)
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Figure 6.9. (a) Scanning electron micrograph (11,000 X ) of thirty layer pairs of GaAs (dark
color) and Al,Gag,As (light color) grown on a GaAs substrate. (b) Photograph (55,000 X )
showing the period A = 0.185 pm. (¢) Measured reflectivity spectrum for light incident from
air [3].

Traditional multl-layer film Butterfly
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 Maxwell equation
1 B

V:-B=0 VxE+—=0
c Ot
10D 4
V-D=4np VxH——a &
c Ot C

* Final equation

w( ! VxH(r)J:(wj H(r)
g(r) c

* Bloch Equation

H,(r)=e""u(r)
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Lossless Bends

J00% Transmission rhrough Shanpe Bends Maps onto problem of

Electron Resonant
© = Scattering in 1D
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[ A. Mekis er al.,
| Phys. Rev. Lett. 77, 3787 (1996) |

symmetry + single-mode + “1d” = resonances of 100% transmission
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Multiplexer
Coupling of guided modes and defect modes

f1, 13, ...
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Valence Bond Theory

Bond = overlap of atomic orbitals (AOs)
Extent of overlap = strength of bond

If orbital overlapping has direction, bond will
have direction

Valence AOs in a molecule are different than
those in unbonded atoms. HYBRIDIZATION,
a mixing of AOs, produces hybrid orbitals of
equal energy but hybrid character

#AOs mixed = # hybrid orbitals formed

www . kaoyancas . net
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Orbital Overlap <
and Spin Pairing é é+
in Three Diatomic

Molecules A Hydrogen, H,

z
A
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Martin 8. Silberbarg, Chemiatry: The Molecular Mature of Matfer and Change, 204 Edition. 'ﬂﬁp}lrlnhlﬁmh@@n &1l rights resarved.

The sp® Hybrid Orbitals in CH,

i.. Es s.p'spﬂgr

—— e —— " — .J TR

Isolated Hybridized
C atom C atom
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The o Bonds in
Ethane (C,H;)

H




Martin 8. Silberbarg, Chemiatry: The Moleculer Mature of Matfer and Change, 204 Edition. Capyright EWWHE@E &1l rights resarved.

The sp? Hybrid Orbitals in NH3 and H,O

bonding
lone electrons

Isolated N atom Hyhrldlzed N atnm

lone bonding
pairs electrons

Isolated O atom Hybrldlzed 0 atnm
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Hybrid orbitals

S+ p+p+p=sp’+sp’+spi+sp’

head on overlap produce sigma bonds

sideways overlap of unhybridized p
orbitals produce pi bonds

How will this affect the character of s and
p bonds?

www . kaoyancas . net
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The oand = Bonds of Ethylene (CoHy)

Two lobes
of one | e




Martin &. Silberbarg, Chamiatry: The Molesular Mature of Matfer ond Change, 204 Edition. Copyright ﬁmwmmmtm. &ll rights resarved.

Restricted Rotation of
m-bonded Molecules

H H
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The o and it Bonds of Acetylene (C,H5)

Two lobes Two lobes
of one of one
7 bond 2 _ 1t bond
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Orbital Box Diagram for
Hybridization in Be

Isolated Be atom Hybridized Be atom
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Orbital Box Diagram with

Orbital Contours
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Martin &. Silberbarg, Chemiatry: The Moleculer Mature of Matter and Change, 20 ition

The sp Hybrid Orbitals in
Gaseous BeCl,

Sy e ) Bog "c’
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Harteree-Fock Method

m%w@@:ﬁw@@
!

Huy,(r)=Ey,(r)

H(R)y,(r)=E(R)y(r)

l
l |
2 R H

Wi(r):|¢Ha¢2”'
HP —»> SD

H = 212
e AN T o> T,
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Molecular Orbital Theory (MOT)

Electrons in a molecule are in a collective

Bonding orbitals are formed from the addition of
AQOs (lower energy than AQOs)

Antibonding orbitals are formed from the
subtraction of AOs (higher energy than AOs)

Filling of MO diagram obeys rules of AO diagram
Bond order =2 (#bonding e-s - #antibonding e-s)
Bond order = 0 indicates the species will not exist.
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Contours and Energies of the
Bonding and Antibonding
Molecular Orbitals (MOs) in H,

Antibonding MO, o1
Node
Subtract |
(1s-1s)

T

Energy of isolated
H atoms

Isolated H atoms

(1s+1s) >

Bonding MO, o1,
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The MO Diagram for H,

A

AO MO
of H of H,
H, bond ordet'=3(2=0) = 1
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MO Diagrams .
4+ b
g g1

Of HE; T
and He, e

Tl
O1s

AO MO & AO,
of He of He, of He

A He, bond order =3

A A
Uﬁs

T4
1s

T4
O1s

AO MO AO
of He of He, ofHe

-k .
- Reovancas-net B He, bond order =0
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Bonding in s-block Homonuclear

ﬂatomic Mollecules |
, ‘TJ!

N
s LY

"J;s i

TV
2s RHM

O1e
AO MO AO AO MO AO
ofLi oflLi, oOfLi ofBe ofBe, ofBe

s.net

A Li, bond order = B Be,bond order =0
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Contours and Energies of o and = MOs
Through Combinations of Atomic 2p
Orbitals

Subtract

(P~ P,)
—

(antibonding)

Add = O'G i
(P, +p,) (bonding)

Subtract Node

Add = (bonding)

Www . kaoya‘PaF!‘rps, )

(,-p,) g g 2pMO
— (antibonding)
g X T,,MO
Py Py
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Relative MO Energy Levels for Period 2
O3 Homonuclear “2p
_ Diatomic Molecules

L F

Ogg

O2g
A'D Mﬂ Www_ka&&as_net Aﬂ M'D A'D
A MO energy levels for O,, F,, and Ne; B MO energy levels for B, C», and N.
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The MO
Diagram
for NO

A

AO
of N of NO of O
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The Lowest Energy mi-bonding MOs
in Benzene and Ozone

A BenzeneyQadras.net B Ozone, O,
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Comparison of Two Models

VBT describes organic chemistry very well

MOT describes small molecules with resonance and the
paramagnetic character of oxygen; allows the prediction
of whether a species will exist (stability)

MOTEREARI T, GaussianBKH&EFTHLEKRE
JOHN A. POPLE (1925---2005)
1998 Nobel Laureate in Chemistry

for his development of computational methods in quantum

h ’ ; I | '
chemistry b Kl
R W Svonska Veceriskipsakademien.
W0 (oo ss oktober 1908 Gestutat
attmed det
NOBELPRIS
sont deete dir-tillerfismues dert..
sonLgjort denviktigaste kemiiska
upptiickton cller forbuittringen
miecd ena hlfroe telona

John 7t Pople-
fr’f! Eim.rrwnkﬁmmuﬁmmkmmk
beritkatin njsmetodik_
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P TERAER SO R, ER Al EAH AR X

FHCluster AR [E

FFE: HE TR

& (Cluster ) K/, 1A 5E)

EFeafk:. SHEfr, KEMadelung®

&JE: BHAF
Z REEH, QM/MM

F B B2 ) Super Cell FVEMF LR FRI9 T

ADb initio

Hatree-Fock, CI

First-princples

DFT
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Computation

www . kaoyancas . net



www . kaoyancas . net

Scientific Computations

, Time
properties

Size

systems

Accuracy
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Electronic structure

-

Molecular mechanics/dynamics Theoretical
Methods

-

o Hopping, coarse-grained models, analogy, guesswork

| | | | |
| ! | | | -
0.1nm 1 nm 10 nm 100nm 1'[}.“

Jﬂbrational spectroscopy, nmr, x-ray, neutron, imaging

4299 reflectance Structure

nsom Probes

SEM, TEM
-

Covalent synthesis
- ¥

_-. Cluster assembly Preparation
Methods

- Processing, structure modifications

Spatial Scaling

www.kaoyancas.net
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tum d '
o Quantum dynamics

Dynamic
Molecular dynamics Theoretical
Methods

-

Langevin

-

Hopping kinetics, extended Langevin continuum, Lattice Boltzmann

-

1 psec

Ultrafast spectroscopy

Optical, vibrational spectra

-
Dynamic
Measurements

< Dielectric, mechanical relaxation

Reaction kinetics

-

Magnetic Resonance

-4

Temporal Scaling
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BERIRINSR: ZRTFER

BRI RS ARIEE (BHFZFR) TRSEHAMER

BRI ERL: BRE EERE)

BRBIER . ERH T, 24H), BRAER, F—7HH
BERHIEAR: gEWR/AMERE, 4 F31/1%7E, Monte-Carlofik

REER/METR: RSB HMEA TECERR T LA, A

1T >R H % T BE B N R MEL R R T
BFBENSIET R SRR D RR B PSS T

Monte-Carlojiiz: FHTHENNHE RET KERIFEVLEURE, X
BUPRGE RAEE = 1P 29T SR A5 ) e A U

AR 7 92 B W A RS S sk At T A A
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Opportunities for researchers in developing
countries:

*PC cluster:
parallel, large-scale computing

*Question-oriented Computation (QOC) :

solving problems with all available computational
methods

www . kaoyancas . net
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1.4 BRAYHETEN

1. Landau 1 Anderson ) T3k

L.D. Landau(1908-1968): 1962 Nobel2Z “for his
pioneering theories for condensed matter, especially liquid
helium"

HZHFEFETUE RS 12 2WEETHENRE

Y3

BRAYHEEL: “HATED S A T A
%ﬂFermi%ﬁﬂiﬁ%‘.

s 5 ™ 5K IR
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P.W. Anderson (1923-): 1977 NobelZZ “for their
fundamental theoretical investigations of the electronic
structure of magnetic and disordered systems”

(5J.H. van Vleck, N.F. Mott. “#43)

BRESYHEER: TRFRGE R, R HEFEE, I
HAHARHE 18, Josephson N, B Vi Hel 11 F ¥E 18 1 BH S b
R

o RPRRBRR, TR ROR, | I, BRFa, T I 5tk
CLR ERUAT 19845 “&%%Z&%@#E’J%ﬁ:%%\”
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B, BEE—EEEH: MK, Wi, =

To see a world in a grain of sand
and a heaven in a wild flower

Hold infinite in the palm of your hand
and eternity in an hour

—Ry BEE — MR
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FKAE T HE RN AT O

(i, 5405, 19254 BE T HRANE)
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SRR AR R AR TR ) 2R A rDUA ) ik, ANl 3
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7 8]V 7t 0t 7S (A A B B

i 8] ~F- % 246 X} 1 (1] Be =

e 7806 25 6] 7 [ B

7% 8] S i YN e B FRK

i [A] 2 {8 “ 0T LA 157 F i L5

VAR 2[RI R 1 22 5 Bose 4118 Fermi 4t it
R AR AN [E] Ay 25 6] R AR 57 AR FER )

Tt SR AW I Tk AR R o R AR R T = 0

an AR B X ARBCBR K = D (R T AL E R AR IR TR
TR E); 25 6 SO BRI OB 2 T 2k s et Eﬂ
SRS BRAE VB BR = AR R 3 45 70 s ARV X R A R BB R = A
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3. B FHEMES

ZRTE RIATNE (1) KT BIGETHT 09 (2) KL [E] B
MEERRE.

HRF- L HRRZ RGN —BIFE, B REIRS
FIEEEAR F R RETAT AT MEENEER). Xt
BREER ARG, FESEKREHHRE: F=E-TS KR/,

RinA, FRR/MESRKBERR, BRTEFS:

{RE T, FRAR SIS, FESHNRRDMRE, RS
RERFE.

LAY FEBIEA—INBRTFRENESEESEHM
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1.D. Shechtman, I. Blech, D. Gratias,
and J.W. Cahn, "Metalic phase with
with long-range orientational order
and no translational symmetry," Phys.
Rev. Lett. 53 (1984) 1951-1953.

1984+F, ShechtmanZ5 17 F-3R BE 32 XA H
AlIEE&HP ESRAI-MnEEFHRE T
B 7 BRI B S B BB AT B, 8
H H S m3s.

BRAI{5: FIRNt
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Dan.Shechtman (1941~): 2011 Nobel {t.2%
for his discovery of quasicrystals.

« &4%5 (Dan.Shechtman) 19414
HA T L ESRrR 4E TR, ELLEFH T %
SHAS NI T2, SRR
171 S A e o VAP 4 ) S a0 71 0 = o4 7 vy
B2 . £E Ames Laboratory B
A% B FLN ST R ZAA R R 22 2%
1982°F4 H8H, &R ALY HI M th
& R — M A AR A
(Tcosahedral Phase) 43T 45H), JThE
I TR A AR TR A A

The Nobel Committee at the Royal Swedish Academy
of Sciences said that "his discovery was extremely
controversial,” but that his work "eventually forced
scientists to reconsider their conception of the very
nature of matter. "
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1-D Fibonacci chain:
A->AB

B->A

Rn+1={Rn, Rn-1},
R0={B}, R1={A}

Penrose tiling

WAL RA KA
PIFREUE, ZHN
1.618
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2D Penrose tilings

deflation

Sun

| Star

Project 3
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G EEENES

T R
g H
[ 51 B (the smectic phase)

(the nematic phase)
high orientational order
but random positional

MR HEIR VR A

= /)
—

a positional order along one
dimension

Ay gx s
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Reported smectic phases

Smectic Phase Nolecular Tilt
type type packing disposition

b fluid Tandom orthogonal
hexatic hexazonal orthogonal
fluid random t1lted

micellar?,
rod?

cryvstal orthorhonbic orthogonal

kendash;

plastic

peeudo—

tilt to side
hexazonal

hexatic

peeudo—

tilt to side
hexazonal

crystal

herringbone

by tilted
monoclindc

crystal

pseudo—

tilt to apex
hexazonal B

hexatic

pseudo—

t1lt to apex
hexazonal B

crystal

herrinshbone

e t1lted
monoclinic

E crystal

L crystal | hexagonal orthogonal

www . kaoyancas .net




www . kaoyancas . net

Smectic C* (Chiral) - Ferroelectric

=F

If the molecules are chiral, (lack inversion symmetry), Mever, ef @f demonstrated on symmetry grounds that a polanization must exist parallel to the smectic
atd perpendicular to the molecules. The magritude of the polanzation 15 determined by molecular considerations, although its exstence depends solely on
symunetry, These matenals can be used m rapidly switching electrooptic shutters, with response times in the microsecond range.

Antiferroelectric 1.Cs
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[ 51| 24 % A

Nematic Phase (thread—like texture)

r_ C 1 1 5 IR = a 5 - T
Nematic thread-like texture 4+*~ trese texptures 0o pnewatic phase was named,

rF ob s
d . Froto -IL.I.I.T""T -|+ 4 g0 L .h
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MR HEIR IR A

Cholesteric Phase (fingerprint texture)

fholesteric fingernrint texture The line pattern is due to the felical structure of the cholesteric phase with the
helical axis in the plane of the substrate Fhoto courtesv of Ingo DMerkine.
WWW.Kaoyancas.ne
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feAesr2K: (1) i (splay) (2) Z Hi (bend) (3) HH (twist)

Ven=#0 nx(Vxn)z0 neVxn#=(

STERA, CH: V x p = OEZ Hi. BB

www . kaoyancas . net



www . kaoyancas . net

BB SESAE R SN IER TS RENEER 7
5HAZRZ BHIRKEH

g: BNATR R I TEAR

1 — - - - -
g=—[K11(V0n— 5,)' +K,,(neVxn+t,)’ +K33(nxVxn)2}

2

K, Ky Ko B L. 25 B .

KosBt K, KB/, 10712 V10711 N

So: B FE i to_l_ﬂ P,: 42EE
P

www . kaoyancas . net



www . kaoyancas . net

1 ¢

5 =g_547z

www . kaoyancas . net



4. MHZENIEAIS

(1). #%

X —ABRT RGAEANF KRB L

T BMEEAN R

MR EIRE: ROEHK
MFEH: BHEE WEE

—Mr S35

71 (R, i (RE),

—HreH:

ARPIRES, SRR ZIAE

www . kaoyancas . net

www . kaoyancas . net

s 58 B Al AN 2R A
FRIFE 2R M AH 2R,

L FEHIESLE.

P REAL TR

IRZ8 28, WAKREL, WA, BALRSE.




—RAHRBAESAAZE . RNFEBESE, —IrFBAESK

TR BGESMAR . AIIFEHN—Pr e BIESE, 2
BN ESLHPRERE

ELEAHARE R FHHER (HERER)

IR AR 2 ORI
1873: van de Waals SBURESHIE
1907: Wiess ZREAAHAZH] “ T 3HHE R

1934: — & &8 F-TLF#%2Z FBragg-Williamsiz LA
1937: Landau 1HZZ ¥ 8

www . kaoyancas . net



www . kaoyancas . net
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Landau¥E & ) B AR 1X:

() EHEIENFSENERS. FZE: TE. RE. KE
B EL 7B RE, EMER, ¥EHHERT:

F(T,7)= Fy(T)+a,(T)n| +a,(D| +...

A E TR
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RTHZRER, p # (), EREEBHREERD.
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@ a,(T)ET
I'>T, |f|=0 #aswssms, a,(T)>0

T"<T ‘ﬁ‘;& 0 masmszgs, a,(T')<0

o, (T") — a,(T") eszEuER,  o,(T)=0

a,T)=a,o(T-T.) a, >0
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(5) A&
r>T, F(T,n)=F(,n=0)

T<T. FInp=FT,n=0)-cT){T-T) /4o,
a,(T), a,(T) HAEEHETERK
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www . kaoyancas .net



www . kaoyancas . net

Project 4
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INENER RS, MEATHBEZEENMASHER:
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2. Im a2 (B R 5 A H1)

Be: (1) BRI HEALEGER B HEee (T, B) 7] 70 B #72
g(T,B)=g,(T,B)+g,(t,B) t:T—%

EEH T, g AR C

(2) g A/ XFFREH:
g,(A’t,A'B) = Ag (¢, B)
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AM(At,A'"B) =AM ((t, B)

). 4 t=0, A =B r BB
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(c). Bt & Z=[

A4y (A7t,1YB) = Ay(t, B)

meo, 4A=t-1/0 , B=0: x(,0)=1"7""x(1,0)
<o, 4art=—1, B=0: x(2,0)=(=1)" """ y(~1,0)

wee  y(T,B=0)oc(T—T.)"
=y =Q2q-1)/p
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(@) ARBIEF TR C, = _(g;‘; j

APC (A't,A'B)= AC,(t,B)

me>0, ¥A=t"12 ,B=0: C,(£,0)=¢"7"""C,(1,0)

<o, #APt==-1, B=0: C, (¢#,0)= (=) """ C,(-1,0)
kg C,(T,B=0)c(T-T,)"
C,(T,B=0)oc(T,-T)™"

a=o’ =(2p-1)/p
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g =(1-g)/p
= ¢/ (1-q)

vy=v" =(2q-1)/p

a=o’ =(2p-1)/p

at+IB+y=2
a+p (6+1) =2
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HAT JGHREER &

B(A"t,2*M) = AB(t, M)

4 A=M1, WidombREHRKIRE -
B

9)_ l/q

B(Mp/q

—R-1- t M _
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— Kadanoff Wt i8 (1966)

G R EERE: REEKE £—>wo

TEREME: BREFTNELRABZUH 2B/ RREEN

I £ 17 52 ) — >*2§g§§;é M5 BEAFRERZRETRAZ N
— kRS

Ising FL%Y(1925)

T8 SRR R 7] BT, Heisenberg Hamiltonian:

H = _sti.sj = _JZ(SleJx +SIJ’SJJ’ +SizS;)LeoKadanoff
i,j i,J

s__& “, 63,%, g/grf,tyyx—}ﬁ;ﬁ@
‘—"& “X, Y” 6}%; g@%%ISIHgJﬁ@
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Ising Model

Suppose we have a lattice, with Ld lattice
sites and connections between them. (e.g. a
square lattice).

On each lattice site, is a single spin
variable: s; = 1.

N
The energy is: H {S} = —kz $;8; — hz S;
i=1

where h is the parameter proportional to ~ **/
the magnetic field i

Kk is the coupling between
nearest neighbors (i,))
— k>0 ferromagnetic l !

t=6d

— k<0 antiferromagnetic.

Temperature Init cold
|247474178402  start |Biop

http://physics.ucsg.edu/~peter/java/ising/ising.html
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X LA HIER 48 N 2 Jo i) & Stllami 1 tonian:

NL ¢

—sts th

I+#J

EMRIEERSE: hy EZ{E%BXTEWIS Q fiefE 2%

$/\ﬂ%ﬁi§ EE g(tL hL) lﬁi/\%)ﬁ E EE g(t h) E‘ﬁ
mamaaﬁﬁ

g(tL,hL)=Ldg(t,h),
(=(T-T)IT,

WMRRANSE WA RH “BEE”
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— RS, WMHHR, fHRKE:
§L = §/L9§L = g(tL9hL) = L_lf(t,h)

;E‘t(ﬂwlii%izﬁm, RGNS R “BER” 22
3 , ot NL?
Eg?ﬁiﬁ_ﬁ ', ;Cc>t0 th — hzZs,

BRix: { — Ly
h =hz=Lh,

~I'<zsLl', > y<d
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EEN:

ERKRLERET, X—YEEANBEANZERNA I,
A—>A’ =L*A

LIRS EBARREEN. XFE, x, yo5at, hif

EEHN

g(L't,L’h)=L"g(t,h)
(o) Bt 5 A 2 I B 2

G, =<s,,5,>—<S5,><8,>=7 " |<§,,8,>—<s| ><5, >]

=72 Y I<s;s; >—<s,><s, > = (L) [<s;5, > =<5, ><s, >]
iel jeJ
=7 (I')G G A% R B S BR R 3LG (x, t)
G, (7, ,t,), v, =r/L

= G(L'r,L't) =LV G(r,1)
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R R K2
FEA 5% B m

m(t,h) = —(

=L"""m(Lt,L"h)

ag(t,h)) _ Og(Lt,I’h) o(L’'h)
oh ) o(L’h) ~ 0Oh

(1). #2h=0, L=, WE m@,0)==10)"""""m(-1,0)
.
g M(T,B=0)ox(T.—T)" A
A p=2=7
X
. 2t=0, L=n", WH m@O,h)=r"""m@0,1)

1 T
s M(T.,B B/ .
lgrﬂl (T.,B) < -

o=
d—y
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(3). MR REREA 53 BEXT St 37 98 B ) 3 4

_ yra Om(Lt,L'h) | O(L'h)

arm " on CLTadnrm

x(t,h) ==(:

=0, L=r"" WA 2(2,0) =727 4(1,0)
~2y-d

X

X(T,B=0)c(T-T)" y

2

(4). EL# C(t,h) = _(az‘g (t’h)) = L"'C(L't,’h)

4 h=0,L=r"" WEH C@,0)=t“"""C@1,0)

C (T,B=0)oc(T-T.)° a=Q2x-d)/x
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(5). REEER

G(L'r,L't)= L“G(r,1)

£t=0, L=r
G(r,0)=r*"""G(1,0)

i ((s(F)— < s >)(s(0)— < s >)) oc @724

y—>0

n=2+d-2y
(6) . RBEKBF

E, =E(L°t,’h)= L"'E(t, h)

A‘?\ h = O,L = t_l/x RN g(t’()) — t_l/xé(l,())

c(T)c(T-T)" v=1/x
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PR
a+2B+y=2

o—1
(5+1) 21
a+ f(o+1)=2
v=LF1+0)/d

a=2x-d)/x

n=2+d-2y

v=1/x FREEHE, A
SRS B AT NS, SR ERER

www . kaoyancas . net




www . kaoyancas . net

= EZHETIRARNRHERUBESE (T0FE4L, K. Wilson)

KENNETH G. WILSON (1936~): 1982 Nobel #3 %%
for his theory for critical phenomena in connection with phase
transitions.

19365E6 H8H, BURMH A TEREMRE IR
IRBRWI . SRE- AT Bl/R i (E.
Bright Wilson) /&3 [ M5 K23 44 HIY)

B EHIR . 19524, BURBT+TRZHE
ANTEHGFRKE, —FEFHEANEEBHK
2, T BMNEEREEN. 2RE N
PR TS BOE 2240, SRRKBRE
(M. Gel1-Mann) » 19614E3RYyHE 2 1H 12
Vo 196342 RIZ/R KA. 19714FE
WA N ZRE B .
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RYIGI ANBRE T B IEF LI RBUTEG A
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MR T EEB R BB T XA
I 5 RSB B BE AR AN AR — DX Mot BR 4 T A B ALK
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H 5RGRGT AN RS TgRE, IMEgEAERL
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(a) —#EIsingBL B F EBAL BT
] EERTE SR p B b fEkadanof TR 451, FREVAERD 7 pRi 4K
RFFE XA R

H = Const.+ZJO'i0'j o, =*1

I+j

[ 7 = Tre ~BH

J

MEEANRS RS, & K=
Z = Zexp[KZO'iO'j]

<ij>
T EE S E—

c, o0, 03 0, 05 O, O,
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SR AR KA.
Z = ZZexp[K(... +0,0,+0,0,+0,0,+..)]

O#% Of

= ) ..{exp[K (o, + 0;)]+exp[-K (o, + 0;)]}
=

o lexp|K(o; +0;)|+expl-K(o; +05)l}...

REFBRSZESN THEBELIE KT —F (@>2a) 1
4 R ” TR

O,=0,,0,=0,,05=0] ..

Biha—>2a, Mht, ' @ EEATE, o : BATE.
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{explK (o, +0;)]|+exp|[-K(o, +0,)]}
— {exp[K (o] + 0;)|+exp|-K (o} +03)1}
= ¢(K)exp(K'c07)

{01,03}

EILFE UM RRAS: {+ +. - -} {+ -} . =+

N {exp(ZK) +eXP2K) = g(K)exp(K) {44 —}} _ AR
2 =¢(K)exp(-K") +-hi{—+}

1

d(K)=2cosh?(2K) SUBHAZ:  coshx = e
K'= %ln[cosh(ZK)]

X
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B4 BR 2K
Z{K,{c},N}= [¢(K)122exp(K'Za'a') [2cosh?(2K)]* Z(K',{o’ },—)

K->K’ HEREALLZH: K =RsK) (s=2)
s:EuLmiﬁta%%ﬁﬁﬁﬁﬁh¥

exp(2K') = > [exp(ZK )+ exp(—2K)]

BEFENL: e REEREE DK
HK=0E RIS : Z#FAEZ (K =08FLFR) > A3 <K

A E SRR AR K = KJT — 0,00 > T, = 0ER0

B™ ¢

—# IsingtE R H RIR IR B H MR =4
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BY  ziKk,{c), N} = [¢(K)1 Z(K',{o' },—)

A RS L ENLE — AL ETS
f(K)—NIl;T I g(K)+ f'(K')

_1 1., 1 .
= ln2+2K +2f(K)

. \ 1 1
BHix—k: f(K)=Eln2+EK’

Eiﬁnb”\:
FIRAR B IIER S BB

f(K)=In2+ iz—mlf“’”
f(K) =

www . kaoyancas . net

2\ 1 2 1
K)=() —)In2+) — K™ +
fE) =32+ Yo K™ 4

B2lE Elﬂﬁaf(K)i
f5f BEAMHEFARNRIIEN

1.1 1 1
SIS n24 K"+ f(K")

1 )

f(K > 0)—>In2

In 2 + In[cosh( K)] K51 R
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TVE

L BALRE E X

Z(K,N)=) exp[-H(K,{c,},N)]
{O'i}

KIEHANRBESH

H(K,{o,},N)=K Za +K,) Yoo,+K,) Yoo, +K, ) Voo,0,.

Z (1) (Z (2))

(i,)) (i,)) (i,4,k)

IR (RIERR) KA

KEMERREBKSHE (a->Sa; S>1):

Y4k H'(c")
¥ H(o)

N

} B AEMRAKEEE o T

G, i=12,.N
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H(o)— H'(c") 154z { K;., j=12,. 84k ——XWN
H'(c")= RH (o) {K;,j=12,..}8 R FUEAF

EXBERENSHZE KK SHE KK

K'—> K W&#: K'=R(K) % K =R (K)

Rs NEBUZRH: OMKTY, QEFHTE

S<1ZR ¥ TEHEE X
ReR,=R,,§"=5-S"

Rs )44 14 it B2 B2 4L B (RG)

ERABRMR. O At
R,R, e RG,R , =RR, € RG
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(RR,)R.=R.(R,R.)

RR,=R.R,

Si;ifi I = Jlas==1

OAFEHTITLER. HRG: FH

() \FRHAF) R
e 5t R BT, R B BRAL R RS, RECKE R
{EHE 45 /NS
E(K,)=&(K)/S, K, =R, (K),
PR TE I K,
E(R(K)=&(K,)/ S == R(K,)=K, - RGHFEIR

AEh RAHE—
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R (K )=K",R, €RG,
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[ =R Y- P =




(Z) Sttf—RIERIE%
 BRRUREIR W AE R R MR B
H: K=K +AK

RGAZH# T - K =R (K)  CGEZ&MXRR)

M Ak CANER, KT MHEESEBURF,
HEL—Br I — >R 2R 1AL -

— — =% — = % dRs — = % d&
K =R =R (K + =R(K)+—=| AK+..=K +—
;=RK)=R(K +AK)=R(K") - %

K=K

74 dRS J
AK, —2 i SN HET
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ﬁ&%ﬁ’?ﬁ?ﬁfﬂ%iéﬁ%, K=(K1’ Kz)9Ks=(K51’ Ksz)

(0K, 0K, | gAStfdk
BEAETIAUR= | _| 0K 0K, | AEE , 5
YRR AR TR - oK., 0K, ?

(oK, ok,) MEX g e

4 Oou,ou, A AK = L E e e, LHEE

& Oug,,0ug, K AKS = KS - K 1 51952 R
Suy) (40 ) ou, l ouy, = A,0u,
(&’sz)—(o ’12)(5”2J I {&‘sz = A,0u,
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LWRCEHRT:  Su, — A,0u, = A,0u, —

Su, = A,0u, > A;0u, -

EHREE A > 1 , BRRCEBRFBRLERE K SBEAF
B—> >k (relevant) AAEE

B U B e

2(K)= lim %m Z(K,N)=lim L Z(K,N")=S"g(K)

N—

U\ 5u1 . 51,{2 tehaE: g(du,,0u,)=S""g(A,0u,,A,0u,
2 5”1 — t95u2 — h g(t,h)= S_dg(ﬂltalzh)
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RG flows in a high dimensional space

Experimental
Trajectory

Unstable
direction

Stable basin of

attraction
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g(t,h)=S""(At,A,h)
g(t,h)=L"g(L"t,L’h),S - L,A, > S*,A, > S’

1 1
. In4, e nAi,
" InS In .S

HIdx, yal#EE I IE AR

5BV S AR BB X B 2 RN — MR EER T
M, BIREFERBXREISEZE—E T8,
BRG: fENTAE; SCZEIERG: YIEE NHHE.

Project 5

BT E —Fh 4 Tsing AL I R He 3
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5. JLER (HERLF)
HHEEH E‘J%*ﬁ¥1¢%ﬂ’l REEEUR A, AT LB Rl —

YA OB Y b I Sy
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HHERBIE.

LA, EMNEAHENRE AT

TCERE— AN B IR 2k R G R R E T E A SRR

LT RS TTBUR AR
o, e EBATHES.

BB R, AT PATESEES B4

SIS PRSP R, BrillouinBE, RamaniBig
it E 1R E(GreenE %, Feynman Ef1Dyson 5 1%)

ToEUR: OmBURRERE; QWS ilE; @FUILE
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RABEUK (22 ABose ):

OB T-BE T HEERS

Q)EEYERM B ) B fie- B et

(magnon);

3)&JEH

www . kaoyancas . net

LI g A IR 3))-- 75 T (phonon);

HIEH 51 B e -k T

1S EAE A I

JG(plasmaron);

LH)FE T 145

A R T

@ TFHDEEEE /G — AL BT (polariton)
MABUR (2 NFermil):

(HDEE£EA

A ELAE FH R T, AR5 il R T B FEL T, B

A B B K (quasi-electron);

Q)& T afhkr

Bh T 7 L iR AL F (polaron);

(3)35@125:
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1 T 2 AR B R A — 3

1 1] B 7 A1 55 70K (electron-hole pair)
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(1) =¥ (A — as A EER)
T=0K, BETILIEs, EHZE; TO0K, siimstss, BETFHES
MRS . fEHEIERLT,

H =§‘,%(Pf +w;0}), (P,0,: i IEALHR)

i=1

ZIENAH, BEIENAE: 0 +0’0 =0 (i=1,2,.,3N)
R ML RS

=) . or .0
=T Pz="h@

, 0°
0Q;

1
g, =(n+ E)hw,.

BRI EET~F T

i

1 212
— E(_h +0;0;)0,(0,)=¢,0,(0,)

www . kaoyancas . net



www . kaoyancas . net

aRR BB RFR/MRIIERASERER, BERIRE
55 1] V& AL i A X5

BT FAEWEEE, ER3IE.

B AW ERSINETS.

SHRHLTREN (n,(7)+1/2)h0,(§)

RE~H n;(q) MBI BRN G 1T
AT, A E ERDET S 2 FNRT.

7 —mEAHEEH, B TAEBRE o,(q) KRR

*%?iﬂi‘l&—/l\)—%? RN ETS n (q) RT3
n(q)—1=&s.
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IR T AERIES: —IRETH
PFHRR (BEEIRTEK)

@ (@)= ”;(;)} 0,(@)+iPhe, @] P, (@) 1

a(@)9,[0,(@)]= n,(@) +19,.,[0,@)]
"0.(q)

2h
a (), 0.@)]=In.@e, |0,
QO FTHES
& @a,§)0,|0.@)=n.@)e,|0,@)

a,§)=|~ } 0,(§)-ihe, @] P (q) HEX
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A

n.=a:(q)a;(q)  AFETHHER

la,(9),a;(q)]=6;6,,5  la;(g)a;(q")]=la;(g),a;(q")]=0

v oo | 1 The@]
¥ Q,.(q)—[mj@] lo. @ +a:@).P,@) = t[ : ] lo.@)-a; @]

RARE G E

1 2/~ 20enN0*(a 7)| a;(q D+
REEANEEAN:

E- Z[n,- @)+ ﬂhw,—(ei)
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ARG IR B IR 7 );l!; SN P T HH —FRES {n;(9)}
@)
a; @)\n;@)=n,@+1|n(@+1) a,@)n,@)=n,@|n@-1)
a; (@a, (@) n,(@)=n,§|n,@)
IEN REZH S THEIR: ﬁ%ﬁ?%En’Uﬁ%E‘]*ﬁﬁﬂ%:

p,=e " 1Z Z= ze‘“ B =

—ﬂZ[n,(q)+ 1o j(§) o

=TIt 2e

jq nj(q)=0

KT

~Bln ,-(ci)+51hw (@)

oo 1 i}
~Bnj@ho;@)y _ gy P 0D 1
t 2e 1=Ile -Bh@;(q)
nj(q)=0 Jjq 1-¢
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FETZ, BIAITHHESANIFZERE. FHRE

1 1
=——an z[ st +2hw,(q)]=z[ﬁ,@)+5]hw,(ci)

Jq

n(q)=1/("""" -1) 975 5 (Bose4tit)

TR BT AT, TR
Sk, BT EAE. SRS AE T
i, RER TR AT RS

{hw(%) =ha(q,)+hw(q,)
q9,=4,+q
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(2) FEE FEUTMHERT
(a). BBk
HF—HTHEER (24R%) SEFHHETF
SRR
ﬁ%»ﬂ’ﬂii%ﬁ"ﬁ??+ BHF (jelliumfE#l)

H=Y

H: IERE RHER (E2/EMH)
ZHAER: BTRBEMENSERFERE—23), HEXt
_llﬂggjtll;*gji EELjib E = AIQNEL)C'/'JEiO

nB AR T, BIgERTENET R
—&e
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d*x . —ne*x d*x
m =—nee= :
dt’ g, dr’

SN ERTRNRY : S8 TEHRYE. REGNEER
PERE TR, JTHRAFERIT.

—iIEO: BTEEREEN BRI R

Py = LEF =)= 30" =3 pe"p, =
i q i G .

n

2 — —_—

dr,

) =—i ) (g-v.)e v, =
p; Zi:(q ) ==

p=—2AG T +iG )™
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LI UES

THABIE (RPA) : ¢ # @ &R 94k B 7T 22085 .

Py +@,p, =—Z(67 ;) e
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= q—)O,,b'q+a)p2pq=0

] KERIEFRERGR

1k,
m

HAKEE
n=10"cm>,w, ~10°Hz,/iw, ~10eV

ARRWE. A FIRERTFLERERICTEERRI
[RATES, A REMEEIFHEUT.
THEH TR

2
. ne
@)= q"" +o(q

me,
BA B!

.4 > 0,0 >0
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(b). B F B B R M -

WAE—ZRHNA O, (FERT, BEUAyS%E
ny=const. ;A HHBEFSPHBEFEREMANBTIE, &
B FEEHREE n(r) . B PSP RLRE:

qb(;i:) __.qééx{[i:) + qéuui‘[i:)
Poisson /5 T£ Vg, d(l’)——l(,o(") py(F))= - (”(” )—n,)

ZE: RA—>FZ BB/ E’Jﬁijl:

(BNN/METTH B B R RITFFRE)
—> NS B TR ﬁﬁ

DAn il A AN N N oy D e A 2
miFA, & HFermifgf B -FHa0
7% B FoAth [X 3.

n(r)—n, = N(E.)de = N(E)§(r)
N(E;) FermifeRIHEEE
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_ e .
V2¢ind (r)= 8_N(EF )o(r)
0

FH ¢ind = ¢_¢ex

{VZ N (E,) |¢(F)=V?@, (r)—> Thomas-FermiJjt

€

B R BAETTEIR A5 A— R B QM L:
0 0

V3, (F) = —=5(F),V§(F) = —=5(F) + giN(EF )$(F)

é;O 630 0

RE#:  4G7)= Y ¢, exp(—ik - F)
k

e — k-7 e 5
5 NE)=k0() =3 expl=ik-F) = it = PR

www . kaoyancas . net



www . kaoyancas . net

A N
¢(r)—2k)€0(k2+ kg)exp( ik - F)

1 Q * anz 1 ikr cos@
— 2y e h KA _1ek d cos O
0 c

1 Q = ksin(kr)

L

Tt erh KP4k dze, 1
1| B4 Coul omb FRE A

ERRER A~k WEETEE
B+ I B PR — Y T
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(0<q<qc) RANAEE T4
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53) : FEEHE MBI KD
ARG AT ASFEEUL, BES

S T R BT (@qe) RFE

I EE P,0,

21

Z Z Z exp(zk (r

EHI RN (HEERTF) .
N Y=F

)

HZ

2m 230 i (jri)k>k,

- Z(P P +w Qka)

k(¢0)<k

I

& OQm k<k,

ne’ 1
- 2

2

e
+ 2
ZSOQm k,k'<kc
k#k'

k—k'
kk'

0,0,
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P’ xp(—k r,—F,
S0 GEBD X, o TY e

2m 872'80

HEHE T~ E SR RIT
BIIH: FEBoT (ESBHHKERET)

BITII: #EHE T —FEBITHIAHL/EH
(¢)./1™ 5l BB — = N Bk

D 1 B K TR (AR FE — DK 3 (14047 i R B
BWRA: MBXERN L S EEH— AT k+4
RAE LS, ELBNESLEFE—A k+§ BFH—A )

=R
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2,1 —\ 2 27.2 2
P le-hBRIE: ho, =L ETD_ MK 2"’ (> + 2k - §)

2m 2m

STHER § , FEAE—AN 2 YR R R H] T X 5,

(1). g < 2k, HAEFRA G T TR R BIBRS}

min __
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F LT AR AT UK B ER S

e-hXf R E S RHIKR:

q<q SETHTHERAT
e~h¥ A B MUK
Bolk, EHAIRS AR
BEBEANBIR TR,
7RI B 3k aindad ftte—h e
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q>4q. : FERERGAZRE, REMHEBK
q. ~k, REEMY

FERAER . £8iREE. BNk EHERFITLEHH
B R TR EEKERA R, £HTFHE/ERAK
AEIR—>— LI AR R

(d).fr R %L

p.(r,t)y (QUREH) > @, (r,0) > p,(r,t)  (BREBEF) > @,(r,0)

p(r,t)=p,(r,t)+ p,(r,t) o(r,t)=@, (r,t)+ @, (r,t)

V.-D(r,t)=4np,(r,t)  V-E(r,t)=47(p,(r,t)+ p,(r,1))
ERBER: Do) = j' j' d>r'dt'e(F — 7't —t)E@F',t)
Eiﬁ%%= l_j(l”,t)=£E(l”,t)
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d’q do
2x) 2z
BREHE: WSO, (0O E REZE#E ¢ ()M, (w), T

‘:'TE'TI’ EE’E& A(F,t) — I A(‘-I’,w)ei(q.f—wt)

+
[ &) £(x - £)agitrE KRR ¢, (0)c,(0)

FABHEHE: D(G,0)=:¢c(G,0)E(],0)
ig - D(§,0) = 47p,(§,®)
ig - E(§,0) = 47p(§,0) = 4n(p,(§,®) + p,(§,®))

§-DG,») _p.4:0) _,_p§:®)
i E@o) p§o)  p G

8(6,0)) =
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D(F,t)=-Vo (F,t)  EF,t)=-Vo(i,t)

Vi, (F,t) = —4np,(F,1)
Vip(r,t)=—4np(r,t)

-4'p,(4,0) = —47p,(q4,0)

- q'p(q,w) = —47p(4, )

¢.(4,0) _, 9.9,9)
¢(q,0) ¢(q,0)

EWE TR, cG.0)=0 2ZH = o0=0(q)
#p,(F,t)=0—> D(§,)=0— &(§,0)E(§,0)=0
e(@,0)=0-> N E(§,0) =0 > EETFHEIES

BRI CHER: o.0)= 7202

. . d qd(l) (De(‘Iaa)) t(qr a)t)
0= o e

é?(@i,t&)) =
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Lindhard 5 #&:

~ 1 1
e(q,w)=1+¢(q)2nk{ + }

ho, —(@+in) ho, +(o+in)

_ (hky’ e’

P p(q) = Qe

nm AT = OKI TCAH EAE R 7S Fermiy i, w, Ne—h3T BB RE .
AIH

ho, =E E,, E,

k+q -

lim —
m tip
e(q,w)=¢, +is,

20,,

B . 1
Re 8(q,a))=81(q,60)=1+%¢(4)an 2 _ 2
k

kq_

Im £,0)=,.0)= " p@) X1 6@, -0)-5(, + o)}
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(De(q,w) —1— ¢,(q,w)

TAM LI ¢(q,0)p(q,w) =0

BT AE T

8(69 (0) =

FE R, PRERFERE

FE BT

Re 8(690)) = 51(6,0) = 0

Im 8(690)) = gz(é,a)) =0

Tk B 1A IR
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i EL BRI«
Q0=0,=const. % o=0=>1Im &(q¢,0)=¢,(q4,0)=0
2

200 w—0 4
_1 + ¢(q) z kq : S 1+ e : z
k wkq @ &q % ki, E,

2 2
e N 1 + 4k ;. q In 2k, +¢q
(2E /3) |2 8k .q 2k, —q

€, (630) =1+

(1) % | 2 B i CoulombfE H
ERKER, EXXPDE A=g/2k, BIT:

g(q,0)~1+—-
1(q ) ~ 5 80qE

A*=3e’N/2,E, =3q’

3 &N {1 1+ A2

+ In(1+2A);A >0 1+4%/4°
2 4A —
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@) _ Qled’ _ 0
£(40) q+A1q" &g +2)

1 o> —_ —Ar
3_‘-dq 2Q0 > 'eXp(lq-r)=Ae A
(22377) é?},({] + A ) 4‘722301‘

@(q) =

@(r)=

(2) Kohn @&
TRV e sl i 2% R RN Bh B X B BR S i ey, R R
KL T B4 B H R IA 2 DA I, R Bk IR

2
qg—>0, S(q/2k.)—>1, q—>o0o, S(q/2k.)—>0

’ 32
@01 Z s sor- it
q

2x  |1-x

oS ..
q =2k, —KHK
oq
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o—>0

Hﬁﬁ & —

E,

k+q
yh ‘1
51(590)=1+?S(q/2k1v) E

9k

1 \ \ \ _
Yo CRARESTUNE,, - E BT EH
k k

RE,

S(qg/2k,.)=
(q ) AN

k+q o

k: FermiEkW k+G: FermiERAb
= E STk,  k+GRINEFermifftil = |g| < 2k,

> 2k, :  RRBHRBBBIOKRT FAE > S(q/k, Eq = 2k, HEHFREE

A1 FEL B BOTE 2k b M2 S PR T M q=2k P T
R HAL: Kohnst .
FAUE: 5o H KR 1A o R 7 Ferm T A 52
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(3)Friedel#R %
REBPEEMTEENQHIZAFAAT BN THHEIRE S L,
&R EBEAZEFSEREEERERTAE RS
0, o7 0 1 o7 )
& Zq: 7', (§.0) & (n) I g +AS(q/ kF)dq

@(¥) < cos(2k ,r)/ r’
5Friedel ¥ JE B M B 5 il T
EE  Ap) W[ AR:

. 1 B} B}
Vip(r)= —8—(Q05(l’) — le|Ap(F))

) 1 0, 1 1 s
Ap(F) = — 0 j(l— )e' s d

e, ll 2r)?t £,

r—ow, Ap(F)x<cosk, r)/r’
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(3) AL+

—NMNEBTFEAFPEEBINETFSIE. AEMFBETFZER
CoulombfER, 4R B s tkit, TR ES B TFRIRILY,
XN RAEH T BTN &5 BT R RENRE.

¥ B FEF BT e X B R B R SRR AR, 1Y
WA+ (polaron)

BT e RI B TR T B FORAL X5 & T s MR i
PR SRR N R A EEE N

W T 2R BT EXFREAF T (LO) HEEH RGN T
B o0~k k=00, =0MEENEEE, o= KLY
HeB P S HAE KR BN SR TR MEs), BRRRLE 3
BB EBRRIRT A TR 0 B3
BALRR SIS AT TR (L), EEMBEB (T).
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MATF R ERAS: EBA& AT XK/
AR HESR R AT

WRLOFEF ho,,
BT RETEIRN—T LOFET
R REE AN 2 1

(hAk)®

AE = ho,, AE = *

2m

BRI 2T
Ak = (Zm*a)w J;
h

L B RN E 1

Ar

1

|

1
7 2
2mw,,
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N EZHE g, mE5EH
HFREHY, TR
~10A>/MEALTF

SR Sk, mREHET
RERBSZIL, BUFRT
~100A> KiRALF

KRR T: EEEA RALE
INRAG T AR AR R A3




u)ﬁm%¥mﬁmhmwgﬁ%

= H , + EI + H

2

He=p
2m

= Z he  a;a,
q
—eg(r)

ho

(

87 ¢

LLP 25 (Lee — Low - Pines ):

H =Z V,a,e" +V are ")

q

1
7 4 1
; AmeF ,a)L( 7 )(47:05)2
q 2m o,

int
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LLPIE A #
MFGER— SRR, BTHEE p-= ’l‘l—,vxﬁ%@ﬂm\o
B AE TEEEINR Gl e B
Pop =p+ Z hqa;aq

CIECATE [H,Pop]: 0
O EWEREAAE SR B TIREERERE b T A

(i) aga,GF)

p=Up, U =e , @ AR ART 2 G B PR AL

Ho=Eg A e
H¢=E¢p H=U"HU, Ul_ll)()pUl =D

-1 _ _ - 4+ -1 _ —iq-F -1 _+ _ + _iqr
U pU=p thaqaq U'aU =ae UaU=a,e
q

- R +oey ANEETARR
H=(p-) hqa‘a)) /2m+) hw,aa,+Y V.a,+Via) *'H
; 9 9 ; L™q™q ; 9 9 9 49 %E?%ig
= (P-Y hjaja,)’ 1 2m+ Y ho,aja, + Y Va, +Via) gl
q q q Sl
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;
p? w R TR R E
2m(1 + a/6) i

=-oho, +

(2). /PRAL T HIRG F &
H =H,6 + 17'p + H .
H, = 802 cl+cl - JZ Z cl++pcl
Zh(o (a,a, +—) @
= Z qu ‘Il(aq + a_q)c,*c,

MERTFHESFR: (). AT (2) BEKT
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o S IR L

Eg: e iR PR A= AL B — B UK BE &
TCEBUR AN B R TE AR OL I BRI X, T = FE A T
5ZERERES, LRtk ER TEs.

BT HFMEIRORET
B2 R K—Wannier-Mot t L F
BT 42BN —>Frenkel 3 F
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Fujishim & Honda:
TlOz_Pt

H,0 - H,+120,

Ti0, electrode

Nature 1972,238,37
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H" 12 H,O0

el

1/2H, H'+
Pt - electrode TiO; - electrode

Fujishima-Honda Electronchemical Photocell

12 H,

CB O -

12 H,0

H+1/2 0,

Photocatalytic decomposition of water with semi-conductor
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Wavelength / nm
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6. ] I B 5 R e

WERFNRAEEEREBRS, AreA IR B sidn 2
BRPE Rk, ENBER) . BNIRRBALK, MNTFSE
NE 7 (singularity) Z 4k,

BRFE RS T FS ERZ RS, ZRERSH—&
FIBEBEMFR —> XHIE

JXRIEE: iR A (R RRBER) 14 R7ERE E BRI KT 1R L
T FRFERmIN. BRMN T A FHEPRER D12 (6
FFAESRBR (FH SRR 18] B9 LA F R I SRR I A SR ).

WIER S : Ak A\ —Im 2 5 —
A AR FE A 33X 7]
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[ XHNIESKEHEFSRRFRIERAR: &, 8%, 8
KR I RAC AN BE— IR — /L, T AU 25 WL B —
BI%, FRefEmttRE.

[ - X RIER—A R IR

VRG] 7 —RIEIR, ERHARK” X7 KT, 8
FKEREMBEERE, ARBERZERT B, EFER

M, ERMNRIRMWFRRARAE S

F—AFEIRNEREER, BB R, Xt REEH
9 BRI T I 22 AT, R R T (Emergent property)

FIEANB VR BRI R B, ERBERER BRI,
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ERRMER: ’AEAYIERERFERENZEADNE, WX
LR AR ERETH.

ERR: IE. RIEEARHE,
Mandeliﬁﬂﬁgix ﬂ@%b@\ %?ﬁ%\ E?*ﬁ%’%o o o
WERIRA? AT S [ iH#E?

PN EER-Z
BRI B, KEEREI R
BK AR o

P.W. Anderson, Science, 1972, 177:393
L. P. Kadanoff, From order to chaos. Singapore: World

Scientific, 1998433 us. net
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19114EK. Onnes: XIHg7E4. 5K T

1928%FBloch: MHEF 1B ESRIIET SHME
Pauli: @B ESVERV.ER]. ikBlochfftl, failed.
Br=d: IEHBERNERESATRERES.

1933%EMeissnerM: AT PES, Pl

1934%FLondon: BEAEKI BB IR AMESRE L. BSERL
FMETIGE, ATHERKRBCRER, B FREB
(BEREBMHMKEREEET) .

1934 EGinzburgfLandau: FH—RLAZEWME KB HKI B E/ERF
SEMATETERNESFEZRER,
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1950%EFrohlich: £ M ZE T B 75 B IRSIHEBR A R
(I - LR RINE S FEA BN

1957$Bardeen, CooperfSchrieffer: BCSEig, FiE T8

SRR E
Bogollubov, Ellashberg, Nambu, Anderson: ¥ & T BCSE i

Gor’ kov: Ginzburg-Landau’i &

19624E Josephson: R} B F il id 28 2% H 22 I PR 28 S o

1970s, EHEHBIERIN: BHETBIEMENBSE
Tc=23. 2K

1986$Bednorz$l]Muller SEHBSE
# ETc=134K, & KETc=163K

1990s: #Z=C60i#BF-Fa30K
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1. Simpls matals
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{Tc=12K)
4. Molecular supsrconducts

5. HT8C
{Hp-1223, Tem134K)

= L
J. Organkc supsrconductars : '

{B—,Tﬂ!ﬂd‘mlﬂl? ,
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20014F: HMHBFE 4L MgB2) Te=39K, Sk
(J. Nagamatsu et.al., Nature 410,63 (2001))

*Simple structure,
yet higher Tc

*Stable and Cheap
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Band Structure of MgB,
J.Kortus et.al., Phys.Rev.Lett., 86, 4656 (2001)

*B p character
dominates

Mg donates
electrons to the B
layer

Fermi surfaces:
22D,2 3D

Black B pi 2D character
‘Red |, B.sigma..3D character
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Superconductivity
the ultimate strong—coupled electron—phonon superconductor

The boron in-plane vibrational mode (E,, shown
by arvows) couples non-linearly to the boron
sigma bands (shown by green), giving rise to high
Tc in M B%' aoyancas.net
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=: Na0. 3Co02#85 (5K), #BSfpLF:

Takada K/Nature422-53
Superconductivity in
Nao3sCo00:1.3H.0

AR AL, AR
HEKEY K=

T.=5K Ea o
= A, -

ﬁ /‘:: )j B ! }K‘ ) ) Figurg 1 Stru:turgl viEwe of.Naql?D:uDQ (left) 2nd Ma,Cals W0 jright), '..uhele Na and
—_— Elé l:[ —ﬂ—A jt Ha0 sites are partially oocupiad. MNag 0ol was prepared from Naa G5 (99.99%) and
G050, (99.9%) by 2olid-atata reaction at 800 °C for 8 h undar oxygen gas flow. A fivefold

axcass of Bra regarding the Na content was dissoled in acetonitrla [CHACN). A wall

il\ pubvarizad powder of Mag7Collks was immersad in the Bra/CHyCN solution for 5 days to
deimtaraiats Nat jans; than the product was fittered, washed with CHLGN and distiled

watar, and finally driad in an ambient atmosphara, No impurities ware detactad by enamgy
disparsive X-ray analyeiz EDF).
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NATURE |VOL 428| 1| APRIL 2004 |+

=: B doped Diamond 7

—o— D GPa
[ —4— 2,8 GPa

—— 51 GPa

2 {mik cmj

Figure 1 Optical and 2canning electron micmscopy images of the material, Top, central
part of tha high-prezsure aynthass call after subjecting graphita and B0 to high-
prassure, high-temperature conditions. D, diamond; G, graphite. Bottomn, SEM image of
B-doped diamond synthesized at high presswwavokiaoyaneas . net
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20084E: La0(1-x)FxFeAs (x=0. 05-0. 12) (26K)

Kamihara, Y. et al. hmthvmﬂ perconductor LaOy_, Fkeds (x=005:0.12) with
T.=060K. J, Am. Chem, Seo. 130, 3206(2008),

o » A O o
— 1 r 1 r T T 1T T 1

10
1

[e)
E
—
i
€
D2
2
2
-
a0l
Q

8 L
512+
7)

—
.
—

Temperature (K)

FIG. 1@ Structural model of SmFedsCh_F, with the tetragonal ZrCuSiAs type structure.
° —_— -—
X. H. Chen :SmQ.Cls%) FxFeAs Tc=44K
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Iron-based superconductors

ReFeMO series (Re=La, Sm, Gd, Pr, Ce...; M=As,
P...)

LiFeAs

ReFe,As, series (Re=Eu, Sr, Ba, Ca...)

FeSe series
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Tch

— Liquid Nitrogen 77K

ReFeAsO,
PrFeAsGHF,‘% () 6dThFeAsO

NdFeAsO, ,F,
SmFeAsO, ,F, 8:;1:5;31 -x*;x
CeFeAsO, ,F, () 4 1xx

Ba Fe.As
6dFeAsO, ,F, i €28

O

LaFeAsO, F, La, Sr_FeAsO

1-x>~" x

AL b LaNiAsO, ,F, La, Sr NiAsO
xl © [ O | | | © O | R
2006 2007 2008 January Februry March April May June e Tlme

Hai-Hu Wen Adv. Mater. 2008, 9999, 1-6
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St #8 -5 B I 24 72 A 8/ Nobe 1 22 !
L.

il 8 3 AL 2
=HiRHE I

BERERB . B3R ME. AT
Wik FE
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RIS A — A J5H: MIARE & PR B A s
BIRGM

[singf#Y

— SRR AR AR FIMER ) Landau — ZRAHA B S HG S
BRI AR AR, 19445F0nsager>k 1S, 20 LS TTHER—
MNHERE, ZARFAXEMLandau - K HTHISHEIRE, 5l
& I S DR 5 ST ) A

HRRBIBAIRREH, LIRSV HRRE— SRR HER,
WEMEEL, EFHE. . « A IsingfBERIFERE,
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" X NI RIBR—~ PRI REE R (RER, ALeh, BES)
RIS HTBUR B R IBUR S
FZEZE: FZENMIMEZERBY XRIERI K.
BREA SIS ARBBRAE IR R : IR (de Gennes, 1974)

—YEFF S BRI RFE;
U SRR RE;
=4 (=40 b FZERABRTRBRME.
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PIERRE-GILLES DE GENNES (1932~2007) /£ 12 /¥ o 1212

1991 Nobel Laureate in Physics
for discovering that methods developed for studying order
phenomena in simple systems can be generalized to more
complex forms of matter, in particular to liquid crystals and

polymers.
P. G. de Gennes was born in Paris, France, in 1932. He majored
from the Ecole Normale in 1955. From 1955 to 1959, he was a
research engineer at the Atomic Energy Center (Saclay), working
mainly on neutron scattering and magnetism, with advice from A.
Herpin, A. Abragam and J. Friedel (PhD 1957). During 1959 he
was a postdoctoral visitor with C. Kittel at Berkeley, and then
served for 27 months in the French Navy. In 1961, he became
assistant professor in Orsay and soon started the Orsay group on
supraconductors. Later, 1968, he switched to liquid crystals. In
1971, he became Professor at the College de France, and was a
participant of STRASACOL (a joint action of Strasbourg, Saclay
and College de France) on polymer physics.

From 1980, he became interested in interfacial problems, in
particular the dynamics of wetting. Recently, he has been
concerned with the physical chemistry of adhesion.
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20t 2060E K, BIibGNHE TS F/NH, RRXA/NABAETR 5
BRI G T SR HAL . PRSI AR — N EE TR R 1 30K
—ERFBER RSB R R TRIECES, MARRNTIEIEN T XMTRE
s R HTERAE R ERE=ER. BiERRS—ANEETHRESH T W&
E a4 53 Ui A I e R R R AE R R . 19TASEFEEER (BRmPEZE) —
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Z - Multiferroics
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Magnetism: ordering of spins

ptet teted
SESS R AEAE:
Ptet tetet

Magnetization can be induced by H field

Ferroelectricity: polar arrangement of charges

Electric polarization can
be induced by E field
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(Ferro)magnetism vs. (Ferro)electricity

Magnetic moment:

unfilled d bands
impurities

Pauli vs. Coulomb

(La,Sr)MnO;: * |

spins from : 3d3 or 3d*

Exchange interactions: JS*i .S

J

: 4 _17 superexchange
4 .

™

_ double exchange
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Large displacement often involved in
ferroelectricity Pb-O plane
*PbTiO;:

Pb-O covalent bond

T1-O plane

tetragonal |
300 K

T =763 K A N~

(100]

Kuroiwa et al, PRL87 217601 (2001)
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(Ferro)magnetism vs. (Ferro)electricity

Classic examples: BaTiO; or PbTiO3

polarization from cation/anion paired diploes

/ﬂ'of A A
' . \_‘ 40.05

Filled or empty d band, no room for
magnetism!

www . kaoyancas . net
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Two contrasting order parameters

Magnetization: time-reversal symmetry broken

t= -t M =-M

Polarization: inversion symmetry broken
r=>-r. P=>-P, M =>M
www . K oyaﬁEﬁé.@%ﬁi:>




www . kaoyancas . net

™ Magnetoelectrics (Multiferroics)

Ferroelectric Devices Ferromagnetic Devices

—

P M

-

J

HjE+ _

Multi-functionality !!

Why control of M with E ?
control of P with H ?

e.g.) Ni-L. boracite (N1,B,0,,1)

Switching of P (E~1000V/cm) by 180 deg.
with a rotation of M (H~0.1 T) by 90 deg.

Multiferroic Magnetoelectrics

M, P

-

_ __ME _ _EM
M=o "E, E=o "1

Z [001]

p 4
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Linear Magnetoelectric Effect

Polarization and magnetization of a medium:
F; €oXxi; By My = x5 H;

Covariant relativistic formulation:
1
uocM? = SE I FHY

with:

Relativistic equivalence of electric and
magnetic fields requires "magneto-electric”
cross-correlation (~ o) in matter:

Py = exiE;

Mo =

[ 0 B P,
P, 0 -M, M,
—eF, M, 0 -M,
\ —cPr -M, M, O

(o0 -E,
E 0

el

1960:

~ Theoretically not well understood
» Small effect (10-9)

~ Limited choice of compounds

2000:

Magnetic Induction

Pnlnn':atium/—!r
N
..\‘

/‘ \

oL % \ , .
I " 1oae0 T8es 1970 1475

» New theoretical concepts

» "Gigantic" effects: induction of phase transitions
» New materials: multiferroics, composites, "magnetoelectricity on design”

www . kaoyancas . net

1 1
1995 2000

Year

1 1
1985 1990

2005
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Multiferroic Compounds

Compounds with simultaneous (anti-)ferromagnetic,
ferroelectric, ferrotoroidic and/or ferroelastic ordering
(Aizu 1969)

— Multiferroics

Compounds with only simultaneous magnetic and
electric ordering

— Magnetic ferroelectrics or ferroelectromagnets

B
1
MEGRETIC FELD ) ! FIELD (w04)

¥ [iie] R T 4 nol

6 = = 3
1

F

Multiferroic hysteresis
in Ni,B-O.,l (Ascher et al. 1966)

1958 |dea of new compounds with coexisting magnetic and electric ordering

by Smolenskii and loffe

1966 First experimental proof of a “multiferroic effect” by Ascher et al.

1975 Suggestions for technical applications based on multicferroic properties

by Wood and Austin

2000 “Why are there so few magnetic ferroelctrics?“ by Hill

www . kaoyancas . net
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Why Multiferroics?

The magnetoelectric coupling constant a; is small (o2 < x%x™;)
— Applying external magnetic/electric fields lead only to small ME effects

Multiferroics with magnetic and electric ordering exhibit strong internal
electromagnetic fields!

ME contribution to free energy: | Hye = « DB with D = ¢,(E+P), B = p,(H+M)

— Observation of ‘giant’ ME effects

» Magnetic or electric phase transitions

- Control of magnetization/polarization by electric/magnetic field

Other effects based on the coexisting orders in multiferroics:

» Interaction of magnetic and electric domains and domain walls
» Appereance of ME contributions to nonlinear optical signals

www . kaoyancas . net
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Recently discovery in the and
of antiferromagnetism

and ferroelectricity in frustrated spin

systems such RMnO; and RMn,O;5

(R - l b HO ) TbMnO;: Kimura et al., Nature 426, 55, (2003)
' ' LN J
TbMn,0O5: Hur et al., Nature 429, 392 (2004)

revived interest in
j> "multiferroicity”

Magnetism and ferroelectricity
coexist in materials called
“multiferroics.”

T <Ty

* Frustrated magnetic systems.

www . kaoyancas . net
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spin frustration
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TbMnO,

antiferromagnetic
Ty=42 K

Kimura et al.
Nature, 426, 55 (2003)

Polarization, P (UG m2)

0

10 collinear magnetic
non-collinear magnetic order, inversion
order, inversion symmetric
symmet%p&gken .l
1 f HT=35 K
T=15 K os}

= 06}

04}
0.2}

0 -
-0.2¢

1 1 05 0 05 1
b axis b axis

www . kaoyancas.net Kenzelmann et al., PRL 95, 087206 (2005)
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Electric Polarization Control by Magnetic Field

Electric polarization reversal and memory in
in ToMn,O. induced by magnetic fields:

I
1 kHz

£
£ oy
i W . e e
e e e e e PR

Exchange interactions between Mn3+, Mn4+,
Tb3* spins and lattice polarization lead to
several phase transitions.

Below 10 K:

Magnetic ordring of Mn®+/Mn4+ and Tb®* spins

Ferroelectric polarization P = P, + P,(H) with
P, antiparallel P,

o ’

R - - R Pk N |
£ L% LU & f Py %
St Hl T
30 3 g By g ka2
R WU

F (nC cnr2)

% Modulation of P,(H) by external magnetic
il field leads to sign reversal of the overall

1,000 2,000 3,000 4,000

Tirme polarization P

Hur et. al., Nature 429, 392 (2004)

WWW . IKol.UycllIL,ol.b -1e
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Frustrated magnets: RMnO,;, RMn,O;
Tc < Ty -> polarization governed by magnetism ?

Issues:
-What is the underlying mechanism of the

gigantic ME effect?

. . . 2 Mostovoy
What kind of spin configurations PRL (2006)
supports electric
polarization?

collinear ?

t54040404 510ttt 5é

www . kaoyancas . net
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Optical Second Harmonic Generation

In general: Multipole expansion of source term S for SHG:

4 92PNL . HMNL . BzCDN f
o Lo 92 + Ho (V X ot ) — Mo (v 912 )

=> Three nonlinear contributions:

=

Electric dipole (ED): PV (2w) PP E(w)E(w)
Magnetic dipole (MD: MNE(2w) o ¥MP : E(w)E(w)
Electric quadrupole (EQ): Q" XFQ E(w)E(w)

Excited state SH source term  S,(2m) o< ¥

3 : .
E(o) SH intensity: Loy o< |S(C) + S()P

2 Si|2e)  S¢|(2m) o< |y(c)+ A el y(i)]2 I2(m)
E(w) v = (3(c) + A2x2(i) +2A % (c) X (i) cos ) (),
Ground state alwa§f5 >0 interference term

Incident Nonlinear signal:

laser beam electric,  magnetic.

Litype = (i) c-type =< 1(c)y Amplitude A and phase y can be
I

Interferéwekaoyancas.net controlled in the experiment.

Xk Bj(0)Ey ()
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SHG in a Ferroelectromagnetic Multiferroic

Two-dimensional expansion of the Second Harmonic (SH)
susceptibility ¢ for electric () and magnetic (¢ ) order parameters

— NL

P Q20)=¢[10)+3(0) +1(O)+ 7@ ) +..] E(®)E(w)

x(0): Paraelectric paramagnetic contribution— always allowed
x(®): (Anti)ferroelectric contribution || allowed below

x(¢): (Anti)ferromagnetic contribution the respective
x(@7): Multiferroic contribution . ordering temperature

« SHG allows simultaneous investigation of magnetic and electric structures
« Selective access to electric and magnetic sublattices

« Multiferroic contribution reveals the magneto-electric interaction between
the sublattices

www . kaoyancas . net
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Magnetization Control by Electric Field

Electric field suppresses magnetic SHG and leads to
additional field depended contribution to Faraday rotation

— Induction of magnetic phase transition!

Temperature (K)

20 30 40 50
T T T 'TRI
. ‘Fa'n.,l
. ;;
.

0 10
——

‘ & igualy)
| "EH:-‘;L“}E_G

C.
el
5
&
=
w
=
o
=
]
I
73]

Nature 430, 541 (2004)

o szufY}E
O lgyalX)

20

ME contribution to free energy:

H o< a, PzSzHO

Ferroelectric poling and
ferromagnetic ordering of Ho3+ spins

(P(+E) =D=E)}/2 (°)

E=0

Faraday rotation, @ (*/jum)
atsy

T=14K :
e L A G0 g G g — ‘giant’ ME effect
=4 0 1 40 60 B0 100
Magnetic field, uH, (T) Tempoeraturc (K)
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MATERIALS SCIENCE

The Renaissance of
Magnetoelectric Multiferroics

Nicola A. Spaldin and Manfred Fiebig

Science 309, 391 July 15 (2005)

Why (this 1s interesting?)

(Renaissance?)
How (this can happen?)

(do you measure?)

Phase control in ferroics and multiferroics. The electric

field E, magnetic field H, and stress o control the electric What (can you dO)‘?
polarization P, magnetization M, and strain &, respectively. In
a ferroic material, P, M, or ¢ are spontaneously formed to pro-
duce ferromagnetism, ferroelectricity, or ferroelasticity,
respectively. In a multiferroic, the coexistence of at least two
ferroic forms of ordering leads to additional interactions. In a
magnetoelectric multiferroic, amagnetic field may control P

or an electric field may control M (green arrows). : ! !

(kind of systems)?
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Q. ProjectE i/, fAA3Z?

A. (D). BB LI HIProject, kA FHEXK.
Be /1. M. BE], M HCSHERProject. (2). %Ez[nﬁ'l'é,g

ZEWRHT, PR AT AZProject. (3). AR
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