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Introduction

Topic and message of the report
Motivation of the Hamiltonian

Graphene as a new material

@ Graphene is a single planar sheet of carbon atoms
@ Can be regarded as a layer of graphite
e Many interesting properties (recall talk by Anton Lopatin)

@ Especially: specific Hamiltonian & unusual Hall effect
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Introduction

Topic and message of the report
Motivation of the Hamiltonian

Graphene Lattice

@ Hexagonal 2D-lattice with diatomic basis
@ Both in real and reciprocal space
o R = lattice vector = 171—{—}?514, 1724—]?53

- o~
Pt TS
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Introduction

Topic and message of the report

Motivation of the Hamiltonian

K K*

@ The Brillouin zone contains two independent points: K and K*
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Introduction

Topic and message of the report
Motivation of the Hamiltonian

K K*

@ The Brillouin zone contains two independent points: K and K*
@ They are symmetric to each other with respect to
time-inversion ¢t — —t
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Introduction

Topic and message of the report
Motivation of the Hamiltonian

K K*

@ The Brillouin zone contains two independent points: K and K*

@ They are symmetric to each other with respect to
time-inversion ¢t — —t

@ The goal is the effective Hamiltonian around K and K*
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Motivation of the Hamiltonian

Tight Binding

Ervand Kandelaki Supersymmetry and Qu.

um Hall effect in graphene
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Motivation of the Hamiltonian

Tight Binding

Ervand Kandelaki Supersymmetry and Quantum Hall effect in graphene



Introduction Topic and message of the report

Motivation of the Hamiltonian

Tight Binding

+63 R E+) p(7 R
R

=Y R ac® f(7— - 5y) + BT f (7 R - )]
7
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Tight Binding

+63 R E+) p(7 R
R

=Y R ac® f(7— - 5y) + BT f (7 R - )]

R
= DM (g (1) + Bep() = av () + B ()
R
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian

Hig = ey, b = ov)f + By
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian

Hig = ey, b = ov)f + By

H acts on vectors in 2-dimensional space spanned by
(3) = Y = A-—sublattice and (%) = ¢g = B-—sublattice
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian

Hip =gy, ¥ = ot + By
H acts on vectors in 2-dimensional space spanned by
(3) = Y = A-—sublattice and (%) = ¢g = B-—sublattice
.8\ —
o) =

Hop = <¢,‘§
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian

Hip =gy, ¥ = ot + By

H acts on vectors in 2-dimensional space spanned by
(3) = Y = A-—sublattice and (%) = ¢g = B-—sublattice

_ Z o~ iR (R401— R —02) <f(77_ R— 51)‘ H ‘f(F— R - 172)>
RF
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Introduction Topic and message of the report
Motivation of the Hamiltonian

Obtaining Hamiltonian

Hip =gy, ¥ = ot + By

H acts on vectors in 2-dimensional space spanned by
(5) =2 = A-—sublattice and () = ¢g = B-—sublattice

:<¢9‘ﬁ[’¢§>:
~Y e — k(B4 — R —) <f(r_R—61)‘FI‘f(F—§'—172)>

RR/
= Y REE R (e (R - B - w))| ] 7) ~

R.R
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian

Hip =gy, ¥ = ot + By

H acts on vectors in 2-dimensional space spanned by
(3) = Y = A-—sublattice and (%) = ¢g = B-—sublattice

= YRR (p(— F )| |- B - )
AR
= Y e RIS (7 (R - B )| ] (7)) ~
AR
%Zte_lkuj, ﬁjZR)—F_’l—R‘/—Ug, ’u]’—’01—1)2’
J
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian (2)
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian (2)

0 t Z efil_@“ﬁj
J

£ etk 0 K K
J

Taylor-expansion  around
EK (E = EK + k?) yields K K"

(kf, + ik )v 0
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Introduction Topic and message of the report

Motivation of the Hamiltonian

Obtaining Hamiltonian (2)

J
£y et 0 K} K

Taylor-expansion  around

EK (E = EK + k?) yields K K"
. 0 - zk’
i= ((k’ + ik Yo )
More general, using effective mass method:
i = ( 0 ~iby) )
(P + Zpy)v
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Without magnetic field

Properties of Hamiltonian Whith meETeTE Gak

Dirac-Hamiltonian

F 0 (ﬁx - iﬁy)”)
H = . ”
((pa; + ipy)v 0

@ This is the Dirac Hamiltonian of a relativistic particle!
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Without magnetic field

Properties of Hamiltonian With magnetic field

Dirac-Hamiltonian

f{ _ ( R O‘A (ﬁx - iﬁy)”)
(Pz + ipy)v 0

@ This is the Dirac Hamiltonian of a relativistic particle!

@ Only important difference: no spin involved
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Without magnetic field

Properties of Hamiltonian With magnetic field

Dirac-Hamiltonian

F 0 (ﬁx - iﬁy)”)
H = . ”
((pa; + ipy)v 0

@ This is the Dirac Hamiltonian of a relativistic particle!
@ Only important difference: no spin involved
o Extremely relativistic (no mc?-term)

@ Also called Weyl-Hamiltonian
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Without magnetic field

Properties of Hamiltonian Whith meETeTE Gak

Dirac-Hamiltonian

F 0 (ﬁx - iﬁy)”)
H = . ”
((pa; + ipy)v 0

This is the Dirac Hamiltonian of a relativistic particle!

Only important difference: no spin involved

o
o
o Extremely relativistic (no mc?-term)
@ Also called Weyl-Hamiltonian

o

Describes particles and antiparticles, e.g. neutrinos
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Without magnetic field

Properties of Hamiltonian Whith meETeTE Gak

Dirac-Hamiltonian

f{ _ ( R O‘A (ﬁx - iﬁy)”)
(Pz + ipy)v 0

This is the Dirac Hamiltonian of a relativistic particle!
Only important difference: no spin involved
Extremely relativistic (no mc3-term)

Also called Weyl-Hamiltonian

Describes particles and antiparticles, e.g. neutrinos

This Hamiltonian acts around K, a similar one around K*
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Without magnetic field

Properties of Hamiltonian With magnetic field

Eigenvectors without magnetic field
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Without magnetic field

Properties of Hamiltonian With magnetic field

Eigenvectors without magnetic field

Eigenvectors
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Without magnetic field

Properties of Hamiltonian Wi EEise ek

Eigenvectors without magnetic field

Eigenvectors

Using of Schroedinger-equation leads to €
1 i (£ie %
+ L ik _ 7
¢E—\/§e ( ei%k ),si—ifwk, .
where k; + ik, = )E ei(g_ek)
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Without magnetic field

Properties of Hamiltonian Wi EEise ek

Introducing Pauli-matrices

No "normal” spin appears in this probem, but we use quasi-spin.

(01 (0 = (1 0
92=\1 0)% = \i 0)7"7\1 -1
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Without magnetic field

Properties of Hamiltonian Wi EEise ek

Introducing Pauli-matrices

No "normal” spin appears in this probem, but we use quasi-spin.

(01 (0 = (1 0
92=\1 0)% = \i 0)7"7\1 -1

0 1 0 0 1 .
0’+—<0 O>,0'_—<1 0),Ji—2(am:|:wy)
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Without magnetic field

Properties of Hamiltonian Wi EEise ek

Introducing Pauli-matrices

No "normal” spin appears in this probem, but we use quasi-spin.

0 1 0 0 1 .
0’+—<0 O>,0'_—<1 0),Ji—2(am:|:wy)

1 = hke — ik, _ B
= (h(kz + ik:y)v 0 > - hUO'zk;x + h’UO'ykjy =
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Without magnetic field

Properties of Hamiltonian Wi EEise ek

Introducing Pauli-matrices

No "normal” spin appears in this probem, but we use quasi-spin.

0 1 0 0 1 .
0’+—<0 O>,0'_—<1 0),Ji—2(am:|:wy)

= }A[ _ ( 0 h(ka; - Zky)v> — hUO'zkfx + h’UO’yky =
v 0

—

- k -
]{:L‘ELiL =: hv ki‘xﬁ

.|

631— = (O’x,O'y), EJ_ - (kxyky)7 k:l: = kx + iky

:hv&ll;:l:hv
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Without magnetic field

Properties of Hamiltonian Whith meETeTE Gak

Chirality operator

-k

ﬁ:hv‘la_‘xg

° Xp =01 l| chirality operator

1L

ol
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Without magnetic field

Properties of Hamiltonian Whith meETeTE Gak

Chirality operator

ﬁ:hv‘la_‘xg

° Xp = &1 & chirality operator
k]

o Commutes with Hamiltonian = conservation of chirality
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Without magnetic field

Properties of Hamiltonian Wi EEise ek

Chirality operator

ﬁ:hv‘la_‘xg

° X;= 5’J_|%—l| chirality operator
L
o Commutes with Hamiltonian = conservation of chirality

@ = chirality is a good quantum number, quasi-spin is a bad one
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Without magnetic field

Properties of Hamiltonian Whith meETeTE Gak

Chirality operator

ﬁ:hv‘la_‘xg

—

Xj = cﬁ_i—l chirality operator

kL]

Commutes with Hamiltonian = conservation of chirality

= chirality is a good quantum number, quasi-spin is a bad one

Solution can be described completely by k and Xz
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Without magnetic field

Properties of Hamiltonian With magnetic field

Hamiltonian in magnetic field

A=(0,Bz), B=V x A (Landau gauge)

Ervand Kandelaki Supersymmetry and Quantum Hall effect in graphene



Without magnetic field

Properties of Hamiltonian With magnetic field

Hamiltonian in magnetic field

A=(0,Bz), B=V x A (Landau gauge)
Introducing magnetic field by replacements

A

2 . 5 5 €2 . . -
p=—ihV -7 =p—-A, H=vdp— vo7 =vd, 7|
c
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. . . Without magnetic field
Properties of Hamiltonian With magnetic field

Hamiltonian in magnetic field

A=(0,Bz), B=V x A (Landau gauge)

Introducing magnetic field by replacements

2 . 5 5 €2 3 . . -
p=—ihV -7 =p—-A, H=vdp— vo7 =vd, 7|

o

Introduce ¥, = (7, )

O1pL =04p_+o0_py = OIT| =047_+0_74
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Without magnetic field

Properties of Hamiltonian With magnetic field

Hamiltonian in magnetic field

A=(0,Bz), B=V x A (Landau gauge)

Introducing magnetic field by replacements

2 . 5 5 €2 3 . . -
p=—ihV -7 =p—-A, H=vdp— vo7 =vd, 7|

o

Introduce ¥, = (7, )

O1pL =04p_+o0_py = OIT| =047_+0_74

h
fy=prFi Br = 7,7 =208
C C
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Without magnetic field

Properties of Hamiltonian With magnetic field

Analogy with ladder operators

B 2
[y, 7i_] = 2@ = 2h2’ech|sgn(eB) = 2%sgn(eB) =: v%sgn(eB)
H
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Without magnetic field

Properties of Hamiltonian With magnetic field

Analogy with ladder operators

eh

B h?
[y, 7] =2—B = 2h2’eh|sgn(eB) = 2l75gn(eB) =: v%sgn(eB)
c c 4
h
l%{ = |§—B‘ — Magnetic length

Ervand Kandelaki Supersymmetry and Quantum Hall effect in graphene



Without magnetic field

Properties of Hamiltonian With magnetic field

Analogy with ladder operators

B 2
[Ty, 7] = 2@ = 2h2msgn(eB) = 2h75gn(eB) =: v%sgn(eB)
ch %
9 ch .
l — Magnetic length

" JeB]
Recall: raising and lowering operators of HO are defined as

aln) =vnln—1), a'|ln) =vn+1|n+1)
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Without magnetic field

Properties of Hamiltonian With magnetic field

Analogy with ladder operators

B 2
[Ty, 7] = 2@ = 2h2msgn(eB) = 2h75gn(eB) =: v%sgn(eB)
ch %
9 ch .
l — Magnetic length

" JeB]
Recall: raising and lowering operators of HO are defined as

aln) =vnln—1), a'|ln) =vn+1|n+1)

[ajaq =1, ala=N
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Without magnetic field

Properties of Hamiltonian With magnetic field

Analogy with ladder operators

B 2
[Ty, 7] = 2@ = 2h2msgn(eB) = 2h75gn(eB) =: v%sgn(eB)
ch %
9 ch .
l — Magnetic length

" JeB]
Recall: raising and lowering operators of HO are defined as
aln) =Vl —1), atn) = Vi +1|n+1)
[ajaq =1, ata =N

74 can therefore be understood as raising/lowering operators
depending on sgn(eB)
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

What is supersymmetry?

@ We found the analogy with ladder operators of the harmonic
oscillator
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What is supersymmetry?

@ We found the analogy with ladder operators of the harmonic
oscillator

@ More general: supesymmetic operators
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

What is supersymmetry?

@ We found the analogy with ladder operators of the harmonic
oscillator

@ More general: supesymmetic operators
@ We consider a system with bosons and fermions
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

What is supersymmetry?

@ We found the analogy with ladder operators of the harmonic
oscillator

@ More general: supesymmetic operators
@ We consider a system with bosons and fermions

@ Supersymmetry = symmetry bosons «— fermions
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

What is supersymmetry?

o

We found the analogy with ladder operators of the harmonic
oscillator

More general: supesymmetic operators
We consider a system with bosons and fermions
Supersymmetry = symmetry bosons «— fermions

States are [np,np), ng=0,1,2,..., np =0,1
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators

Annihilation and creation operators:

Ervand Kandelaki Supersymmetry and Quantum Hall effect in graphene



Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators

Annihilation and creation operators:
blng,nr) = vng|ng —1,ng), bl |ng,ng) = vVng +1|ng+1,np)
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators

Annihilation and creation operators:
blng,nr) = vng|ng —1,ng), bl |ng,ng) = vVng +1|ng+1,np)
[b, bT} — 1, bl = Ny
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators

Annihilation and creation operators:
blng,nr) = vng|ng —1,ng), bl |ng,ng) = vVng +1|ng+1,np)
[b, bT} — 1, bl = Ny

flnp.nr) = var [ng,np — 1), fling,nr) = Vor + 1 ng,np + 1)
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators

Annihilation and creation operators:
blng,nr) = vng|ng —1,ng), bl |ng,ng) = vVng +1|ng+1,np)
[b, bT} — 1, bl = Ny

flnp.nr) = var [ng,np — 1), fling,nr) = Vor + 1 ng,np + 1)
{0ty =rrte st =1 1t = Ne
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators

Annihilation and creation operators:
blng,nr) = vng|ng —1,ng), bl |ng,ng) = vVng +1|ng+1,np)
[b, bT} — 1, bl = Ny

flnp.nr) = var [ng,np — 1), fling,nr) = Vor + 1 ng,np + 1)
{0ty =rrte st =1 1t = Ne

Qi =bfl = Qilnp,nr) ~|np—1,np +1)
Q_=0b'f = Q_|ng,np) ~|np+1,np—1)
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators (2)

Qi =bf1 = Qylnp,nr) ~|np—1,np +1)
Q_=b'f = Q_|ng,np) ~ng+1,np—1)
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators (2)

Qi =bf1 = Qylnp,nr) ~|np—1,np +1)
Q_=b'f = Q_|ng,np) ~ng+1,np—1)

=M =0 = @ =¢>=0
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators (2)

Qi =bf1 = Qylnp,nr) ~|np—1,np +1)
Q_=b'f = Q_|ng,np) ~ng+1,np—1)

=M =0 = @ =¢>=0
Q=0+ +0Q-, Q2=—i(Qy —Q-) = {Q1,Q2} =0
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators (2)

Qi =bf1 = Qylnp,nr) ~|np—1,np +1)
Q_=bf = Q_|np,nr)~ng+1,np—1)

=M =0 = @ =¢>=0
Q=0+ +0Q-, Q2=—i(Qy —Q-) = {Q1,Q2} =0

Consider H = {Q,Q_} = Q% = Q% (Simplest Hamiltonian)
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators (2)

Qi =bf1 = Qylnp,nr) ~|np—1,np +1)
Q_=bf = Q_|np,nr)~ng+1,np—1)

=M =0 = @ =¢>=0
Q=0+ +0Q-, Q2=—i(Qy —Q-) = {Q1,Q2} =0

Consider H = {Q,Q_} = Q% = Q% (Simplest Hamiltonian)
[Ha Q] =0, where Q = Q+’Q*7Q1 or QZ
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Basics of Supersymmetry

General Hamiltonian
Supersymmetry methods c

Suppersymmetric operators (2)

Qi =bf1 = Qylnp,nr) ~|np—1,np +1)
Q_=bf = Q_|np,nr)~ng+1,np—1)

=M =0 = @ =¢>=0
Q=0+ +0Q-, Q2=—i(Qy —Q-) = {Q1,Q2} =0

Consider H = {Q,Q_} = Q% = Q% (Simplest Hamiltonian)
[Ha Q] =0, where Q = Q+’Q*7Q1 or QZ

Therefore the values of these operators are conserved
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Generalizing Hamiltonian

Back to our Hamiltonian

- 0 om_
(s 0
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camerell il et

Generalizing Hamiltonian

Back to our Hamiltonian

N 0 _ E E
a=(0 ") \/
We introduce the mass term A: - /\ :

A A vm_
H o <U7T+ —A
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Generalizing Hamiltonian

Back to our Hamiltonian

f{ . 0 VT _—
o (s 0 \/
We introduce the mass term A: . /\ .
i ( A mr)
(S —A
Recall: there are two independent points
in momentum space: K and K*. They K 5
act in different subspaces, so the total
Hamiltonian has the form K] 13
Hg 0
0 Hg~ K o
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Suppersymmetric operators

Summarizing Hamiltonian around K and K* we get

A vm_
o VT4 —A
= A vy

v —A
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Suppersymmetric operators

Summarizing Hamiltonian around K and K* we get

A v
o | T —-A
= A vy
v —A
(Ao, + (o4 +o_mp)v 0
N 0 Ao, + (oymy +o_m_)v

Ervand Kandelaki Supersymmetry and Quantum Hall effect in graphene



Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camzell [k

Suppersymmetric operators

Summarizing Hamiltonian around K and K* we get

A v
o | T —-A
= A vy
v —A
(Ao, + (o4 +o_mp)v 0
N 0 Ao, + (oymy +o_m_)v

If we interchange the last two basis vectors we get

- Ao, + (o4m_ +o_m4)v 0
N 0 —Ao, + (o4m_ +0_m4)v
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camzm

Squared Hamiltonian

B Ao, + (oym_ +o_my)v 0
0 —Ao, + (o4m_ +0_m4)v
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Squared Hamiltonian

i Ao, + (oym_ +o_my)v 0
0 —Ao, + (o4m_ +0_m4)v

Let us look at the square of the Hamiltonian around K:
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Squared Hamiltonian

i Ao, + (oym_ +o_my)v 0
0 —Ao, + (o4m_ +0_m4)v

Let us look at the square of the Hamiltonian around K:

(Ag. + (047 + 0-m)v)* = (A02)* + (047 + o_mi)v)* +
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Squared Hamiltonian

i Ao, + (oym_ +o_my)v 0
0 —Ao, + (o4m_ +0_m4)v

Let us look at the square of the Hamiltonian around K:

(Ao, + (047 + 0 m)v)? = (Ac.)’ + (047 + 07 )v)* +
+vA{0., G} T = (Ac.)? + ((o47— + 074 )v)?
Since {0,,5.} =0
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Squared Hamiltonian

i Ao, + (oym_ +o_my)v 0
0 —Ao, + (o4m_ +0_m4)v

Let us look at the square of the Hamiltonian around K:

(Ao, + (047 + 0 m)v)? = (Ac.)’ + (047 + 07 )v)* +
+vA{0., G} T = (Ac.)? + ((o47— + 074 )v)?

Since {0,,5.} =0

H? = (A0,)? + (047 4+ o_m4)v)? contains therefore both
solutions for K and K*
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camzm

Squared Hamiltonian

ﬁQw =2 = (Ao, + valm_)Qw =A% 4 v2(aJ_7u_)21/1
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camzm

Squared Hamiltonian

ﬁQw =2 = (Ao, + valm_)Qw =A% 4 v2(aJ_7u_)21/1

(F171)2 = %[{m_,w_} +?sgn(eB)o.]
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camzm

Squared Hamiltonian

ﬁQw =2 = (Ao, + valm_)Qw =A% 4 v2(aJ_7u_)21/1

(F171)2 = % ({7} — 22sgn(eB)o]
{7, 7 }n) =~+*2n + 1) |n) always
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camzm

Squared Hamiltonian

ﬁQw =2 = (Ao, + valm_)Qw =A% 4 v2(aJ_7u_)21/1

(F171)2 = % ({7} — 22sgn(eB)o]
{7, 7 }n) =~+*2n + 1) |n) always

(7m0 o) a) = 37 2+ 1 — sgn(eB)ov] ) o)
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Camerell il et

Squared Hamiltonian

ﬁQw =2 = (Ao, + valm_)Qw =A% 4 v2(aJ_7u_)21/1

(F171)2 = % ({7} — 22sgn(eB)o]
{7, 7 }n) =~+*2n + 1) |n) always

(7m0 o) a) = 37 2+ 1 — sgn(eB)ov] ) o)

Landau levels correspond to bosons, quasi-spin to fermions
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Basics of Supersymmetry

neral Hamiltonian
Supersymmetry methods Gzl i

Squared Hamiltonian

ﬁQw =2 = (Ao, + valm_)Qw =A% 4 v2(aJ_7u_)21/1

(F171)2 = % ({7} — 22sgn(eB)o]
{7, 7 }n) =~+*2n + 1) |n) always

(7m0 o) a) = 37 2+ 1 — sgn(eB)ov] ) o)

Landau levels correspond to bosons, quasi-spin to fermions

242
2 =A%+ N (2n+ 1 — sgn(eB)o)

2 _ .2 _ A2 2.2 :
€n = En—11 = A"+ v°yn (provided eB < 0)



Quantum Hall effect

Quantum Hall effect

Basics of Quantum Hall effect

@ Quantum-mechanical version of the Hall effect
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Quantum Hall effect

Basics of Quantum Hall effect

@ Quantum-mechanical version of the Hall effect

@ Observed in 2D electron systems
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Quantum Hall effect

Quantum Hall effect

Basics of Quantum Hall effect

@ Quantum-mechanical version of the Hall effect
@ Observed in 2D electron systems

@ Low temperatures and strong magnetic fields
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Quantum Hall effect

Quantum Hall effect

Basics of Quantum Hall effect

Quantum-mechanical version of the Hall effect
Observed in 2D electron systems

Low temperatures and strong magnetic fields

e2

Hall conductance takes on quantized values o = v 5~
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Quantum Hall effect

Quantum Hall effect

Quantum Hall effect

Vap =0

&GO O U

OO O O
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Quantum Hall effect

Quantum Hall effect

Quantum Hall effect(2)

Vap #0
OO OO
_ G000
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Quantum Hall effect

Quantum Hall effect

Quantum Hall effect(3)
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Quantum Hall effect

Quantum Hall effect

Quantum Hall effect(3)

ecp

Ua:y:_Fa P ="Ne —MNp
. I mch
filling factor: = —, = —
illing factor: vp Ng vp B ol

1
Recall: Np = —— x 2
b 2rl%,
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Quantum Hall effect

Quantum Hall effect

Quantum Hall effect(3)

ecp
Ua:y:_Fa p="Ne—"Np
h
filling factor: vp = ]‘Vp" vg = \ZCBI ol
B
1
Recall: Ng = ——= x 2
eca B 272,
o2
S 0y = — S | plsgn(eB)sgn(y) = — vpsgn(eB)sgn(y)
|eB| B\ wh
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Quantum Hall effect

Unusual Quantum Hall effect
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Quantum Hall effect

Quantum Hall effect

Unusual Quantum Hall effect
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Quantum Hall effect

Quantum Hall effect

Unusual Quantum Hall effect

1
Ne = ——4 s ny=1-—n,
e T +1
w—e
= ne—np=tanh L °
Me — np, = tanh =
1 +A -
vpsgn(p) = 5 <tanh M2T + tanh N27T
- p+e 7
2 tanh ~ + tanh =
+ ;<an 9T + 5T >>
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Quantum Hall effect

Quantum Hall effect

Unusual Quantum Hall effect

1
Ne = ——4 s ny=1-—n,
e T +1
w—e
= ne—np=tanh L °
Me — np, = tanh =
1 +A -
vpsgn(p) = 5 <tanh M2T + tanh N27T
- p+e 7
2 tanh ~ + tanh =
+ ;<an 9T + 5T >>

en = VA% +y202n

tanh (%) — sgnw for T'— 0
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Quantum Hall effect

Quantum Hall effect

Unusual Quantum Hall effect(2)

Intersections of the chemical potential with Landau-levels
deformed near the edges correspond to the conducting electrons:

€

15 TN 7]
o 78 7
0.5 1

0.0

-0.5 1

1.0

s LY\
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Quantum Hall effect

Quantum Hall effect

Unusual Quantum Hall effect(3)

Unusual first half-step of 0,,:

14 BT 14
——-Tr=2K
10 T=3K 10
6
& r=s K
L 2 2
o
2 =
5
-6 -6
~10 -10
—14 -14

—-600 —400 -200 O 200 400 600
#[K]
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