



































































































































Ift Mff84 0 for a 1 if et Itt de'd
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We Shirdi d

re es di q
Basedon normalization

IntegerQuantum Hall Effect

Classical HallEffect Consider a 2D gas ofelectrons with charge e inthe presenceof a
magnetic field E BE Wegetcyclotronmotion

Now add an electric field É EYDrift velocity balances theforces
F O eEy etxis eff el vxjtVyI B 0 v50

V53Get a current inthe x direction electronsneedto
relax tothis

jx PVx pE GyEy
TygaPg is the Hallconductivity ThisfollowsfromLorentz invariance and isgeneral

small B
iiffffin

weans.name
AthighB and low T gofind somethingdifferent blue

At each plateau Jay net n 1,2 3
Andoxy is quantized tomany decimal places IntegerQuantum Hall Effect

Later athighermagnetic fieldstheyfound plateaus at oxy feta for p qEIntegers
Fractional Quantum Hall Effect Interactions are crucial for FaHE

Not IQ HE






































































































































Consider noninteractingelectrons in a uniformmagneticfield and electric field
BEBE É Eg Consideronly spinelesselectrons Oneparticle problem

H CfÉ eEy
Work in Landaugauge A BYE Txt B We have

H CPxtzeby Pym eEy
IpaH D go all eigenstates are of the form eikxtly 4 is an eigenstate of
Ha Este EI eEy Et eftaEid Pfm eeg

Pfm Effy Yat t const ye Mega EB

Express everything in terms of thfEmLETA
we edm cyclotron frequency

H Pittman ya yo hehis fear magnetic length

YEMEN
Harmonic Oscillator Hamiltonian I
Eigenstates are givenbyYmly yn where Yen Yin
Full solution Man x y ethennlyyn with energies Eun nthwe eEyatEE
First suppose ETO then Eun nth we and all his havethesameenergy

These are Landaulevels Howmany states are in a café
Consider a finite size in the ddirection

ytax then É
Spacing ofstate Sy ya YEE Eye
Total Number

MY TEA IIE
This changes at the boundary but weneglect that for now
NTEyed EYE E is smallestquantumof flux Io

N IFE of fluxquanta insample






































































































































Onestateperflux quantum
Supposechemical potential between 4thand Cnt1 th L L Applya weakelectra field

In Client ePEYHunt UnalehtmetsMan I
I left0211 E E Exdriftvelocity

Addingup all contributions fromall Yun

JEE EE ELLENKEENE E NEE
Rotting int

Je IEEE NEE Tying
lookslikewe've explained theeffect but muchis missing disorderinteractionseh
How doesthisremainwellquantized

Laughlin's FluxArgument
Consider a system u periodic B.C s in x dir Hamiltonian

q
I

with flux I is

H Effete Piratas eryi Ily
ImagineadiabaticallychangingIo fromO to 8 8 4
Ground state will evolve into a state It WI energy EE CompteDE EE E
in 2 differentways

Istway Feynman Hellman than 1storderperturbation theory

37 LE.IE IE7 LE1IeIgt E1E
877 CELINE It
FollowsfromFaraday's law fluxmakes an EMF 2 24 and work is

dW I Edt Idf de Idf w a large loop It essentially

I indp DE I I IIe






























































































2nday After inserting Io theHamiltonian is thesame upto a gauge
transformation

All singleparticle energies are the same Changecomesfrom repopulating
state

HE likely t test eEy
Patey e Edm ekg

ICYMI't Pfm e fly Ily t const

Adding I shifts yo yt fly When I we eachorbital shifts by

Ag EL ZEE Exactly thespacingbetweenorbital

Eachorbital shiftsby 1 unit Netresult isthat IfI electron per la transferred fromone edgetoanother

With potential difference V Ely we have AE new Iet I Ifv
Ig Ig

tall conductance is raging net

Sfamiliar
INTEGER QUANTUMHALLEFFECT
2D Insulator

EYE8 I Jx ExÉ EEdge
LAUGHLIN ARGUMENT I TygIfk

1 65 Txdot
Io It T do he

EiIILYY
on

IT CAN BE ELIMINATED BY CARLE GAVETRANSFORMATION IN REALSPACE

YG Tcreier
Aem Aem tetra

I FA d It

gauge
Hel vittata deSdtIct fat ox If oxyhet

owing



Add in freak interactions disorder two Justconsider it on thebulkofthe
systemfor simplicity Argument immune

Stillpump electrons otherwise they accumulate
in the bulk which would add we energybut by adiabaticity this cannotchange

oxy robust unless we closethe bulkgap

Ahhh isn't AE 0 According totheadiabatic theorem ground states evolveinto
groundstates But It is the same at beginning andend So we musthave
DE 0

What's
goingon

j E

a
it

for a finite size system this will be an avoided crossing

x Differby transferring an election from one edgeto the
other CE 0e

Y 4glittle nacelle
Slower than we faster than we e the

2 Why isn't SE two Cor where does accumulatedadhargego
System is gapped yet we constructed excitedstate 4 w energysmaller thangap DECtwo for small V

Answer System is not gopped 3 gaplessedge
states

The IQH edge
Upuntil now we've ignored bdryeffectNow we treat bdaymorecarefully first suppose Ed

H LEAN't let Vedgely where
Vedgely

0 09th
X else

I b Ax555.8550 IG.gl einerlly



A eigenstate of

HuEn te lyyuttvedgely ye he

Casey yn is far fromthe boundary distance l edgehas no
effect and we obtain 17.0 eigenstate

In Co yu a tally yal v0 Eun Cnt k we
d

Energy Eun Cat'llwe

Estimate energy Eun EI ly ly EI hotlyt

r
quadratic in le

KÉ

Propertiesofgaplessexcitations

I Theyare edge excitations Correspondto changing occupation oforbitalsnearthe
edge These disappear w periodic BC's in bothdirections Thebulk is fullygapped

Judd 2851 v o

Ed

j naming

3 For n filled LL's Con there are n edge
mode in each direction

It



4 Edgemodes aretted
V4 Weget hp 2 rightmoving

not leftmany
ARMEN At least 1

gapless edge
mode

Topologically protected

Flux threading w edge states v n

Inn Maul I E Ipx eax than

a
I

IimInn Hunt 2 Hua 25 EYE
I E Inn Ex 3

Different chem potential 2 edgesMach
MThiteEly
I EEE IS Ed4EPEE YEUN

appme

If Ely 24Vo Vo Ely electrostaticvoltage

Oxy getany Betterdefn Venite love implicitly usedthis

ÉW

IEEE

El
Next TKNM



DisorderDigression

Disorder broadens bands even LL but Gynt is robust Why

Ijf

one extendedstate multifractal causesItal
conductivityI localized Donotcontributeto conduction

opaquestns



TINN Thouless Kolmoto Nightingale da Nig's 19827

t He tf lethal tirtyacil t hie

Energy E 2t coshe cosky

Add a magnetic field I Bat ICA.de Ay Bx

Peirlstitution yep co éiÉÉÉ e Iet Cry
Minimal Substitutionfor lattices i2x if eA 3

Lite CEI e IR JE te Cal
r

e it tax easy say
E d

e inky text

Hrs t leaf Lil é BYEay Cil thee
Translation symmetry in the y direction

Halley t I Ixtakelt Ix Atal t cos kyatEBxa 1 741XEN

Electric field in x direction Ex 2141

Halley t E.ge AYxtakxltetiEAMx7Cxtaltcoslkyat Bxdlx Lxi
When isthis
periodic

qa 2tÉÉ É Etf tiff
Wecan translate by qa in the x direction good unit all end

HWA

HBlkx.ky tEj iEAxInxtlYlnxlltetkx8aloxq ilth.c

ÉÉcos kyat qnx tnxCnxl
Gauge transformation tnx e ikxnxa my




