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Quantum Matter and Broken Symmetry
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Band Structure of Solid




Two—Dimensional Electron Gas (2DEG)
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Integer Quantum Hall effect
(von Klitzing, 1980)
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Fractional Quantum Hall effect
(Tsui, Stormer, Gossard, 1982)
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2DEG in a Strong Magnetic Field
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Quantum Hall Edge States
B
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Chiral Edge states due to Broken time reversal symmetry
Topologically Stable Conducting States
Disorder: Back—scattering is strongly suppressed

Coulomb Interaction: Chiral Luttinger liquid



Transport through a quantum point contact

= Point contact Tunneling conductance in a quantum Hall s
{outlined in black) is pinched in the middle
| - il | point contacts (gray), giving rise to a region
w Current The current carried by the edge states (blue)
> < region or, for very negative Vi, is entirely re
L 42 mK decreases as Vi gets more negative,
) — = (blue) than for the v=1 state (red). Peaks are
path through the constriction. (Adapted fron
Foint contact
K v
2 v =1
t;*; 0.8+ 1
m -
w
= 1
& b
8
5 0sd 3
o
= Z 0.04
() st
= (&) ﬁ
i o
Z 22
2 1 A Z
=z 0.00 T T T T
e K J L N 1 f\ r Z 0.0 0.2 0.4 0.6 0.8 1.0
0.9 0.7 0.5 F T4 (107 K*)

POINT-CONTACT VOLTAGE (volts)

Power-law dependence of tunneling conductance on temperature is
a hallmark of the Luttinger liquid. The curves shown here are
measured for a quantum Hall state with v="4 at three different
values of point-contact voltage Vi, corresponding to three different
minima of the curve shown on page 22. (Adapted from ref. 1.)



Quantum Hall States (Topological Matter)

Characterized by an integer N: Number of chiral edge states

Quantized Hall conductance

TKNN number (Thouless—Kohmoto—Nightingale—den Nijs)
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First Chern number (Topologically invariant)



Quantum Spin Hall States (Helical Edge states)
[S.C. Zhang]

Time reversal invariance

The QSHE state spatially separates the
four chiral states of a spinful 1D liquid
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Band Structure of HgTe

B. Bernevig, T. Hughes, S.C. Zhang, Science 314, 1757 (2006).
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Conductance
channel with

Experiment

HgTe/(Hg,Cd)Te quantum wells
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Role of Coulomb Interactions: Topological Excitations

* Spin texture states: Skyrmion
* Bilayer quantum Hall system (BQHS): Meron

« BQHS with parallel magnetic field: Domain wall



Quantum Hall Ferromagnet: v =1

2DEG : B=0 .

21, 2
=0, acdmp g, =X L%
{ A=g#uB < THm —
> “Flatlanders”
D (E)
ez

A = 3K <<g;100K

— Coulomb interaction

When A=0, one—body gap disappears.




V#+0  Coulomb interaction

Ground state : Quantum Hall ferromagnet
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degenerate
J Strongly Correlated Insulator

“Interaction is crucial to select out the ground states”



Ground state : Quantum Hall ferromagnet
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|G.S.> Spin texture rﬁ(F)

Charge neutral: Spin wave Particle—hole pair
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Topological excitation: Skyrmion

Quantized charge: gy =Q, [e]=*€

Spin: AS = 7 for GaAssample
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NMR Knight shift measurement : Skyrmion

[Barrett et al.]
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Bilayer Quantum Hall System

Experiment

AlGaAs AlGaAs
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Experiment—1
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Bilayer Quantum Hall System

Theory *

| A 4 4
=
AT
A (
¢d Vd_/z/bT 1 T/1/t0t=vu+vd:1

Real spin
polarized | 1>
E 1 1. LLL approxm.
1>
1 — L N *
Sho, n=0 TTT AlT 2. AN=g ugB >
>




Pseudo—spin
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Interaction V. minimization : SU(2)

Pseudo—spin fully polarized
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(ii) Hund’s rule : Ground state — Maximum pseudo—spin
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Effective Energy Functional
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For Aqpg =0
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Excitations
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Escape into the 3rd dimension.
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Charge Excitation: Meron-pair

Meron-pair charge = (,, = t€

g, = vorticity ® m_(0) E}



KT Phase Transition
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Finite tunneling Agag 7 0
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DW Energy

Linear confinement T ~ gD‘W/- r

(cf. quark — antiquark)
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The role of parallel B, field
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Meron-pair Excitation Energy
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Meron-pair Excitation Energy
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