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Overview

Brief introduction

Topological field theory of interacting topological insulators
general definition, topological Mott insulator, fractional TI

Quantized anomalous Hall effect
materials candidates

A new class of interacting TIs
binary compound, simple crystal structure, single Dirac cone, insulating bulk! 



HgTe Theory: Bernevig, Hughes and Zhang, Science 314, 1757 (2006) 
Experiment: Koenig et al, Science 318, 766 (2007)
BiSb Theory: Fu and Kane, PRB 76, 045302 (2007)
Experiment: Hsieh et al, Nature 452, 907 (2008)
Bi2Te3, Sb2Te3, Bi2Se3 Theory: Zhang et al, Nature Physics 5, 438 (2009)
Bi2Se3 Experiment: Xia et al, Nature Physics 5, 398 (2009), 
Experiment Bi2Te3: Chen et al Science 325, 178 (2009), Kapitulnik et al
One of the most active fields in CMP!

Discovery of the 2D and 3D topological insulator materials



Quantum Hall effect and quantum spin Hall effect

HgTe, InAs/GaSb



From traffic jam to info-superhighway
on chip

Traffic jam inside chips today Info highways for the chips in the future
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Bandgap vs. lattice constant
(at room temperature in zinc blende structure)
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Mass domain wall

Cutting the Hall bar along the y-direction we see a domain-wall structure in the 
band structure mass term. This leads to states localized on the domain wall 
which still disperse along the x-direction, similar to Jackiw-Rebbi soliton.
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Experimental observation of the QSH edge state 
(Konig et al, Science 2007)
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• In HgTe, the band inversion occurs 
intrinsically in the material. However, in 
InAs/GaSb quantum wells, a similar 
inversion can occur, since the valance 
band edge of GaSb lies above the 
conduction band edge of InAs.
• A small hybridazation gap opens up 
due to tunneling at the interface.
• Theoretical work show that the QSH 
can occur in InAs/Gab quantum wells. 
This material can be fabricated 
commercially in many places around the 
world.
• InAs can also be used for 
superconducting proximity effect. 

QSH state in InAs/GaSb type II quantum wells
(theoretically predicted by Liu et al PRL 100, 236601 (2008), Zhang group)



Experiment in InAs/GaSb QWs

• Difficulty: small band gap, (~4meV) and 
large residual bulk carriers even in the 
insulating regime. 

• Experimental setup: 

I I

V

R=h/4e2
I. Knez, et al, PRL 107, 136603 (2011)



Experiment in InAs/GaSb QWs

• The sample size dependencies of the 
bulk and edge resistance are different

W

L

Bulk contribution

Edge contribution

I. Knez, et al, PRL 107, 136603 (2011), Rui Du group



Size dependence

• Fix W/L, so that bulk contribution is 
fixed. When L is large, edge contribution 
is negligible. 

I. Knez, et al, PRL 107, 136603 (2011)



Size dependence

• Fix L, so that edge contribution is fixed. 
When W is small, bulk contribution is 
negligible. 

I. Knez, et al, PRL 107, 136603 (2011)



3D topological insulators



(b)

Se2

Bi
Se1

Quintuple
layer

B

B
C
A

C

A

C

(a)

t1

t2 t3

z

x

y

(c)
x

y

3D insulators with a single Dirac cone on the surface
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Relevant orbitals of Bi2Se3 and the band inversion



(a) Sb2Se3 (b) Sb2Te3

(c) Bi2Se3 (d) Bi2Te3



Arpes experiment&theory on Bi2Se3 surface states, 
Hasan group



Doping evolution of the FS and band structureDoping evolution of the FS and band structure

EF(undoped)
BCB bottom

Dirac point position

Undoped Under‐doped Optimally‐
doped Over‐doped

BVB bottom

Arpes experiment on Bi2Te3 surface states, Shen group



Surface Landau levels, Xue group, Hanaguri group



Clean 3D Topological Insulator HgTe
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Quantized 2D QHE in 3D HgTe with strain (Molenkamp et al)



Topological insulators: starting a new family



General theory of topological insulators

• Topological band theory based 
on Z2 topological band invariant 
of single particle states.
(Fu, Kane and Mele, Moore and Balents, 
Roy)

• Topological field theory of 
topological insulators. Generally 
valid for interacting and 
disordered systems. Directly 
measurable physically. 
Quantized magneto-electric 
effect (Qi, Hughes and Zhang)

• For a periodic system, the system is 
time reversal symmetric only when
=0  => trivial insulator
= => non-trivial insulator



The Topological Magneto-Electric (TME) effect
• Equations of axion electrodynamics predict the robust TME effect.

4πP= /2B4πM= /2E

• P3=/2 is the electro-magnetic polarization, microscopically given by the CS term 
over the momentum space. Change of P3=2nd Chern number!

Qi, Hughes and SCZ, PRB 2008



 term with open boundaries
• = implies QHE on the boundary with

EM

j//

T breaking
• For a sample with boundary, it is only insulating when a 
small T-breaking field is applied to the boundary. The 
surface theory is a CS term, describing the half QH.
• Each Dirac cone contributes xy=1/2e2/h to the QH. 
Therefore, = implies an odd number of Dirac cones on 
the surface!
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• Surface of a TI = ¼ graphene



RKKY coupling of the surface states (Liu et al, PRL 2009)



Arpes experiment observes gap at the Dirac point in 
magnetically doped samples (BiFe)2Se3 (Chen et al, 
Science 2010, and experiments from Princeton)



Applications of topological insulators

Qi, Hughes and SCZ, PRB 2008, proposed the chiral state on the topological 
surface with a magnetic domain wall. This proposal forms a basis for 
interconnect devices.



Low frequency Faraday/Kerr rotation
(Qi, Hughes and Zhang, PRB78, 195424, 2008, Zhang group 2010, MacDonald group 2010)

Adiabatic

Requirement:

(surface gap)

Universal 
quantization in units 
of the fine structure 
constant!



Generalization to general interacting TI (Wang, Qi, SCZ, PRL 
2010)

• Topological order parameter 
for generally interacting TI
• Experimentally measurable 
through the topological 
magneto-electric effect
• WZW extension u introduces 
integer ambiguity of P3
• P3 is topologically quantized to 
be integer or half-integer
• Also applies to disordered 
systems, see Li et al, Groth et al.



Topological Mott insulators
• Dynamic generation of spin-orbit coupling can give rise to TMI (Raghu et al, 

PRL 2008).
• Interplay between spin-orbit coupling and Mott physics in 5d transition metal Ir

oxides, Nagaosa, SCZ et al PRL 2009, Balents et al, Franz et al.
• Topological Kondo insulators (Sun, Galetski, Coleman et al)



Fractional topological insulators (Maciejko et al, PRL 2010)



Completing the table of Hall effects

QSHE
2006/2007

QAHE
2011?

QHE
1980

Spin Hall
2004

Anomalous Hall 
1889

Hall
1879



Theoretical prediction of the quantized AHE state



Change sign

Keep in mind there is two-
fold degeneracy due to the 
time reversal symmetry



From QSHE to QAHE
• The quantum spin Hall effect can be 

understood as having Hall 
conductance H=e2/h for E1+,H1+ 
bands and H=-e2/h for E1-,H1-
bands. The two Hall conductance 
cancels, as required by time reversal 
symmetry.

• If we can break the time reversal 
symmetry, it’s possible to invert only 
E1+ and H1+, but keep E1- and H1-
in the normal region, so that the net 
Hall conductance of the system is 
e2/h. This is a quantum Hall state 
without ORBITAL magnetic field, 
which is an extreme case of 
anomalous Hall effect. We call it a 
“Quantum Anomalous Hall effect”
(QAHE). d

E1+,E1-

H1+,H1-

E1-

E1+

H1+

H1-

H
+=e2/h

H
-=-e2/h

H
+=e2/h, H

-=0
QAHE!!



Understanding from edge states: QAH

Spin up

Spin down

Further increase
|GH| and |GE|

Note that GE
and GH have 
opposite sign

y

Small spin splitting, H=0 Large splitting, H=e2/h

The two edge 
states have 

different width
QAH



QAH in HgMnTe (Wurzburg experiment)
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QAH in CrSb2Te3? (Tsinghua/IOP experiment)





Search for interacting topological insulators



Theoretical prediction of interacting topological Mott 
insulator

• Actinide based topological Mott insulator.
• Binary compound with a simple Rocksalt crystal structure.
• Strong ionic bonding, insulating bulk, no DOS at Ef! 
• Coulomb, SOC and bandwidth comparable scale of 1-2 eV.
• Long life time, 241Am, T=430y, 243Am, T=7300y.



Boundary between itinerant and localized 5f orbitals

• Am 5f7 6d0 7s2 => Am3+ in AmN, with 5f6 6d0 7s0 with filled J=5/2 shell 
• Pu 5f6 6d0 7s2 => Pu2+ in PuTe, with 5f6 6d0 7s0  with filled J=5/2 shell



Electronic structure



Single Dirac cone on the surface



Conclusion
• Topological insulator is a new state 
of quantum matter.

• Material properties can be 
predicted and designed.

• Frontiers of the field:
• Improved material properties
• New topological insulators
• Magnetic monopoles and Majorana
fermions
• Topological superconductors
• Quantized anomalous Hall effect
• Strongly correlated topological insulators

• Reviews:
• Qi+Zhang, Physics Today
• Moore, Nature
• Hasan and Kane, RMP colloquium
• Qi+Zhang, RMP, full article:

•Rev. Mod. Phys. 83, 1057 
(2011)


