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Quantum Anomalous Hall 
Effect (QAHE)

TRS-broken graphene

Onoda & Nagaosa, PRL 2003

2D FM system with SOC

Haldane, PRL 1988

Magnetic topological insulator
SC Zhang et al., since 2006

H



QAHE in magnetic TIs 

C. -X. Liu et al., PRL 2008

2D TI + FM 3D TI + FM

Qi, Hughes & Zhang PRB 2008
Yu et al., Science 2010

Qi, Wu & Zhang., PRB 2006 



MBE + STM + ARPES for TI studies
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Adv. Mater. 22, 4002 (2010)
Nat. Phys. 6, 584 (2010)

Bi2Se3

Bi2Se3



C. –Z. Chang et al., Science 340, 167 (2013) 
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QAHE observed in Cr-doped (Bi,Sb)2Te3

@ 30 mK

with Li Lv (IOP)
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Confirmation of QAHE



Nobel Lecture by F. D. M. Haldane

QAHE is among the most important 

physics effects discovered in topological 

insulators.



• Higher temperature: Cr+V co-doped (Bi,Sb)2Te3

• Other novel topological states of matter

Recent progresses in QAHE 
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“Penta-layer” Cr-doped (Bi,Sb)2Te3

Good quantization 
at 0.5 K and zero field

Y. Tokura: APL 107, 182401 (2015)



MIT/PSU/Stanford

V-doped Sb2Te3

Quantized Anomalous Hall Effect in V-Sb2Te3

(~4%)

Dr. Chang and Prof. Moodera (MIT)



0.97 h/e2 @ 1.5 K5 QL (CryV1-y)0.19(BixSb1-x)1.81Te3

Cr:V

Higher QAHE temperature in Cr & V co-doped 
(Bi,Sb)2Te3 films

Y. Ou et al., Adv. Mater. (2018)



Full quantization 
at 0.3 K

ba

Y. Ou et al., Adv. Mater. (2018)



Temperature dependence

Activation gap ~ 1.4 K

Y. Ou et al., Adv. Mater. (2018)



Why co-doped samples do 
better?

Improved FM order

More mean-field-like
rAH-T curve

sharper magnetization reversal

T (K)

Cr: 18%

convex

concave

(Cr)



Cr+V co-doped

V-doped

Cr-doped

Direct evidence by magnetic force microscopy  
Weida Wu, Rutgers

Nat. Phys. (in press)



X. -L. Qi, T. L. Hughes & S. -C. Zhang, PRB 78, 195424 (2008)

QAH insulator Axion insulator:
Topological magnetoelectric effect 

“Spin valve” based on QAH edge states 
in Cr+V co-doped (Bi,Sb)2Te3 films 

Collinear electric and magnetic fields



“Spin valve” for QAH edge states 

CVBST (Cr/V: 0.16/0.84—larger coercivity) 

CVBST (Cr/V: 0.4/0.6—smaller coercivity)

BST (non-magnetic) 
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• When the magnetization directions 

of the top and bottom layers  are 

parallel, QAH (ρxx=0, ρxy= h/e2). 

• Its longitudinal resistance becomes 

very large (ρxx> 20 h/e2) when anti-

parallel. 

Spin valve

Sample 

Structure
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“Spin valve” for QAH edge states 

Persistent up to 300 mK

At zero plateau, 

when we switch off the 

magnetic field, 

the system stays at 

Axion insulator state 

(stable). 

Robust



Synthetic Quantum Spin Hall System 

= +

QSH

QAH-1

QAH-2

Qi, Wu & Zhang., PRB 2006 

Helical edge states = a pair of counter-propagating QAH chiral edge states 



Synthetic Quantum Spin Hall System 
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QAH-1
(less V)

QAH-2
(more V)



Synthetic Quantum Spin Hall System 
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• When two QAH sub-systems have the same 

magnetization direction (strong field), the system 

become a QAH insulator with Chern number 2.

• In the case of opposite magnetization, it becomes a 

QSH system.



I

The synthetic QSH system could be useful

spin current
SuperconductorSuperconductor

perfect Andreev reflection

(Majorana mode) 

However, the two QAH systems 

are separated too much: 

the space is > coherent length 

Brüne et al., Nat. Phys. 8, 485 (2012)

Knez, Du, Sullivan, Phys. Rev. Lett. 109, 186603 (2012)

Q. L. He et al., Science 357, 294 (2017)



Normal insulator spacing layer

CdSe Bi2Te3 Sb2Te3

Lattice 
constant (Å) 4.30 4.43 4.26

CdSe

Bandgap: ~1.74 eV

TI-CdSe Band alignment

G. Jiang et al., (unpublished)
Type-I QW structure



Superlattice of CVBST and CdSe

XRD

TEM

Super-
lattice 
peaks

G. Jiang et al., (unpublished)



QAH multilayers

Effective high Chern number QAHE

G. Jiang et al., (unpublished)

With increasing space 

layer number (N), the 

Hall resistance follows 

h/Ne2.

The two-terminal resistance 
decreases with increasing N

Applications



QAH multilayers: magnetic Weyl semimetals

Burkov & Balents, PRL 107, 127205 (2011)

DD: Hybridization between the SSs of two 

MTI layers 

DS: Hybridization between the SSs of a 

MTI layer  

Normal insulator

Magnetic TI



MBE-grown Effective QSH system

In the “QSH” phase, Rxx > h/2e2, which suggests scattering 
between the two chiral edge channels.

G. Jiang et al., (unpublished)

Rxx > h/e2



Summary

• Cr+V co-doped (Bi,Sb)2Te3

shows improved QAHE and 
ferromagnetism. 

• The improved material 
enables us to make 
interesting structures based 
on QAH systems. 



Thank you for your attention !
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Synthetic Quantum Spin Hall System 


