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New states of matter In cels

condensed matter physics :

We have known many kinds of fundamental states of matter,
including metals, insulators, superconductors, magnets,...
And most of them can be differentiated by breaking symmetries.

Crystal: break Superconductors: break Magnets: break
the translation symmetry the U(1) gauge symmetry the rotation symmetry



The Hall effect and quantum
Hall effect o "
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In mathematics, known as
the first Chern number,
related to Berry’s phase.



The family of Hall effects 33

From science 309, 2004(2005)

Ordinary Hall effect Anomalous Hall effect (Pure) spin Hall effect
with magnetic field H with magnetization M no magnetic field necessary

Hall voltage but |EATHEE SOt 15 Hon) No Hall voltage but

no spin accumulation Hall voltage and spin accumulation

spin accumulation




The quantum anomalous Hall |ss::

(QAH) states :

v'No external magnetic field

T science 2006
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In QAH systems,
electrons move
just like cars on
a highway!




QAH states could get born in sece

guantum spin Hall (QSH) states |
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2D topological insulators In
guantum Wells




HgTe/CdTe Quantum Wells set:
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Type-ll quantum wells
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pn doping to make type-Il sets

quantum Wells :
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Zhang et al. PRL 2014




Polar guantum Wells 3+
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Chen et al. Nature Physics 2013

band inversion

topologically trivial topologically nontrivial
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Be prepared




Magnetic doping In type-Il

guantum Wells :

H.,. = Sy,(R,) -,
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2D topological insulators In
Graphene type compounds




(a) |

Energy (eV)

Graphene-type QSH states eels
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Magnetic proximity in
Graphene-type QSH states
=

(O

FM insulators
Or
AFM insulators

Difficulty:

1)Out of plane magnetic BiFeO; _ CrGeTe;

moment at the interface Multlferrou:_ materials Ferromagnetic

2)Strong magnetic proximity G-type antiferromagnet Insulator.
Ty=653K Out of plane.

3)Charge transfer
Qiao et al. PRL 112, 116404 (2014) Be prepared



2D topological insulators from
the 2D limit of 3D topological
Insulators




From 3D topological insulators | ss2:
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000
Magnetic impurity doping In T
( X
QSH states :
H = Hgy + Hzeeman my a finite mass
mp + gM|  ivek_ 0 0 g the effective factor
—ivrk. |-mr — gM 0 0 M the exchange field along z direction
0 0 mk — gM| —ivrk- Yu et al. Science 2010
0 0 ivrk- |-mp + gM Liu et al. PRL 101, 146802 (2008)

Zhang et al. PRL 112, 216803 (2014)
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Inferred =
T(mK) £

Really observed QAH Effect In
experiments

The lowest sub-bands 9
with broken TRS

Fermi level
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Chang et al. Science 2013
Kou et al. PRL 2014
Checkelsky Nat. Phys. 2014

Further optimize the
Position of the chemical
position for 0 Py ?

Bestwick et al
PRL 114, 187201 (2015)



PPy (hfe?)
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DOS (states/eV)

Precise quantization of the

QAH effect—V-doped case :
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1) Self-driven,
without magnetic
training

2) Alarge coercive
field H,

1) Impurity bands and
the QAH effect
2) Exchange mechanism

Chang et al. Nat. Materials 2015



Outlook

e How to understand the ‘surprised’
observation?

e How to improve the working temperature to K
or ten K level?

e Can we realize the QAH effect in much
cheaper systems?

e Superconductor + the QAH effect?
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Summary

e Background

e Design 2D topological insulators
Type-ll Quantum Wells, polar Quantum Wells
Graphene, Silience, Stanene et al.
2D limit from 3D topological insulators

e Outlook

Thank you for your attention!






Intrinsic magnetic insulators | ss2:
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Type-Il Quantum Wells structure

-0.1

-8 -6 -4 -2 1] 2 4

spin down

- .Ilcln.l;ily of States(/feVine.)
o

,._.\
=

Energy(eV)

R
a b
T 008 — - . 8
0.06 |- F,]J| B\ R
nodf \ _6f — >[001]
- 002f | AN (R~
. _ 5]
O e 4 =dr (e)
R T S ot & | . ]
i - | - g
0041/ | R ] E— - barrier barrier
006 || A .
008 .-'d"]i' \ [ 77 -i’j- '."z Voo It.?"’.-' 0 .| L \ \ \
0 200 40 60 80 100 120 0 20 40 60 S0 100 120
diA) d (A)

Xu etal. PRL 107, 186806 (2011) Zhang et al. PRL 112, 096804 (2014)



The toy model of the QAH 3
effect
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The Hall conductivity:
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Quantized conductivity without the Landau levels!



