
6 . T R i n v a r i a n t topological b a nd -

Fettopolog-inatost
5 yea rs after Haldane's mode l a n d m o r e t h a n 2 0 years
after t h e Q H E , Kane a n d Mele rea l i zed t h a t topologically
non- t r i v i a l i nsu la to rs e x i s t whe re T i m e reversal

symmetry i s n o t b ro ke n

E L . Kane, E . 3 . N e l e Phys.D e u t e t . 25,2268oz (2005)

T h i s typeof models c a n b e described by a second type
o f invariant, a K z i nva r i an t w i t h t w o v a l u e s

Th e Kane-Ne le model a r i z a from a doubling o f
t h e Haldane m o d e l including a sp in degree o f
freedom a n d i n general spin-Orbit coupling

Before discussing t h i s model w e w a n t t o s e e
h o w t h e sp in degree c a n m a k e topological b u l k
transport possible i n T R symmetric systems.

6.1Topdogicalspinpam-
ltsin.pkT R symmetric sp in pump w a s suggested
D u F u a n d K a n e i n Phys.Rev.B 71,19531212006).
Cons ide r t w o copies o fa R ice-Ne le mode l f o r



Spin u p T a n d Spint wi th 4 × 4 momen t a n
Ham i l t o n i a n
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There i s atopological quantum n umbe r
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Which i s a K z topological i n d e x

Th i s model i s however oversimplified a s i t does not
a l l o w f o r s p i n coupling. I f t h e r e i s spin-orbit
coupling t h e i n d i v i d u a l Chem n umb e r s C n a n d G
a r e n o longer goodquantum numbers batthevels
s t i l l a proper 2 , 2 topological i nva r i an t .

6 . 2 Cont inuum vers ion o f Kane -Ne l e

M o d e -
n o w F - d i s c u s s t h e 2 D Kane-Ne le model,

starting w i t h a conceptually simpler cont inuum vers ion

avizing f r o m t h e low-energy l i m i t o f Graphene (265)
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a n d introduce t h e real-space Hamiltonian
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6.3kanetlelemodelonalat--
Nowwewantt.cot o generalize t h e low-energy
Hami l ton ian (2931 t o a full l a k e m o d e l
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• f i r s t t e m corresponds t o Graphenewith isotopic
hopping t o nearest neighbors N N
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w i t h sp in dependent sign
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Rashtra spin-orbit coupling
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I n ve r s i o n breaking

Another term tha t c a n be added i s o n e t h a t breaks
i n v e r s i o n symmetry
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f a r m Of t h e K a n e Me l e mode l
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Transforming i n t o momen t um s p a c e w e get a 4 x 4
mat r i x f o r 2 sp i n degrees a n d 2sablatt ices
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6.4 Topological effects i n Kane-Nele
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⇒ w e h a v e t w o copies of t h e Haldane Mode l
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⇒ C h a n n umbe r fo r Spin u p a n d d o w n
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T h e quantization o f Chp = - C h , i n the
topologically n o n t r i v i a l phase 42so /> R I
l e a d s t o protected he l i c a l edge m o d e s a n d
a quantized sp in H a l l conductivity
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helical edge currents

t w o cases?
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Now w e c a n extend t h e d i s a u s s i o n t o a n o n -

vanishing Rashbaspin-Orbit coupling
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Phase w i t h edgem o d e s e x t e n d s t o finite-Rashba
Spin-orbi t coupling
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What i s t h e topological invariant?
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7 . % topological i n v a r i a n t
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