gals
Vs fé

-
-
-
-
b )

|/
'Il

\
.

o
llii;
-

DISORDERED WEAK TOPOLOGICAL
INSULATORS
(AND A Z, CHIRAL-ANOMALY)

ZOHAR RINGEL
IN COLLABORATION WITH
Y. E. KRAUS, A. STERN AND M. KOCH-JANUSZ

Euler Symposium on Theoretical and Mathematical

Physics. D. |. Diakonov Memorial Symposium (201 3)



Qutline
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-1 Disordered Weak topological insulators (WTIs)
1 Motivation & Introduction to WTIs
o WTI and Disorder — past conjecture.
o WTI and Disorder — protection mechanism.

1 A Z, anomaly on boundaries of topological
insulators.



Motivation : Disorder Vs. Topology

s " "_"_'
T P, ~
P e ~STE
= s
e e e
T SRR SEEAT

Localized States

d)é

Global Effects



The simplest Top. Phase — Integer
Quantum Hall Effect

Z: Z =Hall Conductnace

N

Bulk effective action Edge effective action
S = fd 2th‘9ijk AajAk Correspondence Syt = jdthl;(iat + i@x)(//

Gapped + Topological term Critical + Charge anomaly



Newer Top. Phases: Tls and WTls

11 2D Top. Insulator (TI) Z,. TI+Tl=Trivial

DA N

1 3D Weak Top. Insulator (WTI)
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Kane & Mele (2005), Bernevig et. al (2006), Roy (2007), Kane & Fu (2007), Moore & Balents (2007), Fu & Kane (2007)



Why Weak

Sapg [

1 A WTI with even # layer = topologically trivial

Z,, TI+TI="Trivial

Topologically Protected if translation symmetry is

preserved




Folklore about disorder
B

o If a metal can be made insulating — strong disorder
will make it insulating.

1 Weak Top. Insulators were thus

discarded. i Y
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Protection argument - Outline

Iocallzatlon m Finite resistance
)(
>
' ocalication QU Fine resistance



One Layer y o 4

-1 Put a Tl on a cylinder
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-1 Surface Spectrum does O - Kramers doublet
pairswitching!'! 5 o
>
- Localized states cannot do
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1. Fu & Kane (2006).
2. Nomura, Koshino & Ryu (2007) 0 @



Odd # of layers

1 Pair-switching has a Z, algebra
N ﬂ\ ﬂ\
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-1 Any odd number of layers cannot localize



Odd # of Layer - Conductance

1 The Thouless formulal'! relates flux sensitivity with

conductance

71 Pair-switching implies
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1. Thouless (1974)
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Even # of Layers

~1 Before cut, disorder is uniform so conductance is everywhere

1 Removing a specific layer has a weak effect on average

Regardless of the layer parity - a WTI surface
must conduct




RG analysis
N

1 Using Single Parameter Scaling!']
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Weak anti-localization!®

f

2D Metal With Spin-Orbitl?]
>

A strong disorder
Phase !

1. Abrahams, Anderson, Licciardello & Ramakrishnan (1979) ; 3. ZR, Kraus & Stern (2011)
2. Hikame, Larkin & Nagaoka (1980).



RG analysis — Numerical results
]

- Transfer matrix methods show!'/2]
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1. Mong, Bardarson & Moore (2011)
2. ZR (to be published).



Outlook

Recently, a robust weak top. Insulator material was
discovered!'!

three-dimensional TI’s.*® We have synthesized the first bulk material belonging to an en-
tirely different, weak, topological class, built from stacks of two-dimensional TI’s: Bi,sRh;I,.
Its Bi-Rh sheets are graphene analogs, but with a honeycomb net composed of RhBix-cubes
rather than carbon atoms. The strong bismuth-related spin-orbit interaction renders each
graphene-like layer a TI with a 2400K band-gap.

Our results have been generalized to other
supposedly weak topological phases.

[1] B. Rasche et. al., Nature Materials 12, 422-425 (2013).



- A novel Z, Chiral Anomaly in the surface
theory of Tls
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Ringel & Stern (2012)



What can the anomaly do for you?
S
- Field theory formulation of Tl boundaries
"1 No localization
1 No go theorem

1 Expands Tls to the interacting regime in an exact
wayl!]

1. ZR & Maciek Koch-Janusz (To be published)



IQHE: Pumping = Charge anomaly

1 The Action o, =1 o,=-1

e

-1 Conserved Quantities and Symmetries

0 Qg J — Je_i“;l// — ey
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1 Following flux insertions we expect!'! ‘

- ACQL—R = O-xy N flux #O

1. Laughlin (1981)



IQHE: Edge theory = 1+1 QED

1 The Action

Sozeige = .[ dtdxy (0, + 0, Hege )W —“¢(t)

-1 Chiral Transformation

S2®edge = Sch — jdthQ;(leat T O-yHedge)l//

y—oyio,

1. Wen (1991), Froelich (1991) Kao & Lee (1996)

For Hedge — [Iax - ¢(t)]
This is 1+1 QED with a spinor.

A canonical example of the chiral
anomalyl]



Pumping = Chiral Anomaly in QED
N

1 Action

N\

_—_— 3
= [dtdxy (0,10, + o, [i0, — H(Ow

-1 Chiral symmetry

{§’O-z}:0 l);—)l);eiaaz;w_)e ‘y

1 Chiral current is anomalous

_ __[1]
jdthV‘J ch — A(DL R N flux
1. Adler (1969) ; Bell & Jackiw (1969)




Orthogonality test for topology (IQHE)

-1 Pumping of Charge implies

-1 Capturing this effect with the chiral anomaly!']

<.¢° .¢(t> B I Dly .yl = Det[Sy]=que O i
Zero Mode of S, 0 T
1. ZR & Stern (2012) Implies Orthogonality

0 (IQHE)

1 (Trivial)




Generalization to Tls

- Pumping of some quantity

& @) -

- Capturing this effect with the Z, Chiral Anomaly!!]

<.¢° .¢(t> = I D[W’J]e_sm =Det[Sy]=1 0 i

Kramer pair of 0 T
1. ZR & Stern (2012) Action-zero-modes
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Robustness of the Z, Anomaly

The Z, Anomaly persists as long as TRS and charge
conservation are not explicitly broken.

This includes interactions and disorder!!! in an exact
manner.

Persists even as Time reversal symmetry is
spontaneously broken on the edge.

<. & .¢(t> = I Dly .yl = Det[Sy, ] =5 0

1. ZR & M. Koch Janusz (to be published)




Summary

Weak phases do not localize unless excatly-dimerized.

Tl ground state goes to an orthogonal state following a
full-flux insertion.

The above holds with interactionstdisorder and even
when the flux insertion in not adiabatic.

Outlook

A Z, Anomaly for Partons and Fractional topological
insulators.

Thank You !



