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Topological phases 1

» Phases of matter described by topological
Invariants (rather than order parameters and broken symmetries)

 Known examples:

Quantum Hall Topological insulators

insulators 5 3D

L]
Magnetic field — ¢

Quantum Hall system ] | Quantum spin Hall system

T - broken T — not broken (spin is crucial)
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» Quantum Anomalous Hall phases

» Like QH insulators without magnetic field
B=0

Key ingredients:
* Time reversal symmetry (7) broken

* Non-trivial Bloch wave function topology
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» Quantum Anomalous Hall phases

» Like QH insulators without magnetic field
B=0
Key ingredients:

* Time reversal symmetry (7) broken
* Non-trivial Bloch wave function topology

2 y» Fermi-Dirac

ZT”E’ ny(k, )

& Berry curvature
Fir) = ViALR) - ViAW) A L) = — (014, (0)

A Berry connection A Bloch wave function

- ] ab
Quantitatively: o§°(un) = z QN
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» Anomalous Hall (metallic) phases

» Classical Hall effect without magnetic field

E _w Key ingredients:
>< * Time reversal symmetry (7) broken
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» Anomalous Hall (metallic) phases

» Classical Hall effect without magnetic field

E _w Key ingredients:
>< * Time reversal symmetry (7) broken

k * Non-trivial Bloch wave function topology

2

: : . ab ., 0
Quantitatively: o8°(u) = z QNZT nO(k, n)
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» Anomalous Hall (metallic) phases

» Classical Hall effect without magnetic field

E \ / Key ingredients:
>< * Time reversal symmetry (7) broken
T If\ - Non-trivial Bloch wave function topology
B=0

Haldane

PRL, (2004)
Quantitatively: v, = — fﬂa (kp)dk g, = it

ar
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» Anomalous Hall (metallic) phases

» Classical Hall effect without magnetic field

E \ / Key ingredients:
>< * Time reversal symmetry (7) broken
T If\ - Non-trivial Bloch wave function topology
B=0

Haldane

PRL, (2004)
Quantitatively: v, = — %‘ Akp)dkp, = #r

ar

Challenging to find simple models (or not so simple)

- - . _ Sun & Fradkin
of topologically non trivial 7 - broken phases PRB. (2008)



How to break T?

» Historical example

* (Add imaginary hoppings in a clever way)

VOLUME 61, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1988

Model for a Quantum Hall Effect without Landau Levels:
Condensed-Matter Realization of the “Parity Anomaly”

F. D. M. Haldane
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How to break T?

» Historical example

* (Add imaginary hoppings in a clever way)

VOLUME 61, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1988

Model for a Quantum Hall Effect without Landau Levels:
Condensed-Matter Realization of the “Parity Anomaly”

F. D. M. Haldane

* QAH phase at half filling

« Anomalous Hall phase
when doped




Realizations of Haldane model

» Qriginal Haldane's proposal

* Magnetic dipole at the hexagon center
(experimental realization ??)
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» Spin orbit coupling

* Two copies of Haldane model

f
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Kane & Mele
PRL, (2005)

QSH effect
T not broken



Realizations of Haldane model

» Qriginal Haldane's proposal

* Magnetic dipole at the hexagon center
(experimental realization ??)

» Spin orbit coupling

* Two copies of Haldane model Kane & Mele
PRL, (2005)
+ QSH effect
7 not broken

What about correlations?



Alternative route: Interactions

» Key: self-consistent orbital currents

Raghu et al. PRL, (2008)
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Alternative route: Interactions

» Key: self-consistent orbital currents

o Raghu et al. PRL, (2008)

——th cj+Vlzn@nj+V2 Z Tl

((4,5))

e Spinless: so no Hubbard U (& no T— broken temptations)



Alternative route: Interactions

» Key: self-consistent orbital currents

o Raghu et al. PRL, (2008)

H = —tZCICj +Vlznmj + Vs Z 13T
(4,7) (2,7) ({3,3))

« Mean field 4

« Half filling 3
QAH

> 2

V2 > vi1 1 SM\
o\



Interactions and

‘sofisticated” lattices

» Key: self-consistent orbital currents

« Take lattices that naturally allow for intracell,
self-consistent currents

Liu et al. PRB, (2010) Wen et al. PRB, (2010)



Interactions and

enlarged unit cells
» Key: self-consistent orbital currents

» Just enlarge the unit cell to allow for intracell,
self-consistent currents
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Case study:
the honeycomb lattice

» Simplest (spinless) Hamiltonian

 (For fermions on a lattice with Coulomb interaction)

H = —th;fcj +Vanj
(2,5) (4,3)
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 (For fermions on a lattice with Coulomb interaction)
H = —th;fcj —I—Vanj
(2,7) {2,7)
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(not dynamical) Mean field

» Variational mean field method

* Bogoliubov — Feynmann — Gibbs inequality

A< Or+{H—Hpur)mF

H = —th;-rcj +V2nmj
(2,5) (4,3)

Hyr = —tz c;fcj +V Zfijcicj
(4, (4,7)

* nine complexed valued order parameters:




Phase diagram

» Mean field equation + Luttinger's theorem

2 1
§ij = N Z’ij(C}(k)Cé(kDMF W NZ ny (k, 1)
k k,l




Phase diagram

» Mean field equation + Luttinger's theorem

Ne

2 ij 1
§ij = N Z'Yk‘?(C}(k)Ci(k»MF N 3+n= ~
k

* n vs V phase diagram:




N

Phase diagram




The T - broken phases

» Different flux (orbital current) patterns
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» Different flux (orbital current) patterns




The Anomalous Hall phase

» Finite AH conductivity in 7 -

€

2 1

o8P (u) =

h QAN

> Fibni(k, w)

19

sVite o

N

a,_ (e/h)

6 -

—n =0.98

—n=1.02
n=1.03

e 8
.
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Conclusions

» Topologically non-trivial phases via electronic
(Coulomb) correlations are possible

» Relaxing translational symmetry by enlarging the
unit cell enables for T — broken states

 Intracell, self-consistent orbital currents possible even in
simple lattices

 Anomalous Hall phases allowed

» Case study: honeycomb lattice, 6—atom unit cell

* Rich phase diagram with T — broken phases
* Topological Fermi liquid is dominant T — broken state

arXiv:1105.3937
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