PHY 745 Group Theory

11-11:50 AM MWF Olin 102

Plan for Lecture 30:

Topological analysis of band structures and
their relationships to group theory

Hasan and Kane, RMP 82, 3045-3067 (2010)

1. What is the notion of topological order
2. Examples
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REVIEWS OF MODERN PHYSICS, VOLUME 52, OCTORER-DECEMBER 20110

pgs. 3045-3067

plloquium: Topological insulators

M. Z. Hasan"

Joseph Henry L , O of Physics, Princeton University, Princaton, New
Jersey 08544, USA

C. L. Kane'

Departrmant of Physics and Liraiy of f 8 of

Pennsylvamia 19104, USA
{Published 8 November 2010)
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Topological insulitars ire electronic materiils that have o bulk band g

have protected conducting staies on thelr edge or surface. Thes
combination of spin-orhit faleractions and tme-reveral symmetry, The fwo-dimensional (213}
ical insulator s n quantum spin Hall insulator, which is a close consin of the in
state. A three-dimensional (30) topological iaulator supports novel spin-pe
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quantum
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nductors i reviewed and recent experiments are described in which the signatures of
topesdogacal insulators hive been shserved. Transport experiments on HpTe/ CdTe quaniam wells are
described that demonsirate the existence of the edge states predicred for the quantum spin Hall
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Topology is a mathematical term concerned
with the properties of space that are
preserved under continuous deformations.

In condensed matter physics, the "space" is typically

reciprocal space and the interest is in the behavior of

the energy bands in that space, especially near their

Fermi levels.
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Typical band structure of an insulator
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Typical band structure of a metal
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Much more exciting band structure -- graphene --

F1G. 3. (Color online) Electronic dispersion in the honeycomb
lattice. Left: energy spectrum (in units of 1) for finite values of
t and t', with t=2.7 eV and ¢'=-0.2:. Right: zoom in of the
energy bands close to one of the Dirac points.

From: Castro Neto et al. Rev. Mod. Phys. 81 109-162 (2009)
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Digression — what happens when electrons confined to
two dimensions are placed in a magnetic field?

Hamiltonian of an electron in a magnetic field:

1 e YV
H :—(p-%—fA)
2m c

For constant field along z-axis: B=Bz

A=Bxy

pl 1 eB
=—+4+—| p +—x

2m  2m [p), c ]

Eigenstates of Schroedinger equation: HY , (x,y)=E ¥, (x,y)
ehB

E, = 70(" +3)
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Topological similarity of insulator and 2-dimensional
Landau-level (quantum Hall) system
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Weird sense of humor

()

These two donuts illustrate
two different topologies
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From Nature 464, 194-198 (2010)

The birth of topological insulators

Certaln insulators have exotic metallic states on thelr surfaces. These states are formed by topologheal

effects that also. z . Such

ticles, possibly finding uses

i applications in spi I

41512017 PHY 745 Spring 201

4/5/2017

Examples of these surface states
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FIG. 2. (Color online) The interface between a quantum Hall
state and an insulator has chiral edge mode. (a) The skipping
cyclotron orbits. (b) The electronic structure of a semi-infinite
strip described by the Haldane model. A single edge state con-
nects the valence band to the conduction band,
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Productive strategy for studying these effects

Model Hamiltonian €=  First principles calculations

PHYSICAL REVIEW B %, 155316 (2014

»
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A Weyl semimetal is characterized by a Fermi energy
that intersects the bulk bands only at one or more pairs of
band-touching points (BTPs) between nondegenerate valence
and conduction bands. This can occur in the presence of
spin-orbit coupling (SOC), typically in a crystal with broken
time-reversal or inversion symmetry but not both, so that the
pairs are of the form (ky. —kg) in the Brillouin zone (BZ).
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Model Hamiltonian

HikA) = filk Ao, + filk.loy + f-(k Ao, (1)

Many assumptions - quadratic model in region of interest

fi = paus +8L A+ pfm{' + pfu.lf: + Zp;pzu!::.

fr = pausz + 84 As + piwd' + piws® + 2p pawi’,

fi= psusy + 8 Ay + pfu'_%l + ;nggl + Zplpgw_{',.
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Band structure of LaBiTe,

Energy(eV)
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Erorgy (8¥)

FIG. 9. (Color online} {a) Bulk bandstructure of the six-band
model at §=0.0% eV, (b) Smallest direct bund gap in the BE vs. 4.
ie) Trajectory of Wey| nodes projected onto the (k, &, ) plane. Dashed
red (solid black) line refers (o the Weyl node with positive (negative)
; " and “&" denote the creation and annihilation point
of the Weyl nodes respectively.  is the azimuthal angle in the ik, .&,)
plnn_c. id) Trajectory of Weyl nodes along k.. Units of k,, k, and k.
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Additional review articles --

REVIEWS OF MODERN PHYSICS, VOLUME 83, OCTOBER-DECEMBER 2011

Topological insulators and superconductors Pgs. 1057-1110
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Xiap-Liang Qi

Microsoft Research, Station O, Elings Hall, Universily of California,

Banta Barbara, Califonia 83106, USA

and Department of Physies, Stanford Uinwersity, Stanford, Calformis 04305, USA
Shou-Cheng Zhang

Department of Physics, Stanford University, Stanford. Cafifornia 84305, USA
(Received 2 August 2010; published 14 October 2011)

Topotogseal imsulstors are pew stales of gusntum matter which cannot be adiabatically connected to

bulk el gagless sal symimetry, These
topalagical mat
wystems, including HeTe quanmm wells,
madels, muterials properties. and i results on tw
topological insulsiors are reviewed, and both the topol:
thecey are discused, Topelogical superconductons by

ve heen thearetically predicted and experimentally observed in a variety of
loys, and Bi;Te; and Bi

erystals, Theveetheal
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