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Outline

* Tour of Topological Insulators (TIs)
« Getting into the technical detalls

* What is proposed?

 How will it be done?

 What good is it?
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Topological Insulator

 What Is it?

* How is different from “normal” materials?
 Why nano-size?

 How do we “see” it?

* What good is this information?
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What Is a Topological Insulator?

* A homogeneous material that behaves
differently at the edge than in the bulk.

— What kind(s) of behavior?
— What is the “edge™?
— What is the bulk?
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What is the Behavior of a T1?

* |t Is topological - it has a surface and an
Interior

e ltis an Insulator or Conductor of Electrical
Current by topological region

5 of 33



What is the Edge of a TI?

* The part of the material that conducts
electrons.

* |tis usually at the surface of the material.
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What is the Bulk of a TI?

* The part of the material that Is insulating.

* |t Is usually interior to the material (not on
the surface).
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What is Meso-Region of a T1?

* The region of the material that Is
— Between the edge and the bulk
and/or
— Unstable in its edge/bulk properties
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How Is It different?

It IS both an insulator and conductor.

Conduction may scale to a lower power than
expected for the material size increase.

It may have spin currents with zero net
current.

9 of 33



Why Is it nano-size?

e The Hamiltonian is about atomic or
molecular structure and the material is

composed of at most on the order of about
10,000 atoms or molecules.
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How can we “see” a TI1?
« Scanning Tunneling Electron Microscopy

* Functionally with a Quantum Hall Bar

e

e,
.
.....
.
.

ae

.
.....

“Spatially resolved one-dimensional boundary
states in graphene hexagonal boron nitride
planar heterostructures,” [26].

“A short course on topological
insulators: Band-structure
topology and edge states in
one and two dimensions,”
[16].
11 of 33



Scanning Tunneling Electron
Microscopy to “see” a Tl.

c—l‘ Control voltages for piezotube
w
¥
=R
e g
s 0
09
2o
S £ Tunneling Distance control
@ '3 current amplifier  and scanning unit
& ~,

Tunneling

! voltage

Data processing
and display

https://www.youtube.com/watch?v=EXcQxuWR1pl
https://en.wikipedia.org/wiki/Scanning_tunneling_microscope 12 of 33



Functionally “see” a T17?

* A Quantum Hall Bar

“A short course on topological insulators: Band-structure

topology and edge states in one and two dimensions,” [16]. 13 of 33



What good is a TI?

* The topological effect of a quantum Hall
Bar is used to define the Ohm.

* Spintronics
* Nano Size Electrical Components

14 of 33



Technical Detalls

* Dimension and “Symmetries” matter
* Filmis 2d, Wire is 1-d and Dot is 0-d

« Symmetries are determined by the
material and the physics they are reflected
In the Hamiltonian and the Matrix
formulation

15 of 33



The 10-Fold way

Cartan label 8 Hamiltonian G/H | fen'n NLaM)
A (unitary) o1 o]0 U(N) U {En]; lin) = U{n)
Al (orthogonal) § +1( 0 | O U(N)/O(N) Sp(2n)/Sp(n) = Sp(n)
ATl (symplectic) | —1] 0 |0 02N )/Sp(2N 0(2n),0(n) = O(n)
AIII (ch. umit.) 0 01 U(N + M)/UN) = U(M) Uin)
BDI (ch. orth.) § +1 | +1 ] 1 O(N + M)/O(N) x O(M) Ui2n) /Sp(2n)
“CII (ch. sympl) | —1 | —1| 1 || Sp(N + M)/Sp(N | = Sp(M ) Ul2n),0(2n)
o [+1]|0 S0O{2N) O0(2n)/U(n)
o]l —=1]0 Sp(2N) Sp(2n),/Uin)
DI (BdG) 1| f1]1 SO(2N)/U(N) O(2n)
OT (BdG 1| —1]1 Sp(2N /U ) Spl2n)

Table 1. Listed are the ten genenc symmetry classes of single-particle Hamiltomans
H., classified according to their behavior under time-reversal symmetry (T, charge-
conjugation (or: particle-hole) symmetry (C), as well as “sublattice™ (or: “chiral”)
syvmmetry (§). The labels T, C and 5, represent the presence/absence of time-
reversal, particle-hole, and chiral symmetnies, respectively, as well as the types of these
svmmetnies. The column entitled “*Hamiltoman™ hsts, for each of the ten symmetry
classes, the symmetnc space of which the quantum mechanical time-evolution operator
exp{itH) 15 an element. The coluomn “Cartan label” s the name given to the
corresponding symmetric space listed in the column “*Hamiltonian” in Elie Cartan's
classification scheme (dating back to the year 1926). The last column entitled “G/H
(ferm. NLoM)" hists the (compact sectors of the) target space of the NLeM desenibing
Anderson locabzation physics st long wavelength o thas piven symmetry class.

“Topological insulators and superconductors:
tenfold way and dimensional hierarchy,” [37].
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Su-Schreifer and Heeger Model

A segment of trans-polyacetylene

[ S S S
. fﬁcxc ff’c\c {fc“xc "ﬁc\c ff’c\c €
| I I I I I
H H H H H H n
Structural diagram Ball-and-stick model

Chemical Compound: Polyacetylene usually refers to an organic polymer
with the repeating unit (C,H,). The name refers to its conceptual
construction from polymerization of acetylene to give a chain with
repeating olefin groups. Wikipedia Formula: [C,H,],

Wikipedea and [16]. 17 of 33
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http://en.wikipedia.org/wiki/Polyacetylene
https://www.google.com/search?q=polyacetylene+formula&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDYrMC7RUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqzS8otyS3MSAd0lcCA2AAAA&sa=X&ved=0ahUKEwid7rLw1fLLAhXEnYMKHVLVAJsQ6BMIogEoADAW
https://en.wikipedia.org/wiki/File:Trans-%28CH%29n.png

Su-Schreifer and Heeger Model

A’
3 At A AT A

H = Z (1-',,62”_lc2,, + WGy, Cont1 +h.c.)
n=1

Figure 1.1: Geometry of the SSH model. A 1D chain with two atoms in the unit cell
icircled by dashed line). The hopping amplitudes are staggered: w (double ling) and v Nl 6’.\‘ + 16,

1\?
isingle line). The long chain consists of the left edge (blue shaded background), the trans- H=v Z |m) (INI ®R6, +w Z (Im + ]) (ml X 5 L4+ h.(?.)
m=1 m=1
_ 5[0
Polyacetylene chain 110

lationally invariant bulk (no background) and the right edge (green shaded background).
" 0 —i
O = [i 0]
« The winding number is a topological index

The hopping amplitudes at the edges are subject to disorder, in the bulk, however, are
fixed. .

« Bulk-boundary correspondence to net number of edge
states: Npo — Np

« Simple robust predictions about the low energy physics
at the edge or of the edge state

fizipedia.bme.hu/images/1/14/Topological insulators.pdf and [16]. 18 of 33
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[16]

Rice-Mele Model

« Adiabatic Charge Pumping
* Time Dependent

 Number of Pumped Particles is the Chern

Number N
H(t) = v(t) Z (|m,B) (m,A| + h.c.)

m=1

N-1
+ w(t) Z (lm+1,A) (m,B|+ h.c.)

m=1
N

+ u(t) Z (|m,A) {m,A| — |m,B) (m,B|)

m=1

19 of 33



QiI-Wu-Zhang Model

 Two dimensional
* Chern Number Is the topological invariant
« Half BHZ model (Next slide)

Ny—1 Ny

6.+ 10,
H = Z Z (|m +1,my) (my,my| ® 5 +h.c. )
me=1m
”‘ 6. + 16y
+ Z Z (|mx,m_\.+ (my,my| @ +hc>
my=1my=1 2

N, Ny
TU Z Z \my, my) (my,my| @ 6
my=1 ny= |

Pyl L]

e=lo 4|
. 20 of 33



Bernevig-Hughes-Zhang Model

« C = Hermitian Coupling Operator acting on
Internal degrees of freedom

« C=0 forthe 4 band model of HgTe

Hpnz(K) = $o @ [(u + cosk, + cosk,) 6. + sink,6,]

Mercury telluride is a binary chemical compound of mercury and

~
~ - . ~ ~ —
tellurium. It is a semi-metal related to the 1I-VI group of + S, -:}() Sln k\_ G\_ + S Y @-Cl C

semiconductor materials. Alternative names are mercuric telluride
and mercury telluride. Wikipedia

Formula: HgTe

Molar mass: 329.18 g/mol

m:s.lgoi:'m3— O 1 6- - 0 —l 6' - 1 0
) e 1 0 y i 0 & 0 —1

[16]
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http://en.wikipedia.org/wiki/Mercury_telluride
https://www.google.com/search?hl=en&authuser=0&biw=1289&bih=722&site=webhp&q=hgte+formula&stick=H4sIAAAAAAAAAOPgE-LUz9U3SEpOSc_SUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqzS8otyS3MSAXRaGd02AAAA&sa=X&ved=0ahUKEwiXx9unzvHLAhWom4MKHUy6C44Q6BMIkwEoADAQ
https://www.google.com/search?hl=en&authuser=0&biw=1289&bih=722&site=webhp&q=hgte+molar+mass&stick=H4sIAAAAAAAAAOPgE-LUz9U3SEpOSc_S0spOttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxy83MSixRyE4uLAWaxDUU5AAAA&sa=X&ved=0ahUKEwiXx9unzvHLAhWom4MKHUy6C44Q6BMIlgEoADAR
https://www.google.com/search?hl=en&authuser=0&biw=1289&bih=722&site=webhp&q=hgte+density&stick=H4sIAAAAAAAAAOPgE-LUz9U3SEpOSc_SUs9OttJPzkjNzSwuKaqEsJITc-KT83ML8kvzUqxSUvOKM0sqAQ9ogHo2AAAA&sa=X&ved=0ahUKEwiXx9unzvHLAhWom4MKHUy6C44Q6BMImQEoADAS

What is Proposed?

* Properties of Tl Regions

— Size

— Shape

— Disorder

— Robustness
* Transition from Film to Wire
* Transition from Wire to Dot

* Numerical Experiments

22 of 33
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Disorder
* Impurities

e Hamiltonian

estssvu vt v Inthis scanning tunneling microscope (STM) image, electron
Lt Li. ... density waves are seen to be breaking around two atom-sized
ey v, ... defects on the surface of a copper crystal. The resultant standing
i waves result from the interference of the electron waves
scattering from the defects. Courtesy, Don Eigler, IBM.

R 27 of 33
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Numerical Experiments

weight_spacial=0.250000 width = 15 height = 7 Noise_level=10.500000 Epsilon=0.010000
grid_density=8 x_min=-7 x_max=7 y_min=-3 y_max=3 energy_min=-2.000000e-01
energy_max=1 compute_index=yes myseed=41001A=1B=-1C=0D=0M=-1

Hamiltonian Spectrum Zero Boundary

) . L L

CC oD 0

0 0
&—~Te 4 -2 0 o 4 -2 0 = -6 -5 -4 -3 2 ] 0
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Numerical Experiments
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How will it Get Done?

Year 2016 2017

Month 4|15|16|7|8|9(10(11|12|11|2|3(4(5|6|7|8|9|10(11(12
Shape Experiment

Disorder Experiment
Robustness

Shape Manuscript

Disorder Manuscript

Robustness Manuscript
=’t‘ =; # u'rr.'_r_v.—o E— "ZE‘,
New Hamiltonian, Dimension or Disorder

Dissertation

0
Cl
0
||
l

Final Defense
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What Good Is the Research?

* More Efficient Prototyping
* Less Expensive Design
* Faster Time to Development

* Increased Knowledge of Shape, Size and
Disorder on Topological Insulator
Properties of the Edge, Meso and Bulk
Regions

 |Local Manufacture
32 of 33
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