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2016 Nobel Prize In Phgsics awarded
to David Thouless, Duncan Haldane
and Michael Kosterlitz

« For theoretical discoveries of topological

Phase transitions and topological Phases of

matter
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. Although first to mention topological Phases, not

rea”g the first Nobel Prize for topological Pl’)ascs

*» [irst, 1982 - Nobel to Klaus von Klitzing for
‘cliscoverg of quantisecl Hall effect

* Second, 1998~ Robert Laughlin, —Horst Stormer

r’

and Daniel Tsui for® cliscovery of a new form of

quantum fluid with ?ractiona”y charged

excitations’

5 1 expect many more in the future!




arXiv number 1807. 10271

The (“High-Quality”) Topological Materials In The World

TQC we then develop codes to check which materials in ICSD are topological. Out of 26938 sto-
ichiometric materials in our filtered ICSD database, we find 2861 topological insulators (TI) and
2936 topological semimetals (2505 and 2560 non-f electron, respectively). Our method is uniquely
capable to show that none of the TI’s found exhibit fragile topology. We partition the topological

Conclusion We found that roughly 24% of the materi-
als in the world are topological. Roughly 12% are topo-
logical insulators. With these findings, we now enter an
important era of topological material design. One im-
portant future research direction is be to compute and
discover the physical properties of our large set of mate-
rials. Slab calculations should be performed for all our
topological insulator compounds, in order to reveal their
surface states. Compounds whose topological character

* TlﬁUS CXPCCt mang NCw Phcnomena ancl mang

more Nobel Prizes for toPological materials

M. G. Vergniory, L. Elcoro, C. Felser, |
B.A. Bernevig and Z.Wang
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s |- Introduction
o Il - Quantum Hall effect, TKNN quantisation

* J]] - Edge states, recognition of bul‘«boundarg

COTT'CSPOHCICI’]CC

+ Topological insulators and topological
Sl poiog

sul:)erconciuctors

® C Lurmrent clag generalisations and Prospects
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What are Phases of matter?

o All of you are familiar with states of matter like

gas, iquiol, and solid

o If you reduce the temlz)erature of water, it

freezes, becomes solid

o If you INcrease temperature of water, it boils

and turns into vapour
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« Phase = collection of Particles with some

Prol:)ertg that distinguishes them from

- o Rt 4

other Phases

iy

b

o Earlier Phases classified in terms of

oML i s e Il i b s i i

sgmmetries e o Ferromagnets break the

rotational sgmmetrg in the SPin space

External Magnetic Field
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o Inthe last10-15 years, a Paracligm shift in the
way of classhcging Phases - now based on

fOpo ogy - more correctlg on tl’lé interplag OF

topo ogy and sgmmetrg
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Whg are topological Phases
interests ng?

New Phases of matter alwags exciting!

Topological Phases have excitations, which can obeg

unusual statistics

/—\ngonic) and also non-abelian statistics - expected

to be relevant in making quantum computers
] ’

Various exotic excitations such as monopoles, dgons)
axions, etc may actua”g be found in these PhaSGS ~ 1N

low energy conclensecl matter sgstems
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+ More technica”g)
MaPPings from one space (e.g., 20 space with
one point g removed) to the space of wave
functions are classified bﬂ a topological

invariant - the winding number

* Simi arlg other maPPings classified }:)3 a

NUMmpDCEr
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® fTora quantum condensed matter sgstem, the
space turns out to be something called a
Brillouin zone, which could for instance be a

torus in momentum space

< Tol:)ological classification is of mappings of
Brillouin zone (BZ) to space of gapl:)ecl single

Partic e Hamiltonians (wavemcunc’tions for

everg DaﬂCl deﬁne d maP From o7 to SP8C€ O{:

Phgsical states)
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Definition of tol:)oiogical Pi’iases

© Tol:)oiogical Phases have some Piiysicai
Prol:)ertg to which an integer can be assigneci

which ciePencls on|9 on giobai Properties and
cannot be ciestrogecl i:)g impurities or disorder

» [Or examl:)le, conductance in the quantum Hall
ettect

e o e o e ————
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v o change the topological Phase, need to make a “hole

in the surface’ - do sometlﬂing drastic

s Inreal Phgsical systems, idea is that as long as the
sgstem has a mass £ap, Plﬂgsical states can be

C’]angecl slig]ntlg and the topological invariant will not

change ~ ‘topological Protection’

s But when the sgstem becomes massless or gapless,
then even small clﬁanges can make a big ditference-

toPological invariant no longer Protectecl

B e T e e et e ——
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11 - ~irst %apa-mgmat Phasa
- 25 Years ago
Integer guantum Hall effect
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Conventional Hall etfect

| Magnetic

Fn, = magnetic field B

-+— force on
negative charge

carriers.

F=qE +qv xB
+ F,=0—kF, =95,

Fe = electric force Ia:

from charge VH o EyW and Uz = nqu

I Direction of conventional  buildup.
electric current

Qo
»>| |-

o Inthe steaclg state, charges are not moving
Perpenclicular to the clirrent, leads to charge build
up and Hall Voltage Proportional to magnetic field

1B, Ve O

—> oy — T —
£oy L. ndq

v
= ndq

i s o DU ———
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Integer quantum Hall eHect- 1982

von Klitzing, 1982

+ Phenomenon that occurs in two dimensional
electron sgstems at |ow temPeratures ancJ N the

presence of strong magnetic fields
+ Hall conductance quantisecﬂ in terms of integers

© Lomgituclinal resistance Is zero except when Hall

clrrent changes From (fic integer o anotlﬁer

T e A s B ey






Quantum Problem of single electron

A el i &2 L S g

moving i1 Perpendicular magnetic field

o Quantum mechanical Prob em to solve is for

an electron moving in two dimensions in a
magnetic field in the z-direction A = (B.y,0,0)

o A2
Hi(z.y) = PR e y) = By 0e)

« Solutions are highlg clegencrate | andau levels
B )y w0 — el
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w=eB/m &

s Sowhen you Put electrons in Landau leve s, you

et gaps in the enerey. so you may think that it
50 5db S 28 ] Y

should be an insulator. But it is not!

* Aswe a!reaclg know classical Y, the electrons drift

when we aPPIH a magnetic fie cl, and one gets the

Hall current Perpendicu!ar to the electric field
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N+3F ——-ny K EN = (N—|— 1/2)%
N+2 = S GXX S i
o N+11- -———— -
“v“D N 0 emem—=— ’, - W = 6B/m
/!
AN\ A\ degeneracy = S eB/hc
Ey Byt B Evis g y 2 h / X
| I | I C/€E
— localized delocalized states B
AN N NN N
AL | o
I ] eB/hc
| | | |
E."N EN+1 E;’N+2 E"N+3
EF

< Degenerate Lanclau levels spreacl out into

|oc:alisecl states ancl extenclecl states because

of disorder

it e e U ————
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* When the densitg of electrons is such that
integer number of Landau levels is filled, state

s stable, gap to excitations

« Due to disorder, there are states in the gap
but theg do not conduct electricitg

(localised)

* Onlg states near centre OF bancl carry CLIrre it

which is quantisecl

Halperin, 1982
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o Remarkable factis that the quantisation IS SO
extra~orclinarilg accurate oz, = ne’/h with n — integer

(measured accuracy, | Part in billion)

* Measurement made in complex, macroscol:)ic
mang-boclg state, with imPurities, at ditferent
temperatures, ditferent sized and shapecl

materialsj ete

+ How does this happen? Answer - topological

Protection

i DTV ———



Topological explanation of the

quantisatioq

+ Thouless recognisecl that the Hall current is related to
= toPological quantum number (like the wincling

number)

* Wave-functions for each Landau band define a map
from the Brillouin zone (2-torus) to the space of

Phgsical states

e (. an coml:)ute a number called Chern number (or TKNN

number) for each Landau band
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+ Wave-functions for each Landau band define a

map from the Brillouin zone ( 2-torus) to the

space of P‘ﬁgsical states

+ Phase of wave-function winds as we move around

the Brillouin zone - capturecl 133 magnetic
Potential Ai(k) = —1 < ug |0

U >

= lntegrating the magnetic field over the Brillouin
Zoc gives the Chem number o1C the baﬂcl

1 S F(k) =V x Ak
: Ca:%/dk’fxy (k) =V x A(k)

i s o DU ———
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7
» Conductance o4y = %Z% where C, isthe

Chem number ancl thé gum IS over a” {';”CECI

]38 l"lGlS

o This explains the extra-ordinary accuracy of
= 4 Y

the conductance quantisation ~ related to an

integer which does not change in the presence

of iml:)urities ~ depencls on|9 on number of
filled Landau levels

TKNN, PRL, 1982
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« Whatis the consequence of the fact that

every quantum Ha” state has a topological
number attached to it?

* Most imPortant is what I’nal:)l:)ens at the
bounclarg between different topological

states

r Tty - AT IR T W AT A AT AT T W e T I TNV o 3 Ty gt e Y



Semi~classical argument
LA s A R

fia
¢
vy N oy

o If sample has an eclge, a semi-classical Picture implies

electrons move in Landau orbits in the bulk, but have

5<il:>|:>ing orbits at the e&ges - implies one way transport
at thc—: ecﬂges

+ Sobulk is insulating and transport occurs at the eclges
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Quantum mechar\ical ik bU“( CClgC COI’FCSPOHCICHCC

Insulator

+ Quantum mechanica”y, the eclge

states are chiral Dirac fermions’ @)

N=0

>

at top and ]:_)ottom eclges Quantum Hal

State

N=1

* Inreal space, bulk spectrum
consists of cﬂegenerate | andau
levels which bend at the eclges
due to the cornqning Potential

* One cclge state per | andau level
at the edge i

1 OF

Conduction Band

(b)

Valence Band
4

x/a 0 k n/a

* elocity v, =
- L e ay y=0

- ety 2 TN T W AWy AN A T Vg Vg

— T I
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* Bu“ebounclarg Corresponclence
Chern number in the bulk = number of edge
states (related to index theorems in

mathematics)
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s The direction of flow at both edges s uni-directional, fixed

bg sign of magnetic field and onlg eclge states carry current.

* Because of sPatial seParation of lett and right movers at
the eclges, no Possibilitg of back—-scattering due to

iml:)urities

> E‘xplains robustness ancl accuracy oxc quantum Ha” 61C1Cect

and whg it is not atfected bg imPurities or disorder

e T et AR e g sy 1 T ING T







A% s et . X

i B i i B SN ol i st s St - s S5l e WS RPBE el Kl i T Ll i i e . g+l

o The bulk gap has to close , implies current
through the bu”g when the Chern invariant

changps

* So main Points of toPological Phase

(3 ) bulk is an insulator and the current in on|9

carried bﬂ edge states

\ (]D) quantisecl transl:)ort since there is no

back-scatterin g




o The quantum Hall etfect was initia”9 seen to

occur in two dimensional 2D formedina
layer of AlGaAs sandwiched between GaAs

material

+ |Inrecent times, quantum Ha

| effect seen in

other 2D materials like grap‘

1Ccnc as WC“

T T b S T T e ST w45 T Mg ATy 0 5T LT T T Wi 3Ty TRV o T gt Y
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+ Butthis toPological transl:)ort in e IﬁaPPens at
very |ow teml:)eratures ancl very ]’xiglﬁ magnetic ﬁelcls

o The recognition that toPological Phases can exist
In bands, even without the need for magnetic fields
is what has led to the whole new revolution of

topological materials in the last decade
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The topological revolution 10-15
years ago -~ Tol:)ological insulators

+ Realisation that strong magnetic fields were not

required for topological Phases

+ Prediction of insu ating materials with metallic

surface states without magnetic field or time-reversa

breaking _ these were the toPological insulators

* Haldane, Prl (1988); Kane-Mele, Prl (2005); Bernevig, Zhang Wu, Hughes, (2006) ; R.
Roy, archives (2006); Moore and Balents, Prl (2007); Fu,Kane and Mele, Prl (2007);
Konig et al, science (2007); hasan et al, nature (2008).
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+ Materials with strong spin~orbit coupling can

‘behave’ like a quantum Hall state

< lnsulating in the bulk but with c:onclucting eclge

states - rather like block of wood covered with
a metal, except that it is made of a single

material - these are ToPological insulators

s o (R Shankar from Yale) ~‘Do not stand

e topological insulator to change 2 |ight

bulb’
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» Not discovered earlier for many reasons, inclucling
need for sol:)histicatecl instruments that can map
local densit9 of states to know which states carry

clirrent

° Tﬂeoreticallg, require unclerstancling of Berry

phases and structures of maPPings of Brillouin

zone to the Hamiltonian - more information than

just the dispersion ( energy of the states)

s Predicted first, and then experimeﬂtauy observed -

unlike the quantum Hall effect




Topological band thoorg
Most basic and most *boring’ state of matter - insulators

E‘lectrons are bouncl to atoms and cannot conduct

eloctricitg

Atomic states broaden into bands and occuPiecl states
Jrﬁorm Valonco banol and unoccupiod states Form

conduction band

{ ) graolua”g move from atomic insulator to band or

covalent insulator - toPologjca”g oquivalont

it e e U ————



+ Size of the band - gap or shape does not
matter - topologicallg equivalent to trivial

insulator

Insulating State

Cop Cop Cop

Cop Cop Cop
Cop Cop Cop
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Adiabatic continuitg and toPologg

* |nsulators are topologica”9 ec]uivalent i+ theg

can be continuouslg clemcormecl into eaclﬂ other

while keeping the energy gap fixed

o Just like the donut can be deformed into a

cotfee cup continuouslg

i DTV ———
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o Are there Phases that are not topologica”g

ec]uivalent to the trivial band insulator?

o Ifan orange Is the analog of the trivial Phase, then

the donut is the analog of the non-trivial Phase which

cannot be acliabatica”g connected to an orange

Ity 7 TN T g AT O AT SO T T

T IR o TR N e ey (PN TR Y N P Y
' 2 N
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Conduction Band

Quantum Hall
State n=1

Valence Band
A

x/a 0 K -n/a

s Have found the quantum Hall Phases which are
toPological, but they need strong magnetic field and

break time-reversal invariance

* Are there tol:)ological Plnascs with unbroken time

reversal invariance?
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Quantum spin Hall eHect

< | nclepenclent and oPPosite IQHE for sPin up and

sPin down electrons - no net magnetic field

g s a5 quantisecl as an integer modulo 2

B
IQHE for spin up T anast

V4
AI/”’,”"
// i‘.’k‘ x} - ,yfx\
/,' ‘
T / “ - .
: “? Conductance
IQHE for spin down Quantum ! riarsagy
well charge carriers
B

e | PSR
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Topological insulators

° | nterestinglg, even without S. conservation,
for time-reversal invariant systems with | i

integer sl:)ins, the two classes survive

* Butcanno Ionger interpret it as inclepenclent

QHE for sPin up and sPin down electrons

N Whg does this happen?




L B i i AP SN e it i s St . s ol BB b Ll K i s Ll P e e

Time reversal sgmmetrg

* l\/\icroscol:)ic | aws of Phgsics remain

the same When you evol\/c—‘: a sgstem

bac

«wards in time. But under reversal

O‘FG

irectionoftme B — —B

° Rigl’:t MoV ng edge states go to left

movin g ed ge states

° Spin up electrons go to 5Pin down

electrons
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Kramer’s theorem

s Fortime-reversal invariant systems, [T, H|] =0

for sPin . Particles) the time-reversal operator IS

anti»-unitary T? = 1

o All ime-reversal invariant states are doublg

degenerate. Proof : if the}j were the same state,
then T|¢ >= €|y >

S T Tt e T e e

+ But this contradicts the statement T2 = —1
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* E‘nergg bands are TR invariant and hence doublg degenerate
at B —0and k =7

v Hence, there are two classes of Possibilities for the states in
an insuiating gap ~ second case has at ieast one state
crossing the Fermi Ievel, whereas first case has even number of

levels crossing Fermi level

v=0 : Conventional Insulator v=1: Topological Insulator

E Conduction Band E Conduction Band
T —/< Ki T
E- Q g Ec-

Valence Band |

e s & i 1 I g o B il Ll i S s i i iy il oy AN LT A L R s S e - SRR A TS
i

Valence Band X

x> RN kK*=0 k —— k'=n/a

k=0 k —— k'=n/a i -

PR e Odd number of bands
ven number of bands crossing Fermi energy

crossing Fermi energy

s e b e D e e N AT T Vo e T e A “

T S~




What are the conseguences g

D 4

1

Fssential L exPcct to see eclge states like in the

quantum a” Problem - 2 states O{: OPPosite
chiralitg at each eclge ~ Hime-reversed Partners

states

fixpec’c two terminal conductance of 2e%/h for
a rectangular 2D sample - one eclge at toP ancJ

one eclge at bottom moving in same direction

R i,
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Real material and experiments N 2D

(d) fe=001e2n
107
(a) A106;_T:30mK
\4 S
™ K
CdTe Ad E 105} G=.36%h.
HgTe :
g 4| vongg GZZG'Z/h
10 ' F
CdTe \
103 - ! . ] )
-1.0 0.5 0.0 0.5 1.0
Vg'Vthr (V)

o When thickness dis very small, not a T1 and conductance

not quantised (samples I and 1)

o land IV, thickness d is |arge enough and conductance is

quantisecl Konig et al, 2008
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3D toPological insulators

° Topological insulators can exist in three dimensions as P

well

~ B DAt s ot T—

. Thcn, surface states replace eclge states as current

carrging states and the bulk states are insulating

* Turns out that the electrica”g conclucting states on the
surface are ‘Dirac cones’ - excitations that obe}j the
oeac equation instead of the usual Schroclinger

ec]uation that normal electrons obeg




Real materials and experiments N
53D

+ Material called Bismuth
Selenide - insulator, but

has su rFace states

s AFRPESC Picture of energy

as a function of momentum )

and slﬁowecl that sumcacc-:
states exist and formed Taniguchi et al, PRL, 2010

Dirac cone as expcctecl




Topological superconcluctors

* Superconcluc’tors are like insulators) and can have

valence bands and conduction bands
- Gap to bulk excitations exist, but can have edge states

< Onlﬂ difference between toPological insulators and
suPerconcluctors ~ topological sul:)erconcluctors are
Particle—-—hole sgmmetric (excitations are Boguliobons

or Boguliobow-cle Gennes quasiparticles)




B Y

B R e P gt N el G Aty G Sl - L abinir

A A
T
E
Sy
- =T/
[ -l 0
) -\
 /  /

+ Conduction band is a ‘mirror image’ of the valence band -
adcling an electron to the conduction band is the same as
removing an electron from the valence band (Particle~hole

sgmmetrg)

* Atzero energy, both these processes are the same -

Majorana modes

o=t T - R oty — T R . .

¥ A T I e A e g e o



iy pors

b+

s e Dy b SIS g < i

B e i A SN el i st Sl - & o lin i S PBEN lelpa ok 2

One dimensional topological
insulator

1D T-SC
«a " ©»

« Can have a state at zero energy. Can’t move it
away From zero energy because it cloes not

ha\/e a Partner

* Zero energy Particle 1s 1ts own antiparticle -

Majorana mode |
Kitaev, 2001
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Majorana modes

© Majorana modes give a new way of 5toring and

manil:)ulating quantum information

« The two Majorana modes at two ends define a

single qubit of information non-!oca”g

o Soitcan be immune from decoherence

P
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o These excitations obeg non-abelian statistics
under exchange (More exotic Particles than
fermions (antisgmmetric under cxchange) ,
bosons (sgmmetric under exchange) , Orevel

anyons ( non-trivial Phase under exchange)

« Could be relevant as buiHing blocks in making

quantum coml:)uters
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5u~5chriemc1cer~Heeger model

7, +‘6r‘ ' _‘5,’

A B A

* Model of altemating long and short bonds

B

A

B A B

ro—‘ér‘ ’0+‘6”
A B A B A B A

>
a

B

with Pcriodic bounclarﬂ conditions and with 2N
atoms - 2 bancl moclel

H = %[(to

5t)

.‘.
Ca4iCB,i

(to — 5t)cf4,z'+1CB,i

h.c.]
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* We can solve }39 Fourier transgorming to write

the model as a2 comPonent model in

momentum sPace as

energy

H = % Hyp(k)c! e
H(k) = d(k) - &

k (in units of w/a)

dz (k)
dy (k)
.

(to + 0t) + (to — ot) cos ka
(to — ot) sin ka
0

D

R R R S R R PR N T T e TR K T AR s e

i s o DU ———
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8 Ch comPute the toPological invariant
explic:itlg 139 integrating the Berry connection
for the lower energy band over the first BZ

* PButcan also see tl’lé two toPological Phases

Pictorial|9

s Since atoms at A and B are the same, extra
symmetry giving rise to d, = 0, soO d is

constrained to lie on a Plane




c $t=0

YARY

T

a!

Y

[
N

L/

d!

00 d— (0o or) = {tg — 000 g — 2ot d: = {lp joll)e (g 0ty

b/ == 2t07 C/ = (t() e ‘5t|)5€ —I_ (tO + |5t‘):&

s Can ask the question . how many times does the vector d(k)

go around the origin as k evolves through the Brillouin zone

(—m/a tow/a )

s Zero onleft and “one’ on right ~ depencls on sign of ot

* Togo from left to right conﬁguration requires ot to go

through Zero, implies energy gap goes through Zeto
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E(k) = £4/2(t + 6t)2 + (t — 6t)2coska) = 0, when 6t = 0, ka = +7

o Ontheleft, circle can be shrunk to a point, so

Berrg phase IS ZEero

s Onthe right d(k) coml:)letes a circle around the
origjn when k goes through the BZ, also a circle.
S0 Winding number is one ~ Berry Phase of Pi

* Two ditferent topological sectors - | HS is a trivial

insulator and RHS describes a tol:)ological insulator

T e A s B ey
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.”icige states in the

Su-Schrietfer Heeger model

2t,
ot = +, *—0 o—0 *—0 o—o

A

6r=—zo ®
A

+ Canalso explicitlg C

~ most obvious for t

i — ZZ[(tO - 5t)cj4’iCB,i o= (t() e 5t)er47Z-_|_1CB,@' = hC] “:

. [ e states are tol:)ologica”g Protectec even w]nen 0t # __if

B A B A B A B

21,
~—e 60 o0 o
B A B A B A B

heck for edge states in this model

e o e o e ————

he Fu”g dimerised case when 0t = -

§
:

B

~ ’meg remain at zero energy, although ’meg are not

completelg localised at the eclge
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Kitaev model
* Toy model with Majorana modes - one dimensional

SPiHICSS P~W8V€ sSu PCrCOﬂCl uctor
N

N
1
H=—pu Z c;fjcx = Z(tcfncx + AcgCrpi1 + h.c)
gt |

el §

e Here, i =chemical Potentialj tzhoppingancl A

= Pairing term

« We can rewrite the model in terms of Majorana

operators
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o Canrewrite in terms ofF Majorana oPerators

1 :
C, — 5(%4,33 +998 )
1

A 5(%4@ e

« Model can be easilg solved in two limits
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YA,1 VBl VA2 YB,2 7YA,3 VB,3 YA,N VB,N

o When At — N — ) toPologicang trivial
Phase

N
I .
o > (1+ivB2740)
r=1
< Only bonds between Majoranas at same site x

+ Ground state is uniquc and ends of the chain

do not Plag any unic]ue role




a7~ -

b

oML i s e Il i b s i i

Can B e e T L g N e b e st s it - o Sl P et

O ¢ @@ @umeceoP @
YA,1 YB,1  YA2 VB2 7YA3 7VB,3 YA,N VB,N
e Secondlimit:When pu=0,t=A#0
" N—1
i _25 ; VB A k1

+ Here bonds between Majoranas on acﬁacent sites

+ But unpairecl Majoranas gal = 2 il and 72 = YB,N
at the two ends

B e T e e et e ——
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The Hamiltonian has no dependeﬂce on these two

unPairecJ Majorana modes Y1and 72

We can form an orclinarg, but non-local fermion from

these two Majoranas

1

I %(71 +iv2), f1 = Sm- 1)

Energg 1S inclependent of whether this fermion state

1S occul:)iecl or not

S50 non—-unique grouncl state, or rather, 5rouncl

state here is cloublg clegenerate
0 > and |1 >= 7|0 >

¥ A T I e A e g e o



A% s et . X

i B i i B SN ol i st s St - s S5l e WS RPBE el Kl i T Ll i i e . g+l

* Sothe Majorana modes at the two ends define
5 single quit ot information non»-—loca”g and

can be immune from decoherence

2 These excitations can also be 5"10\1\/1’1 to obey

non-abelian statistics under exchange

. (an ]Z)C: relevant N quantum computation
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Current frontiers in the

field




Current frontiers in the field
* Mang ncw ma’terials have bCCﬂ FOUﬂd Wl"llCl"l arc
topological

+ Not on|9 insulators but also what are called semi-metals -
W69| semimetals and Dirac semimetals - essentia”g

generalisations of graphene which has a Dirac cone at the

Fermi level, where valence and conduction bands touch

* Higher order toPological insulators - 2D T with corner
modes and o BAE with hinge states as eclge states
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F‘loque‘c topological Phases induced
139 clriving
* Recentlg found that new tol:)ological Phases and
eclge states can be obtained bg shining light on

topologicang trivial sgstems and bands are found
to be characterisec bg other toPological

invariants besides the Chern number

. ToPo ogical Phases of Perioc‘ica lg driven systems

have been characterised using = oquet theorg

T.Oka and H. Aoki,prb,2009
N. H.Lindner, G. Refeal and V. Galitsky, Nature,2011
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| nterplag of interactions and
topologg

* Know one strongly interacting sgstem which
has topological Protection _ fractional

quantum Hall state

o Generalisations of them - fractional Chern

insulators or fractional tol:)ological insulators?




Quest for Majoranas _ several ideas

. Ordinarg SUPCT’COﬂClUCtOf’S In Proximit9 to topological

materials

+ One dimensional wires with strong sPin~orbit coupling

and magnetic fielc Proximitg coupled to superconcluctors

- egectivelg tol:)o ogical superconcluctor

* Majorana modes seem to Inave !DCCH seen!

o Other fractional Majorana fermions or Para?ermions?
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+ Have explorecl various aslaects of these
Phasesj including quantum Hall effect,
graplﬂene, silicene, Wegl semi-metal, F‘loquet

induced Phases) l\/\ajorana modes, etc
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Tak&awag Points

New class of materials defined bg interplag of
sgmmetrg and tol:)ologg

lnsulators) 5uPerconductors, metals, now exist in
toPologica”9 trivial and tol:)ologicaug non-trivial

CIBSSCS

Even materials in toPologicany trivial classes can be
made interes‘cing ( toPological) ]:)3 shining lig]ﬁt on the

material




i |<e~awa3 Poi nts (cont)

o All kinds of exotic excitations exist in these
materials
relativistic Particles like Dirac and Wegl fermions,
Particles with unusual statistics like anyons and
Majorana modes

other Particles like monopoles) c:lgons and axions

* Exotic Particles and exotic etfects at low energiesl

T e A s B ey
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Topological Phasos are

here to stagl

Thank you all for coming and Iistoning to me!




