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Topological Insulator

In Topological Insulators the bulk gaps are bridged by
surface states.
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coupling is an essential ingredient !

L. Fu and C. L. Kane, Phys. Rev. B 76, 045302 (2007).
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2D electrongas QHE

the first known Topological Insulator
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D. J. Thouless, M. Kohmoto, M. P. Nightingale,
M. den Nijs, Phys. Rev. Lett. 49, 405 (1982)

C. L. Kane, and E. J. Mele, Phys. Rev. Lett. 95, 146802 (2005).
Graphene with SOCisa 2D Tl
J. E. Moore and L. Balents: Phys. Rev. B 75 121306(R) (2007)
Extended the ideas to 3D systems
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The Bulk — Boundary Correspondence Principle

Consider the Hall conductivity of a 2D system with full bands
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p(r)= eik'run,k (r)

For the nth band can be written as

Qo (k) = i(Viun (k)| % |V iun(k))
Topological invariant: The Chern number
1
C =— |dkQ (k
' 2”6‘; 2 (K) C

n isaninteger number

Berry curvature



Since it is the Berry curvature Q(k) what encodes all the
topological properties of the wave functions, it would be
important to find experimental techniques able to measure
this quantity.

Experimentally it has easier to see the effects of a non-trivial Berry curvature (the
existence of topologically protected edge states) than their origin (the structure of the
Berry curvature )

Science 325, 178 (2009)

by T v Ll v T T
- G =0.01e2/h 20
111
------------------ T=0.03K
BIZTe3 107k o 18 -2 3
=2 v \ 3
T=30mK G ] ]
— m g
10%F 2 'r=18k i
@ 5 E
N BCB bttom G . {4
© Q 0 ]
9 T \ o “10 05 00 05 10
- < 10 (Vg = Vi) ! V
g Band gap Surface state « G=0.3e2h §
c
q) 104 P eI e i
cg” G=2e?h
&3 Bulk valence 103 1 1 1 Fo 1 1
band (BVB) - -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

(Vg = Vinr) /' V

Transport in a HgTe quantum well
Science 318 766 (2007)




In Graphene and Graphene-like systems, Pump and Probe ARPES with
the appropriate x-Ray polarization and energy can unambiguously
detect topological transitions, i.e. changes of the Chern numbers

This is due to:

1.- Structure of the dipole matrix elements
(photo-excitation process )

2.- The largest contribution to the Berry curvature | A b g -
comes fro two hot spots: the Dirac points ¢ :
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Floquet topological insulator in semiconductor quantum wells
Netanel H. Lindner, Gil Refael and Victor Galitski.

NATURE PHYSICS JUNE 2011 '

In some (non-topological) semiconductors, the Chiral surface states can be
induced by Irradiation with Microwave Frequencies

o n)al;mgics
Floquet-Topological Insulators =
Floquet topological insulator in semiconductor
quantum wells

Lindner, Refael & Galitski (2010)
Graphene is not an Insulator , however ....

In periodically driven graphene, dynamical gaps may be
generated and in special cases, these gaps are bridged
by edge states like in a Tl




Radiation is described through a time dependent vector potential A(t)
A(t) = A, (cos(Qxt),sin(t))
We have to deal with a time-dependent Hamiltonian H(t)

The idea is that radiation modifies the electronic structure opening (dynamical) gaps.
Radiation induces topological states and the gaps are bridged by edge-states like in Tl







Dynamically driven graphene
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Periodically driven systems - Floquet Theory

Space periodicity
Bloch Theorem

U(r)=U(r+R)
Wave Function

W(r) =€ un,k (r)

k Quasi-momentum
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un,k (r) — l"In,k (r + R)
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Time periodicity
Floquet Theorem

H(r,t)=H(r,t+T)
Wave Function

w(r,t)=e"*""u_(r,t)

Ea Quasi-energy

u (r,t)=u_(r,t+T)

Like in the Bloch case, here the quasi-energies
can be taken in the reduced 1rst time-BZ
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However, for clarity, | will show results in the
extended zone



w(r,t)y=e"""u_(r,t)
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\My

Bloch  U(r) Floquet U(t)




8

The Floguet Hamiltonian for graphene
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The Floguet Hamiltonian for graphene
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Levin, Phys. Rev. X 3, 031005 (2013).



Physical reality of the (dynamical) gaps
Theory:

N. H. Lindner, G. Refael, and V. Galitski, Nat. Phys. 7, 490 (2011).
M. S. Rudner, N. H. Lindner, E. Berg, and M. Levin, Phys. Rev. X 3, 031005 (2013).

Observation of Floquet-Bloch states on the surface of a topological insulator

Y. H. Wang', H. Steinberg, P. Jarillo-Herrero & N. Gedik"

Science 342, 453 (2013) .
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Fig. 1. Angle resolved photoemission spectra (APRES) of Biz2Ses. (A) A sketch of
the experimental geometry for the p-polarized case. k, is defined to be the in-plane
electron momentum parallel to the pump scattering plane. (B-F) ARPES data for several
pump-probe time delays ¢ (values indicated in the figure) under strong linearly polarized
mid-infrared (MIR) excitation of wavelength A = 10 um.
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Physical accessibility of the gaps
and chiral edge states in graphene

h$2 Er

2
hQ~=100meV — A=10um

N

E. ~50meV — n~25x10" cm”

MIR lasers (Titanium:Safire amplifier, Carbon monoxide and Carbon
dioxide lasers are also in this range )



Graphene with a mass term
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To lowest order in the amplitude of the radiation the
Floguet Hamiltonian reduces to




Closing gaps, changing topology and generating edge
states that cross the gap
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Theory of ARPES in dynamically driven Graphene
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The Dipole Matrix Elements
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Time resolved ARPES for graphene in equilibrium
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ARPES with a Pump pulse

Photoexcitation pulse with linear polarization and A#0
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ARPES with a Pump pulse

\V

r

0 x-rays of 20eV and
circularly polarized

(B=n/2)

'IC)
C.

(2d)

)
//"“\\

Same as before but with:

0 100 200 300

cvpAp (meV)

003 0 003 -003 0 0,03
k,(1/A) Kk, (1/A)

)

ky (1/A)

1

08
0.6
0.4
0.2
[

1

0.8
0.6
0.4

ky (17A) Ky (1/A) ky (1/A) ky (17A)



ARPES in Irradiated Graphene

X-Ray s of 20eV circularly polarized (f=0.4 m)
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Tr-ARPES in Bilayer Graphene
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Conclusions

Time resolved ARPES can give clear information on the topology of the
Floquet bands of Graphene and Graphene like systems.

The information is given by the intensity of the ARPES profiles close to de K
and K" points of the BZ.

To observe the effect the x-Ray energies have to e tuned to have a non-zero
phase 3.

This observation opens the road for a spectroscopic study of the topological
properties of the bulk wave-functions of these 2D materials.



