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Abstract: <p>Topological insulators (TIs) are a recently discovered state of matter characterized by an &acanvertedé€s band structure driven by
strong spin-orbit coupling. One of their most touted properties is the existence of robust "topologically protected” surface states. | will discuss what
topological protection means for transport experiments and how it can be probed using the technique of time-domain THz spectroscopy applied to
thin films of Bi2Se3. By measuring the low frequency optical response, we can follow their transport lifetimes as we drive these materials via
chemical substitution through a quantum phase transition into a topologically trivial regime[1]. | will then discuss our work following the evolution
of the response as a function of magnetic field from the semi-classical transport regime[2] to the quantum regime[3]. In the semi-classical regime,
an anomalous increase of the transport scattering rate was observed at high field, which contribute from electron-phonon interaction[2]. In the
highest quality samples[3,4], we observe a continuous crossover from alow field regime where the response is given by semi-classical transport and
observed in the form of cyclotron resonance to a higher field quantum regime[3]. In the later case, we find evidence for Faraday and Kerr rotation
angles quantized in units of the fine structure constant[3]. This quantized rotation angle can be seen as evidence for a novel magneto-electric of the
TI&E™s surface e.g. the much heralded axion electrodynamics of topological insulators. Among other aspects this give a purely solid-state measure
of fine structure constant[3].</p>

<p> </p>
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Overview of results
1st part

« Why THz spectroscopy? --- Low energy, long wavelengh limit

« Low-energy signatures of Surface states (SSs) in
topological insulator (TI) Bi,Se;

« ‘Kill’ SSs by Tl-conventional insulator transition in (Bi,.
xlnx)ZSES

2" part

« Cyclotron resonances (CRs) from SSs, Landau Level
transitions

 CR broadening - electron phonon coupling

31 part
« Axion electrodynamics of SSs

« Quantized Faraday/Kerr rotation - Topological magneto-
electric effect

THz (~meV) is the right energy to study these
Physics!

Pirsa: 16050013 Page 4/59



Topological Insulators

Exotic states of matter...
not characterized by broken symmetry

Insulating bulk

An ‘unrealistic 'demo made by|me ...

Topological insulators showed up in
‘Big Bang Theory’ TV series!

Helical metallic surface
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QHE in 3D without magnetic field?

States exist where role of B field is
played by spin-orbit coupling

spinup 1 y
A T IA ‘I spin down { //@
r'y A
/ | | I // @
( 5 - >
! | [ €
| J I |
OH 2D TI (QSH) 3D T
broken time-reversal time-reversal symmetric
symmetry
i i Hsoc ~(VV x p)a
Quantized resistance Am2 2
RJ,U = 1 ’.!, Spin-orbit coupling can look like a

n e momentum dependent magnetic field
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How to classify Tls?

Conventional Insulator (eg. GaAs) :
Adiabatically connected to the vacuum

Vacuum

Conduction Band
e-
=)

Valence Band
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1.Band Inversion€ strong spin-orbit coupling
2.“Bulk-boundary correspondence’:
Bulk topology determines existence of topological surface states

3.Respect time-reversal symmetry=> Z, invarient

Topological Insulator (eg. strained HgTe ).
Adiabatically disconnected from the vacuum

Conduction Band

VA
7N

Valence Band

at the interface=>» Dirac (massless) surface states!

Bulk gap closes
hang. RMP 83, 1057 (2011)

Hasan & Kane, RMP 82, 3045 (2010)., Q1 & ZI
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Proposed “Flipper Bridge” between Hong Kong
(left-hand traffic) & Mainland China (right-hand
traffic)

U e — g
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Dirac surface states
real-space k-space

QP @

Fermion doubling theorem (Nielssen & Ninomiya 1983): Dirac
points much come in pairs in a time-reversal invariant system.
3D Tls “invades’ this theorem by putting one Dirac point on the

opposite side.
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Topological protection in transport

Transport is sensitive to
backscattering.

Suppression of back scattering
due to spin-momentum locking

Valence band

Enhancement of scattering rate
by factor of unity when
topological protection is lost.
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MBE Bi28e3 films from Rutgers

Quintuple
layer (C)
C —&—— 3!

- ol el el S
B|2593 A e
B m—r— Bil

e ——

* B [ N W—
v Se1 v u}
—_—
® s B
‘. v . C Sel
1QL~1nm
Al,04 |

Iwo step growth on sapphire substrate.

Bansal et al. PRL, 109, 116804, (2012)
Brahlek et al. PRL, 113, 026801 (2014)
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Time-domain THz spectroscopy (TDTS)
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Complex conductance in Tl Bi,Se;
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Surface state dominating transport
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Valdes Aguilar, et al. PRL, 108, 087403 (2012)
Wu, et al. Nat. Phys. 9 410 (2013).

Page 15/59



Topological phase transition in
(Bi,,In),Se;
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How to ‘kill’ surface states?
Gap closing, Band Inversion

Topological phase Non-topological phase

-
- ~ -

- - - ——— - - - - - —— - -

Bi, Se, (Bi_ .In,..),5¢, (Bi, .In . ).Se. (BiIn, . ),Se, (Bi.In ) Se,
64QL Decreasing SOC
In,Se;
same structure.
Wu, et al. Nat. Phys., 9, 410 (2013)
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Topological phase transition (TPT)
in (Bil-xlnx)zses;% Bulk gap closure

Absorption over wide frequency range Mid-Infrarad Abs
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Topological phase transition in

J
o
>
-
o

1

BAQL (IngBiy.x)2Sa7 5K

— =) =0 002
=0 02 x=0 04

—x=0 05 — x=006
x=007 x=01

—x=0117 — x=025

-
wn

-
|
=
=
o
o
=
i
Q
=
1=
=
(o]
(&)
“©
]
o

05 10 15
Frequency (THz)

Sudden collapse

Pirsa: 16050013 Page 19/59




Topological phase transition In
(BiyIn,);Se;

Top surface
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Novel finite size effect in

(BiyIn,),Se;
4.0 ;
16QL
35 - & 32QL
® 64QL
30 - ¢® 128QL

Drude scattering rate (THz)

' | ! | ' |
0.00 0.02 0.04 0.0
Indium concentration

6

Surface states can hybridize before bulk gap closing in a finite-size system!
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Conventional finite size effect near
(continuous) phase transition

_ o Magnetization of ferromagnetic nanoclusters
Discontinuity happens at

phase transition point 0.70f
because of divergence

ofé . Finite size cuts off the
divergence. 0.50

0.40 +
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Finite size scaling on (Bi,_,In,),Se;
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Evanescent length appears as the correlation length in the phase transition.
No order parameter.

Similar to percolation picture between different plateau transitions in QHE.
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Novel finite size effect in

(BiyIn,),Se;
4.0 ;
16QL
35 - & 32QL
® 64QL
30 - ¢® 128QL

Drude scattering rate (THz)

' | ' | ' |
0.00 0.02 0.04 0.0
Indium concentration

6

Surface states can hybridize before bulk gap closing in a finite-size system!
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Energy independent evanescent decay length!

W=exp(—z/% ) §=i/kz N )
, = \/271/& TRV, \ ‘
Binding energy decreases at finite k!
a toy model of the linearized Dirac Hamiltonian
| A h(v.k. — ivphk) )
;f. . ]a' = . T H :
Hks ) {h(zghh +ivpky) -A

ke = /B2 = A2 = (hopky)? /ho..

for all energies
at high symmetry

massless Dirac dispersion £ = hopk), .

momentum points
Thanks discussion from Particular properties 25
Fan Zhang, E.J. Mele, Liang Fu, Gil Rafael! for Dirac Surface states
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Energy independence of evanescent length

New Journal of Physics

The open-access Journal for physics

First-principles studies of the three-dimensional

strong topological insulators Bi;Te;, Bi.Se; and S u p pO rted by f| I’St
el principles calculation

Wei Zhang, Rui Yu, Hai-Jun Zhang, Xi Dai and Zhong Fang
Beijing National Laboratory for Condensed Matter Physics and
Institute of Physics, Chinese Academy of Sciences, Beijing 100190,
People’s Republic of China

E-mail: zfang @ iphy.ac.cn
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“By moving away from the Dirac point, the penetration depth increases, and finally for k3 point, where the
surface state almost merges with the bulk states, the eigenwavefunction becomes an extended state."

See also Fan Zhang, C. L. Kane, and E. J. Mele, PRB 2012

Pirsa: 16050013 Page 26/59



@ QCP
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Wu, et al. Nat. Phys., 9, 410 (2013)
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Cyclotron resonances & Electron-
phonon interaction in bulk-
insulating Cu, ,,Bi,Se;

N B

s
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Cyclotron resonances & Electron-
phonon interaction in bulk-
insulating Cu, ,,Bi,Se;

A B

s
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Lowering chemical potential...
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Sum rule for Dirac

fermion
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Cyclotron resonance (CR) experiments

/f‘r‘
/ - -
Fast rotating polarizer

\\-'\ oA 10,000 rpm

Polarization modulation technique
0.5 mrad resolution

Morris, et al. OE, 20, 12303 (2012).
Valdés Aguilar,...Wu, et al. PRL, 108, 087403 (2012
Op=atan|E,(w)/E, (w)] SIGO8 AGUIANn il O58 (2012)

Measured G,,, G,,, 0;= 0'c+ 0"’ in a single scan!
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Cyclotron resonance (CR) experiments

X O X'

Y
y

X
[ — .
. BizSes y )
—

J Fast rotating polarizer

10,000 rpm
Polarization modulation technique
0.5 mrad resolution

Morris, et al. OE, 20, 12303 (2012).
Valdés Aguilar,...Wu, et al. PRL, 108, 087403 (2012
Op=atan[E (w)/E(w)] SESR AUk HER EE S (2012)

o)

Measured G,,, G,,, 0;= 0'c+ 0"’ in a single scan!
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Jones matrix formalism

B |1 Tl | E
! '*‘1";{-' Tye Ty E,
BizseB ( ‘;), l'(}l‘ill-i(}ll
Te=T,, and T,,=-T,,
’l‘} } ’/‘i - 'l jf',.f' + ,.’/ l‘f',}l () I * ()
T . T 0 Tyw —iTh, 0 1
e

tan(fp) = —i Op=atan|E,(w)/F,(w)]

ty +t_

Armitage PRB (2014).
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CR broadening € electron-phonon interaction

m(THZ)
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Wu, et al. PRL 115, 217602 (2015)
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CR broadening € electron-phonon interaction
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CR broadening € electron-phonon interaction
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Quantized Faraday (Kerr) rotation &
Axion electrodynamics of TSSs
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Axion electrodynamics of TSSs

2

AL(J,:J:'JZ(JTJ. — 9(2;}”:]3 ' B)
V- E=p-e¢*/2rhe(V0 - B), Wilczek PRL (1987)
K 5 l
VxB-— (Tf =j+ e /2mhe (V(‘) X E+ —(0,0) B)
Jl C

36
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Axion electrodynamics of TSSs

2

AL(J,:II’i(JT}, — 6’(2;}”:]5 ' B)
V-E =p—¢c*/2nhc(V0 - B), Wilczek PRL (1987)
E . 1
VxB-— (Tf = j+e*/2nhe (VH x E+ - (('),H)B)
Ol &

Provided that time reversal symmetry is respected,
all 3D insulators can be characterized by a quantized
value of the axion field in the bulk.

0 =2m(n+1/2) TI “\.
0 = 2mn Non-TI \

L=
The extra charge and current density only0 ‘

appear at TlI/non-Tl boundary
- Half-integer QHE Qi, Hughes, Zhang PRB (2008)
- & topological magneto-electric effect (TME). 36
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Axion electrodynamics of TSSs

2

ALgzion = 6’(2;},‘(:E - B)
V-E=p-—e¢/2rhe(V0 - B), Wilczek PRL (1987)
VxB- % =j+e*/2mhe (VH x E + (l (0,0) B)
Provided that time reversal symmetry is respected, (n+1/2) electrons

all 3D insulators can be characterized by a quantized each flux quantum

\

value of the axion field in the bulk.

B
0 =2m(n+1/2) TI &
0 = 2mn Non-TlI ’

-
The extra charge and current density only0

appear at Tl/non-Tl boundary ‘

- Half-integer QHE Qi, Hughes, Zhang PRB (2008)
- & topological magneto-electric effect (TME). 36

Pirsa: 16050013 Page 44/59



Dissipationless Half-integer QHE

For each SS, oy = 62/h(1/ +1/2)  8QL Bi,Se;/MoO;

T . y T —— T
25 h/e’.--.-.. e 1.- 6 ’
. 5t VN
C 20' x 1 9 4 i ‘ -
= e
:é ]5 b 1‘zlnl L ) 03K A % 3 i — 70K |
< T
i 1.5K
101 10K 2f 10K | '
20K 1.5K \
5t 50 K 1t 075K |\
i — 70K — 03K
0 Hl P | A 1 A | — | — | T —— 7 O -l”...“l.”.“.l“..'“l“.;.”l”...”l. r‘.—qu“.
0 5 1015 20 25 30 35 0 5 101520 25 30 35
B(T) B(T)
(1+ 0.00004) e2/h!
Nikesh...Wu, et al. Nano. Lett. 15, 8245 (2015) 37
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Dissipationless Half-integer QHE

For each SS, oy = 62/h(1/ +1/2)  8QL Bi,Se;/MoO;

P . y f T — T
25 [ e 1.- 6 1
. 5 O\
C 20¢ . | 9 41 ' )
= e
S 15+ Fhm® 03K A Y 3t - 70K |
< ]
I 1.5K
101 10K 2f 10K | '
20K 1.5K \
5t 50 K 1t 075K  \
i — 70K — 03K
0 hl e A 1 A | — | — | T —— 7 O -I.“..“l.”..“l“..”.l“:.“l”...”l. .——qu”.
0 5 1015 20 25 30 35 0 5 1015 20 25 30 35
B(T) B(T)
(1+ 0.00004) e2/h!
Nikesh...Wu, et al. Nano. Lett. 15, 8245 (2015) 37
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Quantized Faraday and Kerr rotation

--- tonoloaical maaneto-electric effect (TME)

: %4 Kerr effect _ 2
QHE regime Ty = -V + 1/2)

, aN
N,

\ \

\\

20

1 1
tan(¢pp) = (Ny + 5 + Np + 2)

' \, 1+n
B ;ﬁ g dnao 1 1
Faraday effect tan(¢k) = 2 — 1(Nt + 9 + Ny + 2)
a is fine structure constant.
.?L»+ — 1l nis substrate index of refraction
tan(pp) = t———
by + - N:,Ng : LL index for top/bottom SSs
AT
tan(¢x) = i———— Qi et al. PRB (08); Essin et al. PRL (09);
T+ T+ - Tse et al. PRL (10), Maciejko, et al. PRL (10)

39
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A few challenges to realize TME...

Qi et al. PRB (08); Essin et al. PRL (09);
Tse et al. PRL (10), Maciejko, et al. PRL (10)

Bulk-insulating, very low carrier density

Metallic gate has its own Faraday and Kerr effect >
Gating doesn’t work.

Low frequency (THz), long wavelength - needs
uniform samples with a few millimeters across

Small rotation (mrad)-> needs high-precision THz
polarimetry

After three years, we solved all of the above
problems!

40
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Approaching the Dirac point

| ® new Bi,Se,

4104 . : ~ new Bi,Se
10 old Bi,Se; new Bi,Se, N with MoO, /.0 15r2n i
o new Bi,Se; with 50 nm MoO, = 1.27 ! TN
IO 8“ > .
A o !
3 6 z _.
] \, g S
§ 4 1 / 2
'8 5K 8 @ Old Bi2383
8 21 o € m*~0.20m,
g O— . ' B . ’ (_% T T T
iz 05 10 15 20 5 6 7
Frequency (THz) T)
450 meV
Sum rule 150 meV
40 meV

2 [ . o pe?
/(h(!{.{) :G.Jf;ll’): =

e | lN'rf'U
«

Spectral weight

Wu, et al. arXiv.1603.04317 (2016)
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Crossover from cyclotron resonance to quantum regime

. 16 QL Bi,Se, with MoO3 4.5 K 16 QL Bi,Se, with MoO3 4.5 K
i y 7
)
L" 6 ) 6
E .104 B Ureeissesssaiasasnsssessnsunssnss
§ s s ;
T 5
o .20 ‘o B 4w
) 3 © .20 ‘ =
B 3 B [iveiveisindsiastsatnassinnivannstnsnsishisatonsses innsansidinainasnsntontans 3
T .30 ®
[V =

2 © 2
e e
(1] —
% 404 u 1 § -4() A 0.50 T u 1
E ...... Y] E+ V= 6
. 0.50T

-50
T T T T T T T T -60 T T T T T T T T
04 06 08 1.0 1.2 1.4 1.6 18 20 04 06 08 10 12 14 16 1.8 2
Frequency (THz) Frequency (THz)
200 | 1
tan(¢p N, 4 + Ny, 4
(Pr) L4 n (N 5 bty )

Wau, et al. arXiv.1603.04317 (2016)
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Crossover from cyclotron resonance to quantum regime

Imaginary Faraday rotation (mrad)

0,

=104

=204

=30 4

-40

16 QL Bi,Se, with MoO3 4.5 K

7
\\N\\ 6
———— \.\\ 5
\'\ 4@
3
> \\ 3
\. "
050T 1.00T 180T 200T H 1
250T 3.00T 380T 3757
400T 4257 450T 475T
500T 525T 550T 575T
6.00T 626T — 650T 6.75T
7.00T
T T T T T T T T
04 06 08 10 12 14 16 18

Frequency (THz)

2.0

Real Faraday rotation (mrad)

o
1

=20 4

A
o

16 QL Bi,Se; with MoO3 4.5 K

7

6

5
4w
BE
.............................................................................. 3
2

050 T H 1

...... Vt+\"|]—6

T T T T T T T T

04 06 08 10 12 14 16 18
Frequency (THz)

20 1 1

tan(¢p N, 4 + Ny, +
(;)[1”(12 32)

Wau, et al. arXiv.1603.04317 (2016)
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Crossover from cyclotron resonance to quantum regime

" 16 QL Bi;Se, with MoO3 4.5 K 16 QL Bi,Se, with MoO3 4.5 K
- 7 7
H 6

6 %) 3
E .10 B Qoo mtsdetonccr Sl
& 5 E 5
2 pet
= S
S -20- ‘w T 4@
> C) ° | 3
z = = =20 y
8 ’ g ’
8 -30- 8 ,

2 @ 2
o L 050T 1.00T 1.50T 200T
a8 T 40 250T 300T 350T 3757
S .40 1 8 - 400T — 4267 — 450T — 4757 1
g 500T 525T 550T 575T
- 050T 6.00T 625T 650T 675T

700T  eeeew \‘g+\'\.=6
-50
T T T T T T T T -60 - T T T T T T T T l
o4 06 08 10 12 14 16 18 20 04 06 08 10 12 14 16 18 2
Frannanecyv (THZ) FI’BQUEHCY (THZ}
(a) Faraday
Faraday
.I‘| M + Kerr 2 l ]
. N\, N/ 2oy
e an(¢p N N
1|\ 2 tan(¢y) L 4 ”( ¢ ) t IV 2)

I Ex(t)

0 5 10 15 20 25

Time (ps) Wau, et al. arXiv.1603.04317 (2016)

=

>

Incident 7T " E. (1)
- | \| A
E RV .pn po.

o - w
& LI E,()* 10
sapphire substrate - . . . . . 42
Bi,Se, film * 0 5 10 15 20 25
t(ps)
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Quantized Faraday and Kerr rotation

Bi,Se; with MoO3 4.5K |5 :122§ 0'”/ 04 — 500T — 5257 — 5507 — 5757
~—— 500T — 525T — 550 T | 7 10 —~ ~—— 6.00T —6.25T 6.50T
— — 575T — 6.00T — 6.25T |* 51 saL b 7.00T
© - — e T T T -
g 0 oeot 7007 0 10 20 % E 20-c-cccmmnn-
E 6 QL N+ N,=1 20 (1) .
5 2 .40
' — - — = o -
g 197 gaL S
L | e—— e - - - - | ae——ree—t . . .o aaa-
%‘_20_ E -604 10 QLI Ne+ Ny=4
© v
© — e e e -
L 8 -80 - N;,+N,=6
2 t N+N,=6 e 12 QL (solid) 16 QL (dash)
771 12.QL (solid) 16 QL (dash) _ _ ‘ Bi,Se, with Mo0O3 4.5K
04 06 08 10 12 14 04 08 1.2 16
Frequency (THz) Frequency (THz)
20y | |
tan(¢p) = Tt (N, 4 5 + Ny 2)
Wu, et al. arXiv.1603.04317 (2016) "
dnaov

1 1
N N,
( t | 2 f l f 2)
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tan(¢g) = 1

Pirsa: 16050013 Page 53/59



Pirsa: 16050013

Ameasured (mrad)

(measured (mrad)

O N OO0 O N M O @

A solid-state measure of the fine
structure constant

1

tan(¢p)? — tan(¢r) tan(gg)

tan(¢px) — 2tan(¢p)

Average over three

——————we s o oo e — samples and all the
12 QL fields (<0.8 THz)
6.00T 6.25T 6.50T
6.75T 7.00T

measured: o'l ~ 137.9

- - - accepted value

T — - - - -

10QL
5.75T — 6.00 T
6.50 T 6.75T

- - - accepted value

accepted: ol ~ 137.04

0.3

0.4 0.5 0.6
Frequency (THz)

44

Wu, et al. arXiv.1603.04317 (2016)
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Topological Insulators in magnetic field

r--—-___ Gapped SSS

| —
[—
Half-quantized Hall Effect
‘IA;’ of graphene
&2 n depends on filling factor
Ory = ,—(v +1/2) (Field, chemical potential),

; but the 1/2 is a property
derived from bulk
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Topological Insulators in magnetic field

oy = ;——(v +1/2)

/______—__l 1

Edges states each
may contribute 1/2

QH effect \

© | Bi,Se, with MoO3 4.5+<[ Lf)ﬁ‘: | baK, ‘
E ] qamenyer o7 L Non gapped
é '")‘: LM ____ Dirac Metal Side
§ ] surfaces, will short out
| ———TL Hall voltage
-30-I

12 QL (solid) 16 QL (dash)

,,,,,,,,,,,,

0.4 0.6 08 1.0 1.2 1.4
Frequency (THz)
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Can we directly measure the 15?

PHYSICAL REVIEW B 92, 245118 (2015)

3

Interaction correction to the magnetoelectric polarizability of 7, topological insulators

Karin Everschor-Sitte, Matthias Sitte, and Allan H. MacDonald
Department of Physics, University of Texas at Austin, Austin, Texas 78712, USA
(Received 17 August 2015; published 10 December 2015)

30F T 7
25 f]lf() 4 P — l 6 4
L 5
G 20] A € 4 A
< = ‘
=151 P 03K £ 3 / 70K
Q:if 0.75 K o 50K I
1.5K 20K
10 10K 2 10K \
20K 1.5K
5 50K 1 1 075K  \
0 70K 0 03K NS—

0 5 1015 20 25 30 35
B(T)

1015303530 %5
B(T) We show below that the

surface Hall effect is no longer exactly half quantized when

interactions between surface-state quasiparticles and quantum
fluctuations of the bulk magnetization, described as magnons,
are included. The total Hall effect obtained by summing over
the top and bottom surfaces of a thin film remains quantized,
however, in agreement with experiment.
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TME vs QFE

XME:"-/I"?T(')P/()B:(VT"‘VB_)CY' HF:(VT'F VB)CI’

Future works: Measure only one surface state
interaction driving nonuniversal corrections
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Summary N

T 0TI - z A L J
+ Topological phase transition in . .
g
(Bi;.,In),Se.. 8 N
£ 10

* Novel finite size effect:

SSs hybridization can happen :
before gap closing.

Hybridized TI

non-T| {20)
I T I I T | T I

« Cyclotron resonance (CR) from SSs B0 0N 00 00 00 008 006 07

* CR broadening€ electron-phonon et al. Nat. Phys., 9, 410 (2013)
interaction. ) |

* IRUARLIZad Faragay ANy KArk ! %ﬁ%wﬁmﬂw
rotation - Topological magneto- of = et

Fiald (T)

6 QL NN =1

electric effect

« A solid-state measure of the fine
structure constant for the first time

as a topological invariant P NN,=6
%07 12QL (solid) 16 QL (dash)

04 06 08 1.0 1.2 1.4

© Thanks! ©

Wu, et al. PRL 115, 217602 (2015)
Wu, et al. arxiv: 1603.04317 (2016)

=204

Faraday rotation (mrad)
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