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| Real-space nanoimaging of THz polaritons in the
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| What is a topological insulator?

Ordinary insulator Topological insulator

“S-band”

4 U Strong spin-orbi’\/\/
Momentum interaction
“P-band” m
Surface carriers

Insulator Bulk carriers Insulator

* Topological insulators exhibit conductive surface states with the linear dispersion

Energy
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| What is interesting about topological insulators?

Electron dispersion

 Dirac carriers

Energy
>

Momentum
>

* Spin-momentum locking
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| What is interesting about topological insulators?

Electron dispersion

Plasmon polaritons

Energy
>

* Dirac carriers = W, X nl1/4

Momentum

>

* Spin-momentum locking == Spin-polarized plasmon waves
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| THz far-field spectroscopy reveals polaritons in
topological insulators (e.g. Bi,Se;)

Extinction coefficient
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* Authors considered only bullk and Dirac carriers
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| Bi,Se, is a complex material with surface (2D)
and bulk (3D) states

2 .
. . € " Vp+/TTNp; l
Dirac carriers ODirac = £ Dirac .
— T e—— 2 .
e ——— __ € "NapEG l
2D electron gas = 02DEG =

m*  w + 1Y2pEg

;

. ATy €2 1
Bulk carriers bulk

fDrude =~ 2 iwyp

Optical phonons

Bulk — 3D  Surface — 2D
\

3
_ Wp.i
b= T L2 02 iy,
i=1 Ot Vi

Advanced Optical Materials 6.13 (2018): 18001 13.
Opt. Express 24,7398-7410 (2016)
. CIC Phys. Rev. B 92,205430 (2015)
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| Polariton dispersion in topological insulator from
literature

k, — polariton wavevector

Topological insulator

| e — e — d - 2aqVpER kpdery -1
S w5 = |1+
— — — v h(gsub + 1) €sub +1
€sub

* It is difficult to separate surface (2D) and bulk (3D) contributions

e Equation is not valid when Fermi level of surface states are zero, £;= 0

Phys. Rev. B 88, 205427 (2013)
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| Polariton dispersion in topological insulator from
literature

k, — polariton wavevector

Topological insulator

e = — N
T T -1
g d 2 Zadvp@ kp ET
e —————— wp = kp [1+
— —— ——— J h(gs + 1) €sub *K
€sub

Surface contribution (2D) Bulk contribution (3D)
Er = Egpirac T 4EF2pEG ETI = €Drude T €ph

* It is difficult to separate surface (2D) and bulk (3D) contributions

e Equation is not valid when Fermi level of surface states are zero, £;= 0
Phys. Rev. B 88, 205427 (2013)
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| We used conductivity layer approximation to
derive more intuitive equation

Step |
a)d
4m

—»-

* Thin layer material can be replaced by conductivity sheet assuming k,d «< 1

Thin layer

CIC Nature communications 10.1 (2019): 1-7
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| We generalized conductivity layer approximation
for multi layer system

Step 2
Analytical polariton dispersion:
k C Eup T 1
a(@) =P =i, =0
0 n o(w)
€sub
CIC
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| We generalized conductivity layer approximation
for multi layer system

Step 2 Multi layer systems can be approximated by
P conductivity sheet as well
Analytical polariton dispersion: -
_kp_ C &gup T 1
1) =3 =%
0 T o(w) o = 20,p + 03p

€sub
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| We generalized conductivity layer approximation

for multi layer system

Multi layer systems can be approximated by
Step 2 conductivity sheet as well

-
02D

0 = 20,p + 03p

Analytical polariton dispersion:

kp C &gup T 1

q(@) = k_o ~ ‘an o(w)

Analogy from circuit design:
parallel connection of resistors

. .

€sub o |

11

0 = 20,p + 03p
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| Polariton wavector is proportional to inversed
total sheet conductivity

k, — polariton momentum

Topological insulator 02D
_ , — ~1
BT = E3p | ,  20aqVpkER kpder
P ———— h(gsub T 1) €sub +1
— : — Phys. Rev. B 88, 205427 (2013)
02D
€sub
kp C Egup T 1
q(a)) = - =i
ko At o(w)
o(w) = 20;3p + 03p = 2(0pirac + 92pEG) T Odrude T Tph
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| Polariton wavector is proportional to inversed
total sheet conductivity

k, — polariton momentum

Topological insulator 02D
E— - A -1

ETI = €3D s — w2 = 2aqVpER ko |1+ kpdér

e d P h(gsub + 1) P Esub + 1

— — — v Phys. Rev. B 88,205427 (2013)

02D
€sub 1
q(w)
o(w)
o(w) = 20;3p + 03p = 2(0pirac + 92pEG) T Odrude T Tph
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| THz s-SNOM setup for spectroscopic nanoimaging

Tunable gas laser

Detectors

Reference arm ‘

for amplitude and Qe
phase information

See also ACS Photonics 2020, 7, 12, 3499-3506
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| Polariton interferometry reveal the complex-
valued polariton wavevector . pol is mimicing the SNOM tp

kinc

Esca Tip

# Polaritonic material
T = Substrate Substrate

T\VAYAY

Distance x
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| Polariton interferometry reveal the complex-
valued polariton wavevector . pol is mimicing the SNOM tp

k‘”"

Esca Tip

w : Polaritonic material
t2/ | Complex valued polariton wavevector Substrate

kp = ki + ik}

mﬁj o \ "\ - Ly
N
ﬁ\ = \/\M

Reflected wave of Prey

Distance x
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| We performed polariton interferometry in Bi,Se,

Interferometric detection yields
amplitude, S(X), and phase, @(X)

Phase ¢ (rad)

b 2 4 6 810
X (um) Distance x (um)
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| We used complex-valued analysis of THz line
profiles to extract polariton wavevector

ei2kpx
E...(x)=A \/} +C Amplitude Complex plane 2.52 THz, 25 nm
120+ ]
37 60 -
\\ \CP, 80 ¢ |
% _ | - @ i
ol U R B S L|_|m

Phase
36l W X |
TZ Substrate — ¥ ot

& : 60 | 1g -

— 33 |
A — complex amplitude Y I | |
¢ — complex offset. 2 02 46 810 -120 -60 0
k, — complex polariton wavevector Distance x (um) Re(E.,..)
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| Complex offset subtraction allows to disentangle
polariton amplitude and phase

ei2kpx

Esca (x)=A4A

T Amplitude Complex plane 252 THz, 25 nm

60 - .

Vx
Einc _ - x
i S i
0

sca

E

m Phase £ /
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CIC * Polariton wavelength from the linear phase ramp A, = 4mAx /A
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| Nanoimaging of Bi,Se, at different frequencies

Phase images

d = 60 nm d = 60 nm d =25 nm Extracted dispersions
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* Complex-valued analysis allows to extract polariton dispersion for 25 and 60 nm flakes
CIC

GUNE  Nanoligth 2022, 07-03-2022 | o bylinkin@nanogune.cu

MEMBER OF BASQUE RESEARCH & TECHNOLOGY ALLIANCE




| Hall measurements provide an estimation of
surface and bulk carrier concentrations

7 1 1 ] v
ol bl
1 —~
4 ““E [
2 '\, indum contact ] v S O An Thickness-dependent
i Se 3 / “f:_., [ s sheet carrier concentration
Y S d 4 = 47 3 I from Hall measurements.
Sapphire - 3 K] { -
| ! wnN .
2 L 1 M 1 L 1 M T .
0 50 100 150 200
d (nm)
* Hall measurements do not allow to measure = n,p = 2.5 X 1013 cm™? from very thin film;
concentration of different type of carriers
A
m nouk = =1 — 215 x 1018 cm™3 from 170 nm
170 nm
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| Exploring origins of THz polaritons in Bi,Se,

All carrier concentrations from

d =60 nm the Hall measurements
02 IMBISE. Torude
i 5 o(w) =oph+  oprc
e £
)
c
(b} |
o TN -
2DEG £ Optical phonons + 2DEG

15 20 0 20
Norm.wavevector Re(q) Norm.wavevector Re(q)
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| Exploring origins of THz polaritons in Bi,Se,

All carrier concentrations from

d = 60 nm the Hall measurements

3.5 :
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OP+5C NN 2 25 ]
+DC S
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oL . A T NS S S — Dirac carriers
0 5 10 15 20 0 5 10 15 20
Norm.wavevector Re(q) Norm.wavevector Re(q)
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| We can fit polariton dispersion in multiple ways

d =60 nm
3.5 — -
OP+BC L(L-? -d =
+DC _ < {Q
+2DEG T 3 & 1 F -
= Q
Dirac carriers(DC) &' %)
mmbulk carriers(8C) § o5l P OP+BC+2DEG 4 } OP+BC -
o 2
mm 2DEG o 3
mmm optical phonons C _ 1
(OP) L ) 9=%0nm
0 5 10 15 20 0 20
Norm.wavevector Re(q) Norm.wavevector Re(q)
Optical phonons + bulk electrons + F2BDEG
* Our fitting results indicate the hybrid origin <
of polaritons in Bi,Se; Optical phonons + BUIKNEIEEEFONS + Dirac

Optical phonons + bulk electrons + Dirac +|2DEG
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| Summary

» Effective conductivity model for the analytical analysis of
polariton dispersion in the complex multi layer system

N - <=

02D

- » Complex-valued analysis for the determination of polariton

e | wavevector and propagation length of polaritons in TI
. . . . . OP+BC
> Polariton dispersion can be explained by simultaneously 0o [
coupling of THz radiation to different matter excitations 0 camers(60)
:l;;l:;gamers(BC)
mm optical phonons
CIC (OP)
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