Optical Conductivity of MoS2

Habib Rostami

IPM
10 Mehr 92



Outline

» Motivation

* Inversion Symmetry

» Gapped Graphene & Valley contrasting effect
* Monolayer MoS2&optical measurement
 Optical Conductivity of Monolayer MoS2

e Summery



Absorbance/Layer

Motivation

0.30 0.30
025 Laser Excitation 0.25
®
020 0.20
015 0.15
0.10 0.10
0.05 0.05
0.00 - 0.00

14 1.6 1.8 20 22 24
Photon Energy (eV)

Kin Fai Mak, et al Phys.Rev.Lett. 105, 136805 (2010)

Normalized PL (a.u.)



Optical phenomena

Photoluminescence:
Excitonic , Free electron,...

Absorbance:
Inter-band , intra-band




Circular dichroism

Right-handed light : 0, + 104,
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Inversion symmetry(real space)

P:(x,y) = (—z,—y) and a <> b

H = AZ a(RY) — I (RY)b(RY)] +to » _al(RY)b(RS) + H.c.

11

PHP™' =AY [b'(—=R})b(—R}) — a’(=RY)a(—RY)] +to ¥ b'(—R)b(—R}) + H.c.

PHP™' = —A) "[a'(R{)a(R}) — b (R)B(RY)] + to Y b (R})a(RY) + H.c.

]

In gapped Graphene inversion symmetry is broken.



Inversion symmetry(k space)

P :(qz,qy) = (—Qz,—qy), K < K" and a <+ b

P=Ur,o0, where U : ¢ — —¢
Time revesal symmetry
H = Ao, +v(7:¢:05 + q,0y)
T = iT,5,K
PHP™' = A(=0.) +v((=7.)(~42)0x + (—ay)(—0y))
= —Ao, +0(7,¢:05 + q,0y)

In gapped Graphene inversion symmetry is broken.



Symmetry of band structure

Time reversal symmetry

E(k,1,8) = E(—k,—T,—5)

Inversion symmetry

E(k,1,s) = E(—k,—T1,s)

Time reversal and Inversion symmetry

E(k,7,s) = E(k,T,—5)



Inversion symmetry breaking& valley Hall effect

g X (Un(q)1V qlun(q))

2, (Q)

Di Xiao, et al Phys.Rev.Lett. 99, 236809 (2007).
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Inversion symmetry breaking& valley pumping

H =v(r.kyo, + kyoy) + Ao, \/ \/

O — V2 A
- TZQ(A2_|_U2]€2)3/2 0 — O+

Pgi(k’) = <uc,k‘ﬁa‘ui,k>

P = P;U T ’LP;U n(k) —

W.Yao, D.Xiao, Q.Niu, Phys. Rev. B 77, 235406 (2008). 10



Light Emitting Diode(LED)

Electrically controlled emission polarization

W.Yao, D.Xiao, Q.Niu, Phys. Rev. B 77, 235406 (2008).



Monolayer Transition metal dichalcogenides semiconductor

 Direct Band Gap In visible range

* Broken inversion symmetry



Layered Compounds: Transition metal dichalcogenides ( MX,)

H sz He
M = Transition metal
Li Be X = Chalcogen B C N o} F  Ne

Na Mg 3 4 5 6 ¥ 8 9 10 1" 12 Al Si P S Cl Ar

Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Uut FI' Uup Lv Uus Uuo

Zn Ga Ge As Se Br Kr

Ru Cd In Sn Sb el I Xe

Os Hg T Pb' | Bi Po At Rn

HFS,: Insulator TiSe,, WTe,: Semimetal

MoS,, WS,: Semiconductor NbS,,VSe,: Metal

X Chhowalla et al, Nature Chemistry 5, 263-275 (2013)



Band Structure: DFT

Energy

I MK T T MK T T MK T T MK T

X Nature Chemistry 5, 263-275 (2013)



Symmetry & band structure

Bilayer

Monolayer
S ,
T-reversal
mj=—1/2 —————— > +1/2
mj=+1/2%§ /\—1/2
N 7N

Spatial
Inversion

K. F. Mak et al., Nature Nanotech. 7, 494 (2012).




Optical Absorbance

ARV
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Excitonic Absorbance

Coupled valley-spin excitonic absorption Decoupled valley and spin
Optical spin orientation

Ny Y Ny

A
- | CTC DID > &
K K! K K’
m2a’t? A’ 2
P ()P =205 (1_7 \/A’2—|—4a212k2)



Photoluminescence Photoluminescence Photoluminescence Photoluminescence
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Circular luminescence (a.u.)

No Hanle effect
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Luminescence Polarization :
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Zeng et al, Nature NanoTech. 7, 409 (2012).



attice and Orbital symmetry& Circular Dichroism

1)Lattice symmetry Both symmetries lead to

Wave vector point group at the K(K’) point is Csp: |
R(27/3)|c, K) = e~ 27/3|¢, K)

. R2m/3)|v, K) = |v, K
K = o205 2/, K) = v, K)

)

v, K) = ™70, K)
R(2r/3)|c, K'Y = eti2/3|¢, K)

)

N __ _+i2w/3 /
v, K"y = 6_i2ﬂ/3|'U,K!> R(27/3)|c, K') = ¢ e, K')

R(27/3)|v, K'Y = |v, K')

2)Atomic orbital symmetry
Conducion band: d.2
Vallence band: dg,,d;2_ 2

( ) c, K) — |C, K>

( )|v, K) :e+i4ﬂ/3|fu,K)
R(27/3)|c, K') = |e, K')

( )v, K'Y = e~%/3)y, K’y | T. Cao, et al., Nature Commun. 3, 887 (2012).
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Spin-Valley coupling

T-reversal Spatial
m=-1/2 R -==-- > %5 . /2/,__ IVersion_a 112
mj:+1/2%§ %\_ +1/2 __\ /..\ﬂ/z
7N /N

K K’ K K'

K. F. Mak et al., Nature Nanotech. 7, 494 (2012). 21



Spin-Valley coupling

Hole doped system

[t/
______ i

N
N

Di Xiao, et al , Phys. Rev. Lett. 108,196802 (2012)



Optical Conductivity

H.R, and Reza Asgari (to be submitted)



Hamiltonian

Monolayer MoS,; Hamiltonian

H, s = —0, + ATS ° + toagq - o + \q\
2 2 4m0

or = (T0g,0y)

(a+ Bo)

H. R, A. G. Moghaddam, R. Asgari, Phys. Rev. B 88, 085440 (2013).

Toplogical insulator thin film Hamiltonian
A 2
H, =€+ TS0 + tpapq - 0+ (a4 760,)|q]

Zo symmetry invariant:
BA > 0: Trivial phase

Z

A

| !
K’ I

BA < 0: Non-Trivial phase Shun-Qing Shen, Topological Insulator, Springer(2012).
H.-Z. Lu,et al Phys.Rev.B 81, 115407(2010).



Kubo’s Formula

e? dgqf(&:) — f(ev) { (el hvg |1y ) (o[ By |te)

Owy = —z% Ec — Eu hw +e. — e, +107T
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heo=dF \/d2+c32 L d= a1;a2

o0H
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qa
H

hv, = 8— = coy, + 2bag, + 2bBqy0.,
0qy

Wang-Kong Tse and A.H.MacDonald,Phys.Rev.B 84,205327(2011).

T. Stauber, N. M. R. Peres, and A. K. Geim,Phys.Rev.B 78,085432 (2008).
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Optical spin/valley Conductivity
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Optical Hall Conductivity
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Optical Longitudinal Conductivity

26’2hwl\/(A;3‘|‘6,92)2+(12

2 N
R T mes 1 1+ 48"A” . 2q0.+s .\
’ _ 1 . ’
Ozz 4h n(w’)( 2 ( hw' )")
©(2ep — N'7s — 2d/q5 ;, — hw') — (W' — —w')]
O(n(w') — (1 +28'A%,))
2
I, T8 €
O';U;;; _E [H’rs(wa QF) - HTS ((.d, QC)]
1+ 28'Al )ym(q) — (L +4B8’AL,
o = LE2FA Jinle) — (1 +45'AL)

LEATA, B VAL, + 2) +¢°
+ — ln| |
207 (hw')? R 4 J(AL 4+ B'g%)? + ¢
(1+28'A%,)(1 + 48" A7, ) + B (ho! )
+
QB’Q(FLQJ’)QTL(LU’)
hw’ m(q) AL+ 0422 + ¢2
X ln| 2 n(w ) \/( ) |




R, 7s
Ty

3,Ts
Y

A
H, s = 50,2 + ATs
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P g ) = 9700000

me? A — \Ts
"ah T hw
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® + tgapq - o, DiXiao, etal, Phys. Rev. Lett. 108,196802 (2012)
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Numerical Parameter

m, =0.37/m, m, =-0.44m,

A=0.08eV,A =1.9eV t) = 1.68¢V, a0 = 0.43, 8 = 2.21

m,=0.5m, m =-0.5m,

to =1.51eV, a =0, 0 =1.77
to =2.02¢V, a=0, =0



Static limit
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Static limit: the effect of Beta

A =0.08eV, A =19V

set] :tg =1.51eV, a =0, B =1.77
sety 1 tg = 2.02eV, a =0, =0
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Dynamical Hall Conductivity
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Dynamical Longitudinal Conductivity

Electron doped _ Hole doped
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Optical Conductivity(mass asymmetry)

A =0.08¢V,A = 1.9¢V, 1y = 1.68¢V, a = 0.43, 8 = 2.21
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Tuning the spin splitting by Fermi energy
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Optical Transmission

Ultra thin film approximation
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Summary

Inversion symmetry breaking leads to valley contrasting physics
Circular dichroism in monolayer MoS2 can be describe by intrinsic optical conductivity
Charge, spin, and valley Hall effect

Optical valley pumping
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Thank You!



