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Faraday and Kerr effects

Magneto-optical phenomenon
Rotation of the plane of polarization

Kerr effect
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Broken time-reversal symmetry
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Motivation

Graphene visibility

graphene

 K.S. Novoselov ,et al., Science 306, 666 (2004) é
* R.R. Nair et al., Science 320, 1308 (2008) % i
* P. Blake, et al., Appl. Phys. Lett. 91, 063124 (2007) g
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Kerr effect

Is Kerr-effect relevant in graphene nanostructures?
Calcualting Kerr-effect in layered nanostructures.
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Graphene

conduction band

Hamiltonian: H = VPO valence band

Complex conductivity:

oap(w) = %(5(15 (4ué(hw) + O(hw — 2u) + i% _ ilog hw+2,u)

P N

Diagonal — No Kerr Chemical potential
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Bilayer graphene

Hamiltonian:

Dispersion relation:

E T

leV

K Emev)

Neglect: =0

Trigonal warping
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Broken symmetry in bilayer graphene

/ Order parameter
Ay

Ags 0 0 (%) oy O B

- 0  —Ag vppp 0 2
H=£ 0 () of 0 'S0 gz
¢ (o) 0 3951 0 1

Valley quantumnumber +1
Aes = Aqva + sApar + EAqan + sEAQsH

Possible gapped states in bilayer graphene at neutral point:

Ordered Order parameter
state

QVH (WaiksVarks + VarenVarks = Vi Wbaks — Vg Vsakss)
LAF (&ngsswms + w;!KfSSwAIK’s — w;mswm — wgszSSszKfS>
QAH (}Mlm Vaiks — 1#;1;(;51&,411{1'5 — w;x:‘;z;{sl/fm;(s + wggxfngQK’S)
QSH (UiiksSVarks — Voo SVatks — VpogSUB2ks + Vo SUBIK'Ss)

 E.V.Gorbar ,etal.,, PRB 86, 075414 (2012)
* R. Nandkishore, et al., PRL 107, 097402 (2011)
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Transfer matrix method |.

Example:
OKerr
graphene y / Conductivity
: O-£ECC O-£E
02 d 7T ( Oyx Uy’z )
111:]_5
Si OFaraday
112:35

Structure of transfer matrix:

Mjump (nla nQ) Mpropagate (nh d) Mjump (no, ny, O')
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Transfer matrix method Il.

Boundary condition:

_ oD
rotH = ocE + 57

rotk = —%—?

E}? Ef?
R — M- L
—3 jump |t

L

\ B \ £,7 /

Graphene as a boundary

Oxy — 0 =3 No coupling between p and s mode
No Kerr rotation
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Transfer matrix method IlI.

Mtotal Jump nla n2 propagate (nla d) Mjump (?’L(), ni, G)
/ \ or
transmission reflection graphene
Si0
c o tss s r:( Tss  Tsp ) 151 2 d
tps tpp TPS Tpp =2
Si OFaraday
112:3.5
Faraday effect Kerr effect

@Fa’raday = Re |:tppi| O kerr = Re {%}

Need Ogxy !
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Kerr angle

Kerr angle at perpendicular incidence L

B (n1+62ikd(n1—nz)+n2)2 Oxy
OKerr = (62ik-d(1_|_nl)(nl_ng)—(nl—1)(nl—|—n2))(62ikd(1_nl)(n1—n2)+(ﬂ1+l)(n1+n2))Re [ ]

]_)d:”?"r n €N A

OKerr
@Kerr — %Re {%}
i 0 graphene (oxy)
Large Kerr rotation if: no = 1
Free-standing graphene
Il1:15
2) d=Z%+2 neN
Okerr = 222 Re {%} Si OFaraday
2 1
112:3.5

Large Kerr rotation if: 1 = /72
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Optical Hall conductivity

Current-current correlation function

Ly (iw) = ¢ Sy, Tr [STHmG(k, iwy, + iw)

g}g G(k, iwn)] :

Green’s function

. o 1 Matsubara frequency
Gk, iwn) = 55

Complex conductivity

o2 . .
Opy(W) = *= Iy (iw — w +1n)

\

Zero approximation of self-energy

Numerically versatile method using projectors
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Hall conductivity of bilayer graphene

Agsg 0 0 VED—
QAH state in bilayer graphene: j ¢ 0 —QA¢s  VRP4 0
Ae¢s = EAQan A T

vrp+ 0 §7 0
Figenvalues:

A, +7 N (77 — AZ,)?
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Current-current correlation function
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+ = | | + - ; +—= |- ; + - :
(E? — E2) E; \iw+2E; iw—2F, Es \iw+2FE;  ww—2F,

Complex Hall conductivity

Fyl

Oy (W) = % IL,, (iw = w +in)
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Hall conductivity of bilayer graphene

o=¢ 0 —Q¢s UFPy 0 Aes = EAQan

AQAHzl meV

' 7
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Kerr angle in bilayer graphene

Kerr angle
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Large Kerr angle lines: :
free-standing graphene

d=g+5 neN
on2 - Experimentally relevant regime,
Okerr = n2 314 Re Log} sensitivity 0.001 deg

-
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Conclusion

* Practical method to calculate Kerr angle in layered nanostructures
» Transfer matrix method

* Optical Hall conductivity
» Bilayer graphene
» Broken symmetry

* Example: Si0O,, Si substrate

* Spectroscopic method of identifying phase of bilayer graphene
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