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Introducao

QUEBRA ESPONTANEA DE SIMETRIA - CLASSIFICA(;XO DA MATERIA

“The broken symmetry principle”

TaBeLa: Exemplos de quebras de simetria.

Fenémeno Parametro de ordem
Cristal “Onda de densidade” > <c£ck+c>
k
Ferromagneto Magnetizacao ¥ (chcrr = ¢ or)
k

Condensado de
Bose-Einstein

Supercondutor

Populacao do estado
k=0

Correlagao de
pares de Cooper
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Introdugdo QHE Efeito Hall Quantico de Spin

CRISTAL

Lindte inferior da banda de condugdo

Semicondutor

Condutor

Energia

Limite superior da banda de valénrcia

B Fsioados de energia ndo ecupados

B Esiados de energia ocupados

Energy (eV)

High-symmetry k-point

<« Jose R. Alvarez e Peter Rez. Solid State Communications, Vol. 108, No. 1, 37. (1998).
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SEMICONDUTORES ZINC BLENDE
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<& James R. Chelikowsky and Marvin L. Cohen PRB Vol. 14, No. 556, (1976).
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Ererro HALL QUANTICO
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High-symmetry k-point Magnetic Field (T)
¢ D.J. Thouless et al., Phys. Rev. Lett 49, 405 (1982).
o Y.G.Yao etal, Phys. Rev. Lett 92, 037204 (2004).
& Checkelsky J. G. et al., Nature Physics 8, 729-733. (2012).
=) =) = = =

Carlos Mera Efeito Hall Quantico de Spin / 18/ 06/ 2013




Introdugdo QHE Efeito Hall Quantico de Spin

Ererro HALL QUANTICO DE SPIN

VOLUME 45, NUMBER 6 PHYSICAL REVIEW LETTERS 11 Aucust 1980

New Method for High-Accuracy Determination of the Fine-Structure Constant
Based on Quantized Hall Resistance

K. v. Klitzing
Physikalisches Institul dev Univevsitidt Wiirzbuvg, D-8700 Wiiveburg, Fedeval Republic of Gevmany, and
Hochfeld-Magnetlabor des Max -Planck ~Instituts fiir Festkorpevforschung, F-38042 Grenoble, France

and

G, Dorda
Fe labovatorien dey Si AG, D-8000 Miinchen, Fedeval Republic of Germany

and
M. Pepper

Cavendish Labovatory, Cambridge CB30HE, United Kingdom
(Received 30 May 1980)
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EreTio HALL QUANTICO

Fenomenologia Estados topoldgicos Modelo de Hofstadter
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Carlos Mera

Explicacéo teérica: Electrodinamica

Classica
dﬁ = qB A A
o F = qE_"+ T(vyz+vx])
B B 1
E,=—v,=E, = —Jx(—)
c c ep
E_Vu_B
Jy 1 pec
Aspectos geométricos:
Ji = 0iEj,
sendo o =0y =0 € 0y = —0yy = ZF
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Ererro HALL QUANTICO

Fenomenologia Estados topoldgicos Modelo de Hofstadter

Energy (eV)
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<& Jose R. Alvarez e Peter Rez. Solid State Communications, Vol. 108, No. 1, 37. (1998).

& Checkelsky J. G. et al,. Nature Physics 8, 729-733. (2012).
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Ererro HALL QUANTICO
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< Jose R. Alvarez e Peter Rez. Solid State Communications, Vol. 108, No. 1, 37. (1998).
<& Checkelsky J. G. et al,. Nature Physics 8, 729-733. (2012).
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INTERPRETAGAO DO EFEITO HALL QUANTICO

— ., (hfe?)
10
~ p,, (arb units)

0.8

1
¢ Comprimento magnético . = (Z‘_g)z_

¢ Se imaginamos os estados de Landau
como pequenos discos de area 2rxl2,
em uma area A da amostra temos ﬁg
estados disponiveis.

¢ Degenerescéncia em cada nivel de

Landau #; oL = ﬁ =,

0.6

Energy —

0.4

0.2

¢ Fator de preenchimento dos niveis de
Landau: n = p%'

0.0,

2 4 6 8 10
Magnetic Field (T)

Um valor inteiro de n corresponde a um preenchimento completo. Dessa

forma: B "
pec  ep
INTERPRETAQAO!!!
h ne’
RH = Z’] . Oxy = 7
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ESTADOS TOPOLOGICOS NA MATERIA

Quantized Hall Conductance in a Two-Dimensional Periodic Potential

D. J. Thouless, M. Kohmoto,*> M. P. Nightingale, and M. den Nijs
Department of Physics, University of , Seattle, Washington 98195
(Received 30 April 1982)
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< D.J. Thouless et al., Phys. Rev. Lett 49, 405 (1982).
<& Y. G. Yao et al., Phys. Rev. Lett 92, 037204 (2004).
& Checkelsky J. G. et al., Nature Physics 8, 729-733. (2012).
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RELACAO DE UM OBSERVAVEL COM UM INVARIANTE TOPOLOGICO

e2
Oxy = m X integer

A =,<(ulmlvk [ura) Fa (k}= V x Aa

Berry connection and Berry curvature

ChN, = / dkF (k)
T2

integer = z ChN4

a occup

/ K,dS = 2mxg = 27(2 — 29)
s

Euler characteristic "
/; KqdS = 4n g genus (# holes) / K,dS=0
8
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MobELO DE HOFSTADTER
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Estapos DE BorpA
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Ererro HALL QUANTICO DE SPIN

' ~— ' P >
QHE-insulator

No k — —k channel to backscatter
chiral edges

Adding the spin degree of freedom allows a different spatial separation

s

QSH-insulator

b g =

backscattering forbidden by time-reversal
helical edges
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Fenomenologia Modelo de Haldane Modelo de Kane e Mele
Ererro HaLL QUANTICO DE SPIN

Sistema unidimensional de
elétrons sem considerar o spin

Sistema unidimensional de

elétrons considerando o spin
N _@ = >—
A\’ -—
< —_—) = P—

4=2+2
Impurezav

QSH

. ®

O

AY

¢ J. Maciejko, T. L. Hughes e S. C. Zhang, Annu. Rev. Condens. Matter Phys. 2, 31-53 (2011).
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Fenomenologia Modelo de Haldane Modelo de Kane e Mele

B>0 para spin Up

B <0 para spin Down

S atems onammemoraion
‘aatrons e cons derar o 30

=y

et cemdarando o 150

IW“‘ 2=1+1

‘ 4=242
e
spin Nt
QsH

QH

QsH
¢ J. Maciejko, T. L. Hughes e S. C. Zhang, Annu. Rev. Condens. Matter Phys. 2, 31-53 (2011).
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OBSERVAGAO EXPERIMENTAL DO QSH NO POCO QUANTICO DE HgTe/Cd_

Conductance . . . . .
channel with G =0.01e2h
up-spin charge 7 v
carriers 10°F 3
10°k E
o]
Z
Q 0
3 .5 -10 05 00 05 1.0
= 10°F ] A s Vg-Vin /V 3
« G=03e2h 9
10°k 7 2
// I\ \ G=2e%h
Conductance 103 N s s L N
channel with -1.0 -0.5 0.0 0. 1.0 15 2.0
Quantum

down-spin

well charge carriers

(Vg=Vin) / V

O acoplamento spin-6rbita é fundamental para a descri¢cdo destes sistemas!

© M. Kénig et al., Science 318, 766 (2007).
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PrEDICAO TEGRICA DO QSH NO POgo QUANTICO DE HgTe/CdTe

Fenomenologia Modelo de Haldane Modelo de Kane e Mele

004 Inverséo de banda 10
gerada pelo SOC
0.02 s
E1
de E(eV)

HgTe

Liike

Fermilevel (5

HATHE

0 Efev)

¢ B.A.Bernevig, T. L. Hughes, S. C. Zhang. Science 314, 1757 (2006).
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INVERSAO DE BANDA
:

Fenomenologia Modelo de Haldane Modelo de Kane e Mele
+ +
P1;+1'ng P‘Ix-iy,i
P'I; ¥z +
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INVERSAO DE BANDA

N
R =
N\~
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MobELo DE HALDANE

VOLUME 61, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1988

Model for a Quantum Hall Effect without Landau Levels:
Condensed-Matter Realization of the “Parity Anomaly”

F. D. M. Haldane
Department of Physics, University of California, San Diego, La Jolla, California 92093
(Received 16 September 1987)

“The external B-field is not necessary to obtain quantized o .
One just needs a time-reversal breaking perturbation.”
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MobpELOS DE HALDANE -

H= tlzc:fcj+t2 Z e_"v"f¢cjcj+MZ§icjc,- 2 H* = hvp(o-p)+Mg, o,
. K i

Sendo My, = M ¥ 3V3t, sin ¢.
Para férmions “spinless”:

Para ¢=0.7,.., K, K_; Mg =My

No caso contrario, quebrade ;Mg # Mg._

[=]

- D Q¢
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MobELo DE KANE E MELE

k endis
PRL 95, 226801 (2005) PHYSICAL REVIEW LETTERS 25 NOVEMBER 2005

Quantum Spin Hall Effect in Graphene

C.L. Kane and E.J. Mele
Dept. of Physics and Astronomy, University of Pennsylvania, Phi ia, Pennsy
(Received 29 2004; published 23 2005)

[D(L] - +

ia 19104, USA

RMIAR

Hxm = Hspin ® Hyaldane

H=n Z c:facja + Z itzv,-jsfwc;cjp + MZfic;rac,-a
i

(L (ijNaB
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MobELo DE KANE E MELE

Fenomenologia Modelo de Haldane Modelo de Kane e Mele

erg}; = LOWp(T Py FTypy) + Mg:0, @1, + ML® T,

My 1 = M £3V3t,
Mg, | = M:F3\/§t2

T
Kile— K: |

T -preserved
My .1 =Mk,

Jx = (a'ly + o-iy)Ey =0;

Carlos Mera
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e
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MobELo DE KANE E MELE

1 1
0.5 05
0 o
-05 -0s
-1 ~1
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MobELo DE KANE E MELE
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OBRIGADO ...
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