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» Hall effects and topological insulators

 HgTe quantum well structures

» experimental observations
 quantized conductivity
» non-locality
* Spin polarization _
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Ordinary Hall effect (Pure) spin Hall effect
with magnetic field H no magnetic field necessary

Hall voltage but Mo Hall voltage but
no spin accumulation spin accumulation
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(dissipationless spin current)
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Nobel Prize K. von Klitzing 1985
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2DEG In a Magnetic Field
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D.B. Chklovskii, B.l. Shklovskii, L.I. Glazman, Phys. Rev. B 46, 4026 (1992)

1d edge channels
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Quantum Hall Effect EP3
Edge Channel Picture
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two copies of QH states,
one for each spin component, each
seeing the opposite magnetic field,

are united in one sample and form

helical edge states.

This new state does not break
the time reversal symmetry,
and can exist without any

external magnetic field.

= Quantum Spin Hall State

consisting of two counter propagating spin polarized edge channels.
protected by time reversal symmetry (Kramer's pair),
and an insulating bulk
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Stability of Helical Edge States: 4 =2+ 2

backscattering between Kramers’ doublets is forbidden ~— Yk,s+1 ¥ —k.s-
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backscattering is only possible by time reversal symmetry breaking processes

(for example external magnetic fields)
or if more edge states exist
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OHE  QSHE

magnetic field no magnetic field

chiral edge states helical edge states
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Wi OQSHE in Graphene %3

Graphene edge states

C.L.Kane and E.J.Mele, PRL 95, 226801 (2005)

» Graphene — spin-orbit coupling strength is too weak =» gap only about 103 meV.

e = not accessible in experiments



OSHE in HgTe

Helical edge states
for inverted HgTe QW

B.A Bernevig, T.L. Hughes, S.C. Zhang, Science 314, 1757 (2006)
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Quantum Well Structures EP3
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Quantum Well Growth

by
Molecular Beam Epitaxy
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MBE-Growth
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Wi HgTe Quantum Wells ?ﬁ

free electron gas in the QW

Q2220

by donor doping of the barriers

HgCdTe, x=0.7, 25nm
HgCdTe : I, 9 nm

HgCdTe, 10 nm

HgTe well, 8,0 nm

HgCdTe, 10 nm
HgCdTe : 1, 9 nm

HgCdTe, x=0.7,100 nm
CdTe buffer ca.60 nm

CdZnTe (001)
substrate
ca. 800 um
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band structure

semi-metal or semiconductor

1000 —

Energy (eV)

fundamental energy gap

D.J. Chadi et al. PRB, 3058 (1972) EF6 — EF8 ~ —300 meV




HgTe-Ouantum Wells
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HgTe-Ouantum Wells

Typ-1Il QW
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HgCdTe
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8 band k-p calculation
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Simplified Picture
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insulator
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d < de, normal regime

A
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d > dq, inverted regime

A

M Fermi



Smaller Samples
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OSHE Size Dependence 5.53
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Kdnig et al., Science 318, 766 (2007)
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Q2367 Microhallbar 1 x 1 um’
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in 4-terminal geometry!?
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Wi Multi-Terminal Probe EP3
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W Non-locality EP:3
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A. Roth, HB et al.,
Science 325,295 (2009)
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A. Roth, HB et al.,
Science 325,295 (2009)
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LB: 6.4 kQ

Rig03/kQ

-2.0 -1.5 -1.0 -0.5 0.0

oate A. Roth, HB et al.,
Science 325,295 (2009)



Non-locality

LB: 4.3 kQ
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A. Roth, HB et al.,
Science 325,295 (2009)
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potential fluctuations introduce areas of normal metallic (n- or p-) conductance
in which back scattering becomes possible

“3 E

The potential landscape is modified by gate (density) sweeps!
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Additional Scattering Potential
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Il 1 3 LB: 4.3 kQ
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one additional contact:
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= 3.7kQ
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A. Roth, HB et al.,
Science 325,295 (2009)
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different gate sweep direction

\ ‘ C | control of backscattering
1 2

- 20+

LB: 12.9kQ |

» Hysteresis effects due to charging of trap states at the SC-insulator interface

J. Hinz, HB et al., Semicond. Sci. Technol. 21 (2006) 501-506
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Spin Polarizer
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100%
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100% |
SPIN 100 %

injection
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even with backscattering!




Spin Detection
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QSHE as
spin detector and injector

Spin Hall Effect
as creator and analyzer of
spin polarized electrons
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structural inversion asymmetry (SIA)

Y.A. Bychkov and E.l. Rashba, JETP Lett. 39, 78 (1984); J. Phys. C 17, 6039 (1984):

Rashba-Term: H. :aR(axky—aykx)

(for electrons)

hk’
l 3
2m* iﬂk”

(for holes)

E*=E +




intrinsic

2DEG

J.Sinova et al.,
Phys. Rev. Lett. 92, 126603 (2004)
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intrinsic SHE

Rashba effect




WO Split Gate H-Bar

H. Buhmann

Mag = 10.00 KX Tpm EHT = 30.00 k¥ Signal A = SE2 Date ;16 Dec 2008 Gun Yacuum = 1.72e-009 mBar
|—| WD = 10 mm Specimenl= 04 Time :12:15:07 System Yacuum = 2.15¢-006 mBar

Signal A = SE2 Dec 2000 Gua Vacuum = 1836009 mBar
Specimen | = 6 System Vacuum = 2.60e-006 mBar
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Wi OSHE Spin-Detector %3
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Intrinsic Spin Hall Effekt
Nature Physics
_e E Published online: 02 May 2010

. . X doi:10.1038/nphys1655
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J.Sinova et al.,
Phys. Rev. Lett. 92, 126603 (2004)
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QSHE Spin-Injector e

H. Buhmann
008 |
\ 0.06 |- 50X
N .
‘ol
0.04 |
10 - 0.02 | \;’1‘3“’9“” e
N, n-type detector
08} 000 le—v 1, w | e iy
45 30 25 20 15 -10 05 0.0
06 |

v
4

- DX QSHI-type’aetectorT

0.4

injector sweep

0.2

p-type detector

R R R A iy e |
-3.5 -3.0 -2.5 -2.0 -15 -1.0 -0.5 0.0

5 —— —

QSHiI-type injector

Ri234 K@

detector sweep

0 L 1 L 1 L 1 L h ] "
-4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5

'V

Vdetector—gate



Julius-Maximilians-

UNIVERSITAT !
WURZBURG %?3

H. Buhmann
detector sweep Injector sweep
— R |
— ﬁ 80 80 |- k .
g e ol MULHTN _
0 - N 1 nMWﬂthMMWA w I\{\MA ﬁ A |- N 1 N 1 N 1 N
TR e R

600

R _/Q
nonloc

400

" " 1 " 1 " n 1 " " 1 " "
-3.5 -3.0 -25 -2.0 -15 -1.0 -0.5 0.0 -3.5 -3.0 -2.5 -2.0 -15 -1.0 -0.5
u_ /v u_ /v
gate gate



i Summary Ill: OSH Effect

o the QSH effect which consists of
— an insulating bulk and

— two counter propagating spin polarized edge channels
(Kramers doublet)

 the QSH effect can be used as an effective
— spin injector and
— Spin detector
with 100 % spin poiarization properties

« the Rashba Effect in HgTe QW structures can be used
for spin manipulation
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