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Generating and controlling spin-polarized currents induced by a quantum spin Hall antidot

G. Dolcetto,'2? F. Cavaliere,!? D. Ferraro,>>* and M. Sassetti'-?

We study an electrically controlled quantum spin Hall antidot embedded in a two-dimensional topological
insulating bar. Helical edge states around the antidot and along the edges of the bar are tunnel coupled. The close
connection between spin and chirality, typical of helical systems, allows to generate a spin-polarized current
flowing across the bar. This current is studied as a function of the external voltages, by varying the asymmetry
between the barriers. For asymmetric setups, a switching behavior of the spin current is observed as the bias is
increased, both in the absence and in the presence of electron interactions. This device allows to generate and
control the spin-polarized current by simple electrical means.




2D topological insulators

2D topological insulators:
- Bulk band gap
- Gapless 1D edge states

Single edge state of a 2D topological insulator:
- Energies below the bulk gap: helical 1D liquid
- Degrees of freedom: y1(x), 1 (x)

Time-reversal (TR) operator for spin-1/2 particles:

- Anti-unitary TR operator: 0% = —1
- Action on fermionic fields:
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Graphene with spin-orbit coupling

Kane-Mele (KM) model: [1]
- Bad: not experimentally realizable (yet)
- Good: simple, microscopic paradigm

Hopping Hamiltonian on honeycomb lattice:

Topological property of
the band structure!
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[1] Kane and Mele, PRL 95, 226801 (2005)



Silicene

eek ending
PRL 107, 076802 (2011) PHYSICAL REVIEW LETTERS 12 AUGUST 3011

“Silicene”:
- H O n eyco m b I att i Ce W it h Si i n Ste a d Of C Cheng-Cheng Liu, Wanxiang Feng, and Yugui Yao™
- Larger interatomic distance than grap hene O N ness hocdom of Stences, Being 100190, Chimt

(Received 18 April 2011; published 9 August 2011)
. . We investigate the spin-orbit opened energy gap and the band topology in recently synthesized silicene
= LeSS ;1 ;1 Ove r a p . u C Ing as well as two-dimensional low-buckled honeycomb structures of germanium using first-principles
calculations. We demonstrate that silicene with topologically nontrivial electronic structures can realize

. M — (o] the quantum spin Hall effect (QSHE) by exploiting adiabatic continuity and the direct calculation of
- Stable configuration: 6 = 101.73

the Z, topological invariant. We predict that the QSHE can be observed in an experimentally accessible

Quantum Spin Hall Effect in Silicene and Two-Dimensional Germanium

low temperature regime in silicene with the spin-orbit band gap of 1.55 meV, much higher than that of

H H H aphene. Furthermore, we find that the gap will increase to 2.9 meV under certain pressure strain. Finally,
- Enhanced spin-orbit coupling

we also study germanium with a similar low-buckled stable structure, and predict that spin-orbit coupling
opens a band gap of 23.9 meV, much higher than the liquid nitrogen temperature.

Spin-orbit gap: A = 1.55 meV = 18 K
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[1] Liu et al., PRL 107, 076802 (2011)



Silicene experiments

_  Siatoms forming honeycomb PRL 108, 155501 (2012) PHYSICAL REVIEW LETTERS 1 RPRIL 302
s
I att l ce g rown on A g( 1 1 O) Silicene: Compelling Experimental Evidence for Graphenelike Two-Dimensional Silicon

Patrick Vogt,"** Paola De Padova,™" Claudio Quaresima,' Jose Avila, Emmanouil Frantzeskakis,*
Maria Carmen Asensio,* Andrea Resta,' Bénédicte Ealet,! and Guy Le Luyl"‘
Aix-Marseille University, CNRS-CINaM, Campus de Luminy, Case 913, 13288, Marseille Cedex 09, France
Technische Universitiit Berlin, Institut [iir Festkirperphysik, Hardenbergstrasse 36, 10623 Berlin, Germany
- STM reveals hexagonal structure: SRR IS, i Fovr dl o 100 e, T
dS.er'J'mm'rm SOLEIL, Saint Aubin, BP 48 91192 Gif-sur-Yvette, France

O 2 2 nm (Received 28 December 2011; published 12 April 2012)

- ARPES reveals Dirac spectrum: )
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Type-ll semiconductor quantum wells

InAs/GaSb heterostructure:

- Loss toxic than HgTe!

- Off-the-shelf materials:
Easier to manufacture

- Tunable by application of
gate voltage
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PRL 100, 236601 (2008) PHYSICAL REVIEW LETTERS 13 JUNE 2008

Quantum Spin Hall Effect in Inverted Type-II Semiconductors

Chaoxing Liu,"? Taylor L. Hughes,” Xiao-Liang Qi,” Kang Wang,? and Shou-Cheng Zhang?
'Center for Advanced Study, Tsinghua University, Beijing, 100084, China
’Department of Physics, McCullough Building, Stanford University, Stanford, California 94305-4045, USA
'!Departmem of Electrical Engineering, UCLA, Los Angeles, California 90095-1594, USA
(Received 24 January 2008; published 11 June 2008)

The quantum spin Hall (QSH) state is a topologically nontrivial state of quantum matter which
preserves time-reversal symmetry; it has an energy gap in the bulk, but topologically robust gapless states
at the edge. Recently, this novel effect has been predicted and observed in HgTe quantum wells and in this
Letter we predict a similar effect arising in Type-II semiconductor quantum wells made from
InAs/GaSb/AlSb. The quantum well exhibits an “inverted” phase similar to HgTe/CdTe quantum
wells, which is a QSH state when the Fermi level lies inside the gap. Due to the asymmetric structure of
this quantum well, the effects of inversion symmetry breaking are essential. Remarkably, the topological
quantum phase transition between the conventional insulating state and the quantum spin Hall state can be
continuously tuned by the gate voltage, enabling quantitative investigation of this novel phase transition.
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Type-ll semiconductor quantum wells

week ending

PRL 107, 136603 (2011) PHY SICAL REVIEW LETTERS 23 SEPTEMBER 2011

EXpe rl me nta I resu ItS . Evidence for Helical Edge Modes in Inverted In As/GaSbh Quantum Wells

-  Four-terminal conductance

2 Gerard Sullivan
e

Teledyne Scientific and Imaging, Thousand Oaks, California 91630, L/SA
G ~ 4 — (Received 20 April 2011; published 19 September 2011)

Ivan Knez and Rui-Rui Du
Department of Physics and Astronomy, Rice University, Houston, Texas 772511892, USA
F ) ) )

We present an experimental study of low temperature electronic transport in the hybridization gap of
inverted InAs/GaSb composite quantum wells. An electrostatic gate is used to push the Fermi level into
the gap regime, where the conductance as a function of sample length and width is measured. Our analysis
shows strong evidence for the existence of helical edge modes proposed by Liu er af [Phys. Rev. Lett. 100,
236601 (2008)]. Edge modes persist in spite of sizable bulk conduction and show only a weak magnetic

field dependence—a direct consequence of a gap opening away from the zone center.

- Problem: Large bulk
conductance
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HgTe/CdTe quantum wells

HgTe/CdTe quantum wells [1,2] NORMAL INVERTED

d <6.5nm d>6.5nm

* Band inversion above critical quantum s —_—
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Evidence for quantum spin Hall state: )
» Strongincrease in conductance ford > d,
* Conductance (G independent of sample size
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HgTe/CdTe quantum wells

Some more evidence:

* Magnetic field dependence: breaking of
TR invariance destroys quantized
conductance

* Multi-terminal measurements consistent
with Landauer-Buttiker prediction

I; = TE(TNVL Tl]V])
J
Tip1,; =Tiiy1 =1

Some other experiments:
[1] G.M. Minkov, arXiv:1211.2563
[2] Gusev et al., PRB 84, 121302 (2011)
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More recent experiments
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...let’s return to PRB 87, 085425 (2013)

Setup:

- 2D topological insulator bar

- Hole in the middle (“antidot”)

- (Local) tunneling between edges
and antidot

Hamiltonian:

: : - L
> Edges: Helical Luttinger liquids 145 1 () Hy = _,-va dx(y) O Wad p — Yl 10xVad, )
> Antidot: Helical LL 1,41, (%) Hy = 0 | 2
> Bosonization {4 — d, ,, g [*F ;
g . | [ S vl |
Symmetrically applied voltage 2 Jo vl

» Single-electron tunneling

Energy scales:
- Charging energy E,
- Spin addition energy E, < Ej, €0 = Ce=0 o0 g%




Transport through the antidot

Transport theory:

> Antidot Hilbert space: |charge n, spin s, plasmons {m, })

» Sequential tunneling:
A, = +1, A, = +1
» Transition rates:

M= |t;\|2/dte
AU:—)f

UL GLq(1)Ga(L)

» Green’s function from LL theory: (thermal average)

Gy ad(t) = <¢A,ad(0- )] L4(0, 0)>
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Asymmetric junctions

Asymmetric junctions: [g=71l4, 7>1 Spin-polarized current I ,:
(n =10,E,, /€, = 20)
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Results
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Analytics for few dot levels:
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Conclusions

2D topological insulator antidot configuration
with helical states at edges and around the
antidot

 Charging energy on the antidot is large

 Asymmetric coupling the edge states produces
spin-polarized current

* Electrically controllable spin-filter

Dolcetto et al.,
Phys. Rev. B 87, 085425 (2013)




