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General Information

Purpose

Since its discovery in 1980, the quantum Hall effect became the fertible

ground for several of the most fascinating topics in solid state physics.

The Symposium will provide the opportunity to see and discuss the sta-

tus and exciting developments in this field.

Topics

Distinguished invited speakers will give 30 min presentations on selected

topics.

Quantum Hall systems

QHE and the new SI units

Growth of state-of-the art 2DES

5/2 quantum Hall state

Exciton condensation in 2D bilayers

Topological insulators

Graphene and other 2D materials

Oxide heterostructures

Quasiparticles in low-dimensional electron systems

Organizers

The Symposium is organized by the Max-Planck-Institut für Festkörper-

forschung (Stuttgart, Germany).

Program and Organizing Committee

Werner Dietsche (MPI for Solid State Research, Stuttgart)

Jurgen H.Smet (MPI for Solid State Research, Stuttgart)

Jürgen Weis (MPI for Solid State Research, Stuttgart)

Symposium Site

Max-Planck-Institut für Festkörperforschung

(Max Planck Institute for Solid State Research)

Heisenbergstr. 1

D-70569 Stuttgart-Büsnau

Germany

http://www.fkf.mpg.de

Symposium Website

http://www.fkf.mpg.de/QHE2013
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Invited Speakers

Gerhard Abstreiter (Walter-Schottky-Institute, Germany)

Tsuneya Ando (Tokyo Institute of Technology, Japan)

Sankar Das Sarma (University of Maryland, USA)

Rui-Rui Du (Rice University, USA)

Jim Eisenstein (California Institute of Technology (Caltech), USA)

Andre Geim (University of Manchester, UK)

Moty Heiblum (Weizmann Institute of Science, Israel)

Harold Hwang (Stanford University, USA)

Jainendra Jain (Penn State University, USA)

Jan-Theodoor Janssen (National Physical Laboratory, UK)

Masashi Kawasaki (University of Tokyo, Japan)

Philip Kim (Columbia University, USA)

Allan MacDonald (University of Texas at Austin, USA)

Charles Marcus (The Niels Bohr Institute, Denmark)

Laurens Molenkamp (University of Wuerzburg, Germany)

Koji Muraki (NTT Basic Research Laboratories, Japan)

Marek Potemski (Grenoble High Magnetic Field Laboratory, France)

Terry Quinn (International Bureau of Weights and Measures, France)

Darrell Schlom (Cornell University, USA)

Werner Wegscheider (ETH Zurich, Switzerland)

Robert Willett (Bell Labs, USA)

Qi-Kun Xue (Tsinghua University, China)

Amir Yacoby (Harvard University, USA)

Shou-Cheng Zhang (Stanford University, USA)

Michael Zudov (University of Minnesota, USA)

Honorable Chairman

Klaus v. Klitzing (MPI for Solid State Research, Stuttgart)

Invited Chairmen

Günther Bauer (Universität Linz, Austria)

Klaus Ensslin (ETH Zurich, Switzerland)

Chihiro Hamaguchi (Osaka University, Japan)

Rolf Haug (Universität Hannover, Germany)

Jörg Kotthaus (LMU Munich, Germany)

Friedemar Kuchar (Universität Leoben, Austria)

Jochen Mannhart (MPI for Solid State Research, Germany)

Noburo Miura (Tokyo University, Japan)

Dieter Weiss (Universität Regensburg, Germany)

Participants

In addition, about 130 participants have registered for this Symposium,

coming from Asia, America and Europe.

Posters

Submitted by participants, about 50 poster contributions have been ac-

cepted. The posters will be accessible throughout the whole Symposium.
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Map of Symposium Site

WLAN Connection

WLAN (SSID): conference

Password (PSK): symp2013

Registration Desk

Secretary: Ruth Jenz

Phone: 0711 689 1287

Links

Public transportation in Stuttgart: http://www.vvs.de/

Train connections: http://www.bahn.de/

Max Planck Society: http://www.mpg.de/

Photo, Video and Audio Recording of Talks and Posters

Please note, your recording of talks and posters (photo, video and audio)

requires the permission by the respective presenter in advance !
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Lunches

The lunches on Thursday, June 27th, and Friday, 28th, in the Caferiteria

of the MPI are included in the conference fee. There will be three meals

and a salad bar.

Reception, Wednesday evening

All invited speakers, chairmen, participants (fee paid) and accompanying

persons are invited taking part in the Reception meeting on Wednesday,

June 26th, starting at 19:00 in the Cafeteria of the MPI where food and

drinks are offered.

Poster Session, Thursday evening

The posters will be accessible throughout the whole Symposium, however

on Thurday evening, June 27th, a special poster session is scheduled from

18:00 to 20:00. Beer, wine, soft drinks and fingerfood will be offered close-

by. Afterwards, there will be a get-together till 22:00 in the cafeteria and

garden of the MPI with beer, wine, soft drinks, bread and cheese.

Symposium Dinner, Friday evening

The Symposium Dinner will take place on Friday evening, June 28th, in

Stuttgart downtown at the Restaurant Cube, starting 18:45.

http://www.cube-restaurant.de/

Three busses going downtown will leave from the Symposium site (MPI).

One of these busses will drive at 18:00 via the Relaxa Hotel Schatten,

waiting there till 18:30 before going downtown. The two other busses

will leave at 18:15 from the MPI and will go directly downtown. After

the Symposium Dinner at 23:00, the busses will return to the MPI and

the Relexa Hotel Schatten.

Sponsoring

We acknowledge support by

Stadt Stuttgart

attocube systems AG (München, Germany)

CreaTec Fischer & Co. GmbH (Erligheim, Germany)

Oxford Instruments (Wiesbaden, Germany)

Jeol Germany (Eching bei München, Germany)

Dr.-Eberl-MBE-Komponenten GmbH (Weil der Stadt, Germany)

KREBS Ingenieure GmbH (Ditzingen, Germany)

Raith GmbH (Dortmund, Germany)
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Program Schedule

Wednesday, June 26th

Time Event/Location
————–———————————————————————————————

15:00 Opening of On-Site Registration
Coffee, tea, and soft drinks in the Entrance Hall

————–———————————————————————————————
Welcome Lecture Hall

17:00 Bernhard Keimer
Managing Director of the Max-Planck-Institute for Solid State Research

Klaus von Klitzing
Honorable Chairman of the Symposium

————–———————————————————————————————
Session 1 Lecture Hall

Chair: Friedemar Kuchar
17:15 Terry Quinn

The quantum-Hall effect − the key to the New SI

17:50 Jan-Theodoor Janssen
Graphene for quantum electrical metrology

18:25 Andre Geim
Inescapable quantum Hall effect

————–———————————————————————————————
19:00-22:00 Welcome Reception with buffet in the Cafeteria
————–———————————————————————————————
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Thursday, June 27th
————–———————————————————————————————
Session 2 Lecture Hall

Chair: Chihiro Hamaguchi
9:00 Tsuneya Ando

Theory of Dirac Electrons in Graphene

9:35 Allan H.MacDonald
Theory of the Fractional Quantum Hall Effect in Graphene

10:10 Philip Kim
Hofstadter‘s Butterfly and interaction driven quantum Hall
ferromagnetism in graphene

————–———————————————————————————————
10:45 Coffee Break in the Entrance Hall

————–———————————————————————————————
Session 3 Lecture Hall

Chair: Günther Bauer
11:15 Marek Potemski

Magneto-Raman scattering on graphene: Electron-phonon
coupling and electronic excitations

11:50 Amir Yacoby
Fractional quantum Hall effect in graphene

12:25 Michael Zudov
Nonequlibrium transport in very high Landau levels of quantum
Hall systems

————–———————————————————————————————
13:00 Lunch in the Cafeteria

————–———————————————————————————————
Session 4 Lecture Hall

Chair: Dieter Weiss
14:30 Jainendra K. Jain

Unconventional quantum Hall effect in the second Λ level.

15:05 Robert L. Willett
Addressing gaps in the filling factor number line: experiments
at even denominator ν

15:40 Koji Muraki
NMR spectroscopy of FQH-liquid and solid phases in the first
and second Landau levels

————–———————————————————————————————
16:15 Coffee Break in the Entrance Hall

————–———————————————————————————————
Session 5 Lecture Hall

Chair: Rolf Haug
16:45 Moty Heiblum

Neutral modes in the quantum Hall effect regime

17:20 Charles Marcus
Interpreting quantum Hall interferometry

————–———————————————————————————————
17:55 Conference Photo
18:00 Poster Session in the Poster Hall with beer, wine, and finger food
20:00 Get-Together with beer and wine in the Cafeteria/Garden
22:00 Closing of bar
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Friday, June 28th
————–———————————————————————————————
Session 6 Lecture Hall

Chair: Jörg Kotthaus
9:00 Shou-cheng Zhang

Quantized anomalous Hall effect in magnetic topological insu-
lators

9:35 Laurens Molenkamp
HgTe as a Topological Insulator

10:10 Qi-kun Xue
Experimental realization of quantum anomalous Hall effect in
magnetic topological insulator

————–———————————————————————————————
10:45 Coffee Break in the Entrance Hall

————–———————————————————————————————
Session 7 Lecture Hall

Chair: Klaus Ensslin
11:15 Werner Wegscheider

Engineering of quantum states protected by topology: Perspec-
tives from a crystal growers point of view

11:50 Rui-Rui Du
Creating Majorana Fermions on the Edge of InAs/GaSb
Quantum Wells

12:25 Sankar Das Sarma
Has the elusive Majorana mode finally been observed in a solid
state system?

————–———————————————————————————————
13:00 Lunch in the Cafeteria

————–———————————————————————————————
Session 8 Lecture Hall

Chair: Jochen Mannhart
14:30 Harold Y.Hwang

2D Superconductors and Bilayers in Oxide Heterostructures

15:05 Darrell Schlom
Tweaking the Band Structure of Complex Oxides with Strain
and Dimensionality

15:40 Masashi Kawasaki
Quantum Transport at the Polar Oxide Interfaces

————–———————————————————————————————
16:15 Coffee Break in the Entrance Hall

————–———————————————————————————————
Session 9 Lecture Hall

Chair: Noboru Miura
16:45 Jim Eisenstein

Tunneling and Counterflow Transport in a Bilayer Quantum
Hall System

17:20 Gerhard Abstreiter
40 years of semiconductor physics with Klaus − a reminiscence

————–———————————————————————————————
18:00 Busses leaving for Restaurant ’Cube’ at downtown
18:45 Reception at the Restaurant
19:15 Conference Dinner
23:00 Busses leaving to Relexa Hotel Schatten and MPI

————–———————————————————————————————
End of Symposium
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Abstracts PART 1: Invited Talks



Invited Talk 1

The quantum-Hall effect − the key to the New SI

Terry Quinn

Emeritus Director, International Bureau of Weights and Measures, Paris, France

The New SI is a revision of the International System of Units in which each of

the seven base units, second, metre, kilogram, ampere, kelvin, mole and candela,

will be defined in terms of a fixed numerical value of a fundamental constant or

constant of nature. It was adopted in principle by the 24th General Conference on

Weights and Measures in 2011 to be implemented when certain experimental data

are finally approved. Key to the New SI will be the redefinition of the kilogram

in terms of a fixed numerical value for the Planck constant. Such a definition only

became possible with the discovery of the quantum-Hall effect.
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Invited Talk 2

Graphene for quantum electrical metrology

Jan-Theodoor Janssen

National Physical Laboratory, Teddington, United Kingdom

The discovery of the quantum Hall effect in graphene sparked a lot of excitement in

the metrology world because it would allow for the first time a direct comparison of

the quantisation in a completely different system with that in conventional semicon-

ductor systems like GaAs or Si. The intrinsic properties of graphene are such that

the breakdown current for the QHE is extremely large and in particular in epitaxial

graphene a very precise comparison of the value h/e2 with GaAs has been possible

[1]. This has allowed us to test the universality of the QHE to an unprecedented

level of accuracy which in turn is important for the pending redefinition of the SI

units [2].

Recently we have made the first demonstration of quantised single electron trans-

port through a series of graphene quantum dots [3]. The ability to generate currents

via the transfer of single Dirac Fermions in a graphene circuit would potentially

extend the range and impact of graphene in a number of key sectors, including dig-

ital electronics, quantum information processing, and of course quantum metrology.

The pumps operate well at several GHz, enabling them to generate technologically

significant currents without compromising heavily on quantisation accuracy. The

performance of the pump at such high frequency also outstrips conventional metal

and semiconductor adiabatic pumps making them a promising candidate for the

realisation of the unit ampere after the redefinition of the SI units.

In this talk I will discuss both the quantum Hall effect in epitaxial graphene and

single electron charge pumping through graphene quantum dots and demonstrate the

distinct advantages of this material for the future of quantum electrical metrology.

References

[1] A. Tzalenchuk, S. Lara-Avila, A. Kalaboukhov, S. Paolillo, M. Syväjärvi, R. Yakimova,
O. Kazakova, T.J.B.M. Janssen, V. Fal’ko, S. Kubatkin, Nature Nanotechnology 5, 186
(2010).

[2] T.J.B.M. Janssen, N.E. Fletcher, R, Goebel, J.M. Williams, A. Tzalenchuk, R. Yaki-
mova, S. Kubatkin, S. Lara-Avilla, and V.I. Fal’ko, New Journal of Physics 13, 093026
(2011).

[3] M.R. Connolly, K.L. Chiu, S.P. Giblin, M. Kataoka, J.D. Fletcher, C. Chua, J.P.

Griffiths, G.A.C. Jones, C.G. Smith, and T.J.B.M. Janssen, arXiv:1207.6597, in press

Nature Nanotechnology (2013).
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Invited Talk 3

Inescapable quantum Hall effect

Andre Geim

University of Manchester, Oxford Road, Manchester M13 9PL, UK
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Invited Talk 4

Theory of Dirac Electrons in Graphene

Tsuneya Ando

Department of Physics, Tokyo Institute of Technology 2-12-1 Ookayama, Meguro-ku,
Tokyo 152-8551, Japan

The electron motion in graphene, first fabricated by mechanical exfoliation method

and later by various other methods, is governed by Weyl’s equation for a neutrino

or the Dirac equation with vanishing rest mass. The pseudo-spin is quantized into

the direction of the electron motion and the wave function exhibits a sign change

due to Berry’s phase when the wave vector k is rotated around the origin and

therefore has a topological singularity at k = 0. This singularity is the origin

of the peculiar behavior in transport properties of graphene, such as the minimum

conductivity at the Dirac point, the half- integer quantum Hall effect, the dynamical

conductivity, crossover between weak- and anti-localization, and a very singular

diamagnetic response.

In this talk, exotic electronic and transport properties of graphene [1-7] are re-

viewed from a theoretical point of view. The subjects include the universal min-

imum conductivity at the Dirac point for scatterers with potential range shorter

than the electron wavelength, its nonuniversal dependence on the disorder strength

for long-range scatterers, the weak-field Hall conductivity and its deviation from the

Boltzmann result when the potential range is larger than the Fermi wavelength.

Twisted bilayer graphene is currently attracting attention both theoretically and

experimentally. Carbon nanotubes are a graphene sheet rolled into a cylindrical form

and their electronic states are obtained by imposing periodic boundary conditions

or by discretizing the wave vector in the circumference direction. Twisted bilayer

ribbons are realized by collapsing thick carbon nanotubes, whose electronic states

are also discussed.

References

[1] T.Ando, J. Phys. Soc. Jpn. 75, 074716 (2006).
[2] T. Fukuzawa, M.Koshino, and T.Ando, J. Phys. Soc. Jpn. 78, 094714 (2009).
[3] A.Toyoda and T.Ando, J. Phys. Soc. Jpn. 79, 094708 (2010).
[4] M.Noro, M.Koshino, and T.Ando, J. Phys. Soc. Jpn. 79, 094713 (2010).
[5] M. Noro, M.Koshino, and T.Ando, J. Phys. Soc. Jpn. 80, 114701 (2011).
[6] T.Ando, J. Phys. Soc. Jpn. 80, 014707 (2011).

[7] T.Ando, J. Phys.: Conf. Ser. 302, 012015 (2011).
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Invited Talk 5

Theory of the Fractional Quantum Hall Effect in Graphene

Inti Sodemann and A.H. MacDonald

Physics Department, University of Texas at Austin, Austin TX 78712, USA

Early experimental studies of the fractional quantum Hall effect within the N = 0

Landau level of graphene suggest that gaps are larger for filling factors |ν| < 1 than

for filling factors |ν| > 1. The property that gaps are relatively small compared to the

GaAs case for nearly empty and nearly full N = 0 levels is naturally explained [1] by

the presence in the graphene case of an ungapped valley degree-of-freedom. When

the Hamiltonian is invariant under rotations in valley space, large area skyrmion

textures in the valley polarization field are expected to lead to low-energy gapped

excitations. I will explain why[2] short-range valley-dependent contributions to the

Hamiltonian increase excitation energies for |ν| < 1, but not for |ν| > 1.

References

[1] A.H. MacDonald and J.J. Palacios, Phys. Rev. B. 58, R10171 (1998).
[2] Inti Sodemann and A.H. MacDonald, arXiv:1306.nnnn.

15



Invited Talk 6

Hofstadter’s Butterfly and interaction driven quantum Hall
ferromagnetism in graphene

Philip Kim

Columbia University, Physics Department, 538 West 120th Street, New York, NY 10027,
USA

Electrons moving in a periodic electric potential form Bloch energy bands where

the mass of electrons are effectively changed. In a strong magnetic field, the cy-

clotron orbits of free electrons are quantized and Landau levels forms with a mas-

sive degeneracy within. In 1976, Hofstadter showed that for 2-dimensional electronic

system, the intriguing interplay between these two quantization effects can lead into

a self-similar fractal set of energy spectrum known as Hofstadter’s Butterfly.

Experimental efforts to demonstrate this fascinating electron energy spectrum have

continued ever since. Recent advent of graphene, where its Bloch electrons can be

described by Dirac feremions, provides a new opportunity to investigate this half

century old problem experimentally.

In this presentation, I will discuss the experimental realization Hofstadters Butter-

fly via substrate engineered graphene under extremely high magnetic fields control-

ling two competing length scales governing Dirac-Bloch states and Landau orbits,

respectively. In addition, the strong Coulomb interactions and approximate spin-

pseudo spin symmetry are predicted to lead to a variety of integer quantum Hall

ferromagnetic and fractional quantum Hall states and the quantum phase transition

between them in graphene. I will discuss several recent experimental evidences to

demonstrate the role of the electron interaction in single and bilayer graphene.
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Invited Talk 7

Magneto-Raman scattering from graphene: Electron-phonon
coupling and electronic excitations

Marek Potemski

Laboratoire National des Champs Magntiques Intenses, CNRS/UJF/UPS/INSA
25 avenue des Martyrs, 38042 Grenoble, France

The results of magneto-Raman scattering experiments on graphenes which can be

found on graphite surfaces or those deposited on Si/SiO2 or h-BN substrates will

be reviewed. A rich spectrum of magneto-phonon resonances which imply phonons

from Γ - as well as K-point of the Brillouin zone of graphene will be reported and

purely electronic response in Raman scattering spectra will be demonstrated. The

experiment data are in overall agreement with the existing theoretical models, but

at the same time reveal new, subtle effects related to electron-phonon and possibly

electron-electron interactions: resonances of two-particle excitations, changes in the

Fermi velocity. A phenomenological interpretation of these latter observations will

be suggested. An evolution of the magneto-Raman scattering response with doping

and in multi-layer graphene (bilayer, quadri-layer, graphite) will be also discussed.

References

[1] Tuning the Electron-Phonon Coupling in Multilayer Graphene with Magnetic Fields,
C. Faugeras, M. Amado, P. Kossacki, M. Orlita, M. Sprinkle, C. Berger, W. A. de
Heer, and M. Potemski, Phys. Rev. Lett. 103, 186803 (2009).

[2] Magneto-Raman Scattering of Graphene on Graphite: Electronic and Phonon Excita-
tions,
C. Faugeras, M. Amado, P. Kossacki, M. Orlita, M. Khne, A. A. L. Nicolet, Yu. I.
Latyshev, and M. Potemski, Phys. Rev. Lett. 107, 036807 (2011).

[3] How Perfect Can Graphene Be?,
P. Neugebauer, M. Orlita, C. Faugeras, A.-L. Barra, and M. Potemski,
Phys. Rev. Lett. 103, 136403 (2009).

[4] Circular dichroism of magnetophonon resonance in doped graphene,
P. Kossacki, C. Faugeras, M. Khne, M. Orlita, A. Mahmood, E. Dujardin, R. R. Nair,
A. K. Geim, and M. Potemski, Phys. Rev. B 86, 205431 (2012).

[5] Polarization-resolved magneto-Raman scattering of graphene-like domains on natural
graphite, M. Khne, C. Faugeras, P. Kossacki, A. A. L. Nicolet, M. Orlita, Yu. I. Laty-
shev, and M. Potemski, Phys. Rev. B 85, 195406 (2012).

[6] Electronic excitations and electron-phonon coupling in bulk graphite through Raman
scattering in high magnetic fields,
P. Kossacki, C. Faugeras, M. Khne, M. Orlita, A. A. L. Nicolet, J. M. Schneider, D.
M. Basko, Yu. I. Latyshev, and M. Potemski, Phys. Rev. B 84, 235138 (2011).

[7] Probing the band structure of quadri-layer graphene with magneto-phonon resonance,

C. Faugeras, P. Kossacki, A. A. L. Nicolet, M. Orlita, M. Potemski, A. Mahmood and

D.M. Basko, New J. Phys. 14, 095007 (2012).
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Invited Talk 8

Fractional quantum Hall effect in graphene

Amir Yacoby

Harvard University, Department of Physics, Cambridge MA 02138, USA

Graphene and its multilayers have attracted considerable interest owing to the

fourfold spin and valley degeneracy of their charge carriers, which enables the for-

mation of a rich variety of broken-symmetry states and raises the prospect of con-

trolled phase transitions among them. In especially clean samples, electron-electron

interactions were recently shown to produce surprising patterns of symmetry break-

ing and phase transitions in the integer quantum Hall regime. Although a series

of robust fractional quantum Hall states was also recently observed in graphene,

their rich phase diagram and tunability have yet to be fully explored. Here we re-

port local electronic compressibility measurements of ultraclean suspended graphene

that reveal a multitude of fractional quantum Hall states surrounding filling factors

ν = −1/2 and −1/4. In several of these states, we observe phase transitions that

indicate abrupt changes in the underlying order and are marked by a narrow region

of negative compressibility that cuts across the incompressible peak. Remarkably, as

filling factor approaches ν = −1/2, we observe additional oscillations in compress-

ibility that appear to be related to the phase transitions and persist to within 2.5 %

of ν = −1/2. We use a simple model based on crossing Landau levels of composite

particles with different internal degrees of freedom to explain many qualitative fea-

tures of the experimental data. Our results add to the diverse array of correlated

states observed in graphene and demonstrate substantial control over their order pa-

rameters, showing that graphene serves as an excellent platform to study correlated

electron phases of matter.
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Invited Talk 9

Nonequlibrium transport in very high Landau levels of quantum
Hall systems

Michael Zudov1, Anthony Hatke1, John Watson2, Michael Manfra2,

Loren Pfeiffer3, and Kenneth West3

1University of Minnesota, Minneapolis, Minnesota, USA
2Purdue University, West Lafayette, Indiana, USA
3Princeton University, Princeton, New Jersey, USA

The discovery of microwave- [1], phonon- [2], and Hall field- [3] induced resistance

oscillations, as well as microwave-induced zero-resistance states [4] and dc field-

induced zero-differential resistance states [5] in high mobility 2D electron systems

(2DES) has launched an exciting research field of nonequilibrium quantum transport

[6]. More recently, giant microwave photoresistance effects have been discovered near

both the first [7] and the second [8] harmonics of the cyclotron resonance.

This talk will give an overview of such nonequilibrium phenomena and discuss

some of our recent findings. In one experiment [9], we have employed resistively

detected magnetoplasmon resonance as a probe of absolute negative conductivity

associated with zero-resistance states. In another study [10], we have shown that

the electron effective mass obtained from microwave-induced resistance oscillations

is significantly lower that the one obtained from the magnetoplasmon resonance,

possibly indicating importance of electron-electron interaction effects. Finally, the

talk will report on a new resonant structure in microwave photoresistance near the

cyclotron resonance which emerges at high radiation frequencies.

References

[1] M.A. Zudov, R.R. Du, J.A. Simmons, and J. L. Reno, arXiv:cond-mat/9711149
(1997); Phys. Rev. B 64, 201311(R) (2001).

[2] M.A. Zudov, I. V. Ponomarev, A. L. Efros, R.R. Du, J.A. Simmons, and J. L. Reno,
Phys. Rev. Lett. 86, 3614 (2001).

[3] C. L. Yang, J. Zhang, R.R. Du, J.A. Simmons, and J. L. Reno, Phys. Rev. Lett. 89,
076801 (2002).

[4] R.G. Mani, J. H. Smet, K. von Klitzing, V.Narayanamurti, W.B. Johnson, and V.
Umansky, Nature 420, 646 (2002); M.A. Zudov, R.R. Du, L.N. Pfeiffer, and K.W.
West, Phys. Rev. Lett. 90, 046807 (2003); S. I. Dorozhkin, L.N. Pfeiffer, K.W. West,
K. von Klitzing, and J.H. Smet, Nature Physics 7, 336 (2011).

[5] A.A. Bykov, J. -Q Zhang, S.Vitkalov, A.K. Kalagin, and A.K. Bakarov, Phys. Rev.
Lett. 99, 116801 (2007); A.T. Hatke, H. -S. Chiang, M.A. Zudov, L.N. Pfeiffer, and
K.W. West, Phys. Rev. B 82, 041304(R) (2010).

[6] I. A. Dmitriev, A.D. Mirlin, D.G. Polyakov, and M.A. Zudov, Rev. Mod. Phys. 84,
1709 (2012).

[7] J. H. Smet, B.Gorshunov, C. Jiang, L.N. Pfeiffer, K.W. West, V. Umansky, M. Dressel,
R. Meisels, F. Kuchar, and K. von Klitzing, Phys. Rev. Lett. 95, 116804 (2005).

[8] Y. Dai, R.R. Du, L.N. Pfeiffer, and K.W. West, Phys. Rev. Lett. 105, 246802 (2010);
A.T. Hatke, M.A. Zudov, L.N. Pfeiffer, and K.W. West, Phys. Rev. B 83, 121301(R)
(2011); Phys. Rev. B 83, 201301(R) (2011); Y. Dai, K. Stone, I. Knez, C. Zhang, R.R.
Du, C. Yang, L.N. Pfeiffer, and K. W. West, Phys. Rev. B 84, 241303(R) (2011).

[9] A.T. Hatke, M.A. Zudov, J.D. Watson, and M. J. Manfra, Phys. Rev. B 85, 121306(R)
(2012).

[10] A.T. Hatke, M.A. Zudov, J.D. Watson, M. J. Manfra, L.N. Pfeiffer, and K.W. West,
Phys. Rev. B 87, 161307(R) (2013).
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Invited Talk 10

Unconventional quantum Hall effect in the second Λ level

Jainendra K. Jain

Physics Department, 104 Davey Laboratory, Penn State University, University Park, PA
16802, USA

The nature of the fractional quantum Hall effect depends sensitively on the in-

teraction pseudopotentials, which, for example, is responsible for interesting new

physics in the second Landau level. We show[1, 2] that remarkable new structures

arise also in the second composite-fermion Landau level (Λ level) because of a pe-

culiar interaction between composite fermions that primarily penalizes composite

fermion pairs with relative angular momentum 3. We focus on composite fermion

filling factors ν∗ = 1 + 1/3, 1 + 2/3 and 1 + 1/2, which manifest as 4/11, 5/13 and

3/8 of electrons; evidence for fractional quantum Hall effect at these fractions was

seen by Pan et al. more than a decade ago [3]. In Ref. [2] we provide compelling

evidence that the 1/3 and 2/3 states of composite fermions in the second Λ level

are topologically distinct from the familiar 1/3 and 2/3 states, thus demonstrating

that the electronic fractional quantum Hall effect at 4/11 and 5/13 represents an un-

conventional order, arising from a new mechanism of incompressibility not realized

elsewhere. This study resolves the controversy surrounding the origin of these states

in favor of the proposal of Wójs, Yi and Quinn[4]. In addition, we show [1] that

an incompressible state at 3/8 is very likely a chiral p-wave paired state of compos-

ite fermions of the anti-Pfaffian kind. Several concrete predictions for experiments

follow from this physics.
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Addressing gaps in the filling factor number line: experiments at
even denominator ν

Robert Willett

Bell Laboratories, Alcatel-Lucent, 600 Mountain Avenue, Murray Hill, New Jersey 07974,
USA

Even denominator filling factors were relative ‘late bloomers’ in the quantum Hall

effect world. We will discuss non-exhaustively experiments at these quantum num-

bers.
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NMR Spectroscopy of FQH Liquid and Solid Phases in the First
and Second Landau Levels

Koji Muraki

NTT Basic Research Laboratories, NTT Corporation, Atsugi, Japan
ERATO Nuclear Spin Electronics Project, Japan Science and Technology Agency, Japan

Nuclear magnetic resonance (NMR) has been widely used to explore the physics

in the quantum Hall systems associated with the spin degree of freedom. Recently,

resistively detected NMRmeasurements have demonstrated the full spin polarization

of the ν = 5/2 quantum Hall state [1, 2]. Interestingly, the system remains fully

polarized throughout the second Landau level, including not only the quantized Hall

states at ν = 5/2, 7/3, and 8/3, but also the non-quantized states between them [1].

I will discuss the implications of this behavior and the possibility to experimentally

observe active roles of spin at and around ν = 5/2.

Furthermore, I will show that NMR is a powerful tool to study not only the spin,

but also the charge degree of freedom in the electron system. This becomes relevant

when the electron system enters a phase that breaks the in-plane translational sym-

metry. We observe striking anomalies in the Knight shift and spectral lineshape that

appear at low partial filling of both the first and second Landau levels. Numerical

simulations using the wave function of a Hartree-Fock Wigner crystal reproduce the

observed anomalies exceedingly well. By virtue of the spatial resolution provided

by the nuclear spins, which serve as built-in local probes, we are able to resolve the

quantum and thermal fluctuations of lattice electrons and quantify the deviation

from the T = 0 Hartree-Fock Wigner crystal.

K. M. thanks L. Tiemann, T. D. Rhone, G. Gamez, N. Kumada, and N. Shibata

for their collaboration in this work.
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Neutral modes in the quantum Hall effect regime

Moty Heiblum

Weizmann Institute of Science, Rehovot 76100, Israel

Current propagates in the quantum Hall regime along the edges of a two-dimen-

sional electron gas via ‘downstream’ chiral edge modes. In the fractional regime, for

some fractional states - the so called ‘holes-conjugate’ states, i.e., between filling fac-

tors n+1/2 and n+1 - early predictions suggested, that due to edge reconstruction,

each ‘downstream’ chiral mode is accompanied by an ‘upstream’ chiral mode (oppo-

site chirality). Since experiments did not find ‘upstream’ chiral edge modes, it had

been proposed that in the presence of interactions and disorder the ‘downstream’

charge modes are accompanied by ‘upstream’ neutral mode - with the latter carry-

ing energy without net charge - explaining thus why the ‘upstream’ modes were not

detected thus far. Moreover, a neutral ‘upstream’ mode is also expected for selected

wavefunctions, which were proposed for the ‘even denominator’ state 5/2.

I will review some of our observations of neutral modes in selected quantum Hall

states. Neutral mode detection was performed by allowing it to impinge on a QPC

constriction or at an ohmic contact. Partitioning of the neutral mode, or heating

of the charge mode, led to excess current fluctuations propagating ‘downstream’.

The main observed effects are: (a) Resultant current noise, being proportional to

the applied voltage on the injecting contact, however, without a net current; (b)

Partitioning charge modes in a QPC excited an ‘upstream’ neutral mode; (c) The

neutral mode decays with length and temperature; (d) An upstream neutral mode

was observed for the 5/2; likely singling out the anti-Pfaffian wavefunction for the

e/4 quasiparticles; (e) Impinging the neutral mode on a QD led to a thermo-electric

net current, with a broadened conductance peak (indicating heating).
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Interpreting quantum Hall interferometry

Charles Marcus

The Niels Bohr Institute, Condensed Matter Physics, Kopenhagen, Denmark

Transport in the integer and fractional quantum Hall regimes through quantum

dots and antidots show periodic modulation as a function of field and gate volt-

age. The oscillations can arise from various physical mechanisms, and depending on

the mechanism lead to different interpretations, for instance in terms of fractional

charge. This talk will review resent experimental results in terms of these alternative

mechanisms.

The talk will focus on the experimental results reported in A. Kou et al. and D.

T. McClure, et al. but will attempt to place these results into a broader context.

Research supported by Microsoft through Project Q, the Department of Energy,

Harvard University, and the Danish National Research Foundation.
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Quantized anomalous Hall effect in magnetic topological insulators

Shou-cheng Zhang

Department of Physics, Stanford University, Stanford, CA 94305-4045, USA

Discovery of the quantum spin Hall effect and topological insulator has inspired

us to theoretically predict the quantized anomalous Hall (QAH) effect in magnetic

topological insulators without external magnetic field. Recently this effect has been

experimentally discovered in Cr doped topological insulator (BiSb)2Te3.

In this talk, I shall discuss the theory and experiment of the QAH.
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HgTe as a Topological Insulator

L.W. Molenkamp

Physics Institute (EP3), Wuerzburg University, Am Hubland, 97074 Wuerzburg, Germany

HgTe is a zincblende-type semiconductor with an inverted band structure. While

the bulk material is a semimetal, lowering the crystalline symmetry opens up a gap,

turning the compound into a topological insulator.

The most straightforward way to do so is by growing a quantum well with (Hg,Cd)Te

barriers. Such structures exhibit the quantum spin Hall effect, where a pair of spin

polarized helical edge channels develops when the bulk of the material is insulating.

Our transport data [1-3] provide very direct evidence for the existence of this third

quantum Hall effect, which now is seen as the prime manifestation of a 2-dimensional

topological insulator.

To turn the material into a 3-dimensional topological insulator, we utilize growth

induced strain in relatively thick (ca. 100 nm) HgTe epitaxial layers. The high

electronic quality of such layers allows a direct observation of the quantum Hall

effect of the 2-dimensional topological surface states [4]. These states appear to be

decoupled from the bulk. This allows us to induce a supercurrent is induced in the

surface states by contacting these structures with Nb electrodes [5].
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Experimental realization of quantum anomalous Hall effect in
magnetic topological insulator

Qi-Kun Xue

Department of Physics, Tsinghua University, Beijing 100084, China

Anomalous Hall effect (AHE) was discovered by Edwin Hall in 1880. In this talk,

we report the experimental observation of the quantized version of AHE, the quan-

tum anomalous Hall (QAH) effect in thin films of Cr-doped (Bi,Sb)2Te3 magnetic

topological insulator. At zero magnetic field, the gate-tuned anomalous Hall resis-

tance exhibits a quantized value of h/e2 accompanied by a significant drop of the

longitudinal resistance. The longitudinal resistance vanishes under a strong magnetic

field whereas the Hall resistance remains at the quantized value. The realization of

the QAH effect paves a way for developing low-power-consumption electronics.

This work was carried out in collaboration with Ke He, Yayu Wang, Xucun Ma,

Xi Chen, Jinfeng Jia, Li Lu, Lili Wang, Shuaihua Ji, Zhong Fang, Xi Dai, and

Shoucheng Zhang.
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Engineering of quantum states protected by topology: Perspectives
from a crystal growers point of view

Werner Wegscheider

ETH Zürich, Laboratorium für Festkörperphysik, Switzerland

The theoretical proposal of a novel class of particles that are their own anti-

particles Majorana fermions has stimulated research ranging from neutrino physics

to dark matter searches. However, recent advances in the synthesis of low-dimensional

semiconductor structures allow for the realization of this elusive class of objects

also in the condensed matter domain. This talk will survey the current status in

molecular beam epitaxy applied for the preparation of heterostructures, which host

non-Abelian anyons as excitations in the fractional quantum Hall regime. In addi-

tion, tunable two-dimensional topological insulators based on inverted electron-hole

bilayer systems in InAs/GaSb coupled quantum wells will be presented. Although

these phenomena are currently at the verge of being detectable, they might serve

to overcome one of the main obstacles in quantum computing, the decoherence of

quantum states, by topological protection.
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Creating Majorana Fermions on the Edge of InAs/GaSb Quantum
Wells

Rui-Rui Du

Rice University, Houston TX 77005, USA

In our quest of Majorana femions in condensed matter, superconductor-proximity

coupled 1D quantum wires (‘Majorana wires’) represent a promising system. The

requirements for materials quality, however, are rather stringent: among the least of

them the wires must be pure and uniform enough, such that the occupied number

of modes will be the same over at least several micrometers length. We demonstrate

here, by research of Rice group and collaborators, that in inverted InAs/GaSb semi-

conductor quantum wells these requirements can be readily met by creating and gat-

ing the helical edge states. Single mode, spin polarized edges with coherent length

over 5 micrometers are routinely observed at liquid helium temperature. This recent

materials breakthrough, together with the fact that highly transparent interfaces can

be formed between InAs/GaSb and metallic superconductors, opens a well-controlled

way of creating and manipulating Majoranas in the lab.
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Has the elusive Majorana mode finally been observed in a solid
state system?

Sankar Das Sarma

University of Maryland, College Park, MD 20742-4111, USA
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2D Superconductors and Bilayers in Oxide Heterostructures

Harold Y.Hwang

Dept. of Applied Physics, Stanford University, Stanford, CA, USA
Dept. of Photon Science, SLAC National Accelerator Laboratory, Menlo Park, CA, USA

SrTiO3 is a low density bulk superconductor, which when incorporated in het-

erostructures provides an opportunity for band-structure engineering this supercon-

ducting semiconductor. We take this opportunity by selectively doping a channel

of finite thickness in an undoped matrix, which is analogous to δ-doping in semi-

conductors. By varying the thickness of a Nb doped channel, we have studied the

crossover from 3D to 2D in the superconducting and normal state properties, as the

thickness of the doped layer is decreased [1-4]. A notable feature of these structures

is that the mobility strongly increases in the 2D limit [2]. This aspect suggests

that a new regime of 2D superconducting phase transitions can be experimentally

accessed approaching the clean limit [3]. By the growth of two such δ-doped layers,

with variable interlayer spacing, a clear tunable coupling is demonstrated in both

the normal-state and superconducting properties [5]. This bi-layer degree of freedom

provides an avenue for engineering multi-component superconductivity.

References

[1] Y.Kozuka, M.Kim, C.Bell, B.G.Kim, Y.Hikita, and H.Y.Hwang,
Nature 462, 487 (2009).

[2] Y.Kozuka, M.Kim, H.Ohta, Y.Hikita, C.Bell, and H.Y.Hwang,
Appl. Phys, Lett. 97, 222115 (2010).

[3] M.Kim, C.Bell, Y.Kozuka, M.Kurita, Y.Hikita, and H.Y.Hwang,
Phys. Rev. Lett. 107, 106801 (2011).

[4] M.Kim, Y.Kozuka, C.Bell, Y.Hikita, and H.Y.Hwang,
Phys. Rev. B 86, 085121 (2012).

[5] H. Inoue, M.Kim, C.Bell, Y.Hikita, and H.Y.Hwang, in preparation.

31



Invited Talk 22

Tweaking the Band Structure of Complex Oxides with Strain and
Dimensionality

Darrell Schlom

Department of Materials Science and Engineering, Cornell University, Ithaca, New York
14853, USA

Kavli Institute at Cornell for Nanoscale Science, Cornell University, Ithaca, New York
14853, USA

Using epitaxy and the misfit strain imposed by an underlying substrate, it is

possible to strain thin films of complex oxides to percent levels far beyond where

they would crack in bulk. Under such strains, the band structure of complex oxides

can be dramatically altered. Another way of altering the electronic structure is

through dimensional confinement, e.g., by confining a material to be a thin layer

or by confining it as repeating thin layers within a superlattice. In this talk results

from three systems exhibiting metal-insulator transitions brought about by strain

or dimensional confinement will be shown: (1) strained La0.7Sr0.3MnO3 [1], (2)

(LaMnO3)2n / (SrMnO3)n superlattices [2], and (3) LaNiO3 thin films with thickness

as thin as a single unit cell [3]. The films are made by reactive molecular-beam

epitaxy (MBE) and their electronic structure is measured on the pristine surface of

the as-grown films by angle-resolved photoemission spectroscopy (ARPES). We use

ARPES to track how the momentum-resolved electronic structure evolves through

the strain or dimensionality driven metal-insulator transition. In all three cases our

results are consistent with an ordering instability mechanism, in which electronic

charge ordering or orbital ordering is responsible for the loss of the metallic state.

This work was done in collaboration with the groups of Kyle Shen (Physics), David

A. Muller (Applied and Engineering Physics), and Richard G. Hennig (Materials

Science and Engineering) all at Cornell University, and Reinhard Uecker at the

Leibniz Institute for Crystal Growth. The contributing coauthors are listed in Refs.

[1]-[3].
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Quantum Transport in Polar Oxide Heterostructures

Masashi Kawasaki

Quantum-Phase Electronics Research Center (QPEC) and Department of Applied Physics,
The University of Tokyo, Tokyo, Japan

RIKEN Center for Emergent Matter Science (CEMS), Wako, Japan

We present our recent progress on the two dimensional electron systems created at

oxide heterostructures. ZnO is a semiconductor that has a wide bandgap of 3.3 eV

with a polar Wurzite crystal structure. The bandgap can be tuned to 4.3 eV with

making an alloy of MgxZn1−xO upto x = 0.5. At the same time, spontaneous polar-

ization (P ) along its polar axis is also tuned, larger x, larger P , due to the gradual

deformation of crystal structure from tetrahedral to octahedral coordination at the

Mg site (same as that in rock salt MgO). The discontinuity in P at the MgZnO/ZnO

heterointerface is compensated with the accumulation of two dimensional electron

systems in the narrower bandgap of ZnO.

Continuing effort in making higher quality heterostructures has enabled us to ob-

serve integer quantum Hall effect (QHE), fractional QHE, lowest Landau levels,

metal insulator transitions, quantum Hall ferromagnet, and other intriguing prop-

erties for samples with a mobility exceeding 700,000 cm2/Vs.

The talk will overview the motivation and progress of our work with a highlight

of strong correlation effect that may not be easy to realize in other two dimensional

systems.
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Tunneling and Counterflow Transport in a Bilayer Quantum Hall
System

J.P. Eisenstein

Dept. of Physics, California Institute of Technology, Pasadena, California, USA

Like all quantum Hall systems, a bilayer 2D electron system at total filling factor

νT = 1 possesses an energy gap to charged quasiparticle excitations. However, the

νT = 1 bilayer is (so far) unique in also possessing a low energy condensate capable of

transporting energy independent of the charged quasiparticles. The condensate may

be viewed as a phase coherent ensemble of interlayer excitons, broadly analogous to

the Cooper pair condensate in a superconductor. Excitons, being charge neutral,

are not subject to a Lorentz force and are thereby free to move throughout the bulk

of the 2D system.

Coupling to the condensate requires probes which are antisymmetric in the layer

degree of freedom. The focus of this talk will therefore be on our recent interlayer

tunneling and counterflow transport measurements [1, 2, 3], both of which meet this

antisymmetry requirement.

It has been long known that interlayer tunneling at νT = 1 resembles the dc

Josephson effect in superconducting tunnel junctions. Our recent results clearly

demonstrate that extrinsic resistances in the tunneling circuit are responsible for

the instabilities and hysteresis often observed in strongly tunneling samples, but

fortunately do not appear to interfere with the identification of a maximum or critical

tunneling current, Ic. Interestingly, we find evidence for a “universal” temperature

dependence of the critical current.

Making use of a Corbino annular geometry, first applied to the νT = 1 problem

by the Stuttgart group [4], our counterflow measurements have shown that neutral

excitons within the condensate are free to move across the insulating bulk of the

quantum Hall system even when ordinary charge transport is heavily suppressed.

As expected, we find that at higher temperatures, drive levels, and layer separations

charged quasiparticle transport competes with the condensate transport and that

simple modeling captures this competition.

Finally, if time permits, the question of dissipation in the condensate channel will

also be briefly discussed.

This contribution reflects a collaboration with A.D.K. Finck, D. Nandi, T. Khaire,

L.N. Pfeiffer, and K.W. West and is supported by NSF grant DMR-1003080.
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Imaging Integer and Fractional Quantum Hall Edge States

Nikola Pascher, Clemens Rössler Thomas Ihn, Klaus Ensslin, Christian Reichl and

Werner Wegscheider

Solid State Physics Laboratory, ETH Zurich, 8093 Zurich, Switzerland

We present scanning gate microscopy (SGM) measurements on a quantum point

contact (QPC) patterned on top of a high-mobility two-dimensional electron gas

(2DEG) in a GaAs-AlGaAs heterostructure. The measurements are carried out at a

temperature of 100 mK in a strong perpendicular magnetic field. A local potential

perturbation induced by the voltage-biased tip of the microscope is used to probe

the underlying 2DEG [1]. The tip acts as a movable gate. Depending on its position,

quantum Hall edge channels can be selectively transmitted or reflected [2, 3]. Thus,

as a function of tip-position stripes of constant filling factors are resolved. Even

filling factors appear as very pronounced plateaus in the maps of the conductance

as a function of tip position, as seen in fig. 1a). Odd filling factors can be seen as

smaller stripes. At very high magnetic fields we can observe very distinct signatures

of fractional filling factors 1b), c), d).
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Figure 1: a) SGM image taken at a filling factor of 4 in the bulk. Plateaus at values
of 3, 2 and 1 e2/h can be observed. Dashed lines show the outline of the QPC. b)
Same image at a filling factor of 1 in the bulk. Black stripes show filling factors of
1/3 and 2/3. c) Zoom at the position of the green frame in b). Especially in d) clear
plateaus at filling factors 1/3, 2/3 and 4/5 are visible.

The measurements give a direct measure for the real space behavior and distribu-

tion of quantum Hall edge channels. Putting our results into a theoretical frame-

work we can draw conclusions about the alternating compressible and incompressible

stripes, which are formed in the quantum Hall regime [4]. The measurements show

the fragile nature of fractional quantum Hall effect edge states and their behavior

in the local potential landscape.
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Ballistic Interference in Ultraclean Suspended Graphene

Peter Rickhaus1, Romain Maurand1, Ming-Hao Liu2, Klaus Richter2, and

Christian Schönenberger1

1Department of Physics, University of Basel, Basel, Switzerland
2Institut für theoretische Physik, Universität Regensburg, Regensburg, Germany

We have fabricated suspended monolayer graphene devices on organic lift-off re-

sists. We have extended this technology, which was introduced by N. Tombros et

al. [1], allowing to add a multitude of bottom and top gates. Using in-situ current

annealing [2], we show that exceptionally high mobililties can be obtained in these

devices approaching values of 100m2/Vs. Specifically, we have studied the two ter-

minal transport of ultraclean monolayer graphene whose electrostatic potential can

be tuned by two gates acting respectively on the left and on the right half. The

device can then be operated in the unipolar n-n’ and p-p’ or in the bipolar n-p’ and

p-n’ regimes. In all these regimes we observed a striking beating pattern, which can

be traced back to Fabry-Perot oscillations that are either localized in one half of the

sample (left and/or right) or even extend over the whole sample with a length ex-

ceeding 1µm. Theoretical modeling [3] has provided a lot of insight into the role of

contact doping and the steepness of the potential in the inner part of the device, but

also at the edge to the source and drain contacts. Taking all geometrical parameters

of the experiment into account, a remarkable good correspondence between theory

and measurement could be reached. The comparison also shows that transport is

ballistic.
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Quantum point contacts in the fractional quantum Hall regime

S. Baer, C. Rössler, T. Ihn, K. Ensslin, C. Reichl, and W. Wegscheider

Solid State Physics Laboratory, ETH Zurich, 8093 Zurich, Switzerland

Two-dimensional electron systems (2DES) at low temperatures and in strong mag-

netic fields show a rich spectrum of highly degenerate, incompressible ground states.

Apart from the Laughlin sequence at filling factors ν = 1/m (m odd integer), other

exotic states like the ν = 5/2 state have been observed [1]. Many properties of these

states are unknown and of high interest for current research.

We investigate transport through quantum point contacts (QPCs) in the integer

and fractional quantum Hall (FQH) regime. We study the influence of the potential

shape of QPCs on the formation and the energy gap of fractional states in the chan-

nel. Fig. 1a shows the transconductance of a tunable QPC on a high-mobility 2DES.

Black regions correspond to integer and fractional quantum Hall states formed in

the QPC or complete pinch-off. In the transition regime between different filling fac-

tors, resonances corresponding to the self-consistent formation of potential minima

and maxima in the channel modulate the conductance. Finite bias measurements

of these systems show a spectrum of conductance enhancement and suppression,

currently not understood in detail. In the weak backscattering regime, we study the

tunneling properties of the FQH states of the second Landau level. Fully quantized

ν = 5/2 and ν = 7/3 states and pronounced reentrant integer quantum Hall states

can be observed in the QPC (see Fig. 1b). Finite bias measurements allow for an

investigation of the tunneling properties of these states [2].

Figure 1: (a) Transconductance through a QPC as a function of the gate voltage
VQPC and the magnetic field B. Black regions correspond to the transmission of
integer or fractional quantum Hall states through the QPC. (b) Rdiag and Rxy,bulk

(in multiples of RK) as a function of the magnetic field. The diagonal resistance
across the 1.2 µm wide QPC reveals a fully quantized ν = 5/2 and ν = 7/3 states
with weak backscattering at the QPC constriction.
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Superconductivity in NbSe2 Field-Effect Transistors

M.S. El Bana1,2 and S. J. Bending1

1Department of Physics, University of Bath, Claverton Down, Bath BA2 7AY, U.K.
2Department of Physics, Ain Shams University, Cairo, Egypt

Since the first isolation of graphene in
2004 [1] interest in intrinsic superconduc-
tivity and the superconducting proximity
effect in single atomic or few-layer crystals
has grown rapidly [2]. Here we describe in-
vestigations of the superconducting tran-
sition in few molecular layer dichalco-
genide flakes. Our lithographically-
defined 4-terminal devices have been re-
alised by micromechanical cleavage from
a 2H-NbSe2 single crystal onto Si/SiO2

substrates followed by the deposition of
Cr/Au contacts (c.f., the atomic force mi-
croscope (AFM) image in upper inset of
Fig. 1). AFM and Raman spectroscopy
have been used to characterise the quality
and number of molecular layers present in
our flakes [3].

Figure 1: Temperature dependence of
the 4-point resistance of a typical de-
vice. Inset: (top left) AFM scan of
a completed structure; (bottom right)
expanded view of the resistive super-
conducting transition.

While our very thinnest NbSe2 flakes did not appear to conduct at low temper-

atures, slightly thicker flakes were superconducting with an onset Tc that is only

slightly depressed from the bulk value (7.2 K). The main curve of Fig. 1 shows the

4-point resistance of a device from 0-300 K. The resistance typically shows a small,

sharp high temperature transition followed by one or more broader transitions which

end in a wide tail to zero resistance at low temperatures (c.f., lower inset of Fig.

1). The temperature of the highest transition drops slowly as the flake thickness

decreases in agreement with earlier works [4,5]. Estimates of the 300 K resistivity

for our flakes are several times higher than that found in bulk single crystals, and

we speculate that these multiple resistive transitions are related to disorder in the

layer stacking rather than lateral inhomogeneity as was proposed by Frindt [4]. The

behaviour of several flakes has been characterised as a function of temperature, ap-

plied field and back-gate voltage. We find that the sheet resistance and transition

temperatures depend weakly on the gate voltage, with both conductivity and Tc
decreasing as the electron concentration is increased. The application of a perpen-

dicular magnetic field up to 1 T leads to an approximately linear reduction in the

temperature at which the resistive transitions are observed, and these data have

been analysed to infer effective values of the T = 0 upper critical field, Hc2(0), and

Ginzburg-Landau coherence length, ξ(0). Our results will be analysed in terms of

available theories for these phenomena.
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We present the results of calculations of the dynamic magnetoconductivity σ(ω)

of disordered graphene[1] and make connections to recent experiments.[2] Analytic

expressions for σ(ω) are obtained in various parametric regimes ranging from the

quasiclassical Drude limit corresponding to strongly overlapping Landau levels (LLs)

to the extreme quantum limit where the conductivity is determined by the optical

selection rules of the clean graphene. The nonequidistant LL spectrum of graphene

renders its transport characteristics quantitatively different from conventional 2D

electron systems with parabolic spectrum. Since the magnetooscillations in the semi-

classical density of states are anharmonic and are described by a quasi-continuum of

cyclotron frequencies, both the ac Shubnikov-de Haas oscillations and the quantum

corrections to σ(ω) that survive to higher temperatures manifest a slow beating on

top of fast oscillations with the local energy-dependent cyclotron frequency. Cor-

respondingly, both types of quantum oscillations possess nodes at characteristic

frequencies. In the quantum regime of separated LLs, we study both the cyclotron-

resonance transitions, which have a rich spectrum due to the nonequidistant spec-

trum of LLs, and the disorder-induced transitions violating the clean selection rules

of graphene. The strongest disorder-induced transitions can be identified in re-

cent magnetotransmission experiments. [2] We also compare the temperature- and

chemical potential-dependence of σ(ω) in various frequency ranges: from the dc limit

(allowing intra-LL transitions only) to the universal high-frequency limit (where the

Landau quantization provides a small B-dependent correction to the universal value

of the interband conductivity of the clean graphene). The obtained results also

form a basis for future studies of nonequilibrium magnetotransport phenomena[3] in

graphene driven by strong ac and dc fields.
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A MgZnO/ZnO heterostructure, an outstanding emergeny oxide two-dimensional

high mobility electron system (2DES) reaching a mobility of 700,000 cm2/Vs[1],

exhibits electron correlation effects over the entire magnetic field range [2]. We

explore this from temperature-dependent magnetotransport studies for several high-

mobility heterostructures with various charge-carrier densities. In low magnetic

fields the electron correlation manifests itself as a 60% enhancement of electron

mass, while in high magnetic fields, our novel heterostructures exhibit a sequence of

fractional quantum Hall states at ν= p/(2p±1) with p up to as high as 5 in the lowest

Landau level. We analyze the activation energy of the FQH states, and apply the

picture of composite fermions (CFs) around ν=1/2. The CF mass has turned out to

increase linearly with the magnetic field, and thus shows a different functional field

dependence than predicted by a noninteracting CF and experimentally reported for

GaAs-based 2DES. A comparison of temperature dependent transport at B=0 and

ν=1/2 indicates also: (1) a large residual interaction between CFs; (2) a phonon

scattering more effective for CFs than for electrons.

We also present the experimental results obtained in the magnetic field up to 33 T

at dilution fridge temperatures, where fractional states upto ν=1/5 are observed.

Furthermore, the electron energy ladder is mapped by tilting the sample in the

magnetic field. Owing to both a large mass and large electron g-factor, multiple

level crossings are observed accompanied with the appearance of resistance spikes.

We analyze the level crossing and the electron g-factor dependence on the magnetic

field. In the limit of the magnetic field being completely in-plane with the 2DES,

the spin susceptibility is deduced to be 3.5 times enhanced compared to the bulk

value and does not show a pronounced dependence on the charge carrier density in

the range between 1.4·1011cm−2 and 3.0·1011cm−2.
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Charge carriers in graphene, massless Dirac fermions, form an unique sequence of

the Landau levels in high magnetic fields. Thus, the cyclotron resonance in graphene

is distinct from that of conventional two-dimensional electron systems based on

semiconductors.

In this work, we studied photoresponse in a high-mobility graphene quantum Hall

system on hexagonal boron nitride (h-BN). Mid-infrared light (λ = 10.6 µm) was

irradiated to a graphene Hall-bar device (µ ∼ 110,000 cm2/Vs), fabricated using the

mechanical exfoliation and transfer technique, and magnetotransport measurements

were carrier out at T = 1.5 - 200 K and B = 0 -9 T.
We observed photoresponse signals
induced by two independent mecha-
nisms: the photovoltaic effect and the
bolometric effect. The photoresponse
signal, whose amplitude was indepen-
dent of the bias current, was detected
in a quantum Hall regime with the
Landau-level filling factor ν = ±2,
thus indicating the photovoltaic ef-
fect due to the cyclotron resonance.
The photoresponse signal, whose am-
plitude is proportional to the bias cur-
rent, was detected in transition re-
gions between quantum Hall plateaus,
indicating the bolometric effect. The
photovoltaic signal sustains up to T
= 180 K, whereas the bolometric ef-
fect is strongly suppressed above T
= 50 K. The polarity of the photo-
voltaic photoresponse was shown to
be systematically reversed on rever-
sal of the applied magnetic field di-
rection and measurement geometry,
suggesting that the photovoltage sig-
nals were generated along the quan-
tum Hall edge channel.

Figure 1: (a) Longitudinal resistance Rxx

and (b) photovoltaic response ∆V as a
function of back-gate bias voltage Vg mea-
sured in magnetic fields of B = 8 T.
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Iridate thin films are a prerequisite for any application utilizing their cooperative

effects resulting from the interplay of strong spin-orbit coupling and electronic cor-

relations that are comparable in size. Here, heteroepitaxial Na2IrO3 thin films with

excellent (001) out-of-plane crystalline orientation and well defined in-plane epitaxial

relationship are presented on oxide substrates YAlO3, a-Al2O3, c-Al2O3 and c-ZnO,

respectively. Resistivity is dominated by a three-dimensional Mott variable range

hopping mechanism in a large temperature range between 300 K and 40 K, i.e.

ρ = ρ0 exp[(T0/T )
1/4]. Optical experiments show the onset of a small optical gap

Ego ≈ 200 meV and a splitting of the Ir 5d-t2g manifold. Positive magnetoresistance

below 3 T and 25 K shows signatures of a weak antilocalization effect. The corre-

sponding magnetoconductivity is fit and analyzed quantitatively according to the

Hikami-Larkin-Nagaoka equationWeak antilocalization can be associated with sur-

face states in a topological insulator and hence supports proposals for a topological

insulator phase present in Na2IrO3.
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Topological Insulators are the fo-
cus of immense research efforts and
rapid progress is obtained in that
field. Bi2Se3 provides a large band
gap (EG=0.3 eV) and a band struc-
ture with a single Dirac cone at the
Γ-point. This makes Bi2Se3 one
of the most promising three dimen-
sional topological insulator materi-
als. While Bi2Se3 nanowires so far
were fabricated with different meth-
ods and for different purposes, we here
present the first Bi2Se3 nanowires
grown by molecular beam epitaxy.
The nanowires were nucleated on pre-
treated, gold coated Silicon (100)
wafers. Scanning electron microscope
images, Figure 1, show single stand-
ing nanowires, over a covered surface.
The complete wafer is covered with
Bi2Se3 flakes with no recognizable ori-
entation. But nanowires only nucleate

Figure 1: Single standing nanowire grow-
ing out of the surface, covered by Bi2Se3
flakes.

in absolute proximity to scratches brought to the wafer with metal tweezers di-

rectly before mounting in the vacuum chamber. Scanning electron microscope im-

ages, transmission electron images as well as electron dispersive X-ray measurements

show thin, crystalline Bi2Se3 nanowires. Therefore, these Bi2Se3 nanowires have

great promise for spintronic devices and Majorana fermion observation in contact

to superconductor materials. Once completely understood molecular beam epitaxy

enables the control over nanowire density and shape and offers the possibility for

implementation of further materials in the crystal (e.g. CuxBi2Se3).
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We have measured local transport through a stadium formed by two ballistic

constrictions. The conductance through the stadium is measured at 300 mK as a

function of the position of a biased metallic tip of an atomic force microscope which

is scanned across the sample [1, 2]. We have observed a set of unexpected fringe

patterns at the constrictions (Fig. 1a) and imaged the transition from electrostatic

to magnetic depopulation of subbands in one of the constrictions in a perpendicular

magnetic field. We interpret the fringes as a standing wave pattern between the AFM

tip and the top gates leading to quantized conductance plateaus. The fringes form

a checkerboard pattern (Fig. 1b), which precisely allows determining the number of

transmitted modes in each of the tip-gate constrictions.

In the quantum Hall regime moving the tip inside the constriction brings edge

channels closer together, which are backscattered one by one. This is seen in spatially

resolved images as wide conductance plateaus, each of which corresponds to its own

local filling factor. Classical and quantum simulations describe well most of our

observations.

Figure 1: (a) Numerical derivative of the conductance through the stadium, dG(x,
y)/dx, with respect to the x-axis as a function of tip position, (x, y). The position
of the stadium is shown by black solid lines (top gates). (b) A zoom-in of the part
(a red square in (a)) of right fringe pattern. The mentioned checker board pattern
is clearly seen.
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We use the non-equilibrium bosonization technique to investigate effects of the

Coulomb interaction on quantum Hall edge states at filing factor ν = 2, partitioned

by a quantum point contact (QPC). We find, that due to the integrability of charge

dynamics, edge states evolve to a non-equilibrium stationary state with a number

of specific features. In particular, the noise temperature Θ of a weak backscattering

current between edge channels is linear in voltage bias applied at the QPC, inde-

pendently of the interaction strength. In addition, it is a non-analytical function of

the QPC transparency T and scales as Θ ∝ T ln(1/T ) at T ≪ 1. Our predictions

are confirmed by exact numerical calculations.

47



Poster 12

Even denominator fractional quantum Hall states in ZnO

J. Falson1, D. Maryenko2, D. Zhang3, B. Friess3, Y. Kozuka1,

A. Tsukazaki4, J. H. Smet3, and M. Kawasaki1,2

1Department of Applied Physics and Quantum-Phase Electronics Center (QPEC),
The University of Tokyo, Tokyo, Japan

2RIKEN Center for Emergent Matter Science (CEMS), Wako, Japan
3Max Planck Institute for Solid State Research, Stuttgart, Germany
4Institute for Materials Research, Tohoku University, Sendai, Japan

The ZnO two-dimensional electron system (2DES) has recently emerged as an

alternative platform for investigating 2D correlation physics. Advances in growth

techniques now allow the realisation of samples with electron mobilities exceeding µ

= 700,000 cm2/Vs [1]. In this work, low temperature (T ≈ 20mK) magnetotransport

is presented for a high mobility sample with a focus on half-integer filling factors.

Figure 1 displays the base
temperature magnetotransport
as a function of partial fill-
ing factor (ν*) for ν = 7/2
(3 + 1/2) (top) and 5/2 (2 +
1/2) (middle) at zero tilt an-
gle, and 3/2 (1 + 1/2) (bot-
tom) when the sample is tilted
to an angle of θ = 40.34◦ rel-
ative to the magnetic field di-
rection. At zero tilt, the ob-
servation of a well developed
fractional quantum Hall state
(FQHS) at ν = 7/2 signifies the
first observation of an even de-
nominator FQHS outside of the
GaAs 2DES. However, the ν =
5/2 FQHS is curiously absent.
Rather, the region is asymmet-
ric, with FQHS of ν = 8/3,
13/5 and 18/7 for ν* > 1/2
contrasted by a complete ab-
sence for ν* < 1/2. Further-
more, with rotation of the sam-
ple to θ ≈ 40◦, a zero resistance
FQHS at ν = 3/2 is induced,
and is quantised for only a fine
tilt range of θ ≈ 40◦ ± 2◦.
Such results illustrate the

high purity of state-of-the-art
ZnO heterostructures and their
ability to enable the explo-
ration of new and unique facets
of low dimensional electron cor-
relation physics.

Figure 1: Base temperature magnetotransport as
a function of partial filling factor (ν*) around
half-integer filling factors ν = 7/2 (top), 5/2 (mid-
dle) and 3/2 (bottom).
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We present a study of a Hanbury Brown and Twiss (HBT) interferometer (see

Fig. 1) formed with edge channels of a quantum Hall system [1]. Such a device, op-

erating both in the integer and fractional quantum Hall regimes, can directly probe

entanglement and fractional statistics of initially uncorrelated particles. Focusing on

fractional filling factors, we calculate the HBT cross-correlations of Abelian Laugh-

lin anyons. In the case of electronic tunneling between the edges, we find that the

current-current correlations show an anti-bunching behavior. For quasiparticle tun-

neling, the correlations exhibit partial bunching similar to bosons, indicating a sub-

stantial statistical transmutation from the underlying electronic degrees of freedom.

We also find qualitative differences between the anyonic signal and the correspond-

ing bosonic or fermionic signals, showing that anyons cannot be simply thought of

as intermediate between bosons and fermions.

Figure 1: Hanbury Brown and Twiss interferometer based on the quantum Hall edge
states.
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We theoretically study the effects of phonon in the inter-surface electron-electron

interactions on the two surfaces ξ and η of a three-dimensional topological insulator

[1]. The three-dimensional topological insulator has two-dimensional massless elec-

tric states on its surface. Theoretically, without the interactions, a mass term dose

not appear unless the system looses time reversal symmetry.

On the other hand, with the interac-
tions, there is a well known dynami-
cal mass generation for the massless
fermion in association with the spon-
taneously symmetry breaking of chiral
U(1) symmetry. The dynamical mass
appear when two Dirac cones are cou-
pled attractively. Therefore, it is im-
portant to make the conditions clear
in which the inter-surface electron-
electron interaction is attractive. The
phonon excitation in the bulk plays an
important role in mediating the inter-
surface electron-electron interactions
because the Coulomb interaction is
suppressed in TIs with a much larger
dielectric constant than that in the
vacuum.

Figure 1: Two surface states in three-
dimensional topological insulator are
shown. There is a single massless Dirac
particle on a single surface of the topolog-
ical insulator.

In this work, we first derive the effective Lagrangian describing the two surface

states with the interaction between them from a model of three dimensional topo-

logical insulator including the phonon excitation in it. The inter-surface electron-

electron interaction can be either repulsive or attractive depending on parameters

such as temperature, the speed of phonon, and the Fermi velocity of the surface

states. The attractive interaction removes the Dirac nodes at the two surface states

in association with the spontaneously symmetry breaking. On the basis of the cal-

culated results, we also discuss how to tune the inter-surface interaction.
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When a graphene sheet is clamped at two parallel leads as illustrated in Fig.

1(a), the deformation of the sheet is induced by applying an electric field which can

influence on quantum transport [1]. In this study, we show that a time-periodic

strain of the suspended graphene produces inelastic scattering of electrons as a

consequence of an interaction between electrons and pseudophonons.

We consider the effective vector potential induced by the time-periodic strain is

given as

A⃗ (r⃗, t) =
βh20
6a0L2

[
θ

(
x+

L

2

)
− θ

(
x− L

2

)]
cosωt, (1)

where β = C (∂ ln t/∂ ln a0) ≈ 2 with C ∼ 1, t ≈ 3 eV , a0 ≈ 1.4Å, h0 is the vertical

deformation, L is the length of the suspended region, and ω is the frequency of the

time-periodic strain. By using Floquet scattering theory, eigenstates of the system

is given as

Ψ (r⃗, t) = eikyy
+∞∑

n,m=−∞
cme

ikmx xJn−m (χ) e−i(E−nh̄ω)t, (2)

where kmx =
√
[(E +mh̄ω) / (h̄vF )]

2 − [ky + (nω) / (vFΛ)]
2 with Λ = ψ†σyψ and

Jn−m (χ) is the Bessel function of the first kind with χ = [(evFβΛ) / (6a0h̄ω)] (h0/L)
2.

Electrons can be scattered from pseudophonons by gaining or losing both energy and

momentum quanta; nh̄ω and (nh̄ω) / (vFΛ), as shown in Fig. 1(b). The strength of

the electron-pseudophonon scattering is determined by Jn−m (χ).

Our main finding in this study is that the electron-pseudophonon interaction de-

pends on the incident angle of electron since Jn−m (χ) has the angle-dependence.

The angle-dependent feature of the electron-pseudophonon interaction allows nor-

mally incident electrons to propagate through suspended region without any inelastic

scattering despite of the existence of the strain.

Figure 1: (a) Schematic view of the system. (b) Graphitic diagram of inelastic
scattering as a result of the electron-pseudophonon interaction.
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We study the fractional Quantum-Hall effect in a high mobility two-dimensional

electron gas (2DEG). Hall geometries are created by photolithography on a GaAs/

AlGaAs quantum well containing a 2DEG. The 2DEG has an electron density of

ne = 3.3 · 1011 cm−2 and a mobility of µe = 11.9 · 106 cm2/Vs.

Tilted magnetic field dependent measurements have been carried out in the range

of the fractional filling factor ν = 5/2 and ν = 7/2. Not only the previous reported

enhancement of the filling factor ν = 5/2 for small tilt angles Θ is observed but also

a similar behaviour for the filling factor ν = 7/2 (see Figure 1) [1]. For Θ = 0◦ no

minimum is detected in the longitudinal resistivity ρxx at the position of the filling

factor ν = 7/2 but the depth of the minimum increases by increasing the angle

till Θ = 26◦. Also the activation energy of the filling factor ν = 11/3 increases for

higher tilt angle Θ. Above Θ = 60◦ the minima vanishes in this magnetic field range.

We assume that the effect of the Re-entrant integer Quantum-Hall dominates this

regime that is why the fractional filling factor disappears for higher tilt angles.
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Figure 1: The longitudinal resistivity ρxx vs. the magnetic field B for different
angles. The filling factor ν = 7/2 showes a slight increse for small tilt angles leading
to assumption of a similar behaviour as the filling factor ν = 5/2 [1].
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The helical edge state of a quantum spin-Hall insulator can carry a supercurrent

in equilibrium between two superconducting electrodes (separation L, coherence

length ξ). We calculate the maximum (critical) current Ic that can flow without

dissipation along a single edge, going beyond the short-junction restriction L≪ ξ of

earlier work, and find a dependence on the fermion parity of the ground state when

L becomes larger than ξ. Fermion-parity conservation doubles the critical current

in the low-temperature, long-junction limit, while for a short junction Ic is the same

with or without parity constraints. This provides a phase-insensitive, DC signature

of the 4π-periodic Josephson effect.
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Ferromagnetism and superconductivity are in most cases adverse. However, recent

experiments reveal that they coexist at interfaces of SrTiO3 and LaAlO3 (LAO/STO)

[1, 2]. Using a combination of density functional and field theoretical methods, we

analyze the magnetic state of the LAO/STO and provide evidence that it is caused

by the spin polarization of Ti 3d interface electrons and depends strongly on the

oxidation state of the interfaces [3, 4]. We show that oxygen vacancies induce a com-

plex multiorbital reconstruction which involves a lowering of the local symmetry and

an inversion of t2g and eg orbitals resulting in the occupation of the eg orbitals of

Ti atoms neighboring the O vacancy. In contrast to stoichiometric nonmagnetic

LAO/STO, the vacancy-induced orbital reconstruction generates a two-dimensional

interface magnetic state not observed in bulk SrTiO3. This allows for the notion

that areas with increased density of oxygen vacancies produce ferromagnetic pud-

dles and account for the previous observation of a superparamagnetic behavior in the

superconducting state. We analyze the electronic phase separation and investigate

effective double-exchange coupling of the two-dimensional spin-polarized electron

liquid at titanate interfaces. We also discuss novel mechanism of ferromagnetic in-

teractions between local triplet states of Ti ions induced by random oxygen defects.
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We have characterized phase coherence length, spin orbit scattering length, and

the Hall factor in n-type MoS2 2D crystals via weak localization measurements and

Hall-effect measurements. Weak localization measurements reveal a phase coherence

length of 50 nm at T = 400 mK, decreasing as T−1/2 with increased temperatures.

Weak localization measurements also allow us, for the first time without optical

techniques, to estimate the spin orbit scattering length to be 500 nm, pointing to

the potential of MoS2 for spintronics applications. Via Hall-effect measurements, we

observe a low temperature Hall mobility of 311 cm2/Vs at T = 1 K which decreases

as a power law with a characteristic exponent γ = 1.5 from 10 K to 60 K. At

room temperature, we observe Hall mobility of 24 cm2/Vs. By determining the Hall

factor for MoS2 to be 1.35 at T = 1 K and 2.4 at room temperature, we observe

drift mobility of 420 cm2/Vs and 56 cm2/Vs at T = 1 K and room temperature,

respectively.
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I will discuss transport in the domain state, the so-called zero-resistance state, that

emerges in a two-dimensional electron system in which the combined action of mag-

netic field and microwave radiation produces a negative absolute conductivity and

results in an electrical instability. This state was discovered in ultra high-mobility

2D electron systems in semiconductor heterostructures and, more recently, in 2D

electron systems on the surface of liquid helium. It will be shown that the voltage-

biased system has a rich phase diagram depending on the system size and bias

voltage, with second- and first-order nonequilibrium phase transitions between the

domain and homogeneous states for small and large voltages, respectively. Particu-

lar attention will be paid to the residual negative dissipative resistance in the stable

domain state. The phase transitions manifest themselves in the current-voltage

characteristic as kinks (second order) or jumps in the current (first order).
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In the case of a two-dimensional electron system (2DES) in a GaAs/(Al,Ga)As

heterostructure, the electronically compressible and incompressible landscape within

the 2DES determines the Hall potential profile and current distribution under quan-

tum Hall conditions: The Hall potential drops as well as the dissipationless current

can be found within incompressible regions which evolve with increasing magnetic

field from the depletion regions along the 2DES edges towards the 2DES bulk [1].

We were able to extract Hall potential profiles on a graphene flake, deposited

on a SiO2/Si substrate, using a scanning probe technique [2] at 1.4 Kelvin under

QHE conditions. For n-type graphene (see Fig. 1 above 3V in backgate voltage),

we found a similar evolution of Hall potential profiles as for quantum Hall samples

from GaAs/(Al,Ga)As heterostructures: Measuring the Hall potential profile at fixed

magnetic field at the higher filling factor plateau side one finds first two pronounced

Hall potential drops at the edges. When decreasing the mean electron density by

the backgate voltage (= lowering the bulk filling factor for electrons), these drops

get wider and move closer towards the bulk, and finally merge and extend over

the bulk. The position shift of the pronounced Hall voltage drops versus back gate

voltage leads to the u-shape like feature visible in the color plot of Fig. 1. These

results show that - as in the case of a 2DES in a GaAs/(Al,Ga)As heterostructure -

in graphene there exists an extended electrostatic depletion region along the 2DES

edges in the order of 1 µm.

In the case of p-type graphene (see
Fig. 1 below 3V backgate voltage), the
polarity of the Hall voltage is - as expected
- reversed. We also find a characteristic
evolution of the Hall potential profile with
decreasing back gate voltage, however the
position of pronounced Hall voltage drop
move from the edges towards the bulk
with increasing charge carrier (= hole)
concentration, i.e., with increasing filling
factor. We have to conclude that there
exists a hole accumulation towards the
edges of the p-type regime of the graphene
flake. This can be well understood if fixed
negative charges are positioned besides
the graphene flake on the SiO2 surface.
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Figure 1: Color-coded Hall potential profiles across a 3.6µm wide graphene flake as a function
of the backgate voltage. The profiles were calibrated with respect to the applied bias voltage. The
red and blue lines are the fitted positions of incompressible strips. The fitted positions for the bulk
filling factors ν = 2, −2 and −6 are marked with black lines.
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The dominant limitation for the accuracy of a quantum Hall resistance standard is

the onset of dissipation beyond a critical current through the quantum Hall sample.

This onset is referred to as the electrical breakdown of the quantum Hall effect

(QHE) [1]. Several mechanisms like electron heating [1, 2], inter- [3] and intra- [4]

Landau level scattering have been proposed to explain the breakdown.

Measuring the Hall potential profiles by a scanning probe technique [5, 6] gives

direct insight into the current distribution in quantum Hall samples. Former mea-

surements have revealed the important role of compressible and incompressible strips

present in the depletion region along the edges of the two-dimensional system for

current distribution in the quantum Hall regime [7]-[11]: On the QHE plateau side

of bulk filling factor ν > i, the innermost incompressible strip along both edges of

the sample carries the biased current dissipationless, whereas in the QHE plateau

region with ν ≈ i the bulk disorder/inhomogeneity dominates and the current flows

widely distributed in the incompressible bulk regions, passing compressible droplets.

Consistent with these results, we observe on the sample sketched in Fig. 1c dif-

ferent behavior of the QHE breakdown above and below ν = 2 in the current

vs. longitudinal voltage characteristics as well as in the Hall profiles with increasing

Hall voltage. For ν > 2, the Hall potential profile shows pronounced drops of the

Hall voltage at both edges which become more and more asymmetric with increasing

Hall voltage (Fig. 1a). We attribute this to the width change of incompressible strips

with increasing Hall voltage [12]. For ν ≈ 2, where disorder dominates, the changes

happen almost abruptly with increasing Hall voltage (Fig. 1b).
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Figure 1: Measured Hall potential profiles for the filling factors (a) ν = 2.14 and (b) ν = 1.97.
(c) Sample geometry with 10 µm width in the middle. The red arrow marks the scan line.
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Ballistic electron transfer between quantum dots
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We investigate non equilibrium electron transfer between two spatially separated

quantum dots (QDs). Our efforts aim at realizing a weak-measurement protocol in a

solid-state environment, as introduced by Aharonov et al. [1] in 1988. In contrast to

a strong von Neumann measurement, a weak measurement couples the investigated

system weakly to the measuring device. In a second step a strong von-Neumann

measurement is performed to post-select the system. The introduced concept has

since been successfully applied in optical experiments (e.g. [2, 3]) and the physical

meaning of such obtained weak values are the subject of current debate.

Our system of choice is a top-gated GaAs/AlGaAs heterostructure. The sample

consists of two QDs separated by 2µm, as shown in the scanning electron micrograph

in figure 1. The QDs can be tuned individually for selective energy emission or

detection of ”hot” non equilibrium electrons. An illustration of ballistic electron

transport is shown in figure 2(a) with the corresponding experimental finding shown

in figure 2(b). The energy level of the detector QD is set ∆E ≈ 200 µeV above

the reservoire’s Fermi level. Now source and emitter energy are simultaneously

increased, while the current through the detector dot is recorded. The peak around

Vemitter = −200 µV (red) corresponds to ballistic transfer of electrons. The blue

region at higher energies corresponds to electrons which lost energy on the way

between the two QDs. Future studies will aim at performing a weak measurement

in the emitter QD, followed by a post-selection process in the second QD.

Figure 1: Scanning electron micrograph of
the sample. The GaAs surface appears dark,
the underlying two-dimensional electron sys-
tem provides source, drain and reservoir.
Negatively biased Schottky top gates (bright
stripes) define two quantum dots (white cir-
cles).

Figure 2: (a) Energy scheme describing
ballistic transport between emitter QD and
detector QD. (b) Detector current as a func-
tion of emitter voltage. A pronounced ballis-
tic peak (red) and a region of energy relaxed
electrons (blue) is observed.
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In an ambipolar device, electrons or holes can be populated on demand in the

same conduction channel, with their different properties such as effective mass and

spin-orbit coupling. In GaAs/AlGaAs heterostructures, standard modulation doped

techniques cannot easily be used as the dopant determines the polarity of the carriers

and precludes the formation of the other carrier type. Undoped heterostructures,

where the two-dimensional (2D) gas is formed entirely by field effect [1], allow either

electrons or holes to populate the channel dependent upon the polarity of the gate

voltage, if both n-type and p-type ohmic contacts exist [2]. Unlike in graphene or in

carbon nanotubes, there is a 1.5V voltage window between either electron or hole

population, (primarily determined by the bandgap of GaAs, 1.52eV).

We have fabricated undoped am-
bipolar GaAs-based quantum well
devices, with different well widths
(L=10-25nm) with patterned Ti/Au
back and front gates, using a flip-chip
process [4, 5]. This method allows a
large range of densities to be achieved,
e.g. from 7×109 cm−2 to 5×1011 cm−2

in a single device with single subband
occupation, and without any parallel
conduction of any kind. It also en-
ables us to precisely control the wave-
function’s position in the quantum
well over a wide range, which we char-
acterise by the variable α (Figure 1).

Figure 1: Electron/hole mobilities versus
α for L=10nm and 25nm, where α =
(E⃗front − E⃗back)/|(E⃗front + E⃗back)|.

The change with α of the mobility (points in Figure 1) can be attributed to the

relative change of interface roughness scattering from the two interfaces. We have

modelled the mobility (solid lines in Figure 1) in the zero temperature limit within

the Boltzmann transport formalism [3, 6], with numerically-solved wavefunctions,

allowing us to independently characterise the two interfaces. As a growth optimisa-

tion tool, the information thus gained on the various scattering mechanisms present

will help the development of very high mobility structures.

In conclusion, we have shown an excellent platform for creating high mobility two-

dimensional electron gases (4.7×106 cm2V −1s−1 at n=2×1011 /cm2) and hole gases

(1.8×106 cm2V −1s−1 at p=2×1011 /cm2), with considerable tunability which may

assist the study of fractional quantum Hall states.
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From coherent electron focusing to edge channel transport
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We study theoretically how electrons, coherently injected at one point on the

boundary of a two-dimensional electron system, are focused by a perpendicular

magnetic field B onto another point on the boundary, see the inset of Fig. 1. Using

the non-equilibrium Green’s function approach, we calculate the generalized 4-point

Hall resistance Rxy = (UP1 − UP2) /ISD as a function of B.

In weak fields, Rxy (solid curve in Fig. 1) shows the characteristic equidistant

peaks, which are observed in the experiment and which can be explained by classical

cyclotron orbits speculary reflected at the boundary. These classical trajectories

can be clearly seen in the local current and the local DOS of the injected electrons

(Fig. 2a). In strong fields, the Hall resistance shows a single extended plateau

Rxy = h/2e2 reflecting the quantum Hall effect. The current is carried by a single

edge channel straight along the boundary (Fig. 2c).

In intermediate fields, instead of lower Hall plateaus as in the case of a diffusive

boundary (dashed curve in Fig. 1), we find [1] anomalous oscillations, which are

neither periodic in 1/B (quantum Hall effect) nor periodic in B (classical cyclotron

motion). These oscillations can be explained by the interference of the occupied

edge channels causing beatings in Rxy. The Fig. 2b shows this interference between

two occupied edge channels, which resembles also to some extent a cyclotron motion.

Moreover, in this regime of two occupied edge channels, the beatings constitute a new

commensurability between the magnetic flux enclosed within the edge channels and

the flux quantum h/e. Introducing decoherence and a partially diffusive boundary

shows that this new effect is quite robust.
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We show that the interplay of cyclotron motion and Andreev reflection experienced

by massless Dirac-like charge carriers in topological-insulator surface states generates

a Majorana-particle excitation [1]. Based on an envelope-function description of the

Dirac-Andreev edge states, we discuss the kinematic properties of the Majorana

mode and find them to be possible to be tuned by changing the superconductors

chemical potential and/or the magnitude of the perpendicular magnetic field. Our

proposal opens up new possibilities for studying Majorana fermions in a controllable

setup. Besides avoiding materials-science challenges associated with fabrication of

hybrid structures involving three different kinds of materials [2, 3], our setup also

offers several new features enabling the manipulation of the Majorana excitations

properties. Furthermore, a ferromagnetic insulator is not required in our realization

(see Fig. 1).
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Figure 1: (Color online) (a) Schematics of the proposed sample layout. (b) The
coordinate system. (c) The semiclassical picture of Dirac-Andreev edge states (solid
and dashed lines represent electrons and holes respectively).
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Where are the electrons flowing? Self-consistent transport and
boundary conditions in finite quantum Hall devices.
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The theoretical result for the current-density distribution in Hall devices depends

critically on the choice of boundary conditions at the source (injection hot spot)

and drain contacts. In the classical limit I show results from the (to my knowledge)

first microscopic ab initio calculation [1] of the Hall potential of 10,000 interacting

electrons, resulting in the potential shown in Fig. 1.
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Fig. 1: Theoretical many-electron (10,000 Coulomb interacting electrons) computation of

the classical Hall potential in a GaAs semiconductor device. The form of the Hall potential

is directly linked to the boundary conditions at the injection source contact and requires a

full account of electron-electron interactions [1].

In conventional semiconductor structures and graphene, a very similar potential

to the one obtained in the classical case has been observed by various potential

mapping methods, such as scanning probe microscopy and the photoelectric effect.

On the theoretical side, this finding is surprising and incompatible with both, the

edge state picture of the QHE and the bulk disorder picture of delocalized/localized

states [1, 2]. I discuss how the different theoretical models of the QHE depend on

the choice of boundary conditions and why the result show in Fig. 1 requires to

solve the current distribution in a completely self-consistent fashion (including the

hot-spot region and interactions) for a finite Hall device [2]. Both, the finite size

and the self-consistently are often lacking in mesoscopic models of transport in a

strong magnetic field and pose tremendous computational challenges. The usage

of massively parallel graphics processing units (GPU) is crucial to obtain a self-

consistent picture already for the classical case [1] and holds great promises to speed

up fully quantum-mechanical simulations. I discuss how GPU computing can be

applied to mesoscopic systems in an efficient way [3].
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Graphene is distinguished from conventional quantum Hall systems by its hon-

eycomb lattice. The sublattice symmetry leads to the existence of a unique four-

fold degenerate zero energy Landau level, in which lattice scale interactions can

lead to a variety of novel isospin ferromagnetic states. However, graphene is even

more promising from an experimental perspective, enabling device geometries and

measurements difficult or impossible to realize in other two dimensional electronic

systems. This poster describes two recent experiments in which we engineer new

varieties of low dimensional systems in graphene.

In the first, experiment, we use the interplay between the graphene lattice and a

slightly mismatched hBN substrate to engineer a moire superlattice. The spatially

varying interlayer atomic registry results in a local breaking of the carbon sublattice

symmetry, turning graphene into a semiconductor.

The long range moiré superlattice
potential, meanwhile, allows us to
observe the Hofstadter butterfly at
the highest magnetic fields, charac-
terized by the splitting of single Lan-
dau bands into topologically nontriv-
ial subbands between which the Hall
conductance oscillates between quan-
tized values[1].
In the second experiment, we use

extremely high in-plane magnetic
fields to drive charge neutral graphene
into a spin-polarized state that is en-
closed by counterpropagating, helical
edge states (see figure). The prop-
erties of the resulting helical edge
states can be modulated by balancing
the applied field against an intrinsic
antiferromagnetic instability, which
tends to spontaneously break the
spin-rotation symmetry. In the result-
ing canted antiferromagnetic (CAF)
state, we observe transport signatures
of gapped edge states, which consti-
tute a new kind of one-dimensional
electronic system with tunable band
gap and associated spin-texture.

Figure 1: Quantum spin Hall effect
in spin polarized graphene. Clean,
charge neutral graphene subjected to a
magnetic field is an insulator. A large in-
plane field drives the ν = 0 state from
insulator to a conductor, characterized by
G ∼ 2e2/h conductance, an incompress-
ible bulk, and helical, counterpropagating
edge states.[2]
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The nuclear polarization of Ga and As nuclei has been widely studied in GaAs/

AlGaAs heterostructures [1]. In these systems, for certain quantum Hall states, the

electrons can be used to polarize the nuclear spins of the host material through the

hyperfine interaction. The control of nuclear spins is currently of widespread interest

in the context of quantum information processing [1]. Motivated by the recent study

of Kawamura et al. on dynamic nuclear polarization (DNP) induced by the break-

down of the quantum Hall effect in GaAs/Al0.3Ga0.7As single heterostructure[2], we

looked for DNP by this effect in InP/In0.76Ga0.24As quantum well Hall bars. In

contrast to Ga and As, each of which have a nuclear spin of 3/2, In has a larger

nuclear spin of 9/2.

Figure 1: Hysteresis revealed in map of difference in voltage drop along a 15µm-
wide Hall bar (Vxx) on sweeping the current and stepping the magnetic field. Arrows
indicate the magnetic fields of the corresponding filling factors.

We analyzed the magnetoresistance of narrow Hall bars from an InP/InGaAs

quantum well heterostructure. In the quantum Hall breakdown regime, we observed

several distinct hysteretic features at certain filling factors which we attribute to

DNP. These features are illustrated in figure 1, where we show the difference in

longitudinal voltage drop on sweeping the current up and down. Most notably we

observed a strong hysteretic feature around ν=1.5, and weaker features near ν=2

and ν=3.5. These features are different from those reported in Ref.[2]. We also

found that when the current is switched abruptly from zero to 2µA near the ν=1.5

feature, Vxx rises steady on a time scale of several minutes in a manner that also

depends strongly on the wait time at zero current.
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Recent development of crystal growth technology enables us to fabricate high

mobility two-dimentional hole gas (2DHG) systems. Particularly, the 2DHG in

strained Ge is remarkable since it reveals large hole mobility and small effective

mass almost comparable to that of electron. However, there have been only few

studies on the quantum Hall effect (QHE) and its angular dependence in 2DHG

based on a strained Ge/SiGe quantum well (QW). In this work, we study Landau

level (LL) crossing and anti-crossing in bilayer 2DHG in Ge/SiGe QW.

A QW consisting of 20 nm Si0.35Ge0.65/20 nm Ge/20 nm Si0.35Ge0.65 was grown on

SiGe/Si(001) virtual substrate by gas-source MBE. By introducing p-type doping on

the top and bottom side of QW, bilayer 2DHG is created in the well. Longitudinal

resistance were measured at 50 mK under the magnetic field perpendicular to the

2DHG. Resistance minima appeared at the filling factor 6, 10, 14,... because of

the bilayer QHE. We measured magnetic field angle dependence of longitudinal

resistance, which periodically changes due to the crossing of the Landau levels. Up

to the third LL crossing was observed within our measurement range. This is very

distinct from single layer Ge/SiGe 2DHG where the LL crossing was not observed

within the same magnetic field range.

We also observed anti-crossing of the LLs. Furthermore, a weak anti-localization

was observed in the low-field data of longitudinal resistance. We discuss the LL

anti-crossing in terms of the cubic Rashba spin-orbit interaction in the Ge/SiGe

2DHG.
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The state at filling factors 9/2 and 11/2 in a two-dimensional electron system is

known to exhibit anisotropic resistance, presumably indicating the presence of a

stripe phase. We study, in a realistic treatment, the possibility of several candidate

fractional quantum Hall states as a function of the the quantum well width and the

electron density, and find that there is an experimentally accessible region where

fractional quantum Hall effect can occur, described by a “subband 331” state. We

also study a bilayer system, and find that the 331 phase is unlikely.
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Luttinger parameters of interacting fermions in 1D beyond the low
energy limit
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Interactions between electrons in one-dimension are fully described at low ener-

gies by only a few parameters of the Tomonaga-Luttinger model which is based on

linearisation of the spectrum. We consider a model of spinless fermions with a short

range interaction via the Bethe-Ansatz technique and show that a Luttinger param-

eter emerges in an observable beyond the low energy limit. A distinct feature of the

spectral function, the edge that marks the lowest possible excitation energy for a

given momentum, is parabolic for arbitrary momenta and the prefactor is a function

of the Luttinger parameter, K.
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Equilibration of quantum Hall edge states by an Ohmic contact

Artur Slobodeniuk1,2, Ivan Levkivskyi2,3, and Eugene Sukhorukov1
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Ohmic contacts are crucial elements of electron optics that have not received a

clear theoretical description yet. We propose a model of an Ohmic contact as a

piece of metal of the finite capacitance C attached to a quantum Hall edge. It is

shown that charged quantum Hall edge states may have weak coupling to neutral

excitations in an Ohmic contact. Consequently, despite being a reservoir of neutral

excitations, an Ohmic contact is not able to efficiently equilibrate edge states if its

temperature is smaller than h̄Ωc, where Ωc is the inverse RC time of the contact.

This energy scale for a floating contact may become as large as the single-electron

charging energy e2/C. Experimental investigations of such regime are underway [1].
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Flux Quantization Due to Monopole and Dipole Currents

Wei Chen, Peter Horsch, and Dirk Manske
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By discussing field-induced quantum interference effects due to monopole moments

and those due to dipole moments on equal footing, their similarities and differences

are clarified. First, we demonstrate the general principle for flux quantization. For

particles carrying a monopole moment, the interference causes monopole current to

oscillate periodically with flux defined as inner product of field and area, whereas for

particles carrying a fixed dipole moment, the dipole current oscillates periodically

with flux vector defined as cross product of field and trajectory. Our analysis unifies

the oscillation of monopole or dipole currents in various devices, such as SQUID

and spin-FET[1], into the same physical picture. Second, we show that interference

effects can also happen in open trajectory devices that transport dipole currents,

such as spin Josephson effect[2], based on the non-gauge field nature of the inter-

ference effects of dipole moments. In ad dition, we propose that the interference

effect of electric dipoles, known as He-McKellar-Wilkens effect[3, 4], can be realized

by the exciton condensates observed in bilayer quantum Hall systems[5] and bilayer

graphene[6]. We further propose a dc SQUID-like device to measure the interference

effect of the exciton condensate, as shown in Figure 1.

Figure 1: Proposed dc SQUID-like device that uses He-McKellar-Wilkens effect to
create interference of bilayer exciton condensates. The green and blue sheets indicate
the quantum Hall bilayer or bilayer graphene. The two oppositely placed magnets
create a magnetic field that passes the space between the two layers, and cause a
flux difference in the blue and green trajectories. The ±IJ indicates the counterflow
experiment to measure the current.
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We show how a quantum dot with a ballistic single-channel point contact to a

superconductor can be created by means of a gate electrode at the edge of a quantum

spin Hall insulator (such as an InAs/GaSb quantum well). A weak perpendicular

magnetic field traps a Majorana zero-mode, so that it can be observed in the gate-

voltage-averaged differential conductance ⟨dI/dV ⟩ as a 4e2/h zero-bias peak above a

(23π
2−4)e2/h background. The one-dimensional edge does not permit the braiding of

pairs of Majorana fermions, but this obstacle can be overcome by coupling opposite

edges at a constriction, allowing for a demonstration of non-Abelian statistics.
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We study the magneto-optical (MO) response of the polar semiconductor BiTeI

with giant bulk Rashba spin splitting at various carrier densities. Despite being non-

magnetic, the material is found to yield a huge MO activity in the infrared region

under moderate magnetic fields (up to 3 T). Our first-principles calculations show

that the enhanced MO response of BiTeI comes mainly from the intraband transi-

tions between the Rashba-split bulk conduction bands. These transitions connecting

electronic states with opposite spin directions become active due to the presence of

strong spin-orbit interaction and give rise to distinct features in the MO spectra with

a systematic doping dependence. We predict an even more pronounced enhancement

in the low-energy MO response and dc Hall effect near the crossing (Dirac) point of

the conduction bands [1].
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Phase-locked magnetoconductance oscillations as a probe of
Majorana edge states
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We calculate the Andreev conduc-
tance of a superconducting ring in-
terrupted by a flux-biased Joseph-
son junction, searching for electri-
cal signatures of circulating edge
states. Two-dimensional pair poten-
tials of spin-singlet d -wave and spin-
triplet p-wave symmetry support, re-
spectively, (chiral) Dirac modes and
(chiral or helical) Majorana modes.
These produce h/e-periodic magne-
toconductance oscillations of ampli-
tude ≃ (e2/h)N−1/2, measured via
an N -mode point contact at the in-
ner or outer perimeter of the grounded
ring. For Dirac modes the oscillations
in the two contacts are independent,
while for an unpaired Majorana mode
they are phase locked by a topologi-
cal phase transition at the Josephson
junction.

Figure 1: Superconducting ring (S) con-
taining a weak link (J), forming a flux-
biased Josephson junction. A current
can be injected into the grounded super-
conductor from a voltage-biased normal-
metal (N) contact at the inner or outer
perimeter. The Andreev conductance
Gn = I/Vn is the ratio of the current-to-
ground I and the applied voltage Vn to
contact n = 1, 2 (with V = 0 for the other
contact).
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The bistability effect [1] recently observed in the microwave-induced zero-resistance

state [2, 3] of two-dimensional electron systems (2DES) gives a strong argument

in favor of sponteneous symmetry breaking as the origin of this state predicted

in Ref. [4]. The effect manifests itself as a spontaneous irregular switching of a

microwave-induced photovoltage between two different values. The photovoltage

is detected between nonequivalent heavily doped contacts, one surrounded by the

2DES (inner contact) and the other located on the mesa perimeter (outer contact).

The use of a set of inner contacts proves the simultaneous switching of the mi-

crowave induced dc electric field in nearly all of the sample. The effect was initially

observed for several narrow ranges of the microwave frequency only. Here, we report

an extensive study of the frequency dependence.

We found that the bistability can
be observed in a much wider range of
frequencies, if the temperature is in-
creased from 0.5 K to 1.3 K. However
the effect retains its very high sen-
sitivity to the frequency (see Fig.1),
which can’t be attributed to a vari-
ation of the microwave power. The
bistability effect was also found to be
highly sensitive to the microwave field
configuration, which may cause the
observed frequency dependence. The
latter observation is rather surprising,
since the microwave wavelength essen-
tially exceeds the sample size. The
physical origin of the observed bista-
bility therefore still awaits a theoreti-
cal explanation.
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Figure 1: The most pronounced pulsed
photovoltage traces observed for different
microwave frequencies and powers.
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The evolution of the chemical potential of a 2-dimensional electron system was

investigated within the quantized Hall regime. The measurement of this thermody-

namic quantity was carried out using a closely spaced GaAs bilayer system, with

top and bottom gates as well as separate contacts to each layer. Chemical potential

variations in one layer were detected with high resolution by monitoring the induced

resistance change in the neighboring layer [1, 2]. Apart from the well known rapid

increase of the chemical potential when the lower lying Landau level became com-

pletely occupied and a higher lying Landau level got filled, two additional anomalies

manifested themselves symmetrically around exact integer filling (Fig. 1 (a)). They

were attributed to the formation of incompressible Wigner crystals of either quasi-

particles or quasiholes [3]. Non-equilibrium dynamics was excluded as the origin of

the extra jumps in the chemical potential [4].

The investigations were carried out at different densities, i.e. magnetic fields as

well as temperatures. The ratio of the magnetic length lB over the interparticle

distance l∗ = 1/
√
n∗ (n∗ is the density of quasiparticles) did not vary with the B-

field (Fig. 1 (b)). The anomalies vanished when the temperature exceeded around

400 mK, which is consistent with the melting behavior of a solid. More interestingly,

the two anomalies got closer to the exact integer filling at higher temperatures. A

linear extrapolation (Fig. 1 (c)) yields a temperature of 840 mK which marks the

critical temperature for a Wigner crystal.

Figure 1: (a) Chemical potential measured around filling factor ν = 1 at B = 3.5 T.
Arrows mark the two anomalous features indicating the incompressible state of the
Wigner crystal. (b)(c) Critical ratio lB/l

∗ at which the anomalies appear plotted as a
function of (b) the magnetic field B and (c) the temperature. Inset to (b) illustrates
the two length scales: lB–the magnetic length; l∗–the quasiparticle distance. Dotted
line marks l∗/lB = 9. Dashed line linearly extrapolates to a temperature of 840 mK
at lB/l

∗ = 0.
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Spin (or Pauli) blockade[1] is commonly employed in double quantum dot spin

qubit devices as the critical element in the spin to charge detection process in

Electron Spin Resonance , Electron Dipole Spin Resonance and in general, in spin

qubit manipulation experiments. In spin blockade transport measurements in double

quantum dots, the electrical current flows freely in one direction, but is blockaded

in the other due to the Pauli exclusion principle. The blockade is found to be not

perfect at zero magnetic field due to a mixing of singlet and triplet states in a

field gradient resulting from the hyperfine interactions. These leakage currents have

been studied in detail and are dramatically suppressed when a small external mag-

netic field splits off the triplet states with parallel spins from the singlet state. We

present experimental and theoretical investigations of the equivalent process in triple

quantum dots (TQD) in series. We find novel leakage mechanisms due to coherent

transport in TQD states. We demonstrate that as predicted [2, 3] current only flows

through the TQD system when four charge configurations are degenerate, i.e. at

quadruple points. We focus on one specific quadruple point where configurations of

four and five electrons are degenerate. When a bias is applied in a magnetic field

beyond 10mT bipolar spin blockade is observed where current is suppressed inde-

pendent of the applied bias direction. As the field is reduced to zero spin blockade

leakage resonances are observed within the transport region. Of special interest are

two very sharp resonances which correspond to triple dot conditions when states in

the left and right dot but not the center dot align. One of these resonances is found

itself to involve bipolar spin blockade whilst the other does not. The resonances

are found to result from a purely quantum coherent effect: electrons occupy states

that involve their transference from one extreme to the other of the triple quantum

dot without ever visiting the center. Such states have been invoked theoretically for

possible applications such as spin bussing or quantum rectification[4]. Our theoret-

ical model is based on the density matrix formalism allowing a description of the

coherent dynamics within the quantum dot system as well as the electronic trans-

port due to tunnel couplings to the leads. Our calculations accurately reproduce all

the experimental transport features for the different configurations that unambigu-

ously show bipolar spin blockade. The inspection of the off diagonal elements of the

stationary density matrix proves that in fact, the left-right resonances stem from a

purely coherent process between the left and right dots, that almost entirely avoids

the passage of an electron tunneling through the center dot [5].
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Investigation of the quantum Hall effect in scalable graphene for
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The quantum Hall effect (QHE) observed in graphene is promising for an applica-

tion to metrology. Its robustness is an advantage to develop a resistance standard

surpassing the GaAs-based in operating at B ≈ 2 T, at T > 4 K and with higher

measurement currents. This would ease the dissemination of the quantum resis-

tance standard. Besides, graphene can be used for a fundamental test of the QHE

universality, useful for the SI redefinition.

Although we achieved a measurement of the quantized Hall resistance with a

5 × 10−7 accuracy both in mono and bilayer exfoliated graphene deposited on

SiO2/Si[1], our work evidenced limitations of such devices: their small size and

the presence of charged impurities in the substrate result in low QHE breakdown

currents via quasi-elastic inter-Landau level scattering. It also confirmed that ob-

taining large area graphene with controlled environment to get high charge carrier

mobility (10000 cm2V−1s−1) and homogeneous low carrier density (1011 cm−2) is a

prerequisite for the resistance metrology application.

We are now investigating the QHE in graphene produced by scalable techniques.

In graphene grown by sublimation of SiC substrate, a transition between a localized

regime and the quantum Hall regime is observed in low mobility sample[2, 3]. Higher

mobility samples (> 8000 cm2V−1s−1) exhibit a nice QHE with large breakdown

current densities (collaboration with A. Ouerghi’s group of LPN-CNRS). Figure 1

shows the QHE which was also observed in graphene grown by CVD on copper

(collaboration with Vincent Bouchiat’s group of Institut Nel). Measurements of

the transport properties in the QHE regime as a function of temperature, magnetic

field and current seem to point out grain boundaries in polycrystalline graphene

enhancing dissipation

Figure 1: Transverse and longitudinal magnetoresistances in a Hall bar fabricated
from monolayer graphene grown by CVD on Cu and transferred on Si/SiO2.
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Majorana and Andreev bound states in topological wires in the
proximity of superconductors [1]
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We study one-dimensional topological SN and SNS long junctions obtained by

placing a topological insulating nanowire in the proximity of either one or two SC

finite-size leads. Using the Majorana Polarization order parameter (MP) [2], we

find that the extended Andreev bound states (ABS) of the normal part of the wire

acquire a finite MP : for a finite-size SN junction the ABS spectrum exhibits a zero-

energy extended state which carries a full Majorana fermion, while the ABS of long

SNS junctions with phase difference transform into two zero-energy states carrying

two Majorana fermions with the same MP. Given their extended character inside

the whole normal link, and not only close to an interface, these Majorana-Andreev

states can be directly detected in tunneling spectroscopy experiments
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We have analyzed the breakdown of the quantum Hall effect in 1 µm wide Hall

devices fabricated from an exfoliated monolayer graphene transferred on SiOx. We

have observed that the deviation of the Hall resistance from its quantized value is

weakly dependent on the longitudinal resistivity up to a current density of 5 A/m,

where the Hall resistance remains quantized even when the longitudinal resistance

increases monotonously with the current. Then a collapse in the quantized resistance

occurs while longitudinal resistance keeps its gradual increase. The exponential

increase of the conductivity with respect to the current suggests impurity mediated

inter-Landau level scattering as the mechanism of the breakdown. The results are

interpreted as the strong variation of the breakdown behavior throughout the sample

due to the randomly distributed scattering centers that mediates the breakdown.
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The earths crust and outer space are rich sources of technologically relevant ma-

terials which have found application in a wide range of fields. Well-established

examples are diamond, one of the hardest known materials, or graphite as a suit-

able precursor of graphene. The ongoing drive to discover novel materials useful for

(opto)electronic applications has recently drawn strong attention to topological insu-

lators. Here, we report that Kawazulite, a mineral with the approximate composition

Bi2(Te,Se)2(Se,S), represents a naturally occurring topological insulator whose elec-

tronic properties compete well with those of its synthetic counterparts. Kawazulite

flakes with a thickness of a few tens of nanometers were prepared by mechanical

exfoliation. They exhibit a low intrinsic bulk doping level and correspondingly a

sizable mobility of surface state carriers of more than 1000 cm2/(V s) at low tem-

perature. Based on these findings, further minerals which due to their minimized

defect densities display even better electronic characteristics may be identified in

the future.
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Here we report our experimental findings defined by smooth edge considering nar-

row Hall bars. We investigated the magneto-transport properties of intermediate

mobility two-dimensional electron systems and analyzed results within the screen-

ing theory of the integer quantized Hall effect. A non-monotonic increase of Hall

resistance at the low magnetic field ends of the quantized plateaus is observed, which

is known as the overshoot effect. Unexpectedly, for Hall bars that are defined by

shallow chemical etching the overshoot effect becomes more pronounced at elevated

temperatures. We observe the overshoot effect at odd and even integer plateaus,

favoring a spin independent explanation. In a second set of the experiments, we

investigate the overshoot effect in a gate defined Hall bar and explicitly show that

the amplitude of the overshoot effect can be directly controlled by gate voltages. We

offer a comprehensive explanation based on scattering between evanescent incom-

pressible channels.
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In this work we investigate temperature-caused decay of transconductance fluctu-

ations in a significant number of graphene samples within large ranges of carrier den-

sity and magnetic field, while T varies from 1.2 K to 50 K. Surprisingly, in a vast ma-

jority of cases, a simple exponential decay function δG(T ) = δG0 + δG exp(−T/T1)
fitted our experimental data, plotted as temperature dependences of root mean

square values, much better than the standard power low model expected for meso-

scopic conductance fluctuations. This result is not yet well understood. Moreover,

similar results are also found when T -decay of individual features of transconduc-

tance fluctuations is evaluated. However, at very low temperatures below 1.2 K,

a very good agreement with the formula δG(T ) = δG0{1 − exp(−TK/T )} that de-

scribes transport through a QD is observed Fig. 1.
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Figure 1: T-dependence of normalized conductance fluctuation amplitude a) without
magnetic field and b) with magnetic field.
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HgTe quantum wells are known to host, under a topological phase transition, the

quantum spin Hall effect. The latter refers to the presence of metallic edge states

moving in opposite direction for opposite spins. Recently, HgTe/CdTe quantum

wells, among others topological insulators, have been proposed as good materials

for thermoelectric conversion. The basic idea relies on the topological protection

of the 1D edge states that prevents reduction of electrical transport in disordered

systems. Their efficiency to convert heat into electricity is based on the dominance

of the edge modes on transport [1,2]. On my present, I present the thermoelectric

properties of HgTe/CdTe quantum wells through the analysis of Seebeck and spin

Nernst coefficents in a four terminal cross-bar setup. As a lateral thermal gradient

induces a longitudinal electric bias and a transverse spin current in such a system,

each of them can be used as a probe of the topological regime as well as finite size

effects of the quantum spin Hall insulator. Furthermore, I will present a qualitative

relative between effective mass of particles and magnitude of spin Nernst signal which

allows to provide an explanation of the observed phenomena based on anomalous

velocities and spin-dependent scattering off boudaries [3] .
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Topological insulators characterized by a gapped bulk and counterpropagating

edge modes in the presence of time reversal symmetry have been in the focus of

interest since their theoretical prediction and subsequent experimental realizations

in 3D (Bi2Se3, Sb2Te3 etc.) [1] and 2D (HgTe/CdTe) [2] and inspired a number of

future applications, including spintronics, quantum computing and in combination

with a superconductor: the generation of Majorana fermions [3].

Two-dimensional topological insulators can be realized in semiconductor systems

that present bands inverted with respect to their usual arrangement by a strong spin-

orbit coupling (HgTe) or by hybridization of neighboring electron and hole systems

(combined InAs/GaSb quantum wells (CQWs) between AlSb barriers) according to

theoretical calculations. So far, only the HgTe/CdTe system has been studied in

detail. The InAs/GaSb CQW with its unique type II band alignment allows to tune

the band gap of the hybridized electron-hole gas by electric fields and would allow

to use the well-established III-V semiconductor technology [4].

First measurements of our samples show signs of this hybridization gap, i.e. a

resistance resonance at the charge neutrality point where the electron density n ≈ p

(hole density), which is a first step towards the observation of the Quantum Spin

Hall Effect, further experiments are under way. We are interested in increasing the

quality of our samples and optimizing their properties for large hybridization gaps.

A recently started area of research in our group is the fabrication of InSb quan-

tum wells. Electrons in InSb have a smaller effective mass (0.0139 m0), a larger

g-factor (-51) and a narrower bandgap (0.17 eV) than in any other binary III-V

semiconductor. Electron mobilities of up to 380’000 cm2/Vs at low temperatures

can be achieved [5] and the high g-factor results in a strong spin-orbit coupling

making this material promising for applications in spintronics.

The growth of InSb/AlxIn1−xSb quantum wells on GaAs substrates with more

than 14 % lattice mismatch is very challenging and AlxIn1−xSb with low Al concen-

trations between 10 % and 20 % has to be used as a barrier material for the lack

of a lattice matched material with suitable energetic properties. The focus of the

research thus lies on the optimization of the growth processes, sample structures

and doping schemes.

First samples grown by our group show a mobility of 150’000 cm2/Vs at 4 K with

an electron density of 4.5 × 1011 cm−2.
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Graphene has a strong potential as component of novel spintronics devices. Pi-

oneering experiments on graphene-based spinvalves have demonstrated long spin

coherence lengths in this fascinating two-dimensional material. Besides its use as

conducting channel for coherent spin transport, graphene is furthermore of inter-

est for the detection and manipulation of the spin within molecular magnets. This

task requires an appropriate coupling between the sheets and the single molecu-

lar magnets. Here, we describe the assembly of a functionalized Fe4 cluster com-

pound on graphene exploiting non-covalent π- stacking interaction, with focus on

the molecules spatial arrangement in dependence of the deposition conditions and

the type of graphene.

The obtained graphene/molecular magnet hybrids were thoroughly investigated by

atomic force microscopy, matrix-assisted TOFMS, Raman spectroscopy, µ-SQUID

measurements, as well as roomtemperature charge transport studies. We demon-

strate the control over the organization of the molecules by tuning the deposition

parameters (concentration of molecules, reaction time, cleaning procedure of the

graphene prior to deposition) and the nature of the graphene sheet. Furthermore,

the molecular layers were found to self-reorganize into molecular random networks

when the sheets are subjected to external stimuli (e.g., slightly elevated tempera-

ture). The influence of the graphene environment on the magnetization dynamics

of the molecular magnets is evidenced by µ-SQUID study at ultra low tempera-

tures and a detailed theoretical model. Finally, preliminary non local spin-transport

measurements at low-temperature are presented.
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Figure 1: (a) Representation of Fe4 SMM grafted on graphene through pyrene
groups. (b) AFM analysis of a graphene flake before (left) and after (right) the
wet-treatment with Fe4. Inset: profile plot at the flake edge. (c) Influence of the
functionalization on the Raman G-peak. (d) Charge transport properties of the pris-
tine (black), treated with solvents (blue) and SMM functionalized (red) graphene.
(e) Example of graphene-based device.
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We explore the longitudinal conductivity of graphene at the Dirac point in strong

magnetic field with two types of short-range scatterers: adatoms that mix the valleys

and scalar impurities that do not mix them. A scattering theory for the Dirac

equation is employed to express the conductance of a graphene sample as a function

of impurity coordinates; an averaging over positions of impurities is then performed

numerically. The conductivity is equal to the ballistic value σ ≈ π−1[4e2/h] for each

disorder realization provided the number of flux quanta considerably exceeds the

number of impurities. For weaker fields, the conductivity in the presence of scalar

impurities scales to the quantum-Hall critical point with σ ≈ 0.4 [4e2/h] at half

filling or to zero away from half filling due to the onset of Anderson localization.

For adatoms the localization behavior is obtained also at half filling due to splitting

of the critical energy by intervalley scattering. Our results reveal a complex scaling

flow governed by fixed points of different symmetry classes.

Figure 1: Longitudinal conductivity in a sample with point-like scalar impurities or adatoms as a
function of system size. The aspect ratio W/L is kept constant, ℓs and ℓa are the scattering cross-
section for the scalar impurities and ad-atoms, ℓB the magnetic length, and ℓimp is the average
distance between impurities.
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In quantum Hall systems [1], the absence of backscattering due to the spatial

separation of counterpropagating edge channels ensures robust quantization of Hall

conductance. In contrast, in quantum spin Hall systems [2] or 2D topological in-

sulators, the quantum spin Hall effect (QSHE) can be compromised by inelastic

scattering that equilibrates counterpropagating channels on the same sample edge.

This makes the experimental demonstration of topological insulating phase more

difficult. Here we demonstrate non-local transport measurements that confirm the

dominance of edge transport, even for incomplete conductance quantization. We

show that the InAs/GaSb system [3, 4] can be tuned to a topological insulating (TI)

phase with negligible bulk conductivity.

The samples studied are InAs (top)/GaSb (bottom) heterostructures sandwiched

between AlGaSb barriers with varying InAs layer thickness (w = 10, 12, and 14

nm) grown on an n-type GaAs substrate that serves as a back gate. The Hall bars

have six ohmic contacts with an edge channel length of 2 µm. A front gate metal is

evaporated following an atomic-layer-deposited Al2O3 gate insulator. A longitudinal

resistance (Rxx) maximum is observed for all the samples when the Fermi level is

tuned to within the band gap via front gate voltage VFG. For the w = 10 nm sample,

the peak resistance increases with decreasing temperature (T ) and reaches several

MΩ at 0.25 K, indicating that the system is a fully gapped normal insulator. For the

14-nm sample, the low peak resistance of only 2 kΩ and the absence of T dependence

indicate a semi-metallic band structure. In contrast, for the 12-nm sample, the low-

T peak resistance saturates close to h/2e2 (the quantized value expected for QSHE

in the six-terminal geometry), but quantization is not achieved.

When the system is in a TI phase, the bulk conductance vanishes and transport

is governed by edge channels. As a result, the system can be described by an

equivalent circuit comprising six resistors connected in a ring configuration. We

focus on the ratio between the resistance values measured with two adjacent pairs

of voltage probes. In a TI phase, this ratio is sample specific and thus should not

depend on the current injection path. Indeed, for the 12-nm sample, we find that the

resistance ratios measured for different current injection paths coincide with each

other, including VFG-dependent fluctuations, over the VFG range of the Rxx peak.

Similar results have been confirmed for all contact configurations.
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Thermoelectric power (TEP) of graphene is previously measured in the disorder

limited transport regime where the semiclassical Mott relation agrees with experi-

mental data. Here, we report the TEP measurement on graphene samples deposited

on hexa boron nitride substrates where drastic suppression of disorder is achieved.

Our results show that at high temperatures where the inelastic scattering rate due to

electron-electron (e-e) interactions is higher than the elastic scattering rate by dis-

orders, the measured TEP exhibit a large enhancement compared to the expected

TEP from the Mott relation. We also investigated TEP in the quantum Hall regime

at a high magnetic fields, where we observed symmetry broken integer quantum

Hall due to the strong e-e interactions. The field dependence of TEP at these states

reveals the important role that exchange interactions play.

89



Poster 53

Exactly solvable 1D lattice model for the fractional quantum Hall
states with matrix-product ground states

M. Nakamura1,2 and Z.-Y. Wang3

1Max Planck Institute for Solid State Research, Heisenbergstrasse 1, 70569 Stuttgart,
Germany

2Institute of Industrial Science, University of Tokyo, Komaba 4-6-1, Meguro-ku, Tokyo
153-8505, Japan

3Department of Physics, Tokyo Institute of Technology, O-Okayama, Meguro-ku, Tokyo
152-8551, Japan

We introduce a one-dimensional lattice model with an exact matrix-product ground

state describing the fractional quantum Hall (FQH) states in Laughlin series (filling

factors ν = 1/q) on torus geometry. Surprisingly, the exactly solvable Hamilto-

nian has the same mathematical structure as that of the pseudo potential for the

Laughlin wave function, and naturally derives the general properties of the Laughlin

state such as the Z2 properties of the FQH states and the fermion-boson relation.

The obtained exact ground states have high overlaps with the Laughlin states and

well describe their properties. Using matrix product method, density functions and

correlation functions are calculated analytically. Especially, obtained entanglement

spectra reflect gapless edge states as was discussed by Li and Haldane. We also

obtained magneto-roton behaviour in the excited states based on the variational

matrix-product wave functions.

Figure 1: (a) Entanglement spectra (as functions of momentum) of obtained by
the matrix-product method which reflect chiral (non-chiral) Tomonaga-Luttinger
liquid behaviour for cylinder (torus) geometry. (b) Excitation energies for various
momenta obtained by variational matrix product wave function.
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Christian Reichl1, and Werner Wegscheider1

1 Solid State Physics Laboratory, ETH Zürich, Zürich, Switzerland
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