Program HMF-23
and
Invited Abstracts

Monday morning
8h50: Opening
Session chair - Ning Wang
9h00: Invited talk - Philip Kim
Quantum Hall Bilayer Exciton Condensation in Graphene
9h30: T. Szkopek
Large magnetoresistance by Pauli blockade in hydrogenated graphene
9h45: M. V. Durnev
Chiral edge photogalvanic effect in graphene in the quantum Hall regime
10h00: Jeanie Lau
Spin and Charge Transport in Few-Layer Graphene and Phosphorene
10h15: Erik Henriksen
Proximity Effects in Graphene/α-RuCl3 Heterostructures
10h30: Coffee break
Session chair - Chun Ning (Jeanie) Lau
11h00: Invited talk - Andrea Young
Fractional Chern insulators in graphene heterostructures
11h30: Invited talk - Yuanbo Zhang
Quantum Hall Effect in Two-dimensional Electron System in Black Phosphorus
12h00: Buffet lunch

Monday afternoon
Session chair - Philip Kim
14h00: Invited talk - Go Yusa
Optically imaged stripes in fractional quantum Hall fluid
14h30: Invited talk - Benoı̂t Fauqué
Thermodynamic and transport properties of graphite
15h00: Toshihiro Taen
Thickness and gate-voltage dependence on B induced phase transition in
graphite
15h15: Ngoc Han Tu
Coupling between quantum Hall edge channels across bulk 2D electron
systems
15h30: Xiaomeng Liu
Observation of interlayer anyon pairing through fractional quantum Hall
drag
15h45: Scott Crooker
Exciton Rydberg States & Dielectric Environment Effects in Monolayer
Semiconductors
16h00: Coffee break
16h30: Shotgun session (chair - Marek Potemski)
(3 minute/3 slide oral presentation to advertise your poster)
18h30: Posters + cocktail dinatoire

Tuesday morning
Session chair - Amalia Coldea
9h00: Invited talk - Nigel Hussey
Dark excitons meet Tomonaga-Luttinger liquid: emergence of a real-space
symmetry axis in the magnetoresistance of Li0.9 M o6 O17
9h30: L. E. Golub
Magnetoinduced photocurrents in Weyl semimetals
9h45: T. Khouri
Quantum oscillations due to magnetic breakdown in the nodal line semimetal ZrSiS
10h00: D. Smirnov
Landau level spectroscopy of coupled Weyl points:
semimetal NbP

a case study of

10h15: S. Wiedmann
Electron-hole tunneling in the nodal line semi-metal HfSiS
10h30: Coffee break
Session chair - Ana Akrap
11h00: Invited talk - Amalia Coldea
Tuning competing electronic states and superconductivity using chemical
and applied pressure in a family of compensated semimetals, F eSe1−x Sx
11h30: Invited talk - Paolo Sessi
Edge states in topological crystalline insulators: a new approach towards
robust 1D modes
12h00: Buffet lunch

Tuesday afternoon
Session chair - Perla Kacman
14h00: Invited talk - Ross McDonald
Topological Metals in the Quantum Limit
14h30: Invited talk - Thomasz Story
Dirac surface and interface states in topological crystalline insulators
15h00: K.S. Denisov
Topological Hall effect in different microscopic regimes
15h15: Francesca Telesio
Strong anisotropic in-plane magneto-transport in a few-layer bP FET
15h30: K. Rubi
Transport properties of 2DEG at the LaAlO3/SrTiO3 interface with varying carrier density
15h45: Ryuichi Masutomi
Crossover from a complex stripe phase to a helical phase in multiple oneatomic-layer films
16h00: Coffee break
16h30: Shotgun session (chair - Nigel Hussey)
(3 minute/3 slide oral presentation to advertise your poster)
18h30: Posters + cocktail dinatoire

Wednesday
Session chair - Mikhail Glazov
9h00: Invited talk - Matthew Yankowitz
Ambipolar Landau levels and strong band-selective carrier interactions in
monolayer WSe2
9h30: Cory Dean
Bandstructure engineering with patterned dielectric superlattices
9h45: L. Szulakowska
Effective interaction, bandgap renormalization and massive Dirac
Fermion excitons in magnetic field
10h00: Bernhard Urbaszek
Fine structure of dark exciton in WSe2 monolayers in perpendicular magnetic field
10h15: M.R. Molas
Magneto-photoluminescene spectroscopy of excited exciton states in h-BN
encapsulated monolayer WSe2 and MoS2
10h30: Coffee break
Session chair - Cory Dean
11h00: Invited talk - Ning Wang
Probing unconventional Landau levels with strong interactions and quantum Hall ferromagnet states in atomically thin WSe2 and MoS2
11h30: Invited talk - Mikhail Glazov
Excitons and trions in 2D semiconductors based on transition metal
dichalcogenides
12h00: Excursion + packed lunch
19h00: Conference Banquet - Hotel Dieu

Thursday morning
Session chair - Mathew Yankowitz
9h00: Invited talk - Tony Heinz
Probing and controlling excitations in transition metal dichalcogenides
with magnetic fields
9h30: Ashish Arora
Unraveling interlayer excitons in a bulk two-dimensional semiconductor
at high B
9h45: Johannes Holler
Valley polarization dynamics of interlayer excitons in 2D crystal heterostructures at high B
10h00: Anatolie Mitioglu
Magneto-optical investigation of strained 2D WSe2 monolayers
10h15: Artur Slobodeniuk
Intra- and interlayer optical transitions at K± points of TMD multilayers
10h30: Coffee break
Session chair - Yuanbo Zhang
11h00: Invited talk - Guenna Gusev
Quantized edge transport at ν = 0 quantum Hall state
11h30: Invited talk - Alexey Suslov
Electron puddling in the extreme quantum limit of strontium titanate
12h00: Buffet lunch

Thursday afternoon
Session chair - Robin Nicholas
14h00: Invited talk - Alessandro Surrente
Magneto-optics of excitons in metal halide perovskites
14h30: Invited talk - Ana Akrap
Magneto-optical spectroscopy of 3D Dirac semimetals
15h00: Marcel Naumann
Quantum limit of a single Fermi surface pocket - CoSb3 at high B
15h15: M. Shahrokhvand
Quantum limit thermopower in the metallic semiconductor InSb
15h30: D. K. Efetov
High-speed bolometry from Johnson noise detection of hot electrons in
cavity-coupled graphene
15h45: F. D. Parmentier
Ballistic electrons splashing down in a Fermi sea
16h00: Coffee break
Session chair - Alexey Suslov
16h30: A. V. Gorbunov
Transport of optically pumped spin in magnetized 2D electron system
16h45: Josef Oswald
Exchange mediated compressible stripes in the integer quantum Hall effect
regime: A possible need for a new interpretation even after 25 years
17h00: V. I. Gavrilenko
Landau level spectroscopy of HgTe/CdHgTe QWs in high magnetic fields
up to 34 T
17h15: M. Zudov
Quantum Hall stripes: high density regime and a new feature
17h30: End of session

Friday morning
Session chair - Josef Oswald
9h00: Invited talk - Benjamin Béri
Majorana fermions in mesoscopic systems
9h30: Y.B. Lyanda-Geller
Parafermions and Majorana fermions in domain walls of quantum Hall
ferromagnets
9h45: F. Appugliese
Magneto-transport of 2DEGs ultrastongly coupled to vacuum fields probed by weak microwave irradiation
10h00: Shaowen Chen
Competing Fractional Quantum Hall and Electron Solid Phases in
Graphene
10h15: Mario Novak
Study of nodal-line Dirac semimetal ZrSiS along c-direction by angular
magnetoresistance and mapping of the Q2D Fermi pocket
10h30: Coffee break
Session chair - Pawel Hawrylak
11h00: Invited talk - Leah Weiss
Triplet Pairs in Organic Semiconductors
11h30: Invited talk - Oleg Makarovsky
InSe based heterostructures at high magnetic fields
12h00: Closing

Monday morning

Quantum Hall Bilayer Exciton Condensation in Graphene
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Philip Kim, Xiaomeng Liu, Jia Li, Kenji Watanabe, Takashi Taniguchi, Bertrand Halperin, and Cory Dean
1
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3
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Department of Physics, Harvard University, Cambridge, MA, USA
Department of Physics, Columbia University, New York, NY, USA
National Institute for Material Science, Tsukuba, Japan

Coulomb drag effect is a mesoscopic effect which manifests many body interactions between two low-dimensional
systems, which has served an extremely useful probe the strong correlation in quantum systems. In this presentation, we
will discuss observing quantized Hall drag effect in graphene double layers spaced by atomically thin hexagonal-boron
nitride (hBN). In this electronic double layer (EDL) subject to strong magnetic fields, filled Landau states in one layer
bind with empty states of the other layer to form an exciton condensate. Driving current in one graphene layer generates
a near-quantized Hall voltage in the other layer, resulting in coherent exciton transport. In our experiment, capitalizing
strong Coulomb interaction across the atomically thin hBN separation layer, we realize a superfluid condensation of
magnetic-field-induced excitons. For small magnetic fields (the BEC limit), the counter-flow resistance shows an
activation behavior. On the contrary, for large magnetic fields limit where the inter-exciton separation is reduced (the
BCS limit), the counter-flow resistance exhibits sharp transitions in temperature exhibiting characters of BerezinskiiKosterlitz-Thouless (BKT) transition. Furthermore, complete experimental control of density, displacement and
magnetic fields in our graphene double layer system enables us to explore the rich phase diagram of several superfluid
exciton phases with the different internal quantum degrees of freedom.

Monday morning

Fractional Chern insulators in graphene heterostructures
Andrea Young
1

Department of Physics, University of California, Santa Barbara, CA 93106

I will discuss magnetocapacitance experiments from a new generation of ultra-clean
graphene heterostructures realized by replacing conventional gate metallization with single crystal
graphite flakes. Of particular interest are the effects of a superlattice, which can be readily realized
through the moire potential arising from rotational alignment of an active graphene layer and
hexagonal boron nitride dielectric layer, on the high magnetic field phase diagram. As has been
demonstrated previously, graphene devices with a moire potential host a variety of Hofstadter bands
characterized by finite bandwidth and Chern numbers C≠1. Hofstadter bands are detected
experimentally by the observation that energy gaps follow trajectories in the density (𝑛 ) - magnetic
flux (𝑛 ) plane parameterized by integers 𝑠 and 𝑡
𝑡⋅𝑛
𝑠
𝑛
Where 𝑡 is related to the quantized Hall conductivity and 𝑠 0 distinguished Hofstadter gaps from
conventional Landau level-based quantum Hall effects with 𝑠 0.
Within single particle theory, the Hofstadter band structure is a fractal, with each band subdivided
into a recursive hierarchy of minibands separated by gaps with integer 𝑡 and 𝑠. In clean devices, in
contrast, we find[1] robust incompressible states at fractional filling of these Chern bands
characterized by fractional s and/or fractional t. These are not captured by the single particle
picture. Basic arguments, supplemented by numerical density matrix renormalization group
calculations support two kinds of correlated states: states with integer 𝑡 and fractional 𝑠 break lattice
symmetry, while states with both fractional 𝑡 and fractional 𝑠 do not break lattice symmetry. These
latter are an example of a fractional quantum Hall effect ‘without Landau levels,’ introducing
lattices as a fundamental degree of control in fractional quantum Hall physics.
[1] Eric M. Spanton, Alexander A. Zibrov, Haoxin Zhou, Takashi Taniguchi, Kenji Watanabe, Michael P. Zaletel,
Andrea F. Young. Science 360, 62–66 (2018).

Monday morning

Quantum Hall Effect in Two-dimensional Electron System in Black Phosphorus
Yuanbo Zhang
Department of Physics, Fudan University, Shanghai, China

Black phosphorus has emerged as a new semiconducting two-dimensional (2D) material with exceptional sample
quality. A gate electric field can induce 2D electron and hole gas in black phosphorus in a field-effect transistor (FET)
structure. Two key features distinguish black phosphorus 2D electron/hole gas from conventional ones: i) heavy
effective carrier masses, and ii) strong in-plane anisotropy as a result of black phosphorus’s anisotropic lattice structure.
We have recently been able to obtain high carrier mobilities in black phosphorus 2D electron system. The high
mobilities enabled us to observe integer quantum Hall effect in both hole gas and electron gas in black phosphorus.
Heavy carrier mass and strong anisotropy play important roles in the Landau level energetics in black phosphorus 2D
electron/hole gas, and I will discuss their implications in the observed quantum Hall effect..

Monday afternoon

Optically imaged stripes in fractional quantum Hall fluid
Go Yusa
Department of Physics, Tohoku University, Sendai, Japan

The fractional quantum Hall (FQH) state is a type of topological state of matter, and owes its energetic stability to its
boundaries, i.e. edge states, which exist between the bulk state and the surrounding vacuum. In the trivial case, e.g.,  =
1/3, the 2D bulk of FQH states is gapped by electron spin-(Zeeman energy) and Coulomb-interaction-induced energy
gaps. However, there also are non-trivial FQH states, e.g.  = 2/3, for which the gap can be closed at a certain critical
magnetic field BC under which the nonmagnetic (unpolarized, red regions in Fig. (b)-(d)) and perfect ferromagnetic
(polarized, blue regions) phases, corresponding to electron spin polarizations P of 0 and 1, respectively, are degenerate;
this leads to a first-order phase transition and the formation of magnetic domains [1]. Near the phase transition, it is
known that longitudinal resistance Rxx is dramatically increased in response to a large source-drain current [Fig. (a)].
This Rxx enhancement is understood in conjunction with the nuclear spin polarization PN, as confirmed by resistively
detected NMR. However, the underlying mechanism behind the Rxx enhancement and the associated PN has been
unknown for decades despite its importance and versatility. In this presentation, we examine the origins of this intriguing
effect.
We introduce polarization sensitive scanning optical microscopy and spectroscopy enhanced by nuclear magnetic
resonance (NMR), i.e. optically detected microscopic nuclear magnetic resonance [OD--NMR, Fig. (e)] and magnetic
resonance image [OD-MRI, Fig. (f)]. Using these unique techniques, we visualize in real space both electron and nuclear
polarization occurring in non-equilibrium FQH liquids [2]. We observe stripelike domain regions comprising FQH
excited states which discretely form when the FQH liquid is excited by a source-drain current [Fig. (b), (c), and (f)].
These regions are deformable and give rise to bidirectionally polarized nuclear spins [Fig. (f)] as spin-resolved electrons
flow across their boundaries.
Further, by using time-resolved imaging technique, we show the motion of these striplike domains can be controlled
by conventional current. The mechanism of motion is shown to be connected to polarized nuclear spins around the
domain walls [3]. The propagation velocity increases when nuclei are depolarized, and decreases when the source-drain
current generating this nuclear polarization is increased.

FIG. 1. (a) Longitudinal resistance Rxx as function of . (b) and (c) 38×68-μm2 spatial images showing PL intensity of charged exciton
singlet peak (PL intensity), at ν = 0.660 with ISD of (b) 0 and (c) 120 nA at B = 6.8 T. (d) Schematic of observed images (e) Optically
detected microscopic nuclear magnetic resonance (OD-μ-NMR) spectra. (f) 15×7.5-μm2 OD-magnetic resonance image (MRI).

[1] J. Hayakawa, K. Muraki, G. Yusa, Nature Nano. 8, 31 (2013).
[2] J. N. Moore, J. Hayakawa, T. Mano, T. Noda, G. Yusa, Phys. Rev. Lett. 118, 076802 (2017). Editors’ Suggestion.
[3] J. N. Moore, J. Hayakawa, T. Mano, T. Noda, G. Yusa, Phys. Rev. B 94, 201408(R) (2016). Editors’ Suggestion.

Monday afternoon

Thermodynamic and transport properties of graphite
Benoı̂t Fauqué,1, 2 D. LeBoeuf,3 C. W. Rischau,2 G. Seyfarth,3 S. Wiedmann,4 and K. Behnia2
1

JEIP, USR 3573 CNRS, Collège de France, PSL Research University,
11, place Marcelin Berthelot, 75231 Paris Cedex 05, France.

2
ESPCI ParisTech, PSL Research University; CNRS; Sorbonne Universités,
UPMC Univ. Paris 6; LPEM, 10 rue Vauquelin, F-75231 Paris Cedex 5, France
3
CNRS, Laboratoire National des Champs Magnètiques Intenses LNCMI,
CNRS ,UGA, UPS, INSA, UPR 3228, F-38042 Grenoble Cedex 9, France
4

High Field Magnet Laboratory (HFML-EMFL) and Institute for Molecules and Materials,
Radboud University, Toernooiveld 7, 6525 ED Nijmegen, The Netherlands

When a magnetic field confines the carriers of a Fermi sea to their lowest Landau level, electron-electron interactions are expected to play a significant role in determining the electronic ground state. Three decades ago
it has been shown that graphite host a field-induced state driven by such interactions [1]. Here we will discuss
our magneto-transport and ultra sound measurements at high magnetic field. Studying the magnetoresistance
in graphite up to 80 T, we find that the magnetic field induces two successive phase transitions consisting of
two distinct ordered states each restricted to a finite field window. In both states, an energy gap opens up in
the out-of-plane conductivity and coexists with an unexpected in-plane metallicity for a fully gap bulk system.
Such peculiar metallicity may arise as a consequence of edge-state transport expected to develop in the presence
of a bulk [2]. The evolution of elastic constant anomalies with temperature and magnetic field across the first
order state shows that it evolves in a sequence of 2nd order and first order thermodynamic phase transitions
[3]. The complete phase diagram of graphite at high magnetic field is reported on Fig.1) and will be discuss in
detail. If time allows I will also discuss the observation of magnetoconductance oscillations periodic in magnetic
2
field with an amplitude of the order of eh in macroscopic samples of highly oriented pyrolytic graphite (HOPG)
which can be explained by invoking moir superlattices with a discrete distribution in periodicity [4].
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FIG. 1. (B −1 , log(T )) phase diagram of graphite. Two main domes labeled dome A and dome B are found as a function
of magnetic field. Dome A consists in a sequence of electronic phases labeled Aα,β,γ,δ separated by thermodynamic phase
transition lines labeled α,β,γ and δ, respectively. Ultrasound measurements (full circles) and transport measurements (Rxx
and Rzz in black open squares and diamonds respectively). The black line associated with the α transition corresponds
to the behavior expected from a BCS-like description of the DW transition. Dotted lines are guides to the eyes for the
β, γ and δ-transition lines. Boundaries of dome B have been determined by Rzz [2]

[1] S. Tanuma et al., in Physics in High Magnetic Fields, ed. S. Chikazumi and N. Miura (Springer, Berlin 1981))
[2] B.Fauqué et al., Phys. Rev. Lett., 110, 266601 (2013) [3] D. Le Boeuf et al., Nat Com, 8, 1337 (2017) [4] C.
W. Rischau et al., Phys. Rev. B 95, 085206 (2017)

Tuesday morning

Dark excitons meet Tomonaga-Luttinger liquid:
emergence of a real-space symmetry axis in the magnetoresistance of Li0.9Mo6O17
Nigel E. Hussey,1 Jianming Lu,1 Xiaofeng Xu,2 Martha Greenblatt,3 and Piotr Chudzinski4
1
2

High Field Magnet Laboratory (HFML-EMFL), Radboud University, Nijmegen, Netherlands

Advanced Functional Materials Lab and Department of Physics, Changshu Institute of Technology, Changshu, China
3
4

Department of Chemistry and Chemical Biology, Rutgers University, Piscataway, USA

School of Mathematics and Physics, Queen's University Belfast, University Road, Belfast, UK

Magnetoresistance (MR) effects have been of immense interest in the condensed matter community in recent years, with
the observation of colossal or extreme MR in topological semi-metals, negative longitudinal MR in Weyl semi-metals
and linear MR in a variety of system. In this work, we report the discovery of a striking new phenomenon in the
magnetoresistive response of a one-dimensional (1D) metal whereby the angle-dependence of the MR decouples from
the crystalline axes. In essence, this emergence of an asymmetric MR can be ascribed to a crossover from an angular
magnetoresistance that is determined by the itinerant plane waves associated with the 1D Fermi surface aligned with the
reciprocal lattice vectors, to one in which local atomic basis becomes the new paradigm.
Detailed angle-dependent magnetoresistance sweeps reveal an emerging symmetry axis in the magnetoresistance of bulk
single crystals of quasi-one-dimensional Li0.9Mo6O17 (LMO) below Tmin = 25 K, the temperature at which the electrical
resistivity experiences a minimum. This symmetry axis is induced by the development of a negative magnetoresistance
which is suppressed only for magnetic fields oriented along the poles of the MoO6 octahedra that form the conducting
chains. We show that this unusual negative magnetoresistance is due to the melting of dark excitons, within the t2g
manifold, that order below Tmin. The unveiled symmetry axis in directional magnetic fields not only provides evidence
for the crystallization of these dark excitons, it also resolves the longstanding mystery of the metal-insulator transition in
Li0.9Mo6O17.

Li0.9Mo6O17.

Figure 1 a. Field sweeps of the magnetoresistance of LMO at 1.2 K measured at various angles within the ac plane, showing the
evolution of the peak field with angle. The angle of the dashed thick curve is ~ 6 degrees from the c-axis. The maximal
magnetoresistance at B = 2, 5, 10, 15, 20, 25 and 30 T are denoted by empty symbols and correspond to the peaks in panel b. b. Same
data as in panel a, replotted for fixed field strengths showing the emergence of a new symmetry axis in the magnetoresistance.

Tuesday morning

Tuning competing electronic states and superconductivity using chemical and
applied pressure in a family of compensated semimetals, FeSe1-xSx
Amalia Coldea
1

Clarendon Laboratory, Oxford Physics, Parks Road, Oxford, OX1 3PU, UK

The isoelectronically substituted iron-based superconductors are compensated multi-band semimetals which display
competing electronic ground states, such as superconductivity, nematicity and magnetism. In this talk, I will discuss the
low temperature magnetotransport and contactless tunnel diode oscillator studies on a new family of superconductors
FeSe1-xSx [1]. I will present quantum oscillations studies as a function of applied and chemical pressure [2] both in
steady fields up to 45T and pulsed fields up to 88T. These results give access to the experimental electronic structure and
the role played by the electronic correlations across a nematic phase transition and its relationship with
superconductivity. This work was mainly supported by EPSRC (EP/L001772/1, EP/I004475/1, EP/I017836/1).

[1] A. I. Coldea, M. D. Watson, Ann.Rev. Cond. Matt. Phys., Vol. 9, 125 (2018)
[2] A. I. Coldea et al. arXiv:1611.07424

Tuesday morning

Edge states in topological crystalline insulators:
a new approach towards robust 1D modes
Paolo Sessi,1 Domenico di Sante,2 Andrzej Szczerbakow,3 Florian Glott,1 Stefan
Wilfert,1 Hendrik Schmidt,1 Thomas Bathon,1 Piotr Dziawa,3 Martin Greitner,2 Titus
Neupert,4 Giorgio Sangiovanni,2 Ronny Thomale,2 Tomasz Story,3 and Matthias Bode1
1

Physikalisches Institut, Experimentelle Physik II, Universität Würzburg, Germany
2

Institut für Theoretische Physik, Universität Würzburg, Germany
3

Institut of Physics, Polish Academy of Sciences, Poland
4

Physik-Institut, Universität Zürich, Switzerland

Topological crystalline insulators (TCIs) are topological materials where the existence of surface Dirac states is
guaranteed by crystal symmetries. This protection mechanism promises a rich phenomenology in response to
crystal perturbations. In my presentation, I will report on the discovery of robust 1D spin-polarized channels
naturally emerging at TCI surfaces once translational invariance is broken [1]. I will illustrate how 1D channels
can be easily obtained in the prototypical TCI Pb1−x Snx Se without the need of any sophisticated preparation
technique. In particular, by correlating topographic and electronic structure information, I will show that 1D
states naturally emerge at step edges consisting of an odd number of atomic layers, where translational invariance
is broken, while even step edges maintain translational symmetry and are featureless. By systematically acting
on the crystals stoichiometry, I will demonstrate how these 1D states are directly linked to the existence of a
topologically non-trivial bulk band structure. A minimal toy model and realistic tight-binding calculations allow
to identify them as spin-polarized at bands connecting two Dirac points. Finally, I will show how, contrary to
1D topological states known so far, their protection mechanisms result in a striking robustness to defects, strong
magnetic fields, and elevated temperature.

FIG. 1. Electronic properties of Pb0.67 Sn0.33 Se terraces and step edges probed by scanning tunneling spectroscopy. (a)
Topographic STM image of a cleaved crystal exhibiting two extended step edges. The line section (bottom panel) shows
that their heights correspond to a single- (right) and a double-atomic step (left), respectively. (b) dI/dU map (top) and
the line section (bottom) reveal the existence of edge states at the single-atomic step edge. (c) Local tunneling spectra
measured with the STM tip positioned at the locations indicated in (b). The spectrum measured at the position of the
odd step (4) exhibits a strong peak at the Dirac energy.

[1]P. Sessi et al. Science, 354, 1269, (2016)

Tuesday afternoon

Topological Metals in the Quantum Limit
B. J. Ramshaw,1, 2 K. A. Modic,3 Arkady Shekhter,4 Yi Zhang,1 Eun-Ah Kim,1 Philip J. W. Moll,3 Maja Bachmann,3 M.
K. Chan,2 J. B. Betts,2 F. Balakirev,2 A. Migliori,2 N. J. Ghimire,5, 2 E. D. Bauer,2 F. Ronning,2 and Ross. D. McDonald2
1

Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY, 14853.
2
Los Alamos National Laboratory, Los Alamos, New Mexico, 87545.
3
Max-Planck-Institute for Chemical Physics of Solids, Noethnitzer Strasse 40.
4
National High Magnetic Field Laboratory, Tallahassee, Florida, 32310.
5
Argonne National Laboratory, Argonne, Illinois, 60439.

Extreme magnetic fields play a fundamental role in both identifying and inducing novel states of matter. Beyond Landau
level spectroscopy of the Fermi surface morphology and topology, I will discuss recent examples of novel physics in the
quantum limit – where the cyclotron energy not only approaches, but exceeds the Fermi energy – from Hall quantization
in three-dimensional Dirac systems, to the realization of the chiral anomaly in Weyl semimetals and the distinct
possibility of inducing new correlated states of matter in topologically non-trivial metals.
Magnetic fields of 95 tesla drive the Weyl semimetal TaAs far into its quantum limit (QL), where only the purely chiral
0th Landau levels (LLs) belonging to the Weyl fermions are occupied and can be studied in isolation. Up to 50 tesla we
find the electrical resistivity to be nearly independent of magnetic field: unusual for a conventional metal but consistent
with the chiral anomaly for Weyl fermions. Above 50 tesla we observe a two-order-of-magnitude increase in resistivity,
indicating that a gap opens and providing a bulk measure of the Weyl-node separation. Above 80 tesla we observe strong
ultrasonic attenuation below 2 kelvin, suggesting a new mesoscopically-textured state of matter. These results [1]
illustrate how high magnetic fields can be used to overcome material constraints and access a state composed purely of
Weyl fermions, and point the way to inducing new correlated states of matter composed of these exotic quasiparticles.

a)

b)

FIG. 1a) Resistivity of the Weyl semimetal TaAs for J//B//c from 0.7 to 20 K. Quantum oscillations from the Weyl pockets are visible
up to 7.5 tesla, followed by a decrease and then saturation of ρzz in temperature and field up to 50 tesla. Above 50 tesla there is a two
order-of-magnitude increase in ρzz at low temperature, signifying the opening of a gap. The inset shows single-crystal TaAs
microstructured using focused-ion-beam (FIB) lithography for both ρzz and ρxx measurements. b) Change of the longitudinal sound
speed measured at 315 MHz for k//B//c, where k is the propagation wavevector. Above 2.5 K the sound velocity flattens out above 80
tesla and the attenuation is only weakly field dependent. Below 2.5 K, however, both the sound velocity and the ultrasonic attenuation
increase rapidly with field. The red line is an interpolation of the data, highlighting the abruptness of the high-field transition as a
function of temperature. The inset illustrates the trivial hole dispersion (red), and electron-like Weyl fermions, (blue) separated into
distinct right and left-handed chiralities.

[1] “Unmasking Weyl Fermions using Extreme Magnetic Fields” B.J. Ramshaw et.al. arXiv:1704.06944v2
This work was performed at the National High Magnetic Field Laboratory, which is supported by National Science
Foundation Cooperative Agreement No. DMR-1157490 and the State of Florida, by LANL LDRD-DR20160085
‘Topology and Strong Correlations the U.S. Department of Energy Office of Basic Energy Sciences ‘Science at 100 T
program’.

Tuesday afternoon

Dirac surface and interface states in topological crystalline insulators
Tomasz Story
Institute of Physics, Polish Academy of Sciences, Lotnikow 32/46, 02-668 Warsaw, Poland
Following the seminal theoretical proposal [1], a new class of 3D topological materials topological crystalline insulators (TCI) - has been discovered by angle- and spin-resolved
photoemission spectroscopy (ARPES) and scanning tunneling spectroscopy (STS) techniques. In
contrast to model topological materials based on Bi and Sb chalcogenides, in TCI materials the
topological protection of surface electronic states is warranted by crystalline (mirror-plane)
symmetry [1]. The TCI states have been found in IV-VI narrow-gap semiconductors Pb1-xSnxTe
(x=0.4-1) and Pb1-xSnxSe (x=0.18-0.4) for (001) and (111) crystal surfaces of both bulk crystals
and epitaxial layers. These materials possess direct bulk energy gap at four L-points of the Brillouin
zone and undergo a band inversion at specific Sn content and temperature. In the inverted bands
regime one observes topological in-gap states forming 4 pairs of Dirac cones located across the
edge of the (001) surface Brillouin zone. As the TCI states are protected by crystalline symmetry,
lowering this symmetry by strain or crystal distortion qualitatively modifies the energy spectrum
of topological states. This effect has been observed in Pb1-xSnxSe (001) by STS (in Landau
quantization regime) [2] and ARPES experiments [3] revealing the gap opening in energy spectrum
of two, out of four, Dirac cones.
In recent experimental studies of Shubnikov - de Haas and de Haas - van Alphen quantum
oscillations the surface topological states were also observed for (001) surface of SnTe crystal [4].
By varying the angle between external magnetic field and the crystal we observed simultaneous
contribution from neighboring (001) facets of the bulk crystal, thus demonstrating how the TCI
topological states wrap the bulk of the crystal [4].
Variety of new proposals involving TCI materials relies on layered heterostructures and the effects
of strain, hybridization or size quantization on topological properties. It requires detailed
knowledge of the topological states at realistic surfaces with atomic steps or other defects as well
as the topological interface states buried beneath trivial semiconductor caps. The unique electronic
properties of atomic steps were recently demonstrated [5] with STM/STS technique, identifying
1D channel of high density electronic states along the odd-monolayer-high atomic steps at (001)
surface of Pb1-xSnxSe. By in-situ capping the TCI surface of Pb0.7Sn0.3Se bulk crystal with an
ultrathin topologically trivial layer of PbSe we carried out ARPES studies demonstrating the
robustness of Dirac cones at Pb1-xSnxSe/PbSe interface and the important role of atomic steps that
may induce an oscillatory collapse of the pair of split Dirac cones into a single one located at the
edge of the Brillouin zone.
Work supported by National Science Centre (Poland) research project 2014/15/B/ST3/03833.
[1] T.H. Hsieh, H. Lin, J. Liu, W. Duan, A. Bansil, L. Fu, Nat. Commun. 3, 982 (2012).
[2] I. Zeljkovic, Y. Okada, M. Serbyn et al., Nat. Mat. 14, 318 (2015).
[3] B.M. Wojek, M.H. Berntsen, V. Jonson et al., Nat. Commun. 6, 8463 (2015).
[4] K. Dybko, M. Szot, A. Szczerbakow et al., Phys. Rev. B 96, 205129 (2017).
[5] P. Sessi, D. Di Sante, A. Szczerbakow et al., Science 354, 1269 (2016).
[6] C.M. Polley, R. Buczko, A. Forsman et al., ACS Nano 12, 617 (2018).
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Monolayer transition metal dichalcogenides (TMDs) exhibit unusual electronic phenomena owing to their strong
intrinsic spin-orbit coupling and their lack of inversion symmetry. The four-fold spin and valley degeneracy
is lifted as a result of these properties, leading to a locking of the spin and valley degrees of freedom which
becomes especially consequential for the Landau level (LL) structure at high magnetic fields. Additionally, the
LL sequence is expected to be further modified by unusually strong Zeeman effects intrinsic to the material, as
well as by strong Coulomb interactions arising at high carrier densities due to the large effective carrier masses
of the lowest energy valleys. Although recent experiments have identified pieces of the LL sequence in WSe2 [1,
2], a complete mapping of the ambipolar LL structure has remained elusive due to high defect densities in the
crystals and challenges making low-temperature contacts for both electrons and holes.
We use single-electron transistors (SETs) to capacitively probe high-quality monolayer WSe2 in the quantum
Hall regime, minimizing the importance of low-resistance Ohmic contact to the material [3]. We are able to map
the ambipolar LL structure up to 35 T (Fig. 1), and find that it differs significantly between the valence and
conduction bands. In particular, the valence band is dominated by strong Zeeman effects, with Zeeman splitting
several times higher than the cyclotron energy. We additionally find that the strength of the Zeeman energy
is highly tunable with charge carrier density. Conversely, in the conduction band we observe a smaller Zeeman
energy and much weaker doping dependence. Together, our results not only confirm the unusual predictions of
the single-particle LL structure of WSe2 , but point to significant further modifications due to strong many-body
interactions, suggesting that monolayer WSe2 can serve as a host for new correlated-electron phenomena

FIG. 1. Ambipolar LL fan diagram plotting the inverse compressibility dµ/dn as a function of charge carrier density n
and magnetic field B. LLs for both the valence and conduction band appear as spikes in dµ/dn (traced with purple and
green lines for clarity).

[1] Z. Wang et al. Nat. Nanotechnol. 12, 144 (2017)
[2] H. C. Movva et al. Phys. Rev. Lett. 118, 247701 (2017)
[3] M. Gustafsson*, M. Yankowitz* et al. Nat. Mater. (in press), arXiv:1707.08083 (2018)
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Probing unconventional Landau levels with strong interactions and quantum Hall
ferromagnet states in atomically thin WSe2 and MoS2
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Atomically thin transition metal dichalcogenides (TMDCs) are emerging as a new platform for exploring many-body
effects. Coulomb interactions are markedly enhanced in these materials because of the reduced dimensionality and large
effective masses. In this talk, I demonstrate our recent experimental study on quantum transport of few-layer WSe2 and
MoS2 and their unconventional Landau levels (LLs) with strong interaction effects. We fabricate high-quality n-type
MoS2 and p-type WSe2 devices by encapsulating these TMDCs in ultra-clean hexagonal boron nitride sheets which
effectively eliminate impurity scattering and provide clean interfaces for making high-quality low-temperature ohmic
contacts to these semiconducting TMDCs. Few-layer WSe2 and MoS2 field-effect devices with mobilities up to 22,000
cm2/V s have been achieved at cryogenic temperatures. We observe interesting quantum Hall (QH) phenomena
involving the Q valley, Γ valley and K valley, such as the Q valley Zeeman effect in all odd-layer MoS2 devices and the
spin Zeeman effect in all even-layer MoS2 devices and highly density-dependent QH states of Γ valley holes in WSe2.
The predominant sequences of the QH states of Γ valley holes in few-layer WSe2 alternate between odd- and evenintegers with reducing the density. By tilting the magnetic field to induce Landau level crossings, we show that the
strong Coulomb interaction enhances the Zeeman-to-cyclotron energy ratio from 2.67 to 3.55 as the density is reduced
from 5.7 to 4.0×1012 cm-2, giving rise to the even-odd alternation of the predominant sequences. For bi-layer MoS2, we
have studied the valley-resolved SdH oscillations relevant to the spin-valley locked massive Dirac electron LLs. With
decreasing the carrier density in the conductance band (K valley), we observe LL crossing induced valley ferrimagnetto-ferromagnet transitions (FIG.1), revealing a fourfold enhancement of the valley Zeeman effect by Coulomb
interactions. Near the integer ratios of Zeeman-to-cyclotron energies, we discover persistent LL anti-crossings that can
be attributed to the formation of QH Ising ferromagnets. Our results provide compelling evidence for many-body
interaction effects in few-layer WSe2 and MoS2.

FIG. 1. Landau level fan diagram of the layer-polarized MoS2. (a) Mapping of quantum oscillation amplitude in the n−B
space. The dark blue regions are Rxx minima, related to energy gaps, whose corresponding ﬁlling factors are marked
along the right and top edges. The red and blue solid lines mark a pair of crossing Landau levels with opposite spins and
valleys, and the orange oval is the crossing position. The white dashed line marks the boundary between valley
ferromagnetic and ferrimagnetic regimes. (b) Left: quantum oscillation data ﬁtted with the valley-resolved formula.
Right: two valley components of the ﬁtting.
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Monolayers of transition metal dichalcogenides (TMD) show fascinating physical properties. Among those are
tightly bound Coulomb-correlated electron-hole complexes: excitons, charged excitons (trions) and biexcitons [1].
By contrast to conventional quasi-two-dimensional systems based on III-V and II-VI semiconductors the Coulomb
effects are strongly enhanced in TMD monolayers due to (i) weaker screening of the Coulomb interaction by
environment and (ii) relatively high effective masses of the charge carriers. For the same reason, the electron-hole
and electron-electron exchange interaction which governs the fine structure of the electron-hole complexes is also
enhanced as compared with traditional semiconductor quantum wells.
Here we discuss basic properties of excitons, biexcitons and trions including the role of dielectric screening in
formation non-hydrogenic series of the excitonic states. We also address the role of environment on the oscillator
strengths of excitons in van-der-Waals heterostructures [2]. We present the results of calculations of trion
binding energies and analyze the role of difference of effective masses and exchange interaction in the splitting
between the X + - and X − -trions formed of two holes with unpaired electron and two electrons with unpaired
hole, respectively. We also address the fine structure of the trions due to the exchange interaction and compare
our theory with experimental results [3].
In the last part of my talk the magnetooptical properties of excitons, trions and biexcitons are briefly addressed.
We discuss the origin of strong Zeeman splitting for excitonic complexes with the Landé factor of |g| ≈ 4.
The comparison of Zeeman effect and magneto-induced circular polarization of biexcitons sheds light on the
complicated fine structure of bound two-exciton molecule which results from interplay of spin and valley degrees
of freedom [4].
[1] G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand, B. Urbaszek, Excitons in atomically
thin transition metal dichalcogenides, arXiv:1707.05863 (2017); Rev. Mod. Phys., in press.
[2] C. Robert, M. A. Semina, F. Cadiz, M. Manca, E. Courtade, T. Taniguchi, K. Watanabe, H. Cai, S. Tongay,
B. Lassagne, P. Renucci, T. Amand, X. Marie, M. M. Glazov, and B. Urbaszek, Optical spectroscopy of excited
exciton states in MoS2 monolayers in van der Waals heterostructures, Phys. Rev. Materials 2, 011001(R) (2018).
[3] E. Courtade, M. Semina, M. Manca, M. M. Glazov, C. Robert, F. Cadiz, G. Wang, T. Taniguchi, K.
Watanabe, M. Pierre, W. Escoffier, E. L. Ivchenko, P. Renucci, X. Marie, T. Amand, and B. Urbaszek, Charged
excitons in monolayer WSe2 : Experiment and theory, Phys. Rev. B 96, 085302 (2017).
[4] P. Nagler, M. V. Ballottin, A. A. Mitioglu, M. V. Durnev, T. Taniguchi, K. Watanabe, A. Chernikov, C.
Schüller, M. M. Glazov, P. C. M. Christianen, T. Korn, Zeeman Splitting and Inverted Polarization of Biexciton
Emission in Monolayer WS2 , arXiv:1801.09255 (2018).
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2D semiconductors in the transition metal dichalcogenide (TMDC) family exhibit several distinctive and intriguing
properties, including their unusually strong excitonic interactions and the access they provide to their coupled valley and
spin degrees of freedom. In the elucidating these properties, magnetic fields and effective or pseudo magnetic fields
associated with circularly polarized light fields have proven to be indispensable tools. In this paper, we will briefly
review some general properties on TMDC materials in the MX2 (M = Mo, W; X = S, Se, Te) family and then illustrate
the diverse and important role of magnetic fields in spectroscopic investigations of these materials.
With respect to the valley degree of freedom, the TMDC materials in the monolayer limit exhibit valley circular
dichroism in which the band-edge excitons in a given (K/K’) valley are selectively excited by circularly polarized light
of a given handedness. This property allows us to measure the valley Zeeman effect, and, hence, infer information about
the relevant g-factors from measurements of polarization-resolved photoluminescence in the presence of magnetic fields.
For doped samples, the free carriers accumulate preferentially in one valley and study of the influence of magnetic fields
on emission from charge excitons allows us to determine their valley configuration.
When coherent superpositions of excitons in both valleys are created by linearly polarized excitation, then application of
an out-of-plane magnetic field causes the valley exciton pseudospin to precess. We have shown recently, that similar
control of the valley pseudospin can be achieved using the strong pseudomagnetic fields that can be generated through
the optical Stark effect with sub-gap circularly polarized light. This work is a step towards full control and manipulation
of the valley pseudospin using a platform of TMDC monolayers.
While the lowest-lying band-edge exciton is optically active in the Mo-based TMDC compounds, for the case of the Wbased compounds, the ordering of the spin-split conduction bands causes the lowest-lying state to be spin forbidden and
only weakly allowed due to band mixing. Application of a strong in-plane field, however, mixes the spin configurations
of the conduction band, rendering the otherwise dark band-edge exciton bright. Through this magnetic brightening
effect, we have been able to clearly identify and lower-lying dark exciton and charged exciton states in TMDC materials.
These studies provide important information about the band structure of the materials, as well as their excitonic
interactions.
Finally, we will describe recent magneto-optic investigations of biexciton states in TMDC materials. Use of magnetic
fields, combined with our understanding of the effects of these fields on individual excitons, allows us to identify a
readily observable biexciton state in WSe2 monolayers as composed of a combination of a bright and a dark exciton.
As these studies of TMDC monolayers serve to illustrate, the use of magnetic fields can provide important insights into
the excitonic and valley characteristics of 2D semiconductors. Much of the work described above was done in
collaboration with researchers at the National High Magnetic Field Laboratory in Tallahassee, FL.
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Two dimensional massless Dirac fermions in the presence of a strong perpendicular magnetic field show several
remarkable features that sharply diverge from conventional behaviour. The energy spectrum is organized in Landau
levels (LL) with square root versus linear dependence on the magnetic field and square root dependence on the Landau
index n versus n+1/2, in comparison with the parabolic dispersion at the zero field. The most remarkable consequence
of this last property is the existence of a zero-energy Landau level ( = 0) [1]. This is not due to the linear spectrum, but
is related to the π Berry phase carried by each Dirac point. Therefore, the  = 0 LL has a magnetic field independent
energy, which is quite different from a quantized cyclotron orbit in the conventional quantum Hall effect. The bulk LL
forms two counter propagating edge states similar to 2D topological insulators at zero field. As a result, conductance is
zero in the QHE regime and quantized in universal units 2e2/h in the quantum Hall (QH)-metal regime in the absence of
backscattering between spin-polarized states.

FIG. 1. The longitudinal resistance as a function of the gate voltage and magnetic field. Arrow indicates the plateaux in longitudinal
resistance due to formation of the counter propagating states at =0.

Recently a two-dimensional system with a single Dirac cone spectrum, based on HgTe quantum wells, has been
discovered. The single spin degenerate Dirac valley allows unambiguous identification of the features resulting from the
bulk zeroth Landau level. In addition, the high mobility and giant Lande g-factor favor formation of spin-polarized
counter propagating states. In the present work, we studied the local and nonlocal transport in 10-probe devices
fabricated from HgTe zero-gap quantum structures. We observe a magnetic field induced, quantized resistance at  = 0
(fig.1). These experiments clearly demonstrate the existence of the robust helical edge state in a system with singlevalley Dirac cone materials.
References
[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson, I. V. Grigorieva, S. V. Dubonos and A. A.
Firsov, Nature, 438, 197 (2005)
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The extreme quantum limit (EQL) is achieved when the magnetic field is strong enough to confine electrons
to their lowest Landau level, i.e., when the cyclotron energy is much larger than the Fermi energy. Bringing
a three-dimensional electronic system deeply into the EQL can be difficult since it requires a large magnetic
field, small Fermi energy, low temperature, and small disorder. Due to its gigantic dielectric constant, virtual
ferroelectric strontium titanate (STO) is a unique material which remains a metal at low temperatures even at
small carrier concentrations, thus, allowing to attain the EQL. We investigated STO using dilution cryostats and
magnets available at the NHMFL DC Field facilities and probed much more deeply into the EQL than previous
studies on this material. [1]
Lightly doped bulk oxygen-deficient strontium titanate single crystals were made for our experiments at the
Argonne National Laboratory by sample annealing. To introduce a finite concentration of conduction-band
electrons, the mm-size samples were heated in a vacuum chamber. This heating process is known to create
oxygen vacancies within the sample volume which act as electron donors. Our samples with different doping
levels were produced by varying of the annealing temperature. After that contacts were deposited in the Hall
bar geometry.
The resulting carrier densities in our samples ranged from (7.7±1.1)1015 cm−3 to (1.5±0.2)1018 cm−3 . Measurements of the magnetoresistance and Hall voltage were performed in magnetic fields of up to 45 T at temperatures
down to 20 mK. As the magnetic field was increasing, the longitudinal resistivity exhibited Shubnikov-de Haas
(SdH) oscillations. Two facts, (i) the agreement between the concentrations calculated from SdH and Hall measurement and (ii) independence of the SdH oscillations period on the magnetic field orientation with respect to
a sample, proved that electrons were uniformly distributed through the STO slab.
The position of the final (N=1) SdH oscillation maximum indicated the field BEQL where the extreme quantum
limit was reached. The BEQL value was in the range 10-20 T, and in the samples with the carrier concentration
above 1017 cm−3 BEQL decreased when the electron concentration went down. Surprisingly, we revealed that
the value of quantum limiting field BEQL did not drop in our low density samples, but flattened out below
1017 cm−3 , in contrast to theoretical predictions and our results obtained on specimens with the higher electron
concentrations.
Above the BEQL , i.e., in the extreme quantum limit, our samples showed a non-saturating linear magnetoresistance with ρ(B=45T ) /ρ(B=0) > 100 at T= 20 mK. Such a linear (anisotropic) magnetoresistance was observed
at various orientations of the magnetic field with respect to the sample and the current direction. The magnetoresistance remained to be linear at higher temperatures with the slope reducing when the temperature was
rising.
In addition, at the lowest experimental temperature T= 20 mK in the extreme quantum limit we observed strong
nonlinearity of the current-voltage (I-V) characteristics. The nonlinearity reduced at the lower magnetic field,
but was a re-entrant phenomenon in the range where SdH oscillations occurred: that I-V nonlinearity vanished
at the oscillation minima, but appeared again at the oscillation maxima. The nonlinearity was identical in both
parallel and perpendicular fields, and was weaker but still observable at higher temperatures.
We suggest that mentioned above independence of BEQL on the carrier concentration in the low density limit
is due to the electron liquid breaking up into disconnected puddles that are localized in wells of the disorder
potential. The linear magnetoresistance is caused by the dopant density fluctuations throughout the sample.
Further studies of the nonlinearity in the I-V characteristics may provide important insights into the extreme
quantum limit state. The re-entrant behavior of the nonlinearity remains a puzzle.
[1] A. Bhattacharya, B. Skinner, G. Khalsa, A. Suslov, Spatially inhomogeneous electron state in the extreme
quantum limit of strontium titanate, Nature Communications 7, 12974 (2016). DOI: 10.1038/ncomms12974
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The intense development in the field of metal halide perovskites has led to a dramatic increase in the power
conversion efficiency of perovskite-based solar cells, which currently exceeds 22%. We developed an approach
to measure accurately the exciton binding energy of metal halide perovskites, based on the detailed magnetospectroscopy of both excitonic and free carrier absorptions in pulsed magnetic fields up to 150T [1]. A typical
magnetic field dependence of these transitions, measured in a single crystal MAPbI3 , is summarized in Fig. 1(a)
[2]. We fit the low energy transitions with a model describing the dependence of the energy levels of a hydrogen
atom in high magnetic field [3], and the high energy transitions with the predicted dependence of Landau levels.
This fitting procedure yields the exciton reduced mass and exciton binding energy with high accuracy. By using
this approach, we demonstrated that the exciton binding energy of MAPbI3 does not depend on the crystallinity
of the sample [2,4]. We extended our measurements to a wide variety of organic-inorganic and fully inorganic
perovskites. The global trends of binding energy and reduced mass are shown in Fig. 1(b,c), where it can be
noted that these quantities follow a scaling law dictated by a two-band k · p model [5]. We also extract the
dielectric constant of different perovskite coumpounds, plotted in Fig. 1(d). The similar dielectric screening
in materials which differ by the species of the A cation suggests that at low temperature, when the motion
of the organic cation is frozen, the dielectric screening mechanism is dominated by the internal motion of the
lead-halide cage.
We will also present our recent magnetotransmission measurements on MAPbI3 nanoplatelets. These colloidal
nanocrystals are fabricated by ligand assisted exfoliation and feature in-plane size of the order of hundreds of
nanometers and thicknesses as low as a few or a single PbI6 planes [6], which provides us the possibility of investigating the effect of quantum confinement in atomically thin perovskites. By performing magnetotransmission
spectroscopy, we observed a quadratic increase of the absorption energy of nanoplatelets up to 68T, shown in
Fig. 1(e). This confirms the excitonic nature of the transition in this atomically thin samples, which have exciton binding energies of the order of hundreds of meV. The different diamagnetic coefficients we observed point
to an exciton size that can be tuned by quantum confinement effect via the variation of the thickness of the
nanoplatelets [7].
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FIG. 1. (a) Energies for excitonic and Landau level transitions as a function of magnetic field for a single crystal MAPbI3 .
(b) Binding energy, (c) effective mass, and (d) dielectric constant dependence on the band gap for hybrid and inorganic
perovskites. The green sphere represent results of perovskite films having organic A cations, the colored stars are results
of fully inorganic perovskites. (e) Magnetic field dependence of the excitonic absorption of MAPbI3 nanoplatelets of
different thicknesses.
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Energy & Environmental Science 10, 1358 (2017) [5] Z. Yang, A. Surrente, et al., ACS Energy Letters 2, 1621
(2017) [6] V. Hintermayr, et al., Avanced Materials 28, 9478 (2016) [7] A. Surrente, et al., in preparation
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A little over ten years ago, relativistic-like particles made a grand entrance into the condensed matter physics arena,
when they were observed in topological insulators. Soon thereafter, it became clear that topological states of matter were
surprisingly widespread. This talk will focus on two examples of a 3D system whose energy dispersion is linear in
momentum. Magneto-optical spectroscopy allows us to uncover the Landau levels and helps decipher the band structure.
Our main task is to understand the low energy behavior of systems with small carrier densities, small effective masses,
and small or vanishing band gaps, whose properties are in some conditions predicted to be topologically nontrivial.
The first part of the talk will be devoted to cadmium arsenide, Cd3As2. This system is commonly accepted as a 3D Dirac
semimetal, with two Dirac nodes separated around the Gamma point. While the available ARPES data [1] show these
cones extend over several hundreds of meV, experiments such as STM [2] imply that the energy range of Dirac cones is
an order of magnitude smaller. Our recent optical reflectivity and transmission data extend in a broad range of photon
energies and magnetic fields up to 33 T [3,4]. We clearly observe square root of field dependence of cyclotron resonance
absorption in high magnetic fields, which is the hallmark of massless carriers. However, a closer analysis of our data
tells us that the massless particles we observe are not Dirac-like. Instead, we infer that the massless carriers in Cd3As2
are the so-called Kane electrons. While Dirac particles likely appear in cadmium arsenide, their energy scale is limited to
less than 30 meV.
The second part of my talk will focus on the conical dispersion in ZrTe5 studied by magneto-optical spectroscopy.
Theoretical calculations [5] showed that when exfoliated to single-layer sheets, ZrTe5 is a 2D topological insulator with
a significant bulk gap. ARPES and transport measurements [6] suggest that bulk ZrTe5 is a 3D Dirac semimetal, a strong
topological insulator [7], or a weak topological insulator [8]. Previous magneto-optical studies give contradicting results,
either finding proof for Dirac semimetal [9], or topological insulator [10].
We studied the temperature-dependent optical conductivity, as well as the magneto-optical properties of ZrTe5 in
magnetic fields up to 32 T. Temperature dependence of dynamical conductivity implies a strong thermal shift of the
chemical potential and a transition from electron-dominated to hole-dominated transport. In the case of a strong
topological insulator, the crossing of Landau levels should be observed in magnetic field. In the case of a Dirac
semimetal, Landau level transitions may be explained using a single particle model, similarly to graphene. Complex
low-energy behavior in magnetic fields possibly points to interaction effects.

[1] Z. Liu et al., Nature Materials 13, 677 (2014); M. Neupane et al., Nature Communications 5, 3786 (2014); S.
Borisenko et al, Physical Review Letters. 113, 027603 (2014).
[2] S. Jeon et al., Nature Materials 13, 851 (2014).
[3] A. Akrap et al., Physical Review Letters 117, 136401 (2016).
[4] M. Hakl et al, accepted in Physical Review B (2108)
[5] H. Weng et al, Physical Review X 4, 011002 (2014)
[6] Q. Li et al, Nature Physics 12, 550 (2016)
[7] G. Manzoni et al, Physical Review Letters 117, 237601 (2016)
[8] H. Xiong et al, Physical Review B 95, 195119 (2017)
[9] RY Chen et al, Physical Review Letters 115, 176404 (2015)
[10] ZG Chen et al, PNAS 114, 816 (2017)
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Majorana fermions are exotic quasiparticles predicted to emerge in certain superconducting devices and to
display topological features related to fault-tolerant schemes for quantum computation. In this talk, I shall
briefly review the key principles behind the emergence of Majorana fermions and discuss how Majoranas can
lead to a “topological Kondo effect” with striking transport characteristics that may allow one to probe their
non-local quantum dynamics, a key feature behind potential Majorana based topological qubits.

FIG. 1. Sketch of the minimal setup for the topological Kondo effect. Majorana fermions (red dots) here arise in a
system with spin-orbit nanowires (horizontal bars) in proximity to a superconductor (central rectangle). The outermost
wire segments form leads of conduction electrons, tunnel coupled to three of the four Majorana fermions.
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A. Altland, B. Béri, R. Egger, and A.M. Tsvelik, Phys. Rev. Lett. 113, 076401 (2014).
B. Béri, Phys. Rev. Lett. 119, 027701 (2017).
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Spin plays a key role in the dynamics of organic semiconductors, with examples ranging from
spin-dependent efficiency in organic photovoltaics and light-emitting diodes to magnetoresistance in charge transport. One such spin-dependent process, singlet fission, involves the
production of two triplet excitons each with spin S=1 following excitation of one singlet exciton
(spin S=0). This pair production process has the potential to boost the efficiency of
photovoltaics beyond the Shockley-Queisser limit and has been used to produce photovoltaics
with >100% external quantum efficiency [1,2]. Recently we have used singlet fission as a means
of optically generating spin-1 pairs to study the fundamental spin interactions of triplet excitons
[3,4]. Using a combination of electron spin resonance and magneto-optical spectroscopy in high
magnetic fields (<68 T) combining both cw- and pulsed-field techniques, we observe and
measure triplet spin-exchange coupling directly and extract quantitative estimates of the strength
of exchange [5]. We find that spin-spin coupling can range from 0.4-5.0 meV depending on pair
conformation and can be used to distinguish the optical signatures of distinct pair sites. The spin
interactions and dynamics of triplet exciton pairs not only affect dynamic processes in electronic
devices, but also present an opportunity for development of molecular spin-based technologies.

FIG. 1. Optical signatures of strongly coupled triplet pairs in high magnetic fields. (A) Photoluminescence-detected spin level
anti-crossings from triplet pairs in TIPS-tetracene. (B) TIPS-tetracene crystal structure.
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InSe based heterostructures at high magnetic fields
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Indium selenide (InSe) is now a well-established member of the family of van der Waals crystals with physical
properties that differ significantly from those of graphene, hexagonal boron nitride (hBN) and transition metal
dichalcogenides [1-2]. It has great potential for 2D electronics and optoelectronics due its high electron mobility [3] and
high broad-band photoresponsivity [4]. High mobility of few-atomic layer InSe encapsulated in hBN recently enabled
observation of Shubnikov-de Haas oscillations and Quantum Hall Effect in this material [3].
Here we demonstrate that InSe can be also employed in graphene-based FETs as an electrically active capping layer to
“modulation-dope” single layer graphene. The favourable alignment of the band structure of these two materials enables
a transfer of electrons across their van der Waals interface. This modulation doping of graphene can be controlled by
applying a gate voltage to the doped silicon substrate and leads to a “giant” (B > 20T) ν = 2 quantum Hall plateau (Fig.
1) [5], previously reported in SiC-grown graphene [6-7]. The appearance of the extended ν = 2 quantum Hall plateau
relies on efficient charge transfer between InSe and graphene and on the “pinning” of the chemical potential in the
energy gap between graphene’s Landau levels when their degeneracy increases with increasing magnetic field, B. This
effect also leads to a high thermal stability of the ν = 2 plateau, which is observed at T > 200K suggesting the potential
use of this novel heterostructure for room temperature quantum metrology.

FIG. 1. Hall, Rxy, and longitudinal, Rxx, resistance for InSe/graphene and graphene versus magnetic field, B,
for gate voltage Vg, = -16V and temperature T = 2K. Inset: schematic and optical image of a 10-terminal Hallbar device with distinct regions containing uncapped and InSe-capped graphene.
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