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Anisotropic susceptibilities
in the honeycomb Kitaev system α-RuCl3
David Mandrus1,2
University of Tennseesse, Knoxville, Tennessee, USA
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
*Email: dmandrus@utk.edu
Key words: quantum spin liquid, Kitaev model, magnetic susceptibility
α-RuCl3 is a magnetic insulator with dominant Kitaev interactions on a quasi-2D
honeycomb lattice. In this talk I will discuss susceptibility measurements on single
crystals of α-RuCl3, including the angle-dependence of the in-plane longitudinal and
transverse susceptibilities, which reveal a unidirectional anisotropy within the
honeycomb plane. By comparing the experimental results to a high-temperature
expansion of a Kitaev-Heisenberg-Γ spin Hamiltonian with bond anisotropy, it is seen
that the pronounced difference between in-plane and out-of-plane susceptibilities as well
as the finite transverse susceptibility are rooted in strong symmetric off-diagonal Γ spin
exchange.

Figure 1: Existence of intermediate phase in α-RuCl3 determined from ac susceptibility.

References
1. P. Lampen-Kelley, et al., ArXiv: 1803.04871
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Majorana quantization and half-integer thermal quantum Hall
effect in a Kitaev spin liquid
Yuichi Kasahara1*.
1
Department of Physics, Kyoto University, Kyoto 606-8502,
Japan

*Email: ykasahara@scphys.kyoto-u.ac.jp
Key words: quantum spin liquid, Kitaev model, thermal Hall effect
Kitaev quantum spin liquid (QSL) displays the fractionalization of quantum spins into
Majorana fermions [1]. In magnetic fields, the emergence of Majorana edge current is
predicted to manifest itself in the form of a finite thermal Hall effect [1,2], a feature
commonly discussed in topological superconductors. Here we report on thermal Hall
conductivity xy measurements in -RuCl3, a prime candidate for realizing Kitaev spin
model on two-dimensional (2D) honeycomb lattice. -RuCl3 exhibits antiferromagnetic
order at TN ~ 7 K in zero field, but the application of a parallel magnetic field melts the
AFM order, leading to a field-induced spin-liquid state at low temperatures. To study
the thermal Hall effect in this field-induced spin liquid state, we measure xy in magnetic
fields tilted away from the c axis within the ac-plane. We find that xy/T shows a plateau
behavior as a function of applied magnetic field. The 2D thermal Hall conductance
xy2D/T per honeycomb planes attains a quantization value of (/12)(kB/), which is
exactly half of xy2D/T in the integer quantum Hall effect. This half-integer thermal Hall
conductance provides direct evidence of topologically protected chiral edge currents of
charge-neutral Majorana fermions, which possess half degrees of freedom of
conventional fermions. At high field, the quantization disappears and xy2D/T goes to zero
rapidly, indicating a crossover from topologically non-trivial QSL to trivial high-field
state. [3,4]
References
[1] A. Kitaev, Ann. Phys. 321, 2 (2006).
[2] J. Nasu, J. Yoshitake, and Y. Motome, Phys. Rev. Lett. 119, 127204 (2017).
[3] Y. Kasahara et al., Phys. Rev. Lett. 120, 217205 (2018).
[4] Y. Kasahara et al., to be published in Nature.
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Exotic honeycomb magnet with strong spin-orbit coupling
Tomohiro Takayama*.
1
Max Planck Institute for Solid State Research,
Heisenbergstrasse 1, Stuttgart 70569, Germany

*Email: t.takayama@fkf.mpg.de

Key words: spin-orbit coupling, quantum spin liquid, honeycomb lattice
Honeycomb lattice is a bipartite and free from geometrical frustration. Nevertheless,
exotic magnetic ground states have been predicted in honeycomb-based transition-metal
oxides with strong spin-orbit coupling. We will present two honeycomb-based materials
realizing the unconventional magnetic ground states.
The first material is a new honeycomb iridate. Honeycomb iridates recently emerged as
a potential materialization of Kitaev spin liquid. In iridates, the wave function of 5d
electron is described by Jeff = 1/2 state produced by spin-orbit coupling. The magnetic
coupling between Jeff = 1/2 isospins in a 90-degree Ir-O-Ir bond was proposed to take
the form of bond-dependent ferromagnetic coupling, invoking a possible route for Kitaev
spin liquid. The honeycomb iridates Na2IrO3 and -Li2IrO3, in reality, undergo magnetic
ordering likely due to the competing magnetic interactions and lattice distortion. In order
to realize a spin liquid ground state, development of new honeycomb iridates has been
desired.
To explore new candidates of Kitaev spin liquid, we employed a topotactic ionexchange method and obtained a honeycomb iridate H3LiIr2O6. H3LiIr2O6 does not show
any magnetic order down to 40 mK despite large negative Curie-Weiss temperature of
-105 K. The NMR measurements showed no broadening of spectra, indicating the
absence of spin-glass freezing and hence spin liquid state.
Another exotic magnet is realized in Ru4+ oxide. A honeycomb ruthenate Li2RuO3 is
known to display a spin singlet dimerization, and the ground state is non-magnetic
insulator. By using ion-exchange reaction, we obtained Ag3LiRu2O6 where Ru
honeycomb network is preserved. Ag3LiRu2O6 exhibits no dimerization, and magnetism
of Ru4+ ions seems recovered. Interestingly, we do not observe any signature of magnetic
ordering down to 0.3 K. We argue that spin-orbit coupling of Ru yields Jeff = 0 state in
this honeycomb ruthenate and produces excitonic (Van Vleck) magnetism via excited
Jeff = 1 state.
This work is done in collaboration with K. Kitagawa, Y. Matsumoto, A. Kato, R. Takano,
S. Bette, R. Dinnebier, G. Jackeli, A. Yaresko, A. Boris, B. Keimer, and H. Takagi.
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Can Higgs meet Majorana? Probing Majorana fermions with
massive bosons in DIII topological superconductors
Takeshi Mizushima1*.
1
Department of Materials Engineering Science, Osaka
University, Toyonaka, Osaka 560-8531, Japan

*Email: mizushima@mp.es.osaka-u.ac.jp
Key words: topological superconductors, Majorana fermions, collective modes
A Majorana fermion is a fermionic key ingredient in DIII topological superconductors
(SCs), which possesses exotic properties, including helical spin texture and Majorana
nature.1 Despite of such striking property, the direct signatures of Majorana fermions in
bulk SCs have not been detected yet. This might be attributed to the fact that the
characteristic properties of Majorana fermions are protected by symmetry and topology.
Here we investigate interplay of fermionic and bosonic excitations in the superfluid (SF)
3
He-B and nematic SCs, prototypes of DIII topological SCs. Long-lived bosons are
another exotic ingredients, and a variety of such boson reflects richnesss of broken
symmetry in the superfluid vacuum. For instance, 3He-B possesses 4 Nambu-Goldstone
bosons and 14 Higgs bosons,2 while 2 long-lived bosons associated with the nematic
order fluctuations are embedded in nematic SCs. We here report that the symmetry
protection of helical Majorana femrions leads to a selection rule for the fermion-boson
coupling, and only a particular kind of bosons can interact with Majorana fermions.3
Bosonic excitations involve coherent motion of a macroscopic fraction of particles and
bring about a pronounced response to external fields. We will explore the possibility of
probing Majorana fermions with massive bosons.

References
1. T. Mizushima et al., J. Phys. Soc. Jpn. 85, 022001 (2016).
2. J. A. Sauls and T. Mizushima, Phys. Rev. B 95, 094515 (2017).
3. T. Mizushima and J. A. Sauls, arXiv:1801.02277.
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Antiferromagnetic semimetals and topological phases combining
superconductivity and magnetism
Mario Cuoco1*.
1

CNR-SPIN, IT-84084 Fisciano (SA), Italy, and Dipartimento di
Fisica E. R. Caianiello, Universitá di Salerno, IT-84084 Fisciano
(SA), Italy
*Email: mario.cuoco@spin.cnr.it
Key words: antiferromagnetic semimetal, nodal superconductivity, spin-triplet pairing,
Majorana modes, mixed singlet-triplet pairing
After the great impact of topological insulators, there has been a significant expansion
towards metals and semimetals (SMs) as well as quantum materials combining
topological and conventional forms of order. The search for new variants of SMs
recently highlighted the interplay of Dirac fermions physics and magnetism. Indeed,
while most of the currently known SMs are non-magnetic, antiferromagnetic (AFM)
SMs can be obtained where both time and inversion are broken while their combination
is kept [1,2] or due to chiral- [2] and time-symmetry [2,3] combined with nonsymmorphic transformations [2]. We discuss specific materials, i.e. t2g oxide systems,
that can exhibit AFM-SM phase due to emergent orbitally directional double-exchange
effects. Due to the orbital directionality, the competition between antiferromagnetic (AF)
and ferromagnetic (FM) correlations uniquely makes antiferromagnetically coupled FM
zigzag stripes and checkerboard clusters the dominant patterns in the phase diagram over
a large range of doping. [4] Such zigzag AF states are representative of a class of nonsymmorphic antiferromagnets with glide reflection symmetry. [2] As a result of the nonsymmorphic symmetry, topological gapless phases with Dirac points/lines as well as
semimetals with triple and quadruple band-crossing points are shown to occur.
Apart from the large variety of fundamental aspects related to Dirac systems, the
combination with other type of conventional orders (e.g. magnetism or
superconductivity) represents an ideal testbed for achieving new phases of matter and
single out materials for future technologies. In this talk we will discuss mechanisms and
potential materials for achieving antiferromagnetic semimetals. Then, we consider the
impact of s-wave spin-singlet pairing on AFM-SMs with Dirac points or nodal loops at
the Fermi level [5]. The electron pairing is generally shown to convert the semimetal
into a tunable nodal superconductor. The changeover from fully gapped to gapless
phases is dictated by symmetry properties of the AFM-superconducting state that set the
occurrence of a large variety of electronic topological transitions. We provide a general
criterion for predicting a series of transitions between nodal and fully gapped
superconducting phases. Different types of antiferromagnetic patterns are then employed
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to explicitly demonstrate the microscopic mechanisms that control the character of the
quasiparticle spectrum [4].
Finally, I will review some quantum platforms marked spin-singlet or triplet pairing
interfaced with non-trivial magnetic patterns and discuss the nature of the emerging
topological superconductors [6,7,8].

References
1. P. Tang, Q. Zhou, G. Xu, and S.-C. Zhang, Nat. Phys. 12, 1100 (2016).
2. W. Brzezicki and M. Cuoco, Phys. Rev. B 95, 155108 (2017).
3. S. M. Young and B. J. Wieder, Phys. Rev. Lett. 118, 186401 (2017).
4. W. Brzezicki, C. Noce, A. Romano, and M. Cuoco, Phys. Rev. Lett. 114, 247002
(2015).
5. W. Brzezicki and M. Cuoco, Phys. Rev. B 97, 064513 (2018).
6. M. T. Mercaldo, M. Cuoco, P. Kotetes, Phys. Rev. B 94, 140503(R) (2016).
7. A. Romano, P. Gentile, C. Noce, I. Vekhter, M. Cuoco, Phys. Rev. Lett. 110, 267002
(2013).
8. M. T. Mercaldo, P. Kotetes, M. Cuoco, arXiv:1806.07140.
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Pair conversion through spin-glass interfaces
in magnetic Josephson junctions
Sachio Komori, James Devine-Stoneman, Mark Blamire, and
Jason Robinson
Department of Materials Science and Metallurgy, University of
Cambridge, 27 Charles Babbage Road, Cambridge CB3 0FS,
United Kingdom
*Email: sk891@cam.ac.uk
Key words: proximity effect, spin-triplet pairing, Josephson junction
Electron pairing at a superconductor / ferromagnet interface (S/F) is controllable
through the alignment of the magnetic exchange field. Over the past decade, it has been
established that a non-uniform magnetic exchange field at the S/F interface can convert
spin-singlet pairs (antiparallel spins) to a triplet state in which the spins are parallel and
triplet supercurrents are long-ranged in F metals. This has been demonstrated via the
Josephson effect in S/F/S junctions [1-4] and through critical temperature measurements
of superconducting spin-valves [5-7].
In this talk, I will present our group’s latest results on triplet pair creation and will
demonstrate singlet-to-triplet pair conversion in magnetic Josephson junctions via spinglass Cr/Fe interfaces.

References
1. R. S. Keizer et al. Nature 439, 825 (2006).
2. T. S. Khaire et al. Phys. Rev. Lett. 104, 137002 (2010).
3. J. W. A. Robinson et al. Science 329, 59 (2010).
4. M. S. Anwar et al. Appl. Phys. Lett. 100, 52602 (2012).
5. A. Singh et al. Phys. Rev. X 5, 21019 (2015).
6. X. L. Wang et al. Phys. Rev. B 89, 140508 (2014).
7. A. Srivastava et al. Phys. Rev. Appl. 8, 44008 (2017).
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Dimensionality effects in 2D materials as seen
by X-ray spectroscopies
Giancarlo Panaccione1*.
1
Consiglio Nazionale delle Ricerche, IOM. Lab. TASC, I-34149,
Trieste, Italy

*Email: panaccioneg@elettra.eu

Key words: Electron Spectroscopies, Quantum Materials
The role of X-ray based electron spectroscopies in determining chemical, electronic and
magnetic properties of solids is well known since a few decades. Recently, the
unprecedented boost of research on ‘less than 3D’ materials’ and ‘less than 2D’
interfaces, as part of the quantum materials research, made clear that the control of spin,
charge and orbital degrees of freedom will be one of the pillars, both experimentally and
theoretically, of the future solid state science. Surface and interface effects are of utmost
importance in this context, since it is well known that the electronic behaviour is severely
influenced by the surface/interface environment (cleavage plane, electronic/structural
reconstruction, defects, etc.). In this talk, recent Photoelectron Spectroscopy results
obtained at Synchrotron Radiation facilities on topological insulators, transition metal
dichalcogenides, and transition metal oxides will be presented, where the combination
of angle, spin, time and depth-resolved experiments is able to reveal ‘hidden’ spectral
features, connected to metallic and/or magnetic properties, as well as to underline the
importance of dimensionality effects in quantum materials.
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Emergence of massless Dirac and Weyl fermions in Semi-metals
with broken Parity-Time symmetry
Ming Shi1*.
1
Swiss Light Source, Paul Scherrer Institute, CH-5232 Villigen,
Switzerland

*Email: ming.shi@psi.ch
Key words: topological semimetals, ARPES
The Weyl and Dirac semimetals are recently discovered topological quantum states of
matter characterized by the unavoidable crossing of two non- or doubly-degenerate
energy bands near the Fermi level, respectively. These crossing points (Weyl or Dirac
nodes) are the source of exotic phenomena, including the realization of massless Dirac
and Weyl fermions as quasiparticles in the bulk and the formation of Fermi arc states on
the surfaces. I will show how the Weyl and Dirac semimetals are realized in systems
with broken inversion and/or time-reversal symmetry and address the issue whether the
band degeneracy can be retained when parity-time symmetry is broken, which is
essential for the emergence of massless Dirac fermions as low-energy excitations in the
system.
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Axial spin-momentum locking in a cubic Dirac material
Hiro Nakamura1*.
1
Max Planck Institute for Solid State Research,
Heisenbergstr. 1, Stuttgart 70569, Germany

*Email: h.nakamura@fkf.mpg.de
Key words: Dirac/Weyl semimetal, transport, thin film
The presence of both inversion and time-reversal symmetries in solids leads to wellknown double degeneracy of electronic bands. The lifting of degeneracy makes spin or
chirality to manifest in the form of (pseudo)spin texture in momentum space. Non-trivial
cases are when the double degeneracy remains in exotic materials. Three-dimensional
(3D) Dirac material is a remarkable example of this case, in which potential spinmomentum locking is challenging to resolve because all the states are degenerate. Here,
we use quantum interference effects in magnetoconductance to detect hidden
entanglement of spin and momentum in antiperovskite-type 3D Dirac materials. We find
dominant weak antilocalization (WAL) when the Fermi energy (EF) is tuned close to the
Dirac nodes, whereas clear signature of weak localization (WL) develops when EF shifts
by doping. Notably, the mixing of different Dirac valleys does not suppress WAL,
pointing to contrasting interference physics compared to graphene. These results are
explained by an axial spin-momentum locking of real spin at each Dirac pocket, which,
via scattering among six Dirac valleys that originates from cubic symmetry, effectively
rotates spin [1].

Figure 1: Antilocalization (left) and axial spin-momentum locking (right) in Sr3SnO.

References
1. H. Nakamura et al., submitted
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Topological Lifshitz transitions giving BEC condensate in
unconventional superconductors driven by Fano resonance
Antonio Bianconi1,2,3*
1

Rome International Centre for Material Science Superstripes,
RICMASS, via dei Sabelli 119A, 00185 Rome, Italy
2
Institute of Crystallography, IC, CNR - via Salaria, Km 29.300, 00015
Monterotondo Roma, Italy
3
National Research Nuclear University MEPhI 115409 Moscow Russia

*Email: antonio.bianconi@ricmass.eu
Key words: topological superconductivity, topological matter, Fano resonances
At the topological Lifshitz transition for the appearing of a new Fermi surface spot in a
multi-valley superconducting material, the BPV (Bianconi-Perali-Valletta) theory [1-11]
has predicted the emergence of Bose Einstein Condensation BEC. The BPV numerical
solution of the self-consistent anisotropic energy gap equation joint with the chemicalpotential density equation starting from the solution of the Schrödinger equation has
predicted the unconventional superconducting state driven by the exchange interaction
giving a Fano resonance between of localized and delocalized pairing channels.

Figure 1: Left panel: The Fermi surface of FeSe1-x Sx at the Lifshitz transition where beyond
the 1st dxz (green) and the 2nd dxy (orange) there is a 3rd small Fe 3dz2, ml=0 (red) Fermi surface
disappearing, at the topological Lifshitz transition at the end of nematicity phase (or phase
separation). Right panel: The BPV (Bianconi Perali Valletta) theory giving the three gaps
superconductivity by numerical solution of the gap equation joint with density equation,
predicts the BEC in the range of the Lifshitz parameter -1<Z<0 where Z is given by the energy
separation between the chemical potential and the energy ELifshitz of the topological Lifshitz
transition for the appearing of a new Fermi surface, normalized to the “energy cut off” of the
pairing interaction. The BEC condensate is predicted to occur in the yellow range at the end
point of the nanoscale phase separation called also by some authors “nematic phase”.
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The proposal for cuprates [4,5] and for organics [6] has been confirmed in Mg1-xAlxB2
[7-9] and iron based superconductors [9-11] like FeSe1-xSx shown in Fig. 1. The key
variable controlling Tc is the Lifshitz parameter Z = (- ELifshitz)/0 where  is the chemical
potential, ELifshitz is the energy of Lifshitz transition for the appearing of a small Fermi
pocket (made of Fe ml=0 orbital in FeSe1-xSx) and 0 is the energy cut-off of the pairing
interaction [4-11]. In FeSe1-xSx the chemical potential  is tuned by strain [12] at the Lifshitz
transition for x=0.17. The BEC condensate emerges for –1<Z<0 i.e., near x=0.17. The
multi-band-Hubbard model [13,14] in the system for 0<x<0.17 near the Lifshitz
transition predicts the arrested phase separation, called also nematic phase, observed by
local probes [15,16]. The BEC condensation is predicted round x=0.17 in the yellow
range in Fig.1 at the end point of the nematic phase. Finally the focus of the research is
now on emergent topological hyperbolic geometry for the current pathways proposed in
[16,17] to promote quantum coherence at high temperature. In this non Euclidean space
topology [18-20] complex networks with mixed Bose and Fermi statistics [21-22] are
expected to show unique quantum features.
References
[1] A. Bianconi, US Patent 6,265,019 (2001) priority date Dec 7, 1993.
[2] A. Bianconi, Solid State Communications 91, 1 (1994)
[3] A. Bianconi, M. Missori Sol. State Commun. 91, 287 (1994)
doi:10.1016/0038-1098(94)90304-2
[4] A. Perali, A. Bianconi, A. Lanzara, N.L. Saini, Solid State Comm. 100, 181 (1996)
[5] A. Valletta, et al. Z. Phys. B: Condens. Matter, 104, 707 (1997)
[6] M.V. Mazziotti, et al. EPL (Europhysics Letters) 118, 37003 (2017)
doi:10.1209/0295-5075/118/37003
[7] A. Bianconi, Journal of Superconductivity 18, 625 (2005) doi:10.1007/s10948-005-0047-5
[8] M. Fratini, et al., Supercond. Sci. Technol 21, 092002 (2008)
[9] D. Innocenti et al., Phys. Rev. B 82, 184528 (2010)
[10] R. Caivano, et al., Sup. Sci. and Tech. 22, 014004 (2009)
doi:10.1088/0953-2048/22/1/014004
[11] A. Bianconi, Nature Physics 9, 536-537 (2013) doi:10.1038/nphys2738.
[12] A. Bianconi, et al., Journal of Modern Physics B 14, 3342 (2000)
doi:10.1142/S0217979200003812
[13] K. I. Kugel, et al., Phys. Rev. B 78, 165124 (2008)
[14] A. Bianconi et al., Supercond. Sci. Technol., 28, 024005 (2015)
[15] A. Bianconi et al., Physica C: Superconductivity 341-348, 1719 (2000)
doi:10.1016/s0921-4534(00)00950-3
[16] G. Campi et al., Nature 525, 359 (2015) doi:10.1038/nature14987
[17] G. Campi, A. Bianconi, J. of Superconductivity and Novel Magnetism 29, 627 (2016).
doi:10.1007/s10948-015-3326-9
[18] G. Bianconi, F. Radicchi, Phys. Rev. E 94, 060301 (2016) doi:10.1103/physreve.94.060301
[19] G. Bianconi, C. Rahmede Scientific Reports 7, 41974 (2017) doi:10.1038/srep41974
[20] G. Bianconi, Phys. Rev. E 91, 012810 (2015) doi:10.1103/PhysRevE.91.012810
[21] G. Bianconi, C. Rahmede, Z. Wu, Phys. Rev. E 92, 022815 (2015)
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Nematic superconductivity in CuxBi2Se3
and other doped Bi2Se3 systems
Shingo Yonezawa1*.
1
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Key words: nematic superconductivity, specific heat, CuxBi2Se3
Doped Bi2Se3 systems with ion intercalations have been extensively studied as a
leading candidate for topological superconductivity [1] hosting Majorana quasiparticle
excitations. More recently, it has been proposed that this class of materials can host novel
superconductivity with rotational-symmetry breaking in the gap amplitude or in the spin
part of the order parameter [2]. Such superconductivity has been termed as “nematic
superconductivity”, in an analogy to the nematic liquid-crystal phases exhibiting
spontaneous rotational-symmetry breaking without losing fluidity.
Nematic superconducting nature in CuxBi2Se3 has been first observed in the spin part
of the superconducting order parameter by using the NMR technique [3], and
subsequently in the superconducting gap amplitude by using the field-angle-resolved
calorimetry [4]. Almost simultaneously to Ref. [4], nematicity in the upper-critical field
of SrxBi2Se3 investigated by magnetoresistivity [5] and in vortex-pinning anisotropy of
NbxBi2Se3 observed by torque magnetometory [6] has been also reported. More recently,
nematic nature in these doped Bi2Se3 systems has been reported by other groups [7-11].
In this presentation, we explain our magneto-calorimetry study on the gap nematicity
in the topological superconducting state of CuxBi2Se3 [4] and compare and discuss
results reported by various groups.
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Chiral anomaly and chiral electromagnetism
in Weyl/Dirac superconductors
Satoshi Fujimoto1*.
1
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In Weyl/Dirac superconductors, Weyl/Dirac fermions are realized as nodal Bogoliubov
quasiparticles. An important feature of Dirac and Weyl quasiparticles is that they have
the chirality degrees of freedom, which give rise to chiral anomaly and also interactions
with strain-induced chiral electromagnetic fields. We, here, discuss some intriguing
phenomena associated with these effects. Firstly, we consider thermal transport of Weyl
superconductors in the case with emergent magnetic fields generated by vortex textures
or lattice strain. It is found that chiral anomaly of Weyl-Bogoliubov quasiparticles leads
to negative thermal magnetoresistivity, when the emergent magnetic field is parallel to
the temperature gradient. Furthermore, it is revealed that the chiral anomaly contribution
of the thermal conductivity exhibits characteristic temperature dependence, which can
be a smoking-gun signature of this effect. Secondly, we discuss effects of strain-induced
chiral electromagnetic fields on Cooper pairs in Weyl/Dirac superconductors. It is found
that although a chiral magnetic field is not screened by the Meissner effect because of
the chiral character, it gives rise to a pseudo-Lorentz force acting on Cooper pairs, which
induces charge/spin supercurrent flowing parallel to the chiral magnetic fields in
Weyl/Dirac superconductors. This effect is akin to the chiral magnetic effect in Weyl
metals. This result also implies that the Fulde-Ferrell state can be stabilized by the straininduced chiral magnetic field, when the bulk current flow is prohibited by a boundary
condition.
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Vortex electrodynamics of topological superconductors
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Key words: Axion electrodynamics, vortices, topological superconductors and
insulators
We discuss the effects of the axion term on the electrodynamics of vortex lines in
different realizations of topological superconductivity. In the case of heterostructures
involving s-wave superconductors (SCs) proximate to three-dimensional topological
insulators (TIs), the vortex becomes electrically polarized, featuring fractional electric
charges at interfaces and a non-conventional angular momentum. The latter typically
vanishes in ordinary superconductors, but exhibits anyon-like behavior in TI-SC
structures. We also discuss the interplay of this result and the presence of Majorana zero
modes bounded to the vortex. We also discuss the electrodynamics of vortex lines in
intrinsic topological superconductors featuring two order parameters and an axion field
given by the phase difference between these order parameters.

Figure 1: Vortex in a TI-SC heterostructure.
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Topological Crystalline Insulators:
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As an introduction, a notion of topological crystalline insulators [1] will be presented
together with experimental search for them in lead tellurides and lead tin selenides rock
salt crystals [2,3], which gives evidence for the presence of 2D topological states
adjacent to surfaces with certain crystallographic orientations [3] and of 1D topological
states at specific surface atomic steps [4] in alloys with tin concentration sufficiently
high to insure the inverted band structure at the L points of the Brillouin zone.
In the talk we will discuss recent results of point-contact spectroscopy in topological
(Pb,Sn)Te and (Pb,Sn,Mn)Te. The data reveal the presence of zero-mode excitations
superimposed onto an energy gap that shows a BCS-type critical behavior as a function
of the magnetic field and temperature [5]. The origin of these Majorana-like excitations
will be discussed taking into account the presence of 1D topological states at atomic
steps.
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Intrinsic localized modes in anharmonic lattices
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It is known that localized and moving stable vibrations can exist in perfect anharmonic
lattices. Such vibrations are called intrinsic localized modes (ILMs), discrete breathers
or discrete solitons. The realization that these excitations only require nonlinearity plus
discreteness has expanded the subject in different directions, including ionic crystals,
metals, magnetic solids, atomic plains (graphene), Josephson junctions, optical
waveguide arrays, laser photonic crystals and micromechanical arrays.
Different pairs of potentials were used in ILM studies. All these potentials have a strong
odd anharmonicity and show softening with increasing amplitude. Therefore, ILM fall
from optical bands to phonon gaps. For example, graphene does not have a gap in the
phonon spectrum. However, if we stretch it, a gap appears. Calculations show that in
such a graphene there can actually be in-plane ILMs.
In many cases, a simple approach based on the approximation of pair potentials works
well. However, we found that this approximation is insufficient for metals and covalent
crystals (diamond); in these systems, ILM can exist over the phonon spectrum [1]. In
addition, there are systems in which odd anharmonicity disappears because of the
symmetry arguments [2]. Examples are given by atomic chains and planes (e.g.
graphene). In these systems, odd anharmonicities disappear for out-of-chain/plane
vibrations. Consequently, there may exist transverse/out-of-plane ILMs with a frequency
higher than the maximum frequency of the corresponding phonons. This frequency is in
resonance with longitudinal phonons, so ILM can decay. However, its interaction with
mentioned phonons is weak. Therefore, the lifetime of such ILM is large. We performed
analytical and numerical studies of these ILMs in the monoatomic chain and graphene,
which fully confirm this conclusion. For example, transverse ILM in a chain, according
to both theoretical calculations and numerical simulation, can exceed 1010 vibrational
periods, i.e. these ILMs are practically stable.
References
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Spin triplet proximity effect in Sr2RuO4/SrRuO3 junctions
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Order parameters of spin-singlet superconductivity and ferromagnetism are antagonistic
with each other. By bringing a ferromagnet (F) in contact with a spin-singlet
superconductor (S) the Cooper pairs penetrate in an F but over a short range (a few nm)
due to strong exchange field of F. If magnetic inhomogeneity such as ferromagnetic
domain walls or non-collinear magnetization is present at S/T interface the spin-triplet
correlation can also emerge that can induce over a long-range (1 m) [1]. On the other
hand, using a spin-triplet superconductor (T) spin-triplet correlation can induce directly
into a F. Theoretically, it has been predicted that spin-triplet proximity effect can be
controlled by the relative orientations between the magnetization in the F and the Cooper
pair spin in T [2].
We investigate the spin-triplet proximity effect in various Au/SrRuO3/Sr2RuO4 junctions
(Fig. a) [3] by measuring the differential conductance. Three distinguishable
superconducting transitions reveal that the spin-triplet proximity effect is emerged over
15-nm thick SrRuO3 layer [4]. The dimensions of our devices provide the evidence that
induced correlation is dominated by p-wave even-frequency pair amplitude. Furthermore,
the proximity effect exhibits anisotropic response to applied magnetic field (Fig. b). In
this presentation, we also present the effect of barrier height on differential conductance
to brobe the true nature of induced correlation at SrRuO3/Sr2RuO4 interface.
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Figure 1: (a) Schematic 3D view of a Au/SrRuO3/Sr2RuO4 junction. (b) Differential
conductance as a function bias voltage and in-plane applied field.
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ARPES study of superconducting Pb thin film on topological insulator
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Three-dimensional topological insulators (3D TIs) represent a new state of quantum
matter with an insulating bulk band and a conducting surface state. The discovery of TIs
stimulated the search for a more exotic state of matter, the topological superconductors
(TSCs). TSCs have currently attached significant attentions because of its ability to host
Majorana fermions [1]. Theoretically, Majorana zero mode is predicted to occur in
vortex cores of 3D TIs when they are close proximity to conventional s-wave
superconductors. However, experimental identification of Majorana fermion has been a
big challenge due to a limited number of candidate materials.
Here we have succeeded in fabricating a superconducting Pb thin film on a cleaved
surface of TI TlBiSe2 by
molecular beam epitaxy
(MBE), and performed
angle-resolved
photoemission
spectroscopy. We have
chosen TlBiSe2 because
it is non-trivial TI with a
simple
electronic
structure. Figure 1(a)
shows the valence-band
structure of pristine
TlBiSe2, which has a
Figure 1: ARPES-intensity mapping of (a) pristine TlBiSe2
sharp
topological
and (b) Pb/TlBiSe2. The LEED patterns (inset) also confirm a
surface states (SS)
successful growth of Pb film on TlBiSe2.
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around the  point. Successful growth of Pb film is clearly seen from the quantum well
states (QWSs) shown in Fig. 1(b). Moreover, we found that the TlBiSe2-originated
topological surface states are affected by the energy bands from the Pb thin film (Data
not shown). In this presentation, we will discuss the electronic structure related to the
occurrence of superconductivity in this hybrid, which is useful for realizing a possible
TSC.
References
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Unconventional superconductivity near a topological Lifshitz
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Recently interest is growing on unconventional high-temperature
superconductivity in 2D anisotropic organic conductors made of non connected
but weakly interacting quantum wires [1–7]. In a recent work [8], we have
proposed a driving mechanism for high Tc based on the control of the Fano
resonance between a first superconducting gap in a first condensate where the
Fermi energy is near a topological Lifshitz transition and the superconducting
gaps in other bands with high Fermi energy. In this scenario the maximum
critical temperature occurs at a shape resonance where a first condensate in the
appearing new small Fermi surface pocket is in the BCS-BEC crossover while
the other condensates are in the BCS regime. Here we have studied the tuning
of the strength of the pairing interaction in the new appearing band to establish
to optimal state in the hot condensate in the BCS-BEC crossover regime. To
this end we have studied the multi-gaps superconductivity by increasing the
pairing coupling term in the hot band near the Lifshitz transition. We have
found that the BCS-BEC regime occurs where the ratio between the
superconducting gap and the Fermi energy is close to 0.5. The maximum of the
Tc occurs in the range where the ratio of the Fermi energy on the pairing energy
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cut off is in the range between 0.5 and 1 and where the maximum of the critical
temperature appears, the value of the chemical potential, moves with the pairing
strength and it does not coincide with the point where the DOS exhibits a
maximum.
1. A Bianconi, M Missori Solid state communications 91, 287 (1994)
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Discovery of the chiral Majorana fermion and its application to
topological quantum computing
Shoucheng Zhang
Department of Physics, Stanford University,
Stanford, CA 94305-4045
*Email: sczhang@stanford.edu
Key words:
Majorana fermion is a hypothetical fermionic particle which is its own anti-particle.
Intense research efforts focus on its experimental observation as a fundamental particle
in high energy physics and as a quasi-particle in condensed matter systems.
We have theoretically predicted the chiral Majorana fermion in a hybrid structure
of quantum anomalous Hall thin film coupled with a conventional superconductor, and
have proposed the half-integer quantized conductance plateau as its compelling
signature. Recently, this theoretical prediction has been experimentally realized
in magnetically doped topological insulator coupled with Nb superconductor and the
half plateau quantization has been observed. I shall discuss a new proposal to braid
the chiral Majorana fermion in a Corbino device geometry. The discovery of the chiral
Majorana fermion leads to new avenues towards topological quantum computing, which
could be much faster compared to Majorana zero modes.
References
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Topological Physics in HgTe-based Quantum Devices
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Suitably structured HgTe is a topological insulator in both 2- (a quantum well wider than
some 6.3 nm) and 3 (an epilayer grown under tensile strain) dimensions.
The material has favorable properties for quantum transport studies, i.e. a good mobility
and a complete absence of bulk carriers, which allowed us to demonstrate variety of
novel transport effects.
One aspect of these studies is topological superconductivity, which can be achieved by
inducing superconductivity in the topological surface states of these materials. Special
emphasis will be given to recent results on the ac Josephson effect. We will present data
on Shapiro step behavior that is a very strong indication for the presence of a gapless
Andreev mode in our Josephson junctions, both in 2- and in 3-dimensional structure. An
additional and very direct evidence for the presence of a zero mode is our observation of
Josephson radiation at an energy equal to half the superconducting gap.
Controlling the strain of the HgTe layers strain opens up yet another line a research. We
have recently optimized MBE growth of so-called virtual substrates ((Cd,Zn)Te
superlattices as a buffer on a GaAs substrate), that allow us to vary the strain from 0.4%
tensile to 1.5% compressive. While tensile strain turns 3-dimensional HgTe into a
narrow gap insulator, compressive strain turns the material into a topological (Weyl)
semimetal, exhibiting clear signs of the Adler-Bell-Jackiw anomaly in its
magnetoresistance. In quantum wells, compressive strain allows inverted energy gaps up
to 60 meV.
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Probing the spin-orbit interaction in the bulk of a twodimensional topological insulator
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We report capacitance measurements probing the spin-orbit interaction and the
resultant zero-field spin splitting in the bulk of a two-dimensional (2D) topological
insulator formed in InAs/InxGa1-xSb quantum wells [1-3]. The measured capacitance
between the quantum wells and the front gate contains a contribution from the quantum
capacitance that reflects the density of states (DOS) at the Fermi level of the 2D system.
As the Fermi level is swept using a gate voltage, the capacitance showed a dip at the
charge neutrality, reflecting the reduced DOS in the gap. Most strikingly, we observed
additional features in the capacitance vs gate volrage; on moving away from the charge
neutrality, the capacitance suddenly increased in a steplike manner on both p- and n-type
sides. We show that these steps correspond to changes in the number of spin-split bands
crossing the Fermi level and are evidence for the full spin-orbit polarization at zero field.
Whereas the measured spin splitting in the valence band agrees well with the 8-band k·p
calculation, that in the conduction band is significantly greater than the calculation. The
unexpectedly large spin splitting suggests that the spin-orbit interaction terms associated
with the bulk inversion asymmetry, usually neglected in k·p calculations for
heterostructures, are playing an important role. We also demonstrate that the capacitance
measurement is useful to probe the residual DOS of disorder-induced in-gap states and
the electric-field driven topological phase transition. The quantitative knowledge of the
spin-orbit interactions in the bulk band structure allows us to discuss their impacts on
the edge states and the topological phase transition. This work was supported by JSPS
KAKENHI Grant No. JP15H05854.
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Zeno Hall effect and many-body spin Hall effect
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We present two Hall effects arising from long-range interactions. First, we show that the
quantum Zeno effect gives rise to the anomalous Hall effect by tailoring the Hilbert space
of a two-dimensional lattice system into a single Bloch band with a nontrivial Berry
curvature. In particular, we find retroreflection at the edge of the system due to an
interplay between the band flatness and the nontrivial Berry curvature [1]. Second, we
argue that the spin Hall effect can arise in systems with space inversion symmetry by
invoking the dipole-dipole interaction (DDI). The DDI-induced spin Hall effect can
serve as a complementary tool to generate spin currents and may be realized in ultracold
atomic and molecular systems [2].
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We discuss emergent topological phases induced by laser irradiation in correlated
electron (fermion) systems.
We first address a possible way to realize topological superconductivity with
application of laser light to superconducting cuprate thin films. Applying Floquet theory
to a model of d-wave superconductors with Rashba spin-orbit coupling, we derive an
effective model and discuss its topological nature. Interplay of the Rashba spin-orbit
coupling and the laser light effect induces the synthetic magnetic fields, thus leading to
a topological superconductor characterized by a Chern number. The effective magnetic
fields do not create the vortices in superconductors, and thus the proposed scheme
provides a promising way to realize a topological superconductor in cuprates [1].
We then study the nature of laser-irradiated Kondo insulators. We find two generic
effects induced by laser light. One is the dynamical localization, which suppresses
hopping and hybridization, and the other is the laser-induced hopping and hybridization,
which can be interpreted as a synthetic spin-orbit coupling or magnetic field. In
topological Kondo insulators, linearly polarized laser light realizes phase transitions
between trivial, weak topological and strong topological Kondo insulators, whereas
circularly polarized laser light breaks time-reversal symmetry, thereby inducing Weyl
semimetallic phases [2].
If time allows, we also address topological phase transitions in correlated fermions in
optical lattices. Laser induced Kondo effect newly proposed for cold atoms can be used
for discussing symmetry-protected Kondo insulating phases and topological phase
transitions among them [3].
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The pursuit of non-Abelian anyons promises to reveal novel facets of quantum
mechanics that can, in turn, be exploited for topological quantum computation. In onedimensional wires, rigorous classifications show that non-Abelian-anyon physics can
only originate from Majorana zero modes, which are the focus of an intense experimental
enterprise. Two-dimensional materials, by contrast, can in principle host an infinite
variety of non-Abelian anyons that offer greater utility for quantum computing. In this
talk I will show that Majorana modes in quantum wires can be enriched by symmetries,
leading to novel behavior that intimately relates to anyons unique to the two-dimensional
world. This surprising connection follows from an exact mapping between ordinary
electrons in wires and systems of “parafermions”. I will highlight new, experimentally
relevant horizons in the Majorana problem that arise from this work.
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The recent Berry phase formulation of the transport properties has uncovered that a large
anomalous Hall effect (AHE) can arise not only in ferromagnets, but also in
antiferromagnets. Mn3Sn, a non-collinear antiferromagnet, has been found to exhibit a
large AHE even at room temperature [1],
(a)
(c)
and possibility of the Weyl metallic state in
it has been proposed.

Energy (eV)

In my talk, I will introduce the fascinating
properties of Mn3Sn yielded by a large
K M K
fictitious field due to Berry phase in
momentum space, and present the expected (b) W+ kx(Å) W‐
(d)
Mn3Sn
experimental evidence for magnetic Weyl
0.0
fermions in this material [3]. Detailed
comparison
between
angle-resolved
photoemission spectroscopy (ARPES)
‐0.1
measurements and density functional theory
K
M
K
(DFT) calculations reveals significant
‐0.5 0 ‐0.5
bandwidth renormalization and damping
kx(Å)
effect due to the strong correlation among
Mn 3d electrons (Fig.1). Magnetotransport
measurements indicate chiral anomaly of Figure 1: (a) ARPES intensity at EF and the
Weyl fermions: the emergence of positive calculated Fermi surface. (b) Energy
magneto conductance only in the presence dispersion along K-M-K (ARPES and
of parallel electric and magnetic fields. The calculation): (left) the original ARPES
intensities, and (right) those divided by
magnetic Weyl state has a fascinating Fermi function at the measured temperature
functionality beyond weakly correlated, of 60 K. (c) Distribution of the Weyl points
space-symmetry-breaking
Weyl in the bands on kx-ky plane at kz = 0 near EF
semimetals; that is, weak magnetic fields for the magnetic texture shown in d. (d)
(about 10 mT) can control the distribution of Magnetic texture in the kagome lattice.
Weyl points, thus the large fictitious fields
(equivalent to approximately a few hundred T) produced by them in momentum space.
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This discovery will lay the foundation for a new field of science and technology
involving the magnetic Weyl excitations of strongly correlated electron systems.
References
1. S. Nakatsuji, et al., Nature 527, 212 (2015).
2. H. Yang, et al. New J. Phys. 19, 015008 (2017).
3. K. Kuroda, et al., Nature Materials 16, 1090 (2017).
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Recent breakthrough in search for the analogs of fundamental particles in condensed
matter systems lead to experimental realizations of 3D Dirac and Weyl semimetals.
Weyl state can be hosted either by non-centrosymmetric or magnetic materials and can
be of the first or the second type. Several non-centrosymmetric materials have been
proposed to be type-II Weyl semimetals, but in all of them the Fermi arcs between
projections of multiple Weyl points either have not been observed directly or they were
hardly distinguishable from the trivial surface states which significantly hinders the
practical application of these materials. In this talk we present experimental evidence
for type-II non-centrosymmetric Weyl state in TaIrTe4 where it has been predicted
theoretically. We find direct correspondence between ARPES spectra and calculated
electronic structure both in the bulk and the surface and clearly observe the exotic
surface states which support the quasi-1D Fermi arcs connecting only four Weyl
points. Remarkably, these electronic states are spin-polarized in the direction along the
arcs, thus highlighting TaIrTe4
as a novel material with promising application potential.

32

"Majorana Fermions and Topological Materials Science"
Ettore Majorana center, Erice 21-27 July 2018
25A-4

Three-dimensional topological point- and line-node semimetals
Seigo Souma1,2
1
Center for Spintronics Research Network (CSRN), Tohoku
Universyty, Sendai 980-8577, Japan
2
WPI-Advanced Institute of Materials Reserach (WPI-AIMR),
Tohoku Universyty, Sendai 980-8577, Japan

*Email: s.souma @arpes.phys.tohoku.ac.jp
Key words: photoemission, ARPES, topological matter, Weyl semimetal, line node
Topological semimetals (TSM) are recently becoming a leading platform for realizing
exciting topological phases of matter. In contrast to conventional semimetals with a finite
band overlap between valence band (VB) and conduction band (CB), topological
semimetals are categorized by the band contacting nature between the VB and CB in the
Brillouin zone; point-contact (Dirac/Weyl semimetals) or line contact (line-node
semimetals; LNSMs).
TSM shows a singularity of Berry curvature around such nodal electronic states,
giving rise to various quantum phenomena like chiral anomaly, anomalous Hall effect,
and large negative magnetoresistance. In this talk, we show our recent ARPES results
on the candidates of such TSM’s [1-4]. Figure 1a shows a quasi-two-dimensional Fermi
surface hosting bulk nodal lines of HfSiS [2]. Most notably, we discovered an
unexpected Dirac-like dispersion extending one-dimensionally in k space – the Diracnode arc – near the bulk node at the zone diagonal as schematically depicted in Fig. 1b
[2]. These Dirac states reside on the surface and could be related to hybridizations of
bulk states, but currently we
have no explanation for its
origin. This discovery poses an
intriguing challenge to the
theoretical understanding of
line-node semimetals. In this
talk, we also present our data
on various TMS and discuss a Fig. 1(a) ARPES-intensity mapping at Fermi level of
connection to the expected HfSiS. (b) Schematic band dispersion in 3D E-k
quantum phenomena.
space for the new surface states X1 and X2. Black
line indicates the Dirac-node arc.
References
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The helical spin texture of surface electrons in topological insulators and Weyl
semimetals has attracted a great deal of interest in the past few years, as being source of
exotic phenomena.
Here, we use angle resolved photoemission spectroscopy with time and spin resolution
to directly access the topological surface states and the full band structure above the
Fermi level in topological insulators and Weyl semimetal. The Fermi surface topology
and full spin texture is measured. Time resolved measurements reveal presence of long
decay process in addition to coevolution of surface states through a topological phase
transition. Importance of these results and their implication for devices applications will
be discussed.
References
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The electrical control of spin magnetization aims to be used in nextgeneration magnetic devices, allowing information to be written electronically.
Recently, spintronics phenomena in topological materials have been drawn
interests for achieving novel electrical manipulation of the magnetization, and
generation of spin currents. In this presentation, we discuss magnetotransport and
magnetization dynamics in magnetic Weyl semimetals. A Weyl semimetal is a
topologically protected gapless quantum state with either time-reversal or spatial
inversion symmetries broken in three dimensions. Weyl semimetals with broken
time-reversal symmetry are more interesting and promising for spintronics
applications. We derive an effective free energy functional of magnetization
which describes electromagnetic responses of a Weyl semimetal with
ferromagnetic order[1]. We theoretically demonstrate that Weyl electrons in a
magnetic Weyl semimetal exert a spin torque on the local magnetization, without
a flowing current, when the chemical potential is modulated in a magnetic field.
The spin torque is proportional to the anomalous Hall conductivity, and its
effective field strength may overcome the Zeeman field. Using this effect, the
direction of the local magnetization is switched by gate control in a thin film.
Dynamics of local magnetization is analyzed by solving the Landau-LifshitzGilbert equation[2]. We also discuss magnetic textures such as domain walls in
magnetic Weyl semimetals and show that the charge density and the current
density are generated near the domain walls, which might be used to manipulate
the motion of domain walls electrically.[3,4,5]
.
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Figure 1: (Left) Domain wall configurations in magnetic Weyl semimetals. (a) coplanar (Neel)
type, (b) spiral (Bloch) type, and (c) head-to-head type. (right) The charge density
accumulated around the domain walls.
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I will discuss the possible interplay between curvature effects on the electronic properties
and the topological properties of the quantum states in low-dimensional nanomaterials1.
In particular, I will present the intricate twist between spin textures and spin transport in
shape deformed nanostructures. Non-uniform Rashba spin-orbit coupling in shape
deformed quantum rings leads to spin textures with a tunable topological character.
These topologically non-trivial spin patterns affect the electron spin interference, thereby
resulting in different geometry-driven electronic transport behavior2. I will also show
how semiconducting narrow channels patterned in a mesoscale serpentine shape can
operate as a topological charge pump with a rotating planar magnetic field serving as the
external ac perturbation3.
References
1. P. Gentile et al., Phys. Rev. Lett. 115, 256801 (2015).
2. Z.-J. Ying et al. Phys. Rev. B 94, 081406 (R) (2016).
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It is commonly believed that, in the absence of disorder or an external magnetic field,
there are three possible types of superconducting excitation gaps: The gap is nodeless, it
has point nodes, or it has line nodes. Here, we show that, for an even-parity nodal
superconducting state which spontaneously breaks time-reversal symmetry, the lowenergy excitation spectrum generally does not belong to any of these categories; instead,
it has extended Bogoliubov Fermi surfaces [1,2]. These Fermi surfaces are topologically
protected from being gapped by a non-trivial Z2 invariant. In this talk, I will discuss the
physical origin, topological protection, and energetic stability of these Bogoliubov Fermi
surfaces, using superconductivity in j=3/2 fermions as a representative example.

Figure 1: Representative Bogoliubov Fermi surface (solid gold) and normal state Fermi
surface (translucent grey).
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We study non-centrosymmetric superconductors with various point group symmetries.
For self-consistent order parameter profiles the surface density of states is calculated
showing intricate structure of the Andreev bound states as well as spin polarization. The
topology’s effect on the surface states and the tunnel conductance is thoroughly
investigated, and a topological phase diagram is constructed for open and closed Fermi
surfaces showing a sharp transition between the two for the cubic point group O.

Figure 1: Tunnel conductance (for various ratios between singlet and triplet component of the
superconducting order parameter) and surface band structure along the (111) diagonal for a
non-centrosymmetric superconductor with cubic point group symmetry [1].
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Crystalline symmetry enriches topological phases and provides interesting features of
their boundary states. Here I explain our recent work on Majorana fermions in
topological crystalline superconductors.

References
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Recently, strain engineering is used as a powerful approach to induce or elucidate
topological superconductivity. Capability of controlling the crystalline point-group
symmetry by uniaxial strains is particularly attractive, as exemplified by the doubling of
Tc from 1.5 K to 3.4 K in Sr2RuO4 using a piezo device [1-4]. Such enhanced-Tc state
shares the properties of the “3-K” phase in the Sr2RuO4-Ru eutectics [5] as well as of the
superconductivity in Ru-free Sr2RuO4 enhanced with a conventional uniaxial-pressure
cell [6]. We also present closely-related facts to consider concerning the topological
nature, such as the multicomponent order parameter characteristics of the intrinsic “1.5K phase” [7, 8].
Although a most probable superconducting state of Sr2RuO4 is a topological
superconducting state with spin-triplet chiral p-wave symmetry, there are important
unresolved issues on the behaviour under magnetic fields. Nevertheless, there does not
seem to be an alternative spin-singlet scenario at present capable of explaining some key
experiments [9]. Strain-engineering is expected to help resolving some of these
longstanding issues on the topological superconductivity of Sr2RuO4.
This talk is based on the collaborations and discussions mainly with S. Yonezawa, A.P.
Mackenzie, C. Hicks, Y. Yasui, M.S. Anwar, K. Lahabi, J. Aarts, M. Sato, and S.
Kashiwaya.
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The quantization of an observable value in physics is closely related some of the time to
an invariant in mathematics. We focus on the minimum value of the zero-bias differential
conductance Gmin in a junction consisting of a dirty normal metal and a nodal
superconductor preserving time-reversal symmetry. Our analytical results based on the
quasiclassical Green function method show that Gmin is quantized at (4e2/h)NZES in the
limit of strong impurity scatterings in the normal metal at zero temperature [1,2]. The
integer NZES represents the number of Andreev bound states at zero energy which assist
the perfect transmission through the dirty normal metal. An analysis of the chiral
symmetry of the Hamiltonian indicates that NZES corresponds to the Atiyah-Singer index
in mathematics[3] and describes number of Majorana fermion appearing at the junction
interface.
We have discussed that odd-frequency Cooper pairs play an essential role in such
unusual proximity effect[4]. In the presentation, we will demonstrate the stable
paramagnetic superconducting states due to odd-frequency pairs in a small nodal
superconductor. [5]
.
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Solid-state materials can be classified into two groups; insulators and metals. Insulators
do not conduct the electric charge and exhibit diverging resistivity at low temperatures,
whereas metals sustain conduction electrons which continue to conduct electricity well
all the way down to zero temperature. Here we have discovered that the Kondo insulator
YbB12, which is a long-known material, belongs to neither categories. The most
significant results are
1) The quantum oscillations of the resistivity in an insulating state.
2) The presence of highly mobile and gapless neutral fermions in the bulk, implying
that YbB12 is an electrical insulator but thermal metal.
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Properties and preparation of topological materials such as topological insulators,
topological crystalline insulators, topological superconductors, Dirac and Weyl
semimetals and beyond are introduced. In particular, preparation and doping of
topological materials are assessed and some results are listed.
Although various preparation methods are used to improve the crystal quality of the
topological materials, it cannot reach the industrialization at the present stage. In this
regard, the topical task of materials science of these systems is to expand significantly
the range of materials studied by searching for and designing new compounds, solid
solutions, and doped phase. Here, it will be given a panorama on the state of art of the
preparation techniques of these fascinating materials.
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The topological quantum materials have attracted much attention because they
represent new states of matter with unique electronic structures, spin textures, and
associated novel physical properties. It opens up the possibility for these materials to
become prominent candidates of new devices in future electronics and spintronics. In
this poster, we report a high-resolution angle-resolved photoemission spectroscopy study
on the topological nature and temperature-induced Lifshitz transition in ZrTe5 and HfTe5,
by using a self-developed and 4-Dimensional laser-based ARPES system.
The transition metal pentatellurides ZrTe5 and HfTe5 have drawn considerable
attention, due to a recent theoretical proposal of possible topological phase transition
from 2D to 3D topological insulator and their unusual transport properties discovered
for many decades. By measuring the electronic structure and its detailed temperature
evolution, we observed clear gaps from the bulk state and one dimensional-like
electronic features from the edge state of two-dimensional ZrTe5 and HfTe5 sheets. It
indicates that the bulk ZrTe5 and HfTe5 are weak topological insulators and they exhibit
a tendency of weak-to-strong topological insulator transition at low temperature. In
addition, we found direct electronic evidence on the temperature-induced Lifshitz
transition in ZrTe5 and HfTe5, which provides a natural understanding on underlying
origin of the long-standing transport anomaly.
.
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Topological nodal semimetals are characterized by the topology of the electronic band
structures. They are categorized into nodal point semimetals and nodal line semimetals.
Famous examples of the nodal point semimetals are Dirac/Weyl semimetals. In the
Dirac/Weyl semimetals, there are many physical properties which are closely related to
the topology of their band structures. Recently, the nodal line semimetals also attract
many researchers and there are many theoretical and experimental papers. One of the
interesting physical response of the nodal line semimetals is the electronic polarization.
The electronic polarization in the nodal line semimetals is theoretically studied, and they
are closely related to the Berry phase of the nodal line semimetals. These studies,
however, are applicable to only insulating phase.
In this work, we calculate electronic polarization in a nodal line semimetal thin film.
We consider screening effect and our calculation is applicable to the metallic phase. We
find the nodal line semimetals are characterized by the step of the polarization as a
function of the external E-filed. This feature is observed even in the Fermi energy off
the nodal line, and not observed in the Weyl semimetals.

Figure 1:(a)/(b) Electronic band structure in the absence/presence of E-field.
(c) Electronic polarization as a function of E-field.

46

"Majorana Fermions and Topological Materials Science"
Ettore Majorana center, Erice 21-27 July 2018
P-3

Charge sensing of Topological Nanowire Devices
Davydas Razmadze1*, Deividas Sabonis1, Filip K. Malinowski1,
Gerbold C. Menard1, Sebastian Pauka2, Hung Nguyen1, Peter
Krogstrup1, Ferdinand Kuemmeth1, Charles M. Marcus1
1
Center for Quantum Devices and Microsoft Quantum Lab–
Copenhagen, Niels Bohr Institute, University of Copenhagen,
Copenhagen, Denmark
2
RC Centre of Excellence for Engineered Quantum Systems,
School of Physics, The University of Sydney, Sydney, Australia.
*Email*: d.razmadze@nbi.ku.dk
Key words: Charge sensing, nanowires, Majorana devices,
Reported observations of Majorana zero modes in condensed matter system has lead to
interest in realizing Majorana-based topological qubits [1]. Key to realizing Majorana
qubits is implementing fast readout [2, 3] that would be capable of measuring charge
parity of the Majorana devices.
In this work, we investigate a Majorana device made from a semiconducting nanowire
(InAs) with epitaxially grown superconductor (Al). In addition, two InAs nanowires
(without Al) placed near the Majorana wire, coupled via floating gates, are used as a
charge detectors, following the readout scheme in [1]. Signal to noise ratios > 5 are with
1 µs integration time in fields up to 1 T are reported.

Figure 1: a) Charge sensing of the Majorana device in the double-quantum-dot regime at B = 0. b)
Charge sensing signal of the same device in the 1e charge regime with in axial magnetic field of 0.8 T.
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Majorana

fermions,

Topological
insulator
surfaces
in
proximity
to
superconductors have been proposed as a way to produce Majorana fermions in
condensed matter physics. One of the simplest proposed experiments with such
a system is Majorana interferometry. Here we consider two possibly conflicting
constraints on the size of such an interferometer. Coupling of a Majorana mode
from the edge (the arms) of the interferometer to vortices in the center of the
device sets a lower bound on the size of the device. On the other hand, scattering
to the usually imperfectly insulating bulk sets an upper bound. From estimates of
experimental parameters, we find that typical samples may have no size window
in which the Majorana interferometer can operate, implying that a new generation
of more highly insulating samples must be explored.

Figure 1: A Majorana interferometer. The size of the device is limited from below by vortexedge coupling and from above by surface-bulk scattering.
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Three-dimensional (3D) Dirac semimetals with 3D linear dispersion in bulk have been
attracting considerable interest because of their expected unconventional properties such
as linear magnetoresistance (MR) and chiral anomaly on quasi 1D conducting states in
the quantum limit. Recently, a family of cubic antiperovskite A3TtO (A=Ca,Sr,Ba;
Tt=Sn,Pb) was theoretically proposed as a candidate system for 3D massive Dirac
electrons [1] with giant orbital diamagnetism [2].
Magneto-transport and NMR measurements were conducted on single crystals of
Sr3PbO. The presence of light mass carriers of only a few percent of free electron and
the linear MR (Fig.1) are indicated by magneto-transport measurements at low
temperatures. NMR spin lattice relaxation rate 1/T1 shows a crossover from T-linear to
T 3 dependence, which reflects the density of states D(E) ~ E2 expected for 3D Dirac
electrons. Combining the bulk susceptibility, the NMR Knight shift (Fig.2) and 1/T1, a
giant orbital diamagnetism can be identified, magnitude of which depends critically on
the carrier density. All those results are consistent with the presence of 3D Dirac
electrons in Sr3PbO.

Figure 1: Linear MR

Figure 2: Knight shift
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Topological superconductors (TSCs) hosting Majorana fermions at their
edges have been a topic of intense debate in condensed matter physics. A large
number of experimental trials to detect the evidence of TSCs have been
performed using junctions composed of nanowires and topological insulators
(TIs). In contrast to successful observation of the signatures of TSCs in InSb
nanowires and HgTe, the results are rather unclear in Bi-based threedimensional (3D) TI junctions so far.
Here we present transport properties of a topological Josephson junction
fabricated on a magnetically-doped Bi-based 3D TI with high insulating
properties in the bulk. We expect that the amplitude of triplet components in the
proximity-induced superconductivity is enhanced by the magnetic moment due
to the doping. In fact, the Josephson junction exhibited three types of distinct
features: anomalous temperature dependence of critical currents, the zero-bias
conductance peaks, and dominant 4π-periodic Josephson supercurrent without
conventional Shapiro-steps in microwave responses. These features suggest the
presence of the dominant spin-triplet and
odd-frequency Cooper pairs in the
proximity effect. Therefore, the
Josephson junction on magnetic 3D TIs
is a promising platform to investigate the
basic physics of the TSCs.
Additionally, we will show recent
results of other junctions fabricated on a
new magnetic TI with high bulk resistivity.
Figure: Top view of fabricated magnetic
topological Josephson junctions.
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