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Topological superconductivity in iron-based

superconductors

Laser and Synchrotron Research Center

Introduction to Majorana modes and topological
superconductors

In a topological superconductor, the opening of the
superconducting gap is associated with the emergence of
zero energy excitations that are their own antiparticles.
These zero-energy states, generally called Majorana zero
modes or Majorana bound states, have potential
applications in quantum computing. Most of the
proposed topological superconductors are realized with
spin-helical states through proximity effect to s-wave
superconductors. However, this approach generally
requires complicated hetero-structures and a long
superconducting coherence length which in principle

prohibits the use of high temperature superconductors.

Topological superconductivity in high-T. iron-

based superconductors

In this work, we show that the Fe-based superconductor

FeTeos55e045  single  crystals host  topological
superconducting states at the surface, paving a distinct
route for realizing topological superconductivity and

Majorana bound states at higher temperatures.

Fe(Te,Se) has the simplest crystal structure among Fe-

based superconductors (Fig. 1A). First-principles
calculations show that, along I'Z, the p: band has a large
dispersion; near Er, SOC causes an avoided crossing
with the dx band, and a SOC gap opens (Fig. 1B). This
band inversion results in a non-trivial topological
invariance. Thus, FeTeosSeos should host strong
topological surface states near Er. To show the predicted
topological surface states clearly, we project the band
structure onto the (001) surface, as shown in Fig. 1C. The
Dirac-cone type surface states are located near Er, inside
the SOC gap between the bulk valence band and bulk

conduction band.

Three evidences are necessary to experimentally prove

9 PMMIEXVE S EES

ZHANG Peng, ¥ &

A
e
‘(ﬁ‘\‘
® Te/Se
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Fig. 1 (A) Crystal Structure of Fe(Te,Se). (B) Bulk band
structure along I'Z direction. (C) Calculated (001) surface

spectrum.

that FeTexSe1« (x ~ 0.5) is a topological superconductor,
and they are all confirmed by our high-resolution ARPES

experiments:

(1) Dirac-cone-type surface states. The overall band
structure from the high resolution ARPES is
summarized in Fig. 2A. We obtained clear Dirac-cone
type band together with parabola-like band. Compare
with the theory calculations, we conclude that the Dirac-
cone-type band is the topological surface band, and the

parabolic band is the bulk valence band.

A B
L
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Fig. 2 (A) Intensity plot of the Fe(Te,Se) band structure
from high-resolution ARPES measurements. (B) Polar
representation of the superconducting gap size. (C-D)
Spin polarization curve at the two cuts indicated in A.



(1) Helical spin polarization of the surface states. Two
curves at the cuts indicated in Fig. 2A were measured.
The spin-resolved data show that the spin polarizations
are reversed for the two cuts at the Dirac cone, whereas
the background shows no spin polarization (Fig. 2CD).
These data are consistent with the spin-helical texture,
which is the direct consequence of “spin-momentum

locking” of topological surface states.

(iii) An s-wave superconducting gap of the surface states.

Since iron-based superconductors generally have
isotropic s-wave superconducting gaps, it is natural that
the surface states also open an s-wave gap, due to the
proximity effect from bulk. Indeed, we observed a clear s-

wave gap on the surface band, as shown in Fig. 2B.
Majorana modes in iron-based superconductors

When the spin-polarized topological surface states open
an s-wave gap, the corresponding superconducting states
are topologically non-trivial. Thus, when an external
magnetic field is applied, a pair of Majorana bound states
is expected to appear at the two ends of the vortices.
Furthermore, if a magnetic domain is deposited on the
surface, destroying superconductivity within that
domain, there should be itinerant Majorana modes along

the domain edge. It should be fairly easy to produce

A
£
I 4
ALA,
A4,
v
.
Fe(Te,Se)
aiscimook |/ o D e
B Majorana bound states Majorana modes
in the vortices on the edge
s L & -
5 T2 7

Trivial SC \_) \e )
)
[ | |
Magnetic field
Fig. 3 (A) Topological superconductivity on the surface of

FeTeos55e0.45. (B) Existence of Majorana bound states and

itinerant modes with vortices and magnetic domains.

Majorana bound states and Majorana edge modes with
Fe(Te,Se) single crystals. The relatively high T. and
facile growth of high-quality single crystals and thin
films make Fe(Te,Se) a promising platform for studying
Majorana bound states and may further advance

research on quantum computing.
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[1] “Hydrogen-Bond-Dynamics-Based Switching of
Conductivity and Magnetism: A Phase Transition
Caused by Deuterium and Electron Transfer in a
Hydrogen-Bonded Purely Organic Conductor

Crystal”, A. Ueda, et al., J. Am Chem. Soc. 136, 12184

(2014).

[2] “Modulation of a Molecular n-Electron System in a
Purely Organic Conductor that shows Hydrogen-
Bond-Dynamics-Based Switching of Conductivity
and Magnetism”, A. Ueda, et al., Chem. Eur. J. 21,
15020 (2015).
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[3] “Quantum-disordered state of magnetic and electric
dipoles in an organic Mott system”, M. Shimozawa, et

al., Nature Commun. 8, 1821 (2017).

[4] “Development of Novel Functional Organic Crystals
by Utilizing Proton- and n-Electron-Donating/
Accepting Abilities”, A. Ueda, Bull. Chem. Soc. Jpn.
90, 1181 (2017).

[6] “Hysteretic Current-Voltage Characteristics in the
Deuterium-Dynamics-Triggered  Charge-ordered

Phase of k-D3(Cat-EDT-TTF)s2”, A. Ueda, et al., J.
Phys. Soc. Jpn. in press.
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At the start of my four-month stay at ISSP I had the
fortune to overlap for a month with Profs. Premala
Chandra and Piers Coleman. Along with my host, Prof.
Nakatsuji, we enjoyed several after-lunch hours
discussing PrVzAlzo, and experiments that could be done
with symmetry-breaking magnetic fields and uniaxial

pressure.

I met Prof. Nakatsujiin 2014, when he invited me to give
a seminar at ISSP. My specialty is using piezoelectric
actuators to place samples under uniaxial stress: to
reversibly lift the symmetry of a lattice, and observe how
electrical and magnetic properties that depend on that
symmetry change in response. The Nakatsuji group
synthesises a range of materials whose magnetic and/or
topological properties are expected to change
qualitatively with reduction in lattice symmetry. This
gives us a number of things to talk about. Prof. Nakatsuji
recognised promptly in 2014 areas of overlap, and this
started a discussion that culminated in my stay at ISSP

in summer of 2018.

And I hope that the collaboration will continue from
there. These are rewarding but challenging experiments:
to withstand large strains while maintaining good strain
homogeneity, samples need to be shaped precisely, and
then mounted with care. Within my own research group
in Dresden it has been an effort of years to develop the
processes and tools to do this reliably. During my
summer stay we performed preliminary measurements
on a correlated metal system, with a first-generation
pressure cell jerry-rigged onto the end of a cryostat insert
built for general transport measurements. We then
started building a dedicated

insert, with more

measurement wires and dedicated high-voltage lines for

the piezoelectric actuators. This project is now in the

capable hands of Dr. Ohtsuki.

While at ISSP, I also completed design work on a second-
generation pressure cell that will allow simultaneous
measurement of the stress and strain applied to a sample.
Our mutual goal is to put three pressure cells into service
in the Nakatsuji group: the first-generation cell
mentioned above, this second-generation cell, and a
commercial cell with a higher force range. The
simultaneous stress and strain measurement capability
of the second-generation cell will be extremely useful in
identifying stress-induced structural transitions. This
cell will accept the same sample carrier that we use in
Dresden,

which I hope will facilitate long-term

collaboration and exchange of samples.

I enjoyed my stay at ISSP. I am grateful for the
opportunity and I am impressed by the range of activities
in the Nakatsuji group. I am also grateful to the
administrative staff, who made the process of settling in
quick and simple. I look forward to many future visits to

Japan.
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[1] M. Ferrier et al., Nature Phys. 12, 230-235 (2016).
[2] M. Ferrier et al., Phys. Rev. Lett. 118, 196803 (2017).
[3] figRi & LT, /IMRBIFAT. U T 1 82, 16-21 (2017).
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[1] K. Inoue et al., Nature Commun. 4, 1789 (2013)

[2] H. E. Kato et al., Nature 521, 48-53 (2015)

[3] K. Inoue et al., Nature Commun. 7, 13415 (2016)

[4] A. Pushkarev and K. Inoue et al., Nature 558, 595-599 (2018)
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B LASOR 2 —/F /¥ T At 3J— : Nanoscale optical control of coherent electron waves from
a nano-tip and their outlook
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In this presentation, we will overview our work on laser-induced electron emission from a tungsten tip. In particular,

we will focus on optical control of electron emission sites on a scale of nanometers and their application for optical

control of Young’s electron interference.

Illuminating a sharp metallic tip with femtosecond laser pulses produces spatially and temporally confined electron

pulses by plasmonic effects at the tip apex [1]. We have found that these plasmonic effects induce asymmetric electron

emissions from the tip apex as schematically shown in Fig. 1. They also allow one to select the electron emission sites

on a nanometer scale by changing the laser polarization [2]. Using this technique, we can manipulate electron

emissions within their coherence time and area, which then enables us to control coherent electron emission in time

and space. In a demonstration, we realized optical control of Young’s electron interference [3]. The interference

emerged between the two adjacent electron beams. The intensity of the interference could be successfully controlled

by changing the laser polarization and intensity. The underlying physics that drove the interference was revealed by

measuring the energy spectra [4, 5] and also by simulating the temporal evolution of the electron waves by solving a

two-dimensional time-dependent Schrédinger equation [3]. Using a site-selective coherent electron source, we expect

to create time-resolved electron holography with a possible time resolution in attoseconds.

In this presentation, we will overview our work on laser-induced electron emission from a tungsten tip. In particular,

we will focus on optical control of electron emission sites on a scale of nanometers and their application for optical

control of Young’s electron interference.

References

1. P. Hommelhoff, et. al., Phys. Rev. Lett. 96, 077401 (2006).
2. H. Yanagisawa, et. al., Phys. Rev. Lett. 103, 257603 (2009).
3. H. Yanagisawa, et al. Sci. Rep. 7, 12661 (2017).

4. H. Yanagisawa, et al. Phys. Rev. Lett. 107, 087601 (2011).
5. H. Yanagisawa, et al. Sci. Rep. 6, 35877 (2016).
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[1] K. Okazaki et al., Science 337, 1314 (2012), Y. Ota, K. Okazaki et al., Phys. Rev. Lett. 118, 167002 (2017), T.
Hashimoto, K. Okazaki et al., Nat. Commun. 9, 282 (2018)7% &

[2] M Mitrano et al., Nature 530, 461 (2016), S. Kaiser et al., Phys. Rev. B 89, 184516 (2014)72 &

[3] K. Okazaki et al., Phys. Rev. B 97, 121107(R) 2018

[4] K. Okazaki et al., submitted
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2. d. Fujita, R. Harada, Y. Maeda, Y. Saito, E. Mizohata, T. Inoue, Y. Shigeta, H. Matsumura, ” Identification of the key
interactions in structural transition pathway of FtsZ from Staphylococcus aureus”, J. Struct. Biol. 198, 65-73 (2017).

3. R. Harada, Y. Shigeta, “How low-resolution data can predict conformational changes of a protein: a molecular
dynamics study”, Phys. Chem. Chem. Phys.20, 17790-17798 (2018).

4. M. Shoji, H. Isobe, Y. Shigeta, T. Nakajima, K. Yamaguchi, “Concerted Mechanism of Water Insertion and O2 Release
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6502 (2018).

33 BEBIZE LD SS B 35 ereesssessessssssessssessssessssssssssssessssssssssssesssssssnasanans sannmEENE



5. K. Kamiya, T. Baba, M. Boero, T. Matsui, S. Negoro, Y. Shigeta, “A Nylon-oligomer Hydrolase Promoting Cleavage
Reactions in Unnatural Amide Compounds”, J. Phys Chem. Lett. 5, 1210-1216 (2014).
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One of the goals of nanotechnology is to develop complex molecular machines that can be operated in a solid-state
environment. This talk will present molecular motors and molecular linear transport devices operating in the quantum
regime on materials surfaces. Fundamental operations of these machines are investigated in an atomically clean
environment using low temperature scanning tunneling microscopy, and molecular manipulations[1], [2]. These
investigations reveal how charge and energy transfer are taken place within single molecule machines and molecular
networks. Moreover by introducing dipole active components in the rotor arms, communication among the molecular
motors can be introduced. Synchronization of the motors can be achieved depending on the symmetry of the molecular
assemblies and the strength of the electric field. Furthermore, individual molecular motors can be charged using the
inelastic tunneling scheme. For a comparison with spintronics of molecular machines, we will also present anomalous
Kondo resonance observed for the magnetic molecules adsorbed on graphene nanoribbons [3]. For the linear transport,

the development of molecular hoverboards and molecular cars for a control transport at the nanoscale will be presented.

[1]Y. Zhang, H. Kersell, R. Stefak, J. Echeverria, V. Iancu, U.G.E. Perera. Y. Li, A. Deshpande, K.-F. Braun, G. Rapenne,
C. Joachim, and S.-W. Hla. Simultaneous and coordinated rotational switching of all molecular rotors in a network,
Nature Nanotechnology 11, 706 (2016).

[2] U.G.E. Perera. F. Ample, H. Kersell, Y. Zhang, G. Vives, J. Echeverria, M. Grisolia, G. Rapenne, C. Joachim, and
S.-W. Hla. Controlled clockwise and anticlockwise rotational switching of a molecular motor, Nature
Nanotechnology 8, 46 (2013).

[3] Y. Li, A. Ngo, A. DiLullo, K.Z. Latt, H. Kersell, B. Fisher, P. Zapol, S.E. Ulloa, and S.-W. Hla. Anomalous Kondo
resonance mediated by semiconducting graphene nanoribbons in a molecular heterostructure, Nature

Communications 8, 946 (2017).
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RS : Btk S J— : Lattice model constructions for gapless domain walls between topological phases
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JliE : Department of Physics, Tsinghua University

HE:

Lattice models of gapless domain walls between twisted and untwisted gauge theories of finite group G are constructed
systematically. As simple examples, we numerically studied the gapless domain walls between twisted and untwisted
Z_N(with N<6) gauge models in 2+1D using the state-of-art loop optimization of tensor network renormalization
algorithm. We also studied the physical mechanism for these gapless domain walls and obtained quantum field theory
descriptions that agree perfectly with our numerical results. By taking the advantage of the systematic classification
and construction of twisted gauge models using group cohomology theory, we systematically construct general lattice

models to realize gapless domain walls for arbitrary finite symmetry group G. Such constructions can be generalized

30 MIEBIZE LD SS B 35 ercerssessessssssesssssessssesssssssssssessssssssssssessssssssasanans sannmEENE



into arbitrary dimensions and might provide us a systematical way to study gapless domain walls and topological

quantum phase transitions.

1 BTWE 1 I J— : Axion electrodynamics and the quantized topological magnetoelectric effect in
topological insulators
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®E:

Topological insulators have been proposed to be best characterized as bulk magnetoelectric materials that show

response functions quantized in terms of fundamental physical constants. Here we lower the chemical potential of

three-dimensional (3D) Bi2Se3 films to 30 meV above the Dirac point, and probe their low-energy electrodynamic

response in the presence of magnetic fields with high-precision time- domain terahertz polarimetry. For fields higher

than 5 T, we observed quantized Faraday and Kerr rotations, whereas the DC transport is still semi-classical. A non-

trivial Berry phase offset to these values gives evidence for axion electrodynamics and the topological magnetoelectric

effect. The time structure used in these measurements allows a direct measure of the fine structure constant based on

a topological invariant of a solid-state system. I'll also discuss our most recent measurements on topological insulator

single crystals that give evidence for a half quantized Hall effect on the TI surfaces.

Ref. L. Wu et al., Science 354, 1124 (2016).
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