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Quantum Hall Effect and the New SI System:
The Biggest Revolution in Metrology since the French Revolution

Klaus v. Klitzing!

Max-Planck-Institut fiir Festkérperforschung, D-70569 Stuttgart
K.Klitzing@fkf.mpg.de

It is expected that at the time of the WINDS Workshop the General Conference on Weights and
Measures (CGPM) has decided at their meeting on 16.11.2018 to introduce on 20.5.2019 a new
international system of units based on constants of nature. The Quantum Hall Effect played an

important role in this development and the talk will summarize the development.
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Superconductivity in the Quantum Hall Regime

Andrew Seredinski!, Anne Draelos!, Ming-Tso Wei!, Lingfei Zhao!, Ethan Arnault!, Chung-
Ting Ke', Tate Fleming?, Yash Mehta?, Ethan Mancil?>, Hengming Li?, Takashi Taniguchi®,
Kenji Watanabe®, Seigo Tarucha*®, Michihisa Yamamoto*°, Ivan Borzenets®, Francois Amet?,
and Gleb Finkelstein'

!Department of Physics, Duke University, Durham, NC 27708, USA
2Department of Physics, Appalachian State University, Boone, NC 28607, USA
3Advanced Materials Laboratory, NIMS, Tsukuba 305-0044, Japan
“Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 1-8656, Japan
SCenter for Emergent Matter Science (CEMS), RIKEN, Wako-shi, Saitama 351-0198, Japan
Department of Physics, City University of Hong Kong, Kowloon, Hong Kong SAR
gleb@duke.edu

One of the promising routes towards creating novel topological states and excitations is to
combine superconductivity with quantum Hall (QH) effect. However, signatures of
superconductivity in the QH regime remain scarce, and a superconducting current through a
QH weak link has until recently eluded experimental observation. Here, we explore high
mobility graphene/boron nitride heterostructures contacted by type II superconducting
electrodes that could withstand magnetic fields of a few Tesla. At low magnetic fields, our
devices demonstrate the Fraunhofer pattern and Fabri-Perot oscillations, confirming their
uniformity and ballisticity [1]. At fields of 1-2 Tesla, when Landau quantization is fully
developed, regions of superconductivity can be observed on top of the conventional QH fan
diagram [2]. The measured supercurrent is very small, on a few nA scale, and periodic in
magnetic field. Additional measurements on side- and top-gated samples shed light on the
alternative mechanisms that mediate supercurrent along the QH edge states [3-5]. Finally, we
demonstrate the evidence of the “Andreev edge states” — single particle electron-hole hybrid
states propagating along the QH-superconductor boundary [6].

[1] LV. Borzenets et al., Phys. Rev. Lett. 117, 237002 (2016)
[2] F. Amet et al., Science 352, 966 (2016)

[3] A.W. Draelos et al., J. Low Temp. Phys. 191, 288 (2018)
[4] A. Seredinski et al., MRS Adv. 3 (2018)

[5] A. Seredinski et al., preprint (2018)

[6] L. Zhao et al., preprint (2018)
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Various Spin Current Phenomena in Condensed Matter

Eiji Saitoh!~

1ERATO-SQR, JST, Tokyo 102-0076, Japan
2Department of Applied Physics, The University of Tokyo, Tokyo 113-8656, Japan
SWPI- AIMR, Tohoku University, Sendai, Miyagi 980-8577, Japan
*IMR, Tohoku University, Sendai, Miyagi 980-8577, Japan
SASRC, JAEA, Tokai, Ibaraki 319-1195, Japan
eizi@ap.t.u-tokyo.ac.jp

Various types of spin current have been found in condensed matter. Such currents give rise to
various functions of matter, and they have led the recent progress of spintronics. The firstly
discovered spin current is so called conduction-electron spin current, detected in terms of the
inverse spin Hall effect [1]. Secondly, we found spin-wave spin current in ferromagnetic
materials, in which spin waves carry angular momentum when their population is
antisymmetric in the momentum space. Spin-wave spin current can also be created by heat
current, which we named the spin Seebeck effect. The concept of spin-wave spin current was
expanded to other magnetically ordered phases such as antiferromagnets. Thirdly, we recently
found that spin current can also be carried by spinons [2]; excitation from quantum spin liquid
states. I will give an introduction to spin-wave spin current phenomena in antiferromagnets
[3,4] with a well-defined Neel vector, spinon-spin injection into 1D quantum spin liquids, spin
induced phenomena in antiferromagnets with DM interaction, and some related spin-current
effects in antiferromagnets. Spin current generation from micromechanical motion will also be

mentioned [5] in my talk.

Acknowledgments: | would like to thank Dr. D. Hou, Dr. Z. Qiu, Dr. D. Hirobe, Dr. T. Kikkawa, Dr. Y.
Shiomi, Dr. K. Yamamoto, Prof. Y. Tserkovnyak, O. Gomonay, and G.E.W. Bauer for the fruitful
collaboration.

[1] E. Saitoh et al., Appl. Phys. Lett. 88, 182509 (2006)
[2] D. Hirobe et al., Nat. Phys. 13, 30 (2017)

[3] Z. Qiu et al., Nat. Comm. 7, 12670 (2016)

[4] Z. Qiu et al., Nat. Mater. 17, 577 (2018)

[5] R. Takahashi et al., Nat. Phys. 12, 52 (2015)
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Shot Noise Enhancement at Spin-dependent Hopping

Viktor Sverdlov' and Siegfried Selberherr?

Christian Doppler Laboratory for Nonvolatile Magnetoresistive Memory and Logic at the
?Institute for Microelectronics, TU Wien, GuBhausstrale 27-29, 1040 Vienna, Austria
Viktor.Sverdlov@TUWien.ac.at

Coulomb repulsion induces correlations between electrons and makes charge transport at
hopping in one-dimensional chains more “continuous” [1] by preventing two electrons from
occupying the same site and maintaining a certain average distance between the carriers in the
chain. The Fano factor = ( =0)/(2 ) defined as the ratio of the spectral current density
fluctuations at low frequency ( =0) to the stationary current  (times 2 the electron charge
) is a useful measure characterizing the smoothness of the transport process: The smaller the
Fano factor, the more regular the charge transport. For a single-trap assisted hopping between
two normal metal electrodes the Fano factor is reduced from 1 and takes the minimum value of
Y at equal tunneling rates to/from the trap.
The Pauli exclusion principle results in spin-driven correlations [2] as it forbids two electrons
with the same spin projection to occupy the same trap state. At trap-assisted hopping from a
normal metal source electrode (ps=0) to a ferromagnetic (FM) drain electrode, Fig.1, the finite
spin on a trap leads to large magnetoresistance [3], [4] (Fig.2). We analyze the shot noise/Fano
factor.
Fig.3 shows that, in contrast to spin-independent hopping, the shot noise is significantly
enhanced to F=3, where the current is small. It implies that the electrons are transferred in
bunches of three electrons in average separated by longer waiting times. At spin-dependent
tunneling between two FM electrodes (Fig.1) the shot noise can be enhanced (Fig.4) at the
current maximum as well (Fig.5). Although the correlations between the current and the noise
are opposite to the case of tunneling from a normal metal to a FM electrode, in both cases the
noise enhancement is due to spin correlations. Strong spin dephasing reduces the shot noise at
some angles between the magnetic field and the drain FM below unity, however, dephasing

does not reduce the Fano factor at the maximum (Fig.6).

[1] A.N. Korotkov and K K. Likharev, Phys. Rev. B 61, 15975 (2000)

[2] Y. Wang et al., Phys. Rev. X, 6, 011011 (2016)

[3]1Y. Song and H. Dery, Phys. Rev. Lett. 113, 047205 (2014)

[4] V. Sverdlov et al., WINDS 2017; Solid-State Electron., submitted (2018)
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Fully-Coupled Electronic-lonic and Thermal Transport Simulation of
Metal Oxide Memristors

Denis Mamaluy 'and Xujiao Gao'

1Sandia National Laboratories, Albuquerque, New Mexico, USA
mamaluy@sandia.gov

As modern field effect transistors (FETs) scale down into the sub-10-nm regime, the
approaching end of CMOS scaling becomes evident. Thus, recently, we have performed [1] a
series of fully quantum-mechanical three-dimensional charge-self-consistent transport
simulations and optimizations to show that all FETs, irrespective of their channel material, will
reach a fundamental downscaling limit around 4-5 nm technology node, due to unacceptably
high levels of thermally induced errors. To investigate alternatives to FET/CMOS scaling, many
emerging devices and technologies have been under active research in recent years. Among
them, transition metal oxide-based memristors have become one of the strongest candidates to
replace flash, and possibly DRAM and SRAM in the near future [2]. Moreover, memristors
have a high potential to enable beyond-CMOS technology advances in novel architectures for
high performance computing [3]. However, despite the spectacular progress in experimental
demonstration and fabrication of oxide memristors, their microscopic transport theory and even
some key operational principles, essential to advance experimental progress, remain uncertain
[4].

To facilitate the understanding of physical switching mechanisms and accelerate experimental
development in oxide memristors, we have developed a 3D fully-coupled electrical and thermal
transport model [5] that solves simultaneously the time-dependent continuity equations for
electrons, holes, and oxygen vacancies, the time-dependent heat equation including Joule
heating sources, and the Poisson equation for all the charged species. The model captures the
most of the important processes that drive memristive switching, including field-drift due to the
electrochemical potential gradient, Fick diffusion due to the concentration gradient, and the
Soret effect due to the temperature gradient. To properly simulate the movement of oxygen
vacancies, the rigid point ion model [5] is used, in which the vacancy velocity exponentially
depends on the temperature and the electric field when the field exceeds a critical value. The
fully-coupled equations and relevant physical models are implemented in CHARON, a multi-
dimensional parallel TCAD code developed at Sandia National Labs. CHARON is built upon
the open-source Trilinos packages [6], which support finite element and finite volume
discretization methods, state-of-the-art nonlinear and linear solvers, MPI parallel capability, and

many more.
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1] D. Mamaluy and X. Gao, Appl. Phys. Lett. 106, 193503 (2015)
2] P.R. Mickel et al., Mod. Phys. Lett. B 28 (2014)
3] K.H. Kim et al., Nano Lett. 12, 389 (2012)

4] N. Hashem and S. Das, Appl. Phys. Lett. 100, 262106 (2012)
[5] X. Gao et al., ECS Trans., accepted, October 2015

[6] https://trilinos.org/

[7] P.R. Mickel et al., Appl. Phys. Lett. 102, 223502 (2013)

[8] P.R. Mickel et al., Adv. Mat. 26, 4486 (2014)

—

Fig.1: (a) Structure of a 3D filamentary TaOx memristor, with the layer material and thickness from an experimental device. (b) Simulated
current-voltage hysteresis for a triangular voltage sweep.
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Nanoscale Mapping of Carrier Diffusion:
Application for InGaN Quantum Wells

Mounir Mensi', Ruslan Ivanov!, Kathryn M. Kelchner?, Steven P. DenBaars?,
1

Shuji Nakamura?, James S. Speck?, and Saulius Marcinkeviéius

!Department of Applied Physics, KTH Royal Institute of Technology, Electrum 229,
16440 Kista, Sweden
?Materials Department, University of California, Santa Barbara, California 93106, USA
sm@kth.se

Carrier transport in wide band gap semiconductor alloys (e.g. InxGa;xN) and their
nanostructures is strongly affected by nm-scale band potential fluctuations. The nonuniform
cation distribution forms deep potential minima [1] and may cause strong localization [2],
which has a large impact on carrier recombination and diffusion, especially that of holes. As a
result, the hole diffusion length may be <100 nm, which can hardly be measured by electrical
techniques. In this work, we present a method that allows measuring such small diffusion
lengths, their anisotropy and spatial variation. The method is based on photoluminescence (PL)
mapping performed with the help of scanning near-field optical microscopy (SNOM)
simultaneously in several modes [3]. These modes include time-integrated and time-resolved
PL in illumination-collection (IC, PL excitation and collection through a probe) and
illumination (I, probe excitation, far-field collection) modes. In the IC mode, the PL intensity
is determined by the carrier recombination and out-diffusion from under the probe, in the I
mode - just by the recombination. Comparing PL intensity maps taken in both modes allows
evaluating the diffusion parameters. The crucial point for a correct evaluation is the knowledge
of the spatial variation of the radiative and nonradiative recombination times.

The method has been demonstrated on an example of a nonpolar m-plane 8 nm Ino.1sGao.ssN
quantum well grown on GaN substrate. The recombination times were evaluated from mapped
PL transients. The lifetime maps were used to calculate PL intensity maps. Diffusion parameters
were extracted by minimizing the difference between the calculated and measured IC and I
mode maps. Ambipolar diffusion coefficients D; =0.21 cm?/s and D, = 0.84 cm?/s for directions
parallel and perpendicular to the wurtzite ¢ axis were obtained. The strong diffusion anisotropy

is assigned to the anisotropy of the top-most valence band.

[1TR. Ivanov et al., Phys. Rev. Appl. 7, 064033 (2017)
[2] W. Hahn et al., Phys. Rev. B 98, 045305 (2018)
[3] M. Mensi et al., ACS Photonics 5, 528 (2018)
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Experiment at A
Experiment at B

= Fitfor 7 =0.30ns
min

e Fit for 7 =061ns
max

Fig.1: (a): Room-temperature near-field PL transients and spectra (inset) measured at points A and B indicated in part (c). (b and ¢): Maps
of the radiative and nonradiative lifetimes, respectively.

Fig.2: Experimental (left column) and calculated PL intensity maps for IC (top row) and I (bottom row) modes, as well as PL intensity
profiles along the lines shown in the maps.
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Light-Matter Interaction 60Beyondd Strong-Coupling Regime in the
Superconducting Circuit Quantum Electrodynamics

Kouichi Semba!

!National Institute of Information and Communications Technology,
4-2-1, Nukuikitamachi, Koganei, Tokyo 184-8795, Japan
semba@nict.go.jp

The superconducting qubit-oscillator system is an ideal physical system for studying the
interaction of a very strong light-matter interaction. The flux qubit-oscillator circuit is well
described by the generalized quantum Rabi-model Hamiltonian shown in Eq. (1). The first,
second and third terms respectively represent the energy of the qubit, the energy of the harmonic
oscillator, and the interaction energy. If the coupling strength g becomes as large as the atomic

and cavity frequencies (A and o, respectively), the energy eigenstates including the ground state

are predicted to be highly entangled [1]. We have experimentally achieved this deep strong
coupling using a superconducting-flux-qubit LC-oscillator system [2]. By carefully designing
a superconducting persistent-current qubit interacting with an LC harmonic oscillator that has
a large zero-point fluctuation current via a large shared Josephson inductance, we have realized
circuits with g/® ranging from 0.72 to 1.34 and g/A >> 1. From the transmission spectroscopy,
we have observed unconventional transition spectra which can be interpreted using predicted
energy levels which are well described by Schrodinger-cat like entangled states between
persistent-current states and displaced vacuum or Fock states of the oscillator [2]. By using two-
tone spectroscopy, the energies of the six lowest levels of each circuit have been determined.
We have observed huge Lamb shifts that exceed 90% of the bare qubit frequencies and
inversions of the qubits’ ground and excited states when there are a finite number of photons in
the oscillator[3]. We have also observed collective coupling between an engineered 4300
ensemble of flux-qubits and a superconducting resonator [4], and considered the condition for

observing generation of superradiant ground state in the presence of parameter fluctuations [5].

[1] S. Ashhab and Franco Nori, Phys. Rev. A 81, 042311 (2010)
[2] F. Yoshihara et al., Nat. Phys. 13, 44 (2017)

[3] F. Yoshihara et al., Phys. Rev. Lett. 120, 183601 (2018)

[4] K. Kakuyanagi et al., Phys. Rev. Lett. 117, 210503 (2016)
[5] S. Ashhab and K. Semba, Phys. Rev. A 95, 053833 (2017)
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Fig.1: Evolution in circuit-QED from a viewpoint of normalized coupling strength g/w, with W, the oscillator-circuit frequency (equivalent
to resonator frequency in cavity-QED).

Fig.2: Evolution in time in cavity QED of the highest value of the parameter U=(Cg/u)*? for different physical platforms, where C=4g? kg is
the cooperativity,with Aand gbeing the cavity and qubit loss rates, respectively. From Fig.2 of arXiv:1804.09275v2 [quant-ph] by P. Forn-
Diaz et al.
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Fig.1: ©-20 X-ray diffraction of NiFe,Oy, thin films with a range of =~ Fig.3: Magnetic hysteresis measurements of NiFe,O, thin films.

pattern sizes. Higher magnification image of the coercivity values is shown in

inset.

Fig.2: Comparison of in-plane (dashed) and out-of-plane coercivity
values for bulk and layer-by-layer made samples.
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Growth of Semiconducting Oxides T Challenges and Surprises

Henning Riechert!, Patrick Vogt', and Oliver Bierwagen!

'Paul-Drude-Institut fiir Festkorperelektronik,

Leibniz-Institut im Forschungsverbund Berlin

Hausvogteiplatz 5-7, 10179 Berlin, Germany
riechert@pdi-berlin.de

In,03 and Ga,0s are wide band gap n-type semiconducting “sesquioxides” with band gaps of
2.7 and 4.5 eV, respectively. While InoO3 has been used for decades as a transparent contact
material or in gas sensors, Ga;O3 has recently been recognized as a promising material for
power electronics applications with the potential to outperform GaN or SiC. Due to the different
crystal structures of InoO3 and Ga;0s3, the typical efforts for band-gap engineering by forming
alloys as well as heterostructures is quite challenging and remains largely unresolved.

This contribution presents a comprehensive study of the growth kinetics and thermodynamics
of Gax03, In203, and (InxGaix)203, also comparing it to the well-established nitride growth. The
aim lies in establishing a growth regime allowing for high growth rates at sufficiently high
growth temperatures. We employ plasma-assisted molecular beam epitaxy (MBE) to synthesize
binary and ternary materials, where a plasma source is employed to generate sufficiently
reactive oxygen species from O».

In studies of the growth kinetics we have shown that the growth rate of In,O3; and Ga>Os 1s flux-
stoichiometrically and thermally limited by the formation and desorption of their respective
suboxides InoO and GayO [1, 2]. This limitation is much stronger for Ga;O3 than for In,0Os3,
leading to severely limited Ga,O3; growth rates at substrate temperatures that are sufficiently
high to ensure high material quality. The underlying reason is the higher vapor pressure of Ga,O
with respect to InoO as well as the lower oxidation efficiency of Ga with respect to In. [1, 3].
On the other hand, we have found that thermodynamics largely rules the formation of (InxGai-
x)203 alloys, where the incorporation of Ga is thermodynamically favored over that of In due to
the stronger Ga—O bonds compared to the In—O bonds [4].

In a most striking contrast to nitride growth, we find that the presence of In on the growing
surface can drastically affect the growth rate of Ga,Os;. We demonstrate how the kinetic
advantage of In to be oxidized to InO3 and the thermodynamic preference of Ga to be
incorporated into (InxGaix)203 collaboratively lead to a strongly enhanced growth rate of
Gay03 under an additional In-flux, even at high growth temperatures. This enhancement is
based on metal-exchange catalysis through sequential oxidation of In to InoO3 followed by an

exchange of Ga with the oxidized In [5].
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In devices with a TaWSi bottom electrode, use of a Au top electrode led to significantly lower
TaWSi/insulator @ga's than were obtained with an Al top electrode, likely due to the migration
of Au" ions toward the opposite electrode interface where the positive charge reduces ¢@pn. The
presence of switching behavior in TaW Si/SiO2/Au devices provides evidence for Au" migration
[11]. IPE determined @B are qualitatively consistent with the asymmetry in the I-V response.
TaWSi and TaNiSi electrodes showed consistently higher ¢gn's than ZCAN electrodes and
comparable performance to TaN. With low roughness and thermal stability approaching 900 °C,
TaWSi is a promising bottom electrode for MIM diodes.

Acknowledgments: This work was support by the NSF Center for Sustainable Materials Chemistry,
CHE-1606982.

1] M. Bareib et al., IEEE T. Microw. Theory Tech. 59, 2751 (2011)

2] A. Sharma et al., Nat. Nanotechnol. 10, 1027 (2015)

3] G. Karbasian et al., Appl. Sci. 7, 246 (2017)

4] D.Z. Austin et al., Appl. Phys. Lett. 110, 263503 (2017)

5] N. Alimardani et al., J. Appl. Phys. 116, 024508 (2014)

6] N. Alimardani et al., J. Vac. Sci. Technol. A 30, 01A113 (2012)

71 J.M. McGlone et al., MRS Commun. 7, 715 (2017)

8] V. V. Afanas’ev et al., Phys. Status Solidi A 215, 1700865 (2017)

9] Y.C. Yeo et al., J. Appl. Phys. 92, 7266 (2002)

10] M.A. Jenkins et al., Phys. Status Solidi RRL 12, 1700437 (2018)

[11] M.A. Jenkins et al., ECS Trans. 85, 729 (2018)
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Fig.1: Representative plots of IPE yield Y vs. hv for (a) Al,O; and (b) HfO, in  Fig.2: Energy band diagrams for Al,O; and HfO, MIM devices
MIM devices with Au top electrodes and either TaN, TaWSi, or TaNiSi bottom  with Au top electrodes and TaWSi, TaNiSi, or TaN bottom
electrodes. The dashed lines show the linear @g.sn extraction for each interface. electrodes based on IPE determined zero field barrier height.

Shown plots were taken at an applied field in the range of 0.4 to 1.2 [MV?%cm?|.
(c) and (d) show Schottky plots of @uees vs. field”? used to extrapolate the zero-

field barrier heights.
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Valley-Protected Edge State in Semiconductor Photonic Crystal Slab

Satoshi Iwamoto', Takuto Yamaguchi', Yasutomo Ota?, and Yasuhiko Arakawa?

!Nanoscience Center for Photonics, Electronics, and Materials Engineering,
Institute of Industrial Science, The University of Tokyo, Komaba Meguro-ku,
Tokyo 153-8505, Japan
?Institute for Nano Quantum Information Electronics, The University of Tokyo, Japan
iwamoto@iis.u-tokyo.ac.jp

Photonic crystal (PhC), an artificial optical material with a wavelength-scale periodic structure
of refractive index, is now an important tool for controlling not only the propagation but also
the localization of light. Various kinds of photonics devices using PhCs have been demonstrated
so far. Recently, a new paradigm of PhC research has been explored by introducing the concept
of band topology developed in condensed matter physics. As in electronic systems,
topologically-protected photonic edge states appear at interfaces with two PhCs possessing
topologically distinct common bandgap. Such states are capable to guide the light with
suppressed backscattering even under the presence of sharp bends or structural imperfections,
leading further developments of photonic integrated circuits.

Here, we discuss the efficient light guiding via valley-protected edge state in semiconductor
valley PhC (VPhC) slabs [1]. Our VPhC consist of a staggered honeycomb lattice with two
different-sized equilateral-triangle air holes [2] formed in a 200-nm-thick GaAs slab suspended
in air. The unit cells for two VPhC structures, A and B. Both structures have the same photonic
band diagram and a common bandgap for TE-like mode, but different valley topology. Thus a
valley-protected edge state exists at an interface between the two types of VPhCs. We fabricated
a VPhC slab with a Z-shaped interface. Utilizing the photoluminescence (PL) from quantum
dots (QDs) embedded in the slab, we demonstrated efficient light propagation even through
sharp bends of the interface. PL images were taken through a band pass filter with different
center wavelength /.. The QDs were photo-excited at a grating coupler. As expected, no output
was observed in the case /; is set outside the bandwidth of the edge state. Once [ is set inside
the bandwidth, clear emission from the output port was observed. Importantly, no significant
scattering at the corners was observed. This robustness against sharp bends in VPhCs is
applicable to low-loss optical delay line with a small foot print. The latest results including the
comparison with a conventional W1-type PhC waveguide will be also discussed in the
presentation.

[1] T. Yamaguchi et al., 23rd Microoptics Conference, C-2 (2018)

[2] S. Iwamoto and Y. Arakawa, ICO-24, F1E-03 (2017)
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(BixSbix)2Tes

)

Fig.1: SEM image of an in-situ fabricated josephson Junction ~ Fig.2: High resolution TEM image of an Nb/Ti/Nb Josephson Junction
compsed of a selectively grown (BixSb1-x)2Te3 alloy, Nb  passivated by Al203 completely in-situ prepared by advanced MBE
contacts aligned by the stencil mask and an A1203 passivation ~ processing.

layer.

Fig.3: Comparison of the I/V characteristic of an ex-situ (black ~ Fig.4: Ic(T) of a Nb/Ti/Nb Josephson Junction, which is comprised of
line) and an in-situ (red line) prepared Josephson Junction, ballistic and diffusive contributions. For temperatures above 2.2K the
demonstrating impressively the superiority of the in-situ transport is solely carried by ballistic contributions. By fitting the ballistic
prepared junction by an 20-fold increased superconducting contribution to the Eilenberger formalism, an interface transperancy of
gap. 95% is obtained

Fig:5: Colour plot of dV/dI characteristics under hf-radiation ~ Fig. 6: Derivative of the I/V characteristics under hf-radiation (4 GHz,
(4 GHz, T=3.2K) showing Shapiro steps with the first step  T=3.2K) showing Shapiro steps with the first step completely missing
completely missing. Profiles along the coloured lines are indicating Majorana Zero Modes

presented in Fig.6
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Effects of Gate-Induced Electric Fields on
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We study the effect of gate-induced electric fields on the properties of semiconductor-
superconductor hybrid nanowires which represent a promising platform for realizing
topological superconductivity and Majorana zero modes. Using a self-consistent Schrodinger-
Poisson approach that describes the semiconductor and the superconductor on equal footing,
we are able to access the strong tunneling regime and identify the impact of an applied gate
voltage on the coupling between semiconductor and superconductor. We discuss how physical
parameters such as the induced superconducting gap and Landé g factor in the semiconductor
are modified by redistributing the density of states across the interface upon application of an
external gate voltage. Finally, we map out the topological phase diagram as a function of

magnetic field and gate voltage for InAs/Al nanowires.

[1] A.E. Antipov et al., Phys. Rev. X 8, 031041 (2018)
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Majorana fermions, particles that are their own anti-particles, can emerge in insulating magnets
as excitations with fractions of the constituent’s quantum numbers. Interest in Majoranas is
driven by their potential for quantum computation, and as evidence of novel topological states.
Observations have been limited to liquid helium temperatures as edge modes in topological
superconductors and quantum spin liquids (QSL) without combined evidence of particle-hole
symmetry, Fermi statistics, and presence in the bulk. In this talk I will report the observation of
all three in a-RuCls, at temperatures exceeding liquid nitrogen via new energy gain as well as
loss Raman spectra and a unique framework to identify the statistical properties of the Kitaev
QSL. a-RuCls is van-der-Waals material amenable to future novel device architectures and
close to the Kitaev QSL, where bond-dependent Ising interactions produce excitations that are
non-local in terms of spin flips. Consistent with particle-hole symmetric excitations obeying
Paul-exclusion, the sum of the energy loss and gain responses are nearly temperature and energy
independent. This is in excellent agreement with new quantum Monte Carlo (QMC)
calculations of the Kitaev QSL. The new data allow unambiguous separation of the bosonic
thermal fluctuations from the continuum due to the Majoranas, further establishing their
presence above liquid nitrogen. Our new method can be used to identify the unique properties
of QSLs, and demonstrates the promise of a-RuCls for efforts in topological phases and

quantum computation.
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Majorana fermions are non-trivial quantum excitations that have remarkable topological
properties and can be used to protect quantum information against decoherence. Tunneling
spectroscopy measurements on one-dimensional superconducting hybrid materials have
revealed signatures of Majorana fermions which are the edge states of a bulk topological
superconducting phase. We couple strong spin-orbit semiconductor InSb nanowires to
conventional  superconductors (NbTiIN, Al) to obtain additional signatures
of Majorana fermions and to explore the topological phase transition. A potent alternative
explanation for many of the recent experimental Majorana reports is that a non-topological
Andreev state localizes near the end of a nanowire. We compare Andreev and Majorana modes
and investigate ways to clearly distinguish the two phenomena. We are also exploring how
Andreev states can be chained together along the nanowire to realize the one-dimensional

Kitaev model, a discrete way of generating Majorana modes.
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This abstract is not printed due to the authorsi request.

46
978-3-901578-32-8



mailto:k-matsumoto@sanken.osaka-u.ac.jp




2018 Workshop on Innovative Nanoscale Devices and Systems (WINDS)

In Search of a True Hot Carrier Solar Cell

David K. Ferry'
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In the years since the solar industry began and expanded to its current state, no single junction
solar cell has yet reached the so-called Shockley-Quiesser limit in efficiency. In 1982, Ross
and Nozik proposed that a hot-carrier solar cell (HCSC) could conceivably produce an
efficiency near 85% [1]. In order to reach this dreamed of efficiency, one must do two things:
(1) prevent the photo-generated carriers from thermalizing to the band edges by optical phonon
emission, and (2) extract only the hot carriers into the contacts through an energy-selective
contact. Since that time, a great deal of effort has been expended on phononic engineering to
try to reduce the emission of optical phonons by the carriers [2]. An additional extensive effort
has been expended on fancy multi-layer heterostructures to create the energy-selective contact,
which is required to have a narrow band of energies allowed into the contact [3]. The efficacy
of such an approach has been questioned by detailed simulations of HCSC which indicate that
the energy-selective contact approach may well be limited to <2% efficiency [4]. In spite of
such demonstrated limitations, work on the HCSC continues unabated. The problem, however,
lies not in the concepts but clearly in the limited views of most of the practitioners. In fact,
they continue to draw their concepts in terms of semiconductor band diagrams with only the
central, single conduction band minimum and/or the single valence band maximum. In short,
the development of the HCSC is extremely limited by the inability of the community to examine
the proper condensed matter physics and band structure that can be brought to the problem. In
this talk, I will describe how the use of the entire band structure, particularly the use of a meta-
stable valley, for the absorber material can be used to give realistic, and conservative, estimates

of achieving efficiencies above 50% for HCSC.

[1]R. T. Ross and A. J. Nozik, J. Appl. Phys. 53, 3813 (1982)

[2] See, e.g., H. Esmalelour et al., Prog. Photovolt. Res. Appl. 24, 591 (2016)
[3] See, e.g., J. A. R. Dimmock et al., J. Opt. 18, 074003 (2016)

[4] A. P. Kirk and M. V. Fischetti, Phys. Rev. B 86, 165206 (2012)
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Electron Interference in a Double-Dopant Potential Structure
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We present an analysis of interference effects as a result of the electron evolution within a
coherent transport medium, offering a double-dopant Coulomb potential structure [1]. Injection
of coherent electron states into the structure is used to investigate the effects on the current
transport behavior within the quantum Wigner phase space picture [2]. Quantum effects are
outlined by using classical simulations as a reference frame, a unique feature of Wigner function
based transport simulations. In particular, the utilized signed particle approach inherently
provides a seamless transition between the classical and quantum domain. Based on this we are
able to identify the occurring quantum effects caused by the non-locality of the action of the
quantum potential, leading to spatial resonance. Fig. 1 and Fig. 2 show the electron density at
200 fs for all absorbing boundary conditions (i.e. open system) in the classical and in the
quantum case, respectively. In the classical case, Fig. 1, no interference pattern materializes
beyond the dopants as the action of the force is local. In the quantum case, Fig. 2, the non-
locality action of the quantum potential of the dopants affects the injected electrons already
right after injection and establishes two transport channels below the dopants. Beyond the
dopants (i.e. y > 30 nm), interference effects manifest which are highly sensitive to changes of
the dopants’ potential profiles. Fig. 3 and Fig. 4 compare the cumulative density of the classical
and quantum cases at various y positions, clearly depicting the manifesting interference pattern
for the quantum case. The results bear a resemblance to the diffraction patterns manifesting
over time in double-slit experiments [3,4] and depict the use of dopants to design transport
channels as well as specific interference patterns within an open system, all of which are very

interesting for novel applications in the area of entangletronics [5].

[1]J. Weinbub et al., Phys. Status Solidi RRL 12, 1800111 (2018)
[2] J. Weinbub et al., Appl. Phys. Rev. 5, 041104 (2018)

[3] A. Tonomura et al., Am. J. Phys. 57, 117 (1989)

[4] R. Bach et al., New J. Phys. 15, 033018 (2013)

[5] P. Ellinghaus et al., Phys. Status Solidi RRL 11, 1700102 (2017)
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Few-Hole Quantum Dots
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Holes in quantum dots, defined in 2D systems are predicted to experience a reduced hyperfine
interaction, compared to electrons, due to the p-type symmetry of the valence band and to a
large light -heavy hole gap. This would mitigate the major source of qubit decoherence in III-
V materials which have the advantage of having a direct band-gap for linking to photonic flying
qubits (DiVincenzo critieria 6 and 7). Additionally, the hole p-type character generates a strong
spin-orbit interaction which can be harnessed to electrically manipulate the spin qubits without
the requirement of an oscillating magnetic field (micromagnets) coupled to the device.

In this talk I will review the current status of our experiments [1,2,3] on single and two hole
devices defined electrostatically in a GaAs heterostructure'. The strong spin-orbit interaction is
found to strongly influence the properties of the device. Certain hyperfine related effects
observable in GaAs electron devices are found to be absent in the hole devices providing
evidence of a reduced hyperfine interaction influence. Recently, [4] we introduced the concept
of latching to improve the fidelity of spin readout in qubits. I will demonstrate how in the
presence of strong spin-orbit the latching approach can be further modified to allow a slow
charge detector (e.g. in the millisecond range) to measure fast spin relaxations (e.g. in the 100
ns range). We have used this new technique to measure the field dependence of the spin

relaxation and have identified which spin-orbit mechanism dominates.

"Fabrication of the device was performed at the Center for Integrated Nanotechnologies, a U.S. DOE,
Office of Basic Energy Sciences user facility, and Sandia National Laboratories is a multi-mission
laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC.,
a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's
National Nuclear Security Administration under contract DE-NA-0003525.

[1] A. Bogan et al., Phys. Rev. Lett. 120, 207701 (2018)

[2] A. Bogan et al., Phys. Rev. Lett. 118, 167701 (2017)

[3] A. Bogan et al., submitted

[4] S. Studenikin et al., Appl. Phys. Lett. 101, 233101 (2012)
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Quantum Control of Silicon Quantum Dot Spin Qubits
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One of the remarkable features of spins in the solid state is the enormous range of time-scales
over which coherent manipulation is possible. If one considers gate-controlled manipulation of
nuclear spins at one extreme, and strongly-interacting multi-electron qubits at the other extreme,
coherent control of spins in semiconductors has been demonstrated with over 9 orders of
magnitude variation in the manipulation time. Remarkably, confining three electrons in two
neighboring quantum dots — a configuration known as the Quantum Dot Hybrid Qubit (QDHQ)
— enables all electrical control and measurement of spin dynamics on time scales less than one
nanosecond [1-3]. In this talk I will discuss the interesting commonalities and contrasts
between the two limiting cases: qubits composed of a single-spin, be it electron or nuclear,
where magnetically-driven manipulation is required, and qubits composed of multiple electrons,
like the QDHQ, for which case direct electric-field manipulation is possible.

The QDHQ often is formed in quantum dots defined in Si/SiGe heterostructures, where the
splitting between the two lowest-lying valley states can be made to define the qubit energy
levels. This valley splitting has interesting features that depend on the details of the
underlying virtual substrate [4,5]. 1 will present data demonstrating the importance of
materials for these quantum device properties, and I will show recent results demonstrating the
first steps towards controlling those properties through the design and modification of the

heterostructure growth.

[1] D. Kim, et al., Nature 511, 70 (2014)

[2] D. Kim, et al., npj Quant. Inf. 1, 15004 (2015)

[3] B. Thorgrimsson, et al., npj Quant. Inf. 3, 32 (2017)

[4] J.C. Abadillo-Uriel, et al., Phys. Rev. B 98, 165438 (2018)
[5] S.F. Neyens, et al., Appl. Phys. Lett. 112, 243107 (2018)
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Quantum annealing is a promising technique which leverages quantum mechanics to solve hard
combinatorial optimization problems [1]. D-Wave Systems Inc. [2] is the first company to
commercialize superconducting quantum annealing machine in 2011 and ship a new machine
with 2000 qubits in 2017. However, integration of larger number of qubit as well as
improvement of qubit coherence are required for practical applications.

In this talk we will overview our technological integration scheme for large-scale
superconducting quantum annealer in AIST [3,4]. The scalability is achieved by QUIP (QUbit,
Interposer and Package substrate) structure, which is based on our multi-layer fabrication and
multi-chip 2.5D packaging technology such as Through Silicon Via (TSV) and flip-chip
bonding (Fig. 1). We have also developed an Application Specific Annealing Computing
(ASAC) architecture (Fig. 2) in order to increase the available hardware budget and reduces the
cost and time for R&D. In addition, we will show a fabricated quantum annealer for prime
factoring [4] (Fig. 3) and theoretical activities on quantum annealing [5-7].

Acknowledgments: This presentation is based on results obtained from a project commissioned by the
New Energy and Industrial Technology Development Organization (NEDO), Japan.

[1] T. Kadowaki and H. Nishimori, Phys. Rev. E 58, 5355 (1998)
[2] D-Wave Systems, https://www.dwavesys.com/

[3] M. Maezawa et al., arXiv:1712.05561 (2017)

[4] M. Maezawa et al., arXiv:1809.01425 (2018)

[5] V. Karanikolas and S. Kawabata, arXiv:1806.08517 (2018)
[6] K. Imafuku, arXiv:1803.07259 (2018)

[7]1 K. Imafuku, arXiv:1807.04438 (2018)

62
978-3-901578-32-8


https://arxiv.org/search?searchtype=author&query=Maezawa%2C+M
https://arxiv.org/abs/1712.05561
https://arxiv.org/abs/1712.05561
https://arxiv.org/abs/1712.05561







2018 Workshop on Innovative Nanoscale Devices and Systems (WINDS)

Fig.1: (a) Schematic representations of the gated Hall bar devices fabricated on 2Si and (b) An optical micrograph of a gated multi terminal
Hall bar device fabricated on *Si are shown.

Fig.2: Magnetoresistance R,, (right-axis) and Hall resistance R, (left-axis) measured for the device fabricated on natural Si substrate
are shown. Note that the device on "*Si and ?®Si are fabricated on the same Si substrate. Therefore, both have the same processing history.

Fig.3: Magnetoresistance R, (right-axis) and Hall resistance R,, (left-axis) measured for the device fabricated on isotopically enriched
283 epi-layer are shown.
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Graphene has attracted considerable attention due to its massless and gapless energy spectrum
of Dirac Fermions as well as strong light-matter interactions via plasmon-polaritons. Carrier-
injection pumping of graphene can enable negative-dynamic conductivity in the terahertz (THz)
range, which may lead to new types of THz lasers [1-4]. The dual-gate graphene channel
transistor (DG-GFET) structure serves carrier population inversion in the lateral p-i-n junctions
under current-injection pumping, promoting spontaneous incoherent THz light emission [1,2].
We designed and fabricated a distributed feedback (DFB) DG-GFET (Fig. 1) [3], demonstrating
a single-mode lasing at 5.2 THz and a broadband 1-8-THz amplified spontaneous emission both
at 100K (Fig. 2) [3]. To increase the operating temperature and lasing radiation intensity, further
enhancement of the THz gain and the cavity Q factor are mandatory. Current-driven plasmon
instabilities in graphene can promote the generation and amplification of THz waves [5-10],
leading to intense, room-temperature THz lasing. We fabricated a 100’s-nm to micrometer
scaled asymmetrically interdigitated dual grating metal gate graphene-channel field effect
transistors (ADGG-GFETs) using a high quality exfoliated monolayer graphene encapsulated
between the hBN buffer and gate insulation layers (Fig. 3) [10], demonstrating a giant
amplification gain up to 9dB over 1-3-THz frequencies at 300K (Figs. 4, 5) [10].
Acknowledgments: This work was supported by JSPS KAKENHI No. 16H06361, 16K14243, and 18H05331,
Japan.

[1] V. Ryzhii et al., J. Appl. Phys. 101, 083114 (2007)

[2] M. Ryzhii and V. Ryzhii, Jpn. J. Appl. Phys. 46, L151 (2007)
[3] V. Ryzhii et al., J. Appl. Phys. 110, 094503 (2011)

[4] D. Yadav et al., Nanophoton. 7, 741 (2018)

[5] M. Dyakonov and M. Shur, Phys. Rev. Lett. 71, 2465 (1993)
[6] V. Ryzhii et al., Jpn. J. Appl. Phys. E89-C, 1012 (2006)
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Fig.2: Experimental observation of emission spectra from
fabricated DFB-DG-GFET’s. Broadband amplified spontaneous
THz emission at 100K (upper and middle) and single-mode
lasing at 5.2 THz at 100K (lower).

Fig.5: Measured graphene plasmon resonance frequencies (upper) and
gain (lower) as a function of characteristic field intensity qVd (q =
27/Lg; : the plasmon wave vector) and fitting to the dispersion formulae
in [7] as solid lines.
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[1] S. Carr et al., Phys. Rev. B 95, 075420 (2017)
[2] T. Stauber, J. Phys. Condens. Matt. 26, 123201 (2014)
[3] M. Jablan et al., Phys. Rev. B 83, 161409 (2011)

Fig.1: Near-field mapping of multilayered CVD graphene sample: (a) schematics of hyperspectral imaging at different sSSNOM
excitation wavelengths; (b) cartoon of different shape tBLG islands growing at two sides of the grain boundary of single layer
graphene; (c) typical SSNOM amplitude image (6 um x 9 um) of the multiple islands (at 1580 cm™).

Fig.2: Hyperspectral analysis of sSSNOM data: (a) phase maps of average sSSNOM signals from specific areas on the sample (for a range
of excitation wavelengths); (b-c) statistics of sSSNOM amplitude/phase at 1578 cm™ and 1592 cm™: data from the islands of different
chirality clusters in different spots; (d-e) sSSNOM amplitude and phase images that show that the SSNOM contrast can be used to
distinguish registry between the underlying graphene grains and top layer islands; (f) schematics of top layer islands (highlighted with
gray boundaries) and grains in the bottom layer (labeled by color).
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Charge carriers in graphene, massless Dirac fermions, form an unique sequence of the Landau
levels in high magnetic fields. Thus, the cyclotron resonance (CR) in graphene is distinctly
different form that in conventional two-dimensional electron systems based on semiconductors.
In this work, we study mid-infrared/THz photoresponse due to CR in graphene/h-BN van der
Waals heterostructures, fabricated using the mechanical exfoliation and transfer technique of
atomic layers. Magnetotransport measurements were carried out at low temperature and high
magnetic fields. We demonstrate photoresponce signals induced by three different mechanisms:
bolometric effect, photovoltaic effect, and photo-thermoelectric effect. We discuss CR in
monolayer, bilayer, and trilayer graphene. In addition, we present our recent development of an

autonomous robotic system for building van der Waals superlattices.

[1] K. Kinoshita et al., Appl. Phys. Lett. 113, 103102 (2018)
[2] S. Masubuchi et al., Phys. Rev. B 88, 121402 (2013)

[3] S. Masubuchi et al., Nat. Comm. 9, 1413 (2018)

[4]Y. Asakawa et al., Phys. Rev. Lett. 119, 186802 (2017)
[5]Y. Sata et al., Phys. Rev. B 98, 035422 (2018)

[6] Y. Hoshi et al., Phys. Rev. Mat. 2, 064003 (2018)

74
978-3-901578-32-8



2018 Workshop on Innovative Nanoscale Devices and Systems (WINDS)

Fig.1: Landau level spectrum of monolayer (left), bilayer (center) and trilayer (right) graphene.
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Fig.2: Color-scale plot of photo voltage as a function of back gate voltage and magnetic field in monolayer (left), bilayer (center) and

trilayer (right) graphene.
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[1] S. Das and J. Appenzeller, Phys. Status Solidi RRL 7, 268 (2013)
[2] S. R. Das et al., Appl. Phys. Lett. 106, 083507 (2015)

Fig.1: Device schematic for MoS, and MoSe; devices. Device is
back-gated via a 90-100 nm thick SiO, layer. Various contact
metals were studied (Ni shown in schematic).

Fig.2: Measured and modeled noise amplitude versus overdrive
voltage for 10 layer MoSe, FET. Model employs Hooge noise
model for channel and resistance/noise parameters for series
resistance (contact and interlayer coupling).

978-3-901578-32-8

Fig.4: Noise model for intrinsic channel (resistance, R, and noise
current spectral density, Si) and elements related to contact resistance
(Rs, Sis) and interlayer coupling resistance for n layers (n-Rin, n*Syin).

Fig.5 Intrinsic carrier mobility versus number of layers in MoS2 FETs
with indicated contact metal. Decrease at small thicknesses is
attributed to interface scattering; increase in peak value with reduced
work function is associated with reduced contact barrier.
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Novel Optical and Electrical Responses in Topological Materials
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Berkeley CA 94720 USA
jemoore@berkeley.edu

Several new classes of topological materials have been confirmed to exist in experiments over
the past decade. Many of these materials support unique electromagnetic properties that affect
transport and optical responses in potentially useful ways. For example, topological insulators
support a particular electromagnetic coupling known as ‘“axion electrodynamics”, and
understanding this leads to an improved understanding of magnetoelectricity in all materials.
The main focus of this talk is on how topological Weyl and Dirac semimetals can show unique
electromagnetic responses; we argue that in linear response the main observable property solves
an old problem about optical rotation via the orbital moment of Bloch electrons [1]. Nonlinear
optical response (second-harmonic generation) is already known to be remarkably strong in
existing Weyl materials [2], and may show an unexpected strength and quantization in Weyl
materials without mirror symmetries [3]. Some applications of these effects are mentioned in

closing.

[1] S. Zhong et al., Phys. Rev. Lett. 116, 077201 (2016)
[2] L. Wu et al., Nat. Phys. 13, 350 (2017)
[3] F. de Juan et al., Nat. Comm. 8, 15995 (2017)
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Induced Superconductivity in
Topological-Insulator BiSbTeSe2 Nanoribbons

Morteza Kayyalha!, Aleksandr Kazakov?, Ireneusz Miotkowski?,
Sergei Khlebnikov?, Mehdi Kargarian®, Victor M. Galitski®, Victor M. Yakovenko?®,
Leonid P. Rokhinson', and Yong P. Chen!*

!Department of Electrical Engineering, Purdue University, West Lafayette, Indiana, USA
2Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana, USA
3Department of Physics, Condensed Matter Theory Center and Joint Quantum Institute,
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leonid@purdue.edu

We present experimental study of Josephson junctions fabricated from topological insulator
BiSbTeSe, with superconducting Nb electrodes. In nanoribbon (TINR) devices we observe
anomalous enhancement of the critical current at low temperatures. In contrast to conventional
junctions, as a function of the decreasing temperature T, the increasing critical current I exhibits
a sharp upturn at a temperature around 20% of the junction critical temperatures for several
different samples and various gate voltages. The Ic vs. T demonstrates a short junction behavior
for > but crosses over to a long-junction behavior for < with an exponential T-
dependence. We attribute the long-junction behavior to low-energy Andreev bound states
(ABS) arising from winding of the electronic wavefunction around the circumference of the

topological insulator nanoribbon (TINR).

M. Kayyalha et al., arXiv:1712.02748 (2017)
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Impact of Thermal Fluctuations on Transport in
Antiferromagnetic Topological Dirac Semimetals

Youngseok Kim!? and Matthew J. Gilbert!-*?

!Department of Electrical and Computer Engineering, University of lllinois — Urbana-
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2Micro and Nanotechnology Laboratory, University of Illinois — Urbana-Champaign,
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3Department of Electrical Engineering, Stanford University, Stanford, CA 94305, USA
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Recent demonstrations on manipulating antiferromagnetic (AF) order have triggered a growing
interest in antiferromagnetic metal, and potential high-density spintronic applications [1]
demand further improvements in the anisotropic magnetoresistance (AMR). The
antiferromagnetic semimetals (AFS) are newly discovered materials that possess massless
Dirac fermions that are protected by the crystalline symmetries. In this material, a reorientation
of the AF order may break the underlying symmetries and induce a finite energy gap. As such,
the possible phase transition from the semimetallic to insulating phase gives us a choice for a
wide range of resistance, ensuring a large AMR. To further understand the robustness of the
phase transition, we study thermal fluctuations of the AF order in AFS at a finite temperature.
For macroscopic samples, we find that the thermal fluctuations effectively decrease the
magnitude of the AF order by renormalizing the effective Hamiltonian. Our finding suggests
that the insulating phase exhibits a gap narrowing at elevated temperatures, which leads to a
substantial decrease in AMR. We also examine spatially correlated thermal fluctuations for
microscopic samples by solving the microscopic Landau-Lifshitz-Gilbert equation, finding a
quantitative difference in the gap narrowing effect from that of the macroscopic sample. For
both cases, the semimetallic phase shows a minimal change in its transmission spectrum,
illustrating the robustness of the symmetry-protected states in AFS [2]. Our finding may serve

as a guideline for estimating and maximizing AMR of the AFS samples at elevated temperatures.

[17Y. Kim et al., Phys. Rev. B, 97, 134415 (2018)
[2] Y. Kim et al., Phys. Rev. B, 98, 024409 (2018)
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Fig.1: The band structure of a non-Hermitian Chern insulator = — ¢ o+ ( - )— ,where =02 eV
and = 0.125 eV. The real part of the spectrum is gapped by the mass term and the non-Hermitian contribution shifts the
eigenvalues in the complex plane. Since the bands are separable, meaning that the eigenvalues at each momentum do not
coincide in the complex plane, the bands retain their Chern number classification

Fig.2: The spectral function of the non-Hermitian Chern insulator with the same parameters as Fig.1. The non-Hermitian
part of the Hamiltonian causes the spectral density to broaden, resulting in a gapless spectrum. As such, there is not a clear
distinction between the two separable bands, obscuring the connection between the Hall conductivity and the Chern numbers
of the bands.

Fig.3: The Hall conductivity of the non-Hermitian Chern insulator with =1 eV as a function of the broadening, g,
calculated via the Ishikawa-Matsuyama formula. Although the bands retain their Chern number classification, non-zero
broadening causes the loss of topological quantization of the Hall conductivity. This exemplifies the breakdown of the
relationship between topological invariants of bands and transport observables.
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Honeycomb Semiconductors and their Artificial Analogues

Daniel Vanmaekelbergh!, Marlou Slot!, Thomas Gardenier!, Saoirse Freeney', Ingmar Swart!,
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!Debye Institute for Nanomaterials Science, University of Utrecht, Netherlands;
Institute for Theoretical Physics, University of Utrecht, Netherlands
2JEMN, Lille, France
d.vanmaekelbergh@uu.nl

Geometric semiconductors: When a nanoscale periodicity is superimposed on a 2-D
semiconductor system, the band structure can be deeply influenced. The honeycomb geometry
is most prominent in this respect: the band gap of the semiconductor remains comparable to
that of a quantum well, but the highest valence and lowest conduction bands show a linear
dispersion around the K-points (as fro graphene). As a consequence, such honeycomb
semiconductors are constituted to host massless electrons and holes by doping or optical
excitation. 2-D semiconductors with a honeycomb geometry have been prepared in two ways:
by bottom-up self-assembly of nanocrystals, or by top-down lithography.[ | In this lecture, I will
show the progress that we made on the self-assembly and lithographic pathways. The Dirac-
type band structure and the first spectroscopic results will be discussed as well. In this field, the
progress is steady but slow, as honeycomb semiconductors show several types of structural
disorder.

Artificial systems as model quantum simulators: Meanwhile, artificial systems can be built
atom-by-atom in an STM and the relation between the 2-D potential landscape and band
structure can be investigated for nearly any 2-D geometry. We used the surface electrons of a
Cu (111) surface, and forced them into a Lieb- or honeycomb geometry by positioning repulsive
CO in an appropriate geometry. In fact, we engineer artificial atomic sites positioned in a lattice,
and control the quantum coupling between these sites. The electronic band structure can be
probed by measurement of the local density of states (DOS). The results are understood in the
framework of muffin tin and tight-binding calculations.

Artificial Lieb Lattice: The Lieb lattice is a square depleted lattice, with corner sites and edge
sites. When only coupling between the nearest neighbor sites is accounted for, the lowest bands
form a Dirac cone, crossed by a flat-band. This band structure is due to coupling of the S-type
orbitals of the artificial sites. Our experimental results show that also next-to-nearest neighbor
coupling must be taken into account. Moreover, at higher energy we find bands due to coupling

of the on-site p-orbitals.
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Electron Transport in Quasi-1D ZrTes van der Waals Nanoribbons:
Extraordinary High Current Density and Unique Noise Characteristics

Adane Geremew', Sergey Rumyantsev!*?, Tina T. Salguero®, and Alexander A. Balandin'

!Nano-Device Laboratory (NDL), Department of Electrical and Computer Engineering,
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As scaling in the CMOS technology continues, there is a growing need for new materials that
can be used for nanometer-scale local interconnects and device channels. The current density
sustained by Cu interconnects in the state-of-the-art CMOS technology is ~ 2 MA/cm?. We have
recently proposed that quasi-one-dimensional (1D) van der Waals materials, namely transition
metal trichalcogenides (TMTs) MX3 (where M = Mo, Ta, W, Zr and X = S, Se, Te), may have
properties attractive for applications in nm-scale electronics [1-2]. Similar to transition metal
dichalcogenides (TMDs), which exfoliate into 2D layers, TMTs exfoliate into quasi-1D atomic
chains or threads [1-2]. Such quasi-1D materials can be made, in principle, into ultimately
downscaled nanowires with a cross-section of ~1 nm x 1 nm, which corresponds to an
individual atomic chain. We discovered that several quasi-1D nanowires reveal an exceptionally
high current density. The quasi-1D metallic TaSes nanowires have the breakdown current
density exceeding Jg~10 MA/cm? [1]. We demonstrated that ZrTes nanoribbons can sustain a
record high current density Jg~100 MA/cm? [3]. The fact that ZrTe; can exhibit both metallic
and semiconducting properties makes our results even more important for future downscaled
electronics. We also have found that quasi-1D ZrTes reveal unusual low-frequency noise
characteristics, which have to be taken into account in electronic designs.

Acknowledgments: This work was supported, in part, by the Semiconductor Research Corporation (SRC)
contract 2018-NM-2796: 1D van-der-Waals Metals: Ultimately-Downscaled Interconnects with
Exceptional Current-Carrying Capacity, and by the National Science Foundation (NSF) through the
Emerging Frontiers of Research Initiative (EFRI) 2-DARE project: Novel Switching Phenomena in
Atomic Heterostructures for Multifunctional Applications (NSF EFRI-1433395).

[1] M.A. Stolyarov et al., Nanoscale 8, 15774 (2016)
[2] G. Liu et al., Nano Lett. 17, 377 (2017)
[3] A. Geremew et al., IEEE Electron Device Lett. 39, 735 (2018)
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Fig.1: Transmission electron microscopy analysis of ZrTes
crystals. a) A bundle of nanowires on copper grid. (b) A HR-TEM
image of a ZrTe; crystal. (c) A diffraction pattern. (d) Indexed
planes for ZrTes. Scale bars in (a), (b) and (d) are 90 nm, 5 nm and
1 nm, respectively.

Fig.3: High field 1-V characteristics of the best quasi-1D ZrTe;
nanoribbon device. The apparent breakdown current density,
calculated with the AFM measured thickness and SEM measured
width, corresponds to ~3x108 A/cm?, reached at the voltage bias
of ~1.6 V. The current shows some signs of instability at V=1.2 V
indicating that some atomic threads started to break. The inset
shows low-field I-V characteristics of quasi-1D ZrTe; devices with
different channel lengths used for the contact resistance extraction.
The data indicate the Ohmic nature of the contacts and channel.

978-3-901578-32-8

Fig.2: (a) SEM image of a shadow mask with TLM structure patterned
on 500-pm thick Si/SiO, wafer. (b) Top-view SEM image of the TLM
pattern, (c) AFM image of the quasi-1D ZrTe; nanoribbon device (~
33-nm thick) fabricated using the shadow mask. (d) SEM image of
another quasi-1D ZrTe; nanowire device with a different cross-
sectional area. The scale bars in (a) (b) and (d) are 50 mm, 1 mm and
1 mm.
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Fig.4: Normalized noise spectrum density as a function of frequency
for ZrTe; nanoribbon devices with various cross-sections. The inset
shows AFM image of the fabricated structure with the devices.
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We investigate different back-gate dielectrics to improve the traditionally slow response time
of high-responsivity graphene quantum-dot photodetectors. The combination of high-mobility
graphene with photo-active semiconductor quantum dots produces size-tunable optical
detectors with a photoresponsivity as high as 10® A/W [1]. However, these responses are
typically limited to response times greater than a second due to charge traps at the graphene
quantum-dot interface and large quantum-dot relaxation times [2]. We show that a graphene
quantum-dot device fabricated on a 50nm aluminum oxide (Al,O3) dielectric achieves response
times lower than 600 milliseconds, and is considerably faster than a similar device on 300nm
silicon dioxide (Si0O>) that possesses a response time greater than 5 seconds.
Two similar graphene quantum-dot devices are fabricated with different back-gate dielectrics
as shown in Figures 1 and 2. After the graphene deposition and titanium-gold metallization,
1200nm lead sulfide (PbS) quantum dots with ethanedithiol (EDT) ligands are spincoated onto
the devices. The devices are illuminated with a 405nm (100pW) laser source and the
photocurrent is measured. Figures 4, 5, and 6 show a significant increase in speed when the
Al>,03 sample reaches -5V. We believe this is due to trap-assisted tunneling occurring in the
AL O3 interface. Due to Al,Os3’s higher dielectric constant compared to SiO2 (-, ,= 9.5,
,=3.9), it has been shown that the increased polaronic interaction produces a higher number
of carrier traps [3]. This phenomenon in addition to the Al20O3’s reduced thickness allows the
back-gate voltage to induce vertical tunneling through these intermediate traps, and expedite
quantum-dot relaxation. This is supported by similar drain-to-source current (Ids) and gate
current (Ig) responses in the A1>O3 sample when subjected to incident light in Figure 3. Further
efforts aim to fully characterize the impact different dielectrics have on improving response
times of these high-responsivity devices.
[1] G. Konstantatos et al., Nat. Nanotechnol. 7, 363 (2012)
[2] C.H. Liu et al., Nat. Nanotechnol. 9, 273 (2014)
[3] M. Nugraha et al., ACS Appl. Mater. Interfaces 9, 4719 (2017)
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[5] G. Gaddemane et al., Phys. Rev. B 98, 115416 (2018)
[6] B. Liao et al., Phys. Rev. B 91, 235419 (2015)
[7] D. Nagy et al., IEEE J. Electron Devi. Soc. 6, 332 (2018)
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Fig.1: A schematic of the device simulated. The device is n-doped at
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the source and drain extension with a doping density of 1x10" cm™.
The gate (L,) and the channel length (Lchanner) are taken to be 10 and
6 nm respectively. A 2 nm Al,O5 oxide (0.7 nm EOT) is used for the
oxide layer between the gates and the 2D material.
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Fig.2: The potential energy profile (left) and charge density (right)
along the 2D layer for various V, at a constant V4= 0.3 V.

Fig.3: Contour plot of the potential energy for the off- (top) and on-state (bottom) calculated at V4= 0.3 V.

Fig.4: The potential energy and superparticle distribution plot along the 2D layer for the off- (left) and on-state (right).
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Fig.5: The output (left) and transfer (right) characteristics obtained for our device. Excellent gate control (SS ~62 mV/dec) is observed.
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Fig.1: Coplanar waveguides for pulse measurements. Fig.2: Joule heating and Charge trapping in Bilayer Graphene at different fields.
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Devices utilizing plasma wave generation are promising candidates for the realization of
compact solid-state sources, capable of operating efficiently at THz frequencies. Plasma wave
generation can occur when the current flowing through a device exceeds a threshold value,
allowing initial plasma excitation produced by ambient noise to be amplified after reflection
from the edges of a statically-biased gate. In order to observe such amplification, however, the
impedance at the ends of the cavity should be highly asymmetric, i.e. low at the source and high
at the drain [1]. While significant experimental effort has focused on implementing plasmonic
THz devices, the power radiated into free space has proven to be too weak for practical use.
One of the main reasons for this problem is the difficulty in creating asymmetric cavity
boundaries. To address this issue, in this work, we show that etching a constriction near (~100
nm away from) the gated region of a HEMT can yield the high impedance required on the drain
side of the cavity, thus yielding the conditions needed to trigger plasma-wave amplification.

Our devices (Fig.1) are fabricated on an InP based InGaAs/InAlAs heterostructure chip, in
which the constriction is defined by wet etching. The onset of plasma-wave amplification is
manifested in transport measurements, as an additional dissipation channel that causes a small
but sudden drop in the DC current through the channel (Figs. 2 & 3). The significance of the
boundary conditions manifests itself when the current direction is reversed (thereby reversing
the cavity boundary conditions). In this case, the current instability of Figs 2 & 3 is no longer
observed. Our work, realizing reliable asymmetric boundaries required for plasma wave
amplification, therefore provides an important step to the realization of compact solid-state THz

plasmonic transmitters.

[1] M. Dyakonov and M. Shur, Phys. Rev. Lett. 71, 2465 (1993)
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Fig. 1: (a) Mesoscopic fluctuations present in TiS3’s insulating state. (b) Results of three successive measurements, demonstrating the reproducibility

of the fluctuations. (c) Non-monotonic dependence of the fluctuation magnitude on temperature.
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Fig.1: Schematic diagram of nanoscale multi stacking IZO TFTs  Fig.3: Current as a function of ©, for p=1, I'w/I'r = 10, o /T = 1,
structure. I'r T) = 10, and several values of T»/T).

Fig.2: Transfer characteristics curve nanoscale multi stacking IZO  Fig.4: Dynamic response of n-channel inverter under different
TFTs. voltage impulses when the value of the load resistor is 1 MQ. The
value of voltage impulses is 100Hz.
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[
[
[
[4] N. Nishizawa et al., Appl. Phys. Express 11, 053003 (2018)
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]
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Fig.1: Schematic illustration of in vivo detection
of tumor tissues using a spin-LED, a CP emitter,
and a spin-PD, a CP detector. These devices are
supposed to be integrated into an endoscope that
is shown on left- top side of the figure.

Fig.3: (a) A photograph of a sliced
murine tissue of liver metastasis.
Blue and red circles show focus
points in non-cancerous and
cancerous parts, respectively. (b)
Polarization plots of scattering
light on the Poincaré sphere.
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in Advanced Spin-Orbit Torque MRAM by Two-pulse Switching
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The spin-orbit torque magnetic random access memory (SOT-MRAM) combines non-volatility,
high speed, and high endurance. It is suitable for applications in caches to mitigate the increase
of dissipated power and to facilitate instant-on architectures. However, its development is still
hindered by the need of an external magnetic field for deterministic switching of perpendicular
magnetic layers [1]. We demonstrate that the switching scheme by means of two orthogonal
current pulses previously suggested for in-plane structures [2] allows achieving deterministic,
fast (sub-500ps), and magnetic field-free switching in perpendicular free magnetic layers of
rectangular shape [3].

A perpendicularly magnetized free layer of the dimensions 52.5x12.5x2nm? is grown on top of
a heavy metal wire NM1 of 3nm thickness (Fig.1). A NM2 wire with a non-complete overlap
from the right side of the free layer serves to apply the second perpendicular current pulse and
the spin-orbit torque associated with it. First, a 100ps short and 100pA strong current pulse is
applied through NM1 (Fig.1). The consecutive perpendicular current pulse of varying strength
and duration is applied through NM2. The time dependent magnetization dynamics for 20
realizations is shown in Fig.2. Although the NM2 current is large (1mA), it does not provide a
deterministic switching as it only orients the magnetization in-plane. However, when the current
is decreased to 200pA, the switching becomes deterministic, for all 20 realizations (Fig.3). If
the current of the “Write pulse 2” is further reduced to the value of that in the “Write pulse 17,
the switching becomes unreliable (Fig.4). However, if the width of NM2 is reduced to 12.5nm
(width of NM1), the switching becomes deterministic again (Fig.5). Fig.6 shows the
dependence of the switching time on the NM2 width, for several durations of “Write pulse 2”.
Importantly, for NM2 widths around 12nm the switching is not only fast, but also not very

sensitive to the width and pulse duration fluctuations.

[1] S. Fukami et al., Nature Nanotechnol. 11, 621 (2016)
[2] A. Makarov et al., Semicond. Sci. Technol. 41, 113006 (2016)
[3] V. Sverdlov et al., Solid-State Electron., submitted (2018)
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Fig.1: Perpendicular SOT-MRAM memory cell with a 52.5nm x
12.5nm x 2nm free layer. After the 100ps/100pA current pulse the
second perpendicular pulse is applied.

Fig.2: Time evolution of the magnetization in two-pulse switching
(second pulse 1mA/200ps). 20 different switching realizations
obtained after 100ps initial thermalization are shown.
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Fig.4: Randomly chosen realizations for a current of 100pA in the
second pulse, for several pulse durations. Surprisingly, the switching
fails for longer pulses. NM2 has a complete overlap with FL.

Fig.5: For equal wires NM1 and NM2 (NM2 has a partial overlap)
and equal currents of 100pA the switching becomes fast and
deterministic.
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Fig.3: The current in the second pulse is 200pA. All 20 realizations
switch evenly, almost without dispersion. The switching is
deterministic. NM2 overlaps fully with FL.
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Fig.6: The switching time as a function of the NM2 width. The NM2
width of 12.5nm is optimal as it guarantees fast, robust, and
deterministic switching.
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EuTiOs (ETO) is a magnetic semiconductor, in which 4f " moment on Eu?" site orders in G-
type antiferromagnet below 5.5 K and transforms into ferromagnet under a magnetic field above
3T. Electron carriers are readily doped in Ti t2, conduction band by the substitution of Eu?" with
La*". A decade ago, we examined the anomalous Hall effect (AHE) in ETO to find that the AHE
changes its sign depending on the Fermi level position relative to the band crossing point [1]
for low mobility (30 cm?/Vs) films grown by pulsed laser deposition. By developing a
metalorganic gas source molecular beam epitaxy (MOMBE) at very high substrate temperature,
the quality of oxide films has been dramatically enhanced to materialize the high electron
mobility (20,000 ¢cm?/Vs) quantum well system of La-doped SrTiO; (STO) that can host
quantum Hall effect [2]. We have extended the synthesis to compressively strained EuTiOs
films (300 cm?/Vs ) by MOMBE to observe novel Hall effect arising from magnetic monopole
at the Wyle nodes created by crystal-field and Zeeman splittings of Ti 3d bands [3].

We now discuss the transport properties of 100nm thick ETO films grown on lattice-matched
STO substrates by the MOMBE. Despite there are two unfavorable conditions compared with
STO case, magnetic moment on Eu site and absence of quantum paraelectricity, the electron
mobility exceeds 3,000 cm?/Vs at 2 K, Shubnikov—de Haas (SdH) oscillations being clearly
observable in high magnetic field. This quantum transport provides opportunities to discuss the
detailed band structures with taking into account the Zeeman splitting and exchange coupling

between Eu 4f and Ti 3d electrons.

[1] K.S. Takahashi et al., Phys. Rev. Lett. 103, 057204 (2009)
[2] Y. Matsubara et al., Nat. Commun. 7, 11631 (2016)
[3] K.S. Takahashi et al., Sci. Adv. 4, eaar7880 (2018)

136
978-3-901578-32-8








mailto:mbatzill@usf.edu




2018 Workshop on Innovative Nanoscale Devices and Systems (WINDS)

Enabling Optically Forbidden Transitions by Extreme Localization of Light

Hayk Harutyunyan', Alexander Govorov?, Gary Wiederrecht’, and Stephen K. Gray’

'Emory University, Department of Physics, Atlanta, GA 30322, USA
2Department of Physics and Astronomy, Ohio University, Athens, OH 45701, USA
3Center for Nanoscale Materials, Argonne National Laboratory, Lemont, IL 60439, USA
hayk.harutyunyan@emory.edu

In bulk materials, optical properties and electronic transitions are thought to be fully determined
by the electronic band structure. The ability to tune these material properties enables novel
functionalities in optical and photonic applications. In the quest to achieve controllable
modification of the optical properties of materials, the most widely used approach is the
engineering of their electronic structure. This is typically achieved by nanoscale manipulation
of material structure and composition which in turn control the electronic transitions and
electronic states. Thus our ability to control the optical properties of materials are typically
limited by the choice of the constituent materials.

One additional parameter that can affect the nature of photo-assisted electronic transitions is
the photon momentum. Typically, the momentum of the free-space photon is negligibly small
compared to electron momenta which results in “near-vertical” electronic transitions with no
change in momentum [1]. Extreme, nanometer-scale localization of electromagnetic fields can
fundamentally change this picture by breaking the translational symmetry. In this talk we will
discuss this idea by exploring nanometer-scale light confinement using plasmonic structures.
Real-space confinement results in large field wavevectors in the momentum-space leads to the
breakdown of the diploe approximation, thus opening up new pathways for plasmon-assisted
optical transitions in materials. By effectively creating “large momentum photons” using our
plasmonic/dielectric nano-architectures and metamaterials we achieve novel “non-vertical”
electronic transitions in materials (Fig. 1). Number of forbidden electronic transitions will be
discussed including intraband free carrier absorption in noble metals and interband transitions
in Si. We will show that lifting the selection rules that forbid these transitions can lead to novel
physical phenomena ranging from efficient hot carrier generation (Fig. 2) to ultrafast

femtosecond-scale nonlinear modulation of the optical signal with large amplitudes [2].

[1] H. Harutyunyan et al., Nature Nanotechnol. 10, 770 (2015)
[2] T. Heilpern et al., Nature Commun. 9, 1853 (2018)
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Fig.1: (a) Circular-polarization specific EL spectra for three different current densities. (b) EL intensity and circular polarization Q as a
function of current density. (c) Temporal profiles of electrical polarization switching at 100 kHz.

Fig.2: Schematic diagram that summarizes a model incorporating non-linear effect at high J, region: a conventional linear behavior (case
1), abehavior considering non-linear effect (case 2), and schematic illustrations of a black box model (left bottom) and simplified radiative
recombination (right bottom).

Fig. 3: Calculated S*and S~ using a model incorporating current-  Fig. 4: Calculated Q values as a function of reduced current JO on
induced non-linear effect as a function of reduced current density.  the basis of data shown in Fig. 3.

Here, S*and S~ are intensities of right- and left-circular polarization

EL, respectively.
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Fig.1: (a) schematic representation of the laser cavity under consideration. (b) Predicted evolution of the frequency splitting between the two
eigenstates and their polarization state as a function of the ratio r between the circular dichroism of gain AGy and the linear birefringence of
phase y. (€) Experimental observation of output polarization orientation and ellipticity when the optical pump is respectively linearly (Lin) and
circularly (s 7, s *) polarized. The residual linear birefringence of laser cavity is tentatively compensated in this experiment.

(b)

(a)

(c)

Fig.2: (a) schematic representation of the laser cavity under consideration. The Faraday rotator enables to match the laser eigenstates with that
of the spin injected active medium. (b) Predicted evolution of the polarization of the two eigenstates as a function of the linear birefringence
v. The presence of a Faraday rotator inside the cavity makes the frequency splitting between the two eigenstates null. In this situation the two
circular eigenpolarizations are not sensitive to the gain circular dichroism AGy anymore. Nevertheless, AGy plays, as a trigger, on the gain
asymmetry of the two eigenstates favoring polarization switching. (C) Experimental observation of polarization ellipticity at the output of the

laser when the optical pump is switched from s "to s *.
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