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Welcome to NPO2022

We are pleased to welcome you to the 8th International Workshop
on Nanocarbon Photonics and Optoelectronics (NPO2022) that
continues a series of meetings organized by the University of
Eastern Finland. Since 2008, NPO Workshops have been bringing
together research leaders from both academia and industry to
discuss the latest achievements in this rapidly developing area of
modern physics and nanotechnology, with a strong focus on new
carbon nanomaterials. We hope that you will enjoy both the
scientific and the social program of NPO2022.

The NPO2022 Workshop publication will appear in a special issue
of physica status solidi (b) — basic solid state physics. Guest Editors
of the special issue are Alexander Obraztsov and Yuri Svirko.
Workshop participants will be invited to contribute.

Despite the COVID-19 pandemic and ongoing travel restrictions
NPO2022 has attracted sixty researchers and students from around
the globe. We are very grateful to all participants for taking part in
the Workshop. We also thank our sponsors for their financial
backing, which has allowed us to support our lecturers and
students.

We hope that the NPO2022 will expand on the success of previous
Workshops, while the magnificent scenery will allow all
participants to enjoy the beauty of the Finnish Lakeland.

Alexander Obraztsov
Yuri Svirko

NPO2022 Co-Chairs
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Layered Quantum Materials: Characterization and Applications

Andrea C. Ferrari
Cambridge Graphene Centre, University of Cambridge, Cambridge CB3 OFA,
UK acf26 @cam.ac.uk

Layered Materials (LMs) have potential for quantum technologies, as scalable sources of single photon emitters
(SPEs) [1,2]. LM heterostructures can be built with tuneable properties depending on the constituent materials
and their relative crystallographic orientation [3,4]. Quantum emitters in LMs hold potential in terms of
scalability, miniaturization, integration. Generation of quantum emission from the recombination of indirect
excitons in heterostructures made of different LMs is a path with enormous potential. I will discuss how LM
combinations can be used to generate SPEs and confinement of interlayer excitons [5].

[1] C. Palacios-Berraquero et al., Nat. Commun. 8, 15093 (2017)
[2] C. Palacios-Berraquero, et al., Nat. Commun. 7, 12978 (2016)
[3] P. Rivera et al., Nat. Nanotech. 13,1004 (2018)

[4] M. Barbone et al. Nat. Commun 9, 3721 (2018)

[51 A. R. P. Montblanch et al. Commun Phys. 4, 119 (2021)
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Terahertz emission from photoexcited carbon nanostructures

R. R. Hartmann' and M. E. Portnoi2
!Physics Department, De La Salle University, 2401 Taft Avenue, 0922 Manila, Philippines
Physics and Astronomy, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom
m.e.portnoi@exeter.ac.uk

One of the recent trends in bridging the terahertz (THz) gap in electromagnetic spectrum is to use carbon-based
nanostructures [1]. Following our earlier work on narrow-gap carbon nanotubes and graphene nanoribbons [2],
as well as graphene bipolar waveguides [3] and double quantum wells [4], we consider terahertz (THz)
transitions in two other types of nanocarbons — carbynes and cyclocarbons.

The technology of synthesizing carbynes (also known as linear acetylenic or polyynic carbons) has evolved
rapidly over the last few years [5], with stable long chains deposited on substrates now being a reality. A
prominent feature of long polyyne chains (chains with two alternating non-equal bonds) is the presence of
topologically protected mid-gap edge states. For a finite-length chain the two edge states form an even and odd
combination with the energy gap proportional to the edge-state overlap due to tunneling. These split states of
different parity support strong dipole transitions. We have shown [6] that for long enough (over 18 atoms)
carbyne chains, the energy separation between the HOMO and LUMO molecular orbitals formed by the edge
states corresponds to the THz frequency range. There are several other allowed optical transitions in this system
which can be used to maintain inversion of population required for THz lasing.

Another recent achievement in nanocarbon technology is a demonstration of controlled synthesis of
cyclocarbons, in particular cyclo[18]carbon allotrope [7]. The properties of cyclocarbons in an external electric
field differ drastically depending on the parity of the number of dimers in a polyyne ring. This is a direct
consequence of breaking the inversion symmetry in a ring consisting of an odd number of dimers, including the
famous C18. Our estimates [8] show that adding just one extra carbon dimer to C16 is equivalent to placing this
molecule in an external magnetic field of 10* T. For an odd-dimer cyclocarbon, as a result of the inversion
symmetry absence, an experimentally attainable electric field should open a tunable gap between otherwise
degenerate states leading to two states with allowed dipole transitions between them in the THz range. A
population inversion can be achieved again using optical pumping.
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Nanoengineering and electrochemical probing of carbon
nanostructures in TEM

Dmitri V. Golberg
School of Chemistry and Physics and Centre for Material Science, Queensland University of Technology (QUT), 2 George str., Brisbane,
4000, Australia
dmitry.golberg@qut.edu.au

1. Introduction

Uncovering mechanical, electrical and optical properties of a carbon nanomaterial, in particular on the
individual nanostructure level, is of key importance once its smart integration into modern nanotechnologies is
concerned. However, in many cases, these properties have been measured by means of the instruments without
direct access to the material atomic structure, its crystallography, and existing defects. Therefore, the acquired
results can hardly be linked to a particular morphology, structure, and defect networks. A wide scatter of data
has commonly been observed between various samples and research groups. This has typically confused
engineers and technologists and led to many uncertainties with respect to carbon nanomaterials’ emerging
applications.

2. Summary of results

I will demonstrate how diverse state-of-the-art in situ transmission electron microscopy (TEM) techniques can
be effectively employed for a detailed property and function analysis of carbon nanomaterials, e.g., individual
nanotubes and graphene-like nanosheets [1-3]. Young’s moduli, fracture strength and toughness, plasticity and
electrical conductance may now be precisely determined inside TEM, while employing piezo-driven probes,
sensors and nanomanipulators inserted into the microscope column (Fig. 1).

A B

CNT intramolecular transistor (23,18)@(18,10) (21,18)@(17.7)
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Fig. 1. Fabrication of a CNT intramolecular transistor. () Schematics of a CNT transistor with local chirality transformed by mechanical
strain and Joule heating. (B) TEM image of a single-wall CNT transistor with a fixed source electrode, a probe as drain electrode, and
another probe as gate. (C) Lattice-resolved TEM images and FFT patterns of a double-wall nanotube before and after chirality transition [3].
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Disordered hyperuniform configurations from artificial atoms to
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Disordered hyperuniform configurations [1,2] of a material are statistically isotropic but able to suppress density
fluctuations at large length scales (long wavelengths), similar to periodic crystals, but with no Bragg peaks.
These exotic configurations exhibit interesting properties, explored for various device applications, showing
significantly and consistently better performance than their crystalline counterparts [3—8]. Unfortunately, these
configurations have been fabricated mainly using additive manufacturing or chemical etching techniques. We
recently provided evidence that it is possible to self-assemble disordered hyperuniform configurations with the
flexibility of visiting various hyperuniform configurations [9]. Here, I will speculate on the exciting prospects of
using our universal dissipative self-assembly methodology to create 2D disordered configurations atom-by-atom
from an extensive material library.

A 2D disordered hyperuniform configuration

Suppressed density fluctuations at large wavelengths

150 ; + T T t
—— R? (Non-hyperuniform) = — x R In(R) ‘
—— R In(R) (Class II) O Reciprocal-space
—— R (Class I) * Real-space
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Momentum alignment of photoexcited carriers in low-
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Devices made from conventional semiconducting materials manipulate electron flow based on their charge or
spin (spintronics), the later offers the promise to revolutionize the way we do computing. In graphene and
graphene-like materials, there is an alternative electron property which can be harnessed for device applications:
the so-called valley degree of freedom, which could be utilized in an analogous manner to spin in spintronics
and has been suggested as a basis for carrying information in graphene-based devices. The ability to control the
valley degree of freedom practically is still an outstanding problem. We have proposed a new method of control,
using linearly polarized light, to open the door to optovalleytronics.

One of graphene’s most widely known optical properties is its universal absorption, defined through the
fine-structure constant, which holds true across a broad range of frequencies from the sub-infrared into the
visible. A lesser-known feature is that linearly polarized light creates a strongly anisotropic distribution of
photoexcited carriers with their momenta predominantly aligned normally to the polarization plane [1]. We
show how this momentum alignment effect together with graphene’s spectrum anisotropy (trigonal warping) at
high energies can be utilized for the spatial separation of carriers belonging to different valleys in graphene and
gapped graphene-like materials. The optical control of valley polarization in gapped 2D Dirac materials such as
phosphorene and single-layer transition metal dichalcogenides can also be achieved via a well-known effect of
using circularly polarized light. In gapped materials, the optical selection rules associated with linearly polarized
light of near-band-gap energies are valley-independent, in stark contrast to the valley-dependent optical
selection rules associated with circularly polarized light. This valley dependence of the circularly-polarized
transitions can be utilized to measure the degree of valley polarization induced by linearly polarized light of
high (well above the band gap) energies, by analyzing the degree of circularly polarization of the band-edge
luminescence at different sides of the light spot.

The celebrated Rashba effect, caused by substrate-induced system asymmetry, leads to a strong anisotropy in
the low-energy part of the spectrum (near the Dirac cone apex in graphene). This results in optical valley
separation by a linearly-polarized excitation at much lower frequencies compared to the high-energy trigonal
warping regime discussed above. Accounting for the Rashba term shows that it is possible to control valley and
spin spatial distributions using linearly-polarized photoexcitation of both low and high frequencies.

The momentum alignment phenomenon also explains the effect of the giant enhancement of the band gap
edge interband optical transition rate in narrow-gap carbon nanotubes and graphene nanoribbons which occurs
in the terahertz frequency range [2], thus opening a route for creating novel terahertz radiation emitters.
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Optics of two-dimensional materials hosting tilted Dirac cones

A. Wild, E. Mariani and M. E. Portnoi
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We analyse the interband optical absorption of linearly polarised light by 2D Dirac semimetals hosting tilted
Dirac cones in the band structure [1]. Super-critically tilted (type-II) Dirac cones are characterised by an
absorption that is highly dependent on incident photon polarization and tuneable by changing the Fermi level
with a back-gate voltage. Unlike their sub-critically tilted (type-1) counterparts, type-II Dirac cones have open
Fermi surfaces meaning that there exist large regions of the Brillouin zone where both bands sit either above or
below the Fermi level causing many states that would otherwise contribute to absorption to be Pauli blocked.
We analyse Dirac cones featuring tilt as well as anisotropy in the Fermi velocity, yielding a wide range of
qualitatively unique absorption spectra. Guided by our in-depth discussion we develop an optical recipe to fully
characterise the tilt and Fermi velocity anisotropy of any 2D tilted Dirac con