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Plenary



All-optical control of magnetism:
from fundamentals to brain-inspired computing concepts

Theo Rasing
Radboud University, Institute for Molecules and Materials, Heijendaalseweg 135,
6525AJ Nijmegen, the Netherlands
th.rasing@science.ru.nl

The ability to switch magnets between two stable bit states is the main principle of digital
data storage technologies since the early days of the computer. Due to many new ideas,
originating from fundamental research during the last 50 years, this technology has developed in
a breath-taking fashion. However, the explosive growth of digital data and its related energy
consumption is pushing the need to develop fundamentally new physical principles and materials
for faster, smaller and more energy-efficient processing and storage of data.

Since our demonstration of magnetization reversal by a single 40 femtosecond laser pulse,
the manipulation of spins by ultra-short laser pulses has developed into an alternative and energy
efficient approach to magnetic recording. Using plasmonic antennas, this was demonstrated even
down to the nanometer length scale and requiring only tens of femtoJoule per bit. However, new
ICT technologies, such as Artificial Intelligence push the exponentially increasing energy
requirement of data processing even more. Therefore, the development of radically new physical
principles that combine energy-efficiency with high speeds and high densities is crucial for a
sustainable future. One of those is neuromorphic computing, that is inspired by the notion that
our brain uses a million times less energy than a supercomputer while, at least for some tasks, it
even outperforms the latter.

In this talk, I will discuss the state of the art in ultrafast optical manipulation of magnetic
bits and present some first results and the potential of optical control of magnetism to implement
brain-inspired computing concepts in magnetic materials.
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Polariton Simulators: a newcomer to problem-specific solvers

Pavlos Lagoudakis
Skolkovo Institute of Science and Technology, Russian Federation
University of Southampton, UK

There are problems in science and engineering that require computing time exceeding the
age of the Universe or that are by nature incalculable and that therefore neither a "classical" nor a
"quantum" computer can solve. Some of these challenging problems can be addressed by
simulators, also known as optimizers, by mapping the cost function of the system to the
Hamiltonian of the optimizer and looking for the ground state. The search for an optimal solution
is then similar to looking for the lowest point in a mountainous terrain with many valleys,
trenches, and drops. Such a search may seem daunting in natural terrain, but it is of unimaginable
complexity in a high-dimensional space. This is the kind of problem that optimizers tackle,
where the objective is to find the minimum of a system that represents a real-life problem with
many unknowns, parameters, and constraints. Modern supercomputers can only deal with a small
subset of such problems when the dimensions of the systems to be minimized are relatively
small, or when the underlying structure of the system offers a shortcut to the global minimum.
Even a hypothetical quantum computer, when realized, would offer at best a quadratic speed-up
for the “brute-force” search for the global minimum.

We recently introduced polariton graphs as a new platform for analogue simulation [1];
based on well-established semiconductor and optical control technologies polariton simulators
could allow for rapid scalability, ease of tunability and effortless readability.

Polariton condensates can be imprinted into any two-dimensional graph by spatial
modulation of the pumping laser offering straightforward scalability. We recently demonstrated
that the phase-configuration acquired in a polariton dyad or triad is chosen from maximizing
polariton occupancy [2], while by expanding to square, and rhombic lattices as well as to
arbitrary polariton graphs we demonstrated annealing of the XY Hamiltonian through bosonic
stimulation [3]. By controlling the separation distance, in-plane wavevector, and spin [4] of the
injected condensates in polariton graphs, we acquire several degrees of freedom in the tunability
of inter-site interactions [5], whilst the continuous coupling of polaritons to free photons offers
effortless readability of all the properties of the polariton condensates such as energy,
momentum, spin, and their phase. In this talk I will discuss the implementation of polariton



simulators for the study of synthetic band-structures with non-Hermitian topological phases [6],
and solution of max-3-cut problems for practical applications [7]
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Neuromorphic photonic platform for hybrid artificial intelligence

Lorenzo Pavesi
Nanoscience Laboratory, University of Trento, Italy

Artificial intelligence is based on computing platforms which implement machine learning
software. Being inspired by the way the human brain thinks, the hardware at the basis of these
computing platforms is usually named neuromorphic. In Trento, we are developing a hybrid
neuromorphic computing platform where living neurons and photonic circuits work together. In
particular, in my talk I will describe:
1. Optogenetics approach to sculpt circuits in a neural culture
2. Light excitation of living neurons via integrated photonic circuits
3. Reservoir computing based on a silicon microring and time multiplexing for binary and analog
operations
4. A silicon photonics feed-forward neural network for nonlinear distortion mitigation in an
optical link

These activities represent a first step towards the realization of a fully artificial-biological
hybrid network.

More info at https://r1.unitn.it/back-up/
This work has received funding from the European Research Council (ERC) under the

European Union’s Horizon 2020 research and innovation programme (grant agreement No
788793)”.



Smart Fibers: From Concept to Application

Alexander Gumennik
1Indiana University Bloomington, USA
2Fibers & Additive Manufacturing Enabled Systems Laboratory (FAMES Lab), USA

Historically, fibers, while ubiquitous, are structurally primitive and functionally passive.
However, in the last two decades, a monofilament fiber produced by a thermal draw has made a
giant step away from a simple core-shell structure, familiar from the fiber optics. This
development took place due to the emergence of material processing strategies for wrapping
electronic, photonic, piezoelectric, and microfluidic devices into a fiber in quantities while
keeping them individually addressable.

Functional systems realized in a fiber revolutionize multiple application areas, including
wearables and apparel, environmental sensing, energy harvesting, and even tissue engineering.
However, the realization of high-performance electronics in fiber is a case-specific problem in
which a fabrication approach is developed per specific fiber-device performance requirements.
FAMES Lab seeks to develop a universal material processing strategy that would allow
embedding optoelectronic and photonic devices into a fiber in an ordered, addressable, and
scalable manner. Fiber-embedded optoelectronics realized in crystalline semiconductors, such as
silicon or germanium, would manifest a superior sensitivity and bandwidth, on par with
photodiodes fabricated by conventional CMOS-compatible approaches. High-Performance fiber
devices in not so distant future will intimately blend into Internet-of-Things (IoT), serving edge
sensing and computing.

The methodology developed at FAMES Lab, dubbed “VLSI for Fibers” (or “VLSI-Fi”)
embeds 3D architectures typical to integrated microelectronic and photonic devices and systems
within multi-material fibers [1]. It combines a thermal draw of 3D printed fiber preforms,
post-draw self-assembly of fiber-embedded integrated devices by a material-selective spatially
coherent capillary break-up of the multimaterial fiber cores, and a segregation-driven control of
dopant distribution in such liquid-phase assembled devices. Taking a recursive manufacturing
approach, the fiber devices resulting from 3D printed preforms can themselves serve as filaments
for 3D printing objects embedding the fiber-device functionality – be it mechanical, electronic,
or bioactive [2].

We have demonstrated a scalable fabrication of a number of basic building blocks for
integrated optoelectronics and photonics in fibers, such as photoconductive detectors,
photodiodes, and photonic gratings [3], [4]. Targeting applications ranging from quantum
sensing and computing to regenerative medicine and bioprinting, we demonstrate that VLSI-Fi
allows integrating those building blocks into systems with complex performance. We believe that
VLSI-Fi can become a new standard for the fabrication of high-performance fiber-embedded
functional systems.

References:
[1] C. Faccini de Lima et al., Nanoscale Res. Lett. 14 (2019) 209 1–16
[2] L. van der Elst et al., Advanced Fiber Materials 3 (2021) 59-75
[3] A. Gumennik et al., Nat. Commun. 4 (2013) 2216
[4] L. Wei et al., Adv. Mater., 29 (2017) 1603033



Advances in the development of compact and efficient
semiconductor based THz-sources

E.U. Rafailov
Optoelectronics and Biomedical Photonics Group, Aston Institute of Photonic Technologies,
Aston University, Birmingham, B4 7ET, UK
e.rafailov@aston.ac.uk

Novel materials, notably quantum-dot (QD) semiconductor structures, offer the unique
possibility of combining exploitable spectral broadening of both gain and absorption with
ultrafast carrier dynamic properties. Thanks to these characteristics, QD-based devices have
enhanced the properties of CW devices as well as the development of compact ultrashort pulse
lasers and opened up new possibilities in ultrafast science and technology.

In this paper we review recent progress in generation of CW and pulsed THz radiation from
QD based photoconductive antennae (PCA) pumped by ultrafast and dual wavelength
semiconductor lasers. By engineering the design of the QD structure, effective pump
wavelengths can be tuned in the range between 0.9-1.3 μm, which is well beyond the GaAs
energies, hence compact and relatively cheap ultrafast and narrow line double-wavelength
semiconductor and fibre pump lasers can be used for pumping such antennae for both pulsed and
CW THz generation.

It is well known that antennae possess a low coefficient of optical-to-terahertz conversion
due to the low quantum efficiency and carrier screening effect. To overcome these limitations, an
optical nano-antennae technique can be employed. Optical nano-antennae are resonant
nanostructures capable of transforming incident optical waves in a strong near-field. Such
nano-antennae can be used to enhance the electric field and increase the absorption cross section
in the active layers of the photoconductive antenna. We present our recent results on
enhancement of THz generation in QD based log-periodic PCA with silver nano-antennae
embedded in the antenna gap. Our first results demonstrated that using silver spheroid
nano-antennae fabricated by a relatively simple method, can increase the coefficient of
optical-to-terahertz conversion up to 4 times. We also numerically investigated THz
photoconductive antennas based on optimised plasmonic nanostructures and study the absorption
enhancement of silver and transparent-conducting oxides (TCO) nanocylinders with different
diameters by means of effective medium approximation.

In conclusion the development of an ultra-compact, efficient, room temperature THz source
is possible. The inclusion of multiple bandgap-engineered semiconductor materials and
quantum-confined structures enables additional pump absorption energy ranges and ultrafast
charge carrier dynamics, crucial in the efficient generation of THz radiation.

mailto:e.rafailov@aston.ac.uk
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Excitons in nanophotonic landscapes: fluctuating, diffusing, annihilating

T. V. Raziman
TU/e – Eindhoven University of Technology, Eindhoven, The Netherlands
t.v.raziman@tue.nl

Excitons in semiconductors such as atomically thin transition metal dichalcogenides,
perovskites, and organic crystals exhibit rich dynamics sensitive to their electronic and photonic
environments. Their fluorescence depends on their nanoscopic surroundings. Excitons disperse
through diffusion and interact with each other, notably to reduce light emission at high densities
through exciton-exciton annihilation. Here, we present our experimental and theoretical results
on the fluctuation, diffusion, and annihilation of excitons near nanostructures.

Figure 1. (Left) Fluorescence from a monolayer semiconductor shows blinking over large
domains due to environmental interaction. (Right) Exciton diffusion and exciton-exciton
annihilation affect the photoluminescence enhancement of nanophotonic structures.

First, we will demonstrate that an atomically thin semiconductor can display substantial
temporal fluctuations in fluorescence intensity influenced by its environment [1]. We show
blinking and flickering synchronized over monolayer domains tens of micrometers in size. We
analyze the fluctuation statistics to draw analogies with blinking in conventional quantum dots.
Second, we will discuss strategies to increase the amount of photons emitted by a semiconductor
based on nanophotonic enhancement [2]. We demonstrate that as excitons in a thin film diffuse
through optical hotspots near a nanoantenna, the balance of diffusion constant and nanophotonic
geometry leads to either enhanced or suppressed photoluminescence. We present guidelines to
turn the usually detrimental impact of diffusion on emission into additional enhancement and to
overcome the adverse effects of annihilation at high exciton densities.

Our results open new vistas for nanoscale photonics and optoelectronics with thin
semiconductors films. Controlling exciton dynamics in the form of fluctuations, diffusion, or
annihilation has direct implications for stable single-photon sources, molecular sensors based on
excitonic fluorescence, or high-power light-emitting devices.
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Exciton Fluctuations in a Two-Dimensional Semiconductor on a Metal,” Nano Letters 7, 4829–4836 (2020)
[2] T. V, Raziman, C. P. Visser, S. Wang, J. Gómez Rivas, and A. G. Curto, “Exciton diffusion and annihilation in
nanophotonic Purcell landscapes,” arXiv:2006.06288 (2020)
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Study of long-term changes in visible-lighttransmittance of
porous alumina membranes

Muratova E.N., Nalimova S.S., Moshnikov V.A.
St. Petersburg Electrotechnical University "LETI"

Dielectric matrices based on porous anodic alumina (PAA) are an important material for
photonic crystals. Due to the unique ordered honeycomb structure of the array of channels
located along the normal to the film surface, spatial modulation of the dielectric constant can be
realized on a scale comparable to the wavelength of light.Earlier studies of the optical properties
[1-2] showed that PAA is transparent in the visible wavelength range. By the character of
transmission spectrum, it is possible to determine the pore diameter and their uniformity in
sizequalitatively.

Nowadays the degradation of optical properties over time is of great interest. In this work,
we investigated PAA membranes with different geometric parameters obtained in an electrolytes
based on sulfuric and orthophosphoric acids. As a starting material, we used aluminum foil
pre-purified in acetone and isopropyl alcohol. Each sample, for the reliability of the results, was
fixed in a fluoroplastic frame with the same hole.

The optical properties of the obtained samples were studied with an interval of 1 year and 6
years using a PE-5400UF spectrophotometer operating in the visible spectral range (190–1000
nm). During the entire time, the membranes were stored in separate identical sealed packages. A
Tescan scanning electron microscope was used to study the morphology of PAOA membranes.

The study of the membrane morphology showed that the pore diameters in samples differ
by almost 10 times: dpor (H2SO4) ~ 17-20 nm, dpor (H3PO4) ~ 180-220 nm. The membrane
thickness also differed: 15 µm for H2SO4 and 5 µm for H3PO4. As a result, it was found that, due
to air humidity, over time, water is adsorbed on a porous surface. Despite the important role of
light scattering by pores in the transmittance of porous membranes, the adsorbed water
molecules also make their contribution. It was found that in the case of PAA with a large pore
diameter, water molecules penetrate inside pores and change their shape, thereby reducing light
scattering and increasing the transparency of membranes. For PAA with a small pore diameter,
water molecules are adsorbed on the surface, forming a continuous thin layer that reduces the
transparency of the membrane. Six years later, an increase in throughput is observed for all
membranes.

This work was supported by the grant of the President of the Russian Federation
MK-2268.2020.8: agreement No. 075-15-2020-520 of 13.04.2020
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Nonlinear edge pulses in photonic valley-Hall lattices

Daria A. Smirnova1, 2, Lev A. Smirnov2, 3, Ekaterina O. Smolina2, 
Dimitris G. Angelakis4, 5, and Daniel Leykam4

1Nonlinear Physics Centre, Australian National University, Canberra ACT 2601, Australia
2 Institute of Applied Physics, Russian Academy of Science, Nizhny Novgorod 603950, Russia
3Nizhny Novgorod State University, Gagarin Av. 23, Nizhny Novgorod, 603950 Russia
4Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2
5Singapore 117543 5School of Electrical and Computer Engineering, Technical University of
Crete, Chania, Greece 73100
smolinakate@outlook.com

Photonic topological insulators are a novel class of crystalline structures that support robust
propagation of light along edges [1]. They show great promise for numerous applications in
optical communications and computing technologies, due to the topological protection of their
transport properties against disorder, including the ability of electromagnetic pulses to overcome
structural imperfections without back-reflection. Since nonlinearity is an inherent feature of
materials employed in topological photonics, the wave processes in such structures can be
accompanied by a variety of nonlinear effects such as harmonic generation [2], self-action effects
[3], and modulational instability [4].

In this work, we study both analytically and numerically the propagation of slowly-varying
wavepackets along the topological domain walls in nonlinear photonic valley-Hall insulators. As
a specific example, we consider a dimerized graphene lattice composed of single-mode dielectric
waveguides with local nondispersive Kerr nonlinearity. We show that in the continuum limit the
nonlinear evolution of a spinor wavefunction in such a system is governed by the nonlinear Dirac
equations. It is analytically demonstrated that the evolution of finite wavepackets propagating
along the domain wall is accompanied by steepening of the trailing wavefront up to the
development of a gradient catastrophe. To illustrate this key effect we also model numerically the
temporal dynamics of edge wavepackets. Taking the weak spatial dispersion into account
stipulates then the formation of stable edge quasi-solitons. Our results are validated by full-wave
numerical modeling of beam propagation along a valley-Hall domain wall in realistic staggered
honeycomb lattices of laser-written waveguides.

Beyond the specific example we considered, our findings are instructive for other emerging
experimental studies of nonlinear dynamic phenomena in a variety of topological platforms
spanning from metamaterials to optical lattices and exciton-polariton condensates.

This work was supported by the Russian Foundation for Basic Research (Grant No.
19-02-00261) and the Russian Science Foundation (Grant No. 20-72-00148).
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1D magnetophotonic crystal: technological peculiarities,
structural and magnetooptical properties

S.L. Efremovaa,b, A.V. Salatova,c, A.A. Kasyanova, D.P. Kulikovaa,b,
K.N. Afanasyeva,d, P.N. Tananaeva A.V. Barysheva

aDukhov Automatics Research Institute (VNIIA), Moscow, Russia
bLomonosov Moscow State University, Faculty of Physics, Moscow, Russia
cD. Mendeleev University of Chemical Technology of Russia, Moscow, Russia
dInstitute for Theoretical and Applied Electromagnetics RAS, Moscow, Russia

Dielectric structures with spatial modulation of refractive index (photonic crystals, PCs),
including the ones containing magnetic materials (magnetophotonic crystals, MPCs) are widely
used in fundamental and applied research [1]. The use of such materials provides an opportunity
to control properties of light by applying an external magnetic field [2]. In particular, in such
structures as one-dimensional PCs (Bragg mirrors, BMs) containing a magnetic layer as a defect
the multiple increase in the magneto-optical Faraday rotation can be observed. MPCs having the
Fabry-Perot microcavity structure have proven to be the most effective systems for the Faraday
effect enhancement [1].

Aim of our work is to fabricate high-quality 1D MPCs with the microcavity structure. In
this regard, optical properties of BMs composed of various dielectric materials were investigated.
The samples under study were BMs containing alternating layers of ZrO2/SiO2, HfO2/SiO2 and
Ta2O5/SiO2 deposited on quartz substrates by electron beam sputtering. Subsequently, a MPC
was fabricated of two BMs and a layer of bismuth-substituted yttrium iron garnet (Bi:YIG). The
garnet film was manufactured by thermal decomposition of organic salts. Since the
crystallization of Bi:YIG requires annealing at 750 °C in air, the structure of
substrate/BM/Bi:YIG is subjected to such a temperature treatment during the fabrication of
MPCs. Therefore, the study of the effect of annealing on the BMs’ optical and structural
properties was performed. The BMs were annealed at the temperatures ranging from 300 to
750°C.

Our work shows that the annealing of the Bragg mirrors was accompanied by a spectral
shift of their stopband to the shorter wavelength range. For the (Ta2O5/SiO2)7 multilayers, the
annealing led to crystallization of Ta2O5 resulting in a significant increase of light scattering and
decrease in their transmissivity. The (HfO2/SiO2)8 multilayer cracked due to stress caused by
thermal expansion. Nevertheless, no degradation of optical properties was observed for these
BMs. As for (ZrO2/SiO2)7 samples, their surface structure and transmissivity didn’t undergo
significant changes after the annealing, therefore, such structures were chosen for a MPC
fabrication. The fabricated MPC having the structure of (ZrO2/SiO2)7/Bi:YIG/SiO2/(ZrO2/SiO2)7

exhibited the Faraday effect increase by an order of magnitude at a wavelength of the
Fabry-Perot resonance.
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Fabrication of various plasmonic nano-aperture platform
with its optical characterization

Seong Soo Choi1, Myoung Jin Park1, Yong Min Lee1, Byung Seong Bae2, Hyun Tae Kim3,
Soo Bong Choi3

1Research Center for Nano-Bio Science, SunMoon University, Ahsan, Chungnam, 31460 South
Korea
2School of Electronics and Display Engineering, Hoseo University, Hoseoro 79, Baebang, Asan
city, Chungnam 31499, South Korea
3Department of Physics, Inchon National University, Incheon 22012, South Korea,
zsscphy2010@gmail.com, sscphy1982@daum.net

We fabricated the various plasmonic nano-apertures on the pyramidal membrane and on the
flat plane membranes. High energy electron beam irradiations on the circular type Au aperture
have been performed to obtain the Au nanopore and to investigate the dependency on electron
beam current. We observed the optical emission dependent upon the size of the aperture on the
pyramid. For the smaller apertures with its sizes of (143 nm x 86.7 nm) and (97.1 nm x 83.6 nm),
the strong spp-mediated intraband emissions are observed. However, for the bigger apertures of
(130.4 nm x 112.5 nm) and (212 nm x 134 nm), the spp-mediated intraband emission along with
spp-coupled emission is observed. For the 130 nm thick Au samples, we observed the
spp-mediated intraband emission band with its peak around ~ 500 nm along with the
spp-coupling interband emission band with its peak around ~ 670 nm. The spp-coupled emission
is found to be dependent upon the nano-aperture size and the sample thickness. However, for 40
nm thick Au samples, only one single sharp emission peaks at 526.1 nm are observed regardless
of the Au nano-structures. In addition, for the (7x7) nanoslit array with a ~ 10 nm slit width and
~ 300 nm slit length, the broad optical spectra in the visible and infrared range from various
samples are observed possible due to the spp-coupled nearfield mediated emission.
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Misfit dislocation loops in core-shell nanowires:
critical conditions and equilibrium density

A.L. Kolesnikova1,2, A.P. Chernakov1,3, M.Yu. Gutkin1,2,4, A.E. Romanov1

1 ITMO University, Kronverkskiy pr. 49, St. Petersburg, 197101, Russia
2 Institute of Problems of Mechanical Engineering, Russian Academy of Sciences, Bolshoj 61,
Vasil. Ostrov, St. Petersburg, 199178, Russia
3 Ioffe Physical Technical Institute, Russian Academy of Sciences, Polytekhnicheskaya 26, St.
Petersburg, 194021, Russia
4 Highest School of Mechanics and Control Processes, Peter the Great St. Petersburg
Polytechnic University, Polytekhnicheskaya 29, St. Petersburg, 195251, Russia
m.y.gutkin@gmail.com

Epitaxial growth of crystalline core-shell nanowires (CSNWs) is accompanied by
formation of misfit strains, caused by the lattice mismatch of core and shell materials, and misfit
defects which are generated in CSNWs and partly accommodate these misfit strains. This
problem has been in the focus of many researchers during the last two decades. Two kinds of
misfit defects are often observed in CSNWs, which are straight misfit dislocations (MDs)
parallel to the CSNW axes and prismatic loops of MDs surrounding the CSNW cores [1]. The
first ones provide strain accommodation in the cross sections of CSNWs, while the second ones
provide axial accommodation in CSNWs. The principal questions to answer in this respect are (i)
what is the critical condition for the onset of MD generation, and (ii) what is the equilibrium
density of MDs at the core-shell interface? Until now, only the first question has been studied in
a number of theoretical works [2-5].

In the present work, we revisit the problem of circular prismatic loops of MDs in CSNWs
to answer both the questions. First, we solve the boundary-value problem in the classical theory
of elasticity for a circular prismatic dislocation loop in an elastically isotropic cylinder by the
Lurie method [6] different from those [3,4] used before for solving this problem. Based on this
solution, we find both the self strain energy of the loop and the interaction energy for a pair of
such loops. Then we apply these results to calculating the critical conditions for nucleation of a
circular prismatic MD loop in a CSNW. Finally, we calculate the change in the total energy of
the CSNW in a partly relaxed state, with an infinite row of MD loops periodically distributed at
the core-shell interface along the CSNW axis, per unit period of this row. Minimizing this energy
change by the row period, we find the equilibrium distance between the MD loops and compare
it with results of direct experimental observations of MDs in InAs-GaAs CSNWs [1]. Our
theoretical results (8.35–9.05 nm) well correspond to the experimental data (7.0–8.5 nm).

This work is supported by the Russian Science Foundation (project No. 19-72-30004, Basic
research and innovative design of optoelectronic heterostructures based on III-V nanowires).
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Early stage of growth of III-V nanowires: from pedestals to nanowires

Yu.Yu. Hervieu
National Research Tomsk State University, Russia

Keywords: Growth models, III-V nanowires, Surface processes, Molecular beam epitaxy

The synthesis of III-V semiconductor nanowires (NWs) by the Au-catalyzed VLS growth
typically includes a pre-growth stage of annealing of a thin layer of Au. During annealing an
array of gold droplets is formed so that each of the droplets is located on top of a triangular
pyramid-shaped pedestal [1]. Here we propose the model for the transition from the growth of
pedestals to the growth of NWs with constant diameters. The model assumes a layer-by-layer
growth of the pedestal through the formation of 2D islands on top of the pedestal and the
subsequent propagation of the step bounding the 2D island along the pedestal sidewall
downward to the pedestal base. The transition to NW growth in this model is attributed to the
bunching of steps in the vicinity of the pedestal top. As the number of steps in the bunch
increases the width of the terrace between the upper step and the triple phase line decreases to
values at which the elastic repulsion between the steps becomes significant. The edge of the 2D
island in this case cannot go beyond the triple phase line to the pedestal sidewall but instead a
region of a vertical NW sidewall must start forming. The step velocities are determined from the
solution of the relevant boundary problem of surface diffusion with included transfer of group III
atoms from the catalyst droplet into the kinks of the step. The step generation rate (rate of 2D
island formation) is calculated by means of the classical nucleation theory with the time
evolution of the droplet composition taken into account. The model allows reproducing the
different experimentally observed scenarios: the rapid transition to NW growth and the formation
of large pyramids (pedestals) with a droplet on top of the pyramid. By means of numeric
simulations of Au-catalyzed growth of GaAs NWs we obtained the dependencies of the
characteristic time of the transition to NW growth versus temperature at different values of the
initial Ga concentration in the droplet as well as different adsorption fluxes of Ga and As.
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Optical properties of functionalized microstructured
fibers and their sensing capabilities
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Microstructured optical fiber-based sensors (MOF) have been widely developed finding
numerous applications in various fields of photonics, biotechnology, and medicine [1]. High
sensitivity to the refractive index variation, arising from the strong interaction between a guided
mode and an analyte in the test, makes MOF-based sensors ideal candidates for chemical and
biochemical analysis of solutions with small volume and low concentration [2,3]. Here, we
review the modern techniques used for the modification of the fiber’s structure, which leads to an
enhanced detection sensitivity, as well as the surface functionalization processes used for
selective adsorption of target molecules. Novel functionalized MOF-based devices possessing
these unique properties, emphasize the potential applications for fiber optics in the field of
modern biophotonics, such as remote sensing, thermography, refractometric measurements of
biological liquids, detection of cancer proteins, and concentration analysis. In this work, we
discuss the approaches used for the functionalization of MOFs, with a focus on potential
applications of the produced structures.
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Multimode pulsed entangled states of light
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Two optical beams generated in a nonlinear medium by parametric downconversion of
light exhibit strong quantum correlations known as entanglement. Besides their fundamental
importance for the foundations of the quantum theory, these beams have several highly
promising applications in quantum technologies: generation of time-multiplexed cluster states for
measurement-based optical quantum computation [1], creation of a SU(1,1) nonlinear
interferometer for phase estimation at the Heisenberg limit, sensitivity enhancement for optical
coherence tomography and some others.

The field of each entangled beam can be decomposed into a set of spatiotemporal modes –
Schmidt modes – which are pairwise entangled. On the other hand, the parametric
downconversion radiation can be represented as a set of modes of squeezing by a mathematical
procedure known as Bloch-Messiah reduction. We show how these two modal decompositions
are related and show that in the case of two beams spectrally and spatially non-overalapping the
squeezing eigenvalues are always doubly degenerate [2]. We show also how a non-Gaussian
spatio-temporal squeezing kernel [3] can be analytically decomposed into Schmidt modes by
passing to curvilinear spatio-temporal coordinates [4].

This study is funded by Belarusian Republican Foundation for Foundamental Research,
project № F20KI-035.
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Qudit-based quantum information processing
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Remarkable progress in realizing controllable quantum many-body systems makes it
possible to study properties of strongly correlated quantum matter and to prototype various
quantum algorithms. However, existing quantum computing systems lack either coherence or
controllable interactions between qubits, and this limits their capabilities. A serious obstacle in
realizing quantum algorithms is a large number of two-qubit gates, which requires programmable
interqubit interactions and can cause decoherence.

One of the possible ways for their further development is to use additional degrees of
freedom of quantum systems by realizing multilevel quantum systems (qudits). There are several
approaches to how additional levels of a quantum system can be used. One of the approaches
uses a general relation between the dimensionality of qudits and their topology of connections
for a scalable multiqudit processor, where higher qudit levels are used for substituting ancillas
[1]. A complimentary method uses a decomposition of multilevel systems on a number of
two-level systems [2,3]. Here we suggest a model for qudit-based quantum processor, which is
based on the combination of mentioned above approaches [1-3]. We also discuss an application
of our approach in ongoing experiments with quantum information processing systems, such as
neutral atoms and trapped ions.

The research is supported by the Russian Science Foundation (Grant No. 19-71-10091, the
general theoretical framework; Grant No 20-42-05002, the analysis of experimental realization
of qudit-based platforms), the grant UMNIK (Agreement 103GUCEC8-D3/56361 form
21.12.2019; applications to quantum algorithms), and Leading Research Center on Quantum
Computing (Agreement No. 014/20; applications of this approach for the analysis of quantum
computing experimental platforms).

The study is funded by RFBR project № 19-02-00154.
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Qubits based on Split-Ring Bosonic Condensates of Exciton-Polaritons
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Exciton-polaritons are light-matter quasiparticles studied in a variety of semiconductor
materials. Bose-Einstein condensates of exciton-polaritons may be optically excited at room
temperature in microcavities based on GaN, ZnO, perovskites and organic materials. This offers
an opportunity for realization of qubits operating at the room temperature on a semiconductor
platform. We propose a design of qubits based on split-ring polariton condensates, evaluate their
figure of merit, develop the architecture of polariton quantum networks capable for
implementation of Deutsch and Grover algorithms.

Keywords: exciton; polariton; qubit
I. SEMICONDUCTOR VS SUPERCONDUCTOR
Superconducting flux qubits are based on a superposition of clock-wise and anti-clockwise

currents formed by millions of Cooper pairs. In order to excite the system in a superposition
state, the half-quantum flux of magnetic field is passed through the superconducting circuit
containing one or several Josephson junctions. The system is forced to generate a circular current
to either reduce the magnetic flux to zero or to build it up to a full-quantum

flux. We argue that a valuable alternative to superconducting flux qubits may be offered by
qubits based on superfluid currents of quasiparticles of liquid light: exciton-polaritons,
propagating in plane of semiconductor microcavities [1].

II. QUBITS, QUANTUM GATES AND NETWORKS
Circular currents of exciton-polaritons mimic the superconducting flux qubits being

composed by a large number of bosonic quasiparticles that compose a single quantum state of a
many-body condensate. The essential difference comes from the fact that polaritons are
electrically neutral, and the magnetic field would not have a significant effect on a polariton
current. We note however, that the phase of a polariton condensate must change by an integer
number of 2π, when going around the ring. If one introduces a π-phase delay line in the ring, the
system is obliged to propagate a clockwise or anticlockwise circular current to reduce the total
phase gained over one round-trip to zero or to build it up to 2π. We show that such a π-delay line
can be provided by a dark-soliton embedded into a ring condensate and pinned to a potential well
created by the C-shape non-resonant pump-spot. The physics of resulting split-ring polariton
condensates is essentially similar to the physics of flux qubits. In particular, they exhibit
pronounced Bloch oscillations passing periodically through clockwise and anticlockwise current
states. We argue that qubits based on split-ring polariton condensates may be characterized by a
very high figure of merit due to the topological protection of superfluid circular currents.
Moreover, as the Bose-Einstein condensation and superfluidity of exciton-polaritons were
observed at the room temperature [2], quantum networks based on polariton qubits would not
require cryogenic operation temperatures. This makes them a valuable alternative to
superconducting qubits [3].
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Ghost imaging in the frequency and time domains based on Gaussian
beams of the terahertz spectrum range, modulated by a random phase screen
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Ghost imaging for on terahertz radiation is a popular problem in the sphere of optical
imaging. In this paper we discuss mathematical modelling of ghost imaging for terahertz
radiation. It is well known that ghost imaging procedure requires random intensity modulation in
laser beams. For this purpose, spatial light modulators (SLM) are frequently used in optical
spectral range. However, due to the complexity of the implementation of an SLM for the THz
spectral range, in this work, it is assumed to use a random phase screen to obtain random
modulation of the intensity of laser beams.

This work presents a ghost imaging scheme modelled in the frequency and time domains,
based on Gaussian beams of the THz spectrum range, modulated by a random phase screen. We
confine our analysis by considering linear polarized light propagation. One of the main tasks of
this work includes creating a model of a random phase screen (random rough surface) and
evaluating the transmission of a Gaussian beam through transparent thin plate with rough surface
on its back side. The second key point is calculating the propagation of the transmitted beam at
the points registration screen, located at certain distance behind the random phase screen. Thus,
it enables us to generate ghost images based on the obtained intensity distributions and evaluate
the quality of the images by calculating the signal-to-noise ratio. As a random rough surface it
was chosen a Gaussian surface [1] with the following parameters: the root-mean-square
deviation of the surface height and the correlation length. The calculation of the beam
transmission at the points right behind a random rough surface was performed by using the phase
plate method. The propagation of the randomly modulated transmitted beam was calculated
using two methods: the convolution method (Fresnel paraxial approximation) and the angular
spectrum method (plain wave decomposition). The equivalence of applications of these methods
and equality of their results were demonstrated. Based on equations [2] for calculating the spatial
correlation function of obtained intensity distributions, ghost images of various objects were
reconstructed in both frequency and time domains. Signal-to-noise ratio values were estimated
for different numbers of iterations and for different parameters of a random rough surface. The
main result of this work was to determine the parameters of random phase screen and other
geometrical characteristics of the scheme which allows to generate a proper speckle picture of
intensity distribution which leads to the creating of ghost image with sufficiently high quality.

This work was supported by the Ministry of Science and Education of the Russian
Federation (Passport #2019-0903)
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Photon Condensates in Microstructured Trapping Potentials
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Techniques to control the quantum state of light play a crucial role in a wide range of
fields, from quantum information science to precision measurements. In the field of optics,
manipulation and control currently builds on non-thermodynamic methods. In contrast to this,
Bose-Einstein condensation of photons in a dye-filled microcavity leads to a macroscopic
population of the ground state based on thermodynamics, which has been well studied for a
parabolic trapping potential.

Using different microstructuring technique, we are able to create arbitrary potential
landscapes for photons. For variable potentials local heating is possible [1], while for static
structures ion-beam milling [2], mirror delamination [3] or polymer structures are feasible
methods. For example, we have observed thermalization and condensation of photons in
non-trivial potentials consisting of a double well superimposed by a harmonic trapping potential,
where the macroscopically occupied ground state of the system is a coherent symmetric
superposition of localized states induced by the tunnel coupling between the double well sites
[4]. This thermodynamic optical state preparation opens up an avenue for exploring novel
correlated and entangled optical manybody states.
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It is widely known that one cannot discriminate between the set of non-orthogonal quantum
states, this fact is essential for quantum cryptography. However, unambiguous state
discrimination (USD) is possible, which whether perfectly discriminates between the states, or
yields inconclusive result. This operation can be used for eavesdropping strategy in quantum
cryptography which is called USD attack. This attack becomes possible at some critical loss
level in the channel between the legitimate users.

In this work, we consider a generalization for unambiguous state discrimination, which
makes the states more distinguishable in case of success, but success probability can be higher
than the one for USD. With this transformation, we design an attack strategy for quantum
cryptography based on symmetric coherent states.

This work is supported by the Russian Science Foundation under grant 20-71-10072
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Quantum key distribution (QKD) provides a way for communication with the security
based on fundamental laws of quantum physics. The traditional security analysis of QKD takes
into account various distortions of quantum signals, (e.g. attenuation, noise, errors, etc) as a
signature of eavesdropping. However, the real-world QKD implementations can be attacked such
that the quantum signal has no visible distortions, but the eavesdropper obtains a perfect copy of
the key. Such quantum hacking exploits various deviations of the real QKD device from its
idealized QKD model, and compromises the claim of security.

There are several countermeasures developed to date to prevent quantum hacking. For
example, measurement-device-independent QKD closes most of the receiver loopholes.
However, the transmitter part is still at risk. The basic idea of the light source side-channel attack
is to exploit potential imperfections of the signal preparation part, for example, to measure
differences in spectral or temporal properties of different quantum signals instead of trying to
infer the operational degree of freedom. 

In this work we discuss the practical ways to avoid the threat of such side channels in
QKD. We propose to use interference as the main method for estimating indistinguishability of
different signals, and limit the unknown (but potentially existing) side channels by connecting
the interference visibility with the QKD security. We consider second-order interference
(interference of amplitudes) and fourth-order interference (interference of intensities, or
Hong-Ou-Mandel interference), and show how to use these effects in the context of estimation of
potential side channels in QKD. We explicitly consider the well known discrete variable QKD
protocols (e.g. the standard BB84 protocol) and modern continuous variable QKD protocols (e.g.
phase-shift-keying of coherent states), and show how to upgrade them to guarantee their practical
security. Our security analysis allows to establish the upper and lower bounds for the secure key
rate even when the side channels are unknown for legitimate sides.

The work is supported by RFBR project 20-32-51004.
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Commonly used in quantum key distribution (QKD) single-photon detectors are vulnerable
to blinding and other similar strategies that allows eavesdropper (Eve) to take control over
detector and impose desired detection statistics. Generally speaking, it allows to exclude any
correlations between legitimate users (Alice and Bob) that are unknown to Eve. Thus, if we
assume the possibility of controlling the detection node at the Bob's side, then entropy estimation
based only on the analysis of quantum channel can be not valid. We would like to emphasize that
at the first place Eve should be able to provide proper discrimination inside the state space and
only after it makes sense to impose the states with detector control. Thereby one should consider
the attack only in combination with intercept-resend attack defined by implemented by Eve
positive operator-valued measure (POVM).

We propose quantum control attack, which can be considered as the generalization of
intercept-resend attacks combined with control of Bob's detection node. Considerations of
similar attack were made earlier for the following cases: in [1] the case of single photons and in
[2] the case of finite set of weak coherent states were considered. Current work is dedicated to
symmetric non-orthogonal linearly independent states so it is more convenient to compare
proposed new ideas with the latter cited paper. Another possible eavesdropping technique
applied to the protocol utilizing symmetric coherent states was proposed in [3]. We generalize
the approach towards increase of number of states and their variety compare to only two
coherent states that were considered in [2]. Also, there was an issue related to unified quantum
description of the channel considered in the latter cited paper. We demonstrate the explicit way
of how considered attack can be described in terms of quantum operators, the approach is based
on polar decomposition. Firstly, we show that Eve gains more information than Bob by
demonstrating that attack satisfies Markov chain and hence classical data-processing inequality
is valid. Secondly, we generalize proposed in [2] criteria on detection and error rates that should
be satisfied by Eve in order to not be revealed.

We examine new POVM that considers errors (compare to errorless unambiguous state
disctimination (USD) POVM) as well. Numerical simulation shows that addition of errors (that
equals to expected erorr rate by Bob) does not increase overall discrimination rate a lot. Thus
countermeasures against USD attack are still in general valid against proposed quantum control
attack but with minor adjustments, e.g. increased number of information states or additional
uninformative states [4].

Finally, we estimate probability of successful attack in presense of countermeasures. Hence
one may include found probability in the security analysis and estimate its influence on protocol
security criterion.



The work was financially supported by the Russian Ministry of Education
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The multiphoton source for optical quantum computing
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Optical quantum systems performance has recently reached the limits enabling to
demonstrate the quantum computational advantage [1]. The inherent component of the optical
quantum computer is the source of the quantum states of light. Here we report the progress of the
joint research project between Quantum technology centre (faculty of physics, Lomonosov
MSU) and Ioffe institute aimed towards developing the multiphoton source based on the isolated
semiconductor quantum dot located in the microresonator.

The project pursues two goals: efficient photon generation by the semiconductor quantum
dot in the microresonator system and fast optical demultiplexing of the photon stream to the
given number of independent spatial modes. The first key element of the multiphoton source is
the distributed Bragg reflector micropillar resonator with the InAs/GaAs quantum dot embedded
in the center of the resonator cavity. We present experimental characteristics of the photon
sources based on exciton and trion states. The optimized performance of the source enables
generation of single photons under resonant optical excitation with g2(0)<0.05 and
indistinguishability reaching 97% [2]. The second element is the time-to-space demultiplexor
which splits the incoming train of photons into N independent optical modes which may further
be coupled to the optical processor. We present the results of demultiplexing the stream of
photons into N=6 and N=4 optical modes employing two different topologies of the
demultiplexor circuit – the simple path-switching layout and the loop-based layout. We provide
the careful loss budget of both optical circuits and define the guidelines for the future
improvements to increase the scalability of the multiphoton source.
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Anyons are quantum particles with fractional statistics in-between bosons and fermions
actively studied both due to their interesting fundamental properties as well as perspectives for
practical applications in robust quantum computing [1]. Since their direct experimental study is
complicated, various ways of anyons emulation are being developed, including the use of
photonic systems [2]. In the present paper, we consider a one-dimensional coupled-resonator
array supporting two particles with anyonic statistics, Figure 1(a). Introducing an additional
process of two-particle tunneling and an on-site interaction between two anyons, we reformulate
this one-dimensional two-body quantum problem as a two-dimensional tight-binding model,
Figure 1(b), which can be rigorously mapped to a two-dimensional electric circuit for further
experimental emulation [3]. We show that in a certain range of model parameters, a
statistics-induced topological transition emerges. In particular, such interacting anyons can form
a bound pair, doublon, which demonstrates a topological edge state corresponding to the
localization of both anyons at the certain edge of the array. It turns out that, while for some
intermediate statistics the topological bandgap closes, and no edge states are present, in the case
of fermionic or bosonic statistics these topological states localize at the opposite edges of the
array, Figure 1(c,d).

Figure 1. (a) Sketch of the considered system. A one-dimensional array of resonators
coupled via links J describing the tunneling of one anyon to the neighboring resonator and
tunneling links P corresponding to the simultaneous tunneling of two particles. The energy of
one anyon is ω0, and the energy of interaction between two anyons is 2U. (b) Equivalent
two-dimensional tight-binding model with θ being the statistical exchange angle. Two
coordinates of the site (m,n) correspond to the location of the first and second anyons in
resonators with numbers m and n, respectively. (c,d) Two-particle wave function amplitudes
corresponding to the topological edge state of two bosons (c) and two fermions (d) with energies
indicated in the respective panels.
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We present quantum photonic integrated circuits platform with low-loss (0.2 dB/cm) Si3N4
photonic waveguides and plasma-diced optical grade chip edge for fiber and fiber array units
coupling.

Universal linear photonic integrated circuits are used for the fabrication of scalable
quantum simulators, on-chip photonic networks, LIDARs, highly sensitive sensor systems, and
neuromorphic processor modules [1]. There is a number of manufacturing facilities based on
high performance stepper lithography, which fabricate high-quality silicon-on insulator (SOI)
and silicon nitride photonic integrated circuits and provide multi-project wafers (MPW)
fabrication possibility for R&D groups. However, rapid prototyping of high-quality photonic
schemes using e-beam lithography is remaining an important task as it is more flexible and
faster compared with MPW fabrication.

Figure 1. a) Cut-back propagation loss measurement b) SEM image of Y-splitter c) Photo of chip with two
topologies of scheme providing 4-qubit operations, microbonded to printed circuit board

We present an e-beam lithography based fabrication platform that could help to overcome
barriers to the development of linear quantum optical calculations devices including coupling
and propagation losses. One of the biggest challenges for photonic device fabrication is
fiber-to-chip coupling. The most promising way is edge coupling that provides low losses and
low polarisation sensitivity, but it requires an optical grade interface between chip and fiber.
Plasma chip dicing technology based on Bosch etching is proposed. It provides a fully
microelectronic-compatible fabrication of tunable silicon nitride photonic integrated circuit with
edge coupling. Our research shows that input/output losses depend dramatically on the profile
angle of SiO2/Si3N4/SiO2 stack. For 85˚ angle, for example, measured mean losses are 3 dB at
925 nm wavelength. Optimization of the angle and usage of specially lensed fiber could provide
reaching input/output losses less than 1 dB [2].

Further silicon nitride photonic circuit fabrication process consists of the following steps:
silicon wafer oxidation, silicon nitride deposition, lithography for circuit patterning, silicon
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nitride etching and upper cladding deposition. For circuit patterning, we compared five different
technological routes based on etching through positive, negative resists and metal masks. The
final route is chosen based on the lowest stitching errors (less than 10 nm), the possibility of
critical size elements fabrication (down to 50 nm, figure 1b), lowest measured waveguide line
edge roughness (root mean square value down to 0.5 nm) and lowest propagation losses (for
wide bandwidth: <1.0 dB/cm at 925 nm and <0.2 dB/cm at 1550 nm, figure 1a). Based on the
proposed technology several types of polarization sensitive tuneable quantum photonic schemes
are fabricated. Scheme providing 4-qubit operations (Fig 1c) shows propagation losses around 2
dB.

Devices were fabricated at the BMSTU Nanofabrication Facility (FMN Laboratory, FMNS
REC, ID 74300) and measured at Quantum Technology Centre MSU.
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The problem of practical description of quantum states and the corresponding quantum
dynamics plays an important role both in studying fundamentals of quantum physics and
developing practical applications. Our work is devoted to a probability representation of
quantum dynamics for finite-dimensional quantum systems. Within the developed representation
[1,2], quantum states are described with probability distributions obtained via minimal and
symmetric informationally complete positive operator-valued measures (SIC POVMs and MIC
POVMs) while their dynamics is given by pseudostochastic matrices [3,4], i.e., generalization of
stochastic matrices to the case of possibly negative elements. We show how the developed
representation allows introducing new measures of nonclassicality and non-Markovianity of
quantum processes. These measures are applied for studying experimental realizations of
quantum circuits on the IBM cloud super-conducting quantum processor. We also derive
equations for both unitary and Markovian dissipative evolution (governed by the
Gorini-Kossakowski-Sudarshan-Lindblad equation) in the new representation. We show how the
formalism of pseudostochastic matrices allows emphasizing a role of decoherence in turning
quantum dynamics into classical regime. Finally, we show how the obtained results allow
exploring the resources of noisy intermediate-scale quantum (NISQ) devices.
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Random number generators (RNGs) are the essential ingredient of modern cryptographic
systems. Particular attention is paid today to a special class of RNGs – quantum RNGs, which
are attracting close attention of researchers due to the explosive development of quantum key
distribution systems. A large number of various quantum entropy sources have been proposed
over the last 10-15 years; however, most of them are based on the use of different quantum optics
phenomena, particularly, on the effects occurring in semiconductor lasers. This choice is due to
the relatively low cost and ease of use of such devices and the high random bit generation rate
available with optical QRNGs. Motivated by these reasons we study in the present research the
QRNG based on variations of light polarization in a vertical-cavity surface-emitting laser
(VCSEL). The scheme we propose allows creating an extremely compact and fast optical
QRNG, consisting essentially of only a laser and a polarizing beam splitter (PBS) as shown in
Figure (a). We revealed that it is possible (with a certain set of laser parameters) to ensure the
VCSEL laser pulsed operation in a bistable regime with orthogonal linear polarizations, as
shown in Figure (b). We show, however, that probabilistic properties of such laser pulses depend
on the internal parameters of the laser, as well as on its operating mode. Understanding these
properties is fundamentally important for the correct assessment of the contribution of quantum
noise, and, consequently, for the subsequent post-processing of digitized random sequences.

Figure: a) The scheme of a VCSEL-based quantum random number generator; b) The sequence of laser
pulses from the output of a VCSEL; c) The dependence of ratio |Ex|2/(|Ex|2+|Ey|2) on the field decay rate at three
different values of the linewidth enhancement factor α.
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Solid state dewetting (SSD)[1] is a natural shape instability occurring in thin solid films
when heated at high temperature: it transforms a flat layer in isolated islands in a timeframe
independent from the sample size. SSD has been so far regarded as a drawback for
microelectronic devices in silicon on insulator (SOI) as it limits their further size reduction.
However, its potential for applications based on complex pattern formation is still unexplored in
spite of the manifold advantages it offers: a) it forms monocrystalline and facetted (atomically
smooth) structures (size from ~nm up to ~10 μm), free from defects and from the typical
roughness produced by conventional etching methods; b) the islands are directly formed on an
insulating substrate (SiO2); c) templated dewetting from simple patterns leads to more complex,
monocrystalline and ordered architectures, with the additional advantage of reduced etching time
with respect to conventional lithographic approaches; d) spontaneous dewetting can produce
over arbitrary scales patterns that cannot be designed numerically. SSD can be efficiently
exploited in all these fields to form perfectly ordered and complex nano-architectures over large
scales, as well as randomly organized, isolated islands. [2,3].

Here we present a distinct approach to create
spinodal-like structures (Figure1): many materials,
indeed, featuring anomalous suppression of density
fluctuations over large length scales are emerging
systems known as disordered hyperuniform. The
underlying hidden order renders them appealing for
several applications, such as light management and
topologically protected electronic states. These
applications require scalable fabrication, which is hard
to achieve with available top-down approaches.
Theoretically, it is known that spinodal decomposition
can lead to disordered hyperuniform architectures.
Here, we show that monocrystalline
semiconductor-based structures, in particular Si1−xGex
layers deposited on silicon-on-insulator substrates,
can undergo spinodal solid-state dewetting featuring
correlated disorder with an effective hyperuniform character [4]. Nano- to micrometric sized
structures targeting specific morphologies and hyperuniform character can be obtained, proving
the generality of the approach and paving the way for technological applications of disordered
hyperuniform metamaterials.
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Optical harmonics spectroscopy as a tool for the study
of spin-related phenomena in bulk and thin film materials
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Among the various optical phenomena associated with the frequency conversion of
electromagnetic waves, the second harmonic generation (SHG) is the simplest nonlinear process
of the second order. The next important third-order nonlinear optical process is third harmonic
generation (THG). The distinctive features of the SHG and THG processes are their high
sensitivity to the symmetry of crystals, the local type of crystallographic environment, and the
spin order in the system of transition metal ions. Nonlinear spectroscopy using the methods of
SHG and THG allows one to obtain fundamentally new information in the study of solids in
comparison with studies using linear optical techniques. This is due to the difference in the
selection rules for single-photon and multi-photon processes [1].

In this lecture, we will consider nonlinear magneto-optical phenomena associated with
SHG and THG in various classes of materials, such as magnetic dielectrics – epitaxial films of
ferrites-garnets, multiferroics and antiferromagnetic oxides, magnetic and diamagnetic
semiconductors, thin metal films. Various aspects of nonlinear optical spectroscopy will be
considered, and polarization, temperature, and field dependences will be shown. A separation
method for crystallographic, ferroelectric, ferro- and antiferromagnetic contributions, as well as
the contribution induced by an external magnetic field will be demonstrated. The possibility of
visualization of antiferromagnetic domains that are indistinguishable by linear optics methods
will be discussed.

The possibilities of the SHG and THG methods as a tool for establishing new mechanisms
of nonlinear optical interaction at exciton states in bulk semiconductors as well as electric and
magnetic dipole interference and interaction in magnetic dielectrics will be revealed [2-5].

The author thanks the Russian Foundation for Basic Research (project 19-52-12063), the
DFG TRR142 (project C8).
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Laser anti-Stokes cooling in quantum cascade lasers
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The processes of carrier relaxation in quantum cascade lasers are considered theoretically,
taking into account the Raman scattering of a part of the radiation. Raman scattering can be
stimulated due to the presence of a cascaded external resonator. An external cascade resonator
can be used to select the conditions for the anti-Stokes scattering mode. This will decrease the
number of excitations in the active region of the laser, which will either increase the relaxation of
the carriers, or reduce it, respectively. As a result, a new type of external cascade resonator is
proposed, the scattering of radiation in which will contribute to a change in the relaxation of
carriers in quantum cascade lasers and improve a population inversion of the lasers.
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Phase-change materials such as Ge2Sb2Te5 (GST225) are widely used in non-volatile and
rewritable memory applications, as well as reconfigurable nanophotonics [1]. In particular,
femtosecond laser irradiation of amorphous GST225 thin films on conductive substrates might
cause both reversible phase switching and formation of surface relief with wavelength period [2].
Obtaining the laser-induced-periodic surface structures (LIPSS or ripples) is commonly
explained by surface plasmon-polaritons excitation [3]. Presence of LIPSS may emerge
birefringence and dichroism in the visible and near infrared ranges [4]. However, like
experiments have not been performed for the GST225 based samples on dielectric substrates yet.

In this work initial samples of amorphous GST225 thin films with thickness 130 nm were
deposited by the direct current magnetron sputtering on oxidized crystalline silicon substrates.
Femtosecond laser irradiation (1250 nm, 135 fs, 10 Hz, 0.1 J/cm2) was used for samples
modification at the scanning mode.

Raman spectra analysis confirms amorphous structure of the initial samples. As well, this
technique reveals driven partial crystallization of the irradiated areas for the exposition time from
3 to 150 pulses per spot. After longer irradiation from 150 to 750 pulses per spot, scanning
electron microscopy images and atomic force microscopy profilograms revealed formation of
directed orthogonally to incident polarization LIPSS of the wavelength comparable period
(1200-1300 nm). Obtaining such one-dimensional lattices is explained by the theory proposed by
Sipe [5] for surface irradiation by intensive laser pulses. Our calculations revealed the
photo-induced charge carriers concentration is 9.3∙1021 cm-3 at that. The obtained
quantifications confirm the hypothesis about surface plasmon-polaritons photoexcitation. Also,
reamorphization of previously crystallized spots was observed at longer exposure time (150 –
750 pulses). Most likely, this behavior indicates reversible phase transitions.

As a result, the demonstrated surface treatment may be considered as a promising
technique of femtosecond laser writing and rewriting of surface relief and appropriate
information including the polarization sensitive approach owing to an artificial anisotropy of the
all-dielectric LIPSS.

The research was supported by RFBR (grant № 20-32-90111).
[1] P. Guo et al. // Appl. Sci. 2019. V. 9(3). P. 530.
[2] S. Kozyukhin et al. // Physica Status Solidi B. 2020. V. 257(11). P. 1900617.
[3] D. Shuleiko et al. // Nanomaterials. 2021. V. 11(1). P. 42.
[4] R. Drevinskas et al. // Appl. Phys. Lett. 2015. V. 106(17). P. 171106.
[5] J. Bonse and S. Gräf // Laser Photonics Rev. 2020. V. 14(10). P. 2000215.



The direct observation of the reaction of comproportionation of
monomers in melanin under the action of water by means of mid-infrared
spectroscopy

Zakhar V. Bedran1, Sergei S. Zhukov1, Pavel A. Abramov1, Ilya O. Tyurenkov1, Boris P.
Gorshunov1, A. Bernard Mostert2, Konstantin A. Motovilov1

1Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, 141700 Russia
2Swansea University, Department of Chemistry, Singleton Park, Wales, UK

Melanins are one of the most widespread families of natural pigments in the biosphere [1],
[2] playing many significant roles in our body starting from main photo protection in skin ending
with still not fully understood role in substancia nigra in our brain. There are two main forms of
melanin, pheomelanin that is red-yellow in colour, and eumelanin that is a brown-black pigment
[ref]. Recently it has been shown that eumelanin could be utilized in numerous bioelectronic and
bio-based applications, including transistor devices [3], [4], biodegradable / biocompatible
energetics including supercapacitors [5], [6]

Structurally eumelanin is a polymeric material derived from
two monomers, 5,6-dihydroxyindole and
5,6-dihydroxyindole-2-carboxylic acid fig.(1) and their various
redox states and tautomeric forms. As it was showed in numerous
works [7], [8], water cause a significant impact into melanin
properties. The one explanation of the observed behavior is a
reaction of comproportionation of melanin monomers under the
action of water fig(2). Nevertheless, there are no experimental
work aimed only on testing of this theory.

Figure 1. 5,6-dihydroxyindole (up),
5,6-dihydroxyindole-2-carboxylic acid (down).

Figure 2. Reaction of melanin monomer comproportionation in presence of water.

One of the most relevant way to study water effect on different structures is
fourier-transform mid-infrared (FTIR) spectroscopy. Here we report our spectroscopic study of
synthetic D,L-Dopa eumelanin thin film at variable relative humidities from 0% to 84% and in
frequency range from 1000 cm-1 to 4000 cm-1 at room temperature (299K). We found that line
strength of the absorption mode with 1723 cm-1 central frequency decreasing with RH growth.
This vibration is well-known to be connected with C=O vibration in different structures [9]. As
can be seen from figure 2 the observed behavior is in agreement with comproportionation
reaction mechanism in melanin.

The work was supported by the RSF grant 19-73-10154.
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Diatom algae comprise one of the largest and most ecologically significant groups of
organisms, distinguished by their unique cell structure and self-assembled siliceous skeleton
decorated with pores. The structure and properties of diatoms have amazed scientists from
various fields, who are enthusiastically exploring new ways of using them as a source of lipids
for biofuels or sources of bioactive peptides, drug delivery vehicles, nanomaterials, aquaculture
feeds, biosensors, filters, and bioindicators. To get the full benefit of these hierarchically
structured objects, it is necessary to choose the optimal conditions for their growth and track
their life cycle, which ultimately allows the selection of the most productive strains with
reproducible properties. Here we proposed new, label-free, nondestructive, easy-to-use
techniques for monitoring their growth in bioreactors and laboratory conditions – fluorescence
measurements using the IVIS imaging system and photoacoustic imaging with a raster scanning
optoacoustic mesoscopy (RSOM) setup. In this study, we monitored the growth of two diatom
cultures – Achnanthidium sibiricum and Encyonema silesiacum, cultivated in the specially
designed incubator for 70 days. Fluorescence measurements showed that the total radiant
efficiency of Encyonema silesiacum, measured directly in cell culture flasks, increased with
increasing incubation time. At the same time, in the case of Achnanthidium sibiricum we
observed a slight decrease after 56 days since the cells were at the end of their exponential
growth phase. The photoacoustic signal of Achnanthidium sibiricum mixed with an agarose gel
excited with a 532 nm was higher than the signal from Encyonema silesiacum, indicating the
higher concentration of light-absorbing chromophores, which was confirmed by absorption
spectroscopy measurements. Due to the presence of photosynthetic pigments, these fluorescence-
and absorption-based imaging methods allowed us to quickly assess the growth and life cycle of
diatom cells without complex preliminary preparation of samples and disruption of cell integrity.
We believe that the results of fluorescence and photoacoustic monitoring of diatoms can facilitate
the collection of chromophores, such as chlorophyll and biologically active substances for use in
biomedical and pharmaceutical fields and biofuel production.
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In the recent years there has been a surge of interest towards realizing artificial gauge fields
for photons so to control the interactions between their momentum and polarization. Gauge fields
for photons are not only an important ingredient to design state-of-the-art spinoptronic devices,
but they are deeply connected to the geometric structure of the quantized modes in question.
They give rise to the well-known Berry phase and are a cornerstone in the growing field of
topological photonics.

Recently, it was discovered that a unique photonic spin-orbit coupling (gauge field)
appearing from TE-TM splitting between Fabre-Pérot semiconductor cavity modes resulted in a
pair of tilted Dirac cones (diabolic points) carrying Berry topological charge ½ [1]. Motivated by
this exciting finding, we propose an alternative system [2] based on the amazing advances in
tunable liquid crystal filled microcavities [3] that produces such a pair of photonic Dirac cones
under room-temperature conditions, bringing topological photonics much closer to the remit of
commercial technologies. We show that by hybridizing two liquid crystal cavities with different
types of photonic spin-orbit interaction, we can break the inversion symmetry of the system and
thus open a gap between the Dirac cones with the emergence of concentrated local Berry
curvature which quantifies important physical properties like the Chern number and intrinsic
anomalous Hall conductivity in electron systems. To date, this has only been proposed
theoretically for honeycomb photonic crystals [3] whereas in our system we completely bypass
the need for patterned cavities. Additionally, we show that by configuring the molecular directors
of the liquid crystals, we can control the distribution of Berry curvature in the momentum space.
Finally, we show that the given Berry curvature distribution generates anomalous Hall drift for
photon wave packets in a potential gradient with band dependent Zitterbewegung.

Such a double liquid crystal cavity system provides a clear advantage in synthesis of new
complicated artificial photonic gauge fields using compound liquid crystal microcavity systems
and opens exciting opportunities to study the geometric properties of quantum systems such as
the Berry phase through direct measurement of the cavity light.
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Exciton states and electron-hole resonances in
semiconductor quantum wells

P. A. Belov
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Recent measurements of the reflectance spectra of the high-quality GaAs-based
heterostructures show that the nonradiative broadening of the exciton ensemble can be of order
of the radiative one [1]. To describe the measured spectra, we accurately calculated the exciton
states and electron-hole resonances in a single GaAs-based QW as well as corresponding
radiative decay rates [2,3]. We considered the three-dimensional Schroedinger equation for the
exciton in a quasi two-dimensional structure and analytically described the spectrum of the
corresponding differential operator for arbitrary QW width as well as in case of external
perturbation [4,5]. In particular, we determined the energy position of the lower boundary of the
continuous spectrum that allowed us to distinguish the Rydberg exciton states from the resonant
electron-hole states [6]. Moreover, we classified the calculated exciton states based on the types
of the dominant electron-hole in-plane and quantum-confinement one-dimensional functions of
the wave function factorized form. A dependence of energy levels on a QW width as a parameter
was thoroughly studied for widths of QWs up to 100 nm. We identified in the measured
reflectance spectra the heavy- and light-hole exciton states for different QW widths of the
GaAs-based heterostructures. We obtained the radiative broadenings of the identified states using
the exciton-light coupling model of E. L. Ivchenko [7] as well as the nonradiative ones of the
resonant states by the complex-scaling technique [8]. The calculated linewidth broadenings were
compared with those obtained from the fits to measured spectra.
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Condensation of Frenkel exciton-polaritons into
an excited state and stimulated polariton flows
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We study the formation of non-ground-state nonequilibrium exciton-polariton condensation
in a semiconductor polymer microcavity bearing strong light-matter interaction [1]. Under
non-resonant optical pumping at condensation threshold the full-width at half-maximum
(FWHM) of the ground-state exciton-polariton wavefunction in Fourier-space is ~0.49 µm-1 (see
Fig. 1a). By configuring a seed pulse to resonantly inject exciton-polaritons with non-zero
in-plane momenta we stimulate non-ground state exciton-polariton condensation. Furthermore,
we minimize the angular overlap between the ground-state exciton-polariton condensate and the
seed pulse while retaining their energy difference, by tuning the energy of the seed in resonance
with the lower exciton-polariton branch at an in-plane wavevector of -2.55 µm-1 as shown in
Fig.1b. In addition, we tune the energy of the non-resonant optical pump one molecular vibron
energy above the energy of the seed pulse to enable a single-step vibron-mediated energy
relaxation from the hot exciton reservoir. We demonstrate formation of macroscopically
occupied non-ground polariton state above condensation threshold and investigate dynamics of
the state and polariton propagation in-plane direction of the cavity.

Figure 1 The top and the bottom panels show E,k-distribution of the emission below and
above the condensation threshold respectively, where the dashed line corresponds to the
unperturbed lower exciton-polariton branch – a, Strong coupling of the optical cavity mode and



the two sub-levels of the first excited singlet state of the organic semiconductor (horizontal
dashed lines, S10 and S11) result in three exciton-polariton branches - the upper/middle/lower
branch drawn in green/red/violet color respectively versus in-plane wavevector (polariton
in-plane momentum (top axis) and angle with respect to the normal to the plane of the cavity
(bottom axis). The optical pump is tuned at 2.8 eV injecting \hot" excitons depicted with a
blue-shaded area. A seed beam injects few exciton-polaritons resonantly at k = -2.55 µm-1. The
exciton-cavity detuning is chosen to align the seeded exciton-polariton state at one vibronic
energy quantum of 200 meV below the pump-injected hot-excitons. Energy relaxation from the
hot-exciton reservoir occurs with the emission of a single vibron (black solid vertical arrow) and
is stimulated by the incident optical seed depicted with a red-arrow. Superimposed with the
calculated lower exciton-polariton dispersion within the dotted frame is the normalised emission
intensity of the seeded non-ground state polariton condensate.

We demonstrate great flexibility of the effect in all-optical control over the polariton
density along the lower polariton branch. The concept of non-ground state polariton
condensation is particularly important for optical circuitry and enables universal polariton logic
operating at room temperature [2].
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Compression of single-cycle pulses in resonant absorbing nanomaterials
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Generation of femtosecond and attosecond pulses is of great interest in modern optics for
the past decades,since they have many applicationsin ultrafast control of wave packets dynamics,
charges acceleration, medicine and other applications [1, 2]. Present day methods of attosecond
pulse generation and femtosecond pulse compression are commonly based on high order
harmonics generation [1, 2] and optical parametric chirped pulse amplification technique
(OPCPA) respectively [3]. In these methods, bulky and complex setups are required and low
efficiency of generation takes place. Modern nanotechnology makes it possible to produce
materials with specified parameters (frequencies of resonant transitions, transition dipole
moments, particle concentrations, laxation times) [4].

In this talk, we demonstrate theoretically that a cascade of resonant absorbing thin films
with certain parameters can be used for compression of single-cycle femtosecond pulses, see
Ref. [5]. The idea is based on the attraction of unipolar half-wave components of the incident
femtosecond pulse, which behave as self-induced transparency-like (SIT) solitons. This
attraction is accompanied by the pulse compression and frequency up-conversion related to intra
pulse four-wave mixing process. Compression of initial pulse with duration 2.3 fs at 700 nm
until duration 200 as with central frequency in XUV range is shown.

This work was supported by Russian Foundation for Basic Research, project No
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Moiré superlattices are generic feature for van der Waals (vdW) heterostructures with small
misalignment or lattice mismatch between constituent layers [1]. It is supposed that the main
superlattice effect is due to interlayer hybridisation of states, which leads to minibands with
strongly correlated states [2,3] and affects
optoelectronic properties of twisted transition metal dichalcogenide (TMD) bilayers [4-9]. Here,
we show a dominant role of piezoeffect and interlayer charge transfer for control of
optoelectronic properties of marginally twisted TMD bilayers [10]. The piezoeffect is caused by
lattice reconstruction accompanied by transition into commensurate phase [11,12], where moiré
pattern of twisted TMD bilayers consist of energy favourable domains separated by domain wall
network. The domain wall networks differ for twisted TMD bilayers with parallel (P) and
antiparallel (AP) orientation of unit cells in two layers, which also translates into distinct impact
of the piezoeffect for these two types of bilayers. In AP-bilayers with small twist angles (θ < 1°)
piezopotential induces simultaneous modulation of conduction and valence band edges creating
periodic traps, with depth ≈100 meV, for electron and holes in opposite corners of moiré

supercell (see Fig. 1A). While for P-bilayers
piezopotentials have opposite signs in two
adjacent layers, resulting in variation of
band gap so as ferroelectric potential caused
by interlayer charge transfer. Competition
between the piezo- and ferro- potentials
determines magnitude and form of band gap
modulation, leading to energy landscape for
interlayer excitons in P-bilayers exemplified
in Fig. 1B).

Fig. 1 A. electron (top) and hole (bottom) potential
energy variation caused by piezopotential in aligned
AP-WSe2/MoSe2 bilayers. Corners of the domain 2H
domains create traps for electrons (XX site) and
holes (WMo site) B. Interlayer exciton potential
energy modulation in twisted P-WSe2/MoSe2 layers
with θ=0° and θ=1.5°.
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Tamm plasmon lasers at room temperature

Vincent Toanen
University of Lyon

Tamm plasmons are optical resonances occurring at the interface between a Bragg reflector
and a thin metallic layer. These hybrid metal/semiconductor structures combine a high quality
factor and confinement of the electric field between both materials, which makes them good
candidates for controllable and compact light emitters. Moreover, the presence of the Tamm
mode close to the surface of the sample enables direct engineering of the mode via a micro or
nano-structuration of the upper thin metallic film. We will describe the main properties of Tamm
plasmon sources, and their applications like confined Tamm plasmon lasers [1], linearly
polarized lasers and surface plasmon sources [2]. As the reduction of the losses is a crucial point
for laser sources, we will propose a way to improve the quality factor up to 5000 in optimized
planar Tamm structures. We will present the first demonstration of room-temperature lasing
under optical pumping [3], which is a key step toward the realization of useful devices, such as
electrically-injected Tamm laser arrays or radial polarization laser sources.
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Fabry-Perot resonator based on gas-sensitive oxides
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Development of a highly sensitive and miniature selective sensor element (sensor) of the
gas environment is an up-to-date task. Such sensors are widely used to ensure safety in
production associated with the use of hazardous gases, to monitor the state of the atmosphere of
products in real time. The disadvantages of the sensors available today are their lack of
sensitivity and selectivity when detecting a particular gas in a significantly different atmosphere
(smoky, humid, etc.). The objective of our work is to develop a gas-sensitive sensor having a
miniature size, high selectivity and sensitivity.

The main structural element of the developed optical sensor is the Fabry-Perot resonator
built utilizing optical-contact bounding. The principle of its operation is using the effect of a
resonant standing wave (Fabry-Perot resonator mode) in gas-sensitive layers between two
dielectric multilayer structures (Bragg mirrors) based on oxides with high and low refractive
indices. For such resonator, the resonant layer is composed of gas-sensitive oxide/catalyst
bilayers interfacing a flowing gas atmosphere.

In our work we discuss fabrication technology and optical properties of Bragg mirrors
deposited by electron beam sputtering method and fabricated from Zr, Si, Ta and Hf oxides. It
was found that the stable Bragg mirrors for various applications could be made of ZrO2/SiO2
multilayers. The study on changes in optical and structural properties of the Bragg mirrors was
done when stabilizing their properties by annealing in air. Transmission spectra of a resonator
quartz/(ZrO2/SiO2)7/TiO2/Pd/TiO2/(SiO2/ZrO2)7 illustrated presence of hydrogen since the
Fabry-Perot mode λ0 was blue-shifted and returned to the initial spectral position for
hydrogen-free air.
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Porous silicon can serve as one of the most promising nanocrystalline materials, since
the pore walls are a system of quantum-sized formations-nanocrystals. Creating diode
structures based on porous silicon, which form the basis of most electronic devices, is a
challenge. The solution to the problem can be to create a porous layer on the structure with
the p-n transition already formed. Porous silicon obtained on a textured surface is a matrix of
microdiodes with a suitable electrical resistance on a common single-crystal substrate. Such
structures have good light-sensitive and luminescent properties [1,2].

The spectral dependences of the photosensitivity of structures made by different
technological ways are studied: with porosity before and after diffusion of an n-type impurity
into a p-type conductivity substrate, in vertical and horizontal electrolytic cells. The results
are shown in figures 1 and 2.

Figure 1-Spectral dependences of
photosensitivity of structures with vaporization
before diffusion (green lines) and after
diffusion (purple lines)

Figure 1 shows that structures with
pore formation after diffusion exhibit
significantly higher sensitivity in the
short-wave part of the spectrum than
structures in which diffusion went into
the porous layer. Diffusion into the

pores degrades the photovoltaic characteristics, since the porous layer is destroyed when
exposed to temperature.

Optical coatings of optimal thickness allow increasing photosensitivity in the entire
spectral range. This paper shows the effect of double coverage of ZnS and DyF3 (Fig.2). Both
coatings have high transparency in the visible range of the spectrum, the zinc sulfide layer in
this case has the effect of "additional doping", and the fluorine dysprosium layer acts as a
passivating coating.

Figure 2-Spectral dependences of photosensitivity of FEP samples with zinc sulfide and dysprosium
fluoride coatings for different manufacturing methods: a) vertical cell; b) horizontal cell



Photoluminescence spectra of porous silicon structures doped simultaneously with the
rare earth elements erbium and ytterbium were also studied. (figure 3). The procedure for
alloying the porous layer consisted in its impregnation with aqueous or alcoholic solutions of
erbium and ytterbium salts, followed by annealing in air at a temperature of 800оС. Studies
have shown that such structures exhibit stable photoluminescence at room temperature,
characteristic of both ytterbium ions (peak at 980 nm) and erbium ions (dual peak at 1540 nm
and peak at 450 nm ).

Figure 3 . Luminescence spectrum structures with a layer of porous silicon doped with erbium (peaks at
1540 nm (a)  and 450 nm (b)) and ytterbium (peak at 980 nm)

Thus, it can be concluded that on the basis of samples with a layer of porous silicon, it is
possible to manufacture both photosensitive structures for solar cells and fluorescent
structures for IR LEDs.
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X-ray reflectivity investigation of porous silicon prepared by an
electrochemical etching method
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Porous silicon is one of the promising materials for nanophotonics. Unlike ordinary
crystalline silicon, it possesses bright photoluminescence (PL) in the visible range, as well as a
large specific surface area. At the same time, depending on the production method, its
composition, structure and properties can differ significantly. In addition, due to the formation of
porous silicon by the "top-bottom" electrochemical etching method, the composition and
characteristics of the porous layer, including porosity, can change markedly from surface to
volume [1]. It is generally considered that porous silicon begins to exhibit noticeable PL
properties when the porosity index is above 50%.

Samples of porous silicon were obtained by electrochemical etching at various current
densities in a solution of hydrofluoric acid. To determine the porosity of the surface layer with a
thickness of about 10 nm, the samples were investigated by X-ray reflectivity (XRR) on a
diffractometer ARL X'TRA (Сu Kα, Bragg-Brentano geometry). The luminescence spectra were
recorded with a USB 4000-VIS-NIR fiber-optic spectrometer (Ocean Optics); a laser diode with
a radiation wavelength of 405 nm was used as a luminescence excitation source.

Figure 1 shows XRR profiles of three samples of porous silicon and a silicon substrate.
After passing the critical angle θc of total external reflection (TER), the intensity of the X-ray
reflectivity curves begins to decrease sharply. Knowing the critical angle of the TER allows us to
determine the density and hence the porosity of the samples. To compare the reflectivity curves,
the XRR profile of a crystalline silicon substrate was investigated. The porosity (P) of the
surface layer of the samples (figure 1) can be estimated from the relationship [2]:

A study of the photoluminescence properties of
porous silicon samples showed the absence of PL in
samples with a porosity of less than 31% and the presence
of characteristic PL [1] for a sample with 79% porosity.

Figure 1: XRR profiles of porous silicon samples
and silicon substrate. The dotted lines indicate
the positions of the critical angles of the TER
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In recent years, the development of Terahertz (THz) microscopy devices has been a subject of
intense research  [1–4]. The integration of Time Domain Spectroscopy (TDS) in a full-frame imaging
device is a long-sought achievement in THz science, as it would enable a wide range of applications in
medicine, material science, and security. Single-pixel imaging, inspired by the well-developed optical
Ghost-Imaging (GI) technique, has emerged as a promising candidate for THz full-wave imaging [5-8].
Due to the limited availability of THz spatial-light-modulators (SLM), researchers have proposed several
indirect patterning schemes, as in the case of photo-excited masks on semiconductor surfaces  [5,6].
Despite recent breakthroughs, state-of-the-art THz GI methodologies are characterized by a significant
trade-off between imaging resolution and distance between the sample and the masking device. Besides,
they appear not suitable to faithfully reconstruct objects with complex transmission properties or
three-dimensional features. In a recent theoretical work, we proposed a new methodology to overcome
these limitations: Time-Resolved Nonlinear Ghost-Imaging [9]. Our approach combines the conversion of
optical-to-THz patterns in a nonlinear crystal with a time-resolved TDS single-pixel detector.

In this contribution, we the most recent development of this approach. In particular, we will show
how it enables applications in the hyperspectral microscopy of semi-transparent objects. The nonlinear
ghost-imaging represents the proper approach towards a high-fidelity reconstruction of object planes in
the near-field, at a distance from the THz emitter [10].

A sparse subwavelength THz pattern is generated via nonlinear conversion of an optical field
distribution (Fig 1.). The field scattered by an object placed in proximity of the THz source is captured by
a single-pixel TDS-detection, which measures the average electric field at the center of a Fourier plane. In
the Nonlinear Ghost Imaging approach, the space-time near-field evolution of the pattern is

“inverse-propagated” to associate the temporal
information to each image pixel correctly. In other
words, each pixel will contain the accurate spectrum
of the field, that is, otherwise, scrambled in the series
of acquired temporal frames by a very-strong
space-time coupling.
Interestingly, we will discuss how this general
approach has several significant consequences in how
the image of a thick object, non-homogeneous in the
depth direction and multi-plane sources of scattered
waves, can be performed.
Fig. 1. Time-resolved Nonlinear Ghost-imaging. a
Experimental setup. b Nonlinear generation of THz
patterns. c,d Reconstruction of an object placed at a
distance of 300 m from the crystal (c) without and (d) withµ
the application of the inverse propagator.
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Photonic engineering of the terahertz
emission from a quantum cascade laser
(QCL) is fundamental for its exploitation in
spectroscopy, imaging and sensing. We
recently proposed [1] an external cavity
arrangement which uses a hybrid
metamaterial/graphene optoelectronic mirror
as external feedback element for the active
control of the QCL frequency emission, as an
alternative to the integration of photonic
structures with the laser cavity. Figure 1
reports a simplified schematic of the setup
used for the experiments as well as a
scanning electron microscope picture of the
unit cell in the metamaterial array [2].
In a first set of measurements a gold mirror

was used as external reflector. By acting on
the target position the external cavity length
was changed and the mode-switch occurring
in a partly suppressed QCL emitting at ~ 2.8
THz was recorded. The
metamaterial/graphene mirror was then
inserted in the external cavity arrangement
and kept at a fixed position, while its
reflectance was swept electronically by
modifying the graphene conductivity via
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electrostatic gating. The all-electronic measurements reproduced with excellent agreement the
QCL spectra recorded with a mechanical sweep and the gold external mirror. All the spectra
were acquired using a Fourier Transform Infrared (FTIR) spectrometer from Bruker not showed
in Figure 1. The external cavity arrangement was investigated and described in the framework of
self-mixing theory. Both experimental arrangements were modeled using multi-mode reduced
rate equations (RREs) model fed by the full self-consistent energy-balance Schrödinger–Poisson
electron transport QCL solver [3]. The model was able to correctly reproduce the mode
competition and power redistribution. The calculated Acket’s feedback parameter C [4] was
estimated to be 2.4~2.6 for the metamaterial/graphene mirror and ~ 4.5 for the gold one,
corresponding to a moderate to strong feedback regime. These results pave the way for the
introduction of external, fast reconfigurable all-electronic control of QCL emission for
applications in spectroscopy, imaging and communication, and at the same time provide a
valuable tool for the theoretical investigation of the complex laser dynamics and mode
competition in these laser sources.
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We demonstrate an ultrafast self-induced terahertz absorption modulator operating at 2.3
THz. A modulation of 50 dB is observed in the absorption when the THz field strength increases
from 145 to 654 kV/cm. © 2020 The Author(s)

Over the last two decades, terahertz (THz) radiation has attracted a constantly growing
attention due to a variety of unique properties such as the transparency of many materials in the
THz part of the spectrum and the very low energy of THz photons, which is insufficient to
induce damage in tested objects. For these reasons, THz waves have been successfully applied in
medical diagnostics, industrial quality control, food inspection and many others [1–3]. A new era
of applications, that of THz wireless communication opens up ahead [4] revealing the high
importance of the development of fast modulation devices operating at THz frequencies. Despite
being a challenging task since THz are located in-between optics and electronics, many
approaches have been applied in order to tailor THz radiation. One example is the use of
metamaterial structures on top of semiconductors that can be photo-excited in a pump-probe
scheme to dynamically modulate the device’s response [5]. However, this implies the need of a
properly synchronized pump beam with sufficient optical power to pump carriers in the
conduction band of the semiconductor. On the other hand, in graphene, free carriers can be
generated and controlled easily, resulting in a Drude-like response in the THz frequencies.
Recently, a perfect absorber device based on a cavity of monolayer graphene over a grounded
dielectric that can be tuned by an electrostatic gate was demonstrated in the low THz regime [6].
Under the same concept it was experimentally shown that the THz absorption of such device can
be modulated in an ultrafast way via an optical pump signal [7].
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Here, we demonstrate that the absorption of a graphene based THz cavity can be
self-modulated using intense THz fields. The THz cavity is formed by a 25 μm thick porous
membrane sandwiched between a monolayer graphene and a gold electrode (Fig. 1a). The porous
membrane was soaked with room-temperature ionic liquid electrolyte (DEME-TFSI) that
allowed us to fine tune the Fermi energy of graphene with an external gating between the
graphene layer and the grounded gold electrode. For the excitation of the device a high power
THz source based on two-color filamentation was used, which provides ultra-broadband THz
pulses (> 18 THz) with field strengths reaching 700 kV/cm. During the experiments the field
strength was properly controlled with a set of wire-grid polarizers.

Figure 1b, shows the recorded reflectivity spectrum of the device for different incident THz
field strengths. One can see that for low THz field strenghts the device achieves an absorption of



-56 dB at 2.3 THz (defined by the cavity thickness). However, as the THz field strength increases
the absorption decreases down to -4 dB resulting in a modulation of over 50 dB (Fig.2). This
non-linear behaviour of the device can be explained by an interaction of the intense THz field
with the free electrons in the graphene layer, resulting in strong modulation of its conductivity
via carrier heating [8]. The time response of the device is characterized in a separate IR
pump-THz probe experiment, revealing the ultrafast (few ps) switching capability of the system
(inset of Fig.2).

Our results demonstrate the implementation of ultrafast nonlinear THz modulators that can
find applications in future telecommunications and flat optics modulation.
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The THz technologies require the design of materials for controlling and high-speed
modulation of radiation in THz range. For such applications, the thin films based on oxides
showed a metal-insulator transition (MIT) are interesting due to large different of optical
transmittance before and after critical point. Vanadium (IV) oxide is one of the electron
correlated materials which undergoes MIT close to room temperature (68oC). The MIT of VO2 is
ultrafast (< 1 ps) and demonstrates the electrical resistance change up to 4 orders of magnitude.
Due to the capability for modulation of IR, terahertz (THz) and microwave radiation the
application of this material opens the opportunities to create fast optical switching devices,
sensors, thermochromic smart windows, terahertz and photoelectric devices and others.

A number of strategies have been proposed to reduce the VO2 MIT temperature including
chemical doping, stoichiometry engineering, epitaxial strain and hydrogenation. So far, tungsten
(W6+) is recognized as the most effective doping element for lowering the Tc by approximately
30 °C per at% W. Noteworthy is the fact that a decrease in the critical temperature upon tungsten
doping occurs practically without a decrease in the THz modulation depth, moreover, the THz
transmission hysteresis loop is usually narrowing, which is very important for the design of
devices with fast response.

The soft chemistry methods hydrothermal method and chemical vapor deposition both are
the most effective approach for the synthesis of VO2 metastable polymorphes with unique
crystallites morphology. In this work, we expanded the capabilities of hydrothermal method,
directing it to the growth of oriented crystallites in self-organized systems on the single crystal
substrates. According to our investigations, an epitaxial films and large variety of 3D structures
of vanadium dioxide can be obtained using one single crystal substrate of r-sapphire by fine
tuning of related synthesis parameters. Thus the orientation growth of six-pointed vanadium
dioxide crystallites fits into the epitaxial growth model describing unit cell relations between the
VO2(M1) film and r-sapphire substrate. We describe the process of the VO2(M1) phase
stabilization in the films by hydrothermal and MOCVD methods and the changes of resistivity
and terahertz transparency of the films based on the metal-insulator transition (MIT) [1]. Finally,
we demonstrate the impact of the W doping on the thermal and optical (THz) properties of VO2
mainly shows up in its insulator phase. W doping less 2at.% thus enhances the VO2 capability to
transport heat but diminishes its thermal switching efficiency (Fig 1). Full temperature
dependence of THz transmission of solvothermal thin V1-xWxO2 films are presented for the first
time. THz devices with VO2 as the key components exhibit remarkable response to external
actions, which is not only applicable in THz modulators but also in rewritable optical memories.
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Fig. 1. Full temperature dependence of THz
transmission of V1-xWxO2 (S1-x=0, S2 –x=-0.5, S3 –
x=1.0, S4 – x=1.5) films obtained under
soft-hydrothermal treatment on r-Al2O3
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Tunable terahertz optoelectronics is at the front-edge of modern communication
technologies. These include high-speed broadband telecommunications of next-generation
standards, safe-bioscaning, ultra-high-speed information transfer and many others. Rapid
development of the field produces ever increasing demand in new functional materials with
known characteristics.

Hexaferrites, in view of their outstanding electromagnetic properties, are appeal for various
practical applications. Since their discovery in the middle of the last century, these compounds
were successfully implemented in most of modern magnetic devices. At the same time, their
promising dielectric properties were undeservedly pushed to the background. Recent research
showed great prospects of utilization of hexaferrites in 5G devices and other
sub-terahertz/terahertz products.

Here, we report on the first detailed study of ultra-broad-band electrodynamic response of
single-crystalline lead-substituted barium hexaferrite Ba1-xPbxFe12O19 in a range from 1 Hz to 240
THz, that includes radio-, sub-terahertz, terahertz and infrared frequencies and altogether spans
over 14 decades. We discover a rich set of excitations and explain their origin from the
microscopic standpoint. These are magnetic domains and domain walls responses manifesting
themselves at radiofrequencies, gigahertz resonance presumably of magneto-electric origin,
unusual terahertz “soft-mode” (Fig.1) with non-Cochran and non-Curie-Weiss temperature
behavior, and electronic transitions within the fine-structured Fe2+ ground state. The origin of the
soft-mode was attributed to the dynamics of the dipole moment induced by lead ion within the
ab-plane and localization of the iron ions in a quartic potential. The changes of the soft-mode
behavior caused by variation of lead content might indicate vicinity to the quantum critical point.
The quantum critical behavior in pure hexaferrite BaFe12O19 was shown to be suppressed by
quantum fluctuations [1], but can be stabilized by inducing the negative chemical pressure [2],
generated, e.g., by substitution of barium with lead.

Detailed information on physical phenomena that govern the broad-band electrodynamics
of the Ba1-xPbxFe12O19 hexaferrite provides researchers with information that is vital for



device-engineering. The discovered tunability of the terahertz spectral response of the
compounds paves the way for designing tunable sub-terahertz/terahertz band-filters,
phase-shifters, shielding, etc.

Figure 1. Spectra of complex dielectric permittivity (polarization E c) of
single-crystalline lead-substituted barium hexaferrite Ba0.9Pb0.1Fe12O19. The terahertz soft mode is
clearly seen.

This study was financially supported by Russian Science Foundation, grant 19-72-00055.
LNA acknowledges support of system of President’s scholarships for young researchers
(SP-777.2021.5).
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Producing novel materials with controllable electrodynamic (radiofrequency to terahertz
range) functional properties is of great demand and forms a new trend in modern material
science. M-type barium hexaferrite, or briefly BaM, forms a class of materials with functional
properties that are critically dependent on doping[1]. BaM is a cost-effective composition with
unique magnetic characteristics. Therefore, it is widely used in high-quality magnetic memory
storage elements, magnetic sensors, microwave devices and absorbers and is promising for
multiferroics applications [2]. Although the magnetic properties of BaM seem to be fully
covered, its dielectric characteristics and especially at terahertz frequencies remain unexplored to
date. We report on the first detailed investigation of terahertz electrodynamics of
single-crystalline BaM doped with lead and aluminium Ba0.2Pb0.8AlxFe12-xO19, x=0.0, 1.2, 3.0 and
3.3.

Two commercial terahertz (THz) time-domain spectrometers, Tera K15, Menlo GmbH and
TeraView TPS 3000, were used to investigate the spectra of complex dielectric permittivity at
frequencies 5-120 cm-1 for two principle polarizations, when the electrical field vector E is
orthogonal and parallel to crystallographic c-axis, i.e., E⊥c, E||c, with temperature variation
from 300 K down to 6 K. To model the obtained absorption bands, Lorentzian expressions were
used:

,ε* ν( ) = ε' ν( ) + 𝑖ε'' ν( ) =
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from reflectivity spectra measured at room temperature utilizing infrared Fourier-transform
spectrometer Bruker Vertex 80.

The terahertz spectral response at 5-80 cm-1 shows a wide absorption band affected by the
concentration of Pb and Al. With temperature variation, the band splits into three to four distinct
lines depending on particular composition. To interpret the nature of the lines, we proposed a
model that considers the second-order spin-orbit interactions, trigonal distortions of the crystal
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field and the selection rules for the 3m (C3v) symmetry point group of tetrahedral site-position of
Fe2+ [3]. Using the model, we succeed to explain the number of observed bands, their frequency
positions, and the temperature dependences of their parameters. The origin of the absorption
lines is assigned to the electronic transitions within the fine-structured ground state in 5E state of
Fe2+ in tetrahedral site-positions [4]. Analysis of the complex dielectric permittivity spectra
confirms that Ba0.2Pb0.8AlxFe12-xO19 hexaferrites compose the family of materials with high
dielectric permittivity at terahertz frequencies. We conclude that substituted hexaferrites are
promising for utilization in dielectric resonators and absorbers, blocking undesired
electromagnetic radiation, electromagnetic interference shielding materials and antenna
application.
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Research, grant 20-32-90034.
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Due to their outstanding magnetic properties and low-cost production, hexaferrites occupy
the bulk of the world magnetic materials market. They are widely used as permanent magnets,
memory devices, components in devices operating at microwave/GHz frequencies, etc. Having
electromagnetic properties that are highly sensitive to chemical substitutions, hexaferrites
provide vast opportunities for development of tunable devices functioning in terahertz range.
However, lack of information on electrodynamics of hexaferrites significantly hinders the
potential of such development.

Ceramics of barium hexaferrites substituted with lead ions, Ba1-xPbxFe12O19 (x = 0.00 -
0.30), were studied using methods of terahertz time-domain and continuous-wave (utilizing
backward-wave oscillators) spectroscopy in the frequency range of 2 - 110 cm-1 at temperatures
from 5 to 300 K. The spectra of complex dielectric permittivity were processed using the model
of independent Lorentzians. Numerous absorption lines of different nature were discovered,
among those are: excitations associated with electronic transitions in fine-structure components
of Fe2+ ions [2] and soft optical phonon [3]. Moreover, we discovered a temperature-sensitive
excitation which is absent in non-substituted compounds [1]. The frequency of this
ferroelectric-like “soft mode” ranges from ~ 30 cm-1 at T = 300 K to ~ 8 cm-1 at T = 5 K. This
temperature behavior of the excitation frequency cannot be described by the regular Cochran

expression used to model ferroelectric soft modes, , but follows a power-lawω
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strength of the discovered soft mode was found.



Figure 1. 2D Spectra of imaginary part of the dielectric permittivity for Ba0.70Pb0.30Fe12O19,
temperatures 5-300 К

In this research, we discuss the nature behind the unusual temperature behavior of the soft
mode parameters, as well as the influence of Pb2+ ions on its oscillator strength. We believe that
the last feature can allow to purposefully tune the characteristics of functional materials and will
enable the creation of new devices.
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Russian Foundation for Basic Research, grant 20-32-90034.
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Magnetic materials with large coercivity have broad applications ranging from permanent
magnets and data storage media to high-frequency electromagnetic wave absorbers. The only
known ferrite material exhibiting coercivity over 20 kOe (also considered as “giant coercive
force”) at room temperatures is epsilon-iron oxide
(ε-Fe2O3). Furthermore, it displays ultra-high natural ferromagnetic resonance (NFMR)
frequency of 182 GHz. The Rh-doping of the material (ε-Fe2-xRhxO3) leads to an increase in both
the NFMR up to 209 GHz and the coercivity up to 27 kOe [1]. However, since epsilon-iron oxide
is a metastable polymorph and its production as a pure phase is quite complex, it still has not
been applied in industrial applications.

Recently we have reported [2] an effective method for production of single-domain M-type
hexaferrite particles with composition of Sr1−x/12Cax/12Fe12−xAlxO19 (x = 4), which demonstrated
coercivity of 21.3 kOe and saturation magnetization
15 emu/g, which is close to pure ε-Fe2O3 phase. The proposed preparation technique is based on
citrate-nitrate auto-combustion method; therefore, it is simple, economical and readily scalable,
and it can be efficiently integrated into modern ferrite technology. In the following work [3] it
was shown that further increase of Al substitution degree leads to significant improvement of
coercivity (up to 36 kOe) and NFMR frequency (up to 250 GHz), which are record-high values
for ferrite powders to date.

Herein, we discuss temperature dependence of the magnetic and microwave properties,
crystal and magnetic structures of the ultra-hard magnetic hexaferrites Sr1−x/12Cax/12Fe12−xAlxO19
(x = 3 – 5.5) in a range of 4.2 – 700 K. Temperature dependencies of both NFMR and coercivity,
which are proportional to anisotropy field, have a maximum shifted to low temperatures with
increase of aluminium content. For x = 5.5 the compound coercivity is raised from 36 kOe at 300
K up to
41 kOe at 180 K.

Furthermore, we developed a technique for preparation of dense ceramics with single
domain grains and studied their room temperature magnetic properties and millimetre wave
absorption. The obtained ceramic materials possess coercivity higher than 18 kOe at specific
density of 67 - 95%. NFMR frequency of the ceramics is
200 GHz, which is 20% blue-shifted compared to that of a powder sample. The ferrite ceramics
with a coercivity of more than 10 kOe and sub-terahertz absorption were obtained for the first
time.

The work was supported by RFBR project № 20-02-00887.
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It is known that terahertz (THz) radiation can be produced in strong two-color optical fields
as they ionize atoms or molecules [1,2]. In the driving waveshapes created by such two- or even
multi-color fields [3], a bunch of ionized electrons is produced during step-like ionization events
[4] which moves predominantly in one direction. Triggering such ionized-electron-induced
current produces also a spike of THz radiation. The resulting THz pulse has typically a form of a
sub-cycle waveshape.

Here we consider creation of such THz spikes in circularily and elliptically polarized
multicolor fields. As we show, such polarization allows increase the efficiency up to two orders
of magnitude, and allows to generate unusual THz waveshapes. Besides, an even more
important, it gives an insight into the dynamics of electron as it leaves the atom, taking place on
much shorter, attosecond time scale. Namely, we show that, using such driving waveshapes, one
can observe [5] so called attoclock [6], that is, the rotation of an electronic wavepackage as it
leaves the atom during ionization.
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Nonlinear electrodynamics of graphene is actively investigated due to its prospective use in
plasmonics, optoelectronics, and photonics. We report on new experimental observations of
spontaneous optical emission of graphene under the action of an intense THz pulse. Optical
photons were detected in the range of 1.2–3.5 eV, while their spectrum and polarization clearly
indicate that the observed effect is electron-hole pair production, but not heating of the electronic
subsystem. The experimental data are in good agreement with analytical and numerical results
based on the model of Landau-Zener interband transitions. Our latest calculations allow to
estimate the shape of the electron distribution function formed by the THz field action using the
experimental data on the polarization of emitted photons.

Financial support: RFBR grant #18-29-19091, I.O. is grateful to the Foundation for the
Advancement of Theoretical Physics “BASIS”.
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Generation of broadband attosecond [1] and femtosecond few-cycle terahertz (THz)
waveforms [2] is of great interest in modern optics. They have many applications in ultrafast
spectroscopy of different medium and many other applications [1, 2]. Special interest is devoted
to generation of half-cycle unipolar and quasi unipolar pulses containing a strong half-wave of

the electric field and having nonzero electric pulse area ( ), see review [3]. Due to𝑆
𝐸

= ∫ 𝐸 𝑡( )𝑑𝑡

the presence of the strong unipolar half-wave of the electric field, they can be used for more
efficient and faster excitation and control of quantum systems with respect to long multi-cycle
pulses [4,5].

In particular, these pulses can change the populations of quantum systems and control them
very fast via time scale order of pulse duration and carrier-wave Rabi-flopping [5]. In special
extended media it is possible to create harmonic population density gratings and control them
(erasing, special frequency multiplication etc.) when a train of few-cycle pulses
counter-propagate in a resonant medium without overlapping in the medium. Such a possibility
was studied earlier in the optical range in a two-level medium when attosecond pulses were used
[5,6].

In this talk, we present our recent results on population density grating formation in
molecular multi-level medium by sub-cycle THz pulses [7]. High values of transition dipole
moments in the THz range enable to use excitation THz waves with field strength much lower
[7] in contrary to optical range when high power attosecond pulses are needed [6].

This work was supported by Russian Science Foundation, project 19-72-00012.
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Features of nonlinear refractive index measurement by z-scan
method for broadband single-cycle THz pulses
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We have previously reported on the measurements and theoretical description of the
third-order nonlinear response (nonlinear refractive index) of several crystals [1-2] and liquids
[3] at THz frequencies. It was shown that for some of the media the vibrational nonlinearity in
the THz range is by several orders of magnitude larger than the electronic one in the visible
range.

However, some of the aspects of the measurements and calculations of z-scan curves were
not completely discussed. Here, we introduce some clarity to the raised issues of implementation
of broadband single-cycle THz pulses for z-scan method. We are considering issues related to
the spatio-spectral representation of strongly focused single-cycle THz pulse with extremely
broad spectrum 0.1-2.5 THz, its nonparaxiality of propagation and influence the results measured
by the z-scan technique. We also estimate the influence of ellipticity in the shape of the
collimated THz beam to the beam profile close to the focus.

We note that within an order of magnitude there is a very good agreement between the
calculated and measured values even considering features of broadband single-cycle THz pulses.

The study is funded by RFBR project № 19-02-00154.
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Laser and matter properties effect on the enhancement of THz waves
generation during liquid jets double pulse excitation
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Having a fundamental period of about 1 ps terahertz (THz) frequency oscillations can be a
perfect tool for investigation of vibrational modes of proteins, small molecules rotations, gas
molecules collisions, solid-state and gaseous plasma. Thus, the development of a highly efficient
and widely available source of terahertz (THz) radiation for such purposes has been a significant
problem for the past decades.

The use of the pre-plasma effect was presented in a couple of works for enhancing the
generation of THz radiation during the interaction of an IR ultrashort laser pulse with air and
argon clusters. In this work, the THz waves energy enhancement in case of a double-pulse
single-color excitation of various liquid jets is experimentally and theoretically investigated.

It is revealed, the enhancement curve width, presumably, corresponding to the plasma
lifetime, is different for water, ethanol and alpha-pinene. It is thus possible, the double pump
method could shed light on the differences in the molecular response of various liquids in the
field of ultrashort IR-pulses. Furthermore, we present the experimental and theoretical
investigation of the THz waves energy enhancement during double pulse excitation of different
liquid jets with respect to the duration change for both pulses and their ratio variation. As a
result, we demonstrate the advantage of longer reference pulses for creating a pre-plasma and
then shorter signal ones for achieving the maximum energy of a THz wave. To numerically
simulate the duration dependences of the THz waves energy enhancement in case of double
pulse liquid excitation, we use a theoretical model of the ultrashort pulse field interaction with a
dielectric medium, which concider third-order and plasma nonlinearities.

In addition to the identified features of the THz waves energy enhancement during double
pulse excitation of liquid jets with respect to the duration change for both pulses and their ratio
variation, we state the possibility of achieving the optical-to-THz conversion efficiency value of
0.1% in case of double pulse excitation of an alpha-pinene jet. This work demonstrates the
optimal conditions for obtaining maximum THz energy through laser-matter interaction.

The study is funded by Russian Science Foundation (RSF) 19-12-00097.
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Sensitive detectors of terahertz (THz) radiation are of paramount importance for the
progress of terahertz science and technology. In this work, we demonstrate efficient direct
detection of THz radiation in a dual-gate field effect transistor on the basis of a GaAs-AlGaAs
heterojunction. The device consists of a narrow channel of a 2D electron gas covered by two
independently biased gates in the form of a bow-tie antenna, which focuses the incident THz
radiation. The device is cooled to a temperature of 9 K and is illuminated with square-wave
modulated terahertz radiation from a 1.9 THz quantum cascade laser.

Under THz irradiation, the device shows a
photocurrent (Fig. 1) and photovoltage response,
which depends on the two gate voltages. The
presence of the two gates allows maximising the
THz response and simultaneously adjusting the
output impedance by tuning the two gate
voltages. This facilitates impedance matching of
the device when embedded in an external readout
circuit. The magnitude of the photoresponse
obtained cannot be explained by known
mechanisms such as classical plasmonic mixing
[1,2], bolometric/electron heating [3] effects, the
photo-thermoelectric effect [4] or photon-assisted
tunneling [5]. For example, the experimentally
measured photovoltage exceeds the theoretically
expected value from plasmonic mixing by more
than ten-fold.

We developed a theory of the observed effect and show that the response can be explained
by a phenomenon that we call an in-plane photoelectric effect [6]. The different gate voltages
create a potential step, with an in-situ tunable height or “work function”. THz radiation then
generates an electrical current in the direction parallel to the 2D electron gas. We show,
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theoretically and experimentally, that the maximum of the effect is observed when the chemical
potential lies above the potential barrier, in contrast to the conventional photoelectric effect. Our
approach presents new opportunities for power measurements and timed event detection in
applications of THz technology.
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THz and IR spectroscopy of endofullerene H2O@C60
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Endofullerenes present a unique opportunity
to study the dynamics and the interactions of a
small molecules (H2O, H2, HF etc.) with carbon
surfaces. Highly symmetrical C60 cage does not
form chemical bond with encapsulated molecules
and allows them to rotate nearly freely. At the
same time, molecules are spatially separated. It is
especially relevant in case of H2O@C60, as it gives
a rare chance to study water molecules free of
intermolecular hydrogen bonds.

Spectroscopic measurements of H2O@C60

sample were carried out in a wide temperature
range of 6 K – 300 K using time-domain terahertz
spectrometer TeraView TPS Spectra 3000 and infrared Fourier-transform spectrometer Bruker
Vertex v80. To capture the process of water molecules ortho-para-conversion, the sample was
kept at temperature T= 20 K for about an hour and then quickly cooled down to 6 K in a span of
≈5 minutes. This method yields sample in an ortho-isomer enriched state, because characteristic
conversion time for water at 20 K is on the order of tens of minutes.

All absorption resonances in the measured spectra were fitted with the Drude-Lorentz

model with an appropriate number of terms. The obtained modelε ω( ) =
𝑛
∑

ω
𝑝𝑛
2

ω
0𝑛
2 −ω2−𝑖γω

parameters were used to assign the observed absorption lines to their respective transitions.
Several absorption lines were identified [1] as pure rotational transitions, according to the
evolution of the spectra over time due to the ortho-para-conversion (fig. 1). For all of them, line
splitting and a slight shift of the frequencies known for water in gas phase were observed. Line
splitting indicates lifted degeneracy of water molecule rotational levels caused mainly by electric
quadrupole interaction with neighbouring fullerene molecules. From the temperature dependency
of intensities, several lines were attributed to pure translational or translational-rotational
transitions.
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Transformation of multilayered graphene into thinnest diamond
films by chemically induced phase transition
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Ultrathin diamond film (diamane [1]) has wide potential application in technologies such as
transistors for nanoelectronics, host system for single photon emission in quantum computing
devices and building material for miniaturized biomedical devices etc. Growing a high-quality
ultrathin diamond monocrystal-film remains an insurmountable challenge but
quasi-two-dimensional diamond films can be formed from the few-layered graphene. Such
transformation cannot be described by the bulk diamond-graphite phase diagram and requires
considering graphene surface contribution. Moreover, surface functionalization processes such as
hydrogenation, oxidation, fluorination can modify whole structure of the film. For instance, a
nanoscale transformation of functionalized graphene to diamane (i.e. chemically induced phase
transition) was developed in our previous work under conditions of full and uniform
functionalization of graphene surface [2]. Despite of the successful experimental realization of
prediction a lot of questions remain unanswered like “why formation of diamond nanofilm was
observed only for the case of bilayer films?”, “what the mechanism of phase transition from
graphene to diamane?”, “what the final structure of the resulted diamond film and how it
depends on the external conditions?”. All of them require extension of the somewhere
oversimplified theory and take into account a new phase nucleation process, describe the
“reaction path” and nucleation barrier. We answered for these questions by carrying out ab initio
computation which allows to directly observe a nanoscale diamondization process and estimate a
nucleation barrier. We show that diamond formation considerably depends on graphene layers
number, their packing, type and arrangement of adatoms as well as external parameters and
therefore requires they fine tuning in the further experiments [3].
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Laser synthesis of 2D Transition Metal Dichalcogenides

Sakellaris Mailis
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A laser-induced synthesis method of few layer MoS2 and WS2 films and their
heterostructures is presented. Synthesis of these two important Transition Metal Dichalcogenides
(TMDs) materials  is achieved by localised thermolysis of suitable precursors, induced by
spatially selective, laser irradiation. This is a scalable materials synthesis method, with low
thermal budget, as there is no requirement for global heating of the substrate and therefore is
suitable for additive manufacturing.

Laser synthesis of TMDs is based on solution processing growth where a precursor is
spin/dip coated on a suitable substrate. A focussed laser beam acting as a localised energy
source, is used to dissociate the precursor and synthesise the target material locally. The excess,
non-irradiated, precursor can be subsequently removed thus, resulting in spatially selective
material synthesis. Figure 1a shows a set of laser-synthesised MoS2 tracks on a SiO2/Si substrate.
The inset image shows the corresponding Raman spectrum with the characteristic E2g and A1g
modes for MoS2. Sequential synthesis can produce overlapped layers of different films to form
heterostructures. An example of such a MoS2/WS2 heterostructure array is shown in Figure 1b.

Laser-synthesis of TMDs can produce films with lateral dimensions ranging from the
focussed laser beam spot size (~μm) up to macroscopic sizes, while the length is limited only by
the substrate dimensions. The thickness and quality of the resulting  films can be controlled by
modifying the initial precursor concentration in the spin coated solution and the laser irradiation
conditions. MoS2 and WS2 micro-structured films with thickness down to three layers for MoS2
and single layer for WS2 have been achieved so far on various glass and crystalline substrates.

Raman, photoluminescence (PL) and X-ray photoelectron spectroscopy (XPS) analysis
have been used to assess the quality of the laser-synthesised materials. Various microscopy and
microprobe methods were also used to investigate the microtopography and conformity of the
films.

Finally, the electronic functionality has been demonstrated by fabricating field effect
transistors using laser synthesised MoS2 and WS2 films.



Pristine and modified interfaces with epitaxial 2D materials:
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The interface between various atomically thin two-dimensional materials (2DMs) or 2DMs
and supporting substrates is of great fundamental and technological importance. In this work we
focus to epitaxial 2D systems grown by chemical vapor deposition (CVD) on single-crystal
substrates.

Among metal substrates suitable for the CVD growth of graphene, Ir(111) shows to have
many advantages: graphene can be grown in macroscopic domains and its Dirac point resides
very close to the Fermi energy. However, the substrate interaction due to mismatched lattices and
the resulting moiré effect imposes a superperiodic potential leading to mini-gap openings in the
band structure of graphene [1]. The interaction with the growth substrate can be further enhanced
e.g. by using stepped Ir surfaces, where periodic array of substrate steps leads to stronger
hybridization, more pronounced doping and the anisotropy of the Dirac cone [2]. On the other
hand, intercalation of alkali atoms between graphene and Ir(111) reduces the interaction and the
strength of the moiré potential but at the same time results in a strong chemical doping [3]. In
turn, such doped graphene system enables identification of intra- and intervalley electron
scattering channels in a broad energy range between the Dirac point and the van Hove singularity
[4]. The same paths for tailoring 2DM-substrate interactions work also for epitaxial hexagonal
boron nitride (hBN) on Ir(111) [5].

In the case of alkali atoms, intercalated and adsorbed on graphene/Ir or hBN/Ir systems, we
demonstrate a possibility to control and tailor the electron density profile by precisely controlling
an atomic structure at the surface. In the optical response, we observe a strong reflectivity change
accompanied by a strong peak as large as 20 % at ~2 eV, which is ascribed to surface multipole
plasmon in a composite of alkali/2D material/alkali/Ir multilayer structure. The line width of the
plasmon band becomes as narrow as 0.2 eV by the presence of the 2DM between the alkali
layers. We interpret that in such tailored structure, the 2DM leads to the sharpening of the density
of states via decoupling from the substrate electron-hole pair excitations where a resulting
dissipation of the plasmon is effectively suppressed. This result demonstrates a novel strategy for
reducing the plasmon loss channels via atomic scale modification of the surface structure by use
of 2D materials.
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Investigating Hot-carrier Cooling in Photoexcited Graphene
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Many promising optoelectronic devices, such as broadband photodetectors, nonlinear
frequency converters, and building blocks for data communication systems, exploit photoexcited
charge carriers in graphene. For these systems, it is essential to understand, and eventually
control, the cooling dynamics of the photoinduced hot-carrier distribution. There is, however,
still an active debate on the different mechanisms that contribute to hot-carrier cooling. In
particular, the intrinsic cooling mechanism that ultimately limits the cooling dynamics remains
an open question. Here, we address this question by studying a technologically relevant system,
consisting of high-quality graphene with a mobility >10,000 cm2V−1s−1 and environments that
do not efficiently take up electronic heat from graphene: suspended graphene. We study the
cooling dynamics of this high-quality graphene system using ultrafast pump-probe spectroscopy
at room temperature. Cooling via disorder-assisted acoustic phonon scattering and out-of-plane
heat transfer to the environment is relatively inefficient in such system, predicting a cooling time
of tens of picoseconds. However, we observe much faster cooling, on a timescale of a few
picoseconds. We attribute this to an intrinsic cooling mechanism, where carriers in the hot-carrier
distribution with enough kinetic energy emit optical phonons. During phonon emission, the
electronic system continuously re-thermalizes, re-creating carriers with enough energy to emit
optical phonons. We develop an analytical model that explains the observed dynamics, where
cooling is eventually limited by optical-to-acoustic phonon coupling. These fundamental insights
into the intrinsic cooling mechanism of hot carriers in graphene will play a key role in guiding
the development of graphene-based optoelectronic devices.
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In this work, we compare blister-based laser-induced forward transfer of graphene and
single-walled carbon nanotubes (CNT). Targets, consisting of an absorbing radiation layer and
carbon nanomaterial, were irradiated by nanosecond UV-laser with different fluences to transfer
nanomaterial on receiving substrates. Effects of absorbing layer thickness and nanomaterial type
on the parameters of laser transfer are investigated. The transfer threshold is found to be
dependent on the mass of the nanomaterial. Namely, CNT layer has much greater mass than one
atomic layer of graphene. Consequently, more fluence is required to create big enough
momentum for successful transfer of CNTs. In detail, results will be presented in a conference
report.

The work was supported by Russian Science Foundation (Grant No. 18-72-10158).
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TESCAN high resolution scanning electron microscopy with focused
ion beam: Application results for electronic and photonic materials.
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TESCAN ORSAY Holding is a global manufacturer of scientific instruments, such as
SEMs, FIB-SEMs, micro-CTs. The production is located in city Brno in Czech Republic and
Russian sales and service offices are located in Saint-Petersburg and Moscow, where there are
demonstration laboratories, equipped to demonstrate customers high resolution SEM-imaging,
cross-sectioning and TEM-lamella preparation with focused ion beam, X-ray microanalysis,
electron backscattered diffraction (EBSD) and other analytical and imaging techniques.

Up-to-date complicated electronic and photonic materials require more sophisticated tools
for their development and inspection in order to reach the area of interest and analyze it.
Scanning electron microscopy (SEM) in combination with focus ion beam methods (FIB) is an
appropriate technique for keeping up with the rapid evolution of material sciences by offering
analytical capabilities with high level of precision.

Approach with using of FIB-SEM consists of several steps: searching of an area of interest
by scanning across a sample surface with SEM; deposition of a Pt-mask in a site-specific place
on a sample for protection of the highest layers of a sample; FIB-milling in order to make a
micro cross-section through the Pt-mask to deeper areas of a sample; investigation of a
site-specific local cross-section with SEM. The advantages of the FIB-SEM cross-sectioning are:
possibility to see not only surface but internal structures also; choosing position for a
cross-section or TEM lamellae preparation ideally precisely comparing with methods, which
deals with macro-samples; clearly visualizing of multilayer structures; convenient observation of
internal cracks, pores and other sub-surface cavities.

Electron Backscattered Diffraction (EBSD) analysis, which is sensitive to subsurface
crystal structure and has spatial resolution 30 - 120 nm (depends on accelerating voltage and
material density), also seems to be appropriate for variety of photonic materials, such as
nanowires (Fig. 1), ultrafine powders and nanodevice nodes.

The described methods could be presented alive in TESCAN demonstration laboratories in
Saint-Petersburg or Moscow.

Figure 1. EBSD-analysis of GaP nanowire
(test sample provided by Konstantin Kotlyar,
Alferov University RAS) - (a) SEM-image; (b)
Kikuchi band contrast map; (c) orientation map;
(d) phase map. EBSD-mapping step – 20 nm.



Single particle FRET microscopy: shedding light on drug
interactions with nucleosome-protein complexes
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Nuclear proteins such as topoisomerases I and II, poly(ADP-ribose)polymerase 1 (PARP1) and
histone chaperone FACT (FAcilitates Chromatin Transcription) are recognized pharmacological targets
for anticancer drugs, which often realize their activity by disturbing the functioning of these proteins in
the complexes with nucleosomes. Here we demonstrate that single particle Förster resonance energy
transfer (spFRET) microscopy is a convenient and useful nanophotonics approach to address the effects
of various drugs on a nucleosome level [1-4].

Introducing a donor-acceptor pair of fluorescent labels in different regions of mononucleosomes
assembled from core histones and DNA of variable length, we apply spFRET microscopy to probe how a
structure of nucleosomes or a structure of nucleosome complexes with nuclear proteins is affected by
different drugs. The precisely reproduced structure of assembled nucleosomes is achieved by using DNA
having strong nucleosome positioning sequence (so called, 603 DNA template in our experiments). The
introduced fluorescent labels are closely situated in the neighboring gyres of a nucleosomal DNA
providing high efficiency of FRET. Any alterations in the DNA structure result in FRET efficiency
changes. Using highly diluted solutions of labelled nucleosomes, FRET efficiency can be measured for
individual nucleosomes that cross the focal volume of a confocal microscope in the course of a free
diffusion. Measurement of FRET at the level of single complexes provides us with unique opportunity to
detect and recognize various types of complexes, which are simultaneously present in a solution.

We present the results of our studies for: gossypol, which modulates nucleosome structure; olaparib,
talazoparib, veliparib and 7-methylguanine, which trap PARP1 complexes with nucleosomes; as well as
curaxin CBL0137, which affects nucleosome structure and facilitates FACT-mediated nucleosome
unfolding. Our data clearly demonstrate that spFRET microscopy has important advantages in the
investigations of complex heterogeneous systems such as complexes of nucleosomes with drugs and
nuclear proteins.
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Raman spectroscopy allows quickly obtaining information about the substance structure by
compiling spectral maps from several areas of the object surface. The main sample surface scanning
problems are the scanning time, damage to the sample surface due to local overheating, as a result of a
change in the resulting spectrum during scanning, the ability to scan small areas. Surface-enhanced
Raman scattering (SERS) is a sensing technique in which inelastic light scattering by molecules is
enhanced by several orders. The ability to carry out routine quantitative SERS is dependent on having
stable effective and reproducible enhancing substrates available. SERS has two main types of enhancing
media with advantages and disadvantages. Colloidal suspensions have time dependences of enhancing
factors and effective signal reinforcement. Solid enhancing substrates have irreproducible surface
distribution of enhancing factors. This problem is solved by expensive synthesis methods.

Self-assembled plasmonic films have been studied as potential SERS active substrates. We studied
self-assembled plasmonic films (SPF) based on gold nanoparticles (Au-NPs). The synthesis of the SPF is
very simple. The first step is the addition of the assembling agent (modifier) solution in an organic phase.
Further, the contents of the test tube are vigorously shaken, and the formation of a reflective film (SPF) is
observed.

The interesting problem is to obtain signal maps data of substrate surface because the field
enhancement distribution at the surface of a plasmonic substrate is highly inhomogeneous and mainly
localized in very small spatial regions called “hot spots”. From a structural point of view, these hot spots
are often identified as very sharp tips or as nanogaps between nanoparticles or between a nanoparticle and
a surface, with the nanogaps remarkably more efficient in enhancing the optical signals than the sharp
tips. The comparison of the spectral maps of the enhancing colloidal medium and self-assembled films of
plasmon nanoparticles makes it possible to obtain the dependences of the enhancing factors on the
ordering of the structure.

The studies were carried out on the “inVia” micro-Raman spectrometer (Renishaw, UK). The
spectrometer works in the backscattering geometry. Multi-channel detector cooled to 70°C and an
integrated Leica microscope. The sample is focused on a spot with a diameter of ~ 2 μm using a 50x
microlens with a numerical aperture NA = 0.75.

Comparison of the self-assembled plasmonic film and dropcasted colloidal Au-NPs samples
showed that an increase in the intensity of the bands of the analyte (Pseudoisocyanine iodide) Raman
spectrum occurs over the entire area of the SPF, where the Au-NPs are located. In contrast, single hot
spots are formed on the surface of the DGC sample.

Two parameters were chosen for the optimization SPF study, showing different qualities of the
enhancing substrates. The average intensity of IDM (intensity distribution map) is proportional to the
analytical enhancing factor because the analyte concentration in the optimization samples was the same.
In addition, average intensity of IDM is 2233 counts for all SPFs and it is 1361 counts for DGC. IDM
gates were used as a reproducibility parameter. The gate is the span excluding 10% of the outliers. For all
SPFs, it is 2322. For DGC, it is 3319.

Acknowledgements
This work was supported by the Russian Science Foundation (Agreement 20-72-00114).
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Since the beginning of the XXI century layered two-dimensional (2D) materials have been
promising candidates for use in microelectronics, photonics, and photovoltaics. The variety of
properties of 2D metal chalcogenides allows their use for various applications. For example,
MoS2, In2Se3, Bi2Te3 have high absorption coefficients from ultraviolet (UV) to infrared (IR)
spectral regions [1]. Thin films of layered In2Se3 are particularly promising for the development
of solar cells, broadband photodetectors, and storage devices [2]. However, the growth of
high-quality films by van-der-Waals (vdW) epitaxy on classic semiconductor substrates is
hindered by insufficient understanding of the 2D material growth mechanisms and defect
generation in their films.

We used in situ reflection electron microscopy (REM) and ex situ atomic force microscopy
(AFM) to study sublimation and vdW epitaxy on the Bi2Se3(0001) surface. Using probe
lithography (Multimode 8, Bruker), Bi2Se3(0001) surface was patterned with 3–15 nm deep
grooves running along -type directions. During in situ REM experiment, samples were〈1120〉
heated resistively by passing direct electric current. Above 100°C the samples were exposed to a
selenium molecular beam (up to 0.1 nm/s) to avoid noncongruent Bi2Se3 sublimation. Under
these conditions, heating to ~400°C triggers ascending motion of atomic steps on the
Bi2Se3(0001) surface observed first by in situ REM. This process manifests the onset of Bi2Se3
congruent sublimation. During the sublimation, the grooves made on the Bi2Se3(0001) surface
act as sources of atomic steps: groove depth increases, generates atomic steps, and they move in
the ascending direction away from the source. We used this phenomenon to create self-organized
regularly-spaced zigzag atomic steps having 1 nm height on the Bi2Se3(0001) surface.

When we started bismuth deposition with rates up to ~0.01 nm/s onto the Bi2Se3(0001)
surface in 200–400°C range while the selenium flux was constant (up to ~0.1 nm/s), there took
place the descending motion of atomic steps. This corresponds to the onset of Bi2Se3(0001) vdW
epitaxy visualized first by in situ REM. The deposition of In and Se onto the Bi2Se3(0001)
surface at ~400°C led to the epitaxial growth of layered In2Se3 with a 0.025 nm/s rate. This vdW
heteroepitaxy started with 2D island nucleation and, after 3–5 nm growth, continued with the
formation of 3D islands. Ex situ Raman scattering measurements (XploRa Plus, Horiba, 532 nm
laser) have shown that the grown 20-nm-thick In2Se3 film exhibits vibrational modes that
originate from the β-In2Se3 crystal phase.

This research was performed on the equipment of CKP “Nanostruktury” and was
financially supported by Russian Science Foundation [grant number 18-72-10063].
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One of the key challenges in producing nanostructures based commercial healthcare
applications is the scaling up of the fabrication process. We present the fabrication of dye based
nanostructures by using the fast and commercially viable method of holographic laser ablation.
In this method we use a single beam of a nanosecond laser, which after reflecting from a mirror
self-interferes. This results in an interference pattern which can be used to ablate well-ordered
gratings in thin films. The period of the grating is determined by the incident wavelength (λ) and
tilt angle (θ) of the sample with respect to normal incidence. In this manner we recorded various
holographic nanopatterns onto transparent substrates, such as glasses and commercial contact
lenses (Fig. 1). Using this quick, scale and economical method we produced several wearable
contact lens sensors. 1,2 These contact lens based holographic sensors can be used for monitoring
the eye curvature and pressure of glaucoma patients. The holograms can also be functionalized to
sense glucose concentrations in the tears of diabetic patients. The findings have been reported in
highly reputable journals 1,2 and have also received a lot of media attention. The approach was
also extended into 3D patterning by ablating 3D assemblies of Ag nanoparticles within polymer
media.3 Through laser ablation, ordered 3D geometries/patterns were written within the polymer
layers. These reconfigurable geometries act as holographically recorded optical devices.

Fig.1: (a) Holographic laser ablation process
(b) the nonpatterns produced, (c-e) holograms
printed on commercial contact lenses
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Interest in optical detection of hydrogen has been growing in recent years. Among
gasochromic dielectric materials one can highlight the following oxides-WO3 [1], V2O5 [2],
MoO3 [3], etc. Noble metals Pd and Pt are known gas-sensitive metals as they are catalysts in the
decomposition reaction of molecular hydrogen into atomic. Thus, bilayers consisting of
gasochromic oxides and catalysts demonstrate a good sensitivity to hydrogen in low
concentrations.

Magneto-optical sensing materials are of interest due to possibility for monitoring the
phase change (polarization rotation) instead of the amplitude of wave [4]. The nonreciprocal
magneto-optical effects make it possible to accumulate the polarization rotation in the multipass
regime. In perspective, this feature can provide much more high sensitivity and selectivity to a
target gas in a complex gas mixture.

In our work we demonstrate results on response of sensing elements to presence of
hydrogen. Bilayers and 1D nanostructures based on WO3(150 nm)/Pd(1 nm) without and with 50
nm-thick polymer coatings (PVC, PMMA) were under study. The polymer coating was intended
to increase the sensor selectivity, since the diffusion of hydrogen and other gases throughout the
polymer differs significantly. It was found that the time of response to 1000 ppm H2 in artificial
air of an uncoated planar structure was about several minutes. However, after exposure to
hydrogen, the sensing element degraded-the response time increased by an order of magnitude
both in the case of a planar structure and a 1D grating. For the polymer-coated sensing elements,
the amplitude of the response decreased, but, on the other hand, the degradation of the sensing
element was prevented and the high selectivity to hydrogen was achieved.

In our recent work [5] we demonstrated that oxidized permalloy (NiFeOx) nanofilms
(h ≈ 10-20 nm) showed a significant growth of the Faraday rotation angle in the near-infrared
range. Provided that these nanofilms were compositions of various magnetic oxides, they were
covered by a 5 nm-thick Pt layer to use the NiFeOx/Pt bilayer as a sensing magneto-optical
element. It was found that the magnitude of the Faraday rotation changed significantly in the
presence of 0.5% H2 in N2-the maximum shift was about 0.05 deg. Discussed above sensing
elements are promising materials for the further development of optical and magneto-optical
hydrogen gas sensors
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Geometric frustration is present in systems where the coupling between lattice sites is unable to
form a unique groundstate [1]. In magnetic systems, the antiferromagnetic spin arrangement can lead
to multiply degenerate ground state configurations [2], as demonstrated in a triangular lattice in 1950
[3]. As well as naturally occurring, this frustration can be engineered into lattices by controlling the
coupling between neighbouring lattice sites. Atoms trapped in a two dimensional optical lattice were
able to simulate different regimes of the XY Hamiltonian [4]. Similarly, frustration has also been
seen in lattices of coupled laser systems, where triangular lattices formed singly-quantised optical
vortices of alternate chirality in the lattice [5]. In microcavity polariton lattices, frustration caused the
observation of a flat band in the dispersion of a Lieb lattice [6].

In this work, we demonstrate the formation of geometric frustration in a planar semiconductor
microcavity by creating odd-numbered polygon structures of interacting condensates. We have
previously shown that ballistically expanding polariton condensates couple over macroscopic
distances [7] and that the synchronization between condensates can be controlled by changing this
distance [8]. By controlling the distance between condensates along the circumcircle of a polygon we
can engineer geometric frustration into the system and realize various non-trivial phase
configurations. We first view the polygons over many instances, as shown in Figure 1. The far field
density of the polygon allows us to view the phase state of the polygon, which is verified using
interferometry. In Fig 1(a) all condensates are in-phase and no frustration is present. Whereas Figs.
1(b-d) show varying different states of geometric frustration with a phase difference between nearest
neighbour condensates of ±2π/7 (b), ±4π/7 (c), and ±6π/7 (d). The final three states interestingly
result in the occurrence of central vortex of multiplicity one (b), two (c) and three (d), demonstrating
the elusive giant vortices in a condensed matter system.
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The technologies for deposition of colloidal photonic-crystal films under laboratory
conditions are well developed and their applications are presented in publications by many
authors [1]. However, the transition to the production of industrial samples is hindered by the
low reproducibility of processes. The solution to this problem will eliminate the effect of mutual
influence of the parameters of the film deposition process, relieve it of the dominant factors, and
also make it possible to obtain films with desired properties. Previously, the authors presented
their equipment and its capabilities [2,3]. Recently it has been significantly modernized taking
into account new advances in the technology of colloidal films and the related prospects for their
use.

The interest in photonic-crystal heterostructures necessitates the possibility of combining
several methods of film deposition in one unit for their simultaneous or sequential use, and
realizing the possibility of the formation of defects in the deposited structure. Colloidal films are
obtained by the methods of natural sedimentation, vertical lifting of the substrate from the
suspension, vertical deposition by evaporation or pumping out the suspension, electrophoresis,
Langmuir-Blodgett technique and centrifugation. The last of the listed methods is suitable mainly
for the ordered packing of large particles larger than 500 nm. Therefore, the universal equipment
we have created implements all the above methods, except for centrifugation.

This paper presents two units. One of them implements the vertical lifting method and is
designed to produce planar homo and heterostructures of a given thickness with the possibility of
forming linear defects using a drive that intermittently moves the substrate. The other is intended
for the deposition of films and monolayers by vertical deposition, electrophoresis and
Langmuir-Blodgett methods and their combinations. Both units are equipped with an automatic
control system and a system for monitoring the parameters of the colloidal suspension and the
environment. In addition to the main factors affecting the growth of films, the equipment will
provide the ability to control the temperature of the suspension and stirring. When testing the
functionality of the equipment, we obtained a monolayer of coloidal polystyrene particles with a
COOH group and got reproducibility of the position of the photonic band gap - the error is about
2…5 nm for standard samples of polystyrene particles with a diameter of 200 nm ... 500 nm.

The results of this work will be used for the controlled synthesis of nanoperiodic direct and
inverse structures for optoelectronic devices.
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Polariton Bose-Einstein condensation (BEC) is a complex driven-dissipative process that
requires an external optical pump creating a reservoir of high-energy electronic excitations,
efficient relaxation processes populating polariton states, thermalization mechanisms leading to
local equilibrium in polariton gas and bosonic stimulation allowing for the macroscopic
occupation of the energy ground state. In a general view polariton condensate is a highly
nonequilibrium multimode system with nontrivial correlations between states in
energy-momentum space. Therefore, to describe dynamics of the system it is necessary to take
into account a large number of polariton modes and consider all relevant relaxation and
thermalization processes. In addition, vibrational degrees of freedom (vibrons) related to the
specific molecular energy landscape has to be taken into account for organic-based systems as
well.

In this work, we have developed such a nonequilibrium microscopic model that includes all
the aforementioned mechanisms and adequately simulates the condensation process in the time
domain. Our model describes an ensemble of organic molecules with vibrationally dressed
electronic transitions and coupled to various cavity modes carrying different in-plane momenta.
Being the open quantum systems it interacts with the environment that in turn initiates relaxation
processes. We describe the relaxation processes within the formalism of Lindblad superoperators
for a density matrix of both: polaritons and vibrons. We have simulated dynamics of
vibron-mediated polariton condensation in an organic system, see Fig. 1a.

We calculated the condensate lifetime as a function of excitation density as well as the
lifetime of non-condensed polariton gas, Fig 1b. Both are seminal in understanding polariton
thermalization and condensate instabilities [1], albeit so far inaccessible in experiments. The
results go beyond the purely fundamental interest of composite light-matter BECs and address
all-optical signal processing. Following a recent breakthrough in room-temperature polariton
logic [2,3] here we demonstrate unprecedented high clock frequency (~1 THz) enabled by
ultrafast transient effects in organic polariton condensates. Last but not least we suggest explicit
measurement technique probing condensate lifetime with femtosecond resolution, Fig 1c



Figure 1 Time-integrated emission from different modes of the lower polariton branch as a function of pump
intensity – a, Time-resolved polariton density of selected modes at the lower polariton branch twice above the
condensation threshold (the dependencies are calculated for the modes shown as colour circles in a – b,
Time-integrated emission from the condensate as a function of delay between pulses in the double pump
configuration – c. Inset shows a schematic of the proposed experimental arrangement.
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Inelastic scattering of carriers by LO-phonons is considered theoretically in the case of a
non-equilibrium distribution of the LO-phonons. The distribution appears due to the Raman
scattering of the pump light in the laser active region. It is interesting to note that the pumping
can be used in the Stokes regime to increase the number of the LO-phonons and in anti-Stokes
regime to decrease the LO-phonons number. Thus, the pumping gives a possibility to adjust the
occupancy of the LO-phonons in the laser active region and change of the probability of the
carriers inelastic scattering. As a result, a turn-on delay of the semiconductor lasers can be
decreased.

The rates of Stokes and anti-Stokes inelastic scattering and their dependences on the
number of phonons are considered. The conditions for the appearance of the phonon bottleneck
effect are discussed. Further, we discuss the dependence of the turn-on delay on the pump power,
when the phonon bottleneck can be neglected and pumping occurs in the Stokes regime. Then we
discussed the phonon bottleneck effect thoroughly and consider the pumping in anti-stokes
regime.

Finally, we have proposed a new method to manage the inelastic scattering of the carriers
by the LO-phonons. This method based on the Raman inelastic light scattering of the pump light.
This light scattering increases the LO-phonon occupancy at the Stokes regime and decreases it
when the Raman fiber cascade provides the anti-Stokes regime. This cascade can be made
outside the laser cavity in the fibers coupled to the semiconductor laser. This method give the
possibility to reach a minimal time τe min for carriers inelastic scattering and minimal turn-on
delay.
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In 1986, it was theoretically shown [1] that in quasi-random arrays it is possible to control

microwave properties when selecting the appropriate combination in the arrangement of screening
elements. Such arrays include, for example, microwave screens with an empty aperture. In this work,
combinations of the location of the shielding elements were selected according to the theory of Costas
arrays.

In mathematics, the Costas arrays (named after John P. Kostas) can be considered geometrically as
a set of n points lying in the cells of a chessboard of dimension n × n so that each row or column contains
only one point and all n (n-1)/2 displacement vectors between each pair of points were different. As a
practical application, Costas arrays are useful for applications such as hydro and radar.

For microwave studies, the method of recording standing waves using a microwave interferometer
was used [2]. The method is based on the excitation of a standing wave near a reflective screen using a
strongly emitting gap of 500 μm x 8 mm in size, which is a source of exciting electromagnetic radiation.
In this case, the standing wave is excited in the near zone of a random array (Costas' array) from which
the screen is formed, and its profile is restored using a horn antenna located directly above the slit at a
distance of 10λ (λ is the wavelength). The distance from the slit to the receiving antenna was 100 mm.
The measurements were carried out at microwave frequencies (37 - 40 GHz).

Conducting films of graphene-like carbon [3], condensed from a dispersion of shungite carbon
nanoparticles with a changed surface, serve as reflecting elements.

For the experiment, an array was selected for which n = 6. This array size is most convenient for
testing in the laboratory, because it has a small area and a large number of variations (116) of the
arrangement of the shielding elements. The selection was made in terms of the uniqueness of the array
and the lack of the possibility of switching to other combinations, since two arrays are dihedral equivalent
for a square, if one can be transformed into the other using any combination of hard rotations and
reflections.

By selecting the orientations of the Costas arrays of various dimensions (n = 1, .., 6, where n is the
number of reflecting elements with an area of 4 mm2), it was found that the reflection coefficient
increases with increasing array order - and for a 6x6 array of elements, the reflection coefficient was ~ 10
- 20 dB.

This study was supported by a grant from the UMNIK program of the Foundation for Assistance to
Small Innovative Enterprises in Science and Technology, Agreement No. 11094 GU/2016 and state order
project № ААААА18118020690131-4.
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Quantum phenomena, such as entanglement and superposition, are paramountly important
resources for quantum information processing. The general problem of determining whether a
given quantum state is entangled or separable is computationally intensive, and it is known to be
an NP-hard [1]. The results and criteria that exist for entanglement measures apply only to a
subset of low-dimensional states. The well-known PPT criterion is necessary and sufficient only
for the case of dimensions of two subsystems .𝑑

𝐴
𝑑

𝐵
≤6

Machine learning techniques are a very useful approach for analyzing patterns in data [2].
This makes it very attractive for use in solving problems of quantum physics. So recently, results
were obtained using machine learning to solve problems of learning states of matter and phase
transitions [3] and effective representations of many-body quantum states [4,5]. Thus, the use of
machine learning methods for solving the problem of recognizing entangled states is relevant at
this stage of the development of quantum science.

In this work, we present a method for the separability-entanglement classification problem,
which based on the machine “learning by confusion” method. In order to implement the

confusion method, we construct a transformation
of quantum states, which allows passing through
points from the space of maximally-entangled
states to the space of separable states (see Fig.1).
We use a depolarizing channel for this task.

Figure 1. A path through points from the space of maximally
entangled states to the space of separable states.

The implementation of such a machine learning scheme allows us to restore the universal
W-shape, which characterizes the “transition” between entangled and separable subspaces. In
particular, we demonstrate the efficiency of the method for a maximally-entangled state with two
qubits and two qutrits quantum systems, where standard entanglement measures do not work. We
use a feedforward neural network (FFNN) configuration with L1 and L2 regularization. The
results of applying the confusion scheme to detecting entanglement are shown in Fig. 2.
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Figure 2. Typical W shape for a) two-qubit depolarization and b) two-qutrit depolarization case.

Here one can see the universal W shape, which separates entangled and separable quantum
states. The transition between these states is at the point α = 1/3 for two-qubit case according to
the PPT criterion, so the prediction of the learning by confusion scheme is correct. And the
transition between these states is at the point α = 1/4 for the two-qutrit case.

We have demonstrated that the ‘learning by confusion’ scheme can be successfully used for
the classification between entangled and separable quantum states. We have suggested an
approach that is based on the analysis of the path of maximally-entangled states to the space of
separable states that can be described as an act of a depolarizing channel. We have applied the
suggested method to the cases of two-qubit and two-qutrit quantum states and obtained
corresponding entanglement W shapes.

We also demonstrate that machine learning methods can be used to detect entanglement in
quantum states of many-body systems, which can be useful for further work with quantum
computers.

This work is supported by the Russian Science Foundation № 20-42-05002. The work is
carried out in the framework of the program of Leading research center on Quantum computing
(Agreement №014/20).
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For quantum communication systems (for example based on the principle of quantum key
distribution at subcarrier waves) phase and amplitude modulators are needed. The amplitude modulator
provides the input of the transmitted information, and the phase modulator is required for its transmission.
Usually for transmission a pair of subcarrier frequencies F ± f is used (it occurs during phase modulation
at the carrier frequency F).

For practical use an important factor is the key transmission rate. It can be enlarged by increasing
the number of used side frequencies. The easiest way to do this is to create a feedback for multiple
modulation.

There are a lot of experiments using feedback in combination with a microwave modulator.
Generally the experimental scheme is an X-beam splitter, in which one input and output are used to create
a feedback loop, the second input is required to input radiation, and the second output is required to
output radiation to a photodiode or spectrum analyzer. It is also proposed to use an amplifier to
compensate for losses, and it makes scheme inapplicable for quantum communication systems due to the
impossibility of photon cloning. Either, the use of an amplifier leads to an increase in noise at the main
frequencies of the resonator.

So the development of a scheme for generating optical frequency combs without using an amplifier
is extremely important for quantum communication systems.

We designed the following scheme: the radiation from the laser passed through a phase modulator
of our own production, then through a divider. Light from one output of divider entered the spectrum
analyzer, and the second output was connected to the input of the modulator and formed an optical
feedback loop in the form of a fiber segment. A standard optical connector was placed approximately in
the middle of the loop, allowing the feedback to be “turned on” and “turned off”.

The results are shown at figure 1. The maximum number of subcarrier was 40 pieces (20 in each
direction from the carrier).

Figure 1. Subcarrier waves without optical feedback (left) and with it (right).
Thus, the presence of a large number of side frequencies and the absence of an amplifier allows to

use this scheme effectively for quantum communication systems.
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In this paper, we analyze the transfer function of a RF integrated-optical intensity
modulator, made according to the scheme of a Mach-Zehnder interferometer. An analytical
calculation shows the fundamental absence of even harmonics in the spectrum in a linear mode
of operation.

In the integrated realization RF optical intensity modulator (IM) is a Mach-Zehnder
interferometer with electro-optical phase controllers in both arms. Even weak outer impact can
affect phase difference in arms, so q-point stabilization must be used to achieve predictable
results. One can find 2 kinds of specific points while moving along a transfer function of an
intensity modulator.

The first kind of q-points are extreme points (maximal and minimal transmittance), where
any sign of the low power modulating RF signal changes output intensity in a same way (Fig.1
a). This symmetry leads to doubling modulation frequency in output subcarrier field. Even more,
when electrical power increases, additional extreme points are passed at the different signs of the
same amplitude, so only even harmonics numbers are generated in these q-points (Fig. 1 b).

The other one are right between transfer function extremes. IM transmittance is in linear
dependence on a RF signal (It’s a reason why these q-points are called ‘linear’.). It means that
only first harmonic is generated. At the same time in this mode electrical amplitude increase
triggers generation of harmonics that are separated from first order subcarrier by an even number
of modulating frequencies (Fig 1 c). Thus only odd number harmonics appears this way.

a) b) c)
Fig. 1. Occurrence of nonlinearities in IM. a) Second order generation due to symmetry of response on low

RF power in extreme q-point. b) Even harmonic generation on higher power. c) Odd number harmonic generation on
high RF power in linear q-pint.



Research of spontaneous parametric down conversion generation
conditions of terahertz radiation by crystals Mg:LiNbO3, ZnTe, ZnSe

Azat O. Ismagilov, Boris A. Nasedkin, Danil A. Yashin, Sergey E. Putilin, Antin N. Tcypkin
1 Laboratory of Quantum Processes and Measurements, ITMO University, St. Petersburg,
197101 Russia

Keywords: terahertz radiation, nonlinearities, few-cycle pulse, quantum optics
The application of terahertz (THz) radiation attract much interest in different areas of

science and technology. Nowadays, various methods are used to generate THz radiation. They
differ in the characteristics of the output radiation: intensity and the spectrum width. The usage
of optical rectification in semiconductor crystals is one of the promising methods for generating
high-intensity radiation. The problem of creating a source of spontaneous parametric down
conversion (SPDC) in the THz frequency range becomes urgent. Obtaining entangled photons in
the visible and IR spectral ranges by SPDC method is known [1].

Some groups of researchers are already engaged in the generation of optical-THz biphotons
[2-4]. The results of generation and detection of highly correlated optical-THz biphotons are
presented in work [4].

This work presents a result of research of SPDC generation conditions of terahertz
radiation by crystals Mg:LiNbO3, ZnTe, ZnSe. Wavelength of pump radiation is 800 nm. The
phase-matching conditions are calculated for different wavelengths considering the group
velocities for femtosecond laser pulses.

The achieved conditions for the generation of SPDC of THz radiation can be used for
solving the problems of quantum optics in this range.

This work was supported by the Ministry of Science and Education of the Russian
Federation (Passport No.2019-0903).
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Ghost imaging is a special visualization technique where information about an unknown
object is extracted from the intensity fluctuation correlation function of two detectors. In the
classical pseudothermal method [1], a speckle field from a scattering medium diverges on a beam
splitter into two shoulders: the first shoulder contains the object under study and a bucket
detector; the second contains only a matrix detector. The computational method of ghost imaging
[2] is very similar to the classical one, but instead of a scattering medium and beam splitter an
SLM is used, which allows to create a “structured” speckle field and calculate the intensity
distribution in the shoulder without an object on a computer. As an addition to computational
method, a sweeping algorithm was presented [3], which allows to restore the image with a much
smaller number of realizations. The essence of this method is that the SLM gradually wedges
all-bright sweeping rows and columns from the auxiliary scan matrix into the speckle field.
However, the quality of the reconstructed image is highly dependents on the shape of the object.

In order to overcome the disadvantages of the shown methods, we present a new algorithm,
which combines sweeping and computational ghost imaging. Firstly, we reconstruct the image
with the sweeping algorithm, where an all-bright rows and columns were used with the number
of realizations equals the image resolution. Secondly, we superimpose our obtained result with
an image reconstructed using computational ghost imaging, where a standard speckle field was
used. As a result, the final image has the SNR 2 times more than using computational method
alone, and the realization number to reach the same quality parameters is 3 times less. Also, the
reconstructed image has much less distortion than with sweeping algorithm.

In conclusion, we have demonstrated successful fusion of images obtained using different
methods, which improved the quality of the final result. In the future, it is planned to assemble
the optical scheme to confirm the results obtained.

This work was supported by the Ministry of Science and Education of the Russian
Federation (Passport #2019-0903).
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Single-photon sources have wide application in quantum optics area such as quantum
computing [1], quantum key distribution [2], etc. Therefore, development of single-photon
sources, which allow obtaining zero value of two photon generation's probability, is one of the
most important engineering and scientific challenges. Spontaneous parametric down-conversion
is one of the possible ways to generate single photons in the heralded scheme which contains a
pair of photons so that a one heralds the other presence [3-4]. Second-order coherence function is
utilized for single-photon source's characterization. Specifically, its pattern and zero-delay value
perform the measure of photon bunching or antibunching.

In our research heralded single-photon source was investigated using LiIO3 crystal as
nonlinear medium with second-order nonlinear optical susceptibility to generate entangled
photon pairs in spontaneous parametric down-conversion process [5]. As result of investigation,
we evaluated value of second-order coherence function. Bulk optical setup based on Hanbury
Brown-Twiss interferometer [6] was utilized for that purpose.

This work was supported by the Ministry of Science and Education of the Russian
Federation (Passport #2019-0903).
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Our analysis of the dynamics of field observables is based on Lindblad master equation [1].
We consider the dynamics of mean photon number variance for an arbitrary quantum state as it
enables us to estimate the dissipation of energy in the system. We also investigate the evolution
of observables of the quadrature operators in order to evaluate the decoherence rate. We propose
a model that describes the quantum state in a single mode transmitted through an optical fiber
channel characterized by thermalization rate and thermal photon presence [2].

Utilizing density matrix formalism and quantum optics theory we derive expressions for
dynamics of mentioned field observables for such prominent quantum states as squeezed vacuum
state, squeezed coherent state and superposition of coherent states. Then we investigate the
dependence of dynamics of field observables on several parameters of quantum states such as
modulus and phase of squeezing parameter, phase difference.

This work was supported by the Ministry of Science and Education of the Russian
Federation (Passport #2019-0903).
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Quantum key distribution (QKD) allows for unconditionally secure distribution of the
secret keys between two legitimate parties, and the security is guaranteed by laws of physics.
However, properties of the realistic hardware cannot provide the perfect realization of the ideal
quantum theory models. Different discrepancies between the theory and the real-world devices
lead to additional channels of information leakage. An eavesdropper can use these channels to
compromise the QKD security, thus legitimate sides need to estimate this effect and prevent the
loss of security.

There are QKD protocols such as measurement-device-independent quantum key
distribution which close some of the loopholes, e.g. loopholes on the receiving side. However,
these protocols do not close all of the possible loopholes, in particular, they do not close the
loopholes of the imperfect light source. To mitigate the influence of the passive side channel of
the light, one needs to give an estimate for the upper and lower bounds of the informational
leakage through this side channel even without precise knowledge of the side channel's physical
model.

In this work, we investigate explicit eavesdropping attacks on the passive side channels of
the light source, in particular, we consider the optimal phase-covariant cloning attack on the
BB84 QKD protocol with decoy states. We calculate the secret key rates under the explicit
attacks on the passive side channel of the light source (the unambiguous state discrimination
attack and the collective measurement attack). We compare our results with the side-channel-free
theoretical secret key rates of this protocol. Our calculations provide a hint that for the
state-of-the-art light sources the inherent presence of the passive side channels still allows for the
security of the protocol, although the key rates are significantly reduced.

Denis Sych acknowledges support from Russian Foundation for Basic Research grant
20-32-51004, and Danila Babukhin acknowledges support from FASIE.



Passive BB84 decoy-state protocol with a flawed source

Arina Gavrilovich 1,2,3 , Denis Sych 3,4,5,6,7 and Yury Kurochkin 1,2,6

1 QRate, Moscow, 121353, Russia
2 Russian Quantum Center, Moscow, 143026, Russia
3 Moscow Institute of Physics and Technology, Dolgoprudny, 141700, Russia
4 P.N.Lebedev Physical Institute, Russian Academy of Sciences, Moscow, 119991, Russia
5Department of Physics, Moscow Pedagogical State University, 119992, Russia
6National University of Science and Technology MISiS, Moscow, 119049, Russia
7Sirius University of Science and Technology, 1 Olympic Ave, 354340, Sochi, Russia

Keywords: quantum key distribution, passive generation, decoy state
Quantum key distribution (QKD) allows establishing secret key between two distant users in the

presence of an eavesdropper with unlimited computational power. For the unconditional security of QKD,
it is crucial to use truly random numbers. Conventionally, QKD schemes involve a fully-fledged quantum
random number generator (QRNG) which alongside a modulator carries out the active state preparation.
An alternative approach is a so-called passive generation [1]. It allows exploiting internal physical
processes of the scheme to perform a random choice of the necessary quantity (intensity, phase, etc.). For
example, the phase difference of the independently emitted laser pulses, being a fundamentally random
value, can be used to achieve different intensities via interference. The passive method is expected to be
more robust against side-channel information leakage and may significantly simplify the experimental
setup. However, like any QKD implementation, this protocol can suffer from real-life imperfections of
apparatus. Such mismatches may provide additional information to an adversary, thus violating the
security of the system.

Since the proposal of passive generation, several works were dedicated to refining the original
analyses, for example [2] which takes into account statistical fluctuations. However, recent research [3]
shows that besides finite-size effects there are also numerous imperfections of a laser source that
significantly change the shape of intensity probability distribution function (PDF). To bridge the gap
between the original model and a real-world setup one should take into account the combined effect of
chirp, jitter, and relaxation oscillations.

In this work, we propose a method to estimate decoy-state parameters for any experimental
distribution of intensity. We use H.F. Chau’s idea of utilizing an arbitrary number of decoy intensities [4]
and expand this method to the passive setup. For a phase-randomized weak-coherent light we derive the
lower and upper bound of single-photon yield and error rate. Then we calculate the secret key and
compare it to the one of an active protocol. Our analysis shows that both setups provide similar secret key
rates.

Denis Sych acknowledges support from RFBR grant 20-32-51004, and Arina Gavrilovich
acknowledges support from FASIE.
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Coherent states of light are widely used for various quantum optical technologies, e.g.
quantum imaging, metrology, and quantum key distribution, to name a few. High-precision
detection of coherent states is a well-known long-standing problem which is a subject of active
research over the last few years. One of the detection approaches exploits single photon counting
which leads to the Poissonian distribution. However, inherent imperfections of the detector (e.g.
dead time) and laser source (e.g. intensity fluctuations) affect the photon counting distribution
and complicates discrimination of coherent states.

In this work, we show how various imperfections of the single-photon detector and light
source influence the photon counting statistics and establish the explicit connection between the
statistics of photons and statistics of photocounts. The normalized cumulative distribution
function is used as a convenient implement for the analysis of photoncount distribution. There is
a natural generalization of this implement for arbitrary type of coherent light sources, modulation
of emission and time window parameters. We also allow corrections produced by the fluctuations
of source intensity known as Mandel’s formula. We calculate several first moments of modified
distribution and use neural network analysis to determine dependencies between these moments
and the average number of photons, dead time and the level of intensity fluctuations. Our
statistical model can be supplemented by such imperfections as a photo detector jitter and a
time-distributed laser pulse repetition rate.

These research ideas can be adopted for both development of novel key distribution
protocols requiring photon counting resolution and the existing ones.

The work is supported by Russian Foundation for Basic Research grant 20-32-51004.
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Structure of algebra underlying Hamiltonian provides us with substantial information about
dynamical properties of the system. Thus, to solve multi-particle parametric interaction
problems, it is often convenient to derive some properties from known structure of single-particle
problem. Jordan mapping of gl(n) into Heisenberg-Weyl (W) algebra provides practical approach
to draw such insights
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differential system of equations over a operator ring. Given the structure of the Hamiltonian the
system factors out into several independent subsystems, each has a 3-diagonal matrix. Each
system is infinite-dimensional, but can be approximated with finite dimension analogue. This
work explores approach to solve the system for . Eigenvalues approach common for real𝐾

𝑚𝑛

numbers case, meets considerable difficulties in presence of zero divisors. This article uses an
approach similar to Gaussian elimination, adopted for the ring case. This reduces the system to a
series of linear equations:
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We have found recurrent relations for coefficients of the equations and constructed
differential equation for their generating function(s). The equations \eqref{ref_LE} we have
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reduced the system to are differential equation of higher order. This work describes (part of) their
solution space. This part is sufficiently rich to solve Cauchi problem. Given the solutions of nth
degree real polynomials as functions of coefficients, this article proposes an approach to solve
the characteristics equations over ring.

This work was supported by the Ministry of Science and Education of the Russian
Federation (Passport #2019-0903).
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We study the structure of invariant spaces of the SU(2) algebra under the Jordan-Schwinger
map[1,2]. The operators are defined in a multimode Fock space [3] and satisfy the commutation
relations[4] of the algebra SU(2). In this case, the image of the matrix unit is the operator of the
total number of particles. The total number of particles operator, the angular momentum
z-projection operator, and the total angular momentum operator (Casimir operator) form
complete commuting set in the case of two and three interacting modes. For a larger number of
modes n, these operators are not sufficient to construct a complete classification of states.

The Fock space has symmetry concerning the annihilated state of the angular momentum
z-projection operator and can be restored by the action of the ladder operators of the SU(2)
algebra on this state. We consider a set of n operators commuting with the angular momentum
z-projection operator and forming a closed set to the action of the Casimir operator. Solving the
spectral problem, we define ladder operators of a general form whose action connects irreducible
representations of the SU(2) algebra in the Fock space and changes the eigenvalues of the
Casimir operator and the operator of the total number of particles.
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