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Investigation of the two-dimentional heterobilayer WS;/WSe; semiconducting
moiré superlattice

E. Barulina!, E. Chiglintsev'?, A. Chernov'*?

! Quantum Spintronics and low-dimentional materials, Russian Quantum Center, Moscow,
Russian Federation
Physics of Magnetic Heterostructures and Spintronics for Energy-Efficient Technologies,
Moscow Institute of Physics and Technology, Dolgoprudny, Russian Federation
e.barulina@rqc.ru

The moiré heterostructures of van der Waals materials are a promising platform for creating
and investigating of new correlated states of bosons and fermions and an alternative method to
achieve a wide range of highly controllable quantum Hamiltonians. The physical mechanism of a
quantum interference of moiré heterostructures can be described as an analogy of classical moiré
interference patterns based on formation of the combined periodic motif at longer wavelength for
twisted at small angle bilayer compared to a pristine monolayer. In particular, triangular lattice
twisted bilayer of WSe> and WS, describe Hubbard model demonstrated strong electron correlation
due to the strong Coulomb interaction and the formation of a flat moiré miniband. During this
work, the twisted WS2/WSe> devices based on the Graphene/hBN/WS»/WSex/hBN/Graphene
structures were constructed by dry pick-up method enable interlayer excitons formation, with holes
and electrons residing in the WSez and WSy, correspondingly. The effect of the rotation angle in
the R (60° twisted)- and H (0° twisted)- stacked WS2/WSe; moiré superlattice device’s
configuration were investigated. The extended natures of the interlayer excitons in the H-stacked
compared to the R-stacked moiré superlattice devices were demonstrated. Future research on valley
physics in strongly correlated bosonic systems is encouraged by the valley-polarized excitons,
which open up new avenues for the study of correlated excitons.



Symmetry switchable quasi-BIC in dielectric cuboid

M. Bochkarev'™, N. Solodovchenko®, K. Samusev'?, M. Limonov'?
!ITMO University, Saint-Petersburg, 197101, Russian Federation, Saint-Petersburg, Russia
Zloﬁ'e Institute, Saint-Petersburg, 194021, Russian Federation, Saint-Petersburg, Russia
*e-mail address: mikhail. bochkarev@metalab.ifmo.ru

Quasi bound states in the continuum (q-BIC) are of great interest in modern photonics,
due to its potential role of a new basis for high-sensitivity sensors [1]. Such unique states
occur under strong coupling regime between at least of two modes with the same symmetry
group. In this case destructive interference produce a far-field radiation suppression, at the
same time a strong field localized inside resonator. Recently, q-BIC was observed in finite 3D
dielectric cylinders [2] and rings [3], this work expand these studies to cuboid resonator.

We considered 3D dielectric cuboid resonator, which supports different types of Fabry-
Perot-like modes, each of which can be characterized by three indexes (W, H, L). Index W
depicts how many half wavelengths fit in the optical width of the resonator, and the same for
height (H) and length (L). We found that under certain aspect ratios between dimensions of
the resonator, spectral positions of modes with indexes (1, 1, L) and (1, 3, L) can overlap and
produce characteristic anti-crossing in parametric space, which is fingerprint of a q-BIC state,
with increasing of Q factor for one of photonic modes. At the same time, modes with even L
indices have anti-symmetric magnetic field distribution. Such peculiarity provides opportunity
to forbit the excitation of both interacting modes by symmetry reasons under certain
illumination conditions. Due to this, q-BIC state can be switched on or off in scattering
spectra, depending on relative orientation of the resonator and incident plane wave.

For experimental verification of this effect, we use high-permittivity low-loss ceramic
cuboid resonator with & = 44.5+0.004i, length 109 mm, width 4 mm, and height 11 mm in
microwave frequency range. Measurements of extinction cross section was provided with a
0.05 mm step on the height of the resonator to obtain a scattering maps for two excitation
setups, depicted in Fig. 1 (a) and (b).
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Fig. 1 Scattering maps for dielectric cuboid. (a) Wave vector of the incident wave is perpendicular to the
resonator, (b) wave vector is parallel to the resonator length.
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Indeed, the symmetry forbidden q-BIC are not observed for a setup in Fig. 1 (a), but such
states can be «switched on» by rotation of the resonator by 90 degrees (Fig. 1 (b)). At the
same time, we observe neighbor q-BIC states, which occur between symmetric modes with
indexes (1, 1, L) and (1, 3, L), where L is odd number. These states cannot be forbitten by
symmetry and excited in both considered excitation setups.

Notable, that one can observe a lot of q-BIC states equidistantly placed in parametric
space for such structure. At least two neighbor q-BIC states can be observed for resonator
with fixed parameters. Together with a such shape as a cuboid, which is easy to manufacture
even in nano-meter scale, such resonators may be used for sensing and light control
applications.

This work was performed with financial support of the Russian Science Foundation Ne
23-12-00114.
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Optical study of Er*" and Nd>"/Yb**-doped CeO: and CeO; / CeF;3
nanoparticles.

A. Dokudovskaya®”, R. Rakhmatullin', O. Morozov'?, S. Korableva', V. Semashko'?, and
M. Pudovkin’
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Abstract— here, the facile dry synthesis of double-phase CeO2/ CeF’ nanoparticles
doped with Er** or Nd**/Yb*" ions using ammonium bifluoride (NH4HF>) is reported. This
method allows synthesizing double-phase nanoparticles with different ratio of CeO> (Ce*")
and CeFs (Ce*"). The luminescence spectra show that the intensity of Ce*" peak increases
after fluorination revealing the fact, that the amount of CeF; phase is increased. In its turn, the
intensity of Er*" increases by 3.5 times after fluorination under Ce®" excitation, confirming the
above-mentioned hypothesis. In the Nd**, Yb**:CeF; nanoparticles, under Nd>* excitation
Yb** emission is not observed. However, after formation of double-phase Nd**/Yb*":CeO»/
CeF3 samples, both Nd*" and Yb>* emissions are observed.

Rare earth-based nanoparticles (NPs) are promising materials for such applications as
catalysis, optoelectronics, bio-imaging [1], and temperature sensing [2]. There are numerous
publications about application of both types of cerium NPs for catalysis and medical
purposes. Cerium dioxide NPs (or ceria - CeO») has been extensively studied due to its great
properties such as the oxygen storage capacity and the ability to keep its fluorite-type phase at
high concentration of oxygen vacancies. These properties are due to the easy transition
between Ce*" and Ce’* states in ceria. The presence of Ce*" and Ce®" ions provides redox
activity of the samples. Thus, the CeO2 NPs act as anti-inflammatory agents. Prominent
properties of CeO, and CeF3 NPs can be combined by synthesizing double-phase CeO,/CeF3
NPs. In its turn, the doping procedure can increase the number of applications. For example, it
could be used for temperature sensing, X-ray induced photodynamic therapy, catalysis, up
and down conversion and other fields.

The purpose of my work was to study the influence of double-phase CeO2/CeF3 on the
luminescent properties of Er** and Nd**, Yb**.

A. CeOs/CeF3: Er’*

Double-phase CeO2/CeF3: Er** NPs were obtained by fluorination of Er**:CeO2 NPs. As
it was mentioned above, cerium has two oxidation states, 3+ and 4+, and the relative
concentration of Ce®* and Ce4+ depends on the redox conditions of the sample preparation
process. Under Ce®* excitation at 266 nm, the broad Ce®" emission peak centered at ~ 440 nm
is clearly seen. There is also energy transfer from Ce** to Er’* via *Fs excited sate of Er**. In
addition, there are non-radiative transitions from excited *Fs, state to lower 2Hi12 and 4F9/2
ones. In particular, the total intensity of 4f-4f luminescence of CeO2/CeFs: Er’* (0.1 at.%)
NPs is 3.5 time higher compared to CeOz: Er’* (0.1 at.%) one under both UV or resonant
excitations. Probably it can be associated with the increased concentration of trivalent rare-



earth ions in a cubic-distorted environment and the observed phenomena require further
studies. The shape of the Er*" spectra is not significantly affected by the formation of double-
phase sample. It can be explained by the shielded nature of the 4f shell of Er’*.

B. CeF3/CeOz: Nd**, Yb**

In the case CeF3/CeO,: Nd**, Yb** NPs, there was an opposite synthesis procedure.
Firstly, the single-phase CeF3: Nd**, Yb*" NPs were synthesized. Here, under Nd*" excitation
Yb** emission is not observed. However, after annealing in air and formation of double-phase
¢ samples, both Nd*" and Yb*" emissions are observed (Fig.1). In the single-phase CeOx:
Nd**, Yb* nanoparticles the Yb>* emission only is observed under the same excitation
conditions. This phenomenon can be related to the several factors including transformation of
phonon spectrum. Temperature-dependent spectral characterization of CeF3/CeO2: Nd**, Yb**
shoved, that they can be used in the remote luminescence temperature sensing.

(b CeO,: Nd*,Yb®*
10000 | CeO,/CeF;:Nd*", Yb*"|

e Yb* 2F g PF
I e S e —
—
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850 900 950 1000 1050
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Fig. 1 Room-temperature luminescence spectra of CeF3: Nd**, Yb*, CeF3 /CeO,: Nd**, Yb* and CeO,: Nd**,
Yb** NPs under excitation at A=790 nm.
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Exceptional Points in Waveguides with Chiral Media

Jim A. Enriquez’”, Pedro Torres’
! School of Physics and Engineering, ITMO University, Saint-Petersburg 197101, Russia
2 Universidad Nacional de Colombia, Department de Fisica, Medellin, Colombia
*e-mail address.: jim.enriquez@metalab.ifimo.ru

We identify a simple and novel approach to implement exceptional points (EPs) in non-
Hermitian systems, which offers a more versatile configuration beyond a spatially arranged
optical potential. The introduction of chiral layers, consisting on a purely imaginary chirality
parameter into Hamiltonians corresponding to dielectric achiral waveguides give rise to anti-
PT symmetric Hamiltonians. Such non-Hermitian Hamiltonians may exhibit EPs where two
eigenvalues and eigenvectors of the system coalesce simultaneously and do not require tailored
platforms with controlled optical gain and loss. Importantly, our waveguide platform is a
theoretical proposal, validated through numerical simulations, that can be exploited for basic
research and a broad range of applications.

Non-Hermitian systems as theoretical models of open or dissipative systems exhibit rich
novel physical properties and fundamental issues. Non-Hermitian photonic systems supporting
anti-PT-symmetric EPs have been demonstrated, among others, using optical waveguides with
imaginary couplings and off-the-shelf-component based standard telecommunication single-
mode fibre [1]. The configurations mentioned above may have intrinsic difficulties in the
experimental stage, especially the most common ones that require complex arrangements with
controlled gain-loss interplay. This work introduces a new and simple design concept to obtain
anti-PT symmetry and EPs based on the inclusion of chiral layers with a purely imaginary
chirality parameter forming waveguides.
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Fig. 1 Anti-PT-symmetry breaking and exceptional points in the asymmetric three-layer waveguide with
isotropic chiral media. (a) Schematic of the structure. Computational and theoretical results of (b) real part of
Ness, and (c) imaginary part of ngyy.

The schematic of the asymmetric slab waveguide with a chiral medium is illustrated in Fig.
la. We describe the hybrid modes of the waveguide as a linear combination of basis vectors
represented by right- and left-circularly polarized modes, in which even asymmetries
introduced by the chirality parameter in the fields can be reproduced:

W= (A, W, (x) + A_WP_(x))e 7,
where f is the propagation constant of the hybrid modes, and the subscripts + and - hold for
right and left circularly polarized light, respectively. This approach allows for the exact
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derivation of the structure's dispersion curves [2], ultimately demonstrating the existence of
EPs. As an example, the dispersion curves for the propagation modes supported by the three-
layer asymmetric waveguide (see Fig. 1a) are illustrated in Figs. 1b and 1c. The following
parameters were used to simulate the asymmetric structure: n; = 1.33, n, = 1.48, n; = 1.45,
k3 = 0.001i. Our theoretical predictions and numerical simulations are in excellent agreement,
both indicating the presence of exceptional points within the investigated structure. It is evident
that for larger values of the normalized frequency kod > (kod)gzp the eigenvalues
corresponding to the eigenmodes |1> and [2> have the same imaginary part equal to zero,
whereas their real parts differ. As the normalized frequency is reduced, they coalesce at an EP
singularity. Below the EP, the two eigenvalues acquire different imaginary parts, manifesting
a phase transition and broken symmetry.

In conclusion, this work theoretically and computationally reveals that anti-PT symmetry
and its transition to a broken phase can be performed with a single three-layer waveguide
containing chiral media with a purely imaginary chirality parameter and mitigated extinction
coefficient.
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Numerical Study of Second Harmonic Generation in GaP Nanowires
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As electronic integrated circuits continue to evolve, their designers constantly seek to
push these technologies to their physical limits due to the growing demands for storage
capacity and faster data transmission rates. One compelling frontier in this domain is the
development of optical integrated circuits, which by nature, could potentially bypass some of
the inherent limitations seen in their electronic counterparts. Consequently, the advancement
of integrated optical systems has moved beyond their conventional use in communication
systems to the establishment of distinct areas focusing on signal multiplexing, signal filtering,
applications in the development of various sensing components that leverage the nonlinear
properties of the materials employed [1]. Presently, a significant trend in this domain involves
the design of optical systems that facilitate frequency summing and doubling, where nonlinear
crystals play a crucial role in the active part of these systems.

To achieve the necessary miniaturization required for high-density integration,
nanostructures such as nanowires, quantum wires, and quantum dots are essential. Although
these can be manufactured using well-established silicon technologies, the use of silicon for
photonic devices comes with notable drawbacks. But the symmetric properties of the silicon
lead to the zero second-order nonlinearity, which defines the opportunity of second harmonic
generation (SHG) in crystals.

An alternative that offers considerable advantages is the use of III-V semiconductor
materials, particularly GaP nanowires. These nanowires not only exhibit excellent
crystallinity but can also be seamlessly integrated onto silicon substrates, ensuring
compatibility with existing silicon technologies [2]. In the context of observing second
harmonic generation, GaP nanowires emerge as a particularly advantageous material.
Structural properties of GaP crystals make them an appealing choice for these applications.
Their elongated, highly anisotropic shape and high value of second-order nonlinearity can
enhance the efficiency of second harmonic generation due to improved alignment of
crystalline structures and optimized interaction volumes for photon interaction. Also such
shape can be efficiently integrated of nanowires onto silicon substrates. So, it is important to
take structures’ shape and orientation of the radiation source into account while modeling
future possible usages.

In this work numerical study of the SHG in GaP nanowires of different diameters and
different radiation source configurations was held to achieve optimal SHG direction (we
define optimal SHG directions when it generates along the nanowire’s length). In our
research, we utilized COMSOL Multiphysics for simulating the required phenomena. The
model included a mesh size of 35 nm across all geometries and configurations to minimize
computational inaccuracies. To solve the system, the MUMPS (Multifrontal Massively
Parallel Sparse Direct Solver) was employed. We conducted parametric sweeps, varying the
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diameter of the structure and the radiation source angle, to examine all relevant configurations
thoroughly. To eliminate any potential interference effects, we implemented a perfect
matched layer (PML) along the external boundaries. The refractive and extinction indexes for
GaP, which were essential for our calculations, were sourced from [3]. Outer shell of the
model was defined as PDMS matrix with optical properties that were taken from [4].

We have demonstrated the influence of the radiation source disposition and structures’
diameter on the second harmonic generation. Obtained form of the second-order nonlinear
susceptibility tensor can predict radiation source angle that provides desired optimal SHG
directions and it matches with <111> direction, where crystal growth direction matches with
<001> direction. It was found out that it is also important to take into account not only the
material’s refractive index but also the refractive index of directly the structure itself. In turn,
it depends on the diameter of the nanowire. It was demonstrated that the difference between
real radiation source angle that provides optimal SHG direction and predicted slowly
decreases with the grow in diameters. It can be explained by the approach with increasing
diameters to the case of a bulk crystal.

Results of this work can be used in creation of the components with nonlinear active
elements such as lasers, coherent radiation sources, frequency converters and optical
amplifiers with known properties for future successful integration in circuits.

The work was supported by the Ministry of Science and Higher Education (state
assignment grant FSEG-2024-0017).
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FDTD-simulation of Raman scattering in a layered thin-film system with
spatial dispersion

A. R. Gazizov"”
'Kazan Federal University, Institute of Physics, 420008, Russian Federation, Kazan
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Currently, one of the problems of nanophotonics is the control of the interaction of light
with individual nanoobjects and its various excitation modes. In particular, light can be used
not only as a means for transmitting information in sub-wavelength structures or as a
spectroscopic probe of nano-sized objects, but also to maintain a certain local temperature, for
example, using the phenomena of photo-induced heating and laser cooling of a solid [1].
Controlling local temperature is especially important for selective control over the quantum
state of an object. Using the optomechanical interaction of the field with the object, optical
cooling can be achieved, the magnitude of which depends on the coupling parameter [2, 3].

The resulting optical forces lead to a coherent transfer of energy from mechanical
vibrations into the optical field (stimulated anti-Stokes Raman scattering, SARS). On the
other hand, the processes of light absorption and spontaneous Stokes scattering contribute to
the transfer of energy from the optical field to vibration, which negatively affects the cooling
efficiency. The problem of optomechanical interaction of light with propagating solid-state
phonons is also of great importance in connection with the development of Brillouin
integrated photonics and compact acousto-optical devices [4].

To increase the efficiency of stimulated Raman scattering (SRS) of light, we propose to
use layered nanostructures of thin metal films with spatial dispersion and dielectric layers.
Modeling the spatial dispersion of layered nanostructures consisting of thin metal films is also
important in the context of the design of various metamaterials [5]. Spatial dispersion in a
metal film arises due to the gas pressure of free electrons. The corresponding term (electron
concentration gradient) is well known from the hydrodynamic equations in linearized form.
The presence of spatial dispersion in the material leads to the appearance of additional spatial
derivatives in the wave equation in nonlinear optics.
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Fig. 1 Dispersion curves of a thin metal film 20 nm thick in the absence (left) and presence (right) of spatial
dispersion. Material parameters: @, = 13.8 - 10 rad/s, g, = 5.4,7=401s, vy = 3au.
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Since existing packages for FDTD simulation do not have the ability to take into account
the spatial dispersion of the material, we implemented this option in the code ourselves.
Figure 1 shows the change in dispersion curves if the medium has this property. It can be seen
that the frequency of zero permittivity (epsilon-near-zero, ENZ) increases when the material
has spatial dispersion. Moreover, the magnitude of the displacement depends on the film
thickness. The smaller the thickness, the greater the displacement. Another feature is the
change in the slope of the dispersion curve corresponding to the high-frequency Ferrell-
Berreman surface mode.

A simulation of SARS in a metal layer made of a material with spatial dispersion was
carried out. The geometry of the problem was the same as in previous calculations - a flat
metal layer between glass and air. The thickness of the layer varied. The source of incident
monochromatic radiation in the two-dimensional TM problem was a linear magnetic dipole
oriented perpendicular to the layer, and the moment of which is directed perpendicular to the
simulation plane. In addition to the incident radiation, there was an artificial pumping of the
phonon vibration in the volume of the metal layer, which played the role of interaction with
the thermal bath, since the phonon vibration decays without this pumping. During the
simulation, the amplitude of the resulting oscillation is analyzed.

As a result, it was possible to establish that if the Stokes radiation coincides with the ENZ
frequency, then the amplitude of the phonon vibration becomes orders of magnitude higher
than in the case of the anti-Stokes frequency hitting ENZ. However, both options have a
larger phonon amplitude than in the absence of Raman scattering. In this case, the presence of
spatial dispersion makes it possible to significantly reduce the phonon amplitude compared to
the case of its absence. A possible mechanism for this effect is the interaction of Stokes and
anti-Stokes waves, described above, which leads to inhibition of SRS. According to this
explanation, spatial dispersion leads to spatial synchronism of all three waves. On the other
hand, when incident radiation is below the ENZ frequency, the intensity of anti-Stokes
radiation is always greater than the frequency of Stokes radiation, which suggests the
possibility of implementing SARS amplified in a material with spatial dispersion.

The study was supported by the Russian Science Foundation No. 21-72-00052.
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Recently, a new direction in photonics, called Mie-tronics, has emerged, enabling the
creation of photonic devices with unique properties [1]. The dielectric particles are the building
blocks of this new area. Therefore, further development of Mie-tronics necessitates the study
of novel dielectric particle shapes and the effects that can be obtained in them. One of the effects
that can be achieved in dielectric particles is the suppression of the backward-radiating field,
known as the Kerker effect [2, 3]. The Kerker effect can be utilized to create devices that control
light propagation direction and design dielectric antennas [3].

In this work, we investigate the scattering of electromagnetic waves on a dielectric structure
constructed from N stacked cylinders of equal height with a refractive index n = 4. The
incident plane wave of wavelength 600 nm propagates along the axis of the structure. The
constraints are as follows: the height of the structure is bounded between 60 nm and 300 nm,
and the radius of each cylinder ranges between 50 nm and 180 nm. The quantity characterizing
the backward-radiating field is the backward radar cross-section:
|Ebw|Z
|Eol?”

Ores = lim 4mr?
r—00
where |Ep,,| is the amplitude of field radiating in the backward direction, |E;| is the amplitude
of the incident plane wave.
To design a structure with zero backward radiation, we employ the covariance matrix
adaptation evolution strategy (CMA-ES) [4]. Examples of the optimized structures for N = 1,
N = 2, and N = 3 are shown in Figure 1.
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Fig. 1 Results of optimization for N = 1, N = 2, and N = 3 number of cylinders. The optimized shapes,
backward radar cross-section values for each optimized shape, and radiation patterns are shown.
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Effects of near-field interaction of luminescent CeYTbF; particles with
colloidal nanoclusters of plasmonic nanoparticles
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Over the past few years, lanthanide doped luminescent nanoparticles (LNPs) have
become promising materials due to their unique abilities to exhibit upconversion of photons
[1] and thermal sensitivity [2]. In addition, the absence of both photobleaching and flashing
give these nanoparticles special properties that make them ideal candidates for sensors and
biological analyzers [3]. Many of these sensors utilize resonance energy transfer (RET) as a
mechanism of action to detect a specific target molecule [4]. This is usually based on the
transfer of energy from the excited state of the LNP (donor) to the ground state of a molecule
or other material that acts as an acceptor, resulting in a change in the luminescence of the
LNP. It has been demonstrated that plasmonic nanostructures placed in close proximity to
LNPs are excellent tools for tuning the luminescence of upconversion by enhancing or
quenching the luminescence intensity [5]. However, there are still some problems associated
with the use of plasmon-enhanced upconversion, such as the low stability of some materials
and possible damage to living cells at high light intensities [6]. Our ultimate goal is to develop
a sensor to detect the presence of medically and biologically important molecules under
aqueous solution conditions, keeping them alive and intact. This involves introducing
nanoparticles into the solution to generate a signal without harming the molecules to be
detected. During the interaction of gold nanoparticles with LNP, two competing effects arise:
Forster near-field interaction and Purcell effect of a radiation enhancement in the far field. In
order to enhance luminescence, it is important to avoid excessive energy consumption by
gold, i.e., the predominance of the Forster effect. In this regard, our primary task is to
determine the configurations and physical parameters in which the Purcell enhancement
dominates over the Forster interaction.

For this purpose, we have simulated the dipole radiation amplification in LNP using the
finite difference time domain (FDTD) method. We have carried out our study for various non-
equivalent (by symmetry) configurations of up to 4 plasmonic nanoparticles (Au) surrounding
LNP, as well as for LNP in nanoclusters located near the gold substrate. The total number of
simulated configurations was 26, in 7 of which the nanocluster near the gold substrate was
considered. As part of the research, a technique was developed that allows one to analyze the
enhancement of the rates of radiative and non-radiative transitions, which opens up new
prospects for increasing the sensitivity of sensors based on colloidal solutions of LNPs. One
of the main findings of the work is the predominance of the Purcell enhancement effect over
non-radiative losses due to Forster energy exchange at any distance between the 20-nm size
LNP and the plasmonic nanoparticle of size 90 nm. In addition, the Purcell factor of all the
simulated configuration was summed up in a detailed map of plasmonic enhancement Fig. 1.

Simulations show that the Purcell factor in the case of a single gold particle is about 100,
and for clusters of two gold nanoparticles with the size considered in this work reach 300 at
certain configurations and orientations of the dipole moment parallel to the dimer axis. When
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a third and subsequent gold nanoparticle is added to the cluster, the value of the Purcell factor
does not change significantly. Moreover, the probability of the formation of clusters with a
large number of particles in a colloidal solution in the case when they do not stick together
decreases with increasing number of particles. Nanoclusters with a large number of particles
or located on a gold substrate support the excitation of plasmon resonance in other regions of
the visible spectrum. Modeling of plasmon resonance in the presence of one or more analyte
molecules near the LNP in a cluster of gold nanoparticles on a gold substrate leads to a small
change in the spectral dependence of the Purcell factor, which allows to design a biosensor
based on colloidal LNPs and plasmonic nanoparticles.
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Fig. 1 The diagram showing the magnitude of Purcell factor for nanoclusters with different number of Au
particles. The spectral position of plasmon resonance peaks is indicated by color.

These results made it possible to determine the optimal parameters and configurations of
particle interaction for the creation of effective nanosensors based on either quenching or
enhancing luminescence.

This work was financed by a subsidy allocated to the Kazan Federal University under the
state assignment in the field of scientific activity (FZSM-2022-0021).
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CeF3-TbF;-YF; nanoparticles
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INTRODUCTION

Ratiometric luminescent thermometry is a non—contact temperature measurement
technique based on the analysis of the luminescence spectral dependence on temperature. In
this field, the Ce**/Tb*" ion pair is considered very promising due to good separation between
Ce** and Tb*' peaks and phonon-assisted energy transfer character form Ce>* to Tb>'. Here
we percent the temperature dependent spectral-kinetic characterization CeF3-TbF3-YF3
nanoparticles and propose mechanism of temperature sensitivity.

MATERIALS AND METHODS

CeF3-TbF3-YF3 nanosized samples were synthesized using co-precipitation method in
water with subsequent microwave treatment. The excitation was performed via LOTIS TII
tunable laser LT-2211A (Zex (Ce*") = 266 nm, (pulse duration and repetition were 10 ns and
10 Hz, respectively). The spectra were detected via StellarNet (CCD) spectrometer. The
kinetic characterizetion was carried out via monochromator connected with photomultiplier
tube FEU-62 and digital oscilloscope Rhode&Schwartz with 1 GHz bandwidth.

RESULTS AND METHODS

Spectral and kinetic characterization of CeosYosxTbxF; (X = 0.001, 0.002, 0.005, 0.01
and 0.05) nanoparticles was carried out in the temperature range of 303-523 K. To provide a
deeper discussion of the temperature dependence of the spectra we took LIR of Ce>* and Tb*"
luminescence peaks as a temperature-dependent parameter. The LIR functions decay with the
temperature increase (Fig 1).
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Fig. 1 The approximated LIR (ICe/ITb) dependences of Ce0.5Y0.5-XTbXF3 (X =0.001, 0.002, 0.005, 0.01 and
0.05) nanoparticles.
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Indeed, with the temperature rise, the depopulation rate of Ce3" excited state by Tb>*
becomes higher (phonon-assisted process). Thus, the Ice/ITy decreases. However, the shape of
the LIR decay decreases with the increase of Tb>* concentration. It was suggested, that this
phenomenon is related to the presence of two competing processes populating the Dy state of
Tb*". There are phonon-assisted non-radiate transition from °Dj3 to *Ds of Tb*" and cross-
relaxation between Tb’" ions, which was considered less temperature dependent. The
contribution of less temperature-dependent cross-relaxation. With the increase of Tb**
concentration, the contribution of the less temperature dependent cross-relaxation process in
the D4 population leads to the decrease in the LIR descent rate. The luminescence decay time
increases with the increase of temperature, probably due to above-mentioned cross-relaxation,
that constantly populates the Da lever increasing the decay time (Fig 2) [1].
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Fig. 2 Kinetics of luminescence decay in the 5D4 - 7FS transitions of the Tb3+ ion in Ce0.5Y0.5-XTbXF3
nanoparticles (X = 0.05) detected in the temperature range 293 — 533 K.
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Lead-free halide perovskites hold promise to become one of the most efficient family of
environment-friendly materials for photonics and optoelectronics [1-2]. In particular,
germanium-based halide perovskite attracts increasing attention as a promising non-toxic
nonlinear material for up-conversion photonics [3-5]. Recently, germanium halide perovskites
(in particular CsGels) exhibit a strong second-order optical response with ¥?(20;0,0) = 125
pm/V exceeding that of many commercially available nonlinear optical materials (< 100
pm/V) and infrared (IR) excited photoluminescence. In this way, creation of optically
resonant CsGels nanoparticles (NPs) is a prospective approach to further enhance second
harmonic generation (SHG) and even achieve up-conversive laser generation. However, up-
conversive laser generation in lead-free perovskites still has not been demonstrated yet,
despite the fact that CsGels has relatively high refractive index (n = 2.8), and exciton binding
energy of around Ep = 16.7 meV, and two-photon absorption coefficient (f = 18.4 cm/GW).

In this work, we develop a synthesis protocol to create CsGels NPs supporting Mie
resonances that efficiently convert infrared light to visible both via lasing and SHG
mechanisms. Such high-quality resonant NPs allow us to achieve up-conversion lasing in the
broadband excitation wavelength (1200-1520 nm), which is accompanied by efficient
spectrally tunable SHG with intensity comparable with that for lasing depending on
temperature. This achievement becomes possible due to experimental and theoretical study of
linear and nonlinear optical properties of CsGels material in the form of high-quality thin film
and NPs of different sizes. Meanwhile, a significant one-order-of-magnitude enhancement of
SHG was achieved in a single 480-nm NP through the coupling of incident light with a
magnetic dipole resonance. Single-crystal character of individual CsGels NP is confirmed by
careful study of polarization-resolved nonlinear optical imaging with high spatial resolution.
In slightly larger particles, coupling of nonlinearly excited photoluminescence with higher-
order optical modes has resulted in up-conversion lasing. This is the first demonstration of up-
conversion lasing from lead-free perovskite. As a result, our study provides a novel strategy
where individual NPs can support up-conversion lasing and SHG in a broad range of
excitation wavelength.

We believe that our findings on simple and low-cost fabrication of CsGels optically
resonant particles pave a new way for efficient, multifunctional, and environmentally friendly
perovskite upconverters highly demanded in applications of nonlinear nanophotonics.
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In this work, we numerically investigated the trapping of cubic perovskite particles ranging
in size from 0.2 to 2.1 microns. We have detected a narrow region of optical particle trapping
in three dimensions as the particle size changes. We have proposed a method for engineering
the wavefront of the trapping beam to achieve stable particle trapping for all the size particles.
Furthermore, we have proposed an experimental scheme of optical tweezers for trapping
perovskite particles.

Perovskite particles are being used extensively in various applications such as optical chips,
solar cells, UV photodetectors, and X-ray detectors. Resonant perovskite particles offer
potential for creating integrated photonic devices with coherent radiation sources [1]. The
synthesis of lead halide cubic-shaped particles has been achieved through methods like
microfluidics [2] and hot injection [3].

The task of precisely positioning single sources on a metasurface can be solved using
optical tweezers. However, the Gaussian profile of the trapping beam does not allow for stable
trapping of particles of certain sizes.

The numerical calculation of the stiffness of the optical trap was implemented in the Optical
Tweezers toolbox software environment. Figure 1 shows the stiffness of the optical trap in the
plane of beam propagation depending on the particle size and refractive index (RI). Stable 3D
trapping is observed only for a small range of the RI of particles near the RI of the medium.
This explains the impossibility of controlling Perovskite particles CrPbBr3 in three-dimensional
space using the Gaussian profile of the trapping beam.
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Figure 1 - Numerical calculation of the stiffness of an optical trap in the plane of propagation of the beam (a)
depending on the particle size and the contrast of the refractive index of the medium and the particle. The
wavelength of the trapping beam is 975 nm, the numerical aperture of the lens is 0.8. (b-d) The components of
the optical force acting on the particle for the case of the Gaussian beam profile and the phase-modulated beam
obtained by numerical simulation.

Optimization of the wavefront of the laser beam makes it possible to obtain a stable trapping
of the particle (Figure 1 (b-d)). Figure 1 (b-c) shows the trapping force of an optical trap in a
plane perpendicular to the propagation of the trapping beam for a Gaussian profile (blue line)
and a centrally obstructed Gaussian beams (orange line). Figure 1 (d) shows the trapping force
of an optical trap along the z-axis for a Gaussian beam and for a beam with a centrally
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obstructed Gaussian beams. In the experiment, as an optimization of the wavefront, it can be
carried out using a spatial light modulator (SLM). The SLM is integrated into the optical
tweezer scheme, which allows you to dynamically control the wavefront of the laser beam.
This, in turn, opens up the possibility of using machine learning algorithms to optimize the
radiation wavefront.

In this work, we have shown the possibility of trapping cubic halogenide perovskite in
three-dimensional space by modifying the wavefront of the trapping radiation. We also
proposed an experimental method for modifying the wavefront using the spatial light modulator
and machine learning algorithms.

The authors acknowledge financial support by the Russian Science Foundation
(22-42-04420).
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Synthesis and characteristics of luminescent probes for biological applications
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NaYF4YbEr upconversion nanoparticles were synthesized using a hydrothermal
method. Replacing the cover with L-cysteine molecules made the nanoparticles hydrophilic and
suitable for use in living objects. Upconversion nanoparticles (UCNPs) provide interesting
opportunities for their using in a broad class of biological applications, such as biosensing’,
targeted drug delivery or bioimaging®. Among various types of phosphors, UCNPs based on
fluoride crystals attract special attention, since they have excellent physicochemical stability and
bright upconversion luminescence?.
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Fig. 1. The spectrum of upconversion luminescence of nanoparticles a) before and b) after
modification under laser excitation at wavelength of 980 nm.
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Fig. 2. a)Normalized kinetics of luminescence of nanoparticles at wavelengths of 520, 540, 650,
800 and 850 nm under pulsed excitation at 980 nm with a duration of 0.5 ms. b) Dependence of
luminescence intensity at wavelengths 520, 540, 650, 800 and 850 nm on laser power on a
double logarithmic scale.

The thesis presents the results of the synthesis and characterization of nanoparticles with
upconversion luminescence. To create biosensors, fluoride crystals with a NaYF4 matrix are often
chosen because of their low phonon energy (350 cm™!), which minimizes energy losses for non-

26



radiative relaxation of lanthanides in intermediate excited states. NaYF4:Yb,Er upconversion
nanoparticles were obtained using a well-known hydrothermal synthesis method.

The hexagonal phase of the 3-NaYFj crystal lattice largely determines the characteristic shape in
the form of elongated rods with sizes of 60-80 nm x 1.2-1.5 pm. It is also important to note that
nanoparticles can also have a cubic a-NaYF. phase with a different morphology*. In our case, the
choice of a hexagonal structure is due to the presence of a crystal field, which promotes the
radiative relaxation of rare earth ions, which significantly increases the quantum yield of
luminescence. The synthesized UCNPs have an oleate shell, which gives them hydrophobic
properties. To use UCNPs as bioprobes, their surface must be hydrophilic. For this purpose, the
oleate shell is replaced with L-cysteine molecules (C3H7NO,S). Note that the choice of the amino
acid L-cysteine also provides the possibility of further modification of UCNP: the functional
groups -NHa, -COOH and -SH allow the attachment of various biomolecules to solve problems
such as drug transport, bio-recognition, targeted delivery, phototherapy, etc..
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Fluorescent proteins are an important tool of microbiology, in particular, for visualization of
cellular structures and various processes in cells [1]. With the help of metal nanostructures and
nanoassemblies of particles in which high-frequency localized charge oscillations are excited under
the action of an electromagnetic wave, it is possible to significantly enhance the fluorescence intensity
by increasing the excitation and emission rates, as well as the fluorescence quantum yield. This allows
microscopic studies to be performed at lower excitation light intensities, which reduces negative
effects on cells and increases the lifetime of fluorophores before photobleaching. The degree of
fluorescence enhancement is determined by the dielectric properties of the metal and the size and
shape of the nanoparticles. Advances in computational methods and techniques make it possible to
predict and optimize the properties of nanostructures without the need to obtain them experimentally.
The aim of this work was to study the fluorescence of green fluorescent protein near a crescent-shaped
silver nanoparticle using the finite difference time domain (FDTD) method [2].

First, we calculated the extinction spectra of the crescent-shaped silver nanoparticle by varying
the geometric parameters of the nanoparticle to achieve its best overlap with the EGFP spectrum. The
spectrum of the selected particle has peaks near 500 and 950 nm, corresponding to the two modes of
its electric field oscillations, which provides overlap with the emission band (510 nm) as well as with
the single-(490 nm) and two-photon (950 nm) excitation bands of EGFP. For this particle, the electric
field enhancement as the dipole modeling the protein moves away from its surface was calculated for
single- and two-photon absorption: the highest excitation coefficients were observed at a distance of
3 nm from the particle and reached 19 and 1200, respectively. At the same points, the fluorescence
quantum yields were predicted to be lowest (up to five orders of magnitude smaller) near the particle
surface and increasing to 0.7 far away from the particle. As a result of modeling, it was found that in
the presence of a crescent particle, the intensity of the radiative process increases by a factor of 17,
and there appears a channel for the radiation-free transfer of excitation energy to the metal. The
calculated radiative and non-radiative deactivation rate constants are kg = 3,89-10° s
1,53-10" s respectively, and the excited state lifetime is reduced to 6 ps.

u kioss =
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Hecmuuonapnue Ccpeabl AJid aHAJIOTOBbIX ONITHYECKHUX BbIYMCJIUTEEei
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B mocneanne roapl HaOmMOAAeTCs CTPEMHUTENBHBIM POCT MOTPEOHOCTH B yCTPONCTBAX,
CIIOCOOHBIX OBICTPO BBHIIOJIHATH CJIOKHBIE PECYPCOEMKUE BBIYUCIEHUS. BprumciuresnpHas
MOIIHOCTh KJIACCHYECKHX IM(POBBIX KOMIBIOTEPOB IIOCTENIEHHO JOCTUrAeT CBOETO
MPEJENbHOr0 3HAYEHUsA, YTO CBA3aHO C (PM3MUECKUMU OIPAHMYEHUSIMU HaA pa3Mep
TpaH3KuCcTOpa U pabouyro 4acToTy. B cBA3M ¢ 3THM HE0OXOIUMO MCKaTh ajbTEpHATHBHBIE
mIat(GopMel A1 peanu3aly CyNepKOMIBIOTEpPOB. B mocimenHee Bpems KoOlOCCAIbHbIIM
HWHTEPEC BbI3BAIN ONTUYECKUE aHAJIOTOBbIE BHIYMCIUTENN HA OCHOBE MeTamaTtepuanos [1]. B
HX OCHOBE JISKUT MOMYJISLMS CBETA — BXOJAIIErO CUTHANA — TPU €ro B3aUMOJEHCTBUM C
MPOCTPAHCTBEHHBIMU HEOJHOPOJHOCTAMU. BbIXxoAsdmmii curHan (mocie B3auMOAEHCTBUS)
TIpU JIOJDKHOM JM3aiiHe MeTamarepuaia SIBISEeTCS pe3ylbTaToM IeHCTBHS MaTeMaTH4ecKoro
orieparopa Ha BXOJIIMI CUTHAI. BbUIO NMPOJEMOHCTPUPOBAHO, KAK IKCIIEPUMEHTAIBHO, TaK
U TEOPETUYECKU, YTO € IOMOLIbIO BBIYMCIMTENbHBIX METAMATEPUAIOB BO3MOMKHO pPEIIaTh
uHTerpo-IrddpepeHInaTbHbIe ypaBHEHHS 1 3a1a41 ontuMusaimu [2,3]. brarogaps romy, 4ro
BBIYUCIIEHHS ITPOBOJATCS 110 aHAJIOTOBOMY HPHHIIUITY, CKOPOCTb BBIYMCIIEHUI OIpeaensieTcs
JIMIIb CKOPOCTBIO MPOXO3KAEHUSI CBETOBOM BOJIHBI Yepe3 onrudeckoe ycrpoiictso. OaHako,
JUISL OTOW KOHLETIMU TpPeOYIOTCS 4pe3BbIYAiHO CIIOXKHBIE, 3a4acTylo HepealuCcTHUHBIE,
apXUTEKTYpbl MeTamarepuaia. K Tomy ke Maneire HETOYHOCTH Ha 3Tarle M3rOTOBJICHUS
MPUBOJAT K HAKOIUIEHUIO OLIMOOK M HEBEPHOMY pe3yJIbTaTy Ha BbIXOJE.

Lenbto Hacrosmeil  paGoThl  siBisleTcss  pazpaboTka  (pU3MUECKOro  MeXaHHM3Ma,
M03BOJISIOIIEr0 COBEPIIATh AHAIOrOBbIE BBLIUMCICHUSI C [OMOIIBIO CTPYKTYP C IPOCTOM
reoMeTpueid. J{Jst 3TOro mpeasiokeHo UCIoIb30BaTh HeCTAOHAPHBIE ONTHYECKHE Cpebl [4].
Ilox HecTalMOHAPHOCTBIO NMOHUMAETCS ObICTpas, Ha MacliTadax MEHbIIMX MEePUOoja BOJHBI,
MOLYJISILIMS TIoKazaTess rnpesomienus. Maest pazpaboTaHHOro NpUHLMIIA 3aKJII0YAeTCs B TOM,
YTO MOAYJIALMS TOKa3aTels MPEJIOMIICHUs! ITPOUCXOUT HE B IPOCTPAHCTBE, @ BO BPEMEHH,
4TO AaeT (yHJAMEHTaJbHO HOBYIO CTENEHb CBOOO/bI B YNpPaBJIEHUU IJIEKTPOMArHUTHBIMU
nojssMu.  Ilpu  ObICTpOM  MEpekiloueHuH  cpeibl  BO3HMKAeT A(@Pekr BpeMeHHOro
orpakeHus\npenomieHus (time reflection/refraction). Cytb 3(pexTa 3aKiaoqaercs B TOM, 4TO
B CIUIOIIHOIl cpejie NMpU Takol pe3koi MOAYJSLMM BO3HUKAET Iapa BOJH, JBIKYLIMXCS B
MPOTHBOIOJIOKHBIX HalpasieHusX. B orTinune oT 0ObIYHON NPOCTPAHCTBEHHOM IpaHMLIbI,
OTpa)KeHHas/TIPeJIOMIIEHHAs! BO BPEMEHH BOJIHA MPHOOPETAET YacTOTy, OTJIIMUHYIO OT HaCTOThI
1aJIAI0IIEr0 CBETA, OCTaBJISIs BOIHOBOM BEKTOP BOJIHbBI HEM3MEHHBIM.

B npeacrasnenHoil pabore jgaHHbI A¢QQexT 3ajokeH B NPUHLMN  JeHCTBUA
BBIYUCIMUTEIBHBIX ONTHYECKUX YCTPOMCTB. 3a cueT u3aiiHa BPEMEHHOH HEOJHOPOIHOCTH
MO>KHO JIOOUTBCS HYXHO# NepeaaToyHoi ¢yHKIMN 6e3 BHEPEHUs CII0JKHOM apXUTEeKTypsl. B
pesyjbrare paboThl ObUIM CMOJEIMPOBAHbl MEPEATOUHble (YHKUMU IPU  pa3IM4HbIX
rnapamerpax HecTallMOHapHOH cpeabl. B kadectBe JemMoHcTpauuu Oblla  IOKa3aHa
BO3MOXKHOCTb ~ peaju3aluu  omeparopa  JudepeHLupoBaHUss  BTOPOro  IOpsijKa.
Teoperuueckue pacuersl ObUIM MOATBEPHKICHbI IIyTEM YMCIEHHOIO pELIEHHs YpaBHEHUI
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MakcBenna ¢ TTOMOIIBIO METO/Ia KOHEUHBIX Pa3HOCTEl BO BpeMeHHOiT oOmactu. [lokasaHo,
YTO, MCHIAA I‘]Iy6I/IHy MOIYJIAIWA, CKOPOCTh MOAYJIALIMA WU YTOJ MaJICHUA, MOXHO TMOJy4aTb
4eTHble MepeJaTouyHsle (yHKuuu. [IpudeM u3MeHeHHe MApaMEeTPOB MOIYJALMH MOXHO
coBepmiaTh r'mOKUM  00pa3oM, 4YTO MO3BOJIUT  JeNaTh  aHAJIOrOBble  YCTpOHCTBA
MEPENPOrpaMMUpPy EMbIMH. Ilocnennee TPy AHO peamusyeMo B CTAHIaPTHBIX
BBIYMCIIMTEIBHBIX MEeTaMaTepruanax, Tak Kak Tpedyer NomojHuTe bHON (adpukanuu. Takxe
B paboTe M3y4eHO BJIMSHUE AUCIEPCUH B CPelie ¢ BPEMEHHOIT HEOJHOPOMHOCTBIO, a TAKXKE
CKOPOCTH NEPEKITIOYCHMS MTOKA3aTE1d NPEJIOMIICHUS.

Takum oOpa3som, OBbIT TPENIOKEH HOBBIH MEXAHU3M peaTu3aluy  ONTHYECKUX
AHAJIOTOBBIX BBIYMCICHUM, OCHOBAHHBIN Ha 3()eKTe BPeMEHHOr0 OTPaXKEeHUs/IPENTOMICHUS
CBETa B HECTAIIMOHAPHBIX cpeaax. MaTepuaibl ¢ BpeMEHHOW HEOTHOPOJHOCTHIO MOTYT CTaTh
KIIIOYEBBIM 3BE€HOM Ha IMyTH K HOJ]HOMaCIllTaGHOMy BHEJPCHHIO AHAJIOTOBBIX ONTUYCCKUX
CYNEPKOMITBIOTEPOB.

References

[1] Zangeneh-Nejad, F., Sounas, D. L., Alu, A., Fleury, R. "Analogue computing with
metamaterials", Nat. Rev. Mater., 6, 207-225 (2021).

[2] Silva, A., Monticone, F., Castaldi, G., Galdi, V., Alu, A., Engheta, N. "Performing
mathematical operations with metamaterials", Science, 343, 160-163 (2014).

[3] Mohammadi Estakhri, N., Edwards, B., Engheta, N. "Inverse-designed metastructures that
solve equations”, Science, 363, 1333-1338. (2019).

[4] Galiffi, E., Tirole, R., Yin, S., Li, H., Vezzoli, S., Huidobro, P. A., Pendry, J. B. "Photonics of
time-varying media", Adv. Photonics, 4, 014002-014002. (2022).

30



CHIRAL PLASMONIC NANOCRESCENTS FOR SENSING: SYNTHESIS AND OPTICAL
PROPERTIES

Lobanova E.M.", Bochenkov V.E.", Bahratov |.A.2

" Moscow State University, Chemical Department, Moscow, Russia
2Valiev Institute of Physics and Technology of Russian Academy of Sciences, Moscow, Russia
Postgraduate, Junior Researcher
katerina.m.lobanova@gmail.com

Nanomaterials based on plasmonic metal nanoparticles have great potential for medicine,
pharmaceuticals and sensors. Their unique optical properties are due to the enhancement of local
near fields under the influence of external electromagnetic waves upon the excitation of plasmon
resonance. The optical properties of such nanomaterials depend on the characteristics of the
nanoparticles: shape, size, material [1]. Therefore, the development of methods for the formation of
new nanoparticles with a given shape is an urgent task. The plasmon resonance effect can be
especially useful for studying the optical properties of chiral molecules, since they give very weak
chiroptical signals due to the difference between molecular sizes and the wavelength of incident light
[2]. One of the main methods for studying chiral molecules is circular dichroism spectroscopy (CD). It
can be expected that in the field of chiral plasmonic nanoparticles, the CD signal of chiral molecules
will also be enhanced.

The authors achieved the formation of chiral plasmonic silver nanocrescents using a
combination of colloidal lithography and ion-plasma sputtering methods. The new technique makes it
possible to obtain chiral nanocrescents of various orientations and widths by controlling the angles of
deposition and sputtering (Scheme 1).

Scheme 1. SEM of chiral plasmonic nanocrescents of varying widths

It was shown that the resulting nanoparticles are characterized by enhanced absorption and a
CD signal in the visible and near-IR region.

To sum up, a new formation method provides a rapid and inexpensive way of forming chiral
nanocrescents. Along with the techniques commonly used to measure the optical properties of metal
nanoparticles (extinction and fluorescence spectroscopy), we anticipate that CD will play an important
role due to the number of effective ways it can be used to detect interactions between biomolecules
and chiral plasmonic systems. Broader research is also needed to determine the relationship of
crescent asymmetry with the CD signal and how to integrate such surfaces into functional commercial
devices.
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Chiral resonant waveguide design for reciprocal photon-electron
transitions under extremely weak external magnetic field
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Abstract: Nanophotonic waveguides are crucial for controlling photon emission and
scattering in modern photonic applications. By using chiral coupling in specialized designs,
devices with polarization-dependent unidirectional light propagation can be created. Here we
propose nanophotonic design with reciprocal photon-electron transition chiral coupling into
waveguide volume subwavelength scale, enhancing light propagation control.

Introduction: Engineering photon manipulation devices is crucial in modern photonics,
encompassing applications from light harvesting to quantum-information processing.
Nanophotonic waveguides are favored for this purpose as they confine light, limiting its
propagation directions. Chiral coupling in electron-photon systems is typically achieved in
limited spaces using quantum dots or wells [1]. Detection schemes for light-matter
interactions often necessitate ultra-high external magnetic fields to separate spin-dependent
states by energy [2]. Cold atoms at very low temperatures also show promise for photonic
applications [3, 4]. This study proposes a photonic waveguide design supporting transverse
spin modes with both right-handed circular polarization (RHCP) and left-handed circular
polarization (LHCP) within the waveguide volume. This design enables chiral coupling
between photonic and electronic states using extremely weak external magnetic fields. The
transition of spin-up excited electronic state to ground state emits RHCP photon through
chiral coupling, while spin-down transition emits LHCP photon. This research investigates
the chiral coupling between nanophotonic waveguide volume modes and electronic systems.
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Fig. 1 (a) Schematic view of the realistic waveguide design unit cell, where oy is the shift along y-axis. The
black dotted rectangle shows the centered position of the rectangular waveguide without breaking mirror
symmetry. (b) Simulated mode circularity values for considering two modes (x = 0). (¢) Simulated photonic band
structure of the waveguide on the substrate (refractive index » is 1.44) with no external magnetic field.

The realistic chiral waveguide design: We propose a nanophotonic waveguide
geometry supporting transverse spin modes and providing unidirectional characteristics for
both considering modes. This waveguide design is realistic for fabrication process, which can
be adapted as to silicon on insulator (SOI) as to gallium arsenide platform thanks to its
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refractive index proximity in the near infrared frequency range. This design is shown on
Figure la and contains a rectangular waveguide and transverse element (rectangular
parallelepiped).

The waveguide (refractive index is 3.5) has thickness # = 440 nm (along x-axis), the
waveguide period a = 450 nm, w; = 200 nm and w; = 160 nm are transverse element width
and rectangular waveguide width, /; = 420 nm is the transverse element length. The broken
mirror symmetry with Jy shift produces a dominating volume polarization in either RHCP or
LHCP for the waveguide (see Figure 1b). The typical anti-crossing behavior of mode
branches is observed in this case (see Figure 1c). This effect is described in detail for the
cases of magneto-induced non-reciprocity in silicon [5] and GaAs waveguides with averaged
in-plane unidirectivity [6]. The simulation was performed with an eigenvalue solver of
COMSOL Multiphysics. The waveguide geometry was optimized for the unidirectional
propagation effect maximum considering the averaged volume of cube (100 nm?) inside the
center of the cross between the rectangular waveguide and transverse element. The maximum
averaged directivity is approximately 92% at near to 245 THz for the first mode with dy = 50
nm, and —82% at near to 254 THz for the second mode with dy = 10 nm, where sign denotes
the mode propagation direction.

Conclusion: To sum up, we have presented the device with chiral unidirectional
propagation. In most cases, chiral coupling in an electron-photon system is realized with
limited freedom degree and space by using quantum dots or wells. Here we have proposed the
nanophotonic design with the possibility of reciprocal photon-electron transition with chiral
coupling into the subwavelength scale of waveguide volume. The volume directivity, which is
averaged by a cube of 100 nm® reaches more than 90% and 80% for the fabrication
compatible nanophotonic waveguide for right- and left-hand polarized light, respectively.
Furthermore, such waveguide provides the possibility of excited spin-dependent electron
states spatial detection under extremely weak external magnetic field, which potentially
reduces the costs of expensive cryogenic equipment in research laboratories.

Acknowledgement : This work was supported by Russian Science Foundation (23-72-
10028).
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Circular dichroism, which refers to the different responses of a material when exposed to the left-
or right-circularly polarized light, is a well-known tool for exploring the properties of chiral
molecules [1]. Over the past few years, this remarkable effect has been investigated in a wide range
of systems, including second harmonic circular dichroism [2] or optical vortex dichroism [3] in
chiral particles. In our recent work, we demonstrated that, along with chiral objects, even achiral
ones can respond differently to the different polarizations of the incident field [4]. Specifically, we
proved that the occurrence of circular dichroism in the second-harmonic signal in achiral
nanostructures excited by a plane wave depends on the system’s symmetry in an intricate way and
follows a straightforward rule based on the relative position between the particle and the crystalline
lattice of its material.

The aim of the current study is to reveal that, despite the simplicity of this rule, it can be applied
to more complex systems: circular dichroism in higher-order harmonic generation in achiral
nanostructures irradiated by a vortex beam (see Fig.1).
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Fig. 1 Schematic of the concept. An achiral nanostructure, possessing symmetry Cyy or Dy, is irradiated by an
incident vortex beam with an angular momentum projection of +m on the z-axis, dependent on its handedness. This




generates a high-harmonic of order q. The crystalline lattice of the material, characterized by the nonlinear
susceptibility tensor #(@ is rotated with respect to the sample about the z-axis by an angle 8. The occurrence of
nonlinear circular dichroism in this system depends on the both the symmetry of the nanostructure and the
crystalline lattice, as well as their relative position, but is independent of the order of high-harmonic and the incident
vortex beam.

In particular, we consider an achiral nanostructure whose rotational symmetry is described by the
number n, and which is made from a material with a noncentrosymmetric crystalline lattice capable
of producing high-harmonic generation. A high-harmonic of order q is excited in this sample by
the incident vortex beam which has an angular momentum projection +m on the z-axis, depending
on its handedness. The crystalline lattice of the material is characterized by the nonlinear
susceptibility tensor £(®, which can be expressed in the cylindrical coordinates, comprising
several terms that differ by momentum projection m,,.

We define high-order nonlinear circular dichroism as the difference between the total integral
intensities of a high-harmonic under left- or right-handed beam irradiation. By introducing Am as
the difference between different projections m,, we present an elegant rule to determine the
possibility of this nonlinear effect: if Am, can be equal to nv, where v € Z, then high-harmonic
circular dichroism can appear, but only under certain conditions. Specifically, it can be
observed only if the crystalline lattice is rotated with respect to the sample about the z-axis by
angle § # mv/Am,,.

Thus, we show the independence of the conditions for the appearance of nonlinear circular
dichroism in achiral nanostructures, as previously estimated [4], from the order of high-harmonic
generation and the vortex beam. Our study not only verifies the surprising result that allows for
quickly determining the possibility of this widely applicable nonlinear effect, but also offers a
detailed theoretical framework for obtaining conditions for other systems.

This work was performed with financial support of the Russian Science Foundation (Project No.
No 22-12-00204).
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Excitons are crucial for the optical properties of heterostructures with quantum wells (QW).
Recent advancements in fabricating nanoscale van der Waals (vdW) heterostructures, including
ultra-thin semiconductors and monolayer transition metal dichalcogenides (TMD), have
enabled the domination of optical transitions by spontaneous emission mechanisms [1].
Integrating a two-dimensional semiconductor layer into a photonic structure activates the
interaction between excitons and photon modes, modifying the local density of optical states.
Recent work shows a significant increase in the speed of spontaneous emission of excitons
through the integration of TMD monolayers with resonant photonic structures [2]. The reverse
effect, suppression of spontaneous emission using nano-structured optical resonators, is of
interest for understanding the dynamics of excitons.

In this study, we investigate the increase in radiative lifetime of excitons in two-
dimensional TMD monolayers integrated with dielectric photonic structures. Key results
include the development of an analytical model describing weak coupling between excitons and
leaking modes of a dielectric waveguide, identifying conditions for maximizing exciton
radiative lifetime enhancement, which reaches n?, where n is the refractive index of the
waveguide material. As well as numerical analysis of a periodic photonic structure with an
integrated QW. In this case, the reduction in exciton radiation losses can be many orders of
magnitude greater than in the case of a waveguide due to the complex structure of resonances
and optical states. The theory developed can be applied to devise methods for controlling and
manipulating exciton properties in two-dimensional vdW heterostructures for various
applications. The developed theory explains and expands the results of recent experiments [3].
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Fig. 1 (a) Spontaneous emission of excitons in a TMD located in vacuum; (b) Reduction of spontaneous
emission of excitons in the case when the TMD is in a plane-parallel dielectric waveguide; (c) Greater
suppression of spontaneous emission of excitons in the case when the TMD is combined with a metasurface.
TMD image adapted from [4].
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Currently, bound states in the continuum (BICs) attract a lot of attention from the
scientific community. As is well known, BICs are waves that remain localized even though
they coexist with a continuous spectrum of radiating waves that can carry energy away. BICs
can exist in many types of photonic systems, and, as has been shown theoretically and
experimentally, they exist in 2D photonic crystal slabs (PhCs) [1,2]. BICs localized at the I'-
point of the reciprocal space are usually called “symmetry-protected” because of their
symmetry incompatibility with the continuum. One can also describe this phenomenon from a
topological point of view. In article [3], the authors demonstrated that the BiCs are vortex
centres in the polarization directions of far-field radiation, which are characterized by a
topological charge q. The charge q shows how many times the polarization vector winds
around the BIC.

In this paper, we will show for the first time the vortex structure of polarization in the
far field associated with various PhC modes, based on photoluminescence measurements.
PhCs with a hexagonal lattice corresponding to C6v symmetry were studied. Measurements
of their photoluminescence response allowed us to directly observe the rotation of the
polarization vector of PhC modes when bypassing the I'-point in momentum space. We show
that the topological charge ¢ is different for different PhC modes. So, for singlet mode 4>
g =+1, but for doublet modes E> g =-2. As far as we know, these are the first results of
topological charge studies performed for different modes of PhC.

To show this, we used an original technique of photoluminescence measurements with
angular resolution. This technique allows measurements in momentum space. The
measurements were carried out in mirco-photoluminescence (micro-PL) setup, in which a
diaphragm introduced into a parallel beam formed by the objective provided the angular
resolution. The center of the parallel beam corresponds to the I'-point in momentum space.
Diaphragm displacement in relation to the selected symmetry direction of the Brillouin zone
makes it possible to experimentally measure the features of PhC band structure in the far field
[4]. For polarization measurements, a polarizer was added into the parallel beam after
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1000 diaphragm. Moving away from the
I'-point, photoluminescence spectra
were measured for different rotation
angles of the polarizer, then, according
950 to the measurement data, the
polarization of each mode at a selected
point in the momentum space was
determined. For these studies, we used
PhCs  with  embedded  Ge(Si)
nanoislands. Structures of this type

were grown on SOI substrates.
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possible applications, in particular, for creating compact near-IR sources compatible with
silicon technologies.
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In the realm of quantum photonics, quantum cryptography, quantum computing, and the
broader field of quantum optics research, the significance of single photon sources cannot be
understated. The development and utilization of single photon sources are essential for
advancements in these areas. Scientists have achieved notable progress in acquiring single
photon sources through various techniques, including quantum dots [1], defect centers in
crystals [2], semiconductor nanowires [3], superconductors [4], and doped single-walled
carbon semiconductor nanotubes (SWNTSs) operable at room temperatures [5]. Among these
techniques, SWCNTSs stand out due to their unique ability to control chirality parameters,
allowing for precise spectral control over the exciton transition's position [6]. However,
SWCNTs are hindered by their comparatively lower quantum yield (10-30%) compared to
other emitter options [7].

Efforts to improve the quantum yield of photons from individual sources necessitate a
comprehensive approach that considers both the fine-tuning of source characteristics and the
design platforms employed. By integrating SWCNTSs with nanostructures, adjustments can be
made to the radiative and non-radiative lifetime of photons, ultimately leading to an enhanced
quantum yield in the final device [8].

In the context of optical resonances within single nanostructures, the role of collective
effects that emerge from organizing such structures into one-dimensional chains and two-
dimensional metasurfaces is fundamental. The creation of these arrays results in a substantial
increase in the quality factor of existing resonances, facilitating the exploration of phenomena
specific to collective effects.
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Fig. 1 TM polarization reflectance map for silicon photonic crystal (a) double resonance for single photon
emission in functionalized SWNTs, (b) triple resonance for spontaneous FWM in SWNTs film
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An example of a notable collective effect observed in metasurfaces is the presence of
bound states in the continuum (BIC) [9]. The distinctive features of such collective
resonances hold great potential for the advancement of integrated nanophotonics and quantum
cryptography, particularly in the near and mid-infrared range, with implications for
telecommunications applications.

This study aims to explore two distinct cases concerning the optical properties of
nanotubes. Firstly, we investigate the enhancement of photon emission in functionalized
SWNTs within the linear regime. Secondly, we delve into the generation of photon pairs
through spontaneous four-wave mixing in SWNTs under the nonlinear regime.

Linear Regime: The reflectance map in fig. 1 (a) illustrates the spectral coverage of
resonances for a silicon photonic crystal. By adjusting certain configurations, BIC modes can
be specifically tuned to align with the pump and photoluminescence wavelengths of
individual functionalized nanotubes, in this way we achieve double resonance matching.

Nonlinear Regime: Single-Walled Nanotubes (SWNTs) exhibit a non-zero third order
susceptibility [10], providing potential for developing a device capable of generating
entangled photon pairs. To optimize the efficiency of photon pair generation through
spontaneous four-wave mixing, a solution is proposed in the form of a triple BIC resonance
(fig. 1 (b), comprising 2 BIC resonances at the gamma point and 1 BIC parametric
resonance). Through careful arrangement of these branches, the process of four-wave mixing
can be facilitated at certain angles and pump wavelengths, ensuring equidistant energy
distances and compliance with the law of conservation of wave vectors.
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Modern optics and photonics require innovative materials and solutions to create miniature
and efficient optical devices. Diffractive optical elements (DOEs) are flat optical components
that manipulate light waves by modulating their amplitude or phase. DOEs have
subwavelength or near-wavelength structures, which make them useful for creating
high-quality images and other applications [1-3]. However, there are several challenges to
commercializing DOEs. One major obstacle is their sensitivity to changes in wavelength and
environmental factors, such as temperature and humidity. These factors can significantly
affect the performance of the DOEs and the quality of the images they produce. To address
this challenge, researchers are exploring the development of dynamic DOEs that can adapt to
different environmental conditions and tasks. One promising approach is using liquid crystals,
which can be manipulated to change the properties of the DOE [4-6]. This could lead to more
versatile and efficient optical components for various applications.

The scientific problem of creating and studying the properties of optically anisotropic,
topologically structured liquid crystals for developing optical and photonic systems is at the
intersection of research fields in condensed matter physics, optical physics, and photonics. In
the context of research on localized liquid crystal structures, two main areas of scientific
activity can be identified: 1) the actual creation of complex, localized orientational states in
liquid crystals and the investigation of their internal structural organization; and 2) the
investigation of optical and photonic characteristics of localized liquid crystalline structures.
Within liquid crystals (LC), there is a characteristic alignment of dipole molecules along a
specific direction, determined by a single vector known as the «director». In this work, we
generate the director field using the approach described in publication [7] and study its optical
properties using modeling based on the Jones matrix formalism.

The Jones vector describes the polarization of light in a vacuum or other homogeneous and
isotropic medium, in the absence of absorption. In such a medium, light can be represented by
a transverse electromagnetic wave, and to study polarization it is sufficient to know only the
polarization of the electric field. While the Jones vector represents an arbitrary field
polarization (linear, circular, elliptical), the Jones matrix represents an optical element, such
as a polarizer or anisotropic medium with an arbitrary thickness. Therefore, the Jones matrix
formalism allows us to numerically investigate the optical properties of liquid crystals.

In this work, we theoretically calculate the director field of liquid crystal using approach
from [7], then we construct an optical scheme (Fig.1a), where circular polarized field irradiate
the sample, then polarization of the field from the sample is transformed to linear and
combined with linear polarized at specific transmission angle. Amplitude (Fig.1b) and phase
(Fig.1c) were calculated from the output Jones vectors.

On the phase distribution of the electric field 2z phase foray is observed. This indicates
the presence of an optical vortex with a topological charge g=2.

Both calculated amplitude and phase results are in a good coincidence with an
experiment.

This work was performed with financial support of the Russian Science Foundation Ne
23-72-10028.
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In our work, we have developed a novel formulation of the Fourier modal method (FMM)
for solving diffraction problems in two-dimensional, periodic structures. This new approach
explicitly considers the boundary conditions of discontinuous components of the electric field
and leads to a set of matrix equations that avoid the need for matrix inversion. Furthermore,
we have also proposed additional enhancements to this approach by including the adaptive
spatial resolution approach.

The Fourier modal method has gained great popularity due to its versatility and relative
ease of implementation [1]. This method is well-suited for solving diffraction and scattering
problems on periodic metallic and dielectric structures, modeling solar cells, and nonlinear
optics problems. The idea of the method is to solve Maxwell's equations in a truncated Fourier
space using Bloch's theorem. The system of differential equations is reduced to an eigenvalue
problem, within which it is necessary to reverse the matrix of the Fourier components of the
permittivity. Next, the transfer matrix and scattering matrix approaches are used to determine
diffraction orders. This technique has been significantly enhanced through the application of
factorization methods for discontinuous functions in the Fourier space, commonly referred to
as Li factorization rules [2]. However, despite this, the main disadvantages of the method
remain the Gibbs effect, which implicitly affects convergence and distorts the calculation of
the near field, and the need to solve the matrix-vector eigenvalue problem at one of the stages
of the method which is computationally challenging.

In our work, we present a new formulation of the Fourier modal method with analytical
treatment of the field discontinuities. The key idea behind this approach is to separately
consider and take into account the boundary conditions of the discontinuous and continuous
components of the electric field. This leads to new matrix equations in the old plane wave
basis, in which it is not necessary to reverse the permittivity matrix. This approach has been
previously tested by the authors in the simplest one-dimensional case, as described in their
paper [3]. The key benefits of the new approach are a significantly more accurate calculation
of the near-field within the structure, and the elimination of the need for inverting the
permittivity matrix. This work presents a new formulation and numerical validation for the
case of two-dimensional lattice structures.

In addition, this paper also presents a further improvement of the developed formulation
by combining it with the adapted spatial resolution approach [4]. The resulting formulation
retained the advantages of both approaches.

The developed new formulations have the potential to form the basis for more efficient
methods, such as those based on matrix perturbation theory for solving eigenvalue problems,
and could be applied to a variety of problems in numerical modeling of nanoscale periodic
structures.
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Scanning probe instrumentation providing tip-enhancement effects in photoluminescence and
Raman spectra micro-scale mapping
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NT-MDT company brand is well-known all over the world as one of the market and technology leaders
providing the equipment to work in nano-scale surface research and spectral research. We have a long
story in this business. In particular, we were the first team who suggested for the scientific research
the SPM+Raman+PL combined instrument, allowed to measure the optical properties of a sample
surface with nanometer spatial resolution.

That case had happened more than 20 year ago, and we have been developing strongly our technologies
from that time. For now, we are presenting a new-generation SPM+Raman+PL equipment with a very
flexible design, yielding many possibilities to realize cumbersome experiments in probe nanoscopy
and optical spectroscopy.

On the Workshop we are going to present our basic approach on designing multi-mode confocal micro-
spectrometers, and their combinations with SPM/AFM , and would like to show some preliminary but
promising results obtained on our instruments. Also, we will talk on possible extension of the
experimental techniques in a scope of multi-photon experiments and study of non-linear interaction
between light and probe. An essential part of a set of techniques realized on our instruments is the tip-
enhanced Raman scattering (TERS) and the tip-enhanced photoluminescence (TEPL) measurement
modes; and we’ll talk about it too.

To provide for the experimentalists the full solution for nano-optical measurements, our team is
strongly elaborating now the Raman and PL laser design and production, and these lasers are already
successfully exploited in scientific laboratories. They provide high-quality beams, good stability, and
have got a long life-time. In addition, we had started recently a new project on manufacturing
scientific-grade CCD spectral detectors; this subject also will be touched in our talk.
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The optically trapped ensembles of cold atoms provide a versatile platform for storing and
coherent manipulation of quantum information. However, efficient realization of quantum
information processing requires long-lived quantum states protected from the decoherence
e.g. via spontaneous emission. Here, we theoretically study collective dipolar oscillations in
finite planar atomic arrays in free space and analyze mechanisms that govern the emergence
of subradiant collective states in such structures.

Fig. 1 (a) A two-dimensional finite square lattice of N atoms with V-level structure. Arrows show a snapshot of
a wavefunction of the most subradiant state in a case of o, polarization of atomic transitions. (b) Two-level
atoms are arbitrarly distributed in a plane z=0. Differential evolution method provides the optimal configuration
of a system minimizing radiative losses for a given minimal interatomic distance rmin>0.38M0.

In our research we consider identical two-level atoms with transition wavelength Ao and
focus on the two cases: periodic two-dimensional arrays with total amount of atoms N>100
[1] and arbitrary arrangement of a small number of atoms on a plane [2]. In the first case, we
identify the main factors affecting the radiative losses suppression in such structures,
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including interference of the out-of-phase oscillating neighbor dipoles in the far zone, external
coupling of the states associated with the symmetry of the structure, and “accidental” external
coupling that emerges due to quasi-flat polaritonic band dispersion of the corresponding
infinite lattice. We establish the conditions under which these mechanisms are present and
demonstrate the interplay between them on the example of the square array. Finally, we
demonstrate that among different regular arrangements of the atoms the square atomic arrays
support eigenstates with minimal radiative losses o¢ N°.

The results obtained for large regular atomic arrays, however, cannot be straight-
forwardly adapted to the small arrays. Therefore, for small structures ~10 atoms we utilized
the differential evolution algorithm to find the optimal configurations that support the most
subradiant eigenstates. Depending on the minimum allowed distance between the atoms,
different quasi-regular structures turn out to be the optimal ones: one-dimensional chains,
fragments of triangular, and square lattices. While the discovered weakly radiative
configurations of small ensembles cannot be immediately predicted, there is a certain
correspondence to the non-radiative states in the regular atomic lattices. Additionally, we
show that for small interatomic distances the linear arrays with modulated spacing have the
smallest radiative losses exponentially decreasing as the size of the ensemble increases.

This work was performed with financial support of the Russian Science Foundation
(Project No.22-72-10047)
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The unique set of mechanical, electrical, and optical features of carbon nanotubes has inspired
scientists and engineers for several decades to create new materials and devices in various fields
of our civilization: from medicine to aerospace, from telecommunications to construction
technologies. Significant progress in the field of functional materials ensures the gradual
introduction of nanotubes into such scientific and technological products as antistatic coatings,
lithium-ion batteries and polymer composites; nevertheless, the development of carbon
nanotube-based devices in optoelectronics and biomedicine lacks in performance. This is mostly
related to insufficient control on nanotube properties. Here we report our recent advances on
tuning carbon nanotubes to create an element base in the THz range. By identifying five levels of
material organization ("individual nanotubes" [1, 2], "nanotube agglomerates" [3], "network of
agglomerates" [4], "structured assembly" [5, 6], "system of assemblies" [7]), we transform the
polyphony of properties of carbon nanotubes to THz create modulators, sensors etc.
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The methods of single-photon counting have been established across various spectral
regions, such as X-ray, UV, visible, and near-infrared, to detect extremely faint radiation.
These sensitive devises have extended the horizons for many branches of material science,
biology, astrophysics, and photonics. However, in the long-wavelength range (A> 10um,
frequencies lower than 30 THz) the photon energies are much smaller (hv < 124 meV for A >
10um), which makes single-photon detection significantly challenging [1]. Nevertheless, the
MIR - THz region is a rich area of spectroscopy, covering rotational and vibrational spectra of
molecules, liquids, and solids, as well as electron energy spectra in semiconductor
nanostructures and the superconducting energy gap in metals. Therefore, the technology of
sensitive microscopy with high spatial resolution in this spectral region would offer a
powerful tool for investigating various materials and observing of fine physical effects.

In the past decade, several innovative detection schemes have been proposed. However,
most solutions rely on extremely low temperatures close to 0,15 K. In this respect,
photosensitive field-effective transistors created in a double quantum well (DQW) structures,
also known as a CSIP, tends to be the most promising technology for feasible devices at
conventional cryogenic temperatures (4.2-77K) [2]. Although the DQW technology, proposed
a decade ago, is not yet sufficiently explored, several laboratory applications have been
already developed. For instance, a near-field scanning microscope has been successfully
engineered to investigate thermal radiation without external illumination [3]. It is highly
likely that the scope of applications for this technology will significantly broaden in the
future. Our research is aimed at the development of a compact MIR microscope based on
closed cycle cryogenic setup and investigate sensitivity limits at comparably affordable
temperature regimes (7-77K).

In general, the detectors perform as photo sensitive field effective transistor with floating
gate (fig. 1.(a)). The isolation of upper QW from the source-drain channel, which is necessary
for the operation, is served by gate electrodes. Once an electron in the isolated island
(confined between gate electrodes) of the upper QW is exited from the ground state by the
photon of resonance energy, it tunnels through the barrier and relaxes at the lower QW.
Missing one electron, the isolated QW island becomes positively charged up by +e and serves
as the floating gate to the conductance channel, so the intensity of incident radiation can be
calculated by the conductance measurements.

During the research, we developed the fabrication process of fully functional CSIP
detectors with resonance wavelength around 15 microns (fig.1(b)). The devices were
fabricated by electron beam lithography within the GaAs heterostructures. The properties of
samples were characterized by transport measurements at closed cycle cryocooler setup at
temperatures from 7 to 300 K. We measured the photo response and sensitivity exploiting
homemade BBR (Black Body Radiation) source(fig.1.(c)). Also, we designed and assembled
a compact copper unit with an integrated confocal focusing system of Ge lenses, for proper
shielding from the background radiation

We have succeeded in the fabrication of MIR detectors, operable under laboratory
conditions. The source and drain contacts, deposited by magnetron with further annealing [4],
managed to interconnect both layers of two-dimensional electron gas without distortion of the
initial band structure. The electronic measurements were conducted with both commercial
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Lock-in amplifiers and custom differential amplifier, which can be miniaturized in the future
for standalone device. At 7 K, we observed well-defined photo response on the radiation
emitted by the metal-film resistor heated to 50K (fig.1.(c,d)). Performed calculations proofed
theoretically predicted sensitivities with NEP (Noise Equivalent Power) values around 10°'%,
that is 2 orders of magnitude better than the closest alternatives in the spectral range. The
advanced gating technique allows us to suspend the responsivity up to 20 K without a
dramatic drop in sensitivity of the samples. The further research implies the direct
measurements of spectral response and broadening the operation temperature range.
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Fig. 1 . a) Schematic model of CSIP devise; b) Photo of fabricated device; c) Isolation curve at 7K. The red line
corresponds to the photo response; d) Reset operation under illumination.
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Endofullerenes are attractive objects to study the properties of atoms and/or molecules
under nano-confinement conditions, when the material properties can be cardinally different
from those in the bulk form. On the other hand, from the viewpoint of possible applications,
endofullerenes are perspective for use in various fields, including nano-electronics, hydrogen
storage materials, biology, medicine and astrophysics. Here, we present the results of the
detailed spectroscopic studies of the metallofullerene Li@Ceo synthesized with PFs counter
anions. This system is attractive due to a complex multi-well potential experienced by the Li
ion within the C60 nano-cage: theory predicts 20 shallow potential minima [1] between which
Li can hop or tunnel. We have performed detailed terahertz-infrared (frequencies 5-700 cm™)
spectroscopic  studies of the [Li@Cso](PFs) complex at temperatures 5-300 K, with
measurements made in fine temperature steps, 5 to 10 K. We observe a rich set of absorption
resonances, see Figure 1. Processing the observed absorption lines with the Lorentzian
expressions allowed us to obtain the detailed quantitative information on the temperature
behaviors of the frequency positions of the lines, on their intensities and damping factors. The
temperature behavior of these parameters reveals anomalies around the temperature of 25 K
of an antiferroelectric phase transition in the system of interacting Li'/PF s dipoles [2,3], and
at temperatures 100 — 120 K, when Li ions begin to condense within the potential wells of
localizing potential within the C60 cage [2,4]. A number of the observed resonances exhibit
pronounced isotopic frequency shifts, indicating the involvement of Li ions in the
corresponding vibrational processes. Signatures of excitation at =6 cm™! are detected, which
can be related to the transition between tunnel-split energy levels of localized lithium ions.
The assignment of the absorption resonances is performed based on the temperature variation
of the lines’ parameters, the isotopic frequency shifts and on computer simulations.
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Fig.1 Terahertz-infrared spectra of imaginary dielectric permittivity of [°Li@Ceo](PFs) measured at several
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intramolecular vibrations at 530 cm™ and 559 cm™.
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Suppression of superconductivity in thin MoRe films
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Molybdenum-rhenium superconducting alloys continue to attract the attention of
researchers from a fundamental viewpoint because of their intriguing properties in the
superconducting (SC) state and their potential for use in modern electronics. We have carried
out the first detailed and systematic measurements and analyses of the electrodynamic
properties of Moo ¢Reo4 films with various thicknesses (10 to 100 nm) prepared by magnetron
sputtering. Experiments were performed at frequencies of 0.15 — 2.4 THz (wavenumbers 5 -
80 cm!) and at temperatures of 5-300 K, using terahertz time-domain spectrometer. Spectra
of the complex transmission coefficient of the films on highly-resistive silicon substrates were
measured and processed to obtain frequency-temperature-thickness-dependent parameters of
the films in the normal and SC states. The main results are summarized in Figure 1, where the
dependence of the London penetration depth, the SC critical temperature and the SC energy
gap are shown as a function of films thickness. The temperature dependence of the
superconducting energy gap, the penetration depth, the superconducting condensate plasma
frequency and the normalized superfluid density are reproduced within the two-fluid
superconductivity model. A strong decrease in the critical temperature and the SC energy gap
in the films is ascribed to the suppression of the mean superconducting order parameter due to
a decrease in the local electronic density of states in the films near their surfaces. The ratio
24(0)/ksT. = 3.840.2 for all films is found to slightly exceed the BCS value 3.52, indicating
moderately strong electron-phonon coupling. We show that MoRe alloy is a perspective
material for the design of elements and devices of advanced electronics and optoelectronics,
e.g., single photon detectors or high-Q resonators for frequency locking systems.
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Fig. 1 Thickness (d) dependence of the zero-temperature London penetration depth (a), the critical temperature
(b), the superconducting energy gap and the ratio 24(0)/kp7: (c) for Moo.sReo4 films. In panel b, the dashed line
(labelled MF) is a result of calculation according to the expression (29) from [1] and solid line (labelled S)
corresponds to the least-square fit with the expression (8) from [2]. In panel c, the solid line (labelled S) shows a
fit with 24(d)~(1- const/d). Inset in panel a: thickness-dependent coherence length and electron mean free path.
Inset in panel b: dots - the dependence of the critical temperature of Moo sReo.4 films on their surface resistance;
dashed line (labelled MF) - least-square fit with expression (29) from [1]; blue line (labelled F) - fit according
the expression (5) from [3]; red line (labelled F) - calculation using the expression (29) from [1] with the same
parameters as before, but with the thickness-dependent mean free path, see inset in panel a.
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Chiral photonic crystals and metamaterials for compact sources of circularly
polarized light

S. G. Tikhodeev
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The development of compact sources of circularly polarized light that do not require the
application of a static magnetic field and macroscopically-thick quarter-wave plates has recently
attracted much research attention. Such sources can be very useful in spectroscopy and sensorics,
including bio-sensorics, as well as in spintronics. In my talk I will discuss the principles of
operation of such devices based on chiral photonic crystals and metamaterials. A chiral photonic
crystal slab made of GaAs on AlGaAs planar waveguide with embedded InAs quantum dots is the
first successful device of this kind [1]. Another interesting example are lasers based on
semiconductor microcavities with chiral photonic crystal manufactured on the cavity top mirror
and with light-emitting GaAs quantum wells in the active region, under optical [2] and electrical
[3] pumping. Common for such structures is the fabrication of specially optimized chiral photonic
crystal layers with C4 rotational symmetry from rectangular micropillars on their top surface.
Polarization optical filters based on chiral metasurfaces [4,5] as well as circularly polarized photon
routers for spintronics [6] will also be discussed.
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