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GENERAL DESCRIPTION OF THE WORK

Relevance of the topic. Since its initial discovery and elucidation in investigations of
ionization of atomic systems in 1961, Fano resonance (FR) [1] has gathered substantial attention
across diverse scientific and engineering disciplines, encompassing atomic physics, electric
circuits, photonics, plasmonic structures, and nonlinear optics. This universal interest can be
attributed to the intriguing and distinctive line-shape profile exhibited by FR. The ultrasharp
and asymmetric spectral features of FRs in optical systems, such as metal-insulator-metal (MIM)
waveguides, photonic crystals, metallic metamaterials, and Kerr nonlinear structures, have been
involved to realize numerous contemporary optical functionalities. These applications
encompass optical switches, diodes, filters, absorbers, and modulators, and have a remarkable
performance in sensing technology. Given the extensive array of applications, the precise control
of the Fano line-shape profile including both the spectral position and the degree of asymmetry
has emerged as a pressing concern and become a prominent research focus in recent years since
they directly relate to the application performance. In general, the degree of Fano asymmetry is
closely linked to the symmetry of the structure and the discrete state mode. In many cases,
breaking the structural symmetry can lead to increased line-shape asymmetry or the emergence
of new FRs. In recent years, FR generated in plasmonic nanostructures has gained increasing
attention owing to its promising applications in sensing, lasing, switching, nonlinear and slow-
light devices. Symmetry breaking represents one way to achieve geometrical, compositional, and
environmental dielectric asymmetry in plasmonic nanostructures, which often results in FR.
Optical cavities, normally Fabry—Pérot (FP) cavities, provide an alternative way to realize FRs.

Until now, various plasmonic nanostructures, such as metal-insulator-metal waveguide-
coupled cavity systems, ring—disk cavities, oligomer clusters, have been experimentally and/or
theoretically demonstrated to show FRs. Specifically, plasmonic structures supporting FR can be
arrangements of three slabs, or rods in dolmen-like or H-like configuration. In the dolmen-like
structure composed of relatively large slab particles, FR appears due to coherent coupling
between superradiant and subradiant plasmon modes, that were studied theoretically and
observed experimentally. FRs may occur in this case due to the strong transversal-longitudinal
coupling as the sizes of the slab components of the structure increase and retardation effects
become significant.

The investigation of FR peculiarities as well as its different applications described above
relate to nanostructures of regular metals. So far however, the FR was not investigated in new
classes of low dimensional materials obeying metallic conductivity synthesized in recent years.
Particularly in MXenes discovered in 2011 [2] the FR peculiarities were not considered.
Transition metal carbides/nitrides, called MXenes has become the subject of versatile intensive
studies due to their unique optoelectronic properties as well as hydrophilicity, flexibility and
metal-like electronic conductivity. This interest in MXenes is fueled by the possibility of
applications as supercapacitors and in electromagnetic interference shielding, as well as in
optical sensing and light detection, even in communication and biology. The study of the optical
properties of MXenes showed the possibility of creating transparent conductive electrodes,
saturable absorbers for femtosecond mode-locked lasers, for photonic devices and for plasmonic
applications at wavelengths. MXenes reported to date are synthesized by wet-chemical etching
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in hydrofluoric acid (HF) or HF-containing or HF-forming etchants. Etching is required because
of strong chemical bonds between A and M elements in MAX phases that make mechanical
exfoliation hardly possible. To date, more than 50 members of the MXene family have been
synthesized [3] and dozens more are predicted, making it one of the fastest growing 2D material
family.

The aim of the thesis is to study the conditions of appearance of FR in optical absorption
processes and SERS in complexes of MXene NPs.
The following problems are considered.

e Investigation of absorption cross-section (ACS) in isolated and coupled (dimers) MXene
NPs of different shapes and comparison with experiments

e (Calculation of enhancement factor (EF) of SERS from dye molecule near the MXene
nanoparticles (NPs) of various shapes and comparison with known experiments

e (Calculation of SERS EF from dye molecule located in the middle of the gap of MXene
dimer under the conditions of FR

e Revealing FR in coupled identical spheroidal metallic particles in a symmetric linear
arrangement

e Investigation of the influence of retardation and radiation reaction on FR efficiency

e Investigation of FR in 3D system of metallic NSs

Scientific novelty. In contrast to noble metals MXene NPs as the experiments and calculations
show, do not demonstrate dipole SP resonances in visible range [4]. This could be interpreted
as the unsuitability of these new 2D structures for using them in optical devices, as well as for
synthesizing SERS substrates. However, in the thesis we show for the first time that in the visible
and near infrared (NIR) range of the spectrum there appear quadrupole SP resonance that along
with interband transitions (IBT) is able to induce relatively high polarization of MXene NPs
making them attractive for various optical applications. The mechanism of arising of these
collective oscillations of quadrupole symmetry is identified as a consequence of inclined
incidence of light on ruff surface. As an example of simplest model producing a roughness of NP
surface a spheroidal shape is considered. The other new result obtained is that quadrupole
surface plasmon (QSP) mode in vis-NIR range in most studded MXene — TisC2Tx is insensitive to
nanoparticle shape and size of NPs. This disclosure opens the perspectives for using MXenes as
easy synthesized SERS substrates. Since polarization mechanisms are much less sensitive to the
shape of NPs, it can be concluded that despite the fact that MXene substrates demonstrate
moderate enhancements as compared to noble metal counterparts, they can provide advantages
in conventional SERS applications. The EF values present a weak dependence on the particle
shape and size and therefore, there is no need to control the geometry of flakes during their
synthesis. This is why MXene flakes can be advantageous for the easy manufacturing of universal
substrates for SERS applications.

For the calculation of EF of SERS using COMSOL software it is required to introduce the
dielectric functions of both MXene substrate and dye molecule. While the dielectric function of
TisCoTx MXene is well known, the dielectric function of probe molecule must be introduced.
We show that the R6G molecule in different media can be modelled as a small sphere possessing
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a macroscopic dielectric function ez(w). To obtain ex(w) of a small sphere with radius R, as an
auxiliary parameter, the imaginary part of polarizability az(4) of the dye molecule on glass
substrate, or in aqueous solution, is extracted from experimental data of the absorption spectrum
[5]. The real part of the dielectric function is calculated using the Kramers-Kronig relation.
Namely, ez(w) of R6G molecule constructed in the described above way is employed in all
simulations.

It is shown that FR appears in MXene dimmers of NSs when the longer axis and aspect
ratio (AR) exceeds correspondingly 1 um and 2.5. It is demonstrated that emergence of FR for
the high enough concentrations of MXene NPs on glass or in water can play a role of a measure
of good quality of the system as a SERS substrate.

Usually to realize FR in nanoscale the interacting particles are of different shapes, or sizes
in order to allow a spectral overlap between their distinct plasmonic modes. We show that when
two identical in size spheroidal particles, aligned along their longitudinal symmetry axis, are
excited by a plane wave polarized parallel to the axis, both quadrupole modes are excited
simultaneously, resulting in a small, but perceptible extinction peak.

Practical importance. The obtained in the thesis results can be used in improving the parameters
of already existing devices based on MXenes. Particularly obtained in the thesis result on
insensitivity of QSP mode to nanoparticle shape and size in most studded MXene — Ti3C2Tx will
be used in constructing devices for EM shielding.

The revealed in the thesis weak dependence of EF of SERS on sizes of easily synthesized
and almost arbitrary shaped MXene NPs in vis-NIR range opens up new possibilities for using
these substrates in conventional SERS applications.

Appearance of FR in MXene dimmers will be used for preparing quality SERS substrates.

Identification of main mechanisms of optical absorption of light in vis-NIR range of the
spectrum caused by IBT and QSPs mechanisms will support in designing based on MXenes new
optical devices for various applications, such as optical filters, sensors for biophysics etc.

The basic results to be defended are as follows:

. The absorption spectrum of isolated TisC2Tx MXene in vis-NIR range is formed by IBT, QSP and
TDSP resonances. In case of coupled MXene nanoparticles along with mentioned resonances
there appears FR.

. It is demonstrated that QSP modes in MXene flakes supported by IBT contribute to the SERS
enhancement for wavelengths 4 < 1000 nm. Raman signal enhancements of the order of
10°- 107 obtained in the simulations and agreeing well with known experimental data are
determined by the partial overlapping of the QSP, IBT, and analyte molecule absorption
resonances, as well as by extra enhancement due to the hot-spot effect. The EF of SERS from
dye molecule near the MXene substrate weakly depends on linear dimension and shape of
synthesized NPs of common sizes (1 + 2 um).

. At A ~ 1400 nm in coupled MXene NPs acting as a SERS substrate, the hybridization of induced
SPs of different symmetry form a FR. This disclosure can be used for assessing the qualities of
SERS substrates made from MXene.



4. Retardation effects and reaction field improve the efficiency of FR in interacting relatively small
metallic NPs and in case of TisC2Tx MXene the quadrupole resonance takes place at visible range
(750 nm) providing better conditions for SERS.

Approbation of the work. The results of the thesis were reported at the conferences: Materials
Research Society Spring Meeting, Honolulu, Hawai’i. USA 2022, META 2022, the 12th
International Conference on Metamaterials, Photonic Crystals and Plasmonics" Torremolinos,
Spain 2022, Nanometa-2022, the 8th International Topical Meeting on Nanophotonics and
Metamaterials, 28 - 31 March 2022, Seefeld, Austria, Biophotonics for future, Jena, Germany,
2023.

Publications. Four papers were published on the topic of the thesis.

Structure of the thesis. The thesis consists of an Introduction, three Chapters, a Conclusion,
and a bibliography. It contains 106 pages, including 46 figures.

CONTENT OF THE THESIS

In Introduction the scientific literature related to the topic of the thesis is reviewed, the
relevance of the topic is argued, the aim of the work, the scientific novelty and the practical
value are presented, and the primary results are described.

In Chapter 1 analyses of experimental data on EEL and optical absorption spectra of TisC2Tx is
presented, that was used to calculate the absorption cross-section (ACS) in isolated MXene
nanoparticles of different shapes and compare the results of simulations with experiments.
Exploiting the results for ACS of single MXene nanoparticle (NP) the optical properties of dimers
of NPs were considered.

Experiments on electron energy loss (EEL) spectroscopy in TisC:Tx, covering a fairly wide
range of energies up to 30 eV show that the maxima at lower energy losses 0.2 eV-0.7 eV in
stacks of MXenes occur due to longitudinal dipole surface plasmons (LDSPs) [4]. Further, the
higher energy losses up to 1.5 eV a weaker maximum was also found, which was revealed in
optical spectra of TisC2Tx as well in [6]. Detected by different methods, this peculiarity has been
prescribed to low-energy interband transitions (IBT) [7]. At energies over 5 eV and more, a
rather strong IBTs are detected, after which bulk plasmons occur [4]. It was also shown that
LDSP frequencies can be tuned in the mid-infrared by controlling the sheet geometries and
terminations. Moreover, it was revealed that in multilayered (ML) MXene sheets the individual
2D flakes interact weakly, apparently reducing the intensity of bulk excitations and leaving
LDSPs as a source of dominant screening mechanism.

Itis important to mention that in some parts of the EEL spectra of experimentally studied
ML MXenes, it is difficult to distinguish IBT from TSP by absorption. This is because particularly
in TisC2Tx, the peak frequencies of IBT and TSP are located close to each other, and in case of
excitation of TSPs, the electric field distribution is not projected on the plane of incident wave
(but on the plane perpendicular to that). As for the peak frequency of IBT, it is independent on
the geometry of the sample and is determined only by the dielectric properties of the material.
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Contrary to EEL spectroscopy experiments, in the case of irradiation by light, these two
processes can be identified in absorption experiments by changing the polarization of the
radiation.

To consider the objectives of the thesis it was necessary to solve a number of boundary
problems of electrodynamics. Out of several numerical approaches based on finite element
method (FEM) we apply COMSOL MULTYPHYSICS software package that allowed to simulate
all the problems considered in the thesis. The corresponding numerical calculations were
performed with the support of the computing center facilities of the University of Ulm.

The numerical simulations on optical spectra of large MXene nanoparticles (up to 2000
nm) exploiting analytically a priori identified ranges of resonance frequencies for various
configurations and shapes as presented. The shapes and sizes of NPs (with measured dielectric
function [8] were modelled with the aim to be as close as possible to synthesized samples in
mentioned above experiments. The resulting spectra for the ACS and the EF are accompanied
with corresponding electric charge and near field distribution maps extracted at specific
wavelengths. Throughout the thesis in the scale bar on the right side of each inset the absolute
values of electric field strength in arbitrary units are presented. In the figures of the paper the Z
axis is directed along the wave incidence and the electric field oscillates along the Y axis.
Experimental MXene 2D flakes present a large shape variety, depending on the fabrication
conditions. Hence, we model several flake shapes to see what kind of shape-dependent peculiar
plasmonic effects are also evidenced in experiments. While in the disk with the diameter of 500
nm and height 14 nm there appear only IBT and TDSP oscillations (Fig.1), in the cylinder of
diameter of 1000 nm with the height 300 nm there are IBT and QSP (Fig.2)

0 I I I I I I I I I
500 700 900 1100 1300 1500 1700 1900 2100 2300
Wavelength (nm)

Fig.1 Simulated ACS of a Ti3C2Ix disk of Fig.2 Ti3C2x cylinder of diameter 1000 nm with
1000 nm diameter with height 14 nm. The height 300 nm. Inset: electric field intensity map
incident electric field is perpendicular to wavelength of QSP resonance - 980 nm at the

the base of the disk

At A 1000 nm the penetration depth d of an incident wave definedasd 1= (2n/X)Im ("*s(X)J

(where Ais the wavelength in the vacuum) takes a value of ~100 nm. Consequently, decrease of
electric field amplitude in the direction of propagation can cause inhomogeneity and induce
QSP excitations in the plane formed by the directions of wave incidence and electric field.
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Indeed because of strong absorption, the energy ofincident light is dissipated fully in the narrow
surface layer not reaching deeper parts of cylinder. Thanks to inclined incidence on cylindrical
surface obviously components of oscillations of electric field in transversal with respect to
incident field direction is generated supporting QSP. SP oscillations excited by the transversal
components of the electric field (i.e. along the light incidence direction) arise due to the
refraction of light at every point of cylinder surface. Calculation of the wavelength Xm of
oscillations induced by the pump wave at 980 nm in the medium determined by the formula

Xm = X/jRe(s(X)) (s(X) is the complex dielectric function of MXene) gives for Xm = 363nm.

Such value of Xm obviously allows excitation of quadrupole mode in a cylinder with diameter of
1000 nm and a height of 300 nm.

Large and spatially confined electromagnetic enhancement effect can be reached in case
of strongly coupled nanoparticles such as dimer configurations. Two closely placed small
identical MXene nanoparticles of ellipsoidal or spheroidal shapes in end-to-end configurations
were studied for wavelengths range of 500nm-2500nm. To reveal the peculiarities of SP
resonances in coupled MXene nanoparticles, we calculate the absorption spectra of two identical
interacting spheroidal Ti3C2Tx particles in an end-to-end configuration at separations of D=0.8
nm,1 nm and 1.5 nm. The semiaxes of the particles were: a) 20 nm,5 nm,5 nm b) 25nm,5nm,5nm
¢) 30nm,5nm,5nm) correspondingly. The electric field of the light was directed along the
symmetry axis of the system. The results of calculations are presented in the Fig.3.

Fig.3 Simulated ACS of coupled
MXene nanospheroids in end-to-
end configuration with equal short
semiaxes (@ = b = 5nm) and
varying long semiaxis (c =
20,25 or 30 nm). Inset: electric
field intensity map in the case of
coupled spheroids with semiaxis ¢ =
25nm and a = b = 5nm, irradiated
by parallel electric field at 760 nm.

It is seen, that contrary to IBT

at 750 nm, the LDSP peaks are

drastically redshifted. It is

interesting that the proposed

simple model consisting of

coupled ellipsoids gives reasonable value for the SP resonance energy of 0.59 eV- 0.73 eV which

was observed in EEL and optical absorption experiments. The corresponding electric field

intensity map at 760 nm presented in the inset of Fig. 3 clearly demonstrates the hotspot induced
by IBT polarization.

In order to assess the possibility of appearing of QSP resonance in interacting MXene

nanoparticles, we also simulated the absorption in notably larger coupled spheroids with

semiaxes: 500 nm, 200 nm and 200 nm. The results for the end-to-end configuration of spheroids
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when the incident electric field is directed along the long axis are presented in Fig.4. It clearly
shows the existence of QSP mode at 980 nm analogous to those revealed for the single cylinder.

Interestingly as can be seen from Fig. 4-A, in addition to quadrupole resonance detected
at 980 nm, there is also a new resonance at 1780 nm. We attribute this resonance to longwave
quadrupole and transversal plasmon oscillations, the mechanism of occurrence of which differs
significantly from the classical one. Typically, the directions of the external field and plasmon
oscillations coincide and correspondingly the transversal plasmon oscillations should not occur
when the electric field of light oscillates along long axis of coupled spheroids. The point is that
the transversal component of electric field is generated in the NS due to inclined incidence of

light wave to the spheroidal surface.
Fig.4 ACS of coupled spheroids with semiaxis 500 nm,
200 nm and 200 nm in end-to-end configuration (A).
Electric field intensity maps at TSP maximum - 1780 nm in
the X-Y plane (B) and Y-Z plane (C).

It is this (obeying quadrupole symmetry)
electric field that creates the charge distribution
presented in Fig. 5. In accordance to the Fresnel
equations it is clear that any roughness of the
surface of NP can generate components of electric
field perpendicular to the polarization of incident
light. In this respect the model of NS is the simplest
case of surface roughness giving rise to transversal
oscillations.

Fig. 5. Surface instant
charge distribution for a
NS (2a=1000 nm) at 1780
nm (A) for 9=0 and (B) for
9=2.25n where 9 is phase
of incident field. Red and
blue colors represent
charges of opposite signs.
The areas in gray
correspond to zero charge.

It is important to mention, that as a result of strong coupling of QSP and induced TSP
modes as it follows from Fig. 4-C there appears a Fano deep at 1440 nm. This lowest minimum
at 1440 nm in the spectrum of strongly interacting nanoparticles is a result of destructive
interference between QSP and new TSP modes which is a manifestation of FR. In the Fig. 4-C
the symmetry of intensity distribution with respect to incident electric field is violated,
obviously demonstrating appearance of a QSP resonance. The electric field intensity maps at FR
in the XY-plane and YZ-plane are presented in Fig. 6-A and B.



Fig6 Electric field
intensity maps at QSP
maximum - 980 nm in
the X-Y plane (A) and
Y-Z plane (B).

In Chapter 2, the

SERS EF of the
probe molecule near an isolated MXene flake, either in a solution, or on a substrate. Next, to
account for the hot spot effect using the same software we perform simulation of ACS and SERS
EF for interacting MXene dimers.

To calculate accurately the EF, it is required to introduce the dielectric function of the
dye molecule as well. We show that the R6G or other dye molecule in different media can be
modelled as a small sphere with radius R possessing a macroscopic dielectric function s_R (w).
Namely, having measured polarizability a(A) of due molecule we find Srég(A) from employing
R as a fitting parameter. The wavelength dependent ACS of dye molecule is calculated using
£Rft(A) in COMSOL software. Thus, we find the fitting value of the parameter R that achieves a
good overlapping between the calculated ACS spectrum and the maximum values of
experimental data. The theoretical EF G, is defined accozding to the following expression:

G- total (">~ ) 1 )
1£0(70.") |
Etotai(?0' M) is a total electric field at the position of the probe molecule r0, mis the frequency
and EO(r0, m) is the strength of the incident field. In the Fig. 7 the simulated EF of SERS from
R6G molecule near the apex of single MXene NE with 2a = 500 nm reaching the maximum value of
G» 2.21 « 105 is presented.

Fig.7 EF of SERS from R6G molecule near
the apex of single MXene NE with 2a =
500 nm and aspect ratios ~3and ~
15 on glass substrate. The distance from the
apex of NE to the dye molecule (presented as
a small sphere of radius R = 0.31 nm, see
figure SI-1) iss = 0.4 nm.

In order to understand the
SERS enhancement mechanisms of
molecules near MXene flakes, we use
an example presented in Fig. 8. It
illustrates the dependence of ACS on

wavelength for a NE with 2a = 500 nm and aspect ratios §1» 3 and 2 » 15.
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Fig. 8. ACS dependence onwavelength in
the system of spherical R6G molecule
and MXene NE with 2a = 500 nm and
aspect ratios * 3and "2* 15. The
arrows indicate the positions of the
longitudinal

From the ACS spectrum of

Fig 8, we assume that the highest

peak at A= 2250 nm corresponds

to the longitudinal dipole surface

plasmon (LDSP) resonance. To

support this assumption, we

carried out simulations for NEs of

2a = 500 nm but with other aspect ratios. The results revealed high sensitivity of the location
of that peak to the shape of NP, which is a typical behavior of longitudinal dipole plasmon
oscillations. This sensitive to NP shape resonance was revealed also in high-resolution EELS
experiments with Ti3C2Tx flakes [2 3. The same LDSP resonance at A> 2200 nm was revealed
in [4 using UV-Vis-NIR absorption spectroscopy of micrometer sized Ti3C2Tx samples. The
smaller peak in the spectral range 500 nm-1000 nm of Fig. 8 coincides with the maximum of
absorption (or a dip in the transmittance spectrum) measured in Ti3C2Tx flakes in an aqueous
solution, on a glass or sapphire substrates [7-10], as well as in measured EELS spectra [4,11]. In
optical absorption measurements, the maximum at around A=800 nm was associated to IBT,
which was theoretically verified in [7]. The physical origin of the peak in the spectral range of
500 nm —1000 nm of Fig.8 becomes obvious by visualizing the surface charge and near-field
maps of our COMSOL simulation. These maps for the NE of 2a = 500 nm,~ * 3and * 15
at 540 nm (corresponding to the EF maximum) are presented in the Figs 9 a) and b) respectively.

Fig9 a) b) The maps of electric field and
instant chart distribution for NE of
2a=500 nm, p_1~3 and p_2~15 at 540
nm

These figures clearly
demonstrate the quadrupole
character of the SP oscillations
excited by the transversal
components of the electric field
(i.e. along the Z axis) arising due
to the refraction of light at every
point of NE surface. Just in case

of cylinder described in Chapter 1, at any pare of points symmetrical with respect to the Z axis
of the NE refraction occurs in such a way that the generated transversal components of the
electric field have opposite directions. It is this (obeying quadrupole symmetry) transversal
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electric field that creates the charge distribution presented in Fig 9 b). Note that in accordance
to the Fresnel equations any roughness of the surface of relatively large NPs can generate
transversal components of electric field. In this respect the ellipsoidal surface represents the
simplest model of surface roughness giving rise to transversal oscillations. Whereas the QSP in
MXene at wavelengths A< 1000 nm were identified earlier, we see from Fig. 9a and 9b that in
the surface charge distribution instant image there appear also dipole oscillations due to IBT.
Therefore, we conclude that at wavelengths A< 1000 nm QSP and IBT resonances both
contribute to the absorption peak in Fig 8. This means that in large MXene NPs considered here
QSP resonance overlaps with IBT, creating favorable conditions for Raman signal enhancement
in vis-NIR spectral range. As our simulation shows in the range 500 nm —1000 nm the
quadrupole oscillations remain dominant in charge distribution. The resonance maximum
occurs at A= 850 nm, but the quadrupole charge distribution remains at A= 540 nm.
Simulations were carried out for larger sizes of ellipsoidal flakes (2a = 1500 nm and 2a =
2000 nm) as well. In the spectral range of A< 1000 nm in NEs with aspect ratios  * 3, 2%
15, quadrupole and higher order SP modes start to play a more pronounced role in optical
absorption processes (see e.g. instant picture of surface charge distribution of MXene NE with
2a = 2000 nm at 540 nm in Fig.10a). Instant charge distribution maps for this particle at other
resonances are presented below in Fig. 10b.

Fig 10 a, b instant picture of surface
charge distribution of MXene NE with
2a = 2000 nm at 540 nm

Interestingly, in larger particles
with 2a = 1500 nm and 2a =
2000 nm and aspect ratios  * 3,
A2 * 15 an additional resonance
appears in the ACS spectrum, as is
shown in the Fig. 11.

Fig1l1 ACS dependence on
wavelength inthe MXene NE with 2a =
1500 nm (blue) and 2a = 2000 nm (red)
(aspectratios ~ 3and * 15).

These new resonances arise at
1540 nm and 1830 nm
correspondingly.  The Instant
picture of  surface charge
distribution clearly show the
dominant contribution of
quadrupole modes in these resonances. Thus, along with resonances at A< 1000 nm there
appear new QSP resonances at much longer wavelengths. We note that our simulations for NSs
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of 2a = 1500 nm and 2a = 2000 nm and aspect ratio » * 3 did not reveal QSP oscillations at
longer wavelengths. This means that QSPs at longer wavelengths in large oblate NEs are excited
by the electric field directed along the shortest axis occurring due to refraction of incident light
on the ellipsoidal surface. Note that these new resonances are far from R6G absorption peak and
therefor are not important for SERS in vis-NIR range.

Atomic force microscopy (AFM) images of MXene flakes show often bent sheets and curved
surfaces with a number of edges supporting the origin of localized strong EM fields.
Consequently, MXene flakes deposited on substrate or in solution can provide favorable
conditions for another EM mechanism of SERS — hot-spot effect. Dimers of Ti3C2Tx, in a “end -
to - end” configuration composed of identical NEs, NSs and NRs of different sizes on glass
substrate with the R6G molecule located in the middle of the gap were investigated. In Figs.
12(a) and 12(b) are presented the ACS and EF for a dimer of identical spheroidal particles of
2a = 1000 nm and aspect ratios qi * 3 and ~2 * 15 on the glass substrate.

Fig 12 ACS and EF for a
dimer of identical
spheroidal particles of
2a = 1000 nm and aspect
ratios ~3and * 15

on the glass substrate

According to Fig

12(b) the EF in case of

dimer due to near-

field coupling

resulting in hot-spot
effect is 1.2 « 107. A notable contribution to the EF in the dimer is due to polarization induced
by the resonance absorption of the R6G dye at short wavelength of 545 nm [5].

To assess the dependence of ACS on the gap length in a dimer we calculated the
absorption spectra of identical NS particles with sizes 2a = 1000 nm and 2b = 2¢c = 400 nm in
“end-to-end” configuration, with incident field parallel to the symmetry axis of the dimer ( see
Fig. 13). For wavelengths below 1300 nm the ACS of the dimer does not depend on the gap size
since QSP oscillations in both particles weakly interact to each other. At longer wavelengths a
new resonance depending on the dimer gap size arises as a result of strong hybridization of
quadrupole modes in two NSs. We interpret the minimum in the ACS at A= 1440 nm of Fig.
13 as a Fano dip formed by coupling between QSP modes in dimer.
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Figure 13. Dependence of ACS on the size ofthe gap
of dimer composed of identical NSs with 2a =
1000 nm and 2b = 2c = 400 nm in “end-to-end”
configuration when the incident electric field is
parallel to particles longitudinal symmetry axis. The
gap values are shown in the inset.

For the case described in Fig.36 the
simulation for the EF gives the value 1.24 «
107 and with increase the gap of dimer the
EF decreases. Particularly for the gap values
s > 100 nm when the dye molecule is fixed in the center of the gap the EF coincides with that
of isolated NE of the same size of 2a = 1000 nm. This behavior of ACS at FR dip can be used
for synthesizing quality MXene substrates for SERS. Indeed, by adding Ti3C2Tx flakes say on glass
substrate and controlling the ACS dependence on wavelength it will be easy to get the best
quality substrate with highest hot-spot effect.
Chapter 3 considers behavior of FR in complexes of small metallic NPs may when influence of
retardation effects, radiation reaction force and broad absorption linewidth on the FR are
taken into account.

It is shown, that when two identical in size spheroidal particles, aligned along their
longitudinal symmetry axis, are excited by a plane wave polarized parallel to the axis, both
quadrupole modes are excited simultaneously, resulting in a small, but perceptible extinction
peak. Despite being weaker as it is seen from Fig.14 than the absorption the scattering cross-
section presents a resonance with asymmetric lineshape, typical of a FR.

Fig. 14 (Left) Extinction cross-section
spectra of two linearly aligned Ag
spheroids of semiaxes ra =
60 nm,rb = rc = 10 nm, separated by
s = 5nm, embedded in a medium of
refractive index n = 1.5. The large
resonance peak close to 1170 nm
corresponds to the dipole mode. The
inset shows the extinction peak due to
coupling of quadrupoles. This
wavelength is close to that of the
quadrupole resonance arising in a
isolated particles.

The FR is considered in the system
consisting of five identical smaller than A metal nanoparticles arranged in one plane in H-like
configuration (see Fig.15). The interparticle interaction is taken into account not only by the
near field, but also by the fields whose strengths decrease with the distance R as R-2 and R-1 in
contrast to the strength of the dipole near field, decreasing as R-3.
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Fig. 15. H-shaped configuration of metallic
nanoparticles. The arrows indicate the directions
of the spheroid dipole moments for the fixed
instant of time.

An external electromagnetic wave will excite

oscillations only in the nanoparticle 0, and in

other nanoparticles, taking into account their

orientation, the longitudinal oscillations will
not appear. In the nanoparticle 0, the dipole oscillations will occur, whose frequencies coincide
with the frequency of the external field, and therefore, the nanoparticle 0 will create its own
dipole field. The frequency of the dipole radiation of the nanoparticle 0 coincides with the
longitudinal oscillation frequency of the remaining nanoparticles, and the field generated by the
nanoparticle at the locations of nanoparticles 1-4 will have the components along the axes of
these nanoparticles; for that reason, the longitudinal oscillations with the frequency of external
radiation will be excited in the nanoparticles 1-4.

Thus, each particle creates its own dipole field, which influences all other nanoparticles
of the system. Therefore, for example, six fields will influence the nanoparticle 1: the radiation
reaction field, the external field and the fields created by the nanoparticles 0, 2, 3 and 4. Owing
to the destructive interference of the external field, reaction field and total field of the
nanoparticles, the following can arise at a certain frequency of external radiation: the strength
of the resulting field at the location of the nanoparticle 0 will become very close to zero, and in
other nanoparticles the amplitude of oscillations at this frequency will be much greater than the
amplitude of oscillations in particle 0. We further calculate the absorption power of an
electromagnetic wave in particles 0 and 1-4 to find the FR efficiency
N1234(w) 2).

NO(a)
where N1234 = N1+ N2+ N3+ N4 is a sum of absorption power in four horizontal NPs and
NO is a absorption power in vertical NP. It turns out that the FRE is increased by 8 times.

The FR was also studied in a three-dimensional system of identical NSs whose centers

are located at the vertices of the tetrahedron (Fig. 16).

FRE(u) =

Fig. 16. Oscillatory system consisting of two parts, A
and B. The NRs 1, 2, and 3 form the part B, and the NR
0 is the part A. The NR of system B and the tangent to
the circumscribed circle of the triangle 123 at the
corresponding point form an angle

It is shown that the resonance wavelength of
Fano dip is quite flexible and can be shifted by
2.5 times rotating all tree particles in the base around the axes parallel to the 3thorder symmetry
passing through the upper vertex by 66°. In the same conditions the FRE is increased by 8 times.
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CONCLUSIONS

1. Incorporating the experimentally measured dielectric function of Ti3C2Tx MXene and
performing simulations of optical absorption spectra of 2D nanosheets we show that the main
peculiarities of recently reported electro-optical experiments in vis-NIR range can be
reproduced. Moreover, some details of EEL spectra in the range of energy ~1eV, particularly
concerning IBT wavelength range are clarified. The resonance wavelengths of dipole
longitudinal and transversal, as well as QSP oscillations in MXene nanosheets of different
geometries are identified. The calculated ACSs’ resonance wavelengths agree well with
experimentally measured once.

Itis revealed that the resonance wavelength of the dipole SP mode for large nanoparticles
can be tuned down to 1700 nm range. It is shown that rather strong quadrupole mode can be as
short as 980 nm. We demonstrate that the plasmonic phenomena in vis-INIR range of the TizC:Tx
MXene occur at the QSP resonance wavelengths, that is at shorter wavelength than that of the
transversal one A~1100 nm.

A new mechanism of excitation of TSP oscillations by orthogonal external electric field
caused by roughness of the surface of sample is presented. Owing to a strong quadrupole-
transversal SP interaction, the possibility of realization of Fano resonance in coupled large
spheroidal nanoparticles is demonstrated for the first time, indicating a new direction for
exploring additional optical resonance effects in MXenes.

2. SERS EF from R6G molecule near titanium carbide MXene flakes as substates of
different size and shape is investigated theoretically in order to interpret known experimental
results. To account for the effect of the dye resonance on the EF, we calculate the dielectric
function of R6G and MB molecules based on experimental data of the ACS obtained in water or
on glass substrate. Since the dielectric function is a macroscopic property necessary to describe
the optical materials used in COMSOL, dye molecules are modeled as small solid spheres of
polarizability a(w), with a extracted from measurements for both of the molecules. This
modeling was performed with the COMSOL simulation allowing a simple procedure to choose
the proper radius of the small sphere to fit experimental data on absorption by dye molecules.
Despite the fact that the polarizability is a tensor, the optical properties are usually averaged
over numerous R6G or MB molecules’ random orientations. Thus, in interpretation of
experiments, the anisotropy of polarizability does not matter. For comparison with experimental
data, the same model was performed when analyte molecules are placed near the MXene particle
in vacuum.This modelling was performed allowing simple fitting procedure to choose proper
radius of small sphere.

3. Itwas shown that Raman signal EF weakly depends on the shape and size of Ti3C2Tx
flakes for wavelengths A<1000 nm. It was also demonstrated a crucial role of QSP resonances
with MXene substrates. To account for the hot spot effect a coupled MXene NPs in the form of
NEs and NSs were considered and the peculiarities following from hybridization of different SP
modes are revealed. The results of simulation for MXene substrates in vis-NIR spectral range
provide EF values of the order of 105~ 107 close to experimental data for Ti3C2Tx.
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The weak dependence of EF on sizes of easily synthesized and almost arbitrary shaped
MXene NPs in vis-NIR range opens up new possibilities for using these substrates in
conventional SERS applications.

At A ~ 1400 nm in coupled MXene NPs acting as a SERS substrate, the hybridization of
induced SPs of different symmetry form a FR acting as a measure of substrate quality.

4. TItis shown that QSPs can occur in the complexes of nanoparticles with sizes smaller
than the wavelength of incident light. Particularly it was demonstrated that FRE can be
controlled by changing the geometry of the system of small metallic NPs. Varying the
orientation of individual NPs in the base of the 3D complexes causes change of resonance
wavelength of Fano dips. Particularly in case of four NPs forming tetrahedron with tree particles
in the base it is possible shifting resonance wavelength of Fano dip by 2.5 times rotating all tree
particles in the base around the axes parallel to the 3* order symmetry passing through the upper
vertex by 66 °. In the same conditions the FRE is increased by 8 times.
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UuUeNeuarr

Uwnbtuwjnunipjniinid wbkuwuinptt hbnwgnundws o TisCTx  dwpuhth
twiundwutthjubph (LU) oygunhjuljwt hwnlnippiaubtpp b pugwhwjndus ko gpubg
qoygbpnid  dwinh nhgnbiwbuh wprwowgdwd wwjwdwbbbpp: Nuumbwuhpjuwsd E
dwpuhth VU-h hwplwinipyudp wnbnungpduws  tkpuyniph  dnjkinyh  Ynnuhg
nwidwiywb gpdwh tplinypp (dwltplnypny nidtnugdws nwdwyui gpdwh - UNRES):
Zuoyuplyt £ UNRRS - h nidbnuguwt gnpéwlgh (NRQ) jupunidp LU Eplpuswthuljut
wupuwiukinpbphg, Unuwi nwowh wihph bpupmpunithg, nhubpubph nhwpnid
dwutthlukph Jhoti hbEnwynpnipiniithg: Pwuguhwjndl] i dwinh nhgntwbuh
wnwowguwt wwjdwubbpp b wyn nkgnwbuh nkpp npuljju) nuwlnhpibp wwnpuunbn
hwdwp:

1. Lhpwunkiny Ti3C2Tx MXene-h thnpdtwlwbnpkt swhqus nhEuphly dntaghwui b
Juwnwupbinyg 2D LU oywhljulwb jutdwt uvyknpubph hwodwplukp, dkup gnyg Gup
wnyky, np yEpotipu wyn tyniptnh hwdwp hpuwwwpwljws fEjnpwowwnhjuljwut thnpdtph
hhdtwlwt  wpwidiwhwwnlnipniuttpp  wkuwbbh-dkpdwynp  hubpwlupdhp
wnhpnypnid Jupny B Jepupununpyt: Uk ht, gupqupwidty Bu bEYnpnth Eubpghwjh
Unpniunibph  uwybklupnuynyhuwh  dbpogny wnwgdws uwyblunpubph  npno
dwipuiwuitp’ 10 Hikpghwibph whpnypmd: Uwubwynpuybu puguhwpndly b
Uvhognunuyyhtt nhqnuwtuhtt hwdwywwwupwing wihph Eplupnipjut whpnypad
Jwudwt Juppp: Uwpuptth LU-nud  tnybwlwiwgdt] b thnpdnd uvnwugdus
tpujtwlut b jwyjtwlh ghynjuihtt dwlbplnypwihtt giuqunuobph (UN) husybu twb
pjunpniwn] yjwqunubph wihph kpupmpmubbpp:

2. Pugwhwjnyt L np dkd bwbndwuthlubph hwdwp ghynjuhtt UM nhgnwbuwghl
wihph Epljupnipiniip Yupny tiduqkgyly dhush 1700 td” thnjubnyg LU-h &lp, husp quy
hwuptljunid £ thnpdh htwn: 8nyg £ vipws, np pwdwljuithtt nidkn pqunpniyn; UN-h
nhqnuwbiuuhtt wihph kpljupnipeniip Jupny bbb paduluithi Yupg 980 td: Ujuhlipl,
Ti3C2Tx dwpuhunid whkuwbbjh-dbpdwynp hudpwluplhp nhpnypnid  wjwqunthy
tpunyputpp  wbknh o oibbinmd pJupgpniynuyhtt nhgnbwbuwghtt - whph
Epliupmpmitkpnud, wuhbipt wdth Yupd wihph bplupnipjudp, pwh wjiwlub
yuqunutph ntuypnid (A~1100 nm):

3. 8nyg k£ wpws, np bunioh dwlbplunyph withwppnipniabbpny yujdwbiwynpgus
wowewimu b qwjiwmlut  Hhpunpulmb gquown’ suknd  juybwlwh  wjuqunbikp:
dhpohtiutpu dwpuhinid gpgonud B pyunpniynjwihtt mwnwinidubp: @njuwqynn LU-
h ghubpubpmd nidbn pJupgpniwyn) UN-p thnpuwgpbingd jujtwlut wjwqunuubph
htwn A~1400 nm wnwowgunid E dwhnjh nhqniwbu (nkunpninhy htnkpdpbiptughw):
Uju tplnypnp htwpwynpnipinit E wmwjhu hbownnpblt pinpl] npuljjuw) mwynhptbpp
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UNRS-h hwdwp: Futt wyt E np ghubpnid nudbn thnjuwqpbgnipnit htwpwynp E, Epp
dwuthljubpp own Unn b npuuwynpywséd hpup tjundwdp, nph hwdwp wthpuwdbtown k
LU-ubkph ks hnbghinnpughw:
4. Uwpuphtiwghtt mwlnhph giypnid R6G unjElnyh nwdwiyut gpdwi N1hQ hwodupldly
E jwpdws VU-h swthtphg b dlbhg, htyp pny; B wdlp dbjuwpwil] hwjnth
thnpdupwpwluwt wpyniuptbpp: Ypw hwdwp btwp b wewy hwodupldt) ko R6G 1 MB
Unitnujutph nhbjEyuphl $mblghwubtpp hhutng opp jud wwwlt hhuph Jpw
ubpyuiyniph UniEinyh hwdwp vnwgus Jutdwt Yupdwsdph hopdwpupuljui
wjjujubpp: Pwth np ghhkunphl dnulghwt dwipnulnyhly hwnlnipmt k apb
wihpwdbon £ COMSOL-nid oquuwgnpdynny owwhluwlwb unipkpp tjwupwgpbine
hwdwp, ubkpuwiyniptph dnjtnyubpp dnnbjuynpdt) Bu npybu thnpp whin qunghljukp,
npnig phtnwghhnipiniup hwynth k swhnudubphg: Uju dnpbjuwynpnidt ppujutwgyby E
COMSOL-h pywjht hwaquphh dhgngny, npp pny) £ nwihu wupq pipwgulupgny
puwpt) thopp qinhlh pwounfhnp Ubpluwiympbph Unjiynyibph Yondhg uoidwd
thnpdtwjuwt ndjujubpht hwdwywnwuwiknt hwdwp: Quwjws wjt hwihquuwtpht,
np pbknwgnidp phuqnp E oyunhjuljut hwmnlinipmniutbpp unynpuwpwnp dhohtmgynid Ea
puquuphy R6G Jwd MB UnElynyubph wwunwhwlwt Ynndunpnonidubph Jpu
Upuwhuny, tnpdbkph  dEjuwpwinipjui dby  plbnwgdwt  wbhqnupnuhwb
towtwlnipint snitth:
5. 8nyg k wipyky, np rudwith wqnupwh NhQ-p poy £ juugus Ti3C2Tx LU dlihg b
suithhg A<1000 ud whph Epupnipniuubph hwdwp: Lwb gnyg Ewnpdl) pqunpniygnjughb
nhqnuwbutbph Juplnp nbpp dwpuhtiwhtt mwlynhpubpnud: ©6d Yhnh EhEunp hwoydh
wnbbknt  hwdwp phunwpldl G gqoniqulgjws  dwpuptth  bwiunbhwyunhnubp b
twlnudbpnhnubp i} puguwhwjnyly st un hhpphnugnidhg phunn
wnwbdiwhwnlnipniuttpp: Skuwbb h-dkpdwynp  hudpwlupdhp uwyblunpuwght
whpnypnid dwpuhlih nhubpiibpny wywhnynid B 10° — 107 Yupgh NhSG wpdbpubp,
npntp Unwn tu Ti3C2Tx-h thnpdwpupwlu nyjwjukpht:

NhQ-h poiy Jwhdwonipmniup hbonnmpyudp uhuptqynn b gpbpt judwjulwub
Alny dwpuhth LU-ubkph swihbphg mkuwibh-dkpdwdnp hudpwljupdhp whpnypnd tnp
hiiwpwnpnipjniibkp b pugnid wyu inwlnhpiibph ognugnpstut hwdwp undnpuljwb
UNRS Jhpunnipniabbpnud:
6. 8nyg E wupws, np QSP-ukpp Jupnn B wpwewbw) thnpp twundwuthlukph
hwdwhpubpnud, npntg swithkpp thopp B, pwt ptljunn nyuh wihph Gplwupnipinionp:
Uwubwynpuybu, gnyg | wipydky, np dwbngh nhqniwbuh wpymibwngnipmiup upkih k
Juwrwduwpk] thopp dbnwunulwut LU-ukph hwdwljupgh tppuswihnipniup hnpubny:
Cnuwswth Yndukputtbph hhupnid wpwdhtt LU-ukph Ynpdunpnodwi thnihnjunipniup
hwtgbgunid £ dwtinjh nhgnuwbiuwghtt whph Epjupnipjut thothnpunt pjubtp: Zunjuybu
wju  phypnud, btpp dwuthlubph hwdwlwupgp guwuwynpdws b phppubnpnuh
ququpbpnud, htwpwynp £ dwinjh nkgqnuwbtuwhtt wihph tpupnipmniup thojuly 2,5
wiquu wnwnkiny hhupnmd quiyny poynp dwubhyubpp Yiphtt ququpny whghng 3-pn
Jupgh hwdwswihnipjuip qniquhbn wowugptph onipep 66°-ny: ‘Lnyt Wwydwtkpnid
dwlinjh nkgnuwiuh wpynibwnynipniip wdkjwtnud £ 8 wuquud:
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I[TETPOCAH IIETPOC

M3YYEHUE HEKOTOPKIX TTASMOHHBIX ABJIEHNM B CUCTEMAX
METAJUIMYECKMX HAHOYACTHI],

B mmccepranum TeopeTHMYeCKM MCCIeIOBAaHBI ONTUYECKHE CBOMCTBA MAKCHHHBIX HAHOYACTHI]
(HY) Ti3C2Tx u BbIABIEHBI YCJIOBUA BO3HHUKHOBeHMs pe3oHaHca ®ano B ux mapax. VzydeHo
ABJIeHNe KOMOHMHAIIMOHHOTO PacCesHMs CBeTa (IIOBEPXHOCTHO-YCUJIEHHOE KOMOMHAITMOHHOE
paccesuue - [IYKP) na mosexyse xpacuresns, nomenerHoit Bomsu HY makcuna. Paccunrana
3aBucuMocTh koddduinenra ycwrenus (KVY) IITVKP ot reomerpuueckux mapamerpoB HY, ot
IJTIHBI BOJIHBI ITaAIOIIETO IIOJIA, @ B CJIydYae NUMEPOB - OT PACCTOAHMA MEXIY JYaCTHUIIAMHU.
BersaBiieHs! yC10BUsI BOSHUKHOBEeHUs pe3oHaHca PaHo 1 posib 3TOr0 pe30HaHCa B U3TOTOBICHUH
Ka4eCTBEHHBIX ITOJJIOXKEK.

1. lcriomp3y s sKCIIepUMEeHTaIbHO U3MEPEeHHYI0 AustekTprdecKyto Gyrkmuro Ti3C2Tx makcuHa
Y BBITIOJTHUB PacdeThl CIIEKTPOB ONTHYeCKOro moryomenus HY, Mbr mokasany, 9YTO OCHOBHBIE
0COOEHHOCTH HEeJABHO OIYOJIMKOBAHHBIX 3JIEKTPOOITHYECKUX OKCIEPUMEHTOB JJi 3THX
MAaTepHaOB MOT'YT OBITH BOCIIPOM3BELEHbI B BUANMOM U OIIDKHEM MHPPAKPaCHOM JUaIla30He.
Kpome TOT0, BRIACHEHBI HEKOTOPHIE AETAIH CIEKTPOB, IOJIYYEHHBIX METOLOM CIEeKTPOCKOIINH
SHEPreTUYeCcKHX IIOTEPh JJIEKTPOHOB B AuamasoHe dHepruit 1 3B. B wactHOCTH, 00HApYXEHO
IOBeleHNe TIOIJIOMEHNS B AMAalla30He AJIMH BOJH, COOTBETCTBYIOIEM MEX30HHOMY PE30HAHCY.
JMHBI BOJIH OSKCIIEPUMEHTAJIBHO IIOJYYEHHBIX IIPOAOJBHBIX M IIONEPEYHBIX TUIIOIBHBIX
moBepxHOCTHBIX  ItasmoHoB  (IIII), a Takke KBAAPYIIOJNBHBIX IJIA3MOHOB  OBLIM
npentudumyposansr Ha HY Maxcuna.

2. YCTaHOBJIEHO, YTO I KPYIIHBIX HAHOYACTHI] PE30HAHCHYIO IJTMHY BOJIHBI AunoasHOro 111
MOxHO ymeHbpmmTh 10 1700 HM 3a cuer m3menenmus ¢gopmsr HY, uro xopomo cormacyercs ¢
9KCIepuMeHTOM. [lokaszaHO, dYTrO0 pe3oHaHCHAas JJIMHA BOJIHBI JOCTaTOYHO CHJIBHOTO
kBazpynoiabHoro I1I1 moxer 651Th BecbMa KOpoTkoit - 980 uM. To ecTd I1a3MOHHBIE SABJIEHUS B
BUIUMOM U OmrpbxkHeM MHQPpaKpacHOM puamnasoHe B MakcuHe 1i3C2Tx mpoucxonar Ha IJIMHAX
BOJIH KBAaJPYIIOJBHOTO PE30HAHCA, T.e. Ha 0oJiee KOPOTKMX JJIMHAX BOJIH, Y€M IIOIIEPEYHBIE
murnossHbIe T1a3MOoHbBI (A~ 1100 HMm).

3. IloxazaHo, 4YTO mM3-3a HEPOBHOCTEIl IIOBEPXHOCTH 00paslia TeHEpUPYETCs IIOIEepeyHOe
9JIEKTpPUYECKOe II0JIe, IPUBOAIIee K BO3HUKHOBEHMIO ITOII€PEYHBIX IUIa3MOHOB. llocnemnue
BO30YXJAIOT KBAaJPYIIOJbHBIE KOjeOaHMA B MakcuHe. B mumepax B3aumogeiictByromux HY
CUJIBHBIN KBazpymnosbHeIit 1111, B3auMomelicTByOmMii ¢ MONIEepeYHbIMU I1JIA3MOHAMU Ha JJIHHE
BosHbl A~ 1400HM, BbI3bIBaeT pe3oHaHC PaHO (FECTPYKTHBHYyIO HHTepdepeHIno). OTa
0c0OEHHOCTH ITO3BOJIIET JIETKO BbIOpAaTh KauecTBeHHbIe 0110 Ku A1 [IYKP. [leno B Tom, 410
CHJIbHOE B3aMMOZEHCTBUE B TuMepe BO3MOXXHO, KOTIA JAaCTHUIIBI PACIIOJIOKEHbI 04eHb OJIM3KO
IPYT K IPyTy, 4TO TpeOyeT BhICOKOI KoHueHTpamyu HY.

4. B ciyyae MaxKCHMHOBOM IOAJIOXKHM PacCYMTaHa KPHBAas KOMOMHAIMOHHOTO PaCCEesIHUA
moJtekyssl R6G B 3aBucumoctu ot pasmepa u ¢opmsr HY, 9T0 m03BOMIMIIO HHTEPIIPETHPOBATE
M3BECTHBIE OJKCIEPUMEHTAJIbHBIE pe3ysabTaThl. /[Ig 3TOro CHavasa OBLIM PAaCCYUTAHBI
musnexrpudeckne ¢yHkumm mosekya R6G m MB Ha 0CHOBe 5KCIIepMMEHTAIbHBIX JTAHHBIX
CeYeHMA IIOTJIONWeHNA, ITOJYUYeHHbIX [JI1 MOJIEKYJIbI KPAacUTeld Ha BOTHOM MM CTEeKJIAHHOU
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nmozaytoxkke. [lockosmpKy nuaseKTpudecKas (QYHKIIMA — 9TO MAKPOCKOIIMYeCKOe CBOMCTBO,
HeoOX0IuMoe IJIsI OIIMCAHUS ONTHYeCKHUX MaTepHasoB, ucmoasdyemsx B COMSOL, mosexyJist
Kpacureseil MOJEIMPYIOTCA Kak HeOospirue TBepable Chepbl, IIOIAPU3YEMOCTh KOTOPBIX
M3BeCTHA W3 M3MepeHUil. MogenmupoBaHMe IPOBOAMJIOCH C TIOMOINBIO YHCJIEHHOIO pacdera
COMSOL B cpepe, mo3BosstIONIei MPOCTOI IpoLefypoii moxodpars pasuyc HeGOIbIION cdepst
IJI1 COOTBETCTBUA SKCIIEPUMEHTAJIBHBIM JAHHBIM II0 IIOIJIOIEHWIO MOJIEKYJIAMH KPAcHUTEJIA.
XOoTA MOJIAPU3ALMA SBIAETCS TEH30PHOM, ONTHYEeCKHe CBOMCTBA OOBIYHO YCPENHAIOTCS II0
CJTy4aliHbIM OPHMeHTAluAM MHOTHUX MoJyeKysa R6G mmu MB. Takum o6pazoM, aHM30TpOIMA
MIOJIAPU3ALNY He UMeeT 3HAYeHNA IIPU MHTEePIIPeTalNy SKCIIePUMEHTOB.

5. IlokasaHo, YTO YacTOTa PaMaHOBCKOTO CHrHaja cy1abo 3aBucur OT ¢Gopmer u pasmepa HY
Ti3C2Tx pa pyorn BotH A<1000 Hm. [Tokasana Taxoke BaXKHAs POJIb KBAIPYIIOIBHBIX PE30HAHCOB
B MmakcuHOBbIx HY. Yrobsr yuects 3¢ddexr ropsdeil Touku, OBLIM MCCIIENOBAHBI
B3aUMOIEHCTBYIOMME HAHOJUIMIICOUABI U HAaHOCHEepOUIbl MAaKCHMHA U HASHTHUPUITMPOBAHbI
0co0eHHOCTH, BO3HMKawpomue B pesysbrare rubpupmsamuu [III. B Buzumoii-OmoxHei
nHdpakpacHOl 00iacTH CIIeKTpa ZUMepsl MakcuHa olOecmeumBaior 3Havenus KY mopszaka
10° — 107, xoTophIe GIM3KM K dKCTIepuMeHTamsHbIM AaHHbM Ti3C2Tx. Crabas 3aBUCHMOCTD
KV ot pasmepa jleTKO CHHTE3UPYEeMBIX U ITPAKTHYECKU IIPOMN3BOIBHOM HOPMBI MaKCHHOBBIX HY
B BUZUMOM Hu OymDKHeM HHPPAaKpaCHOM [JMalla30He OTKPBIBAET HOBBIE BO3MOXKHOCTH IJIA
HCIIOJIB30BAHUA ITUX MOJJIOXKEK B TPAZUITMOHHBIX TputoxxeHusax [IYKP.

6. ITokazano, ¥ro kBagpymosbHele [II] MOryT BO3HMKATh B KOMILIEKCAaX HEOOIBIINX HAHOYACTHIL
C pasMepaM¥, MEHBIIUMH [JIMHBI BOJIHBI IIaJAIOIETO CBeTa. B 4acTHOCTH, OBLIO ITOKA3aHO, YTO
3¢ PeKTUBHOCTHIO pe3oHaHca PaHO MOXHO yNIpaBIATh, U3MEHS T€OMETPUIO CHCTEMBI MaJbIX
Mertasumyeckux HY. M3menenue oprueHTanyu oTaeabHeIX HM B Anpe TpexMepHbIX KOMILIEKCOB
IIPUBOAUT K M3MEHEHUIO JAJINHbI BOIHBI pe3oHanca Pano. B wacTHOCTH, KOTa crCcTEMa YaCcTHUIL
pacIoJIoXKeHa B BePUIMHAX TETPAdpa, MOXKHO M3MEHUTh IJIMHY BOJIHBI pe3oHaHca Pano B 2,5
pasa, IIOBEePHYB BCe HIDKeJIeXXallle YaCTUIIBI Ha 66° BOKPYT 0Cel, IapaJuIeIbHbIX CUMMETPHH 3-
TO IOpAIKa, NMPOXOIAMe uyepe3 BepxHAA BepumHAa. B 3Tmx ke yciaoBuax 3(PeKTHBHOCTH
pe3onanca ®ano Bo3pacTaer B 8 pas.
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