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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 — TisC:Tx 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
Ti3C2Tx 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 & (w). To obtain &g (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 Ti3C>Tx 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 A < 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 A1 ~ 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 Ti3C2Tx 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.

It is 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 Ti3C2Tx, 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)

x10"
X107

o

Absorption cross-section (m?)
Absorption cross-section (m?)

1 1 1 1 1 1 1 1 1
500 700 900 1100 1300 1500 1700 1900 2100 2300
Wavelength (nm)

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

Fig.1 Simulated ACS of a Ti3C2Tx disk of Fig.2 Ti3C2Tx 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 271000 nm the penetration depth dof an incident wave defined asd~* = (2m/A)Im (w/ 6(/1))

(where A is 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 of incident 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 4,, of
oscillations induced by the pump wave at 980 nm in the medium determined by the formula

A =2/ Re(e(/l)) (e(A) is the complex dielectric function of MXene) gives for 4, = 363nm.

Such value of 1,,, 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 TisC2Tx 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
c) 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

15 MXene nanospheroids in end-to-
- end configuration with equal short
- semiaxes (a = b =5nm) and
& varying long  semiaxis (c =
% 10_' 20,25 0r 30 nm). Inset: electric
o field intensity map in the case of
% . :E gg EE § ;Em:: - coupled spheroids with SeII.liaXi? c=
g - 6= 25nm D =08 nm 25nm and a = b = 5nm, irradiated
S 4 I eIt by parallel electric field at 760 nm.
2 5 ,D=08nm
8 J ,D=1nm
8 .D=15nm
< ~_ = \ It is seen, that contrary to IBT
" ~——= . at 750 nm, the LDSP peaks are
0 — — — —

T T drastically redshifted. It is
1500 2000 . .
Wavelength (nm) 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.

—
500 1000

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.

108 Fig.4 ACS of coupled spheroids with semiaxis 500 nm,
. 980 nm (A) 200nm and 200nm 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).

1780 nm

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

Absorption cross-section (m?)

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

(

Y jmax v jmax field perpendicular to the polarization of incident
B‘ % light. In this respect the model of NS is the simplest
e D case of surface roughness giving rise to transversal

min lmin

oscillations.

o 2o Fig. 5. Surface instant
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=
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charge distribution for a
NS (2a=1000 nm) at 1780
nm (A) for =0 and (B) for
@=2.251 where ¢ is phase
of incident field. Red and
blue colors represent

©
©

charges of opposite signs.
The areas in  gray
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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.



Fig.6  Electric field
intensity maps at QSP
maximum - 980 nm in
the X-Y plane (A) and
Y-Z plane (B).

max

(A) )
In Chapter 2, the

lmax
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 ¢ R (®).
Namely, having measured polarizability a(4) of due molecule we find &z¢;(4) from employing
R as a fitting parameter. The wavelength dependent ACS of dye molecule is calculated using
ggn (1) 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 according to the following expression:

- R 4
|Etotal G (U)l
. 4
|E0 (rO; (1)) |
Etotai(Ty, w) is a total electric field at the position of the probe molecule 7, w is the frequency
and EO (7, w) 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.

G =

(1)

EF of a R6G sphere (R=0.31 nm) near a MXene NE Fig.7 EF of SERS from R6G molecule near

the apex of single MXene NE with 2a =

20 500 nm and aspect ratios 7, = 3 and 1, =

15 on glass substrate. The distance from the

15 apex of NE to the dye molecule (presented as

3 a small sphere of radius R = 0.31 nm, see
‘31,0 figure SI-1) is s = 0.4 nm.

In order to understand the

0 SERS enhancement mechanisms of

0o molecules near MXene flakes, we use

490 500 510 520 530 540 550 560 an example presented in Fig. 8. It
Wavelength / (nm) .
illustrates the dependence of ACS on

wavelength for a NE with 2a = 500 nm and aspect ratios 7, = 3 and 7, = 15.
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Fig. 8. ACS dependence on wavelength in
the system of spherical R6G molecule
and MXene NE with 2a = 500 nm and
aspect ratios 7; = 3 and 7, = 15. The
arrows indicate the positions of the
longitudinal

Oaps(A) of R6G sphere near a MXene NE (23 =500 nm)
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From the ACS spectrum of

=
o

Fig 8, we assume that the highest
peak at A = 2250 nm corresponds
to the longitudinal dipole surface
500 750 1000 1250 1500 1750 2000 2250 2500 Plasmon (LDSP) resonance. TO

Wavelength / (nm) 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 TisC:Tx flakes [2, 3]. The same LDSP resonance at A > 2200 nm was revealed
in [*] using UV-Vis-NIR absorption spectroscopy of micrometer sized TisC:Tx 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, n; = 3 and 7, = 15
at 540 nm (corresponding to the EF maximum) are presented in the Figs 9 a) and b) respectively.

o
o

Abs. cross-section / (X102 ¢m?)
=
N

o
o

o
™~

Fig9 a) b) The maps of electric field and

B — instant chart distribution for NE of
‘ © 2a=500 nm, n_1~3 and n_2~15 at 540
‘ J_/ ; "

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

& 2
———ﬁm

——
|

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 4 < 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 1 < 1000 nm in NEs with aspect ratios 7, = 3, 1, =
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

_m— 1 B . T . charge distribution of MXene NE with
“~ » / \ © 2a = 2000 nm at 540 nm
b w

_d

_ el

N |

f

\7_7

Interestingly, in larger particles
with 2a =1500nm and 2a =
2000 nm and aspect ratios 1y = 3,

e ——— 1N, = 15 an additional resonance
appears in the ACS spectrum, as is
w " (b) *”  shown in the Fig. 11.

Fig.11 ACS dependence on
wavelength in the MXene NE with 2a =
1500 nm (blue) and 2a = 2000 nm (red)

(aspect ratios 1; = 3 and n, =~ 15).

()]

— 2a=1500 nm
—— 2a=2000 nm

w

These new resonances arise at
1540 nm and 1830 nm
correspondingly. The Instant
picture  of surface  charge
distribution clearly show the

°00 1000 Wavelen:é]ir??(nm) 2000 2500 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

B

Abs. cross-section / (x1079 cm?)

w

12



of 2a = 1500 nm and 2a = 2000 nm and aspect ratio n = 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 TisC:Tx, 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 1; = 3 and 17, = 15 on the glass substrate.

5.50- i
R (a) 12 (b) F?g 12 ACS and EF fo.r a
E5.25 dimer of identical
clhu 5 00 1.0 spheroidal particles of
% ' o8 2a = 1000 nm and aspect
54'75' 'g ratios 17; = 3andn, = 15
.% 4.50; X0.6 on the glass substrate
425 t
A 0.4
a . .
54.00 . According to Fig
2375 ' 12(b) the EF in case of
350 , _ 00 ‘ _ ‘ dimer due to near-
500 1000 1500 2000 450 500 550 600 650 . .
Wavelength / (nm) Wavelength / (nm) field Couphng

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 [3].

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 = 2c¢ = 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 4 = 1440 nm of Fig.
13 as a Fano dip formed by coupling between QSP modes in dimer.
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7.5 s=100 nm Figure 13. Dependence of ACS on the size of the gap
0 — z : gg 22 of dimer composed of identical NSs with 2a =

 <—35mm 1000 nm and 2b = 2¢ = 400 nm in “end-to-end”
6.5 ~ s=2.5nm configuration when the incident electric field is

parallel to particles longitudinal symmetry axis. The
gap values are shown in the inset.

o
=}

n
n

w
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For the case described in Fig.36 the
simulation for the EF gives the value 1.24 -

Abs. cross-section / (x1072 cm?)

~
tn

s60 750 1000 1250 1500 1750 2000 2250 2500 107 and with increase the gap of dimer the
Wavelength / (nm) 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 TisC2Tx 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.

x 1013 2 Ag spheroids (Ra = 60 nm; Rb = Rc = 10 nm) Fig. 14 (Left) Extinction cross-section
—_— O spectra of two linearly aligned Ag
— O spheroids of semiaxes ra =
O 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

700 SO0 900

wavelength is close to that of the
quadrupole resonance arising in a

0.0

isolated particles.
100 600 800 1000 1200 1400

wavelength / (nm)

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™! 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

X 11 .
: of the spheroid dipole moments for the fixed
R> Ro l Ee instant of time.
: 0 -
z Y An external electromagnetic wave will excite
' oscillations only in the nanoparticle 0, and in
e —_— 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
Niz34(w) )

No(w) .
where Nj,34 = N; + N, + N3 + N, is a sum of absorption power in four horizontal NPs and
Ny 1is 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(w) =

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 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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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.

It is 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-NIR range of the Ti3C2Tx
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. It was 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 10°- 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. It is 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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Unbtbwjpnunipmiinid wmbkuwfuinptt htnwgnundués Gu TisCTx  dwpuhth
twundwuthjutph (LU) oyunhljujut hwwnlnipmniutubpp b puguhwyndus i npug
qnugbpnid  dwunh nhgnuwbuh wpwowgdwt wuwywdwbubpp: Nunitbwuhpjws E
dwpuhtth UU-h  hwplwinipjudp wnbnuppdus  ubpuiyniph dnjkinyh  Ynnuhg
npudwiyub gpdwt tplinypp (Wwlbpbnypny nidbnugdus nwdwiyub gpdwi - UNRES):
Zupyupnlyk) £ UNERNS - h nidbnugdwt gnpswiljgh (NEQ) Jujunidp LU Epjpuswhulut
wuwpuwdbnpbphg, Unpiwb nuowh wihph Eplupmpunithg, nhdbpubph nhupnd’
dwuthfubph  dholt  hbEnwiynpnipniuihg: FPwugwhuwyndbk; Eu dwinh nhgnuwbuh
wnwowgdwl yuydwuttpp b wyy nkgnuwuh nlipp npuljju mulnhptbp yunpuunkint
hwdwp:

1. ‘Ukpuntiny Ti3C2Tx MXene-h thnpduwjuunptu swthyws nhijkunphy dntuljghwut b
Juwnwunptiny 2D LU oyyunhljujui jjutdwt vykunputph hwpdwplukp, dkup gnyg Lup
wnyky, np yEpotpu wyn yyniptph hwdwp hpuwywpwljws fEjnpuwowynhjuljut thnpdtph
hhdtwlwt  wnwbdtwhwwnlnipniubpp  wkuwbbjh-dbkpdwynp  hudpwljupdhp
wnhpniyypnid Jupnn B Jepupunwunpydb: Uk hl, qupqupwiby Bu bEunpnth Eukpghwgh
Unpniunbbph uwybklfupnulnyhuwh  Jdbpnnnd unwgwé uwyblupbtph npno
dwipuiwubtp’ 1B Eubpghwikph whpnypnud: Uwubwynpuybu  puguhwpndly b
Uvhognunuyhtt  nhignuwtiuht hwdwywwwupiwunng wihph Epupnipjutt mhpnypend
Jwtdwt  Juppp: Uwpuhth ULU-md  tnyuwjubwugdl]; B thnpdnd  unnwugdus
Epuytwlut b juyuwyh ghynjuyhtt dwjtplnypwihtt wyuqunuubph (UMN) hsybu bl
pwnpniyn) wjuwqunutph wihph kpjupnipyniitbpp:

2. Pugwhwjnyb] k, np dbs twiundwubhubph hwdwp nhuynjuhtt UM nkgnuwtiuwght
whph plupnipiniup upnn Eaduqbgdt) dhish 1700 ' thnfulym] VU-h dlip, husp qun]
hudpuljunid £ thnpdh htw: 8nyg £ wupdws, np puuljutht nidtn pyunpniyn; UMN-h
nhqniwbuwghl wihph kpupnipniip Yupnn b hit) puguywihb jupg 980 td: Ujuhupl,
Ti3C2Tx dwpuhunmd wbkuwbbjh-dbkpdwynp hubpwlupdhp wppnypnid wjuqunuhy
tplnypubpp  wbknh o mbubkind  puppniynuyhtt | nhgqnuwbtuwghtt - wihph
bplupnipnitubpnid, wjuhiph wdth jupd wihph bpupmpjudp, pub juybulub
wuqunuutph nhypnid (A~1100 nm):

3. 8nyg k wpdws, np wdniph dwlbpbnyph wthwppnipniutbpny wuwjdwibwdnpjus
wpwowimd b jughwlui  EEjupuut guown stk juytwulwb  wjuquntihp:
dhpohtuutipu dwpuhtimd qpgnmid B pJungpniynjuyhtt mwnwinidubp: @njuwgnnn LU-
h pghubpubpnid nmidtn pJunpniyn) UN-p thnpuwgpbing jujbtwlwut  wjuqunuubph
htwn A~1400 nm wnwowginid E dwunjh ntgnuwtiu (qhuwnpnijnhy htnbkpdtptughw):
Uju tplnypnp htwpwynpnipjnit £ tmwjhu hEpnnpbt punpk] npuljju; nuynhpubpp
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UNPMN8-h hwdwp: Futit wyu k, np ghubkpnid nidtn thnpuwqnbignipinit hbwpuwnp k, Gpp
dwuthutpp o Unwn Bt puuwdnpjws hpup tjundwdp, nph hwdwp wthpudtown k
LU-ukph ks nughinnpughu:
4. Uwpuhtiwghtt mwynhph nhypnid R6G UnjElnyh nwdwywt gpdwi NhG hwpdunpldty
E Juwpdws ULU-h swithtphg U 4dlbhg, husp pnyp b wdl dbjuwpwib; huwynth
thnpdupuwpuwluwb wpyniuptbpp: dpw hwdwp bwpo b wpwy hwpdunpldty L R6G L MB
Unitynuubph nhbjklnphy $nibyghwubpp hhdtdtng oph jud wyuyt hhdph Jpw
ubpyuiymiph Untyniyh hwdwp vnwgus Jubtdwt Jupdusph thnpdwupupului
njjujubpp: Lwth np ghhEjuphly dnttjghwt dwypnuljnuyhly hwwnlnipmpiu k, nph
wlihpwdbon £ COMSOL-nmid oquwgnpéynn owwnhlulwt bnipkpp uwupugpbno
hwdwp, tkpjuiynipbph Unikynyutpp Unpbjudnpyt) B npybtu thnpp whuy quphlukp,
npntg puinwghkihnipniup huynth k swthnudubtphg: Uju dnpbjudnpnid hppujuwbwgyby £
COMSOL-h pyujht hwyquphh vhgngny, npp pnyp £ nwihu wwpq pipugulupgny
puwnpby Gnpp qunhh pwopundhnp Gkpjubymptph dnikynuyubph Yondhg Grubdwh
thnpduujut njujukpht hwdwywnwuhwtine hwdwp: Quuyws wyjt hwiuqudwpht,
np phtnugnidp phuqnp k, oyynhjujutt hwnnipniuutpp unynpupwp dhohttwgynid
puquuphy R6G Jwd MB unjklynyubph wwwunwhwlwt Ynndunpnondubph Jpu:
Ujuyhuny, thnpdkph  dEjuwpwinipjui dky  plblnwgdwt  wihgnuuipnuyhwi
pwbwljnipnil sniuh:
5. 8nyyg k wipyky, np wdwth wqnutowth NhQ-p poy k jujuus Ti3C2Tx LU dlhg b
suithhg A<1000 ud whph Epupmipniubph hwdwnp: Lwl gnyg Ewnpdb) pyunpniynjught
nkqnuwtutbph Jupbnp npp dwpuhttiwyhtt mwinhpubpnud: ©@Ed Yhnh LPE{unp hwodh
wnubint  hwdwp phuwpldlp o gniquljgyus dwpuhtth  twbnkbhyunhnubp b
twlnudbpnhnubp i1 pugwhuwyjnyy kl un hhpphnwgnidhg plunn
wnwbdtwhwwnlnipniuubpp:  Stuwbbjh-dkpdwdnp  hudpwupdhp uyklunpught
wnhpnypnid dwpuhth ghutpitpn] wywhnynid kb 10° — 107 upgh NPG wpdbplkp,
npnlp Unwn ku Ti3C2Tx-h thnpdwpwpulu nyjujatpht:

NPhQ-h pnyy) jupudwsénipiniup hpnmpudp uhtptqynn b gpbpt judwjulut
Auny dwpuhth LU-ubkph swthtphg mbkuwbbh-dkpdwynp hudpwljupdhp mhpnypnid tnp
hwpun]npnipynibiikp b pugnid wyju nuljghpbph ogunnugnpstwi hwdwp unynpuljul
UNPNS fhpunnmipniuubtpnid:
6. 8nyg Lk wipjws, np QSP-ukpp Juwpnn Lu wpwowbw) thnpp twundwubhlubph
hudwhputpnud, npntg swhtpp thnpp G, pwt puljunn nyuh whph tpupnipiniup:
Uwutwynpuytiu, gnyg k wnpdby, np dwinh nkgnuwbiuh wppynibwwnynipiniup jupkih b
junrwdupt] thnpp dbnwnuljut LU-ubkph hwdwlwupgh Epjpusuwhnipiniup thnjubing:
Gowswth Yndyputiiph hhupnid wnwudhtt LU-ubkph Ynpdunpnodwit thnthnpunipiniup
hwtgkgunid E dwtinjh nkqnuwtiuwghtt wjhph Epupnipjut hnthnpunipjutp: Zunjuybu
wju  phwypnud, btpp dJwubhlutph bhwdwlwupgp puwuwynpuws bt phppubnpnth
ququplbkpnid, htwpwynp £ dwtnh nbqnuwbuuwyhtt wihph plupnipiniup oty 2,5
wiquu wwnwnbking] hhupnid qutynn pnnp dwubthubpp Jbphtt ququpny wigng 3-py
Junpgh hwdwswihnipjuiip gniquhbn wnwbgputph onipop 66°-ny: Lnyh Wuydwbbbpnid
dwtinh ntignuwtiuh wpnynibwwnynipniup wybjwinud k£ 8 whqud:
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ITETPOCAH ITETPOC

M3YYEHUE HEKOTOPEIX IIJIASMOHHBIX ABJIEHUIM B CUCTEMAX
METAJIVIMYECKUX HAHOYACTHL],

B muccepranuu TeopeTudecku MCCIeIOBAaHBI ONTHUYECKHE CBOMCTBA MAKCHMHHBIX HAaHOYACTHIL
(HY) Ti3C2Tx u BbIABIEHBI YCIOBUsA BO3HUKHOBeHHA pesoHanca Pano B mx mapax. Mzydeno
ABJIeHUe KOMOMHAIIMOHHOTO pacCesiHMs CBeTa (IIOBEPXHOCTHO-YCHUJIEHHOe KOMOMHAIIMOHHOE
paccesuue - [IYKP) Ha monekyie kpacutens, nomemennoi B6ausu HY makcuna. Paccuurana
3aBucuMOCTh Kodpdunuenra ycunenus (KY) IIVKP or reomerpuyeckux mapamerpos HY, or
IJIVHBL BOJIHBI IAZIAIOIIErO IIOJA, a B CIydae NUMEpPOB - OT PAacCTOSHHA MeXAY YacCTUIAMMU.
BersiBiieHBI yCIOBUS BOSHUKHOBeHUS pe3oHaHca PaHO U poOsIh 9TOTO pe3oHaHCa B U3TOTOBIEHUHU
KaueCTBeHHBIX ITO/IJIOKEK.

1. Mcnonp3ys aKcIlepuMeHTaIbHO U3MepeHHYIo auatekTpudeckylo dyukiuio Ti3C2Tx makcuHa
U BBIIIOJIHUB PacyeThl CIIEKTPOB ONTHYeCKOro rnoriaomenus HY, Mbl moKasany, 9TO OCHOBHBIE
0COOEHHOCTH HEJAaBHO OIIyOJIMKOBAaHHBIX DJIEKTPOONTUYECKUX DKCIIEPUMEHTOB IJIS OSTHUX
MaTepHuajIoB MOTYT OBITH BOCIIPOM3BELEHSBI B BUANMOM U OIIDKHEM MH(QPAKPACHOM JUala3oHe.
Kpome Toro, BBIACHEHBI HEKOTOPHIE /IeTall CIEKTPOB, ITOJIYUYeHHBIX METOJOM CIIEKTPOCKOIIUU
SHEPreTHYeCKUX IOTePh DJIEKTPOHOB B Auana3oHe dHepruii 1 oB. B wactHOCTH, 0O6Hapy>keHO
IIOBeleHYe TIOTJIONIeHUA B UAalla30He IJIWH BOJIH, COOTBETCTBYIONIEM MEeX30HHOMY Pe30HAHCY.
JITMHBI BOJIH ODKCIIEPHMEHTAJIbHO IIOJyYeHHBIX IIPOZOIBHBIX H IIONEPEYHBIX ITHUIIOTBHBIX
noBepxXHOCTHBIX IutasmMoHoB  (IIII), a TaxkKe KBAafpYyHOJNBHBIX IIJIA3MOHOB  ObLIN
unentudunuposansl Ha HY Makcuna.

2. YcTaHOBJIEHO, YTO IJI1 KPYIIHBIX HAHOYACTHI] Pe30HAHCHYIO JJIUHY BOJHBI gunoabHoro 1111
MOxHO yMeHbIUTh 10 1700 HM 3a cuer mameHenus dopmsl HY, yto xopomo cormacyercs c
okcrepuMeHTOM. IlokasaHo, YTO pe3oHaHCHad [JIWHA BOJHBI JOCTAaTOYHO CHJIBHOTO
kBazpymoasHoro I1I1 moxer 65ITh BecbMa KOpoTKo#t - 980 HM. To ecTs IIa3MOHHBIE ABIEHUS B
BUIVIMOM U GrpkHeM MH(ppakpacHoM guamnaszoHe B MakcuHe Ti3C2Tx mpoucxonar Ha AIMHAX
BOJIH KBaJpYIIOJIBHOTO pe30HAHCa, T.e. Ha 0ojiee KOPOTKUX [JIMHAX BOJH, YeM IIOIlepeYHbIe
numoabHble 11asMoHbl (A T 1100 HM).

3. IlokaszaHo, 4YTO M3-32 HEPOBHOCTEH IIOBEPXHOCTU 0Opaslia TeHepUPYeTCs IOIEepPedHOe
3JIeKTpUYecKoe IIoJie, IPUBOAAIIee K BOSHUKHOBEHHIO IIOIIEPeYHBIX IIa3MOHOB. Ilociemuue
BO30Y>KZAIOT KBafpyIOJIbHBIE KOJeOaHUA B MakcuHe. B mmmepax B3ammogeictByromux HY
cunbHbIN KBazpynonasHeli 1111, B3auMozeiicTByoIMii ¢ MOIepeYHbIMY IJIA3MOHAMU Ha JIIMHE
BoixHBL A~ 1400HM, BbI3BIBaeT pe3oHaHC PaHO (ZecTpyKTHBHYIO HHTepdepeHIuIo). OTa
0COOEHHOCTH ITO3BOJIIET JIETKO BbIOpaTh KauecTBeHHBIe ToAI0KKY ag IIYKP. Jleno B Tom, 4TO
CUJIPHOE B3aUMOJIEHCTBUE B JUMepe BO3MOXKHO, KOTZA YaCTUIIBI PACIIOIIOKEHBI OUYeHb OJIM3KO
IPYT K APYTY, 4TO TpeOyeT BBICOKOIT KOHIeHTparuu HY.

4. B ciry4ae MaKCHMHOBOHM NOJJIOXKH PAaCCYMTaHA KpUBAag KOMOWHAUMOHHOTO PaCCesHUI
Mmosekyasl R6G B 3aBucumMoctu ot pasmepa u ¢opmer HY, 4TO m03BOJIMIIO MHTEPIIPETUPOBATH
U3BeCTHBIe OKCIEepPHMeHTaJIbHble pe3ynabTarsl. JIjig ororo cHavana OBLIM PAaCCYUTAHBI
nuanekTpudeckre Gynkuun Monekya R6G m MB Ha ocHOBe 5KCIIepMMEHTAJIBHBIX JAHHBIX

CedeHMs IIOTJIOIIEHM, IMOJYIE€HHBIX OJISI MOJIEKYJIBI KpACHUTEJIA Hd BO,I[HOﬁ WIN CTEKJIIHHOM
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noayoxke. IlockombKy nuamekTpudeckas (QyHKIUS — 3TO MAKPOCKOIMYeCKOe CBOMCTBO,
HeoOXOAMMOe /ISl OTIMCAaHUs ONITUYECKUX MaTepuaios, ucnoiasdyeMmbrx B COMSOL, momexy bt
KpacuTesell MOZEITUPYIOTCI KaK HeOosblIve TBepzble cdepsl, MOIIPU3YeMOCTh KOTOPBIX
M3BeCTHA W3 u3MepeHuil. MopenupoBaHUe IIPOBOJUIOCH C IIOMOIIBIO YHCJIEHHOTO pacyera
COMSOL B cpepe, m03BOJIAIONEH ITPOCTOH MPOLeLy POt TOZ00paTh pasuyc HeOOIBIIOM chepbl
IJIL COOTBETCTBUS DKCIIEPUMEHTAJIBHBIM JAHHBIM IIO IIOIJIOIIEHUWIO MOJIEKYJAaMHU KpacHUTeJIA.
XoTs mongpu3anya ABAAETCA TEH30PHOMH, OITHYEeCKHe CBOHCTBA OOBIYHO YCPENHSIOTCA IIO
CIy4afiHBIM OpHeHTanusM MHOrux Mosekysn RO6G miam MB. Takum o6GpazoMm, aHH3OTPOIIUS
IIOJIAPU3ALUY He UMeeT 3HAaUeHUs IIPU UHTePIIPeTaliy SKCIIePUMEeHTOB.

5. Iloka3aHo, 4TO YacTOTa pPaMaHOBCKOTO CHTHAJa Cl1abo 3aBUCUT OT (opMbl u pasmepa HY
Ti3C2Tx pna pous o A<1000 HMm. [Tokasana Taxke BaXKHAsA pOJIb KBaIPYIIOIBHBIX PE30HAHCOB
B MakcuHOBbIX HY. YroOer ydvects oddexrt ropsdeid TOYKH, OBLIM HCCIIEOBAHBI
B3aMMOJIeHICTBYIOIIYIe HAHODJIIUIICOUAB X HaHOC(epOoHABl MaKCHHA M HAEHTU(PUIINIPOBAHEI
0cOOeHHOCTH, BO3HHUKaoomue B pesynbrate rubpuamsanuu [III. B Buammoi-6rrmkHeH
nH(paKpacHOH OOJIACTH CIIEKTpa AMMephl MaKCHHA obecrmedmBaioT 3HaueHHs KY mopazaka
10°> — 107, xoTopsie 61u3KU K dKcIepuMeHTanbubiM ganHbM Ti3C2Tx. Crabas 3aBMCHMOCTD
KV ot pa3smepa yerko CHHTe3UpPyeMbIX U IPAaKTHYECKU IIPOM3BOIBHOM hOpMbI MakCHHOBBIX HY
B BUJUMOM M OJIKHeM HHGPAaKpacHOM Auala3oHe OTKPBIBAET HOBBIE BO3MOXKHOCTH IJIS
VICIIOJIB30BAHUA DTUX ITOAJIOKEK B TPASUIMOHHBIX IpuioxeHuax [IYKP.

6. Iloxazano, 4To kBazgpymoixsHsle 1111 MOTyT BO3HHKATh B KOMILIEKCAX HEOOIBIINX HAHOYACTHI],
C pasMepaMy, MEHBIINMU JJIWHBI BOJHBI ITaJalONIeTo cBeTa. B wacTHOCTH, O6BIIO ITOKa3aHO, YTO
a¢dexTHBHOCTBIO pe3oHaHca PaHO MOXHO yNpaBiATh, U3MEHASI '€OMETPUIO CHCTEMbI MaJIbIX
metamudeckux HY. ismenenue opuenraiuu oraenbHsx HM B sape TpexMepHBIX KOMIIEKCOB
IPUBOJUT K M3MEHEHUIO JINHEI BOHbI pe3oHanca Pano. B wacTHOCTH, KOTZ]a crcTeMa 4acTHI],
pacIooXKeHa B BEPUIMHAX TETPAdpa, MOXXHO M3MEHUTH IJINHY BOIHSBI pe3oHanca Pamo B 2,5
pasa, IIOBEPHYB BCe HIDKeJeXKallhe YaCTULEI Ha 66° BOKPYT Oocel, IapalIeIbHBIX CUMMETPHUH 3-
ro IOpAfKa, NMpOXoAsAllell uyepes BepxHAA BepliMHA. B oTux ke ycnoBuax 5¢PdeKTUBHOCTD
pesonanca ®ano BospacTaer B 8 pas.
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