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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-Perot (FP) cavities, provide an alternative way to realize FRs. 

Until now, various plasmonic nanostructures, such as meta l-insulator-metal waveguide­
coupled cavity systems, ring-disk cavities, oligomer clusters, have been experimentally and/or 
theoretically demonstrated to show FRs. Specifically, plasmonic structures supponing 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 panicles, 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 nanost ructures 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. 
Panicularly 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 propenies as well as hydrophilicity, flexibility and 
metal-like electronic conductivity. This interest in MXenes is fueled by the possibi lity 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.pf the optical 
propenies of MXenes showed the possibi lity of creating transparent conductive electrodes, 
saturable absorbers for femtosecond mode-locked l~~lasmonic 

applications at wavelengths. MXenes reponed to d4t.i:? l!r~.sr.'}.t~e~izi;d 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 20 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. 

• 

• 

• 

• 

• 
• 

Investigation of absorption cross-section (ACS) in isolated and coupled (dimers) MXene 

NPs of different shapes and comparison with experiments 
Calculation of enhancement factor (EF) of SERS from dye molecule near the MXene 
nanoparticles (NPs) of various shapes and comparison with known experiments 
Calculation of SERS EF from dye molecule located in the middle of the gap of MXene 

dimer under the conditions of FR 
Revealing FR in coupled identical spheroidal metallic particles in a symmetric linear 

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

Investigation of FR in 30 system of metallic NSs 

Scientific novelty. In contrast to noble metals MXene NPs as the <•xpcriments and calculations 
show, do not demonstrate dipole SP resonances in visible range 141. This could be interpreted 
as the unsuitability of these new 20 structures for using them 111 optical devices, as well as for 
synthesizing SERS substrates. However, in the thesis we show for till' first time that in the visible 
and near infrared (NIR) range of the spectrum there appear quadrupoll• SP resonance that along 
with interband transitions (IBT) is able to induce relatively high polt1nn11ion of MXene NPs 
making them attractive for various optical applications. The m<'t ha111sm of arising of these 
collective oscillations of quadrupole symmetry is identified as a const•quence of inclined 
incidence of light on ruff surface. As an example of simpl est model produt 111g u 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 Ti 1C1T. 1s insensitive to 

nanoparticle shape and size ofNPs. 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 ER(w). To obtain ER(w) of a small sphere with radius R, as an 
auxiliary parameter, the imaginary part of polarizability aR(A.) 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 Krarners-Kronig relation. 
Namely, ER(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 µm 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 Q!)P mode to nanoparticle shape and size in most studded MXene -TiJC2Tx 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 !BT 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: 
1. The absorption spectrum of isolated TiJC2Tx MXene in vis-NIR range is formed by IBT, QSP and 

TOSP resonances. In case of coupled MXene nanoparticles along with mentioned resonances 
there appears FR. 

2. It is demonstrated that QSP modes in MXene flakes supported by !BT contribute to the SERS 
enhancement for wavelengths A ..;; 1000 nm. Raman signal enhancements of the order of 
105-107 obtained in the simulations and agreeing well with known experimental data are 
determined by the partial overlapping of the QSP, !BT, 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 µm). 

3. At ,l - 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 th~ qualities of 
SERS substrates made from MXene. 
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4. Retardation effects and reaction field improve the efficiency of FR in interacting relatively small 
metallic NPs and in case ofTiJC2Tx 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 scienti fie 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 TiJC2Tx 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 TiJCiTx, 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 TbC2Tx 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 TiJC2Tx, 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 !BT, 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 MUL TYPHYSICS 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.l), in the cylinder of 
diameter of 1000 nm with the height 300 nm there are IBT and QSP (Fig.2) 
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Fig. I Simulated ACS of a TbC:zT, disk of 
1000 nm diameter with height 14 nm. The 
incident electric field is perpendicular to 
the base of the disk 
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Fig.2 TbGT, cylinder of diameter 1000 nm with 
height 300 nm. Inset: electric field intensity map 
wavelength of Q:;P resonance - 980 nm at the 

At r.- 1000 nm the penetration depth dof an incident wave defined as d-1 = (2rr/ ..1)/m ( .J t:(..1)) 

(where t. 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 pans 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 Am of 
oscillations induced by the pump wave at 980 nm in the medium determined by the formula 

Am = Jc/ j Re( i:(Jc)) (i:(Jc) is the complex dielectric function of MXene) gives for Am = 363nm. 

Such value of Am 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 TbC2Tx 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,Snm,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. 
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Fig.3 Simulated ACS of coupled 
MXene nanospheroids in end-to­
end configuration with equal short 
semiaxes (a = 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 c = 
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 

0
500 1000 1500 2000 2500 

drastically redshifted. It is 

Wavelength (nm) interesting that the proposed 
simple model consisting of 

coupled ellipsoids gives reasonable value for the SP resonance energy of0.59 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. 
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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:JOOO nm) at 1780 
nm (A) for cp:O and (B) for 
cp: 2.25rr where q> 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 nanopanicles 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. 
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' Fig.6 Electric field ;I max intensity maps at QSP 
maximum - 980 nm in 
the X-Y plane (A) and 
Y-Z plane (B). 
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'I min 
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 E_R (w). 
Namely, having measured polarizability a(il) of due molecule we find En6G(il) from employing 
R as a fitting parameter. The wavelength dependent ACS of dye molecule is calculated using 
Enh (il) 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: 

I ~ (~ )14 
Etotal To,W 

G=-----
IEo(ro, w)l

4 
(1) 

Etota1(r0,w) is a total electric field at the position of the probe molecule r0 , w is the frequency 

and E
0 
(r

0
, 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 "' 2.21·10s is presented. 

EF of a R6G sphere (R = 0.31 nm) near a MXene NE 

f\ 
~ \_ 
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x :;i.o 

0.5 

wavelength/ tnm) 

Fig. 7 EF of SERS from R6G molecule near 
the apex of single MXene NE with 2a = 
500 nm and aspect ratios 71 1 "' 3 and 712 "' 
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 
figureSI-I)iss = 0.4nm. 

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)1 "' 3 and l)z "' 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 71 1 "' 3 and 712 "' 15. The 
arrows indicate the positions of the 
longitudinal 

From the ACS spectrum of 
Fig 8, we assume that the highest 
peak at il = 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 TbC2Tx flakes [2, 3]. The same LDSP resonance at il > 2200 nm was revealed 
in [4

] using UV-Vis-NIR absorption spectroscopy of micrometer sized TbC2Tx 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 !BT, 
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, 1)1 "' 3 and l)z "' 15 
at 540 nm (corresponding to the EF maximum) are presented in the Figs 9 a) and b) respectively. 

J I 
!ei1la1™1.,,.!!!!«•. ~ .............. ~.11111:.J I, ,:"EK~-I 

to) 

Fig9 a) b) The maps of electric field and 
instant chart distribution for NE of 
2a=500 nm, ~- 1 =3 and ~-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. :5 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 !BT. 
Therefore, we conclude that at wavelengths A :5 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. :5 1000 nm in NEs with aspect ratios ry1 "' 3, ry 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. lOa). Instant charge distribution maps for this particle at other 
resonances are presented below in Fig.lOb. 
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Fig I 0 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 ry1 "' 3, 
ry 2 "' 15 an additional resonance 
appears in the ACS spectrum, as is 
shown in the Fig. 11. 

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

(aspect ratios ry 1 "' 3 and ry 2 "' 15). 

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

__ -· _ ·-· __ .. __ ... . .. , distribution clearly show the 
soo lOOO wavelen~~~~ lnm) 

2000 2500 <lorn inant contribution of 

quadrupole modes in these resonances. Thus, along with resonances at A. :5 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 T/ "' 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-NlR 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 TbC2Tx, 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 ry1 "' 3 and ry 2 "' 15 on the glass substrate. 
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Fig 12 ACS and EF for a 
dimer of identical 
spheroidal panicles of 
2a = 1000 nm and aspect 

ratios ry 1 "' 3 and ry 2 "' 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[' ]. 

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 we\lkly 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 of the 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 panicles longitudinal symmetry axis. The 
gap values are shown in the inset. 
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For the case described in Fig.36 the ·_;P simulation for the EF gives the value 1.24 · 

500 150 1000 1250 1500 1750 2000 2250 2500 107 and with increase the gap of dimer the 
wavelength / Cnml 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 TiJC2Tx 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. 
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Fig. 14 (Left) Extinction cross-section 
spectra of two linearly aligned Ag 
spheroids of semiaxes ra :::::: 
60 nm, rb = re = 10 nm, separated by 
s = 5 nm, 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 panicles. 

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 nanopatticles; for that reason, the longitudinal oscillations with the frequency of external 
radiation will be excited in the nanoparticles 1-4. 

Thus, each patticle 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 

FRE(w) = N~:c~~) (2). 

where N1234 = N1 + N2 + N3 + N4 is a sum of absorption power in four horizontal NPs and 
N0 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) . 
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Fig. 16. Oscillatory system consisting of two parts, A 
and B. The NRs 1, 2, and 3 form the pan B, and the NR 
0 is the pan A. The NR of system Band the tangent to 

the circumscribed circle of the triangle 123 at the 
corresponding point form an angle <p. 

It is shown that the resonance wavelength of 
Fane 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 3th or~r 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 ofTi3C2Tx 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 -leV, particularly 

concerning !BT wavelength range are clarified. The resonance wavelengths of dipole 
longitudinal and transversal, as well as Q$P 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 -1-1100 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(u.>). 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 t.:dOOO 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 -NJR 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. 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 Fa no 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 3th order symmetry passing through the upper 
vertex by 66 °. In the same conditions the FRE is increased by 8 times. 

REFERENCES 

1. Fano, U., Phyis. Rev. 124, 1866 (1961). 
2. Naguib, M., M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi, M. Barsoum Advanced 

Materials 23, 4248-4253 (2011). 
3. Yury Gogotsi, Chemistry of Materials 35 (21), 8767-8770 (2023). 
4. V. Mauchamp, M. Bugnet, E. Bellido, G. Botton, P. Moreau, D. Magne, M. Naguib, T. Cabioc 'h, M. Barsoum 

Phys. Rev. B 89, 235428 (2014). 
5. Djorovic, A., Meyer, M., Darby, B. L. & Le Ru, E. C. ACS Omega 2, 1804-1811 (2017). 
6. Satheeshkumar, E.T. Makaryan, A. Melikyan, H. Minassian, Y. Gogotsi & M. Yoshimura. Sci Rep 6, 32049 

(2016). 
7. A.Sarycheva, T. Makaryan, K. Maleski, E. Satheeshkumar, A. Melikyan, H. Minassian. M. Yoshimura, 

Y.Gogotsi, JPCC 121, 19983-19988 (2017). 
8. A. Dillon, M. Ghicliu, A. Krick, J. Griggs, S. May, Y. Gogotsi , M. Barsoum, A. Fafarman, Adv. Funct. 

Mater. 26, 4162-4168, 2016. 
9. S. Adomaviciute, S. Ramanavicius, A. Popov, V. ~ablinskas , 0. Gogotsi, A. RamanaviCius. Chemosensors 9, 

(2021). 
10. Sarycheva, A. & Gogotsi, Y. Chemistry of Materials 32, 3480-3488 (2020). 
11. El-Demellawi, J. K. , Lopatin, S., Yin,)., Mohammed , 0. F. & Alshareef, H. N. ACS Nano 12, 8485-8493 

(2018). 

PUBLICATIONS ON THE TOPIC OF THE THESIS 

1. Melikyan, A. 0., Minasian, H. R. & Petrosyan, P. A. Fano resonance in 3D system of metallic 
nanoparticles. Journal of Contemporary Physics (Armenian Academy of Sciences) 52, 317- 323 (2017). 

2. Petrosyan, P. A. Influence of Interaction Retardation and Radiation Reaction on the Fano 
Resonance Efficiency in the System of Nanoparticles. Journal of Contemporary Physics (Armenian 
Academy of Sciences) 53, 324-331 (2018). 

17 



3. Gon~alves , M. et al. Incerband, surface plasmon and fano resonances in titanium carbide (Mxene) 
nanoparticles in the visible to infrared range. Photonics 8, 1- 16 (2021). 

4. Minassian , H., Melikyan, A. , Goncalves, M. R. & Petrosyan, P. Ti3C2Tx MXene as surface-
enhanced Raman scattering substrate. Nanotechnology 35, 415702 (2024). 

UU<I>ll<I>UCf.1'!' 

Utnhl.m1junumio1munu.f mhuwljwunphu hhtnwqntn4_wo hu TiJC2Tx tfw11upup 
uwuntfwuupljuhpp (L,U) OUjtnpljwljwu hwtnljmioimuuhp[l II pwgwhWJtntlwo hu '1JlWU9 
qmiqhpmtf l>wunp nhqnuwuup urnw2wgtfwu UJWJwtfwuuhp(l: ilLUmuwupp4_wo t 
tfw11upup L,U-p hwp1Iwumio1wtfp tnhf[Wl}[14_wo uhpljwujTILJOP tfnLhlJnqp ljn11tfpg 
nwt.fWUJWU gpt.fwu hplrnLJJO[l (tfwljhpllnLJJOiltl mdh11wg4_wo nwtfWUJWU gpt.fwu - UQP.fHl): 
Z.wz4_wplj4.hL t UQP.f}5 - p. mdh11wgtfwu qnpowljgp (fif>.q.) ljwjumt.f[l L,U hpljpw~wtp.wljwu 
UJWpwtfhtnphppg. tf11tfwu 'lwztnp wLP-11P. hpljwpmJ<11wmupg. qptfhpuhpp 'lhUJ11mtf' 
tfwuupljuhpp t.fp2II hbnw4_npnLJ<IJmupg: PwgwhwJtntlbL bu l>wun1P. nbqnuwuup 
wnw2wgtfwu UJWJlfwuubp[l II WJI} nbqnuwuup l}b[l[l npwlj1w1 tnwljqppuhp UJWtnpwumb1m 
hwlfwp: 

1. L,bpwnb1n4. Ti3C2Tx MXene-p. ip.np&uwljwllnpbu ~wtp.4_wo 'lPCt bljmpplj :j>muljgpwu II 
ljwmwpb1n4. 20 UJ OUJmpljwljwu 4Lwulfwu UUJbljmpubpp hwz4_wpljuhp. lfhu11 gnLJg hu11 
mtlhL> np 4_hp2bpu WJI} UJTILJ<lhpp hwlfwp hpwlljwpwlj4_wo qbljmpwolljtnpljwljwu tp.np&hpp 
hpuuwljwu wnwu&uwhwtnljmj<tJTILUubp[l mhuwuhlti.-tfbp&w4_np pu:j>pwljwplfpp 
mppm1iomlf ljwpn11 bu 4_bpwpmwl}p4.bL: U4_hlti.u. UJwpqwpwutlbL hu qhljmpnup l;Uhpqpw]p 
ljnpmumubpp UUJbljmpnuljnUJpWJP tfhJ<1n11n4. umwg4_wo UUJbljmpubpp npn2 
tfwupwtfwuubp' 1 t'-1. tubpqpwuhpp tnppmJJ<lmtf: Uwuuw4_npwUJbu pwgwhw1m4.hL t 
lfp2qmnw1pu nbqnuwuupu hwlfwlljwtnwujuwunq wLP-11P. hpljwpnLJ<IJWU mppnLJJ<ITILtf 
4Lwulfwu 4_wp11(l: Uw11upup L,U-mtf llnLJUwljwuwg4_ht hu tJ1np&.n4_ umwg4_wo 
hpljwiuwljwu II LWJuwljp qpUJn1w1pu lfwljhp1Im1iow1pu UJ1wqlfnuuhpp (U'll) pu~UJhu uwlI 
114.w'lpnLUJnl UJLwqtfnuuhpp wLP-11P. hpljwpnLJ<IJmuuhp(l: 
2. PwgwhwJtntlhL t , np lfho uwuntfwuupljuhpp hwtfwp 'lPUJnlwJpu U'll nhqnuwuuw1pu 
wLP-1111 h[!ljW[ITILJ<IJTILU[l ljwpnq t u4_wqhg4.ht tfpu~II 1700 uu' lji.njub1n4. L,U-p &II[!. pu~[l 1w4. 
hwtf(luljumtf t tp.np&p hhm: 5m]g t tnp4_wo, np pw4_wljwupu mdh11 114.wl}[IIlLUJill U'll-p 
nhqnuwuuwipu wLP-11ti hpljwpnLJOJnLU[l ljwpnri t LP-uhu~w4_wljwupu ljwpll:' 980utf: U1upu11u. 
Ti3C2Tx lfw11upumlf mhuwuhlti.-lfbp&w4_np pu:j>pwljwplfpp mppm1J<1mlf UJLWqlfnuplj 
bplinL]j<IUh[l[l mbJ"\P hu muhl!nLtf 114.W'lJlfillljilLWJPU nhqnuWUUWJPU wLP-11P. 
hpljwpmJ<11muuhpmlf, w1upu11u' w4_blP- ljwp6: wLP-11P. b[!ljwpnLJOJWUp, 11wu 1w1uwljwu 
UJLWqtfnuuh[!p f1hUJ11mtf (A.-1100 nm): 
3. 5nljg t mp4_wo, np utfmzp tfwljhpl!nL]j<tp wUhwpj<tnLj<l]TILUUhpn4_ UjW]tfwuw4_np4_wo 
wnw2wumtf l; LWJUWqwu qhqmpwqwu l}W2lll. oubtn4_ LWJUWqwu UJLWqtfnuuhp: 
'-lhp2puuhpu tfw11upumtf qpqnmtf hu 114.wflpnLUJn1w1P.u mwmwumlfUb[I: <I>njuwql}Ilf[ L,U­
P. qpt.fh[11.ih[1mtf mdhfl 114.w'lPmUJnl U'il-[l tJ1njuwqIJhtn4. 1w1uwqwu UJ1wqtfnuuhpp 
hhm A.-1400 nm wnw2wgumtf t l>wlin]p nhqnuwuu (l}humpnLqtnptl pumhp:j>hphugpw): 
Uiu hplimJJ<IIl[l huwpw4_npnLJ<IJm1.i t tnwLP-u hhzmnphu (lUlllflhL npw4Jw1 mwqqppuhp[l 
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UQM}5-p hwtfwp: Pwuu wiu t , np qpt.fhpmlf mdhfl ip.njuwq11bgmJ<11mu huwpw4_np t, hpp 
tfwuupljuhp(l 2WUl UilUl hu l}WUW4_np4_wo p[!W[I uqwmtfwt.fp, npp hwtfwp wlJ.hpwdhztn l; 
L,U-uhpp tfho ljnughutnpwgpw: 
4. Uw11upuw1pu mwljqppp qblljjlmtf R6G tfnLblJmLP nwtfwu1wu g[lt.fwu Qp.q. hwz4_w[!lj4_bt 
t ljwju4_wo L,U-p ~wtp.hppg II &IIpg, pli~[l J<ITILJL t mtlhL tfhljuwpwuh1 hwitnup 
lji.np&wpwpwljwu W[lfj]TILUjlUG[![l: '1pw hwt.fwp uwju II UlilW2 hUI24_Uiplj4_b1 hu R6G II MB 
tfn1blJm1uhpp qpqhljtnpplj :j>muljgpwuh[l[l. hplfU4.hLn4. 2PP ljwtf UIUJW\jh hptf11p 4.[IUI 
ubpl1wu1mJ<1p tfnth4mLP- hwt.fwp utnwg4_wo 41wut.fwu ljmp4_wo11p tp.np&wpwpUiljwu 
mi!Jw1uhp(l: .f!Uiup np qpqhljtnpplj :j>muljgpwu tfwljrnuljm.4plj hwmljmioimu t , npu 
wlihpwdhztn t COMSOL-mtf oqmwqnpo4_nri OUjtnpljwqwu uimiobp[l uljwpwqph1m 
hwtfwp, ubpljwujnL]ahpp tfn1bqm1uhp(l tfnqh1w4_np4_ht hu npUjl:iU tJ1n11p UjpUq quqpljuhp, 
npnug plihnwghtPnLJ'IJTILU[l hwitnup t ~wtp.muubppg: Uiu t.fnl}btw4_npmuu ppwljwuwg4_bt t 
COMSOL-p J<14.WJpU hwz4_wpljp tfp2ngn4_, np[l J<lnLJL t tnwlti.u UjW[lq (lUJOWgwqwpqn4_ 
[!Utnpht tJ1n11p quflpljp zwnw4.P11[l ' uhpljwu1mJ<1bpp t.fn1bljm1uhpp qnritfpg !JLwut.fwu 
lji.np&uwljwu tni!JwLuhppu hwt.fwlljwtnwujuwub1m hwtfwp: '.;.luwiwo wiu hwuqwtfwu11pu, 
np plihnwgmt.f[l iohuqnp t , Olljtnpljwljwu hwtnljmioimuubp[l un4_npwpwp tfp2puwg4_mtf bu 
pwqtfwJ<IP.4. R6G ljwt.f MB t.fn1bljm1uhpp UJWmwhwljwu ljnquunpnzmuubpp 4.[lw: 
U]UUjpun4_, tp.np&hpp tfhljuwpwumioiwu t.fh2 plibnwgtfwu wupqntn1rnUJpwu 
uzwuwljmJ<11mu ~mup: 
5. 5m]g t tnp4_bL, np f}wtfUiup wqqwuzwup fip.q._[l JOTILJL t ljwju4_wo Ti3C2Tx L,U &IIpg II 
~wtp.pg :\,; 1000 utf wLP-11P. bpljwpnLJOJTILUubpp hwtfwp: L,wlI gm]g t tnp4_b1114.w11pmu1n1w1pu 
nbqnuwuuuhpp ljwpllnp qbp[l tfw11upuw1pu tnwljqppubpnLtf: fcl-bd ljhtnp t:j>hljtn(l hwztlti 
wnuhLm hwt.fwp f1ptnwplj4_bt bu qmqwljg4_wo t.fwpupup uwunl;lPUJunpl}ubp II 
uwunu:j>hpnpqubp II pwgwhwjtn4_bt bu U'll hppppqwgmtfpg pjunq 
wnwu&uwhwmljmio1muubp(l: Sbuwublti.-tfhp&w4_np pu:j>pwljwptfpp UUJbljtnpw1pu 
tnppnL]JOillt.f t.fUI11upup qpt.fbpubpn4_ Wlljwhn4_mtf bu 105 
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npnup tfntn bu Ti3C2Tx-p tp.np&wpwpwljwu tni!JwLubppu: 

np.q.-p. JOTILJL ljwju4_womio1m1.i[l hbztnmio1wtfp upuiobq4_nq II qpbioh ljwt.fw1wljwu 
&1In4_ tfwpupup L,U-uhpp ~wtp.bppg tnbuwublti.-t.fh[!.&w4_np pu:j>pwljtuptfpp tnppnLJJOilLU unp 
huwpw4_npmio1muubp t pwgmt.f wiu tnwljqppubpp oqtnwqnpot.fwu hwtfwp' un4_npwljwu 
UQM}5 ljppurnmioimuuhpmt.f: 
6. 5mJg t tnp4_wo, np Q$P-ubp[l ljwpnq bu wnw2wuw1 tlJn11p uwlintfwuupljubpp 
hwtfwwpubpnLtf, npnug ~wtp.hp[l tp.npp bu, jlWU [!Uljunq LTILJUP WLPllP bpljwpnLJOJTILU(l: 
Uwuuw4_npwUJbu, gnLJg t mptlht, np l>wunJp nhqnuwuup UI[l'lJTILuwtn4.mJ<11mli[l ljwpblti. t 
ljwnw4_wph1 tJ1n11p tfbmwriw!Jwu l.,U-uhpp hwtfwljwpqp bpljpw~wtJ1mJ<IJTILU[l tlJn!ubLntl: 
bnw~wtp. ljntfUJth11uuhpp hptf11mtf wnwu&pu l.,U-uhpp ljnqtflinpnztfwu tlJntlJnjunLJO]IlLU[l 
hwuqbgumtf t l>wlin]p nbqnuwuuwipu wLP-11P. hpljwpmioiwu ip.nipnjumioiwu(l: Z.wtnljwUJbu 
wiu l}hUJ11mtf, bpp tfwuupljuhpp hwtfwljwpq[l qwuwtJ.nrtJ.wo t iohiopwh1wnup 
qwqwiouhpnLtf, huwpw4_np t l>wuniP. nbqnuwuuwipu wLP-11P. bpljwpnLJOJTILU[l ipnjub1 2,5 
wuqwu' Ujllltnhtntl hptf11mtf qtnutlnri pn1np t.fwuupljuhp[l 4_hppu qwqwiontl ~gun11 3-pq 
ljwpqp hwtfw~wtlJnLJO]WUJ:! qmqUihl:in wnwug11ubpp 2Ill[l2[l 66°-n4_: l.,m]U UjW]Uwuubpmt.f 
l>wlin1P. nhqnuwuup wpIJJmuwtn4_m.ioimu(l w4_h1wlinLtf t 8 Uiuqwtf: 
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TIETPOC5IH TIETPOC 

I13Y'IEHI1E HEKOTOPbIX TIJIA3MOHHb!X 5!BJIEHI1H B CHCTEMAX 

MET AJIJIHqECKHX HAHO~CTHIJ; 

B AHCcepTal\lli1 Teoper11'leCK11 11ccne,l\OBaHbI onTH'leCKHe cnoi1cTea MaKCHHHbIX HaHO'!acntl\ 

(Hq) Ti3C2Tx >1 BbUIDJieHbI ycnoBMR B03HHKHODeHM pe3oHaHca <l>aHo B HX napax. H3Y<JeHo 

JIBJieHHe KOM611Hal\HOHHOro pacce5!HH51 CBeTa (nooepXHOCTHo- ycHJieHHOe KOM611H~l10HHOe 

pacceRH11e - TIYKP) Ha MOJieKyne Kpac11TeJ1J1, noMell\eHHOH e6n11311 Hq MaKCHHa. Pacc'!HTaHa 

3ae11c11MOCTb Ko3<j>¢11L111ettrn yc11nettM (KY) TIYKP OT reoMerpH'!eCKHX napaMerpon HlJ, OT 

,l\lll1Hbl BOJJHbl na,llalOIL\ero TIOJJ51, a B CJJY<Jae ,l\HMepoB - OT paCCTOJIHHJI MeJKAY '!aCTHL\aMH. 

BbUIBJiettbI ycnoBM B03HHKHOBeHH51 pe3oHaHca <l>aHo 11 ponb 3Toro pe30HaHca B 113roTOBJieH11H 

KaYeCTBeHHblX TIO,l\JIO)!(eK. 

1. HcnOJib3YH 3Kcnep11MeHTallbHO 11JMepeHtty10 ,l\113JJeKTPHYecKYJO ¢YHKL\1110 Ti3C2Tx MaKCMHa 

11 BblTIOJIHHB paC'!eTbl cneKTpOB OTITl1'1ecKOro TIOfllOIL\eHM Hq, Mb! noKa3aJil1, '!TO OCHOBHble 

oco6eHHOCTl1 He,l\aBHO ony6JIMKOBaHHblX 3JieKTp00TITH'leCKHX 3KCnep11MeHTOB ,l\Jl51 3THX 

MaTep11aJIOB MOryr 6b!Tb aocnp0113Be,l\eHbl B BH,l\11MOM 11 6JIH)!(HeM 11H¢paKpaCHOM ,l\11ana30He. 

KpoMe Toro, BblflCHeHbI tteKoTOpb1e ,l\eTaJm cneKTpOB, TIOJJY'leHHbIX MeTO,l\OM cneKTpocKon1111 

3HeprenrY:eCKHX noTepb 3JieKTpoHOB B AHana30He 3Hepr11i1 1 3B. B YaCTHOCT11, o6Hap~eHo 

TIOBe,l\eH11e norJIOIL\eHM B ,l\11aTia30He ,l\Jil1H BOJIH, COOTBeTCTBYJOIL\eM MeJK30HHOMY pe30HaHcy. 

,ll,nHHbl BOJIH 3KCnep11MeHTaJJbHO TIOJJY'leHHblX npO,l\OJJbHblX H nonepe'IHblX ,l\11TIOllbHblX 

noaepXHOCTHblX TIJia3MOHOB (TITI), a TaK)!(e KBa,l\pynonbHblX TIJia3MOHOD 6bllll1 

H,l\eHT>1¢ttL1HponaHbI Ha Hq MaKc11Ha. 

2 . YcTaHOBJieHo, '!TO ,l\J151 KpynHblX HaHO'laCTHL\ pe30HaHCHYJO ,l\llHtty BOJlHbl ,l\HTIOllbHOfO nn 
MO)!(HO yMeHbllll1Tb AO 1700 HM 3a CYeT 113MeHeHM ¢opMbl HlJ, '!TO xopolllo cornacyerCR c 

3KCnep11MeHTOM. TioKa3aHO, YTO pe30HaHCHa51 ,l\JIMHa BOJIHbl ,l\OCTaTO'IHO Cl1JibHOfO 

KBa,llpynOJibHOfO nn MO)!(eT 6bITb BeCbMa KOpOTKOH - 980 HM. To eCTb TIJia3MOHHble flBJieHH51 B 

BH,l\11MOM 11 6JJJ1)!(HeM 11H¢paKpacHOM ,l\Hana30He B MaKCl1He Ti3C2Tx npOHCXO,l\flT Ha ,l\lll1Hax 

BOJIH KBa,llpynOJibHOfO pe30HaHca, T.e. Ha 6onee KOpoTKHX ,l\JIHHax BOJIH, 'leM nonepe'!Hbie 

,l\HTIOllbHbie n:ia3M0Hb! (A - 1100 HM). 

3. TioKa3aHo, 'ITO >13-Ja HepoaHocrei1 noaepx HoCTM o6pa3L\a reHep11pyeTCJ1 nonepe4HOe 

3JieKTPl1'IeCKOe TIOJJe, np11BO,l\5llL\ee K B03Hl1KHOBeHMIO nonepe'IHblX TIJia3MOHOB. TiocJie,l\Hl1e 

ao36~Aa10T KBaApynoJ1bttb1e KOJJe6aHHR B MaKc11He. B A11Mepax BJa11MOAei1cTBYJOIL\HX HlJ 

CHJlbHblH KBaApynoJibHblH TITI, B3al1MO,l\eHCTBYJOIL\11H C nonepe'!Hb!MH TIJia3MOHaMl1 Ha ,l\JIHHe 

BOJIHbl A-1400HM, Bbl3bIBaeT pe30HaHC <l>aHO (AecTPYKTHBHYJO HHTep¢epeHL\11!0). 3Ta 

oco6eHHOCTb no3BOJJ51eT nerKo Bb16paTb Ka'lecrBeHHb1e TIOAJIO)!(KH A= TIYKP. )J;eno B TOM, '!TO 

CHJlbHOe B3al1MO,l\eHCTBHe B ,l\11Mepe B03MO)!(H0, KOf,l\a '!aCTl1L\bl pacnoJIO)!(eHbl O'leHb 6Jil13KO 

Apyr K Apyry. '!TO Tpe6yeT BbICOKOH KOHL\ettTpal\1111 HlJ. 

4. B CJJY'lae MaKCHHOBOH TIOl\llOlKKH paCC'IHTaHa Kp11Ba51 KOM611Hal\l10HHOro pacceHHH51 

MOJieryJibI R6G B 3ae11c11MocT11 OT pa3Mepa 11 ¢opMbI HlJ, '!TO n03BOJil1JIO 11mepnper11poaaTb 

113BeCTHbie 3KCnep11MeHTallbHble pe3yJibTaTbl. ,ll;= 3TOro CHa<JaJJa 6bllll1 paCC'IHTaHhl 

AH3JieKTp11'!eCK11e ¢YHKL\1111 MOJieKyn R6G 11 MB Ha ocHoBe 3Kcnep11MeHTaJihHbIX AaHHbIX 

Ce'!eHIUl TIOrJIOIL\eHM, TIOJJY'leHHblX ,l\Jl51 MOJieKyJibl Kpac1ueJIH Ha BO,l\HOH 11Jil1 CTeKJIHHHOH 
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TIO,l\JJO)!(Ke. TiocKOllbKY ,l\113JieKTP11'1ecKa51 ¢YHKL\1151 - 3TO MaKpOCKOTIH'!ecKoe CBOHCTBO, 

Heo6xo,l\HMoe ,l\JIR on11caH~rn onTH'!eCKHX MaTep11anoa, 11cnoJibJyeMbIX B COMSOL, MOJieKyJibl 

KpaC11TeJ1eH MO,l\eJIHPYfOTCJI KaK HeOOJiblllHe TBep,l\bJe c¢epb!, TIOJJ5!p113yeMOCTb KOTOpblX 

11JBecrHa 113 H3Mepe1111i1. Mo,l\eJJ11ponatt11e npoBO,l\11JIOCb c noMOIL\blO 'IHCJJeHHoro pac'leTa 

COMSOL B cpe,lle, no3DOJJ51101L\ei1 npocrni1 npo11eAypoi1 TIOA06paTb pa,!111yc HeOOJiblllOH c¢epb1 

,l\JIJI COOTBeTCTB1151 3KCnep11MeHTaJlbHbIM ,l\aHHbIM no TIOfllOIL\eHHIO MOJierynaMH Kpac11TeJJ5!. 

XOTR no=ptt3al\1151 RBJJ51eTCR TeH30pHoi1, OTITH'leCKHe CBOHCTBa o6hl'IHO ycpe,l\HJllOTCR no 

CJJY'laHHbIM op11eHTal\l15!M MHor11x MOJ1e1<yn R6G wnw MB. TaK11M o6pa30M, aH11JoTponM 

TIOll.lip113al\HH He HMeeT 3Ha'!eH1151 np11 HHTepnpeT~l111 3KCnep11MeHTOB. 

5. TioKa3aHO, YTO 'laCTOTa paMaHOBCKOro CHrHaJia cna6o 3aBl1CHT OT ¢opMbl 11 pa3Mepa Hq 

Ti3C2Tx ,l\Jl51 ,l\Jil1H BOJIH :\,;1000 HM. TioKa3aHa TaK)!(e Ba)!(HM po1Ib KBa,llpynOJibHbJX pe30HaHCOB 

B MaKCHHOBblX Hq. qT06b! Y<JeCTb 3¢<l>eKT ropR4eH TO'IKl1, 6b!J111 HCCJie,l\OBaHbl 

B3al1MO,l\eHCTBYJOIL\He HaH03JIJJHTICOl1,l\bl 11 HaHoc¢ep011,l\bl MaKC11Ha 11 H,l\eHT11¢1111wpoeaHbl 

oco6eHHOCTH, B03HHKalOIL\11e B pe3yJibTaTe rn6pH,l\H3al\HH nn. B Bl1,l\HMOH-6JJJ1)!(HeJ1 

11H¢paKpacHoi1 06nacT11 cneKTPa ,l\HMepb1 Ma1<c11Ha 06ecne'l11Ba10T 3Ha<JeHM KY nopRAKa 
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- 107. KOTOpb1e 6llH3K11 K 3KcnepwMeHTaJibHblM AaHHbJM Ti3C2Tx. Cna6aR 3aa11cwMOCTb 

KY OT pa3Mepa nerKo CHHTe3wpyeMbIX 11 npaKT11'1ec1<11 npo11JBOJ1bHOH ¢opMbI MaKCHHOBhIX H':I 

B BH,l\HMOM 11 6JIJ1)!(HeM 1111¢pa1<pacHOM ,l\Hana30He OTKpbIBaeT HOBble B03MOlKHOCTH ,l\Jl51 

11cnOJJb30BaHH51 3THX TIOAJIO)!(eK B TPaAHL\HOHHblX np11JIO)!(eHl15!X TIYKP. 

6. IloKa3aHO, '!TO KBaApynOJibHble TITI MOryr B03HHKaTb B KOMTIJieKCax He60JiblllHX HaHO'!aCTHL\ 

c pa3MepaMH, MeHblllHMH AJIHHbI BOJIHhI na,llalOIL\ero caera. B 'laCTHOCTH, 6brJio noKaJaHo, '!TO 

3¢¢eKTHBHOCTblO pe30HaHca <l>aHO MOlKHO ynpaBJlflTb, H3MeHHJI reoMeTp11!0 CHCTeMbl MaJiblX 

MeTaJlJIH'leCKHX HlJ. l13MeHeHHe op11eHTa111111 OT,l\eJibHbIX HM n R,llpe TpeXMepHbIX KOMnJieKcon 

np11Bo,l\11T K H3MeHe111110 ,l\JIHHbI BOJJHbl pe3oHattca <Pa110. B <JaCTHOCTH, KOr,l\a cwcTeMa '!aCTHL\ 

pacnOJIO)!(eHa B aeplll11Hax TeTPa3,llpa, MO)!(HO H3MeHHTb AJIMHY BOJIHbl pe30HaHca <l>aHO B 2.5 

pa3a, noaepttye ace HH)!(eJie)!(all\He '!aCTHL\bl Ha 66° BOKpyr ocei1, napanneJJbHhIX c11MMeTp1111 3-

ro nopRAKa, npoxOAJIIL\ei1 '1epe3 aepXH515! neplll11Ha. B 3THX )!(e ycnoa11Rx 3¢¢eKT11n11ocTb 

p e 3oHaHca <l>aHo B03pacraeT B 8 pa3. 
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