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PLENARY REPORTS

HOBBIE I'OPU30OHTHI OIITUKHN CBEPXKOPOTKHUX UMITYJIbCOB

CPEJHEI'O UH®PAKPACHOI'O IUAITA30HA
Valeriy I. Yudin, Alexey V. Taichenachey,

Institute of Laser Physics SB RAS, Novosibirsk, Russia

Abstract—We consider some implications of the mass defect on the frequency of atomic
transitions. We have found that some well-known frequency shifts (such as gravitational and
quadratic Doppler shifts) can be interpreted as consequences of the mass defect, i.e., without the
need for the concept of time dilation used in special and general relativity theories. Moreover, we
show that the inclusion of the mass defect leads to previously unknown shifts for clocks based on
trapped ions.

INTRODUCTION

At the present time, atomic clocks are most precise scientific devices. The principle of operation of
these quantum instruments is based on modern methods of laser physics and high-precision
spectroscopy. In this way, the unprecedented value of fractional instability and uncertainty at the
level of 1078 has already been achieved with the goal of 107'° on the horizon [1]. Frequency
measurements at such a level could have a huge influence on further developments in fundamental
and applied physics. In particular, we can foresee tests of quantum electrodynamics and
cosmological models, searches for drifts of the fundamental constants, new types of chronometric
geodesy, and so on (see, for example, review [2]). However, this level of experimental accuracy
requires a comparable level of theoretical support, which would account for systematic frequency
shifts of atomic transitions due to different physical effects. Thus, modern atomic clocks are also at
the point of interweaving different areas of theoretical physics.

In this paper we develop the mass defect concept with respect to atomic clocks. Historically,
considerations of the mass defect have been connected with nuclear physics, where the mass defect
explains the huge energy emitted due to different nuclear reactions. However, a quite unexpected
result is that this effect has a direct relation to frequency standards, where it leads to shifts in the
frequencies of atomic transitions.

MASS DEFECT PRODUCED SHIFTS IN ATOMIC CLOCKS
The main idea of our approach is following. Let us consider an arbitrary atomic transition

between states |g) and |e) with unperturbed frequency o, = (EX ~E\")/7, where g© and E.” are the

unperturbed energies of the corresponding states (see Fig.1). Using Einstein's famous formula,
E=Mc?, which links the mass M and energy E of a particle (c is the speed of light), we can find the

rest masses of our particle, Mg and Me, for the states |g) and |e), respectively: Eéo) =M gc2 and

E® = m_c2. The fact that Mg#Me is the essence of the so-called mass defect. In our case, the
connection between Mg and Me is the following:

10



M.’ =M’ +hw, = M, =M +ha,/c® (1)
We show that the relationship (1) allows us to reinterpret some well-known systematic frequency

shifts (such as the so-called time dilation effects) [3,4]. Moreover, our approach actually predicts
some new shifts previously unconsidered, to our knowledge, in the scientific literature.

GRAVITATIONAL SHIFT.

As the first example, let us show how the mass defect allows us to formulate a very simple
explanation of the gravitational redshift even under a classical description of the gravitational field
(as classical potential Ug). Indeed, because the potential energy of a particle in a classical
gravitational field is equal to the product MUg (where Ug<0), we can write the energy of j-th state
Ej(Ueg) as:
E,(Ug)=M,c®+MUg =M c>(1+Ug /c?), (j=g,e)(2)
Using Egs.(1) and (2), we find the frequency of the transition |g)—|e) in the gravitational field:

®=wm,(1+Ug/c?). 3)
This expression coincides to the leading order of the well-known formula from general relativity

theory:
w=myy1+2U,/c* ~w,(1+Ug/c?) 4)
in the case of |Ug|/c?<<1.

We emphasize that the expression (4) was here derived without including the concept of time
dilation, which is taken as a basis of Einstein's theory of relativity. Nevertheless, in deriving (4) we
have used an equality of gravitational and inertial masses, Mgrav=Min, Which is one of the
cornerstones of general relativity.

FREQUENCY SHIFTS FOR ATOMS (IONS) TRAPPED IN A CONFINEMENT POTENTIAL.
A second example concerns frequency shifts in the presence of a confinement potential U(r), which
we take to be the same for both states |g) and |e). Such a situation occurs both for clocks based on
neutral atoms in optical lattice and those based on trapped ions. In this case, we have the standard
task of quantizing the energy levels with translational degrees of freedom:

a _ [ (vib) 1 A
HJWJ_Ej qg)Hj_pH2Mj+UUL (5)

where Hamiltonian Hjand state [YV)) describe the translational motion of the particle in the j-th

internal state |j) (j=g,e), and r is coordinate of atomic center-of-mass. Thus, taking into account
the translational motion, the atomic wave function is described by the pair products |j/)®|W/(r)).
Because of the mass defect (MgzM.), the energy levels for the lower and upper states differ:
Eg#Ee.. Consequently, the frequency ® between corresponding levels of trapped particle is
different from the unperturbed frequency, wo, with a value A (see Fig.1): Ao=m—wo=(Ee—Eg)/h.

Let us now estimate this value. For this purpose, we write the Hamiltonian for upper state H.in

the following form:

H,=H +afafi=P P "% 50
’ 2M, 2M,  2M M,

11



where the operator AH can be considered as a small perturbation. In this case, using the
standard perturbation theory, energy Ee can be written as a series Ec=E¢(0)+AEe(1)+..., where
Ec(0)=Eg, and the first correction is determined as the average value AE¢(1)=(Wg|AH[W¥;). Using
Eq. (6) and taking into account Mg=Me., we obtain the following estimation of the relative value of
shift:

do 1 (%P1Y) )
®, 2¢? M;

We note that this expression coincides with a well-known relativistic correction, which is the
guadratic Doppler shift due to the time dilation effect for moving particle [4]. Indeed, at the
present time the following explanation is conventionally used. In accordance with special
relativity, the tick rate At in the moving (with velocity v) coordinate system changes with respect
to the tick rate At’ in motionless (laboratory) coordinate system by the law: At=At'(1-v2/c2)Y/2. As
a result, an atomic oscillation with eigenfrequency wo is perceived by an external observer to be
shifted to w=wo(1-v¥/c?)¥2. In the nonrelativistic limit, (v?/c’<<1), we have:
o~m0(1-v?/2c?)=m0[1-(p/M)?/2¢?] (where p is momentum of particle). Then, if we take into
account quantum considerations through the replacement p — p = —i#nV, we obtain the expression

for frequency shift (7).

O£,
EO—pL & |e> ge
ho'
ho, B
Ee
E'=M,c" —+
2)

Fig. . Schemematic for an atomic transition |g)—|e). Also shown is the quantization of the energy
levels for translational degrees of freedom in a confined potential, U(r), where w#mo due to the
mass defect.

Thus, some well-known systematic shifts, previously interpreted as the time dilation effects in the
frame of special and general relativity theories, can be considered as a consequence of the mass
defect. Furthermore, our approach has predicted a series of previously unknown shifts for ion clocks
related to electric-field sensitivities (as will be shown in our presentation). These results could have
importance for high-precision optical atomic clocks.
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VERIFICATION OF THE QUANTUM DIMENSION EFFECTS
IN ELECTRICAL CONDUCTIVITY WITH DIFFERENT TOPOLOGY
OF LASER-INDUCED THIN-FILM STRUCTURES

S. Arakelian, A. Kucherik, S. Kutrovskaya, A. Osipov, A. Istratov, and I. Skryabin
Stoletovs Vladimir State University, Gorky Str. 87, Vladimir 600000, Russia
E-mail: arak@vlsu.ru

We studied in both theory and experiment the nanocluster structures of different types (due
to topology and composition) taking into account the correlations in nanoparticle-ensemble by
quantum states. The problem of high temperature superconductivity due to topological surface
structures with localized states (resulting in coupled states on new dimensional principles) has been
under our consideration. Dramatic enhancement of electroconductivity (in 4 orders!), observed in
our experiments, may be discussed as a real tendency to high temperature superconductivity due to
topological peculiarities of nanocluster system. Near-field photoluminescence spectra/optical
response in hybrid nanosystems measured by us demonstrated a big efficiency in the nanoantenna

respect.
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APPROACHING TO THE LIMIT OF SPASERS FROM SPP NANOLASERS

Tien-Chang Lu*, Yu-Hsun Chou, Kuo-Bin Hong, and Chun-Tse Chang

Department of Photonics, College of Electrical and Computer Engineering,
National Chiao Tung University, Tin Ka-Ping Photonics Building,
No0.1001, Ta-Hsueh Road, East District, Hsinchu City 30010, Taiwan
+886-3-5131234, timtclu@mail.nctu.edu.tw

Nowadays, the development of nanolaser deals with the manipulation of SPP has attracted
the attention to construct ultra-compact integrated optoelectronic devices and systems. The
characteristics of SPPs can be determined by the dispersion relation of the device structure, which is
influenced by the material’s permittivity and structural parameters. One straight forward way to
manipulate the dispersion relation of the SPP nanolaser relies on the thickness control of the
insulator layer in between the semiconductor and the metal thin film for the
Semiconductor/Insulator/Metal (SIM) nanolaser structure, which becomes one of the most popular
plasmonic structure to confine the field and against the optical diffraction limit. However, the
tailoring range of the dispersion relation was limited by the materials. To investigate the
characteristic of SPP nanolaser with huge dispersion difference, we chose the SPP nanolaser with
different metals to compare the properties difference between SPP laser operating nearby the SP
frequency and the SPP laser operating far away from the SP frequency. For more reliable SPP laser
operation, ZnO nanowire provides exciton binding energies larger than thermal energy at room
temperature and strong oscillation strength to interact with SPP. Thus, the ZnO nanowire was
chosen in our study for stable SPP laser operation under different circumstances. Once the active
emitter was chosen to be operated in the near UV range, aluminum and silver are used to properly
generate SPPs. Typically, aluminum has a relatively high surface plasmon frequency. The ZnO
nanolaser on Al is operated away from the SP frequency, rendering itself operating as a SPP
nanolaser. On the other hand, since Ag has an interband transition at 350 nm, the dispersion relation
of surface plasmon near 370 nm will be significantly bent, leading to ZnO nanolasers operating
approaching the limit of surface plasmon amplification by stimulated emission radiation (SPASER).
By investigating richful characteristics of Al- and Ag-based ZnO nanolasers, intriguing phenomena
such as the quantum plasmonic effect, ultrafast modulation, strong interaction between the exciton

and surface plasmon, and high characteristic temperature operation will be discussed.
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NONLINEAR OPTICS AND SPECTROSCOPY

1. THE EFFECT OF MOLECULAR OSCILLATIONS ON ENERGY TRANSFER
IN MACROMOLECULAR CHAIN SYSTEMS

Chizhov A.V.12, Cevizovié D.3, Galovié S.3

! Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research,
141980 Dubna, Russia
2 Dubna State University, 141980 Dubna, Russia
8 Vinca Institute of Nuclear Sciences, 11001 Belgrade, Serbia
phone: (496) 216-25-33, e-mail: chizhov@theor.jinr.ru

Macromolecular chain systems are of interest from the viewpoint of studying various
biological processes and searching possible applications in molecular nanotechnologies. In
particular, protein molecules are considered as mediators of the long distance transfer of energy
released during the hydrolysis of adenosine triphosphate for photochemical reactions, cross-
membrane ion transfer and signal transduction, muscle contraction, cellular mobility [1]. However,
at present the mechanism of energy transfer along the chain at long distances without being
dissipated or dispersed is not yet clearly understood.

According to recent research [2], in protein macromolecules and other macromolecular
chains, due to the interaction of a vibronic excitation with the collective oscillations of the
macromolecular, there appears a phenomenon of self-trapping of the vibron. It results in creation of
the dressed polaron states. As a consequence, the properties of the self-trapping vibron state may be
quite different compared with the properties of the bare vibronic excitation. In fact, it was found
that there exist certain values of the system parameters (critical values) for which the polaron state
might abruptly change from weakly dressed to heavy dressed, practically localized, vibron state [3].
It was also found that the critical values of the system parameters are temperature dependent, and
for some biological structures may belong to room temperature interval. This fact may significantly
affect to the mechanism of the vibron motion through the macromolecular chain.

For a theoretical description of such processes, a modified Holstein's polaron model for
molecular crystals is proposed. The system under the consideration describes the behavior of a
single vibron excited on some structural element of the macromolecule chain system, whose
physical properties are affected by the collective oscillations of the macromolecular chain
(phonons). The vibronic excitation is supposed to be able to move within the system from one to
some other structural element by a hopping mechanism due to the dipole-dipole interaction between

the corresponding peptide groups of the macromolecular chains [4]. In order to examine under
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which conditions dressed vibronic excitations form dynamically stable eigenstates of the system, we
employ the partial-dressing method by using the modified Lang-Firsov unitary transformation. The
influence of collective oscillations of the macromolecular chain on polaron properties and, in
particular, on the degree of dressing is taken into account in the mean-field approach. As probable
states of such collective oscillations, the state of thermal equilibrium at a certain temperature and
the multimode squeezed vacuum state are considered.

We demonstrate that in the non-adiabatic regime the degree of dressing as a function of the
coupling constants and characteristics of the phonon state continuously increases reflecting the
smooth transition of the slightly dressed, practically free vibron, to a heavily dressed one, i.e. small
polaron. As "adiabaticity" rises, this transition becomes increasingly steeper, and finally, in the
adiabatic limit, a discontinuous "jump" of the degree of dressing is observed. The interchain
coupling manifests itself through the increase of the effective adiabatic parameter of the system.

Thus, we studied the influence of the intra- and interchain couplings as well as the state of
the chain collective oscillations on the properties of the small polarons in the system composed of
coupled infinite parallel molecular chains. For that purpose we employed the variational treatment
based on the modified Lang-Firsov transformation. It was shown that for certain values of the
model parameters a polaron crossover occurs, in which there is a sharp change in the migration
nature of a vibron from practically free to a heavy quasiparticle "dressed"” by a phonon cloud.

The work was supported by the bilateral project between Serbian Ministry of Education and
Science and JINR, Dubna "Theory of Condensed Matter".
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Lithium triborate LiB3Os (LBO) crystals are widely used for frequency conversion of the
near-IR lasers within main transparency windows. Their optical properties at these wavelengths are
well studied. However, very little work has been published on the properties in the terahertz (THz)
range. There was a lack of data on the refractive indices dispersions, the absorption coefficients
spectra and their temperature dispersions. There are no reports of THz applications. Present work
reveals all these topics including the prospects for use LBO crystals as down-converters.

Optically finished samples of flux-grown LBO crystals were studied by THz-TDS. The
refractive index dispersions were recorded and then approximated in the form of Sellmeier
equations for the temperatures of 300 and 81 K. The phase-matching curves for the IR-THz and
THz-THz frequency conversions were calculated. It was found that the absorption coefficients of
LBO decrease significantly with cooling to cryogenic temperatures but the overall character of
optical properties changes is intricated. Experimental results are discussed in detail considering

potential characteristics of THz down-converters.
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3. MCCJIEJOBAHME HU3KOTEMIIEPATYPHOUN OIITUYECKOM
JAED®AZNPOBKHN B AHCAMBJIE ITIOJYITPOBOJHUKOBBIX KOJIVIOUJHBIX
KBAHTOBBIX TOYEK CDSE/CDS/ZNS METOJA0OM
HEKOI'EPEHTHOI'O ®OTOHHOI'O 3XA

K.P. Kapumynnun, A.H. Apycanos, A.B. Haymos

Hnemumym cnekmpockonuu PAH,
108840, Mocksa, Tpouyk
Mocrkoeckuii nedacoeuueckuii 20Cy0apCmeenHblil YyHusepcument,
119435, Mockesa
+7(916)556-0937, e-mail: kamil@isan.troitsk.ru

Meroabl ONTUYECKOW CHEKTPOCKONWU MPUMECHOTO LEHTpPA LIMPOKO MPUMEHSIOTCS st
U3ydeHHUs] (U3MUECKUX CBOMCTB MarepuaioB. ONTHYECKHE CHEKTPHl TMPUMECHBIX IIEHTPOB
Ype3BbIYATHO YYBCTBUTEIBHBI K IMapamMeTpaM JIOKaJbHOTO OKPYXEHHS, YTO JAeT BO3MOXHOCTH
UCIIOJIb30BaTh WX JJIs UCCIIEJOBAHMUSI HE TOJBKO CIEKTPalbHBIX CBOWCTB, HO M BHYTpPEHHEU
JUHAMHKHU B pa3HbIX MaTpunax [1]. Kak mpaBuiio, B KauecTBe CIEKTPATBHBIX 30HJOB B MOJTOOHBIX
UCCIICIOBAHUSAX  HCIOJB3YIOT OpraHWYeCKHEe MOJEKYNbl. AJBTEpPHATUBON  OpraHMYECKUM
KpacuTelsIM MOTJIH Obl CTaTh MOJYIPOBOJHUKOBBIE HAHOKPHUCTAJLIBI (KBaHTOBBIE TOUKH, KT).

KT oGmanmaror BbICOKOH (hOTOCTAOMIBHOCTBIO, OHM IMPEBOCXOMAT IO KBAHTOBOMY BBIXOIY
OOBbIUHBIE JIOMHHO(DOPBI, KPOME TOTO CYIIECTBYET BO3MOXKHOCTh YIPABICHHUS CHEKTPOM
JIOMUHECIEHITNH 32 CYET M3MEHEHHS pa3MepoOB TOYEK. YHUKambHbIC (OTO(U3MUECKHE CBOWCTBA
KT oGecnieunBalOT UX BBICOKYIO MPAKTHYECKYIO IEHHOCTh B TaKMX OOJIACTAX, KaK OpraHUYecKas
doToBoNbTaNKa, (IyopecleHTHAs HAHOCKOMHUS, KBaHTOBas onThuka u uHpopmaruka. s
MPAKTUYECKOTO HCIOJIb30BaHUs MaTepuaioB Ha ocHoBe KT B mpuioKeHUSX KBAHTOBOW ONTHUKH
HEeoOXOIMMO JeTalbHOE uccienoBanne ux (orodusudecknx cBOUCTB. OTHenbHBIA HHTEpEC
MIPEJICTABJISIOT MCCIe0BaHNs 3aKOHOMEPHOCTEH pacliaja HaBeIEHHOM Moyigpu3aluy B aHcaMmOlie
KT, kotopbie MOTYT OBITH BBIIIOJIHEHBI MeTOAOM (poTOHHOTO 3xa. Hacrosimas pabora mocssiieHa
WCCIICIOBAaHUIO HHU3KOTEMIIEPAaTypHOU ONTHYECKON neda3upoBKH B HEOTHOPOJHOM aHcaMOIe
MOJIYIIPOBOTHUKOBBIX KOJUIOMIHBIX KBAHTOBBIX TOYEK.

B kauectBe 00OBekTa mcciemoBanus Obltu BeiOpanbl KT CdSe/CdS/ZnS (mp-so QD-light,
Poccust). OGpasipl ObUTM MPUTOTOBJIEHBI B BUIE TOHKHMX IUJICHOK, BBHICR)KEHHBIX Ha CTEKJISHHBIC
MOJIOKKH U3 PACTBOPA KBAHTOBBIX TOUEK B TOMyoJie. JlJis MONTydeHuUs: OTHOPOJIHBIX MO CTPYKTYpE
00pa31oB ¢ BRICOKOW KOHIEHTpAIMEN N3Ty4aloNuX HEHTPOB, BBICOKOH ONTHYECKOH MIIOTHOCTBIO U
XOpPOIIMM ONTHYECKUM Ka4eCTBOM OBLIM TPOBEACHBI CHEIManbHbie uccienoBanus [2]. B

pE3YIbTATE OBLI CO31aH 3KCHepHMeHTaHBHBIﬁ CTCHA, HOSBOJ’IHIOH.IH?I HaHOCHTb TOHKHE U
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onHopoanbie ciou KT u3 BBICOKOKOHIIEHTPMPOBAHHOTO PacTBOpa Ha MOBEPXHOCTb CTEKISHHON
noanoKku (mojxpodHee cM. [3]).

DKCrepuMEHTANIbHBIE JaHHBIE TI0 (POTOHHOMY 9X0 OBUIH MOJIYYEHBI B OTJIEEe MOJICKYIISIPHOM
crektpockonuu HMHCTUTYTa crnekTpockonuu Poccuilckoil akageMuW HayK Ha YHUKaJIbHOM
CIIEKTPOMETPE HEKOrepeHTHoro (oTroHHOro »sxa (cM., Hampumep, [4]). B mnpuroroBieHHBIX
oOpa3uax OBUTM HM3MEPEHbl KpUBBIE CIaja CHTHAJIOB (OTOHHOrO 5Xa Kak HpU KOMHATHOU
TeMIeparype, Tak U B jauanazone temmeparyp ot 4,5 mo 50 K (cm. puc. 1). Beumn momyueHsr
3HAYEHUS BpPEMEHHU 3aTyXaHHs CUTHAJIOB (OTOHHOrO 53Xa U TOCTPOEHA TeMIlepaTypHas
3aBUCUMOCTH 00paTHOTO BPEMEHHU ONTHYECKOM neda3upoBku (KBaapaThl Ha puc. 1).

[To ananmoruu ¢ paboToii [5], MOCBAIIEHHOHN 3X0-CIIEKTPOCKOINUHY AMUTAKCHALHBIX KBAHTOBBIX

TOUYEK, U3MEPEHHYIO TEMIIEPATYPHYIO 3aBUCUMOCTb MBI OITUCAJIH CIETYIOIIUM 00pa3oM:

+ AT + B )

e exp(C /KT) -1’

rae ['o — ecTtecTBeHHass MMpPUHA CHOEKTpaIbHOW JuHUM; A, B 1 C — NMOATOHOYHBIE MapameTphl.

=T, +T

Pesynbprar putnpoBaHus moka3aH Ha pHC. | CIUIONTHOM JIMHUEH.
Jlns cpaBHEHHWS Ha PHUCYHKE TMPUBEACHBI 3HAYCHHS OJHOPOIHON IIUPHHBI CIEKTPOB
momuHecteHIn onquHouHbIX KT CdSe/ZnS (xpyxku), usmepennsie npu T=10 K rpynmoit M.G.

Bawendi [6].

100 E.“.”.“..“”,”.““,

% o 10000

10?

- 1000

0,14

110

/=T (meV)
BpaTHoe Bpems onTudeckoit Aedasuposku 1/T,(GHz)

Temnepatypa T(K)
Puc. 1. TemneparypHas 3aBHCHMOCTH OOpaTHOIO BpPEMEHHU ONTHYECKOH nedaszupoBku 1/n7T2,

u3MepeHHas B ancambie kBaHTOBBIX Touek CdSe/CdS/ZnS. [ToscHeHus cM. B TEKCTE.

3HayeHUsI CHNEKTPaJbHOW WIMPHUHBI, MOJydeHHble i1 oauHouHblx KT, nexar Huxke
TEMIIepaTypHOM 3aBUCUMOCTH OOpaTHOTO BPEMEHM OINTHYECKOH nedasupoBKH, H3MEPEHHOU

merogoM H®D. Drto Moxer OBITH CBSI3aHO C TEM, YTO HAIIM HM3MEPEHHsS MPOBOJMINCH B
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HeogHopoaHoM (mo pasmepy u ¢dopme) ancambime KT, m Takas aumcmepcusi NPUBOIUT K
JOTIOTHUTEIPHOMY ~ CIIEKTPAIBPHOMY VIIUPEHHIO. B  BepxXHeW dYacTH pHUCYHKA 3BE3J0UKa
COOTBETCTBYET CPEAHEMY 3HAUEHHUIO IIMPUHBI CIIEKTPOB JTIOMUHECHEHIMH A oauHouHbIX KT, a
nyHktupHas auHus — s ancamo6iss KT CdSe/CdS/ZnS, nzamepenHoMy mMeToaMu KOH(GOKAIBLHOM
JIFOMUHECIIEHTHOW CHEKTPOMHUKPOCKONMU MpPU KOMHATHOM Temmneparype. LITpux-myHKTUpHOI
JUHUEH Ha pUCyHKe oOO3HaueHa ectecTBeHHas mmpuHa [0=1/2nT:1 (T1=12 HC WO AaHHBIM
M3MepeHus: KuHeTHKH JitoMuHecueHmn B pactBope KT CdSe/CdS/ZnS B tonyone). [lonydyennsie
3HaYeHHUs] 0OpaTHOroO BpeMeHH Ae(a3upOoBKHU JaXe MPHU HU3KUX TEMIIepaTypax XapakTepU3ylTcs
3HAYUTENBHBIM JIOMOJHUTENbHBIM YIIUPEHUEM [ 'sample OTHOCUTEIHLHO €CTECTBEHHON HNIMPUHBI.

B ornuume ot aHcamOnsi MPUMECHBIX MOJEKYT OPraHWYeCKUX KpacuTeneH, IUIsl KOTOPBIX
BpeMsi onTuuyeckoil aedasupoBku T2 TpH KPUOTEHHBIX TEMIIEPATypax COCTABISET BEITHYMHBI
MopsAKa eIuHUIL] HaHOceKyH, B ciyyae KT mmeer mecto ObicTpasi perakcalioHHas JTUHAMUKA C
XapaKTepHbIMU BpEMEHAMH MOpsiiKa COTeH (PEeMTOCEKYHJ — €IUHUI] MHUKOCEKYHJ. Bo3MoXKHBIE
MPUYMHBI  CTOJh MAaJIbIX 3HAYCHUNW BpeMeHU Jeda3upoOBKM MOTYT OBITh CBS3aHBI C
HEOJIHOPOAHOCTBIO ~ CTPYKTYpPHI CaMHX TOYEK, OCOOCHHOCTSMH BHYTPEHHEW JIHHAMUKH
u3myqaroniero sgpa (Hampumep, ¢ 3¢hdEeKToM MepHaHus JTIOMHHECICHIIMH), a TakkKe C
MOBEPXHOCTHBIMHM COCTOSIHUAMM Ha oOoisioukax. Kpome Toro, K ymabTpaObICTpOHl penakcaluu B
ancamOje MOTYT MNPUBOAWUTH MAHUCIIEPCUS IO pasMepy U CHIbHO-HEOJHOPOIHOE JIOKAJIhbHOE
OKPYKCHHE KBAaHTOBBIX TOUCK.

Pabora BeimonHeHna B pamkax I[Iporpammer OOH PAH «®yHpameHTanmbHas omTHYECKas
cnekTpockonus u ee npuioxkenus». K.P. Kapumynnua u A.W. ApxaHoB Gnarogapsr 3a OAJIEPKKY
rpant [Ipesumenta P s MoOABIX ydeHBIX — KaHAWIATOB Hayk (mpoekt MK-342.2017.2).
ABTOpBI TIyONHMKAIMU SIBJSIIOTCS WIEHAMHU BeAyIled HaywdHOW mmkonbl Poccuiickoit denepammu

«CHeKTpOCKOIHsI aTOMOB, MOJICKYJT M KOHAeHCHpoBaHHBIX cpea» HII-7035.2016.2.
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QUANTUM AND ATOMIC OPTICS

4. SPECTROSCOPY OF LASER-COOLED MAGNESIUM IN AN OPTICAL
LATTICE
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Abstract— We present the progress towards the first realization of an optical lattice clock
based on the Bosonic 24Mg 1S0 — 3P0 optical transition. We achieve the highest Q-factor for Mg

with linewidths below 50 Hz which allows a precise determination of the systematic shifts.

Magnesium possesses all the qualities relevant for an optical frequency standard. The
demonstration of Mg optical lattice clock has so far not been possible due to a rather large tunneling
induced broadening in the optical lattice trap. In the present work, we report on the improvements in
the optical lattice setup to suppress the tunneling induced linewidth broadening to below 50 Hz
allowing us to achieve the highest Q-value of 1.6 x 10-13 for the Bosonic Mg.

We interrogate the bosonic atoms trapped in an optical lattice in the Lamb-Dicke regime at
trap depths of about fifty times the photon recoil energy. Such a deep optical lattice could be created
within an enhancement cavity intertwining the vacuum chamber. This allowed us to more precisely
measure the lattice induced AC-Stark shifts. Having suppressed the lattice contributions to the
linewidth, we could observe the influence of the probe laser intensity as well as the homogeneous
magnetic field on the measured clock transition linewidth. Improvements in the atom loading
efficiency to the optical lattice, and an improved normalized detection scheme with higher S/N ratio
allowed us to perform spectroscopy at low magnetic and probe laser fields. Following these
improvements, we could reduce the linewidth to below 50 Hz. This reduced linewidth allows us to
perform more precise determination of various systematic shifts influencing our frequency
measurements. We will present these improved systematic shift measurements and the progress
towards a frequency measurement against the available frequency standards at PTB via the 73 km
long optical fibre link [3]. The spectroscopy laser, stabilized to a high finesse ULE cavity, displays
a frequency stability of 4 x 10-16 in 1 second.
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5. ANALYTICAL SOLUTIONS FOR LIGHT EMISSION
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In this study some spectroscopic properties typical for cooperative ensembles of quantum
emitters were calculated analytically and shown to meet the results of numeric simulations as well
as some experimental observations. Two selected properties measurable with the use of
conventional fluorescence detection systems and instruments were considered. Analytical
expressions for fluorescence excitation and fluorescence emission spectra were obtained for a few
variants of specific geometries of the light-sample interaction. The exact solutions and the
approximate compact formulas were derived to give plots of either excitation or emission
wavelengths versus number of fluorescence photons produced by quantum emitters with dipole-
dipole interactions. The theory was based on the coupled equations for the emitters and photon
density matrices completed with the equation for the emitters-photon correlation operator. The
equations were derived from the truncated BBGKY hierarchies written for emitters, host matrix
particles, and photons. The analytical solutions describe the marginal cases, i.e. a large ensemble
and two closely positioned emitters. The results of this study may be applied in experiments to
detect position configuration in the system of two emitters and the strength of their dipole-dipole
interaction. In the dependence obtained for the fluorescence excitation spectrum, two mechanisms
in cooperative absorption of incident light were shown to contribute to the maximums of the
measurable curve. The first mechanism represents the absorption of one incident photon when the
excitation is distributed between the emitters. The second process reflects the absorption of two
photons from the exciting field bringing both particles in their excited states. For each of the
considered contributions approximate analytical expressions for the corresponding components of
the spectrum were derived. If the interparticle distance is assumed to be less than a quarter of the
emission wavelength the exact curve was shown to become the sum of the separated contributions

with a very good accuracy.
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Lithium niobate (LN) is one of basic materials of integrated optics used, for example, for
electro- and acousto-optical modulators, switches, diffraction gratings, nonlinear optical wavelength
converters, and others. After the birth and positioning of quantum information science, lithium
niobate waveguide architectures have emerged as one of the key platforms for enabling photonics
quantum technologies. This paper is devoted to the Mach-Zehnder (MZ) intensity modulator with
improved extinction ratio which is very promising for quantum key distribution, precise sensing,
high fidelity signal processing and other applications. A typical extinction ratio of commercially
available MZ intensity modulators lies in the range 20 — 30 dB because of finite tolerances of
fabrication processes. A high extinction ratio can be achieved by trimming the amplitude balance
between the two arms of a MZ modulator. The active trimming with additional electrodes and a
corresponding servo loop with a complicated bias control is usually used. We demonstrated that a
local micro-size change of refractive index due to photorefractive effect can be effectively used for
precise adjustment of the power splitting ratio of waveguide optical splitters and couplers, does not
impairs the optical losses and can be efficiently used for the passive trimming of LN MZ
modulators. To demonstrate the efficiency of the proposed method the improvement of extinction

ratio was performed. The increase of 17 dB (from 30 to 47 dB) with a negligible additional loss was

obtained.
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7. QUANTUM ANTENNAS: DESIGNING STATES FOR FIELD CORRELATIONS
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A quantum antenna can shape spatial entanglement of emitted photons originating from
entangled states of antennas emitters. In contrast to the classical antenna, the quantum antenna can
shape the second and higher order correlations without affecting amplitudes of the field. The shape
and directivity of the correlations can be optimized using techniques of quantum state inference.
Positive and negative correlated twin-photon, and multi-photon entangled states can be produced
from the same antenna for different initial states of emitters.

The radiative properties of the classical antennas are characterized by angular distributions
of the radiated field and intensity. For classical radiation, power radiation pattern formed by
interference effects is proportional to the squared modulus of the field radiation pattern [1].
However, this simple picture does not hold for non-classical states of emitted radiation.
Entanglement of emitters in antennas can lead to collective effects in radiated field, supperradiance
and subradiance or intensity values otherwise impossible for the factorized initial state of the
antenna emitters [2], quantum nonreciprocity [3], Sub-Rayleigh imaging and superresolution [4, 5],
and to superbunching [6]. To be able to use the high-order field correlations, one needs to be able to
create and shape them according to desired goals. In this work we suggest a way to design a state of
the antenna for shaping the emitted field to provide some desired features of correlation functions in
analogy with the procedures of the quantum state reconstruction. By optimizing the second-order
correlation function, we show that a twoparticle entangled state of an equispaced linear antenna
array allows for producing strongly momentum correlated photons. The same approach works also
for multi-particle antenna states.

We consider the quantum antenna model as a set of N identical non-interacting two-level

emitters at points ﬁj having dipole moments d (see Fig. 1(a)). Omitting the time-dependence

common for all emitters, the positive-frequency field operator part giving non-zero contribution to
the normally ordered correlation functions and describing the spatial field distribution in the far

field zone is

27



N -

— n d —

By U D ewp (100F, - i/ @
=1

S|

=

where g = |—;>< +;]| is the lowering operator for the j-th two-level system (TLS) with upper
(lower) levels described by the vectors |+;> , and 7 is the unit vector from an emitter to the
observation point; w is the TLS transition frequency. Further, we term the right-hand part of Eq.(1)
the array factor operator, A(7). The task of designing the antenna involves determining positions ﬁj
and the initial density matrix of the antenna, p, so as to achieve the necessary values of the average
array operator (array factor) in the given directions or values of simultaneous correlation function of

the nth order in the sets of directions {7}, k = 1...n:

Far field zone

; / Qv
1 Pt ///

' ~ A
~ = #  Detectors

M@ .. 7)) =< 2)

Fig. 1. The configuration of the equispaced linear antenna. The second-order correlation can be
measured by simultaneous counts on the detectors D4 and D,.
The problem of antenna state design can be formulated as a state estimation problem in the

following way. We specify a finite number of discrete sets of spatial observation points for which

we will perform the antenna design {7} ;}, and re-write Eq.(2) as:
Tt n

ﬁA (Fk,l)] 1_[ A (T, (3)
k=1 k=1

where the operators II; are semi-positive definite and can be considered as elements of a POVM

p = Tr{ll;p}, II; <

(positive operator valued measure), while p; can be considered as the set of targeted probabilities.
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For illustration of the described method, we consider in some details optimization of the
second-order correlation functions in the plane perpendicular to the dipole moments, and give a
brief outline of other results. As given by Eq.(3), 6®(8,,0,) « p(6,0,) = Tr{Il(6,,6,)p}, where

[1(64,6,) = Z exp { ikA((j —n) cos (6;)}exp { ikA(m — q) cos (92)}0j+0,;§a,{aq‘,
jmnq
K is the wave-number and A is the distance between the dipoles; 6 , are the angles of the detectors.
Let us aim, for example, for the co-directional correlation of emitted photons (i.e., for sharply
peaked G corresponding to 6; = 8,). We consider two-excitation initial states of the antenna

described by

N Jj-1

W >= z z Cim |Hjs +m>, @)

j=2m=1
where summation is performed over all distinct pairs of indices (j,m) € [1, N], and the vectors
|+, +m> describe the state of excited jth and mth TLSs with all the other TLSs in the lower state.
We assume real cj,,,. In Fig. 2 (a,b), one can see the results of optimization, which was done by
minimizing the quadratic distance between the calculated p(6;, 6;; c;»,) and the target (constant)
value p, for 100 discrete angles ; in the range [0, 7]. In Fig. 2(a), one can see that G is sharply
peaked around equal angles. The initial state of the antenna allowing to achieve such a correlation is
shown in Fig. 2(b).
()

40 0.2}
Cimo 1|
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Fig. 2. (a) G® (04, ;) obtained as the result of optimization for generation of two co-direction photons;
(b) the state (6) obtained as the results of optimization. For all the panels N = 20; kA = 2.
(c) 6@ (04, 8,) obtained as the result of optimization for generation of two contra-direction photons; (d) the state (6)
obtained as the results of optimization. For all the panels N = 20; kA = 2.

One can also achieve the contra-directional correlation of the emitted photons, i.e. radiation
pattern with G sharply peaked around 8, = m — ;. The optimization results are shown in Fig.
2 (c, d). Strong contra-directional correlation is obvious. As a particular case of both co- and contra-
directional emission we have considered also the state with the maximal directivity, when both
photons are emitted in the direction, perpendicular to the antenna (6, = 6, = m/2). As one would
expect, the optimal state is close to the symmetric two-excitation Dicke state (c;,, = const for all
j #=m).

Moreover, simple linear antenna allows for complete suppression of emission by choosing the state
of the antenna. Just by attempt to minimize G® anywhere, one can get initial states of the antenna
leading to strong field suppression in the far-field zone. Provided kA < m, such optimization can be

successfully done leading to the state shown in Fig. 3.
(a) (b)
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Fig. 3. The "dark” state (6) obtained Fig. 4. (a) The quantum and (b) semi-classical G for the initial
as the result of optimization for N = state giving contra-directional twin-photon correlation and N = 3.
20 KA = 2. Both plots are obtained for kA = 4. 5.

Considering the emitted field in the momentum space, it is possible to prove that the antenna
states shown in Figs. 2(b) and 2(d) are entangled in momentum. Similarly, one can show that it is
possible to design antenna states with three and more excitations leading to multi-photon
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momentum entanglement in the emitted field. Despite the quantum character of the state expected
to produce desired spatial patterns of the correlation functions, it is still possible using the
appropriately modified semi-classical approach for this purpose and to model our antenna of non-
interacting TLS with the semi-classical antenna of interacting TLS capturing the emitted field
provided that one can capture dynamics of TLS correlation functions (1) [7,8]. In Fig. 4 the
illustration of G(® spatial patterns is given for quantum (a) and post-semi-classical models (b).
Also, the state design can be combined with the geometry design for the antenna for shaping
correlations functions, in particular, for reaching high directivity of the emission without the initial
Dicke state of the antenna.

We believe that designing state for producing patterned higher-order correlation functions of
the emitted field can be of importance for imaging and high-precision sensing, and for designing

emitter-field interface for quantum information processing and transfer.
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Laser spectroscopy methods are used in many applications where extremely high sensitivity is
needed [1]. In such methods, a detected substance (an analyte) being detected is chosen to absorbs
light at the lasing wavelength and is placed in the laser cavity. The presence of the analyte and the
measurement of its concentration is then accomplished by measuring corresponding dips in the

lasing spectrum at absorption wavelengths of analyte.

The dynamics of a plasmonic nanolaser is described by characteristics in a similar way to
traditional photonic laser [2,3]. Plasmonic laser intracavity spectroscopy was first proposed
theoretically[4], and it was shown that, the use of plasmonic lasers can lead to an increase of up to
two orders of magnitude in the efficiency of plasmonic sensors [5]. A number of studies show that
addition of an analyte to the plasmonic nanolaser medium result in the modification of the

plasmonic nanolaser spectrum [6] or its intensity[7].

We report demonstration of lasing in a planar plasmonic DFB laser, extending the idea and
implementation of plasmonic DFB lasers reported elsewhere [7, 8]. The plasmonic DFB laser is
build using a liquid gain medium and a perforated metallic film. The use of this “flow-through”
liquid gain enables possibility of direct introduction of the analyte with maximal sensitivity and
multiple operation. The plasmonic laser cavity is characterized by an ultra-low loss (40 cm™) and
little volume of the gain medium (400 nL). Lasing at 630 nm, with a line width of 1.7 nm and
directivity of 1.3° is observed. We demonstrate intracavity plasmonic laser spectroscopy using an
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analyte concentration down to 70 ppb. We believe that our results open the way to practical

developments compact sensors, based on the use of plasmonic nanolasers intracavity spectroscopy.
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In recent years, a large number of multi-disciplinary research teams having been working on
the development and research of new nanomaterials with plasmonic effects that in the near future
can be used for effective and minimally invasive treatment of incurable diseases at the moment. It is
necessary to create new techniques that allow diagnosis and therapy in cases where standard
therapies are ineffective. The development of nanotechnologies and their applications in the
biomedical field has led to the appearance of a new discipline, which is widely known as the
"Nanomedicine”. Nanomedicine offers using the biocompatible nanoparticles with different
physical, chemical and biological properties for the diagnosis and treatment. The small size allows
to overcome biological barriers, to attach to the cells and to distribute throughout the body via the
circulatory system. Progress in Inorganic Chemistry helps to synthesize biocompatible
nanoparticles with desired physical and chemical properties. Furthermore, due to advances of
surface chemistry, it is possible to modify nanoparticles (NPs) surface for highly specific binding to
particular cells. Thus, the biocompatible NPs are the main candidates as the diagnostic and
therapeutic agents. With the development of various methods for NPs synthesis one of the most
perspective directions is the creation of hybrid nanostructures. The interest in such material, non-
uniform in composition and structure, is determined by the new properties, which hybrid materials
gain as a result of combination of the original nanocomponents. An important factor here is that in
the nanoscale state, many substances acquire new properties. Furthermore, combining the various
components in one structure enables not only to obtain a material having the additive properties of
the starting components, but in some cases, give the hybrid structure new properties due to the
synergistic effect. An example of this synergy effect is the luminescence intensity amplification due
to association of fluorescent nanoparticles (quantum dots, nanoparticles with rare earth ions) and
plasmonic nanoparticles (Au, Ag etc.).

Currently, fluorescent nanoparticles are widely used for the cancer diagnosis. Under optical
excitation (lamp or laser) they exhibit luminescence with a sufficiently large quantum yield. When
modifying the surface of fluorescent nanoparticles, they can accumulate in tumor tissues, which
allows for optical or fluorescent localization of these tumors boundaries. Despite the progress in the
creation of fluorescent nanoparticles, capabilities of diagnostic are limited to the low penetration
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depth of optical radiation into the tissues, preventing non-superficial tumor to be detectable.
Synthesis of hybrid NPs, consisted of luminescence particles and plasmon NPs, with enhanced
luminescence allows to overcome this problem.

Another type of promising hybrid NPs are nanoparticles stabilized by photosensitizers are
promising materials for improving its specificity including photodynamic therapy. Porphyrin-
functionalized gold nanoparticles demonstrate perspective for their use in photodynamic therapy of
cancer. Photoexcitation of porphyrins leads to the formation of cytotoxic singlet oxygen. Two
different strategies are applied: the first - porphyrin complexes/gold nanoparticles increase the
activity of singlet oxygen formation, partly due to a phase transfer of agent, associated with gold
nanoparticles. The second strategy is that the gold nanoparticles are used as carriers of the
porphyrins, which are then released into the cancer cells. Hybrid systems of porphyrin/gold

nanoparticles have potential applications in various areas of medicine.
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It’s well studied currently that resonances inside the two-dimension symmetric cavity which
can sustain either single-mode operation or the directional optical output are confined whispering
gallery modes along the circular cavity boundary. In order to increase mode selectivity, a common
frequency-dependent feedback mechanism is utilized through optical resonant cavity. Besides,
development of mode operation via feedback from a periodicity, or a periodic modulation in the
gain of the active medium would offer feedback for enthralling lasing behaviors with much lower
threshold. Two-type feedback mechanisms are illustrated as follows: one is the index-coupled
structure would mainly enhance the side mode suppression, leading to single-mode operation. The
other is a gain-coupled scheme for semiconductor devices has been applied on some semiconductor
light emitters such as distributed feedback (DFB) lasers. Based on corresponding follow-up
research combining index-coupled and gain-coupled approaches, the effects of a multi-harmonic
periodicity has assumed in investigated mode interaction models. These resonances should maintain
equal because of the balanced gain and loss. Moreover, vertical-cavity surface-emitting lasers
(VCSELs) which could provide small-volume of vertical optical-confined cavity is essential for
optical superior performance can be utilized by modifying the surface structures. The lateral mode
with modified field distributions of vertical-cavity surface-emitting lasers (VCSELS) is determined
by the limited aperture on top surface with symmetrical metal-covered ring. The textured surface on
top could modified by etching central hole inside the emission aperture via focused ion beam
milling technique. By altering the space from ring edge, we investigated the transverse mode
through multiple analyses including near-field optical patterns and angle-resolved
electroluminescence observations. We believe this achievement should have an impact on numerous
photonic devices and helpful attribution to the proof of concept in solving quantum and simulated

annealing problems in the future.
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1 Introduction. Results in crystal optics obtained during the past fifty years provide a solid
foundation for the progress of modern photonics. Concepts developed in the physics of crystalline
solids can potentially be applied to the physics of photonic supercrystals. Recent experiments and
theoretical investigations reveal an intense interest for photonic structures and systems of coupled
microresonators [1], whose applications include fabrication of clockworks of unprecedented
accuracy [2] as well as the sources of coherent irradiation. A number of our recent works have been
devoted to photonics of imperfect structures and to dispersion of exciton-like electromagnetic
excitations in non-ideal lattices of coupled microresonators [3, 4]. Designing and utilization of
novel materials for manufacturing of the sources of coherent irradiation is currently a vast
interdisciplinary area, which spans various theoretical and fundamental aspects of laser physics,
condensed matter physics, nanotechnology, chemistry as well information science [5, 6]. Physical
realization of corresponding devices requires the ability to manipulate the group velocity of
propagation of electromagnetic pulses, which is accomplished by the use of the so-called polaritonic
crystals. The latter represent a particular type of photonic crystals featured by a strong coupling
between quantum excitations in a medium (excitons) and optical fields.

We considered 1D polaritonic crystal as a topologically ordered system — chain of coupled
microcavities containing quantum dots. The peculiarities of polariton spectrum in the 1D lattice of
microcavities caused by uniform elastic deformation of the structure are considered. It is shown that
as a result of elastic deformation of the system it is possible to achieve the necessary changes of its
energy structure and optical properties caused by the restructuring of the polariton spectrum.

2 Theoretical background. Basing on the approach developed in Refs. [1,3,4], let us consider
electromagnetic excitations in a lattice of microcavities composed of S sublattices. Each of tunnel-

coupled microresonators is assumed to possess a single optical mode. Under elastic stress
Hamiltonian H (é) of resonator-localized electromagnetic excitations is a function of deformation

tensor ¢.
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Under assumption that the density of excited states of constituent elements in resonator and

atomic systems is a small quantity and within the one-level model and Heitler-London

approximation Hamiltonian H (é) has the form (see Ref. [7]):

Z Dnamﬂ g)ézaﬂ(i)mﬁa: z Do/};(k’é)d\);l(k)&)ﬁc(k)’ (1)

n, m a,p, a,B.A,o
k

where
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Drfx mp ( ) Drfi mg ( A) = gna (é)éna,mﬂ ’ q)l ? - \Pna’ (Dl_l é na (2)

In Egs. (1,2) o is the frequency of the photonic mode localized in the N -th lattice site

(resonator), N0 ‘Pna are Bose creation and annihilation operators of this mode written in the node

na!

representation, ha)r?L is excitation energy of a quantum dot in the N -th lattice site, B B

na' ~na

Bose creation and annihilation operators of this excitation, Awmﬂ(é) is the matrix of resonance

interaction, which describes an overlap between optical fields of resonators in the N& -th and mg -

th lattice sites and hence defines the jump probability of the corresponding electromagnetic

excitation, V, ., (é) Is the matrix of resonance interaction between quantum dots embedded in the

Nt -th and m3 -th lattice sites, g, (£) is the matrix of resonance interaction between quantum dot

in the N -th lattice site with electromagnetic field localized at the same site. Values 1 and 2 of

indices 1, o indicate, correspondingly, presence or absence of quantum dots in corresponding

cavities.

In the last expression of Eq. (1) (summation over K ) matrices Dj;(k,é) and CDM(k)

have the forms D, (k,&)= Z Doy (€ )eXp[ik (o = Fong )} and

\/—ZCDM eXp Ik~l’na) (N is the number of elementary cells in the lattice). Such

representation of matrices is possible due to preservation of translation invariance of the system
under uniform deformations. Let us not that the wave vector K , which characterizes eigenstates of
electromagnetic excitations, varies within the first Brillouin zone. The latter under a uniform

deformation is a function of deformation ¢.
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Calculation of eigenvalues of Hamiltonian (1) is carried out by its diagonalization through

Bogolyubov-Tyablikov transformation [7]. This yields the following equation for elementary

excitation spectrum Q(Kk, €):

det|D7 (k,&)-1Q(k,£)3,,5,,||=0 (3)

Below we carry out a detailed investigation of the spectrum and on this basis evaluate a number of
related quantities of interest, such as the effective mass of excitations and some others.

3 Results and discussion. It is of substantial interest to investigate electromagnetic
excitations in a non-ideal one-dimensional microcavity lattice subjected to a uniform elastic stress.

Let us consider a one-sublattice chain of identical cavities with randomly embedded quantum dots
of two types, whose concentrations are, correspondingly, Cél) and Céz). Moreover, these
microcavity-resonators are also randomly removed at distances between the nearest neighbors either

al(g) with concentration Cﬁl) or az(e) with concentration Cﬁz). In order to calculate polaritonic

spectrum Q(k, 8) of such a system we shall adopt the virtual crystal approximation [14,15], which

is based on diagonalization of the averaged Hamiltonian (1). This procedure yields a system
uniform linear equations, whose solvability condition is formulated as the equality of the following

determinant to zero:

7‘1<a)nat (5)>C +<V (k,g)>c‘T -nQ(k, €) <gn ($)>C
<gn(¢9)>C ha)ph(g)—<A(k,5)>T —hQ(k,e)

Angular brackets in (9) denote the procedure of configuration averaging of microcavity array

=0 9)

over all possible positions of cavities (index “T’”) and composition of quantum dots (index “C”).
The numerical calculations were carried out within the nearest-neighbor approximation for the

following modeling values of parameters. The frequency of cavity-localized resonance photonic

modes was put equal to ®” =27x387,5THz ~ 2434-10”Hz , the two types of quantum dots were
assumed to  posses excitation  frequencies @ =27-191THz ~1200-10" Hz  and
o =27-202THz ~1269-10° Hz,  whereas ~ A/2h=8-10"Hz,  V"/2h=1.10°Hz,
VZ2[h=310"Hz, V2~V*=610Hz, g®/h=510"Hz, 9@ /h=1510"Hz (within the

adopted approximation the magnitude of resonance interaction of a quantum dot with

electromagnetic field localized at the same cavity is independent of deformation ¢), lattice periods

are 8, =3-10°m and a,=7-10°m. The surfaces, which describe the dispersion dependence of
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frequencies Qi(k,CC,CT,e) of the considered collective excitations in the microcavity array are

plotted in Fig. 1 for concentration values C; =0.6 and C; =0.3. It should be remembered that k

a,(¢)+Cr [a(e)-a,(¢)] Sk£+‘3‘2(‘9)+CT [a(e)-2,(e)]

4 Conclusion. The study of the spectrum of elementary electromagnetic excitations in a binary

ranges between —

one-dimensional array of tunnel-coupled microcavities shows that subjecting the system to

controlled elastic stress is an effective tool for altering its energy structure and optical properties.

Fig. 1. The dependence of dispersion frequencies €2, (k,CC,CT ,5)of electromagnetic excitations

in a nonideal chain of microcavities on elastic deformation.

The presence of deformation and of structural defects may lead to the in increase of the effective
mass of corresponding excitations and therefore to a decrease of their group velocity. The results of
numerical calculation performed on the basis of the constructed model contribute to modeling of the
new class of functional materials — photonic crystalline system constituted of couple microcavities.
Their capabilities include the controllable propagation of electromagnetic excitations.
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12. MAGNETIC FIELD CONTROL OF THE POLARITON SPIN DYNAMICS
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Powering the optical communications with their global reach and a vast spectrum of other
applications of photonics, new generations of optoelectronic devices and materials have been
changing our lives. Polaritonics is the interdisciplinary research area, which is at the heart of
modern light technologies and launched at the boundary of laser physics, quantum physics, solid-
state physics, quantum information and material science. The main distinguishing feature of
Polaritonics is the peculiar composite nature of the subjects of the study, quasiparticles exciton-
polaritons. The latter arise from the interaction of light with excitations of a semiconductor medium
(excitons). Polaritons combine properties of both their constituents. Due to the presence of a photon
component, polaritons can be easily excited retaining the characteristics of the exciting signal. The
exciton component provides a wide range of possibilities for controlling the polariton state since
excitons are highly sensitive to an external impact of various origins. Polaritons inherit angular
momentum projections on the quantum well growth axis of the parent excitons. The bright excitons
with the projections +1 couple with cavity photons of two opposite circular polarizations, ¢ (right)
and o (left), respectively, and form a polariton spin doublet state. This doublet can be described by
the pseudospin vector S whose behavior in time is governed by the effective magnetic fields of

different origin.
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In this work, we consider the mechanisms of dynamic control of the polariton pseudospin in
semiconductor microcavities through manipulation by properties of excitons under the strong
matter-field coupling by an external magnetic field applied in different geometries.

The cavity polariton polarization is mostly dependent on the long-range electron-hole
exchange interaction and the polarization splitting of the photonic cavity modes. In particular, the
longitudinal-transverse (LT) splitting of the cavity eigenmodes leads to the splitting of linearly
polarized polaritons that induces the precession of the pseudospin vector of propagating polaritons.
The polariton LT splitting effect can be described as the polariton pseudospin precession around an
effective magnetic field applied in the cavity plane [1]. The non-trivial polariton pseudospin
dynamics has been revealed in a wide range of experimentally observed effects including the
polarization multistability [2], spin switching [3], optical spin Hall effect [4], etc. In the presence of
the external magnetic field B, the polariton pseudospin dynamics becomes even more complicated.

We consider the pseudospin dynamics of long-living polaritons in a 2D microcavity under
the effect of the external magnetic field applied in the Faraday geometry (normally to the cavity
plane) [5]. In this geometry, the exciton-polariton energy band structure is enriched with the
Zeeman splitting of o" and o~ polarized polariton states. We reveal the influence of the magnetic
field on the interference of ballistic polaritons in the microcavity with the linear gradient of its
width as well on the effect of zitterbewegung, the jitter of the trajectory of polaritons due to the
effect of the LT-splitting.

We demonstrate the direct control of the polariton spin dynamics in the semiconductor
cavity through the application of the external magnetic field in the Voigt geometry. The magnetic
field acting on spin-resolved electrons and holes gives rise to the mixing of bright and dark exciton
states making them interrelated. We show the effect of suppression of the optical spin Hall effect
for the polaritons propagating in a given direction by the magnetic field with the chosen magnitude
and direction in the 1D geometry. In the 2D geometry we demonstrate deformation of the in-real-
space polarization patterns under the in-plane external magnetic field. The considered effects can be
described with a simple quasi-analytical nonlinear model for the polariton pseudospin dynamics.

This work was supported by the EPSRC Programme grant on Hybrid Polaritonics No.
EP/M025330/1. The work of E.S.S. was supported by the Russian Foundation for Basic Research
Grants No. 16-32-60104, No. 15-59-30406, and by the grant of President of Russian Federation for
state support of young Russian scientists No. MK-8031.2016.2. A.V.K. acknowledges the partial
support from the HORIZON 2020 RISE project CoExAn (Grant No. 644076).
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13. OPTICAL PROPERTIES OF B-BBO AND POTENTIAL
FOR THZ APPLICATIONS
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The anisotropy of optical properties of high quality beta barium borate crystal (f-BaB20a4,
-BBO) was studied in the main transparency window by using classic spectroscopic methods and
facility, and in the 0.2 — 2 THz range by using THz time-domain spectroscopy. 3-BBO crystals
were grown by the top-seeded solution technique in a highly resistive furnace with a heat field of
3-fold axis symmetry. At room temperature (RT), absorption coefficient in the maximal
transparency window in grown crystals did not exceed 0.05 cm™. Strong absorption anisotropy was
observed in 3 -5 um and the THz range. At 1 THz absorption coefficients for e and o wave were,
respectively, 7 cm™ and 21 cm™ at RT; 2 cm™ and 10 cm™ at 81 K. At the most attractive for out-
of-door applications range <0.4 THz, absorption coefficient is found to be very low: below 0.2 cm”
1at RT and 1 cm™ at 81 K that is favorable for long THz wave generation. Refractive index
dispersions measured by THz-TDS were approximated in the form of Sellmeier equations.
Birefringence is found quite large for phase matched difference frequency generation (DFG) or
down-conversion into the THz range (THz-DFG) under near IR pump at RT and 81 K. Type Il (oe-
0 and eo-0), and type | (ee-e) three wave interactions can be realized at RT. THz-DFG of Nd:YAG
laser and KTP OPO can be realized by type Il (oe-0) three-wave interaction. For selected spectral
ranges of femtosecond Ti:Sapphire laser efficient phase matched and group velocity matched
optical rectification can be realized by another two types of three wave interactions. Accounting
other well-known attractive physical properties of B-BBO crystal, wide application in THz

technique can be forecasted.
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14. FORMATION OF NONCLASSICAL STATES OF LOCALIZED PLASMONS IN
THE SPASER SYSTEMS CONTROLLED BY EXTERNAL MAGNETIC FIELD
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Quantum dynamics of localized plasmons in spaser systems, consisting of metal
nanoparticles and semiconductor quantum dots, are theoretically investigated. Generation of the
nonclassical plasmons in the many-particle spaser system with nonlinear plasmon-exciton
interaction

is predicted.

CTpeMHUTENbHBIA TPOTpecc TMOCIEIHUX JIET B OO0JIACTU HAHOTEXHOJOTHH TIpHUBEN K
BO3MOXXHOCTH MPAKTUYECKON peanu3alyl NPUHLIUINAIBHO HOBBIX YCTPONCTB TEHEepaluud Hu
yIpaBiIeHUs MapaMeTpaMu 3JIEKTPOMArHUTHOTO H3IY4YEHHs] Ha OCHOBE OJMHOYHBIX KBAaHTOBBIX
u3nydareneid [1], a Takxke BBICOKOJOOPOTHBIX MHUKpO [2] u HaHopesonatopoB [3]. Ha myrum
MUHUATIOPU3AIUU TTOJOOHBIX YCTPOWUCTB KITFOYEBHIM MOMEHTOM CTaj0 CO3/aHHE YHUKAJIbHOTO
yCTpoWicTBa — HaHojasepa [4], isg omucaHuss pabOThl  KOTOPOTO  MOTPEOOBAIOCH
nepe@opMyIMpoBaTh HM3BECTHBIE YCIOBHUS JIa3epHOM TeHepaluud Ha Ciydail CcyOBOJHOBBIX
MacmrTaboB. B OCHOBY Takoro oOmucaHUsi MOXET OBITh MOJIOKEHA MOJENb JIOKAJTU30BAHHOTO
cmazepa [5], B caMOM TIPOCTOM cCIydyae COCTOSIIETO U3 CBS3aHHBIX OJIDKHUM —IOJIEM
MOJTYITPOBOTHUKOBOM KBaHTOBOM TOUKH (KT) m metammmmueckoi Hanowactuilsl (HY). KT BeicTynaet
3nech B KauecTBe 3((EKTHUBHONW HaKauyKH, MOCKOJBKY B IPOIECCE paclajga HMMEIOLIUXCs B HEl
HKCUTOHOB MPOHMCXOUT Bo3MmylueHue ommknero nosiss KT. Ilpu coGmioneHnn ycinoBuil miia3MoH-
HKCUTOHHOT'O PE30HAHCa 3TO BO3MYIIEHUE MPUBOIUT K 3 dexTrBHON nepenaue sHeprun ot KT k
HY u Bo30yx)aeHuI0 JTIOKaIM30BaHHBIX Ha moBepxHOcTH HY mimasmonoB [6]. st mieneit KBaHTOBOM
00paboTku nHpopManuu [7] HaUOOJIBIITNI UHTEPEC CBSA3aH C MACCUBAMM HEJIMHEHHBIX CIa3epoOB, B
TOM YHCJTIE - IIETIOYCUHBIMH CIIa3€PHBIMU MOJICISIMH, COCTOSIIIUMU U3 OoJbIoro uncia mapusix HY
u KT [8].

B Hactosmeit paboTre paccMaTpuBaeTCsi BO3MOXKHOCTb — YIPABIEHUS KBAHTOBBIMU
CTaTUCTUYECKUMHU U KOPPEJSIUOHHBIMU CBOMCTBAMM T€HEPHUPYEMBIX B MHOIOYaCTUYHOM CIIa3epe
Ia3MoHOB. J[Ji 3TOro, cTaHgapTHasi MOJENb JIByXUaCTUYHOTO CHa3epa pacliupsieTcss Ha cliydaid

MacCCHBa PACIIOJIOXKCHHBIX HAa MaJIOM paCCTOSAHUU HY u KT, OG’bGI[I/IHeHHBIX CHJIBHBIMH OUIIOJIb-
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JTUINOIbHBIMA  B3auMojieicTBusMu. Ha ocHoBe kBanTOBaHusi mojgas HY u KT ocymectsien
IIOCJIEZI0BATEIbHBIA BBIBOJI pAaCIIMpPEHHOro ramuibToHuaHa JlxeiiHca-KammuHrca Ha ciydait
HEJIMHENHBIX JUIIOJIb-AUNOJIBHBIX IJIa3MOH-3KCUTOHHBIX B3aUMOJAECHCTBUM B CIIA3€PHOM CUCTEME
(cOopke) B TOM YHCIIE — C YUYETOM JIByXKBAaHTOBBIX MPOIIECCOB paciajia OMIKCUTOHHBIX COCTOSHHUMA
KT. Tlony4yennsle k03()PUIMEHTHI MPU COOTBETCTBYIOIIUX ClaraéMblX raMUJIbTOHUAHA SBIISIOTCS
GyHKIMAMU ~ YOPaBISIOUIMX —~ MapamMeTpoB  CUCTeMbl.  HenuHeiHbII  pexxuM  paboThI
paccMaTpuBaeMOro YyCTPOMCTBA MOAPAa3yMEBACT 3HAYUTENbHYIO PA3HOCTh B 3HAUEHUSIX YaCTOT
mia3MoHHoro pezoHanca B HY u sueprum skcurona B KT. Toraa, B 3aBUCUMOCTH OT COOTHOIIEHUS
4acTOT OTCTPOEK, pa3MEepOB HAHOOOBEKTOB U PACCTOSHUNA MEXAYy HHUMH B CHCTEME BO3MOKHA
peanu3aius ycIoBUi Kak /Ui 3((EeKTUBHON T'eHepaluu JoKanu3oBaHHBIX Ha HY mia3smMoHOB ¢
HEKJIACCUYECKOM CTaTUCTUKOM, TaK M IMEPEINYyTaHHBIX IJIa3MOHOB, BO3HMKAKOLIMX MOJ JEHCTBUEM
BHEILIHEW BOJIHBI HaKayku. lcciaeaoBaHO NOMOJHUTEIBHOE BIMSHUE BHEIIHENO MATHUTHOIO IOJIS
Ha IPOLECCHI ABYXKBAHTOBBIX MEPEXO0I0B MPH pacnaae OMdKCUTOHHBIX cocTosiHUI KT B ciazepHbIx
cucremax. [IokazaHa BO3MOXXHOCTb YIPaBJICHUS KBAaHTOBOM KHHEMATHKOM paccMaTpUBAEMOU
CUCTEMBI MIOCPEACTBOM U3MEHEHHS TapaMETPOB BHEIIHETO MATHUTHOTO TTOJISL.
PaccmoTpennsie B paboTe mpoiecchl MOTYT ObITh HUCHOJb30BaHBl JUIsl pead3aluu
MIPOTOKOJIOB KBAaHTOBOM 00pabOTKK MH(OPMAITHH C JIOKATU30BAHHBIMH TUIA3MOHAMM.
Pabora BeInoMHEHA B paMKax rocynapcrseHHoro 3aganust Bal'y 2017 r. B cdepe HaydHoi
NS TEIbHOCTH.
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Study of the behavior of arranged arrays of interacting quantum particles have long attracted
attention of researches working with solid state physics, many-body theories, quantum computing
etc. Although the progress in manipulation of cold atoms localized in optical lattices and one-
dimensional arrays is rather spectacular the requirement of extremely low temperatures prevents
from considering such systems as a convenient tool. On the other hand exciton polaritons formed in
semiconductor structures are known to maintain their quantum properties implying formation of the
coherent condensate under high (up to room) temperatures.

The interaction of separate polariton condensates was always under special attention. For
instance, phase locking and synchronization due to radiative coupling were recently demonstrated
in polariton systems [1, 2]. At the same time a number of different techniques allowing to confine
polariton quasiparticles in the lattice were developed. They imply microcavity etching [3],
deposition of the metal on the surface of microcavity Bragg mirror [4], fabrication of mesa traps [5],
surface acoustic waves [6] etc. So, the study of collective coherent properties of polariton
condensates in these systems represents an intriguing task for modern polariton physics. In
particular, coherent tunnelling of polaritons between neighboring potential wells were intensively
investigated experimentally. For instance, besides a conventional in-phase ground state, a
spontaneous build-up of anti-phase (z-state) “superfluid” states was observed in both weak-contrast
periodical lattices [4, 6] as well as in chains of deep trapping potentials [5].

Several explanations of this phenomenon was proposed recently, which requires accounting
for nonequilibrium processes of polariton-polariton interaction [5] or tacking into account
dissipative coupling [1, 2]. However as it was shown by some of authors [7] the key properties of
periodical chain of polariton condensates can be described in terms of stability of the different states

formed from the initial noise during condensation processes. Thus stability analysis provides a basis
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for study of dynamical properties of polariton condensate as well as of formation of localized
structures and patterns in such systems.

The stability properties of polariton condensates in different geometries including plane
two-dimensional microcavity [8, 9], ring-shape structures [10] etc. were investigated previously.
However the systems of polaritons in a lattice were out of consideration in this context. Here we
provide a comprehensive theoretical study of the nonlinear dynamics of the open-dissipative
exciton-polariton condensate in a weak-contrast periodic one-dimensional structures. We consider
condensate formed in the semiconductor microcavity by the nonresonant pump which is responsible
for the formation of reservoir of incoherent excitons. The influence of the nonlinear exciton-exciton
interaction on the system properties were studied in details. It is shown that under certain value of
external pump there is a bifurcation of the solution leading to the appearance of a family of
essentially nonlinear states. The special feature of these solutions is that its current does not vanish
when the quasi-momentum of the state approaches the end of Brillouin zone. The appearance of
such current state is accompanied with the formation of energy-loops both at the center and at the

end of Brillouin zone.
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SILICON AND THE EFFICIENCY OF THE SECOND OPTICAL HARMONIC
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The research results of second-harmonic generation (SHG) on a clean surface of silicon and
thin gold films deposited on it are presented. Silicon (111) samples were studied in the experiments.
Special attention was paid to control of the surface cleanness and the effect of this factor on the
nonlinear optical conversion efficiency.

Experimental setup

To observe generation of the second-harmonic (SH) on the surface of silicon with thin films,

the experimental setup shown in Figure 1 was assembled.

Monochromator
Laser
Lens 3 €1+—>
BG filter Red filter
Lens 1
Mirror ey Polarizer
400 nm
N2 plate
Mirror
800 nm

Fig. 1: The scheme of the experimental setup

The sample was placed in a chamber where a vacuum of not worse than 10" mbar was
maintained. The radiation source was a pulsed laser with a wavelength of 805 + 10 nm, a pulse
duration of 100 fs and a repetition rate of 10 MHz, an average power of 50 mW, a peak power of 50
mW. The laser radiation was directed to the sample through the quartz window at an incidence
angle of 45°. The reflected radiation of the fundamental frequency and the SH radiation were
extracted from the vacuum chamber through the second quartz window. The polarization

orientation of the incident radiation could be changed by means of a Glan-Taylor prism and a half-
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wave plate. The polarization state of the SH radiation generated on the sample was analyzed with
the help of the second Glan-Taylor prism. By means of the optical blue-green (BG) filter only the
SH radiation was directed to the spectrograph input to be recorded by a cooled CCD camera.

Results

In this work, three different surface cleaning modes were used:

o Heating to a temperature of several hundred degrees using a helix placed under the
sample, through which current was passed. (resistive heating)

o Annealing by direct current passing through a silicon sample. (direct heating)

o Annealing by short high current pulses, so that the sample was heated to an orange
glow. (flashing)

A comparison of the SHG efficiency was made between samples that had not undergone
special preparation in a vacuum, with samples that had only passed through the first stage of
purification, and also with samples that had passed all three stages of purification. The silicon
surface quality control was carried out using an Auger spectrometer. The results are shown in

Figure 2.

Intensity (arb. units)

Without purification 1 stage of purification 3 stages of purification

Fig. 2: Comparison of the SH signal in relation to the degree of the silicon surface purification.

The normalization was performed on the result for the third stage of purification

From the presented diagram it can be concluded that surface cleaning plays a significant role
in the efficiency of SHG.

The next step was to study the generation of SH on thin gold films deposited on the silicon
surface. Sputtering was carried out by electron-beam evaporation in an ultrahigh vacuum. The
thickness of the film was measured with a quartz thickness sensor. It should be noted that for small

thicknesses a gold film on silicon is of an island structure. Therefore, the thickness designation used
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in the work is an effective value of the thickness, as if the film lies on the surface as a continuous
layer. The film quality was analyzed using an electron and scanning tunneling microscope. The
island character was observed for all films made in the work.

The analysis of the gold droplets’ size for different films was carried out using a special
program for image processing. The images obtained from the electron microscope were analyzed.
Figure 3 shows an example of an image for a film with an effective thickness of 10 A after and

before analysis.

1033304724 52 inches (10241

Fig. 3: An example of a program for image processing of film

In the analysis it was assumed that the particles have a spherical or hemispherical shape with
approximately the same radius and are located at equal distances. Based on these assumptions and
analysis of the obtained images the average droplet diameter was estimated as a function of the
effective film thickness.

For each of the studied films, the effective intensity of the SH was calculated. Figure 4

shows the dependence of the SH generation on the film thickness.
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Fig. 4: The efficiency of the SHG as a function of the film thickness. The normalization was
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performed on the result for the uncovered silicon

Red color indicates the point corresponding to the signal from uncovered silicon. From the
obtained dependence it is well seen that at thicknesses less than 5 A a slight attenuation of the SH
signal is observed in comparison with uncovered silicon, and there’s a sharp increase in the SH
signal at large thicknesses. Such a dependence can be related to the fact that at an effective
thickness of about 5 A, the shape of the droplet passes through the level of the hemisphere: at
smaller thicknesses the droplets have a flatter shape, and at larger they become almost spherical,

which can cause a SH amplification due to plasmon resonance.
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THE METHODS OF SYNTHESIS AND DIAGNOSTICS
OF NANOMATERIALS AND NANOSTRUCTURE

17. SIMULATION OF SUBPICOSECOND MULTI-PULSE LASER
ABLATION OF METALS

Povarnitsyn Mikhail

Joint Institute for High Temperatures RAS,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
Tel. +74954842456, povar@ihed.ra.ru

Effectiveness of laser ablation is an important issue in processing of materials. Using a
hydrodynamic two-temperature model, we simulate single-, double-, and multi-pulse laser ablation
of metal targets. Results of modeling demonstrate that the rate of the multi-pulse ablation increases
an order of magnitude in comparison to single-pulse regime, while the repetition rate growth up to
several GHz because the material surface does not cool down substantially between successive
pulses. To prevent the shielding and suppression effects, previously observed in double-pulse laser
irradiation [1], the fluence of each pulse in the burst should have a subthreshold value to avoid the
generation of slow moving ablated condensed-phase fragments of matter. Obtained results are in
very good agreement with recent experimental findings on ablation by ultrafast bursts of

subpicosecond pulses [2]. Laser ablation in single- and double-pulse regimes is presented in Fig.

[1].

T 1 T oo T T T T * =
w0ty a) U E 200 I A SP+SP —
= _ A *W’I’ ™ 5
= ﬁ?\i*féi o ¥ =
=3 * %0 Tee A )
as 102 E AN ] i =
g g o= g
E * 2 & ¢ 5 £
0 =
T, A ® MD, - ﬁ

B HD, this work
10 ¢ L ) L *. I]]IIJI melting, ||I1'..\' \\clsrl:_: 0 Lovnd v od sl PRI IR BT TITT |
1 10 10" 10" 1wt 1wt 10t 10t 10°
Fluence, J/cm? Delay (ps)

Figure 1. (a) — single-pulse laser ablation of bulk aluminum target as a function of laser
fluence; (b) — double-pulse laser ablation of aluminum as a function of inter-pulse delay. The
fluence of each pulse is 2 J/cm?.

[1] M. E. Povarnitsyn, V. B. Fokin, P. R. Levashov, and T. E. Itina, Phys. Rev. B 92,

174104 (2015).
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[2] C. Kerse et al., Nature 537, 84 (2016).
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18. IABEPHAS IIEYATH XUPAJIbHBIX ITIASMOHHBIX HAHOCTPYH
BUXPEBBIMU ITYYKAMUA

Croaee C.A.

Hncmumym asmomamuxu u npoyeccos ynpasnenus JIBO PAH, 2. Braousocmox

+79990590285, trilar@bk.ru

XUpaTbHOCTH SBISIETCS CIIEU(PUIHON 0COOEHHOCTHIO, OOBIYHO BCTPEUAIOIIEHCS B TIPUPOJIC
y HUBBIX OPraHU3MOB IOYTH BO BceX MacluTabax. MIcKycCTBEHHO M3rOTOBJICHHBIE HAHOPAa3MEpPHBIE
CTPYKTYpBI XHpPATbHON (POpMBI Osiaroapsi yHUKAIIBHBIM CII0OCO0aM B3aUMOJCUCTBUS C ONITUYECKUM
U3ITydeHUEM, OO0NaNaloT TaKUMH MPUMEYATeIbHBIMA CBONCTBAMH, KaK KPYrOBOH JHXPOU3M,
yCHUJIEHUE HEJIMHEWHBIX CUTHAJIOB, BHICOKOHAIIPABJICHHASI SMUCCUS U (POTOAKTUBHOCTh. MeXIy TeM,
COBpEMEHHBIE = METOJbl  CO3/IaHUS  CIUPAIBHBIX  HAHOCTPYKTYp  SIBJISIIOTCS  JOBOJIBHO
JOPOTOCTOSIIIIAMA ¥ C HHU3KOW MPOIYCKHON CIOCOOHOCTHIO WM OTPAHUYUBAIOT KOJIUYECTBO
JOCTYITHBIX MAaTepUalIoOB M JOCTHKUMBIA pasMep MPOU3BOIUMBIX CTPYKTYp, YTO B CBOIO OUYepellb
MHUIUUPYET MOUCK aJbTEePHATUBHBIX MOAX0A0B. HenaBHo B psie paboT ObUT MPOAEMOHCTPUPOBAH
HOBBIN allbTEPHATUBHBIA METOJ OBICTpON (abpHKalluu CHUPAIBHBIX CTPYKTYp, OCHOBAaHHBIH Ha
WCIOJIb30BAHUN ONTHUYECKOTO M3IYYCHHUS U CHEIHAIBbHO pa3paOdOTaHHBIX AaMIUTATYIHBIX-,
MOJIAPU3AIMOHHBIX WM (PA30BBIX IUIACTUHOK. bojee Toro, ObUIO MOKa3aHO, YTO BUXPEBBIC
JIa3epHbIE UMITYJIBCBI, O0Namarmme oaHOBpeMeHHO opoutambHbiM (OYM) u cnuHOBRIM (CYM)
YIJOBBIM MOMEHTOM, 3aKpY4YMBAaIOT BPEMEHHO-PACIUIABICHHBIM METaul, 4YTO MPUBOIUT K
(hOpMUPOBAHUIO MUKPOCTPYH criupanbHOi Gopmel [1]. HecMoTpst Ha mOTEHIMAT TAKOTO MPSIMOTO U
MPOCTOTO B TMPUMEHEHHH METOJa W3TOTOBJICHHUS XUPAIbHBIX HAHOCTPYKTYp 1O CHX TIOp HE
MIPOJIEMOHCTPUPOBAHBl AKCIEPUMEHTHI, MOKa3bIBalOUIe 00pa3oBaHUE 3aKPYUEHHBIX HAHOCTPYH
Pa3IMYHBIX pPa3MEpPOB Ha IMOBEPXHOCTH TAKMX IMEPCHEKTUBHBIX IUJIA3MOHHBIX MaTEpUajoB, Kak
cepedpo u 30J10TO.

B nmanHO#l paboTe BHEpBBIE [ETAIBHO UCCIEAYIOTCS MPOIECCH  B3aMMOJCHCTBHS
HAHOCEKYHIHBIX BUXPEBBIX JIA3€PHBIX MyYKOB C MOBEPXHOCTHIO METAIIIMUECKUX MULICHEH C LIEebI0
pa3paboTKu BBICOKOA(M(EKTUBHOTO W MPOCTOrO JIA3€PHOTO METOAa TeYaTh HAHOCTPYKTYp C
VHUKATHHOU CIUPAILHON T€OMETpUel IS MOCIEIYIOMIEro HCIONb30BaHMS B 33Ja4ax CO3TaHHUS
METANOBEpXHOCTEH C YHUKAIbHBIMH OINTUYCCKUMHU CBONCTBAMH U BBICOKOUYBCTBUTEIIBHBIX
IUIa3MOHHBIX OMOCEHCOPOB HOBOTO IIOKOJICHHS, a TakKe TMpeasiaraercs albTepHATHUBHOE
00BsCHEHHE 00pa30BaHUsl XUPATHbHOW HAHOCTPYH HA MOBEPXHOCTH IUICHKH cepedpa, OCHOBaAaHHOE
Ha KOMOWHAIIMM TIPSAMBIX H 3aKPYYCHHBIX TEPMOKAMMUISPHBIX IOTOKOB PACIUIABICHHOTO

Marepuana,  KOTOpble  MHULUUPYIOTCS  XAPAaKTEPHBIM  CHUPAJIbHBIM  PAaCIpENCIICHUEM
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WHTEHCUBHOCTH, BO3HUKAIOIIEM TIPH WHTEPHEPEHITNH MaIato1ero “0yoimnK”’-00pa3HOro BUXPEBOTO
My4YKa U €ro PeryIuKy, OTPAKEHHOW OT MOBEPXHOCTH PACIUIABICHHOTO METaLIa.

Jlns reHepanuy BUXPEBOTro MydyKa U3IydeHue u3 jasepHoit cuctemsl Nd:Yag mpomyckanoch
yepe3 mnossipu3atop [mana-Teinopa W 4YeTBEPTHBOJHOBYIO IIACTHHKY, YTOOBI C(HOPMHPOBATH
HUPKYJISPHO-TIONSPU30BAaHHBIA MYYOK, W 3aT€M 4Yepe3 pagualbHbId  MOJISPU3ALMOHHBIN
npeoOpa3oBarenb. 3aTeM CreHepUpPOBAaHHBIC HAHOCEKYHIHBIC BHXPEBbIC Ja3epHBbIC HMITYIbCHI
(OKyCHpPOBAIMCh HA MOBEPXHOCTH 00paslia ¢ MOMOIIbI0 OOBEKTHBOB MHKPOCKONA C Pa3sIUIHON
gucnoBoi aneptrypoit (NA) (Puc.1). Hakoner, Tomosorust moixy4eHHbIX XHUPATbHBIX HAHOCTPYKTYP

M3ydanach C IOMOIIBIO BRICOKOPAa3pENIaoIero CKaHupyromero Mukpockona (COM).

A S-BOJTHOBAS MIACTHHKA
e ) 119
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Pucynok 1. (A) Cxema JKCHepPHMEHTAJBHOM YCTAHOBKH /UI HAHOCTPYKTYPHPOBAaHHUS
HAHOCEKYHJAHbIMM BHXpeBbIMH nyukamu. (b) PacnpenesieHne MHTEHCMBHOCTH BHXPEBOIO
nyyka B (oKajabHOH IUIOCKOCTH 00beKkTHBOB MuKpockona ¢ NA = 0.3 (BepxHee

uzodpaxenue), NA = 0.45 (cpeanee) u NA = 0.65 (nu:xHee).

Cepus COM wuzob6paxkenuii (puc.2(A) - 2(I')) wumoctpupyer o0pa3oBaHUE W DBOJIOIHIO
3aKpPYYCHHBIX HAHOCTPYH, MOJIYUEHHBIX IPU OJHOUMIYIbCHOM oOnydeHun 500-HM TUICHKH
cepeOpa, HAaHECEHHOW Ha TMOAJOXKKY W3 KBapIEBOI'O CTEKJIA, HAaHOCEKYHIHBIMU BUXPEBBIMHU
JIa3epHBIMU UMITYJIbcaMu, CHOKYCUpOBaHHBIMH 00BeKTHBOM ¢ NA = 0.3. Ilomumo oueBHmHOU
CUpaIbHON (hOPMBI MOTYUEHHBIX HAHOCTPYH C UX 3aKPYUYCHHON CHMMETPHEH MO0 YaCOBOU CTpEIIKE
(3HaK CIIUPAJIBLHOCTH BUXPS), KOTOPasi COBIAAAET C HANPABICHUEM BUXPEBOTO MMITYJIbCa, MPOLIECC
X 00pa3oBaHMs, MO-BHIMMOMY, AHAJIOTMYEH TOMY, Kak (HOpMHUPYIOTCS OOBIYHBIE HAHOCTPYH,
MoJIy4aeMble MPU OJHOUMITYJILCHON a0NIAluy OJaropoJHbIX METATUNYECKUX IJICHOK MMITYJIbCAMU
rayccoBoit ¢opmbl (Hynmb-OYM). OcHoBHbIE 3Tamnbl (GopmupoBaHusi BKItoudaloT (1) HakorieHUe

PpacCIiuIaBJICHHOI'O MaTCpuajia B IMIPOCTPAHCTBCHHOM HCHTPEC ITyYKa 4CPE3 TCPMOKANIUIUIAPHBIC CUJIbI
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¥ TEUYCHHs pacIuiaBa, KOTOpbIe OBICTPO yMEHBINAIOTCA K mepudepuitnoi dactu, (2) oOpazoBaHue
KUJKOU HAHOCTPYH, KOTOpas MOABEPraeTcs T'MIpPOJMHAMMYECKON HeycronuuBoctu Panes-Ilnaro,
YTO MPUBOAMT K MOSIBICHUIO U BHIOPOCY PaCIUIaBICHHBIX Kareib U, HAaKOHel, (3) mpu yBelIuYeHUH
SHEPTUHM HMITYJIbCa, (POpPMUpPOBAHME CKBO3HOTO OTBEpCTHs (3Ta cTagus He mokazaHa Ha COM-

U300paKCHUSX ).

Bun cooky

NA=0.3

Bupn cBepxy

230 u/lx

Bun cooky

100 u/lx  ZMKM
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NA =0.65 NA =0.45

40 uIx

Pucynok 2. (A-I') Bua cooky (yroa o63opa 40°) m Bua cBepxy (B Jo:kHOM 1nBere) CIOM
N300pakeHnil XUPAJIbHBIX HAHOCTPYH, MOJTY4YeHHBIX IPH OJHOMMITYJILCHOM a0asuun S00-um
IJIEHKN cepe0pa BHXpPeBbIMM HMIYJbcaMH, cokycupoBaHHbIMH o0bekTHBOM ¢ NA = 0.3.
AHajiorMyHbIi BUA cOOKy (yroa o63opa 40°) COM wu3o0pakeHWil, H/IIOCTPUPYIOIIHAX
3aKpy4YeHHble HAHOCTPYHM, IOJY4YeHHble Ha IOBEPXHOCTH TaKoOHl ke IJIEHKH cepeOpa
alJasinueil OAMHOYHBIMHU BUXPAMH, choKkycupoBaHHbIMH 00beKTHBOM ¢ NA = 0.45 (/I-3) m NA
= 0.6 (U-M). DHeprusi MMIYJIbCA B KaXKAOM PALY YyBeJHM4YHBaeTcsi ciaeBa Hanpaso. Ha
BcTaBkax K pucynkam (B) m (M) moka3aH yBeJlMYeHHBbIN BHUJ HAKOHEYHUKA HAHOCTPYH,

YKa3bIBaIOLIUIl THIHYHbIE PAAUYChI KPUBHU3HBI

CXOACTBO HAIIMX HACTOANIMX HAOMIOACHUN W TPEABIAYIIEr0 OOMIMPHOTO ONBITa IO
(abpuKai TOHKOIUICHOYHBIX HAHOCTPYH C HCIOJNB30BAHHEM KOPOTKHX U CBEPXKOPOTKHX

Ja3epHBIX UMIYJIbCOB MOOYX/IaeT Hac CpaBHUBATh OOpa3oBaHME HE- M XUPAJIbHBIX HAHOWII. B
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YaCTHOCTH, JJISi MOYTH aHAJOTMYHOTO OOIIEro MexaHH3Ma, JIeKAaIlero B OCHOBE OOpa30BaHUA
HAHOCTPYH Ha MOBEPXHOCTH IUICHKH OJIaTOPOJHOTO METajla U OOYCJIOBJIEHHOTO TEMIIEpPaTypHO-
TPaJUCHTHBIM TEPMOKAMIIUIAPHBIM IMOTOKOM paCIUIaBIEHHOTO MaTepuaia, Npu OOITydeHHH
BUXPEBBIM HUMITYJbCOM TOSIBISIETCS CHJIBHOE BpallaTebHOE JIBXKEHUE, CKpy4dHBarollee
pacruiaBieHHBIH MaTepuan B HampaBiIeHUM, COBIAJAIOIIEM C 3HAKOM BHUXPEBOW CHHPATbHOCTH.
CrnupasibHBI  TEPMOKANWUISAPHBIM  paciulaB, IPOTEKAOIMN BHYTPU  3BOJIIOLMOHUPYIOILEH
HAHOCTPYH M OKpY)KaIoILIei ee 00JacTh MHKpPOBBITYKJIOCTH, BO3MOXKHO, MOXET HMPOHCXOIUTh U3
COOTBETCTBYIOIIETO XapaKTEPHOTO CHUPATBHO-TTOA00HOTO (MM OoJiee CI0KHOTO) pacipeneseHus
MHTEHCUBHOCTU. JlJIs paccMaTpuBaeMbIX B 3TOM HCCJIEIOBAaHUM IJICHOK OJaropoAHOro Merasia
MPOUCXOXKIACHUE TaKOr0 CIUPAJIBHOIO paCHpeieieHuss HMHTEHCUBHOCTH W COOTBETCTBYIOIIETO
npoduiis TeMneparypbl Ha TOBEPXHOCTH METALUTMYECKON IUIEHKH MOXHO OOBSICHUTH B TEPMUHAX
«YUCTO» ONTHYECKOr0 MpOollecca, TAaKOro Kak MHTep(epeHIus Magalouiero BHUXPEBOro Iydka ¢
nydkoM ¢ HyneBeiIM OYM, umeronum chepudeckuii (i 0oJiee CIIOXKHBIN) BOJTHOBOW (PpOHT.
[ToHSATHO, 4YTO TIOSIBJIGHWE TaKOM OTPaKEHHOW BOJHBL, O00ECMEUYMBAIONICH  IKEITAEMYIO
«CIHPAJIbHYIO»  COCTAaBJISIOLIYIO  COOTBETCTBYIOUIETO  pPAacHpeleieHHs]  MOBEPXHOCTHOMU
MHTEHCUBHOCTH, MOXET OBbITh CBSI3aHO C MEPEXOIHON HAHOCEKYHJIHOM 3BOIOIMEI MOBEPXHOCTH
METAIJIMYECKON TUIEHKH, KOTOpass MOXKeT ObITh BbI3BaHAa €€ HarpeBaHUEM, IUIaBICHUEM H
TEPMUYECKUM PACHIMPECHUEM aJAIONIMM Ja3epHbIM UMITYJIbCOM B (hopMme “OyOmmka”. CkasipHble
TUQGPAKIIMOHHBIE PACYEeThl IMOKA3BIBAIOT, YTO CTPYKTypa BHXPEBOTO My4YKa, OTPAXKEHHOTO OT
METAIJINYECKON IJICHKH, MOXET OBbITh HapyllleHa MPH €ro OTPaKEHUHU OT IJICHKHU, COAEeprKallen
MHOECTBEHHbBIE CYOMUKPOOHBIE HEOAHOPOJHOCTH CO CpeaHHM pasmepoM Oojee 20 M. B stom
ciiyyae MHTep(EepeHIUs MaJalouiero BUXPEBOro Mydka M OTPaKEHHOTO CIEKI-MOIYJIUPOBAHHOTO
nyyka ¢ HylaeBoiM OYM co3maer chnupaibHO-TIOJOOHOE paclpeneleHne HWHTEHCHMBHOCTH Ha
MOBEPXHOCTH METAJUIMYECKOW TUIEHKH, HalpaBJICHHE KOTOPOrO COBMAJAET C HaNpaBiICHHEM

TMaJAl0IIEero BUXPEBOro mydka (puc.3).

OTpakeHHbI TyYOK Hntepdepenims

Pucynok 3. PacnpeneseHusi MHTEHCHMBHOCTH C(OKYCHPOBAHHOIO MAJAI0NIEr0 BHXPEBOI0

nmy4yka (cjeBa), HCKA)KEHHOI0 My4YKa, OTPAKEHHOr0 OT IIEPOXOBATOH MOBEPXHOCTH MeTaJlia
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(cepeanna) u ux uHTepdepeHIIMOHHON KAaPpTUHBI (cipaBa). besibie cTpeIKH HA cCaMOM NPaBOM
H300pa’keHUM YKa3bIBAIOT HANPABJIEHHE T'PAJUEHTa UHTEHCUBHOCTH, KOTOPbI NMPUBOIAUT K

NOSIBJICHUIO «TEMJIOBOI CIIupaam».

B 3akmioyeHue, B HacTosmied paboTe MPOAEMOHCTPUPOBAHO, YTO MpPU (OKYCHPOBKE
HAaHOCEKYHHBIX JIa3€PHBIX BUXPEH OOBEKTHMBAMU C BBICOKOM YHCIIOBOM amepTypoil BO3MOXKHO
(dbopMHpOBaHHE XUPATIbHBIX HAHOUTII BapbUPYEMOI0 pa3Mepa Ha ONTHYECKU TOHKUX MJICHKAX TaKhX
MEPCIeKTUBHBIX IUIA3MOHHBIX MAaTEePHAIOB, Kak cepedpo u 3010T0. MBI mpeanaraem
aJIbTepHATHBHOE OOBsICHEHUE (OPMHUPOBAHUS XHUPATbHOM HAHOWIJIBI Ha cepeOpsiHOM IUICHKE,
OCHOBAaHHOE€ Ha KOMOMHALIMM TPSIMBIX M 3aKPYYCHHBIX TEPMOKAMWULSIPHBIX IOTOKOB
paciiaBieHHOr0  MaTepualia, KOTOpble€  BBI3BaHbl  XapaKTEPHBIM  CIHUPAIbHO-TIOJOOHBIM
pacmpesieieHieM WHTEHCUBHOCTH, BO3HHMKAIOIUM MpH HWHTEp(EpPEHIINH TaJalomero BHUXPS B
dbopme “OyOnnKa” 1 ero perIuKy, OTPaKEHHOW OT MOBEPXHOCTH PACTUIABICHHOTO METaLIa.

CIIMCOK UCITOJIb30BAHHOM JINTEPATYPBI
1. K. Toyoda, K. Miyamoto, N. Aoki, R. Morita, and T. Omatsu, “Using optical vortex to control
the chirality of twisted metal nanostructures,” Nano Lett. 12(7), 3645-3649 (2012).
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19. UICCJIEJOBAHUE CBOVCTB M PA3PABTKA CEHCOPOB HA OCHOBE
IVNIEHOK I'PA®EHA, BBIPAIIEHHBIX METOJOM TEPMOJECTPYKIIUN
INOBEPXHOCTH HOJYU3OJIUPYIOLIEI'O SIC (0001)

A.A. JIebeoes?, B.IO. /lasvioos, C.IL./Iebeoes'?, A.H. Cmupnoé’, B.C. Jlesuuxuii',
H.A. Enucees'”, C.H. Hosukoe**, JI.FO. Ycauee*, A.I'. Poiokun*
0.10. Bunkos*, I0.H. Makapoe®>*®

Y\oTH um. A.® Hogpgpe PAH, 194021, C.-ITemepbype, Poccus
2 Vuusepcumem UTMO, 197101, C-Ilemep6ype, Kponsepxcxuii np. 49, Poccus
3Aalto University, Tietotie 3, 02150, Espoo, Finland
4 criery, 199034, C.-Ilemepbype, llemepzogh, Poccus
SI'K «Humpuonwie kpucmaniwiy, 194156, C-Ilemepbype, Poccus
®Nitride Crystals Inc., 181 E Industry Court, Suite B, Deer Park, NY 11729, USA

OpHOlt W3 caMbIX TEPCIEKTHBHBIX TEXHOJOTHH CHHTe3a TrpadeHa, KOTopas IMO3BOJSET
MOJIy4aTh BBICOKOKAYECTBEHHBIM MaTepwal U B TOXE BpEeMs MOXKET OBbITh HMHTETPUPOBAHA B
MIPOMBIIIJIEHHOE MPOU3BOJCTBO, SBISETCS TEPMOJECTPYKLHS MOBEPXHOCTH MOJIOKEK KapOuaa
kpemaus (SiC) [1,2]. B wHacrosimeii paboTe MpeacTaBICHBI PE3yIbTaThl HMCCIIEIOBAHUM
CTPYKTYPHBIX CBOMCTB I'pa)CHOBBIX IUICHOK, BBIPAIICHHBIX HA MOJIAPHBIX Si-TpaHu (OpHUEHTAIUs
nosepxHoctd - (0001) moanmoxku KapOujga KpeMHHUS C HCHOJIb30BAHUEM METOAA TEPMHUYECKOTO
pa3joKeHUs IOBEPXHOCTH KpHCTaula. Takke TPUBEIACHBI PE3yNbTaThl  UCCIEIOBAHUM
TPAHCIIOPTHBIX CBOMCTB TOJYYEHHBIX IJICHOK M MapaMmeTpbl CPOPMHUPOBAHHBIX HAa HX OCHOBE
ra30BBIX U OMOCEHCOPOB.

dopmupoBanue rpadeHa OCYIIECTBISIIOCh Ha BEHICOKOOMHBIX MOJJIOKKAX KapOuaa KpeMHUS
JUISL TOTO, YTOOBI UCKITIOYUTH BIIMSHUE MPOBOJAUMOCTH MOAJIOKKH MPHU MPOBEIECHUN UCCIIETOBAHUMA
TPaHCIIOPTHBIX CBOMCTB CuHTE3 ocymiecTBiscs mpu Temmneparype 1800°C B BakyyMme u atmocdepe
uHepTHoro ra3a (Ar). [lepen poctom rpadena npoBoauIock cydauMannonnoe tpasienue SiC s
ynaneHuss  jaedexktHoro ciost ¢ moBepxHocTH. C  HCMOJNIB30BaHHEM  CIIEKTPOCKOIHH
koMmOuHammonHoro paccessHusi ceera (KPC), aromMHO-cHIIOBOM MHKPOCKOTHWH, IU(pakiuu
MEJUICHHBIX 3JICKTPOHOB, PEHTICHOBCKON (HOTO3MeKTpoHHOM crnekTpockonuu (POOC) wu
(OTOANEKTPOHHOM  CHEKTPOCKONMUM ¢ yrioBbIM  paspemeHueM (OOCYP) monydena wu
MpoaHaTH3UpOBaHa HHPOPMAIMS O KPHUCTAUIMYECKOW W DIEKTPOHHOW CTPYKTYpE BBIPAIICHHBIX
rpadenoBsix cioeB (Puc.1-2). [lokazano, 4TO ONTUMHU3AIMS POCTOBBIX MMAPAMETPOB, BHITIOJIHCHHAS
M0 pe3yJibTaTaM KOMIUIEKCHBIX MCCIIEJOBaHMM, O3BOJIMIIA CO3/]aTh HAJCKHYIO TEXHOJIIOTHIO pOCTa

BBICOKOKAQYCCTBCHHBIX I‘paq)eHOBBIX CJIOCB C TOJIIMHAMH B JHAIIa30HC 1-2 MoHOCTIOS.
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Puc.1. (a) MaccuB cnektpoB  KPC, Puc.2. ®I3CVYP B oxpectHOocTH K-TOUKH 30HBI
MONYYEHHBIM HA  IUiomanu  rpadeHoBoi bpumtosHa. O6pa3ert #EG-21,
ieHKH pasmepoM 12x12 mkm. (0) PODC- cuHTe3mpoBanHbIi Ha moutoxkke 6H-SiC

cnektp B obOmactu Cls u pe3ynabTar ero

mozaemupoBanus (G-rpaden, S1 umw S2 -

OydepHbIi ci10i).

130 (6) OPOBCACHO HUCCICAOBAHUC TPAaHCIOPTHBIX CBOICTB ILICHOK METOAOM 3(1)(1)CKTa Xomna. Bemuumna

2

KOHIIEHTPAI[MK HOCHTENEH 3apsaa B ucciemyemoMm rpadene cocrapuia 7 x 101 — 1 102 cm?, a makcumanbHoe

3HaYEHHE MOJBMKHOCTH SIeKTpoHOB npubmusunock k 6000 cv?(B ¢) Ha ocHOBe MaHHBIX IUIEHOK OBLIM
HU3TOTOBJICHBI U HPOTCCTUPOBAHBI T'a30BBIC U 6I/IOCGHCOpBI C peKOpHHOﬁ AJI1 TBEPAOTCIBHBIX
CEHCOPOB YYBCTBUTEIBHOCTHIO [3,4].

B 3akmroueHnH MOXKHO CACIaTh BbIBOA O INMEPCIECKTUBHOCTHU IPUMCHCHUA Kap61/ma KpEMHMUA
JIg TTOJIYYCHHA KAa4YCCTBCHHBIX MOHOCJIOUHBIX I‘pa(beHOBBIX IJICHOK C BBICOKOU IIOABUXHOCTBIO
OJICKTPOHOB. I[aHHBIe IMJICHKU MOTYT HauTu MPUMCHCHUC B KAYCCTBC OCHOBBI KOMIIOHEHTHOH 68.31)1

AKTHUBHO paSBHBammeﬁCﬂ HAHOJ3JICKTPOHUKH.

Cnucok JuTeparypbl:

1. C. Virojanadara, M. Syvdjarvi, R. Yakimova, L. I. Johansson, A. A. Zakharov, and
T. Balasubramanian. Homogeneous large-area graphene layer growth on 6H-
SiC(0001). Phys. Rev. B, 2010, vol. 78, 245403

2. B.1O./laBb110B, JI.}O.Ycaués, C.I1.JIeGenes u ap., Hccredosanue Kpucmaiiuieckoll

U INEKMPOHHOU CMPYKMYpblL epapenosvix niénok, svipawernvix Ha 6H-SIC (0001),

®TIL, T 51 (2017) 1118
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3. A.AJlebenes, B.IO.JlaBeimoB, C.B.Hosuko, JI.IL.JlutBun, }O.H.Maxkapos,
B.b.Kimumosuy, M.I1.CamoitnoBud, buocencopsl na ocnoge epagena, IDKTD, 1.42,
BbIIL. 14, cTp. 28-35 (2016).

4. S.Novikov, N.Lebedeva, A.Satrapinski, J.Walden, V.Davydov, A.Lebedev,
Graphene based sensor for environmental monitoring of NO2, Sensors and Actuators
B: Chemical 236, 1054-1060 (2016).

Te3ucsl NOArOTOBJIECHBI pU (PUHAHCOBOW MoaepkKe MHUHUCTEPCTBA 00pa3oBaHMs U HAYKH
Poccuiickoit ®enepanun  (Cormamenne Ne 14.575.21.0148, yHuKanbHBIA HOMEp MPOEKTa
RFMEFI57517X0148)"
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20. CTPYKTYPA IINTABAIKOIIIUX MOHOCJIOEB U IVIEHOK JIEHI'MIOPA -
HMEPPEPA I'OJIBMHUEBOI'O KOMIIVIEKCA CMEITAHHO-3AMEIMEHHOI'O
IMPOU3BOJHOI'O ®TAJTOLIMAHUHA

Kazax A.B.*?, Yconvuesa H.B.', Cmupnosa A.U.', Mapuenxosa M.A.>3, Tepewenko
E.10.?, Axynun C.H.3, Pozaues A.B.>°, Kosanvuyx M.B.>3*

YHUM Hanomamepuanos, Heanosckuii cocyoapcmeennwiii ynusepcumem, Hearnoeo, Poccus
2 OHUIL] «Kpucmannozpagus u pomonuxay PAH, Mockea, Poccus
SHUI] «Kypuamosckuii uncmumymy, Mockea, Poccus
4Canxm-ITemep6ypeckuii 2ocyoapcmeennviii ynusepcumem, Canxm-Ilemep6ype, Poccus
SMockogcKutl uHCIumym 3K0HOMUKU U MAMEMAMUKU, HAYUOHANbHbLLL UCCTe0068aMeNb KUl

YHUsepcumem 8blculel] WKOJIbl axonomuku, Mockea, Poccus

Ten.: +7-(4932)-37-08-08, e-mail: alexkazak86@gmail.com

[TonydyeHne TOHKOIUICHOYHBIX HAHOMATEPHAIOB C  KOHTPOJMPYEMOW CTPYKTYpOH
MPEACTABISIET COO0M BaXKHYIO (PYHIAMEHTAJBbHYIO 3a7ady, MMEIONIYI0 OOJIBIIIOE MPAKTHYECKOE
S3HAYCHUC [JJid Pa3BUTUA HAHOJJICKTPOHUKH. Me3zorennnie HU3KOMOJICKYJIAPHBIC KPACUTCIIN
JOHOPHO-aKIENTOPHOTO TUIIA,
SBIISIOTCS NEePCIEeKTUBHBIMU
OpraHMYECKUMHU MaTepuagamMu s
(OTOBOJIBTAUKH.

[losTromy B pabore Obuia
MOCTaBJIEHA  3a/Jaya  IOJy4YEHHUS
TOHKOIUVICHOYHBIX HaHOMaTEepUajoB

C KOHTPOJIMPYEMOU CTPYKTYpOM Ha

OCHOBE JTHUCKOTHYIECKOTO
MeTaJUTOKOMIDTEKCa CMEIIIaHHO-
3aMEIICHHOTO IPOM3BOIHOTO

— S dranonuanuua, COZIEPIKAIIETO

CgH,,0 OCgH;- JIOHOPHBIC H aKIETITOPHBIC

3aMECTUTENIH B CTPYKTYpE OJHOM

MOJICKYJIBI.
Puc. 1 CtpykrypHas ¢popmyiia UCCIETyeMOTO
CMEIIaHHO-3aMEIIEHHOTO TTPOU3BOIHOTO Ao AOCTIOKCHUSA
¢ranonuanuHa IOCTAaBJICHHOW  3agaud  OBUIO
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MIPOBEACHO KOMIUIEKCHOE MCCIEA0BAaHUE HAJIMOJEKYISIPHOW OpraHr3aliy MIABAIOIMX MOHOCIIOEB
u tuieHok Jlenrmiopa-lllepdepa wme3orennoro ¢ranonmannna tuna AsB (1,4,8,11,15,18-
IeKCAOKTUIIOKCH-23,24-muxi10p- (rayonuaHrHaT THIPOKCUTOIBMUSL, pUC. 1).

B pabore ObUIO BBHINOJIHEHO MOJEIMPOBAHUE YMAKOBKM MOJIEKYJ HCCIEyeMOro
COCIMHEHUSI B MOHOCJOEBBIX CTPYKTYypax Ha IOBEPXHOCTH BOJBl M PACCUUTAHBI I1APAMETPBI
AJIEMEHTAapHON suYelKH MOHOCHOs. [l MccienyeMoro COEQUHEHMs], €CIU CTPYKTYPY MOJIEKYJIBI
CUUTATh IUIOCKOW, IUIOIIA/Ab, TNPHUXOSMIAasics Ha OJHY MOJEKYly B IUIOTHedmeil face-on
MOHOMOJIEKY/IAPHOH yIaKoBKe paBHa 5.6 HM?. Ilnomamb, MpUXOASMAscs HA OJHY MOJEKYIY B
mIoTHeimei edge-on MOHOMOJEKY/IAPHOH yrmakoBke, paBHa 2.33 HM?. B ciyuae BBITECHEHHS
JaTepalbHBIX 3aMECTUTENIEH M3 IIJIOCKOCTH MAKpOLMKIA, IUIONIAJb, NPUXOASIIAsACS HAa OJIHY
MOJIEKyTy B IIoTHeimem face-on Monocsoe, MoxkeT ymMmeHbmarhes 10 1.6 Hv?,

MeTtogomM  OpIOCTEpOBCKOM ~ MHMKPOCKONMHM  TOJY4€Ha  BHU3yaldu3alus  Ipolecca
(GbopMHpOBaHUS JIEHTMIOPOBCKOTO CJOS Ha IOBEPXHOCTH BOJABI U OLIEHEH TUIl (OPMUPYEMBIX
CTPYKTYp (MOHOCIOM, OUCITOM, TOTUCIION).

MeToioM  PEHTreHOBCKOW Judpakiud B  CKOJB3SIICH TEOMETPUU  YCTaHOBJICHA
HaIMOJIEKYJIIpHAs ~ OpraHu3aiusi  JICHTMIOPDOBCKMX  MOHOCJIOEB  CMEIIAHHO-3aMEIEHHOTO
npou3BogHOrO  (pramormanunHa.  OmpeneneHbl  yclnoBUs — (GOPMHPOBAaHHUS  CTAOMIBHOTO
YIOPSAOYEHHOIO MOHOCJIOS: HadajbHas CTENEHb IOKPBITUS IOBEPXHOCTU BOAbl ¢ = 18 %,
CKOPOCTh MOJKATHs 6apbepoB v =6 cM?/MuH. IIpu MaHHBIX YCIOBHSAX, HAYMHAS C ILIONIAIM
Avor = 3,9 HM?, TIpEXOfsIIeiics Ha OJHY MOIEKYTy COEIMHEHHS M TOBEPXHOCTHOTO NaBIEHHUS
n=0,4 mH/M, Ha rpanune pasnena (a3 BOAa/BO3AYX MOJyYald CTAaOMIBHYIO MOHOCJIOCBYIO
CTPYKTYPY € MEXIUIOCKOCTHBIM paccTostHueM 2.06 HM.

C uenbio ynpaBiieHUs HaJMOJIEKYJISIpHOM opranuzanueil B mienkax Jlenrmropa-Illeddepa
IIyTEM CpPAaBHEHUS CTPYKTYphl IUIABAIOIIMX CJIOEB M IEPEHECEHHBIX IUIEHOK, ITPOBOJNIIOCH
UCCIIEIOBaHUE CTPYKTYPbl TOHKOIUICHOYHBIX 00pa3lioB MeETOJOM 3jekTpoHorpadguu. bouin
OIpEeICIICHBI MapaMeTphbl dJIEMEHTAPHOH stueiiku 1ieHok Jlenrmropa-llleddepa: a = 1.65 um, b =
1.92 am, y1 = 75°.

Takum o00pa3oM, pe3ynbTaThl CTPYKTYPHBIX HCCIIEIOBAaHUI B TMEPEHECEHHBIX IIJIEHKaX

HaxXOoJiATCA B XOPOIIEM COTIaCOBAaHUU C PE3yJibTaTaMU, ITIOJTYYCHHBIMHA B HGHFMIOpOBCKI/IX CJIOX.

Pabora mopnmepkana mnporpammoir MuHoOpHaykn P® B pamkax ToCyZapCTBEHHOTO 3aJaHUs
MBaHOBCKOMY TOCYJapCTBEHHOMY YHUBEPCHUTETY MJIS BBIIOJHEHUS HAy4YHO-HCCIIEI0BATEIIBCKUX
pabot, Ne 16.1037.2017/ITH m yacTH4HO BBITIOJIHEHA Npu (prHAHCOBOM moaaepkke PODU (rpanT

Ne 16-03-00883a).
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21. U3TOTOBJIEHUE NIOPUCTBIX HAHOCTPYKTYP JJIsA YCUJIEHUSA
CUTI'HAJIA KOMBUHALIMOHHOI'O PACCESIHUA

"Muuyaii E.B., 'Crobaee C.A, “°Kyumuncax A.A.

YUnemumym asmomamuxu u npoyeccos ynpaenenusn JJBO PAH, Braousocmox

2 Tanvresocmounuiii hedepanvuuiil ynusepcumem, Braousocmox

men. 89940097099, mitsai@dvo.ru

[ToBepXHOCTHO-YCUIICHHOE KOMOWHAIIMOHHOE PACCESTHUE SIBIISICTCS yIbTPAUyBCTBUTEILHBIM
HEMHBA3WBHBIM  CIEKTPOCKONMMYECKUM  METOJIOM, OCHOBaHHbIM Ha  0€3MapKUPOBOYHOM
OOHAPYKCHHH Pa3IUYHBIX MOJICKYJ, Pa3MEIICHHbBIX BOJHM3H IJIA3MOHHBIX HAHOTEKCTYPUPOBAHHBIX
MeTaTHdeckuX Tomiokek . VHTEHCHBHOCT XapaKTEPHOTO KOMOMHAIMOHHOTO CHTHANA,
OTIPECTISIONIETO CIEU(PUIHOCTh KONEOAHUS OTJEIBHBIX MOJIEKYI, OOBIYHO OYEHb cliadasi, OJTHAKO
3TOT CUTHAJ MOXET ObITh 3HAUYUTEIHHO yBEIWYCH BOTM3M HAHOTEKCTYPUPOBAHHBIX MMOBEPXHOCTEH
WIM HAHOCTPYKTYP, CO3JAMOIIAX IOCPEJICTBOM IUIa3MOHOB JIOKAJIHM30BAHHBIC YCHIICHHBIC
anekTpoMarHuTHeie ToNis. C  MOMEHTa TEpBOrO HAOJIOJCHUS CHTHAJIA KOMOWHAIIMOHHOTO
paccesHus OT OJMHOYHOIN MOJEKYINbI* ObLIH TPEANPUHATH MHOTOUYHCIEHHBIE MOMBITKH MOBBICHTE
3¢ (HEeKTHBHOCTH, HAHOTEKCTYPUPOBAHHBIX TOJIOKEK C TOYKU 3PCHHSI JOCTHIKCHHSI MAaKCUMAaJIbLHOTO
K03 (HHUIIMEHTa YCHUIICHHS BHYTPH OJTHOM «TOpSTYEH TOUKHY, a TAK)KE KOJUYIECTBA «TOPSUUX TOUCK,
NPUXOAIIMXCS Ha OJHY HAHOCTPYKTYpY . Ha Tekymmii MOMEHT B KadecTBe YHHBEPCAIBHBIX
MOJJIOKEK T KOMOWHAITMOHHOTO paccesiHUs ObLIO W3TOTOBJICHO M HCCIIEOBAHO MHOXECTBO
HAaHOTEKCTYPUPOBAHHBIX CTPYKTYP, KaK MPABUIIO, UMEIOIIUX OOJBIIIOE OTHOIIEHUE MOBEPXHOCTH K
00BEMY M CO3JIAIONIUX TUIOTHBIC «TOPSiYMEe TOUKHM». B 4acTHOCTH, BO3pacTaeT MHTEPEC K TOPUCTHIM
MaTepuajgaM, HaHOCTPYKTYpaM M HaHOYACTHIIAM, B KOTOPBIX JOCTUTACTCS IOBBIINICHUE CHTHAJIA
KOMOMHAIIMOHHOTO PAaCCesHUS, IOCTATOYHOE IS TIPEOIOJICHUS TIpe/iesia OOHAPYKEHUsT OJJUHOYHOM
MOJIEKYITBI, HE3aBHCUMO OT YCJIOBHi BO3OYXKISHUS MM 0OHAPYKEHUSI ",

B  Hacrosimeli paboTe  W3rOTAaBIMBAIOTCS ~ MHUKPOKOJIBIIA €  KOHTPOJIMPYEMBIMH
T€OMETPHYCCKUMH TTapaMeTpaMH ¥ MHOXKECTBCHHBIMH TIOPaMH, PaCIIOI0KEHHBIMHU 1O OKPY>KHOCTH,
KOTOpbIE 00ECIIEUNBAIOT CHIIBHOE OMMKHENONFHOE YCUIICHHE TTaIAl0NINX JIEKTPOMArHUTHBIX BOJH
B BHJAMMOM U HH(pPAKpaCHOM [Mala3oHaX, YTO JENaeT MX TMEePCHEKTUBHBIMHU I XEMO- H
OMOCEHCOPUKHA. B 3TOM OTHOIIEHWW VYIOPSJOYCHHBIE B MACCHB MHKPOKOJIBIIA MOYHO
paccMaTpuBaTh Kak MHOTO(YKIIMOHAIBHBIC MOIJI0KKH, 00SCIICUNBAOIINE YCUIICHUE CUTHAIOB KaK

(GOTONOMUHECIICHIINN, TaK M KOMOWHAIIMOHHOTO paccesHusi OT aJCOpOMpOBaHHBIX MOJEKYI

AHAJINTa, HAKAYMBACMbIX, KaK MPaBHUJIO, B ONITUYCCKOM AWAIIa30HEC, IIPU 3TOM JdaBast BO3SMOXHOCTb
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WCIIONBh30BaTh JWarna3oH OT Onm3koro jo cpeaHero WK ams Bo3OykaeHHS B MHUKPOKOJBIIAX

TIaBHBIX JUITIOJIBHBIX PE30HAHCOB JIOKAJIM30BAHHLIX ITJIA3MOHOB.

MeyaTb HC-Nasepom MonupoBka noHamu Ar*

Puc. 1. JIByxuiarosast npoiieiypa Ipou3BOJCTBa MacCUBa U30JIMPOBAHHBIX TOPUCTHIX MUKPOKOJIELL

IIpouenypa co3naHusi M30JIMPOBAHHBIX IOPUCTBIX MMKPOKOJENl BKJIIOYAeT JBa JTala,
n300paxkeHHbIX Ha Puc. 1. IlepBblIif 3Tan 3akiitoyaeTcs B CIEAYIONIEM: CTEKIISTHHAS WM KPEMHHUEBas
MO/IJIO’KKA ¢ HaHECEHHBIM Ha Hee 50-HM clioeM 30J10Ta 00JIydaeTcsi eAMHUYHBIMU 7-HC UMITYJIbCAMU
(532 um). Tlpu ompeaeneHHONW SHEPIHMH HMIYJIbCa B 30J0TOM IIJICHKE CO37aeTCs OTBEPCTHE,
OKPYKCHHOE TJIAJIKUM 3aTBEPJICBIIUM KOJBIIOM C TOJIIMHOHN B 2.5-3 pa3a OoMbIIeid, 4eM HCXO0IHas
TOJIIIMHA TUICHKH. ['eomMeTpuueckue mapaMeTpbl MHUKPOKOJEL MOTYT OBITh HACTPOEHBI ITyTEM
M3MEHEeHHs TOJIIMHBI TUIEHKH ¥ SHeprun najaromero ummyiscal®. Bropoit atan Bkitodaer B ce6s
ynaneHue HeoOpabOTaHHBIX YacTel TUIEHKH C HCIOJIb30BaHHEM O€3’KHUJIKOCTHOTO TPaBJICHHS IMPH
MOMOIIIM YCKOPEHHOI'0 Iy4Ka MOHOB aproHa IpH MapaMeTpax TPaBJICHHs, KOTOPbIE HE MO3BOJISIOT
IUIEHKE pacIUIaBUThCS. J[eMOHCTpUpPYETCsl, YTO JONOJIHUTENbHAs CTENEHb IEPECTPAauBAEMOCTH
BHYTpPEHHEH CTPYKTYphI MOJIYYEHHBIX MUKPOKOJIE] 00eCcIieYnBaeTCsl HE3HAUUTEIbHBIM U3MEHEHHEM
XMMHUYECKOIO COCTaBa METAJUIMYECKON IUIEHKH B MPOLIECCE €€ MAarHeTPOHHOTO OCaXACHUS B
COOTBETCTBYIOLINX cpenax. M3menenue xoHueHtpanuu Mojiekyn N2 B OydepHom rasze onpenenser
pa3Mep U IJIOTHOCTH CO3JAr0IIMXCS BIIOCIEACTBUM HaHOIMOP.

XapakTepUCTUKU TMOPUCTBIX MHMKPOKOJICL HCCIEAYIOTCS IyTeM HW3MEpEHUs CHUrHaiza
KOMOMHAIIMOHHOTO paccestHUsl OT CaMOOPraHHU30BAaHHOIO MOHOCIOs Mojiekyn Pomamuna 6G u
pacripesielieHusi TOBEPXHOCTHOW HMHTEHCHMBHOCTH €r0 OCHOBHBIX TMOJIOC. THUIHWYHBIE CHEKTPbI
KOMOMHAIIMOHHOT'O paccesHus, MOTydYeHHbIE MIPU MOMOUIM ciog kpacutens Ponamuua 6G kak Ha
TNIAJIKKX, TaK U Ha MOPUCTBIX MUKpOpeabedax, UMEIOUX MOYTH OAUHAKOBBINA BHEUTHUI IHaMETp U
TOJILIUHY CTEHKH, BBISIBISIIOT BCE OCHOBHBIE MOJIOCHI KOMOMHAIIMOHHOTO PAacCEsiHUSI, XapaKTepHbIe
s moniekyn Pomamuna 6G, B TO BpeMsi Kak 3TH TOJOCHI HE MOTYT OBITh OOHAapyXeHbl Ha
CTCKJISTHHOU MOJIOKKE Jaxe mpu 10-KkpaTHOM YBETUYEHUH BPEMEHU HAKOIUICHUS. MaKCUMaTbHBIN

CHUTHAI KOMOHHAIIMOHHOTO paccesHus TSt rIIagKux MHUKPOKOJIEIT JIOCTUTAET
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300460 orcueroB(cMBT?) m 15504170 orcueror(c*MBT?) s moprcteix Mukpoxoner. CpenHuii

koo(duiment ycuaenus ~10°, kak CUrHaN, NPUXOMAIIMMCA Ha OOHY MOJEKYIy pacTBOpa
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Puc. 2. Criektppl  kOMOMHaAIMOHHOTO paccesHus (a) Pomamuna 6G, w3MepeHHbIE Ha TJAJAKUX
(kopuuHEBas JIMHUSI) U TIOPUCTHIX MUKPOKOJbIAX ((proseToBast JIMHMSA), a TaKKE HA CTEKJISTHHOM
MOJIJIOKKE TTOCJIE TMOJIHOTO YIATICHUS 30JI0TOM IUICHKH MOCPEICTBOM HOHHON TOJTHPOBKH (cepas
nuans). (6, B) KapTsl KoMOMHAIMOHHOTO paccesHus (mis mosnockl 1361-cM™) MoHOCTOS MOJEKyI
Ponamuna 6G, mokpeiBatomiero rinaakue (0) 1 MOPUCThIe MUKPOKOJIbBIIA (B). DT KapThl YKa3bIBAIOT
Ha yCcUJIeHHE KOMOMHAIIMOHHOTO  pacCcesHUsi COTJaCHO  PaCHpEeleNIeHHUI0  aMIUTUTYIbI
ANEKTPUYECKOTO TIOJISI BOJNM3M TIaAKUX (T) M TOPUCTBIX MHKPOKOJICI (), PACCUYMTAHHBIX IS
MAJAroIIero MO0 HOPMAaU JTUHEHHO-TIOISPU30BAHHOTO 532-HM JiazepHOro usnydeHus. OpaHKeBbie
JUHUHM YKa3bIBAIOT HAIIpaBJICHUE MOJspu3anuu. benble JTMHUM MOKAa3bIBAIOT PEabHBIC Pa3MephI

MHUKPOKOJIEII.

Popmamuna 6G. DTo ABHO yKa3blBaeT Ha IJIa3MOHHBIA BKJIAJ B yCUJIEHHWE CHUTHaja HEXEIH Ha
KOHIIEHTPAMOHHBIA 3 dekT. KapTupoBaHue MOBEPXHOCTHOTO pACIpPENEICHUs] HHTEHCUBHOCTH
CHUTHaJa KOMOMHAIIMOHHOTO paccesHuss Mojekyn Pogamuba 6G, NOKpBIBalONIMX —TJIaJKHue
MUKpPOKOJIbLIa, TIOKAa3bIBAE€T IMIOJIO)KEHHE JIOKAJIbHBIX JJIEKTPOMArHUTHBIX “TOPSYUX TOYEK ',
KOTOpBbI€, Kak ObLIO YCTaHOBJIEHO, 3aBUCAT OT HAIIPaBJICHUS MOJSPHU3ALUN H3ITyUYEHUs JIa3epHOTO
ucrounuka (Puc. 2(6-n)).

CornacHo mpoBelleHHBIM pacuetam B nporpamme FDTD, takoe manaroiiee mo HOpMaiu
JMHEWHO-TIONIAPU30BaHHOE 523-HM J1la3epHOE W3IydeHHe obOecrneunBaeT HU3KOI(P(HEKTHBHOE
BO30Y’KJI€HHE CTEHOK IJIaJIKUX MUKPOKOJIEI] JUIIb C 5-KpaTHBIM yCUJICHHEM KBaJpaTa aMILTUTY/IbI
anekTpuyeckoro mnois (Puc. 2r). CoOoTBETCTBYIOIIME TOpSYME TOYKH, COIJIACHO HAIPaBIIEHUIO

JIMHEWHOH NOJIApU3ALMH, PACIPENCIICHBl HEPABHOMEPHO IO OKPYKHOCTH KOJIBLIA, YTO IIPUBOAUT K
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HETMOX0KEeMY CHUTHay KoMmOuHammoHHoro paccesausi (Puc.20). C apyroil CTOpPOHBI, COTJIacHO
pacu€TaM, BBIINOJHCHHBIM [JId TOPUCTBIX MHUKPOKOJICH, HAHOPA3MCPHLIX [MOBCPXHOCTHLIC
OCOOCHHOCTH  CO3JAIOT  MHOXECTBO  YCHJICHHBIX  JJICKTPUYECKUX  TOJIeH,  OXHOPOIHO
pacrpeieieHHBIX BJIOJIb TIOBEPXHOCTH MHUKPOKOJIBIIA HE3aBUCHMO OT HAIpPAaBJICHUS TOJSPU3AIIUH
(Puc. 21), B 11e;10M KOppenupysi ¢ MOTy4eHHON KapToil KOMOMHAIMOHHOTO paccesHus (Puc. 2B).
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22. METAL-CARBYNE COMPLEXES FOR SERS APPLICATION
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Abstract

Metal-carbyne materials realize surface-enhanced Raman scattering which has been
synthesized by laser irradiation of colloidal systems consisting of carbon and noble metal
nanoparticles. The dependence of the Raman scattering intensity of the material composition has
been investigated. The possibility of detecting of the Raman spectrum of organic dye Rhodamine
6G was demonstrated.

The creation of new hybrid and composite materials based on carbon structures and metal
nanoparticles is the most prospective area of nanotechnology. Carbon quantum dots demonstrate a
variation of optical properties depending on the degree of crystallization, size and shape. The
amplification of the observed phenomena can be realized by the addition of the noble metal
nanoparticles having a plasmon resonant peaks in the visible region of the spectra. The linear
carbon chain (carbyne) is the promising carbon material for the creation of the hybrid and
composite materials.

Carbyne is an n-type semiconductor with an energy gap up to 0.41 eV, in which electronic
transport properties are structurally sensitive. Carbyne has chain of covalently bonded carbon atoms
with sp-hybridization of orbitals of two possible types: alternation of n single and triple bonds (-
C=C-)n, or alternation of n double bonds (=C=C=),. Optical and electrical properties of carbyne
depend on its morphology [1-3]. Thus, the synthesis of carbyne with a variable structure of bonds
has a considerable interest not only from a fundamental point of view, but also in the development
of new integrated circuits of advanced, next-generation hybrid electronic devices.

The strategy to incorporate metal nanoparticles in a carbon matrix is a great method to
integrate the different properties to various materials, enabling to realize multifunctional
composites. Such materials may be used in advanced applications like nanobiotecnology,
optoelectronics, etc. In particular, a widely used approach is given by the combination of linear
carbon chains and metals. In effect, linear carbon chain is the one of the most attractive materials
because its unique physicochemical properties and wide potential applications in nanophotonics.
The possibility to obtain composites with large visible photoluminescence spectra for optoelectronic

devices becomes especially interesting.
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In this paper, we report the results of studying the formation of metal-carbyne clusters under
laser irradiation of colloidal systems, consisting of shungite carbon and noble-metal nanoparticles.
It is shown that this irradiation leads to the formation of clusters, in which metal nanoparticles are
interrelated by carbyne chains. The Raman spectra of these structures exhibit SERS and depend
significantly on the variation of concentration of metal particles in colloidal system.

The reported study was also supported by the Ministry of Education and Science of the
Russian Federation (state project no. 16.5592.2017/VVU), RFBR grants # 16-42-330531r_a, #16-32-
00759mol_a and by the grant of president of Russian Federation by project MK-3053.2017.2.
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Michail Pankov, Sergey Lysenko, Andrew Kanaev,
Jury Kopylov, Alexander Antipov, Valery Bulaev
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In the new century, new materials and devices are being created to design promising lasers.
One of such materials is laser ceramics that absorbed the best qualities of laser monocrystals and
phosphate glasses:

- highly transparent material like glass and like a crystal, has a thermal conductivity of the
crystal, which is an order of magnitude greater than that of phosphate glass;

- devices from ceramics can be scaled as well as from phosphate glass up to large sizes, but
this can not be done on crystals. Large crystals are difficult to grow for a long time, they have
optical inhomogeneities. The refractive index of a crystalline boule on the axis is one, on the
periphery of the other. The ceramics made of carefully mixed powders are devoid of this
disadvantage;

- ceramics in contrast to phosphate glass and crystal has an increased strength, crack
resistance is several times higher than glass and crystal. Laser ceramics are an excellent material for
active laser elements.

The quality of ceramics is determined by the profiles of the radiation distribution. With an
accurate adjustment of the semiconfocal resonator, the distribution of the main mode is the second
harmonic of the Lagher polynomials. This is clearly seen from the two peaks on the radiation
distribution when a good quality crystal or ceramic is used as the active element. The presence of
smoothed peaks in ceramics allows us to conclude about its quality.

The active laser element with slab geometry from laser ceramics with polished parallel-

parallel ends was pumped from one side with 806 nm radiation. As a result, the dependence of the
generated power on the pump power was obtained, and the threshold power was 136 W. The

differential efficiency of laser generation was 0.68, with a theoretically possible value of 0.72.
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Belov Pavel
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Theoretical studies of the exciton states and the radiative decay rate are important for
interpretation of the experimental results [1]. Measurements of the radiative decay rate for high-
quality quantum wells (QWSs) show a variance of the results [2,3] especially for narrow QWs.
Meanwhile, the quality of heterostructures is permanently growing and new data on the exciton-
light coupling have become available recently [4,5]. These data include the radiative decay rates for
the ground and excited states of excitons in QWs.

The analytical description of the exciton states in GaAs-based heterostructures is
complicated due to the degenerate valence band. The impact of the QW potential additionally
impedes a solution. The problem can be solved approximately only in the limiting cases of very
narrow or very wide QWSs (L<10 nm and L>150 nm for the GaAs QWSs) [1]. On the other hand,
recent increase of the computer performance has opened up an opportunity for numerical study of
exciton states as well as of the exciton-light coupling. Nevertheless, the numerical solution by the
variational method [6,7] is mainly restricted to the exciton ground state. The excited states are
difficult to be obtained by the variational method.

In this report, we present a method for a precise numerical solution of the Schrédinger
equation for the envelope-function of an exciton in a single square QW of a finite height [8,9]. It
makes it possible to calculate the ground and excited energy states. The energy states of the exciton
in a single square QW are defined by the three-dimensional equation derived from the Schrédinger
equation for the exciton. For description of the degenerate valence band, the spherical
approximation of the Luttinger Hamiltonian [10] is used, thus neglecting the corrugation of the
valence band. Additionally, the light-hole-heavy-hole mixing is disregarded. This three-dimensional

equation for s-wave exciton states is given as [8]

eZ

eVp? + (e — 2)?

+ Ve(Ze) + Vh(Zh) f(Zethl p) = EXf(Ze'Zhl p):

where the kinetic term reads
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In the equations, indices e and h denote the electron and the hole, respectively. The unknown

function f is related to the three-dimensional wave function ¢ as [8,9] ¢ (z., zn, p) = f (2., zn, p) /P,

where p = \/(xe — x,)% + (¥, — yr)?. The potentials V, ,(z, ) are the finite square confinement
QW potentials. The term wu is the reduced effective mass in the xy-plane, m,,, is the hole mass in the
z-direction. The exciton binding energy, E,, is defined by the exciton ground state energy, Ey, with
respect to the lowest quantum confinement energies of the electron, E,;, and the hole, Ej;, in the
QW:E, = E,, + E; — Ex. Energies E,; and E;, are obtained from solution of the corresponding
one-dimensional Schrédinger equations for the electron and the hole in the QW.

The exciton-light coupling is usually characterized by the radiative decay rate, I}y, which
describes the resonance response of an exciton exposed to the electromagnetic excitation. For the
exciton in a QW, the radiative decay rate can be given by the expression [1]:

2 [ee]
2nq (elpcyl :
[ =—— ,Z,0 fazq
0= 7~ <m0w0 J- ¢(z,2,0) e'%%dz

Here z = z, = z;,, ¢ = wv\/e/c is the light wave vector,w, is the exciton frequency, |p.,| is the
matrix element of the momentum operator between the single-electron conduction- and valence-
band states.

We have numerically solved the boundary value problem for the three-dimensional partial
differential equation and accurately obtained the exciton ground state energy Ey and the wave
function. The exponential decrease of the exciton wave function at large values of variables allowed
us to impose zero boundary conditions for the function f(z.,z;,,p) at the boundary of some
rectangular domain. For discretization, we employed the second-order finite-difference
approximation [11,12] of the partial derivatives in three-dimensional equation on the equidistant
grids over three variables. The nonzero solution of this homogeneous equation with zero boundary
conditions can be found by a diagonalization of the matrix constructed from this equation. A small
part of the matrix spectrum was obtained by the Arnoldi algorithm [13]. As a result, we have
calculated some lowest eigenvalues of the matrix and the corresponding eigenvectors. Then, the
radiative decay rate was calculated using the trapezoidal rule for computing the integral for T'y.

The calculations were performed for heavy-hole excitons in the GaAs/Alo3Gao7AS
heterostructures. In particular, the difference of the gap energies of the heterostructure was modeled
as AE,; = 1087x + 438x? meV; a ratio of potential barriers: V,/V, = 65/35; the Luttinger

parameters are taken to be y; = 6.85, y, = 2.10 for GaAs and y, = 3.76, y, = 0.82 for AlAs; the
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dielectric constant e = 12.53 for GaAs and ¢ = 10.06 for AlAs [7,14]. Masses and dielectric
constants for the ternary alloys are obtained by a linear interpolation on x.

The energies of the exciton 1s states and the radiative decay rates in energy units, AL}, have
been calculated for QW widths L = 20 — 100 nm. They are shown in Fig.1. The number of exciton
states is increased as the QW becomes wider. The ground exciton state takes place for any QW

widths. The first excited state initially appears at

4 T . . .
\ \  GaAs/Al Ga As the minimum QW width of 25 nm with the
’ L L
2 L exciton energy Ex ~ 7meV (with respect to Ej).
= This state can be roughly approximated by the
u | —=-- E55
EH{} —-— Es4 product of three one-dimensional functions. They
& - ES3 . ) .
5L ——. Eso correspond to the first excited quantum-confined
L~ {b:] state of the hole, the ground quantum-confined
AT 0 a0 w0 so oo State of the electron and the Coulomb 1s state.

QW width (nm) For wide QWs, the upper states for QWs of width

Fig. 1. The energy 1s states of the heavy-hole excitoninaQw. [, > 80 nm are difficult to be distinguished and
The ground state is denoted as GS, ES marks the excited _ _ _
states. require more precise computations.
The radiative decay rates in the energy units, AT, for the four lowest exciton states, n =
1 — 4, have been calculated. The radiative decay rate of the ground state, il is about 37 ueV for
QW widths less than 30 nm and grows as further QW becomes wider. The radiative decay rate of
the first excited state (2I),) becomes noticeable only for wide QWs. For the upper states and the
QWs of width L = 80 nm, the radiative decay rates seem to be less than 1 ueV. As a result, in the
theoretical calculations of Iy, it is enough to consider only the ground exciton state, thus to neglect
mixing of the states by means of the electric field of the light wave [15]. In experimental studies of
the exciton-light coupling in the high-quality heterostructures with GaAs/AlGaAs QWs of
corresponding widths, one should observe at least the resonance response of the exciton ground
state. The strength of the exciton-light interaction corresponding to the ground state (and upper
states) generally decreases as L diminishes. That means that the most long-lived exciton in the
GaAs/Alp3Gap7As QW is found to be for QW widths L < 30 nm where Al is smaller. The
accurate modeling of exciton states for such QW widths, however, should take into account the
discontinuities of the material parameters at the interfaces [9].
The numerical results are consistent with the experimental data for QW width of 20 nm
presented in Ref. [8] as well as for QW width of 12 nm given in Ref. [16].
The work is supported by SPbU (grants No. 11.38.213.2014 and No. 11.38.241.2015),

RFBR (grants No. 16-02-00245, No. 16-32-00047) and DFG in the frame of Project ICRC TRR
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160. The calculations were carried out using the facilities of the SPbU Resource Center
“Computational Center of SPbU”.
References
1. E. L. Ivchenko, Optical spectroscopy of semiconductor nanostructures (Alpha Science, Harrow,
2005).
2. S. V. Poltavtsev, B. V. Stroganov, Phys. Solid State, 52, 1899 (2010).
3. S. V. Poltavtsev, Yu. P. Efimov, Yu. K. Dolgikh et al. Solid State Commun. 199, 47 (2014).
4. D. K. Loginov, A. V. Trifonov, and I. V. Ignatiev, Phys. Rev. B 90, 075306 (2014).
5. A. V. Trifonov, S. N. Korotan, A. S. Kurdyubov et al., Phys. Rev. B 91, 115307 (2015).
6. D. B. T. Thoai, R. Zimmermann, M. Grundmann, and D. Bimberg, Phys. Rev. B 42, 5609(R)
(1990).
7. B. Gerlach, J. Wusthoff, M. O. Dzero, and M. A. Smondyrev, Phys. Rev. B 58, 10568 (1998).
8. E. S. Khramtsov, P. A. Belov, P. S. Grigoryev et al., J. Appl. Phys. 119, 184301 (2016).
9. P. A. Belov and E. S. Khramtsov, J. Phys.: Conf. Ser. 816, 012018 (2017).
10. J. M. Luttinger, Phys. Rev. 102, 1030 (1956).
11. A. A. Samarskii, The theory of difference schemes (Nauka, Moscow, 1989).
12. S. Glutsch, Excitons in low-dimensional semiconductors (Berlin, Springer, 2004).
13. R. B. Lehoucq, D. C. Sorensen, C. Yang, ARPACK Users' Guide: Solution of Large-Scale
Eigenvalue Problems with Implicitly Restarted Arnoldi Methods (SIAM, Philadelphia, 1997).
14. 1. Vurgaftman, J. R. Meyer and L. R. Ram-Mohan, J. Appl. Phys. 89, 5815 (2001).
15. M. M. Voronov, E. L. Ivchenko, V. A. Kosobukin and A. N. Poddubny, Phys. Solid State 49,
1792 (2007).
16. Y. Chen, N. Maharjan, Z. Liu et al., J. Appl. Phys. 121, 103101 (2017).

76
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[lenbto pa®oThl SIBISIETCA HCCIEAOBaHUWE TUHAMUKM MHOTOMEPHBIX MpPENeabHO KOPOTKUX
ONTUYECKUX HMITYJIBCOB, PACIPOCTPAHSIONIMXCS B T€pPMaHEHE, a TaK)Ke OLEHUBAHUE BIIMSHUSA
napaMmerpa Mopsjka Ha XapakTep UX PaclpocTpaHeHHs. AKTyallbHOCTh OOYCJIOBJIEHA TEM, YTO B
IIOCIICAHUE TOObI HaGHIOI[aCTCH IIOBBIIIICHHOE€ BHUMAHUEC I/ICCJIGI[OBaTeJIGI\/’I K H3YYCHHIO CHUJIBHO
HeMUHEeWHbIX cped. OIHUM U3 TaKuX MEePCHEeKTUBHBIX MaTEPHANIOB SBIISETCS FEPMaHEH, COCTOSIIHMA
W3 OJIHOTO CJIOA aTOMOB KPEMHHUSI B TeKcaroHajdbHOW pemnietke. C Apyroil CTOPOHBI, HE MEHEe
CHJIBHBI HHTEpEC BBI3BIBAIOT Cpeabl C (Pa30BBIM MEPEXOA0M, T.e. C MapaMEeTpoOM IOpPSJIKa,
6naro;[ap;1 rpoMaJJHbIM KOJMYCCTBOM IPAKTUUCCKHUX HpHHO)KeHHﬁ. I[OCTaTO‘-IHO CKa3aTb, 4TO K
TakKUM CpellaM OTHOCSTCS BCE CETHETO3JEKTpPUKU U (eppomarHetuku. HecMoTpst Ha orpomHoe
KOJMYECTBO TEOPETUYECKUX U IKCHEPUMEHTAIbHBIX pabOT MO JAaHHOW TEMAaTHUKE OCTaeTcs psij
BOIIPOCOB, Tp€6YIOH_II/IX JOIIOJIHUTCIIBbHBIX HCCHGHOBaHHﬁ. B kauectBe npuMepa MOKHO TIPHUBCCTU
HEPAaBHOBECHYIO JUHAMHUKY IIapaMeTpa MOpsAKa, B TOM 4YHCJI€ B MPUCYTCTBUM BHEIIHUX
MEepEeMEHHBIX ToJiell. Pemenre Takux 3aaa4 JOMKHO ObITh MOJKPEIJIEHO U C TEOPETUUYECKOM TOUKU
3peHusl.

Takxke CTOUT OTMETUTh, YTO CpPEIbl, COAEpKAIIME TEepPMaHEH CIOCOOHBI BBIIEPKAThH
OKCTPEMAJIbHO CHUJIBHBIC 3JICKTPOMArHUTHBIC TIOJISA M, KaK IIOKa3aHO aBTOpaMH, B HUX BO3MOKHO
YCTOWYMBOE PaCIpOCTPAHEHHE JIOKATU30BAHHBIX COCTOSHUM 3J€KTPOMArHUTHOTO IMOJIS - CBETOBBIX
nyab. OTO, B CBOIO OYEpelb, JAeT BO3MOKHOCTH HCIIOJIb30BATh CBETOBBIE IYJIM Kak JUid
CIICKTPOCKOIIMK TaKHUX CpEA, TaK U I HOPOHCCCOB, IMPOTCKAOIUX B HHUX. YuutsiBas
BBIIIICU3IIOKEHHBIE (DAKTHI, KacaIOIIMecs mapaMeTpa MopsaKa, BOZHUKAET 3a7a4a O CIIEKTPOCKOITHH
napaMmeTpa rnopsijika B cpefiax, CoJepKaliux repMaHeH.

B Hacrosimelt pabote mocTpoeHa 3BOJIIOIMOHHAS KapTHHA PAaCHpOCTPAHEHHUS JIBYMEPHBIX
UMIIYJIbCOB B TepMaHeHe ¢ mapameTrpoM mnopsaka. [lomydeHa 3aBUCHMOCTH (OPMBI TPEXMEPHBIX
MpeAeIbHO KOPOTKUX ONTUYECKUX HUMITYJIBCOB OT CKOPOCTH peJlaKcallui IapameTpa Hopsjlika, a
TaK)ke€ OT PaBHOBECHOI'O 3HAYEHHs MapaMmeTpa mopsaka. B pesynpraTe MOIENMPOBAHUS YAATIOCH
OCTaHOBUTH, UYTO MPEACTbHO KOPOTKHH ONTHYECKHUH MMIYJIbC PAaCHpOCTPaHSIETCA C 3aTyXarolen

aAMIUTUTYIOM, YTO BBI3BAHO OCOOCHHOCTSIMHM PETAaKCAIIMOHHOW TUHAMHUKU TapaMeTpa mopsiaka. A
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TAaKXC YCTaHOBJICHA BO3MO>XHOCTb CTa6I/IJ'II/I?>aHI/II/I npeaAcIIbHO KOPOTKOI'O HMMITYJIbCa C IMOMOIIBIO

napameTpa nopsaka.
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Synthesis of new carbon form is an actual task of modern nanotechnology. Laser methods
for the synthesis of nanostructured carbon allows varying the composition and morphology of the
structures obtained according to the experiments conditions. In our experiments, we demonstrate the
synthesis of carbyne with the irradiation of the colloidal system obtained during laser ablation of a
target schungite in water. The experiments suggest that a change in the conditions of exposure (the
exposure time and the energy of the impact) by YAG:Nd laser with a pulse duration of 100 ns leads
to the formation of structures with the carbyne structures.

The laser irradiation of the carbon targets allows to realize different ways of the phase
transformation solid-liquid-vapor in dependence on the sample heating speed and on the
environmental properties [1, 2]. The use of millisecond lasers results in melting of the surface of the
target and synthesis of carbyne. During the laser ablation the quazicontinuous regime of laser
irradiation allows us to synthesize carbon clusters [3]. The size of carbon clusters depends on power
density of the laser radiation. During the laser irradiation in liquid it is possible to obtain special
media parameters for carbon modification with different allotropic forms [4]. There are theoretical
and experimental results about carbyne synthesis under the nanosecond pulse duration laser
radiation, then it results in splitting of graphite layers and formation of linear carbon chains [5].

The reported study was also supported by the Ministry of Education and Science of the
Russian Federation (state project no. 16.5592.2017/VU), RFBR grants # 16-42-330531r_a, #16-32-
00759 mol_a and by the grant of president of Russian Federation by project MK-3053.2017.2.
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Photon echo from trions and excitons in (In,Ga)As/GaAs quantum dots has been studied
theoretically and experimentally. Theoretical analysis allowed us to distinguish photon echo signals
from excitons and trions measured in the same range of wavelength using different polarization
configurations of laser excitation. The theoretical predictions are in good agreement with the
experimental data.

The interaction between material excitations (excitons and trions) in semiconductor
nanostructures and light can be very effective due to high oscillator strength of the excitations.
Recently it has been found that using the photon echo (PE) technique, one can transfer an
information contained in the optical field into a spin system where it is decoupled from the optical
field and may persist for a long time [1].

Semiconductor quantum dots (QDs) are considered to be promising for storing an
information about the optical excitation since spin relaxation of electrons and holes in these
nanostructures is characterized by significantly long times [2]. The inhomogeneity of the QD
ensemble and spectral overlap of the exciton and trion transitions hamper investigations and
analysis of these structures.

In the present work we describe the theoretical model developed for the photon echo signal
from exciton ensemble in (In,Ga)As/GaAs QDs. Theoretical results complemented by the results for
trions from Ref. [1] are compared with the experimental data.

We study the dynamics of PE from an ensemble of the (In,Ga)As/GaAs semiconductor QDs
excited by the picosecond laser pulses. Several polarization protocols have been used in the
experiment: the linear polarization of the optical pulses parallel to the QD axes x or y (z-axis is the
structure grows axis) denoted as H and V, respectively, and the linear polarization parallel to the
tilted 45° with respect to the x- and y-axes (denoted D and X, correspondingly). Transient PE signal
was measured using heterodyne detection [4]. Experimental signals measured in different

polarization configurations are shown in Fig. 1.
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Fig. 1. The delay dependence of the experimental PE signals. Symbols HHH etc. in the legend
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denote polarization of the first and second pulses and of the detected signal, respectively

The theoretically calculated exciton PE signals for different polarization configurations are

described by the following expressions:

_ 271, 82 sin?(Q,1
piffy e T [cos*(@ym) + 7"—(%” ) M
_ 271, 852 sin?(Q,, T
Piy xe T2 [cosz(erlz) +TO$ , (2)
m
Pivu = Pony = 0, (3)
9
_2T1 82 (sin(QpT12)  sin(Quutiz)
PDEﬁCb (o d Ze TZ (COS(Qple) + COS(Qmle)) + T( Q% + an ) (4’)
oxe -2 2 82 (sin(Q,115)  sin(Qptiz) ‘]
PDXD OC Ze 2 (COS(Qple) - COS(Qmle)) + T Q% - an . (5)

Q, = \/(wf + w{‘)z + (8,/h)2,

Q, = J(wf — o) + (8,/R)2.

In the expressions above w; and w? are electron and hole Larmor precession frequencies
respectively, t,, is the delay time between pulses, §, is an isotropic exchange interaction constant,

the exponential factor describes relaxation processes after the pulses action. Indices HHH etc. again
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denote polarization of the first and second pulses and of the detected PE signal, respectively.
The theoretical trion PE signals for different polarization configurations can be obtained
according to the theoretical model provided in Ref. [1]:

1 _2%12
Piun = Pipy “Ze Tz, (6)
_2T12
Pty e T cos ((wf — wi‘)rlz), (7)
_2T12
P, xe T cos ((wf + wi‘)rlz), (8)
1 _2%12
Pt ~ Ze Tz12 [cos ((wf — w?) le) + cos ((wf + wf) le) —
—2 cos(wf 115) — 2 cos(w] T15) — 2], (9)
2T
PE ~ Ze_le cos ((wf — wf) le) + cos ((wf + w?) le) +
+2 cos(wf T12) + 2 cos(wl 145) — 2], (10)

The theoretically obtained dependencies of exciton and trion PE signals calculated for direct
and tilted polarizations on time delay are demonstrated in Fig. 2.

Theoretical analysis of the obtained dependencies for excitons (1-5) and of the similar
theoretical dependencies for trions (6-10) described in Ref. [1] allows us to propose the polarization
protocols of optical excitation to separate experimentally the contributions of the exciton and the
trion PE signals. For example, in HHH configuration, the exciton signal has an oscillating character,
while the trion signal has a decaying character without any oscillations. For the HVH configuration,
the exciton signal is zero, while the trion signal shows cosine-like oscillations.

Similar behavior is observed for the DDD and DXD polarizations when g»=0 (see
expressions 4, 5, 9, 10): the exciton DDD signal is oscillating while the trion DDD signal is

decaying; the exciton DXD signal is zero, while the trion DXD signal oscillates.
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Fig. 2. Theoretically modeled PE signals for excitons and trions in direct and tilted polarization
protocols. The thin gray and the black dashed overlapping lines demonstrate the PE signal in the
HHH and VVV polarization geometries, the black dotted line demonstrates the PE signal in the
HVH geometry, the gray solid line demonstrates PE signal in the HVH geometry, and the black
short dashed line demonstrates the PE signal in DXD geometry respectively. The parameters are:
electron g-factor |ge| = 0.44, magnetic field B = 3 T, the dephasing time T> = 700 ps, the isotropic
exchange interaction constant for excitons is do and hole g-factor are assumed to be zero. We
assume that the fraction of excitons are two times larger than trions
Finally, the theoretical possibility of the experimental separation of the exciton and trion
contributions in PE signal by appropriate choice of the exciting pulses polarization configurations
have been shown in the present work. The most demonstrative separation of the exciton and trion
contributions in the PE signals on the sample with a close to a zero hole g-factor has been analyzed.
This work was carried out in the framework of the joint Russian-Greek project supported by
Ministry of Science and Education of Russian Federation (project RFMEF161617X0085).
[1] L. Langer, S. V. Poltavtsev, I. A. Yugova et al, Nature Photonics 219, 851-857 (2014).
[2] A. Greilich, D. R. Yakovlev, A. Shabaev et al, Science, 313, 341-345 (2006).
[3] S.V. Poltavtsev, M. Salewski M., Yu. V. Kapitonov, et al, Phys. Rev. B 93, 121304(R) (2016).
[4] L. Langer, S. V. Poltavtsev, I. A. Yugova, et al, Phys. Rev. Lett. 109, 157403 (2012).
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28. THE EMERGING OF CHROMATICITY OF STEEL SURFACE BY LASER
RADIATION

A. Burtsev!?, O. Butkovsky?, E. Pritotsky'?, A. Pritotskaya'+?

Vladimir State University named after Alexander and Nikolay Stoletovs, 600000, Russia
2State Laser Proving Ground "Raduga", 600910, Russia
Contacts: pritotsky@bk.ru, +7 (900) 474-86-72

The regimes of radiation using nanosecond laser pulses for emerging of chromaticity on
stainless steel surface upon laser engraving are studied. Parameters of radiation that correspond to
the spectrum of resulting colors on the sample surface are experimentally determined. The spectral
analysis of the irradiated area is performed and probe microscopy is used to study the surface relief.
Complicated surface relief that results from radiation indicates the contribution of several optical
effects responsible for the surface color under laser engraving.

It is known that formation of metal-oxide films leads to coloration [1]. Metal oxide films on
metal surfaces are formed owing to the thermal effect of laser radiation. The growth of thin films
depends on several parameters of laser radiation and properties of the metal and processed surface.
Variations in the parameters of laser radiation make it possible to control the formation of oxide
films with variable thickness and, hence, determine the structure and properties of the films.

The width of the groove corresponds to the diameter of the laser spot (about 35 pum). The

distance between the grooves is about 45.7 um and the depth (300-600 nm) is related to the color.

Pic. 1. a) AFM-image of steel surface, b) SEM-image, point number is marking measurement of
chemical concentration of O2 1) 30,3%, 2) 36,8%, 3) 60,2%, 4) 48,8%.
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29. DEVELOPMENT OF DIELECTRIC MULTI-LAYER MIRRORS
FOR HIGH-POWER SEMICONDUCTOR LASERS

E. Pritotsky, S. Lysenko, M. Pankov, A. Antipov

State Laser Proving Ground "Raduga™, 600910, Russia
Contacts: pritotsky@trassa.org, +7 (900) 474-86-72

The level of development of science and technology imposes high requirements of quality of
metal and dielectric films with different reflection coefficients, transmission and absorption on a
certain length of electromagnetic wave. The possibility of receiving the coatings possessing the
reproduced spectral characteristics when falling radiation under different angles is defined by the
accuracy of calculations and monitoring of evaporation of separate layers and also stability of the
modes of sedimentation. Surfaces of the reflecting laser mirrors usually make by methods of ion-
plasma or electronic-ray evaporation of a covering on the plane or spherical optical surface of
material of a substrate, for example, glasses. It is also possible to weaken reflection from a surface
of optical elements the clarifying covering.

The method of calculation of multi-layer coatings with the given optical parameters is
developed, simulation of the high-reflecting coatings and their reproduction on a vacuum
technology equipment is carried out by method of ion-plasma evaporation. Feature of this method is
use of model function of electromagnetic wave in which absorption depends only on coordinate,
normal to a surface. Model function corresponds to a situation when the cross sizes of a luminous
bundle there are much more than thickness of coatings, and displays the fact that the plane
electromagnetic wave, falling on boundary of the section of the environments, refracts and absorbed
in the new environment, at the same time its amplitude will change in case of distribution only to
depth and will be a constant in the directions of the environments parallel to the plane of the
section. Such approach differs from other methods of calculation and allows to create the universal
mathematical algorithm for simulation of values of reflection coefficients and passage of multi-
layer structures taking into account absorption and oblique falling of light. On the basis of the
offered method of calculation the method of non-contact control of thickness of thin films by
comparing of the actual and design optical characteristics of separate layers of coatings is offered.

The alignment of dependences of coefficient of passage on wavelength with estimated for
the multi-layer mirrors made by an ion-plasma method (number of layers more than 18) at different
lengths of waves (410, 532, 630 and 808 nm) is shown. The research of optical properties of
samples and comparing with calculated data is conducted. In case of test of mirrors for the ray
durability of visible defects it is not revealed at the density of power of laser pulse over 1.5
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MW/cm?. Experimentally the modes of cleaning of a surface of lines of laser diodes, parameters of

the compensation layers clarifying, high-reflecting and the protecting covers meeting requirements

of minimization of light absorption and stability of the created resonator mirrors when soldering

laser diodes to heat exchangers and influence of a powerful laser radiation are defined.
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Pic. 1. Comparing of design and actual charts of dependence of energy index on wavelength on the

glass K8

The difference of diagrams in the remaining range of lengths of waves is caused by

imperfection of technological process, purity of the used targets, vacuum levels in the camera and

quality of manual monitoring of processes by the operator. The program for calculation was

installed on the controlling computer of vacuum technological system Aspira-150. When finishing

the appropriate software and integration into management system of evaporation installation it is

possible to automate process of evaporation of multi-layer optical coatings and to increase their

utilization properties.
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30. HPOEKT ®OTOHHOI'O ALIIT

Axywenxkos Ilagen

MOTU, MUDT
loss24680@yandex.ru

Amnanoro-um¢poBoii npeodbpazosarens (ALIl) — 3To mpubop, MpUHUMAIOIIHI aHATOTOBBIN
curHasl u Bbyiatounii Habop 1udp. Cyrs ananoro-uudpoBoro nmpeoOpa3oBaHUsS 3aKIIOYAETCS B
JIMCKPETU3AIMN CUTHAIA BO BPEMEHHU M KBAaHTOBAHUH €T0 M0 aMIUIMTY/E WIM MOIIHOCTH (puc. 1).
Juckpernsamnusi CuUTHaJia OOECTieUMBaeT HE CIUIONTHOM, a MOOWTOBBIM IMOTOK HWH(OpMaiuu, a

KBAaHTOBAHHWE NPUIAECT KaXAOMY OWUTY OIHO M3 JHUCKPETHBIX 3HaYyeHWi (oO0brgHO 0 mmm 1).

-
il il

f—— =M} === === 3T

JICM

Puc. 1. JICM - reHepatop UMMOYJbCOB sl AWCKpeTu3auuu, M — monaynsitop u O —

MPUEMHUK CHTHaJIa 00eCIeunBaloT KBaHToBaHue[1].

Haunbonpmas wacrora snextpoHHsix ALIL, miroraBmuBaembix B Poccum, Onmska x 500
MTI'u. IIpomecc mnoBeimeHus npousBoautenbHocTH ALl B Hacrosiiee Bpems 3aMensiuics,
MOCKOJIBKY HE YAaloCh CHU3UTh (IyKTyallud 3JEKTPOHHOTO TEHepaTropa HMITYJIbCOB,
MCTOJIB3yEeMOr0 JUI TUCKPETU3ALUHU aHAJIOTOBOTO CUTHANa, U yIyduTh ObicTpoaeiicteue ALIIL. B
TO K€ BpeMs JKCIepUMEHTAIbHO 000cHOBaHO, uTO (oToHHbIe ALl (DPALIIl) mo3BomsOT Ha
ONTUYECKON Hecyleil MOJy4uTh 3HAYUTENIHHO 0OJee BBICOKYIO YacTOTY BBIOOPKH aHAJIOrOBOTO
CUTHaja, YeM JTO MOXeT o0ecneunTb TpaH3UCTOpHas odnekTpoHuka. CoznaHue U3
AJIEKTPOONITHYECKUX MOAYIATOpoB QoronHoro ALl moxer obecreunts aHaIOro-1U(ppoOBOE
npeoOpazoBanue ¢ yactoroi mopsaka 10 I'T.

N3BecTHbI paznmuunbie cxembl peanuzanuu QAL ¢ yBenwdeHneM 4acTOTHI BHIOOPKH 3a
cueT 3aJepkKKu (puc. 2); ¢ ONTHUYECKUM JEMYJIbTHUIUIEKCUPOBAaHHEM CUTHAJa MO JJIMHE BOJHBI B
napajuieJbHble KaHaybl (puc. 3); C ONTHYSCKMMM 4YacTOTHbIMU KaHamamu (puc. 4); DALl c
MOJYJIATOPAMU C PA3THYHBIMH JJIMHAMHU SJCKTPOAOB JJsi 00ECIeUeHHs] HYKHOU TMepenaTOuHOM

XapaKTePUCTHKH JJIs1 o0ecTiedeHnss HY>)KHOM IHUQpBI Ha BBIXOAE (pHC. 5), KOTOpasl TaK ke MOXKET
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OBITH OOECTICYeHa W OTKJIOHCHHEM JIyda W3-3a HEJIMHEHHBIX 2(P(EKTOB U MPOITYCKAHUEM €T0 uepes

TpaHCIIapaHTbl C MNCPUOAUYCCKUMHU MICIIKIMU H (bOTOI[eTeKTOpaMI/I, HAaCTPOCHHBIMHW Ha pPa3HbIC

Anana3oHbl, ¢ MYJIBTUIIJIICKCUPOBAHUEM U NCMYJIbTUIIICKCHUPOBAHUCM OIITHYECKO Hecymei/'l.

T
Puc. 2.

Bo3MokHOCTE

PacrsweHre
B N pas

YBCIUMUYCHUA

ducnepru-
pyowmass
cpena

HacCcTOThI

BBIOOPKH

AA
-
M 4 ull

————

JeMyneTHUILIIEKCOP

CYET  3aJCpPKKHU
A1 I
----- >
A2 |
A3 I
e - *..
AN

[1].

Puc. 3. ®AIIII ¢ nreMyabTHILIICKCUPOBAHKUEM T10 JJIMHE BOJHBI B IapaljiebHbIe KaHaubl [1].
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Puc. 4. ®AIII c onTHYeCKMMH YaCTOTHBIMH KaHAJIaMU U MX [I€PEaTOUHas XapaKTepUCTHKA

[1].
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Puc. 5. ®ALII ¢ MogynsTopaMu ¢ pa3auyHBIMU IJIMHAMU 3JIEKTPOJIOB M MX BBIXOJIHBIC CUTHAJIBI
[3].

Hnsa  peanmmzauuun DALl wa QoTonHolt wuHTerpanphoit cxeme (PUC) nambonee
onTHUMalbHA MOCHEAHSSA CXeMa, T. K. B HEH HCIHONB3YEeTCs OJIHA JJIMHA BOJIHBI, KOJUYECTBO
KOMIIOHEHTOB B HEH MHUHHUMAJIBbHO, a MOAYJSATOPbl C pPa3IUYHBIMH JUIMHAMH 3JIEKTPOIOB
00ecIeunBaroT cpa3y ke HE0OXOAUMbIEC BBIXOJIHBIE XapaKTEPUCTUKH W HE HAJO0 JJIsi OTOTO JENaTh

Ha YHUIIE eII€ U AJIEKTPOHHYIO CXEMY.
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OAILII Ha GpoTOHHOI HHTETPATHHOU CXEeMe

OcranoBumcsa Ha cxeme peanuzaiun DAL, xoropyo MoXHO Oyner peaau3oBaTh Ha
dotonnoit muTerpanpHoit cxeme (OUC) B Buae omHoro uumna. OCHOBHBIMH JJIEMEHTAMHU YHIIA
SBIIAIOTCSL - UMIYJABCHBIM  J1a3ep, OJEKTPOONTUYECKUH MOAYIATOp U (HOTONPHUEMHUK,
W3TrOTOBJICHHBIE HAa €IUHOW CXeMe B MHTErpajlbHOM HCIOJHEHHH (Kak puc. 5, HO C Ja3epoM H
MIPUEMHUKOM Ha TOM e UHTErpaibHOU cxeme).

Jns obecriedeHus OBICTPOro aHANIOTO-UU(POBOrO MPeoOpPa3OBaHUS MOKHO HCIOJIB30BAThH
OBICTPOACHCTBYIONINE UMIYJIbCHBIE BBICOKOYACTOTHBIE Ja3epbl C YaCTOTON MMIYJIbCOB MOpPSIKA
ITuy u ObicTphie (OTONPUEMHUKH B HHTErpalbHOM HCIIOJIHEHWHW Ha Marepuanax AsBs s
JMana3oHa JUTHH BOJH B paiioHe 1,55 mkm (momynspuas B BOJIC nnuHa BOJIHBI), U3TOTaBIMBaEMbIe
B HIIO «Ilomtoc» um. M.®.Crenbmaxa.

st oGecniedeHust OBICTPOTO aHAIOTO-IIU(PPOBOTO TTPeoOpPa30BaHUsI HEOOXOIUM MOIYISATOP
¢ OOJIBIIION YaCTOTOM MEPEKITIOUEHHUS, Il YeTO HYKHO, 4TOOBI OBICTPO Tepe3apsiKanach eMKOCTh
Ha 3JekTponax. s aToro nenecooOpa3HO UCIONb30BAaTh MATEPUAIBI C BHICOKOM MOJBHKHOCTBIO,
Takhe, Kak Martepuansl Tpynmbl AsBs. Ha cerogHsmHuii  JeHb JIy4IIUM  BapUaHTOM
ANEKTPOONITUYECKOTO MOAYISTOpA ABIAeTCs Moayhsarop tuna Maxa-Llennepa (puc. 6). Onnako B
HaIlIE CTpaHe »’JEKTPOONTHYECKHEe MOAyJaaTopbl Maxa-lIleHnepa moka JenaroTcsi TOJBKO Ha

nuobare nmutus («[THIIIIK»), koTopblil 3aKymaeTcs 3a TpaHUIICH.

dnexTpoant BoswosoA

|
"i}f A=V

Puc. 6. Dnextpoontuyeckuit Moxynsrop Tuna Maxa-Llennepa [3].

Jna  peanmnzauun DALl Ha wuHTErpanpHOM cxeme HE00X0IUMO co31arb
AJIEKTPOONTHYECKUIA MoaysaTop Ttuna Maxa-llenaepa B MHTErpajabHOM HMCIOJTHEHWUH, KOTOPBINA
MOKHO HMHTETpUpPOBATH BMECTE C Ja3epoM M (POTONPHUEMHUKOM M KOTOPBIH OOECHEUUT 4HacTOTy
nepexmouenus ot 10 1o 100 I'Th. I'erepocTpykTypsl n3 MarepuaioB A3Bs MOXKHO BbIpaluBaTh, HE
3aKymas Marepuabl 3a I'pPaHULEH, a TEXHOJOTMYECKUE OINEpALMU C I'€TEPOCTPYKTYPAMU MOXKHO

BBITIOJTHATH Ha CYIIECTBYIOMIECH TEXHOJIOTHYECKOM 0ase.
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3a rpaHMIed YK€ NEeNal0T MHTErpajbHbIE 3JIEKTPOONTHYECKHE MOMYISATOPHl Thna Maxa-
Iennepa na InP u GaAs, nanpumep Teraxion, Oclaro, aXenics. bonee Toro, yxe mpou3BOASITCS
JHHEHKY J1a3ep-MOYJIATOP-(QOTONPHEMHIK B MHTETPAIbHOM HCIIONHEHUHM Ha €IWHOW cxeme [2].
Jns @ALIT o cyty HaJO cAENaTh HECKOJIBKO TaKUX MapajuiebHbIX JTUHEEK.

Hns cozpanns AL npeacTouT cCipoeKTUPOBATh U MPOMOJEIUPOBATH €0 TOMOJIOTHIO B
CAIlPe, pa3paboTaTh TEXHOJIOTUYECKHI MapLIpyT U €€ pealu3alliy, BBIPACTUTh HEOOXOIUMYIO
TeTePOCTPYKTYPY U MIPOBECTH TEXHOJIOTHYECKUE ONEPAIIUH COTIACHO MAPIIPYTY.

B nocnennee Bpemss MHorue kommaHuu ctaiu Beinyckatb CAIIP mgns ®UC, nanpumep
Lumerical, COMSOL, PhoeniX, Optiwave. [lns mpoektupoBanusi Hamu Obul BeiOpan CAIIP
Lumerical [4]. Ora cucrema comectuma ¢ CadenceVirtuoso, Ha KOTOpOM HPOEKTUPYETCs ceifuac
OOJIBIIMHCTBO JIEKTPOHHBIX CXEM, a TaK JKe BKJIIoYaeT B ce0s HeckonbkonakeToB: FDTDSolutions,
B KOTOPOM MOKHO MOJIEJIIUPOBATh Pa3IUYHbIE BOJHOBO/IbI, PA3BETBUTEIN U JAPYTrHUe BOJIHOBOJHBIC
CTPYKTYpHI U3 paznmuuHbix MarepuanoB;, DEVICE, B KoTOpoM MOXHO MOJEIMPOBATH pPa3InYHBIC
npubopsl; INTERCONNECT st mpoekTupoBaHHst MHOTHX 3JIEMEHTOB Ha equHoi cxeme 1 MODE
Solutions B KOTOPOM MOXKHO MOJIEIIMPOBATH TIA3MOHHBIE BOJTHOBO/IBI, POTOHHBIC KPUCTAILIBI U JIp.
Ha puc. 7 mokazan mnpomoxenupoBanubiii B CAIIP  Lumerical mnpocroii  Bapuant

AJIEKTPOOINTHYECKOTO MOy IsiTopa Thuna Maxa-Ilenaepa.
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Puc. 7. Dnexrpoontuueckuii Moaynarop tuna Maxa-Ilennepa, npomonenupoBanubiii B CAIIP
Lumericle.

[Tocne mpoekTUpoOBaHMS U MOJECIUPOBAHMS TOMOJIOTUU HEOOXOIUMO NOJ00paTh HYKHYIO
reTepOCTPYKTYPY M TEXHOJOTHMYECKHE OINepaluu ¢ Hel (Takue Kak TpaBJIEHUE, OCaXIEHHE,

murorpadus, MJID...), koropsie HyXHbI U1t peanu3anun OALIIL
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Jns  peanu3anuu  TOTONOTHU  cBepxObicTpoaeicTByromero DAIIIl nHe obs3aTensHO
o0JlalaTh CaMbIMH COBPEMEHHBIMH B MHUpPE TEXHOJOTMYeCKUMH HopMmamu, kak Intel (13 Hwm).
Heo0xoauMble TEXHOIOTHYECKHE OMNEpallii MOXKHO BBIIOJHHTH M Ha uMeroummcs B Poccun
obopynoBanuu (manpumep Corial); Bemp Intel wHyxHa Takas HOpMa IS peanu3anuu
OBICTPOACHCTBYIONINX MEpeKIovareiel - 4eM MEHbIIEe AJuHA, TeM ObICTpee MNepeKIIouaeTcs
TPaH3UCTOp, OAHAKO 3JIEKTPOONTHYECKUI MoAyisaTop Tumna Maxa-lLlennepa naxe pasmepom 10
HECKOJIBKUX MM MOJKET IIEPEKIIFOUaThCs CO CKOpocTsamMu nopsaka 10 I'To.

3AKIIIOYEHUE

[Ipenmaraemerii @AIIIl moxxker umerh ObicTpomeiicTBue okojo 10 I'Tmu. PeanmmsoBath
tonosioruto GAILIII na matepuanax AsBs (BbIpacTUTh JUIsi 3TOTO TeTEPOCTPYKTYPY U MPOBECTU C
Hell HeoOXOMMBIE TEXHOJOTHUECKUE OIEpallii) MOXKHO MOJTHOCTBIO B Poccuu. Mmes poToHHBIN
ALTII, moxHO Oymer paspabaTeiBaTh HUGPOBBIE (OTOHHBIE CXEMBbI, BKJIOYas IU(poBEIE
ONITUYECKHUE MPOIIECCOPHI.
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31. DETERMINATION OF TEMPERATURE MEASUREMENTS ON THE SURFACE
CARBONACEOUS MATERIALS WITH SIMULTANEOUS REGISTRATION OF
THE LASER INDUCED PROCESSES

S. M. Arakelyan, A.F. Galkin, S. V. Zhirnova, E.L. Shamanskaya

Vladimir State University, Vladimir
svetlanna_vik@mail.ru

Expansion of technological capabilities of carbonaceous materials is connected with
melting. The issue of real time registration of laser induced melting process of glassy carbonis
presented in works [1, 2]. Brightness temperature of glassy carbon meltingis determined in work
[3].

The purpose of this paper is registrating laser induced processes for surfaces of

carbonaceous materials and temperature measurement.

Experimental setup

Samples of glassy carbon and pyrocarbon with carbon content of 99,9% were taken as a
targetand were exposed to focused laser radiation. Continuous radiation of the fiber LS-02-T laser
(wavelength 1070 nanometers, emitting power changed from 15 to 150 W) was used.

The copper vaporsbrightness amplifier CVL-10 made possible producing up to 16000
optical images laser of affected areaper second, with exposition being up to 20 nanoseconds. To
producethe images we installed a 1,3 megapixel matrix CMOS sensor, which allowsinputting 200
images per second. Controller board VS 2001 enabled information transfer to the computer in the
form of sequence of frames with the resolution of 1280x1024 pixels when processing and analyzing
data.

Temperature was measuredat wavelength of 0,65 um of a high-temperature micropyrometer
of MP-1001. The device enables continuous monitoring of temperatures in the working range from
1500 to 5000 K. The software allows monitoring of stationary temperature inthe graphic form on
the monitor screen. Instrumental measurement error for brightness temperatures is no more than
+0,5%.

Fig. 1 shows the scheme of experimental setup.
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Fig. 1. Experimental scheme:
1 — high-speed camera VS-FAST-NG; 2, 7 — the focusing lenses (with focal lengths 50 mm
and 40 mm); 3 — set of light filters (KS-11; ZhS-11; ZhZS-6; SZS-21; ZhS-18; SS-1; NS-1); 4 - the
copper vapor amplifier of brightness CVL-10; 5 — MP-1001 micropyrometer; 6 — fiber LS-02-T

laser; 8 — sample

ExperimentResults
Fig. 2 represents the diagram of brightness temperature taken by means of a high-
temperature micropyrometer of MP-1001 in the process of exposure of glassy carbon surface to

continuous laser radiation. Laser radiation power is 120 W. Exposure time is 16 seconds.

‘MM
M
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Fig. 2. Brightness temperature of glassy carbon surface
Fig. 3 shows images madewith high-speed digital camera VS-FAST-NG in the course of
laser radiation on the surface of glassy carbon, with images being separate frames of video. To
show the difference four images of glassy carbon surface are provided: fig. 3a — before influence;
fig. 3b - influence time 7, = 3 sec; fig. 3c — 7= 12 sec; fig. 3d - 7z, = 16 sec. The focusingzone of
continuous laser radiation is ~0,3mm, controlled area is ~1mm, the zone of
temperaturemeasurement is 0,1 mm. Power of laser radiation is 120 W. Influence time is 16

seconds.
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Fig. 3.Surface of a glassy carbonin the course of continuous laser radiation

Wave fronts are clearly visible. Wavelength makes about 0,03-0,04 mm. Melting of glassy
carbon is observed at the power of laser radiation of about 70 W which agrees with works [1, 2].
The brightness temperature of glassy carbon melting can beseen on the horizontal part of the
diagram (fig. 2) and makes T,=2720 + 15 K.

Fig. 4 shows images taken with high-speed digital camera VS-FAST-NG in the course of
laser radiation on the surface of pyrocarbon, the images being frames of video. To show the changes
four images of pyrocarbon surface exposed to laser radiation are provided: fig. 4a — before
influence; fig. 4b - 7, = 30 sec, the power of laser radiation is 75 W; fig. 4c - 7z, = 60 sec, the power
of laser radiation is 100 W; fig. 4d - 7, =90 sec, the power of laser radiation is 125W. The
focusingzone of continuous laser radiation is ~ 0,3 mm, controlled areais ~1 mm, the zone of

temperature measurementis 0,1 mm. Influence time is 90 seconds.

c) d)

Fig. 4.Surface of pyrocarbon the course of laser radiation
Melting was not observed with different laser exposure modes. The main processes observed

are heating and ablyation. Emergence of a cavity is registered at the exposure time of 60 sec and the
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power of laser radiation of 100 W (fig. 4c), further increase of exposure time and power of laser
radiation (fig. 4d) causes the cavity expansion. The brightness temperature of pyrocarbon surface is
as follows: Tr = 2383 K (fig. 4b); Tr = 2447 K (fig. 4c); Tr = 2544 K (fig. 4d).

Conclusion

The paper presentsthe design of experiment on registration of laser induced processes on
surface of carbonaceous materials with simultaneous measurement of brightness temperature.
Brightness temperature of glassy carbon melting due tocontinuous laser radiation is measured using
high-temperature micropyrometer and makes 2720+ 15 K. Wave structures are received,
wavelength is estimated. For determination of true meltingtemperature of glassy carbon it is
necessary to know the degree of blackness of this material at the melting temperature which is a
complex task, requiring further experiments. Melting of a pyrocarbon was not observed with

different radiation modes, the main processes being heating and ablyation.
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32. EXPERIMENTAL STUDY OF THE PARAMETERS OF FILAMENTS IN
TRANSPARENT SOLID MEDIA

M. A. Tarasova, K.S. Khorkov, D.A. Kochuev, V.G. Prokoshev

Department of Physics and Applied Mathematics,
Vladimir State University named after A. G. and N. G. Stoletovs,
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The phenomenon of filamentation of femtosecond laser radiation consists in the
spatiotemporal localization of energy in a high—power laser femtosecond pulse under the action of
self-focusing in the medium and nonlinearity in a self-induced laser plasma that persists for
significant propagation lengths in liquids, gases and solid transparent dielectrics [1]. There are
many works devoted to the study of the phenomenon of filamentation and attendant effects [2-5].

In this work, designed and assembled experimental setup for measuring parameters of the
filaments. The source of laser radiation was the ytterbium femtosecond laser TETA-10 (wavelength
1029 nm, pulse duration 280 fs, pulse repetition rate 10 kHz, maximum pulse energy 150 pJ). As
the sample was used a KU-1 quartz optical glass (5x5x20 mm), which characterized by high
transmittance in the UV, visible and near IR spectral ranges [6].

The measurement of filaments, namely the length of the filaments and the intensity

distribution in the transverse profile of the beam, was carried out according to the scheme in Fig. 1.
6
—_ — 4 5 —

%
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Fig. 1. Scheme measuring the length of filaments: 1 — laser; 2 — polarization attenuator; 3 —

\/
)

femtosecond laser radiation; 4 — spherical lens; 5 — optical wedge; 6 — camera and microobjective;

7 — sample; 8 — photodiode sensor; 9 — spectrometer (Beam Star)

To focus the laser beam was used a spherical lens with a focal length of 150 mm. Behind the
sample was installed Beam Star — the device for registering the transverse profile distribution of
radiation intensity (Fig. 2).
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Fig. 2. Distribution of the transverse intensity profile of the laser beam with a power: a) 0,7 mW
without sample with a focusing lens; b) 0,7 mW with a sample; ¢) 4.2 mW; d) 9 mW
Experimentally was established the value of the critical power at which filamentation begins

to develop was 5.18 mW. Fig. 2 shows the change of the intensity distribution in the transverse
profile of the beam. With increasing power, the length of the filaments also increased, as

demonstrated in Fig. 3.
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Fig. 3. a) Filamentation in fused quartz of KU-1. Image obtained by the camera. To the left are
indicated the values of the radiation power; b) The dependence of the filaments length from the

values of the radiation power

Measuring the length of the filaments took place with the help of images obtained from the
camera. To calculate values of the filament length were used the measurement standard, with the
applied calibration objects of known dimensions, after which occurred a comparison of the size of
the filament and the standard. Measurement of filament length was possible with a power gain of
7.14 mW. First of all, this is due to the photosensitivity parameter of the camera used.

The result of the work was measured parameters of the filaments: the length of the
filaments, depending on the power of the laser radiation; the intensity distribution in the transverse
profile of the beam. Experimentally recorded power value, at which begins to develop
filamentation.

This study was performed as a part of the state task VISU 1106/17 and a grant of the RFBR
number 16—-32-00760 mol_a.
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33. MORPHOLOGY, GRANULOMETRIC AND STRUCTURAL PHASE
COMPOSITION OF MECHANICALLY SYNTHESIZED COMPOSITE POWDER
AL-MG+AL/MWCNTS
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N.V., 3Sytschev A.E.
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Creation and study of composite materials reinforced with hybrid carbon structures is a
promising trend of scientific researches especially with manufactorins industry demands in parts
with improved physical and mechanical properties. Works [1,2] show that using hybrid carbon
structures for reinforcement helps gradualy improve tribological behavior of frictionproof babbit
coatings.

The objective of this work is to research the influence of microadditions of hybrid carbon
structures to morphology, granulometric and structural phase composition of mechanically
synthesized composite powders AI-Mg+Al/MWCNTs (Al-Mg+Al/MWCNTSs ration changes
between 0.05 and 0.3 wt.%).

Initial mixture used consisted of globular granules 1-2 mm in diameter from aluminium
alloy AIMg2 with addition of 0.05, 0.15 and 0.3 wt.% of AI/MWCNTSs.

Mechanical treatment of the initial mixture was conducted in a globular planetary mill
FRITSCH PULVERISETTE 6 using surface-active materials (stearic acid 0.75 wt.%). Milling was
conducted using steel balls 8 mm in diameter at the ratio of mixture components to milling bodies
1:20. Mechanical synthesis was conducted at rotation rate 600 rpm during 4.5 hours.

Particle size distribution of synthesized composite powder was measured using
MICROSIZER-201C. Structural phase composition of composite powder was performed using X-
ray structural analysis. For that purpose a diffractometer D8 ADVANCE was used. Composite
powder morphology was examined using ultra high resolution field-emission scanning election
microscope ZEISS ULTRA PLUS based on ULTRA 55.

Study of granulometric size composition of composite shows (see pic. 1a) the increase of
AI/MWCNTSs volume in the mixture from 0.05 to 0.3 wt.% leads to decrease of mediam partice size
from 18.7 to 17.6 um. It should be noted that in all compositions fraction size is less that 10 pm.

Results study of X-ray structural analysis (see pic. 1b) shows that diffraction patterns have

similar characteristics. Peaks that correspond to aluminum were noted. At the same time there are

101


mailto:aborkin@vlsu.ru

no peaks that correspond to AI/MWCNTS; this is due to small sensibility of X-ray structural method
to identifying phases with volume less that 3%.

N (a)

:‘I-'.ﬂ (b)

Al Al

(2.0.0) Al [ER R Al
3 _J Nz.t.u} j\_jl.z.‘.‘l

Volume, %

Intensity, a.u
—

r . v - - - - . - T - T T T
0 5 10 15 20 25 30 35 40 45 30 40 50 60 70 80 90
Particle size, um 20,

Pic. 1. Granulometric size composition (a) and structural phase (b) composition of composite
powders. Numbers identify: 1 — 0.05 wt.%; 2 — 0.15 wt.%; 3 — 0.3 wt.%

Selyakov-Scherrer equation was used to calculate the size of coherent-scattering region.
Calculation results show that increase of AI/MWCNTSs volume in the mixture leads to decrease the
size of coherent-scattering region from 65 to 57 nm.

i & il S S| a5
Pic. 2. TEM images of composite powder particles: a — 0.05 wt.%; b — 0.15 wt.%; ¢ — 0.3 wt.%
Pic. 2 shows TEM images of powder particles that characterize it's morphology. At higher
resolution on the fracture surface shows micro-crystals which sizes correspond to calculated values
of coherent-scattering region. On the surface of powder particles no hybrid carbon structures were
detected. This is related to its small concentration and specific formations of powder particles
during mechanical synthesis [3].
The reported study was funded by RFBR according to the research project Ne 17-58-04048
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34. THZ SPECTROMETERS BASED ON ULTRAFAST LASERS

Vasilis Apostolopoulos
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In the Terahertz (THz) laboratories group in the University of Southampton we work on
developing novel THz emitters and spectrometers based on the concept of THz time domain
spectrometry.

I will present THz emitters based on diffusion currents where terahertz radiation can be
generated by ultrafast photo-excitation of carriers in a semiconductor. I will present 2D simulations
of the THz generation effect taking into account the diffusion of carriers and the electric field using
finite differences time domain simulations. Multiplexed emitter geometries will also be shown such
as double-metallic multiple emitters which operate under uniform illumination and are fabricated
with periodic Au and Pb structures on GaAs. Terahertz emission in this case originates from
diffusion currents and from the different Schottky barrier heights of the chosen metallic pair. 1 will
demonstrate how our large area multiplexed emitters can be used in order to achieve THz focusing.

Finally, I will present our work on the development of Mode-locked Vertical External-
Cavity Surface-Emitting Lasers (ML-VECSELSs) that have seen advances in pulse energy and peak
power thanks to improved power handling techniques and structure designs. The significant
increase in gain and intra-cavity power, coupled with the VECSEL’s accessible external-cavity, has
made the addition of intra-cavity elements for frequency conversion possible even for lossy
conversion mechanisms. | will show a gold-patterned Semiconductor Saturable Absorbing Mirror
(SESAM) that functions both as a slow saturable absorber in a ML-VECSEL and as an intracavity
strip line Photo-Conductive Antenna (PCA) for THz emission. | will describe the design of the strip
emitter, and how it performed on a THz-Time Domain Spectrometer based on a ML-Ybfibre laser. |
will also show the characterisation of the ML-VECSEL built with the patterned SESAM. Our target
is to produce a laser which will perform intra-cavity generation of THz and be the basis for a

compact and fast spectrometer.
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35. ATOMIC-FORCE LITHOGRAPHY FOR PHOTONIC APPLICATIONS

A. Kucherik, S. Kutrovskaya, 1. Skryabin, A. Shagurina, A. Osipov, I. Chesnov

A.G and N.G. Stoletov Vladimir State University
87 Gorki st., Vladimir, Russia, 600000.
E-mail: 11stella@mail.ru

The results of the formation of planar nanostructures with relief, repeating the trajectory of
movement of an AFM probe were presented. The parameters affecting their geometric dimensions:
height, width, uniformity in the layer, etc. were investigated. The method of induced deposition of
silver/golden clusters on the silicon wafer surface p-type in the presence of an external electric field
was developed. The possibility of using such structures as hybrid circuits using photoelectronic
transducers was discussed.

Noble metals nanostructures such as silver and golden nanoparticles are well known due to
their ability of supporting surface plasmon localization at optical frequencies [1-2]. Such optical
nonlinear gain effectsare widely used in nanoparticle biological and chemical sensing, surface
enhanced Raman scattering or in photoelectric applications. Their spectral response strongly
depends on the nature of the metal, the size, the shape and the spatial arrangement of nanoparticles.
The precise control of these parameters during fabrication process is the main goal for adjusting the
optical properties of such structures in many applications [3].

Among the amount of different notable phenomena appeared in plasmonic structures the
effect of the directional propagation of light observed in the silicon-metal interfaces deserves
special attention. Such structures could potentially find a promising applications in all-optical
information processing devices since it can transmit optical signals. A great number of various
methods of fabrication of nanostructures supporting for plasmon resonances on metal-silicon
interfaces were recently proposed. Most of them are based on complicated multi-step
lithographymethods which can be combined by perforce with different chemical etching techniques,
electron beam evaporation and so on. All this procedures demand rather expansive equipment and
well optimized technology. In this paper we propose an alternative easy and relatively cheap
method of fabrication of metal nanostructures grownon a siliconsubstrate. The main peculiarity of
the proposed technique is the ability to control the shape and morphology of the designed structure.
The proposed method is based on coating thin layers assembled of silver or golden clusters with a

prominent precision accessible by modern possibilities of scanning probe microscopy.
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36. MECHANISMS OF LIQUID-PHASE EXFOLIATION OF GRAPHENE
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Graphene is a two-dimensional crystal consisting of carbon atoms arranged in a honeycomb
lattice [1]. The concept of "graphene” appeared in 1962, but opening a real graphene was only in
2004, using the method of micromechanical cleavage of graphite. Micromechanical cleavage of
graphite was the basic method for producing a graphene in early studies of its properties and was
the foundation for a number of new producing techniques, initiating active research in the field of
graphene exfoliation.

To date, there are many methods for producing graphene, one of which is the "liquid-phase
exfoliation of graphene ". This method is based on the intercalation of foreign atoms or molecules
in the interlayer space of graphite. The introduction of impurities weakens the interaction energy
between layers by increasing the distance between them. Thus, it becomes possible to further
separation into its crystal monolayers. As substances introduction used superficially active
substance (SAS) having high interaction energy with the graphene layers, such as, N,N-
dimethylacetamide (DMA), g-buthyrolactone (GBL) and other [2].

In paper [3] from N-polymethylpentene and finely divided graphite powder were preparing a
suspension, which is then sequentially subjected to ultrasonic treatment and centrifuged. The last
stages were used with the aim of obtaining in the solution suspended single-layer graphene sheets,
as well as samples composed of small numbers of layers.

One option of the method liquid-phase separation of graphite is an exfoliation of graphene
by femtosecond laser irradiation in liquid nitrogen [4]. The freezing of samples with liquid nitrogen
is often used in view of the availability of international standard boiling point and small size of
nitrogen molecules, which ensures its high fluidity.

At low temperatures the graphite lattice becomes less "plastic” that will probably allow to
breaking the interlayer bonds smaller energy contribution at the local heating diffused nitrogen
molecules in interlayer spacing .

At immersing graphite sample in liquid nitrogen, the latter as a monolayer liquid penetrates
the interlayer distance of graphite planes. The nitrogen molecules penetrate the interplanar spacing

in areas with defects (cracks, fractures, layering), as well as the ends of the sample (Fig. 1).
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Figure 1. Schematic representation of the process of nitrogen diffusion into interlayer
distance of graphite lattice

When the laser output power is insufficient for the processes of laser ablation, photon energy
the absorption by a grating of carbon and diffused nitrogen. As a result, laser heating, and
consequently, increase of vibration amplitude nitrogen molecules occurs volumetric expansion
region occupied nitrogen molecules (transition from liquid to gas). Thereby are breaking the carbon

n-bonds, which are weaker s-bonds, and begin the exfoliation of the graphene structures (Fig. 2).
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Figure 2. Schematic representation of the exfoliation of graphene as a result of the process
thermal heating of the nitrogen
Thus, the general mechanism of exfoliation graphene with femtosecond laser irradiation in
liquid nitrogen is detachment of the surface layers of the target in a result of violation of interplanar
bonds in the carbon sample due to expansion transition caused to diffuse nitrogen into the gas phase
by laser heating.
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37. PEHTTEHOBCKHWM JIA3EP C A ~ 13.4 HM, OBPA3OBAHHBIN ITPU
B3AUMOJIEICTBUU HAHOCTPYKTYPUPOBAHHON MUIIIEHHU OJIOBA C
MHTEHCUBHBIM JIASEPOM HAKAUYKHU - TEPCHEKTUBHBIA UCTOYHUK

U3JIYUYEHUS JJISI TPOMBIIIJIEHHOW HAHOJIUTOI' PAOUN

E. I1I. Heanoea
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Hay4Ho-TexHUYECKHE JOCTUKEHMS TIOCIEHUX JIET IIPENONPEACIIAIOT HOBBIC HAIIPABIICHUS
IUIE HAHOJIUTOTrpaduu CIECTYIOLIET0 MOKOJCHHS - IIPOU3BOJICTBA U KOHTPOJIS MOTYIPOBOTHUKOBBIX

YUIMOB ¢ pazMepaMu < 20 HM - 6a3upyroluecs Ha TpeX MPUHIMITUATIBHBIX pa3paboTKax.

i) Co3gaHue MHOTOCJIOMHBIX 3€pKall A pa3iM4yHbIX JUAla30HOB  JAJIbHETO
yiasTpaduoneTa ¢ ko3ddunueHrom orpaxenus > 60% [1].

i) Co3znanue Uit 3TUX JJIMH BOJIH BHICOKOA((EKTHUBHBIX PEHTIeHOBCKHX Ja3epoB (PJI)
B HAHOCTPYKTYPUPOBAaHHBIX MHILIEHSAX C IIPOJOJIBHOM ONTHUYECKOW HAKauyKoW. MexaHusm
00pa30oBaHMs IUIa3Mbl — MOHU3ALMs] UHTEHCUBHBIM ONTHYECKUM ToseM. biaronapst upe3BbluaitHO
y3koi mmpuHe muHMH ~ AAA < 10% PJI Moryr crath WealbHBIM HCTOYHHKOM JUIS
IPOMBIIIICHHON HaHoJIUTOrpaguu (a Takke Ui MHTEPPEpOMETPUH, MUKPOCKOIHMM BBICOKOTO
paspelleHnss C MCIOJIb30BaHUEM 30HHBIX mactuH @penens, g rojorpaduu U OPyrux
MIPUIIOKEHUH ).

Iii)  Pa3paboTka BOJIOKOHHBIX JIa3¢pOB C MOIIHOCTHIO MOpPSIKa COTeH KBT u Bhimie,
KOTOPBIE HCIIOJIb3YIOTCSl, B OCHOBHOM, JJISl CBapKH M pe3ku MmeramioB. OHU Moryt padoraTh B
KBAa3MHENPEPBIBHOM U BBICOKOYACTOTHBIX PEXHMMAax; IO MOILIHOCTH, KIJ, HAJEKHOCTH U
COBOKYIHOCTH JPYI'MX I1apaMeTpOB OHU Ha TMOPSAOK TMPEBOCXOIAT Ja3epbl KHUIOBATTHOTO
nuanazoHa Ha Kpuctamiax YAG, a Take COz nazepel. B ompeneneHHbIX —cimydasx
BBICOKOUYACTOTHBIE JIa3epbl MOTYT CIIY)KUThb HaKauyKoW IUIa3Mbl AJs TeHepauuu usnydeHus PJI c
BBICOKUM JHEPreTUYECKHM BBIX0JIOM. Bricokuii koaddurnment xonseptamuu (KK) sHeprum
HAaKa4ky B SHepruto PJI BO3MOKEH IpU UCIIOIB30BAHUU HAHO - CTPYKTYPUPOBAHHBIX MULICHEH.

B nokmame mpencraBieHa TeOpeTHUYECKash MOJENb HCTOYHHKA MOHOXPOMATHUYECKOTO
m3nydeHuss ¢ A ~ 13.4 HM, mNOperHAa3HAYEHHOTO /IS TPOMBIIUICHHOW HaHOJUTOTrpagHH.
Heo6xomumerii 2HEpreTndeckuii BoIXoa GoToHOB ¢ A = 13.4 HM NOJDKEH MPEBHIIIATh BEITUYUHY ~
200 JIx/c. CoznaHue BBICOKODPHEPIETHYHBIX MCTOYHHUKOB B YKa3aHHOH 00JacTH SIBISETCS
aKTyaJTbHOW TPOOJIEMOM, TOCKOJIBKY WMEHHO [JIsi 3TOH o0iacTh pa3paboTaHbl MHOTOCIONHBIC

3epKajia ¢ BBICOKUM K03 duiieHToM otpaxkenus (>60%) [1].
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OcHoBa UCTOYHHKA — peHTreHoBckHit 1azep (PJI) ¢ onTrueckoi caMoHakaukoi Ha mepexoie
3d%f [J=1] - 3d%d[J=1] Ni - momo6uoro mona onosa (Sn?"). DTo OTHOCHTENHLHO HOBHIH,
MaJIOM3Y4YCHHBIN KJIACC PEHTTEHOBCKUX Jia3epoB [2]. MexaHu3M MHBEPCHH JIa3€POB C ONTHUYECKOU
caMO HaKadKol oOyCJIOBJIeH peabcopOIiuelt (rmepenoriomenrneM) GOTOHOB B ONTHYECKH TIOTHOM
mia3Me. OKcnepuMeHTallbHOe wu3ydyeHue PJI ¢ onTuyeckoil caMOHAKaukOM COMNPSIKEHO C
OTIpeICTICHHBIMU TPYAHOCTSMHU:

1) IponomkurenbHOCTh Bbixonsiiero ummnynsca PJI ne npessimaer 20 — 30 nc. Hakauka
I1a3Mbl  JOJDKHA TPOU3BOJUTHCS YIBTPAKOPOTKUM MOHO HMMITYJIIBCOM C YETKO 3aJlaHHBIMH
napaMeTpami.

2) HaHOCTpyKTypHUpOBaHHAss MUIICHb TAaKXe JOJDKHA OBITh NMPUTOTOBJICHA C 3aJaHHBIMU
napaMeTpamm.

Jns  wabmonenus »ddextuBHoro PJI - wuwmmynbca HE0OXOAWM  MpeaBapUTEIHHBIN
BBICOKOTOYHBIM MOJIENBHBIN pacyeT mapaMeTpoB HaKayKu, MUIICHU U IJ1a3Mbl, a TAK)K€ BPEMEHHBIX
XapaKTEPUCTHUK BBIXOMSIIETO H3TYUCHHSI.

B Hamem pacdere mpenmonaraercs, 4YTro (OPMUPOBAHME IUIA3MEHHOTO IMIHYypa
MPOUCXOTUT TPHU B3aUMOJEHUCTBUU HAHOCTPYKTYPUPOBAHHOW MUIIEHH OJIOBA C HWHTEHCHUBHBIM
Ja3epoM HaKayK{ OINpEeAENIEHHOW HWHTEHCHUBHOCTH, SHEPTMHM W JJIUTENbHOCTH. Jlyd Hakauku
HaTpaBJICH BJOJb MHUIICHU (TMpoaoibHAas Hakadka). AHamorumunas cxema PJI B Ni- momoGHOM
kceHone (Xe®*) ¢ A = 11.3 um paccmarpuBanack Hamu B [3], rae paGouas oOIacTh IIa3MbI
(dhopMupoBaachk B pe3yiabTaTe B3aUMOJICHCTBUS Jia3epa HAKAYKHU C MOTOKOM KIIACTEPOB KCEHOHA.

B noknaze obGcykaaroTes: MPUHLIMI CO3JIaHHMSI HAaHOCTPYKTYPHPOBAHHOM MHIIEHH OJIOBA,

CX€Ma DJKCIEpUMEHTAJbHOW YCTAaHOBKHM, TlapaMeTpbl Hakadku. I[IpeacTtaBiieHbl pacyueTsl

K03 (QUIIMEHTOB YCWICHUS U KBAaHTOBBIX BBIX0MOB PJI ¢ A = 13.4 HM B ONTUMANBHBIX YCIOBUSX,

HEOOXOUMBIX JUIsl CO3/IaHMs UCTOUYHUKOB BY @ u3nmydeHus B IpOMBIIIIIEHHONW HAaHOJIUTOTpa(uu.
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Our nowdays’ life is largely built on optoelectronic devices. The most of already existing
devices operate separately with their optical and electronic parts. We believe that joining together
the photonic and electronic parts will substantially change the face of modern optoelectronics make
new devices more efficient, targeted and successful. To answer this technological challenge, we
resort to methods and approaches of Polaritonics, the interdisciplinary research area which is at the
heart of modern optoelectronics and quantum light wave technologies.

Among the most demanded and promising optoelectronic devices are the devices for
information storage and processing based on macroscopic manipulation by coherent coupled
matter-light states [1]. Cavity quantum electrodynamics, the study of strong coherent interactions of
quantized cavity electromagnetic field with matter, provides a versatile platform for this goal.
Cavity-QED arrays composed of engineered optical cavity modes and few-level oscillators, e.g.
excitons in quantum wells (QWSs), may serve as many-body systems for the light manipulation [2].
However, the strength of light-matter coupling in microcavities is limited by the number of QWs
embedded in each cavity. To overcome this technological limitation, the concept of Bragg
polaritons has been proposed [3,4]. The Bragg polaritons can be created by incorporation of QWs
that are holders of excitons periodically throughout a Bragg mirror representing, in fact, a 1D binary
photonic crystal. The eigenmodes of the system are an admixture of excitons and Bragg photons.

As a model structure, we consider a GaN/Alo3Gao.7N Bragg mirror with embedded narrow
Ino.12GaogsN QWSs. By choosing the thicknesses of the layers, we can tune the position and width of
the band gaps in a wide energy range. Figure 1(a) demonstrates dispersions of photonic eigenmodes
of the pure 1D photonic crystal (without embedded QWs) for three combinations of the parameters:

dcan Nean=daican Naican for the left and right panels and dcan Nean # daican Naican for the middle
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panel. The second photonic branch is convex that provides anomalous dispersion. Keeping the
convex shape of the dispersion in combination with defocusing nonlinearity one possible to expect
the structure supports propagation of spatially localized wave packets that are known to be natural

candidates for optical information processing.
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Fig. 1. (a) Energy band gap structure of the empty 1D photonic crystal with different widths of the
layers. (b) Dispersion of the UB and LB polariton branches and (c) group velocity of the LB
polaritons in dependence the polariton Bloch vector for different values of the exciton-photon
coupling. The dashed curves in (b) and (c) and the dashed line in (b) correspond to non-interacting
photons and excitons, respectively. The group velocity in (c) is given in units of the speed of light in

vacuum.

The presence of periodically arranged QWs significantly changes the band gap structure of
the considered system. Exciton-photon coupling results in appearance of new eigenmodes that are
not photonic anymore but polaritonic. Figure 1(b) demonstrates dispersions of two polaritonic
modes resulting from the coupling of the photonic mode belonging to the second photonic band
with the excitonic mode quasi-resonant to the top of the photonic band [5,6]. Both polaritonic
branches inherit the convex shape from the photonic dispersion and are suitable for obtaining
localized polariton packets in the presence of the repulsive nonlinearity. The lower (LB) and upper
(UB) polaritonic branches are separated by the band gap, and the stronger the exciton-photon
coupling, the wider the band gap.

Figure 1(c) demonstrates the group velocity of the LB polaritons in dependence of their
wave vector for different matter-field coupling strengths. Even at a small change of the wave vector
the group velocity can vary in a wide range, from zero to 40 percent of the light speed in vacuum. It
is noteworthy that the eigenwaves with positive wave vectors possess a negative group velocity
while the eigenwaves with the negative wave vector propagate with the positive group velocity, i.e.
the group and phase velocities in the considered structure are anti-parallel [7]. In the work, we
demonstrate that the group velocity of the polariton wave packets can be effectively controlled

through manipulation by the matter-field coupling strength, herewith the wave packets remain
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spatially localized during propagation.
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At the moment the study of the process of laser ablation of various metals, which is the
subject of many works [1-4], is of a great interest for science. The advantage of ablation induced by
ultrashort laser pulses (USP) is the absence of heat during processing, which allows to achieve high
accuracy. In this work presents the effect of femtosecond laser irradiation on titanium samples in air
medium with different modes of action. Changing the power density of laser radiation was achieved
by changing the position of the sample plane relative to the focal plane of the lens.

As a used laser source was a femtosecond laser system TETA-10 with the following
characteristics: pulse duration ~280 fs, repetition frequency 1-10000 Hz, the average power of 1.5
W, wavelength 1030 nm, focal length of the lens is 50 mm, the beam diameter in the area of beam
waist of about 50 um. Variable parameter during the treatment was the working distance of the
focusing lens. Material handling — titanium plate VT1-0 with a thickness of 1 mm, the surface of the
sample was polished. The sample was mounted on a motorized 3-coordinate table.

When focusing the laser radiation on the sample surface was observed an intensive
formation of laser-induced plasma. On the edges of the cavities present traces the emission of the
liquid phase, which was manifested in the formation of characteristic cushion on the edges of the
cavity with a height of 10-30 microns, and the "castle" around the cavity where a temperature zone
was formed. With the gradual removal of a sample from the area of focus decrease the intensity of
plasma, the temperature zone is also decreased, the dynamics of erosion is greatly reduced, which is
typical with a sharp drop in the value of the power density. At some removal from the focal plane,
there is a process cold laser ablation, erosion surface is less intense than at the location of the
sample in the focal plane, but the formation of a temperature zone does not happen, the plasma
generation is virtually absent, traces of ejection of the liquid phase were detected, which can speak
directly about "cold" processing mechanism.

Thermal processes of laser radiation interaction with matter typical for subnanosecond
pulses [5]. The appearance of the zone of thermal influence in the process of laser radiation due to

the accumulation of thermal energy near the radiation of exposure due to contact with plasma,
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which does not have time to dissipate and cool down to the arrival of the next pulse. An ultrashort
laser pulse initiates the formation of a plasma torch, which has a lifetime much greater than the
duration of the laser pulse, about few hundreds of nanoseconds [6], so we can talk about laser-
plasma treatment. With a large repetition rate of the pulses is "pumping" the plasma torch by laser
radiation, laser-induced plasma is becoming the main source of thermal energy in the system, which
leads to a pronounced zone of thermal influence and abundant formation of the liquid phase,
irrespective of the duration of the laser pulse.

In this work presents a series of experiments of ultrashort laser pulses influence on the
surface of titanium, the treatment conditions corresponding to "cold ablation™ and the peculiarities
of interaction of USP with the surface of titan at different modes of radiation were determined. The
experimental results are in good agreement with modern trends of building systems for the
"micromachining”.

This study was performed as a part of the state task VISU 1106/17 and a grant of the RFBR
number 16-08-01226.
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Femtosecond lasers fabricated by conventional scheme have the output pulses repetition
frequency (OPRF) 70-100 MHz. However this frequency should be much lower for some
applications and be about 1 MHz.

For example, in [1] the fiber laser system with low OPRF is required for carbon-containing
films deposition. The same parameters are required for realization of direct writing technology [2].

One can solve the problem of creation of an oscillator with such characteristics in various
ways. In the first way the reduced repetition frequency is achieved by decimation of the input high
frequency sequence of pulse packet with optical gate. Such method is common used in practice but
it’s technical realization is complicated an expansive. Another way is increasing of the resonator
length. In accordance to formula (1) the resonator length should be about 30 meters to achieve
radiation with frequency about 10 MHz.

V= U 1)
where c is light velocity in the medium; L is the resonator length and v is the pulse repetition
frequency.

Implementation of this method with volume elements is possible [3] but has no common use
due to extreme sensitivity of such long resonator to perturbation effects (vibrations, temperature
drift). As for the fiber oscillators, this approach is justified and has common use.

We propose a fiber laser with Er3*-doped active fiber, generating with the wavelength 1550
nm. Getting USP with such a laser is based on passive mode synchronization achieved by
compensation of group velocity dispertion (GVD) in passive (negative GVD) and active (positive
GVD) fiber parts such way that the total GVD in the resonator is zero. Such compensation is
performed automatically in oscillators with high OPRF due to equal length of active and passive
parts. Compensation of GVD in long resonators (tens of meters) with low OPRF require special
measures. Super doped germanate fiber (about 50 molar percent of GeO- in the lightguide) with low
mode diameter (about 2.5 mcm at the operating wavelength) is added into the resonator. It provides

very high nonlinearity compared to the conventional one mode fiber and high dispersion parameter
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100 ps/(nm*km) at the wavelength 1550 nm respectively. That’s why it’s using leads to positive
group velocity dispersion appearance which in turn helps to compensate dispersion and achieve
passive mode synchronization in the resonator.

Optical resonator scheme is shown on Fig.1:
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Figure 1. Scheme of a fiber laser with low pulse repitition frequency with nonlinear fiber in
the resonator.

As a result of using nonlinear fiber total length of the resonator will be about 50-60 meters

which will help to achieve the required OPRF value and increase stability of radiation.
This study was performed as a part of the UMNIK contract number 00333281'Y/2017.
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Hanokxommo3utsl, 00beuHsIONIE B ce0e CBOWCTBA MOMYNPOBOJHUKOBBIX HAHOKPHCTAIIJIOB
(xBanToBBIX TOouek, KT) m marepuana TBEpIOTENbHON MaTpHIbl, B HACTOSIIEE BpPEMs LIUPOKO
UCIOJIb3YIOTCS B CaMbIX Pa3JIMYHBIX 00JacTaX Hayku U TexHosnoruil. Ha ocHoBe marepuasoB c
MOJIYIPOBOHUKOBEIMU  KoutouaHbiMu KT  mpoum3Bomst 3¢¢eKkTuBHBIE W SKOHOMHYHBIC
CBETOM3JIYYAIONINE YCTPOWCTBA, pPa3HOOOpA3HbIE IIOMUHECIUPYIONIUE TOKPHITHS M METKH,
aKTUBHBIEC AJIEMEHTHI 1JId J1a3epHoil reHepanuu. Kpome Toro, duryopeciieHTHbIE METKH U 30HbI Ha
ocHoBe KT wupe3BbiuailHO BocTpeOOBaHBI B OHOJOTHMH, METUIMHE W PA3IMYHBIX METOoAax
JUATHOCTHKU B KaueCTBE MHOTOMApaMETPHUUYECKUX HAHOCEHCOPOB, MOCKOIBKY UX CIEKTPaJIbHBIC
CBOWCTBa (HAamMpuUMep, KWHETHUKA JFOMHHECIEHIIUN) CYIIECTBEHHO OIPENCSIOTCS MapaMeTpaMu
JIOKQJIBHOTO TIOJISI, 3aBUCAT OT TEPMOJIMHAMUYECKHUX MapaMeTpOB CUCTEMbI U BHEIIHUX MOJeH (CM.,
Harpumep [1]). B gactHocT, KT mpumeHstoTcsi B KayecTBE TeMMepaTypHBIX ceHcopoB [2]. Jms
WCIIOJIb30BAaHUS TONYIPOBOJIHUKOBBIX HAHOKPHUCTANIOB B KAadeCTBE CEHCOPOB TEMIIEpaTyphl
HeoOxomuMo  (yHIAaMEHTAIbHOE T[MOHUMAaHWE JHHAMHYECKUX IMPOIECCOB,  OIMPEACSIONINX
dboTodusnueckue croiictBa KT, n ux cBsizu ¢ TeMIiepaTypoi.

TemnepaTypHble 3aBUCUMOCTH CIIEKTPOB TOIJIOMIEHUS U (IIYyOPECLEHIIMH Pa3IHYHbIX
kBaHTOBBIX Touek (CdSe, CdS, InAs), mOMEIIEHHBIX B KPUCTALTUNIECKHE PACTBOPBI, UCCIIETOBAINUCH
IKCIIEPUMEHTANILHO B psife paboT (cm., Hanpumep, [3-6]). Jannas paboTa mocBsieHa pa3padoTke
TEOPETUYECKONW MOJIENH, TTO3BOJIAIONIEH MPOaHAM3UPOBATh MepepacipeieieHie NHTEHCUBHOCTH B
cnekTpax (QuyopeclueHuu HaHokoMmmno3uToB Ha ocHoBe KT cenenmpga xkaamus (CdSe),
BBIPAIICHHBIX B JKUJIKOKPUCTAIUITMYECKHX pacTBopax Kampmiata kagmus (CdCg) mpu m3MeHEHHH
temmnepatrypsl ot 77 1o 300 K [5-7] (cm. puc. 1).

Jlns omnucaHusi HaONIONAaeMBIX CIEKTPOB JIIOMHUHECHEHIMH Oblla MpeaoKeHa CcXema
SHEPreTUYECKUX YPOBHEH, BKIIOYAIOIIAs PA TMPOMEKYTOUHBIX JEPEKTHBIX COCTOSIHMM, H

MOCTPOEHA CUCTeMa OallaHCHBIX ypaBHEHMH. B paMkax pa3BHTOro moaxoja MOKa3aHo, MPH KaKuX

1 o o
[Tocesmaercs cBeTyioN mamsaTd K.d.-M.H., Tipodeccopa kKadeapsl Teopetnmdeckoil ¢msmku um. D.B. I[Imomsckoro
WHcTuTyTa GU3HKK, TEXHOIOTHH B HH(OpMaMOHHBIX cucteM MITTY Muxaunna AHaTonseBnda Muxaiiosa.
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yCIIOBUAX (POPMHUPYIOTCS MOJIOCH JIIOMUHECLEHIIUU C OMpPEEICHHBIM YUCIOM MakcuMyMoB. [Ipu
3TOM aHaJoroM Oec()OHOHHOW JMHUHU TOIJIOUICHHUS JIOPEHLEBCKOM ¢opMbl B Teopuu bioxa B

HaleMm ciryvdac sBJIsI€TCsa HCOAHOPOIHO YI_HI/IpeHHHﬁ 9KCUTOHHBIN IHK.
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Puc. 2. PaccumtaHHble TOJOCHl  JIOMHHECICHIIMM  (CIUIONIHBIE  KPHUBBIE) U
IKCIIEPUMEHTANLHBIC TaHHBIC (TOUKH) [5, 6] Ay 00pasia ¢ KBaHTOBBIMU TOYKaMH pa3mepoMm a) 1,8

HM u 6) 2,3 uM (cieBa). MojaenupoBaHue IepepaclpeeleHusi UHTCHCUBHOCTH B CHEKTpE
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moMuHecieHn s obpasma ¢ KT pasmepom 2,3 HM IpH pa3iWyHBIX 3HAYEHUSX CKOPOCTEH
nepexozioB @) — e) (crpasa).

CpaBHeHHE ¢ ABYXYpPOBHEBBIM aTOMOM ONpaBlaaHo, Mockonbky misi KT nHaOmromatorcs
CIIEKTPOCKOIUYECKHE SIBJICHUS, XapaKTepHbIE M IBYXypoBHeBoro aroma [8-10], B yacTHOCTH,
Ha0JI0/1al0TCA SKCUTOHHBIE JIMHUM PE30HAHCHOTO IMOTJIONIEHUS, UMEIOIINE JTOPEHIEBCKYIO (popmy
[8]. Pe3ynbTarsl uncnenHoro pacuera nosoc momuHecueHu st KT CdSe pasmepom 1,8 HM n
2,3 HM OpH JBYX pa3IMYHBIX TeMmIepaTypax MpuBeneHbl Ha puc. 2. IlonydeHHble 3HAUYEHUS
CBUACTEIBCTBYIOT O CHJIBHOM HEOJHOPOJHOM YIIUPEHHHM ONTHUYECKUX IIOJIOC, KOTOpOe
MPAKTUYECKH HE 3aBUCUT OT TemImepaTypbl. MBI CBSI3bIBa€M €ro ¢ UMEIOUIMMCS pa3zdpocoM IO
pasmepam KT. Illupuna OJHOPOAHBIX JIMHUWA JIIOMUHECUEHLUHUHA CYHIECTBEHHO 3aBUCUT OT
TEeMIIEPaTyphl, HO Ha ()OHE CHIILHOTO HEOJHOPOIHOTO YIIUPEHUS NaHHBINA d(H()EKT mpakTHIeCKH He
nposiBisiercsi. Ilpu  sTomM 3amMeTHBIM 00pa3oM TPOSBISETCS YMEHBIIEHUE HWHTETPabHOM
MHTEHCUBHOCTHU TOJIOC JIIOMUHECICHIIMM U TepepacnpeieieHue MHTEHCUBHOCTU MEXAY MUKaMH
JIOMUHECHEHIIMK C OJAHOBPEMEHHBIM YBEIMYEHHMEM WHTEHCHUBHOCTH IIUPOKUX IOJOC B
JUITMHHOBOJTHOBOM  00JacTH  CHEKTpa, KOTOpbIE CBsI3aHBl C JIe(DEKTHBIMH  COCTOSIHHSIMH
HaHOKpucTauioB. JlaHHble S(QPeKkThl MOTryT OBITh OOBSCHEHBI Ha OCHOBE MPEIIOKEHHBIX
OalaHCHBIX ypaBHEHUH 3a CYET TEMIIEPATypHOIO H3MEHEHMSI COOTBETCTBYIOUIMX CKOPOCTHBIX
KOHCTAHT U U3MEHEHHUs HaceJIeHHOCTel ypoBHel. Ha puc. 3 moka3aHa 3aBUCUMOCTb JJIMHBI BOJIHBI
MakCHMyMa SKCHUTOHHBIX IIOJIOC JIOMHUHECICHIIMM OT Temrieparypsl. HaOmromaemoe cMmerneHue
MOXET OBITh 00YCIIOBIICHO ITPOSIBJICHHEM 3KCUTOH-()OHOHHOTO B3aUMOICHCTBUS.

Takum o0pa3om, B TaHHOW paboOTe MOKa3aHO, YTO PAa3BHUTHIA MOAXOJ IMO3BOJIIET ONMHUCATh
($hopMy HEOTHOPOJHO YIIMPEHHBIX IMOJIOC TMOTJOMIEHUS W SKCHUTOHHBIX IMOJIOC JTIOMUHECIICHIIHUH.
BBenenue B cxemy ypOBHEH HCCIEIyeMOW CHUCTEMBI IBYX W 00Jee SKCHTOHHBIX COCTOSIHHIA
MO3BOJISIET Ha OCHOBE OaJlaHCHBIX YPAaBHEHMM M TEOpPUHU JIOPEHIIEBCKOM MOJIOCHl SKCUTOHHOIO
BO30YKJCHHSI OMUCaTh MepepachpeieieHle HHTEHCUBHOCTU U3Ty4YeHHUS] B SKCHUTOHHBIX CIIEKTpax
JIOMUHECIIEHIINN TPU H3MEHEHHH Temnepatypel U pasmepoB KT B wucciemyemom o0pasiie.
Heo0XxoauMo OTMETUTH, YTO YpaBHEHHS MOTYT OBITh O0OOIIEHBI A H3y4eHus 3PQeKToB
Mepraromen (GayopecieHIInd OIMHOYHBIX TOTYIPOBOAHUKOBBIX HaHOKpucTawioB [11]. [Toka3aHo,
YTO BIMAHHE (OHOHOB Ha HM3YyYaEMyI0 CHUCTEMY HPHUBOJUT K CABUTY IOJOC SKCHUTOHHOM
JIOMUHECIEHIIMY B KPAaCHYIO CTOPOHY CIIEKTpa MpPH MOBBILIEHUU TeMIlepaTypbl. YucaeHHbIN pacueT
TEMIIEPAaTypPHOU 3aBUCUMOCTH CHEKTPOB JIIOMUHECUEHLIUU B paMKax MPEJIOKEHHOW MOJAENIu

COTJIACYETCsl C AKCIIEPUMEHTAIbHBIMU PE3yJIbTaTaMu.
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Puc. 3. DkcnepuMeHTanbHble JaHHBIE [5, 6] U pe3yabTaThl pacuyeToB JUIsl TEMIEPATypHOM
3aBHCHUMOCTH TIONOKEHHSA JTHHUH JJIOMUHECUCHIINN  OJIs1 o6pasua C KBAHTOBBIMH TOYKaMH
pasmepom: a) 1,8 am; 0) 2,3 HM.
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42. THE CW-LASER ABLATION OF RESONANT
SILICON NPS IN LIQUID

A. Osipov, S. Arakelian, S. Kutrovskaya, and V. Samyshkin

Stoletovs Vladimir State University
87 Gorky st., Vladimir 600000, Russia
osipov@vlsu.ru

The paper demonstrates that the laser ablation approach can be used for synthesis (with
average nanoparticle size control) of silicon nanoparticles supporting strong resonant optical
responses in the visible spectral range. Porous and monolithic crystalline silicon targets are
considered. The generated colloidal solutions have been used for the formation of
one-layered covering composed of silicon nanoparticles. The obtained results may be used for the
realization of many functional metasurfaces consisting of randomly distributed resonant
nanoparticles.

A huge spectra of photonic applications require silicon nanoparticles [1, 2]. Its optical
properties, including resonant responses, are considerably dependent on the size, shape, and
crystallization degree [3]. The development of fabrication techniques with controlled nanoparticle
parameters is very important. The methods of laser ablation in liquid [3, 4] allow to control the
average size and shape of the obtained particles choosing suitable irradiation conditions (pulse
duration, energy density etc.). The order deposition of such particles in thin films allows to create
metasurfaces for controllable manipulation of the reflection and transmission properties [5,6].

The paper presents results of the silicon nanoparticle synthesis by the continuous laser
irradiation of the thin silicon target placed in ethanol. Porous and monolithic silicon targets are
considered.

The reported study was also supported by the Ministry of Education and Science of the
Russian Federation (state project no. 16.1123.2017/PCh), RFBR grants 16-32-60067 mol_a_dk, and
by the grants of president of Russian Federation byprojectsMK-2842.2017.2 and MK-2988.2017.2.
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43. LOCAL REFRACTIVE INDEX MODIFICATION OF OPTICAL FIBER BY
FEMTOSECOND LASER RADIATION: INSTALLATION FEATURES

A.S. Chernikov, K.S. Khorkov, D.A. Kochuev, V.G. Prokoshev, S.M. Arakelian

Department of Physics and Applied Mathematics,
Vladimir State University named after A. G. and N. G. Stoletovs,
87 Gorky, Vladimir, 600000, Russia

E-mail: nachol7x08@amail.com

Over the past decade methods of the refractive index modification in transparent materials
by femtosecond laser pulses rapidly develop. Local changes of refractive index induced by
femtosecond pulses used for direct writing of the periodic structures in transparent materials. Fiber
Bragg gratings (FBGs) and long-period gratings (LPGs) are one of the most popular optical
components have found wide application as sensing elements in sensor devices [1], as spectral
filters in fibre lasers [2, 3], etc.

Refractive index modification of the optical fiber by the femtosecond laser pulses is based
on energy absorption processes due to nonlinear phenomena such as tunnelling, multiphoton and
avalanche ionization [4]. Femtosecond laser technology using to write FBGs in optical fibers
without the requirement of material photosensitivity and fabricate optical structures has high
thermal stability. The main advantages of the femtosecond writing method is the ability to flexibly
change the characteristics of the Bragg grating: the period length and, as a result, the spectral
characteristics.

In the experimental setup uses the femtosecond Yb:KGW-laser system producing 280 fs
pulses at 1030 nm with repetition rate of 10 kHz. Laser radiation focuses into the fiber by the 50x
microscopic objective which has NA 0.42 and working distance of 17 mm.

Optical structures were inscribed in Corning SMF-28e+ fiber (cladding diameter — 125 pm;
core diameter - 8.2 pm) without removing the polymer jacket. Schematic drawings of the
processing area shown in Fig. 1. To overcome the fabrication limitation imposed by the intrinsic
fiber geometry, the optical fiber was placed between glass plates (Fig. 1 a), space between them
filled with index-matching immersion liquid so that the surface geometry presented to the path of
the incident femtosecond laser beam is flat [4, 5].

In Fig. 1 b the second version of the scheme is shown. In this case, optical fiber stretched
and fixed between two guide elements mounted on the side of walls of the cuvette, carrying out
input and output of the fiber from the cuvette. The cuvette filled with index-matching immersion
liquid whose refractive index is close to refractive index of optical fiber. Microobjective is lowered
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into a cuvette with immersion liquid. Laser radiation is focused in the fiber core. The fiber position

IS adjusted using precision three-axis stage.

Fig. 1. Schematic drawing of the processing area: a) 1 — femtosecond laser radiation, 2 — focusing
optics, 3 — glass plates, 4 — optical fiber, 5 — immersion liquid; b) 1 — femtosecond laser radiation, 2
— microobjective, 3 — focused laser radiation, 4 — immersion liquid, 5 — guide elements, 6 — optical

fiber, 7 — cuvette, 8 — stretching roller, 9 — three-axis stage.
Fig. 2 shows microscope images of inscribed structures in fiber core. We have demonstrated
that it is possible to inscribe gratings of the refractive index in fiber by femtosecond laser using two

different schemes.

Fig .2. Microscope images of grating structures inscribed

This study was performed as a part of grant of the RFBR number 16-32-00760 mol_a. and
program UMNIK contract number 8524GU/2015.
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44. SPATIO-SPECTRAL ANALYSIS OF FLUORESCENCE FROM PROBE ORGANIC
MOLECULES TO MEASURE EFFECTIVE VALUES OF THE REFRACTIVE
INDEX IN FROZEN FILMS

Nina S. Voronova and Yurii E. Lozovik

In the present work, we consider the effects of mirrors curvature on the behavior of the
weakly interacting BEC of a 2D photon gas confined in a dye-filled optical microcavity. While the
Gross-Pitaevskii description for such systems, akin to the systems of microcavity polaritons, is
rather standard, the dependence of the effective photon mass on the distance from the cavity center
has not been previously taken into account. The correct description implies the modification of the
kinetic term from a simple Laplacian into a mixed derivative of the wave function and the mass. For
spherical mirrors, we find corrections to the ground state energy and the photon condensate wave
function, which are of the order of Lo/R, where R is the curvature radius of a mirror and Lo is the
cavity width at the center. Following the same idea, we suggest to engineer a cavity with a
periodically weakly changing width, which creates a periodic potential for the BEC of photons. We
demonstrate that in this case, a weak modulation of the wavefunction leads to anisotropic

superfluidity since the superfluid density turns out to be a tensor instead of a scalar.
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45. THE COLLOIDAL SYSTEMS ON SEMICONDUCTOR NANOPARTICLES

A. Kucherik, S. Kutrovskaya, I. Skryabin, S. Arakelian, E. Shamanskaya, S. Zhirnova

A.G and N.G. Stoletov Vladimir State University (VSU), 87 Gorki st., Vladimir, Russia, 600000.
E-mail: 11stella@mail.ru

In this work a method of the laser synthesis of colloidal nanoparticles and the formation of liquid
photonic crystals are discussed. Optical properties of the systems depending on the particle
concentration, its sizes and shapes were determined.

At present there is the great deal of research related to the application of semiconductor
quantum dots having the optical transitions in the visible range of the spectrum. Nowadays more
and more attention is paid to nanocrystals of lead chalcogenides (PbS, PbSe, PbTe) — narrow-gap
semiconductor compounds with a band gap of 0.41, 0.278 and 0.31 eV at 300 K with transitions,
occupying a wide range of near-infrared region of the spectrum (0.8-5 microns) [1-2].

Colloidal quantum dots are the best alternative to conventional various organic and inorganic
fluorophores which are good at not only in photostability, but also on the molar extinction
coefficient, and having a number of unique photophysical properties. Semiconductor quantum dots
located inside complexes with the nanoparticles (NPs) of noble metals or carbon chains can be used
in a varied applications such as sensor systems and optoelectronic devices [3-4].

The reported study was also supported by the Ministry of Education and Science of the
Russian Federation (state project no.16.1123.2017/PCh), RFBR grants16-32-60067 mol_a_dk, 16-
42-330461 r_a.
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46. MEPEKJIIOYEHUE COCTOSAHUNA MPOBOAUMOCTH METAJUIMYECKNX
JABUPUHTOOBPA3HBIX IVIEHOK HA IMMOPOT'E NEPKOJISAALIUUA

T'ywgun M.I'., I'naockux H.A., Bapmanan T.A.

Ynusepcumem UTMO, Canxkm-Ilemepoype
+7(999)2398596, magusch@gmail.com

ToHkMe MeTanmuyeckue JTaOupUHTOOOpa3HbIe IIIEHKU Ha MOPOre MEPKONISAINA UHTEPECHBI
CBOMMM YHHUKQJIbHBIMU JJIEKTpUUECKUMHU cBolicTBaMu. KpaiiHe Mamoe paccTosHue Mexay
HAHOYACTHUI[AMH B IUIEHKE MO3BOJISET YIPABISITh €€ MPOBOJUMOCTHIO C MOMOIIBIO IPUIIOKEHHOTO
ANEKTPUYECKOTO HAMPSIKEHUsI, YTO MPOSBIAETCS Ha BOJbTaMIEpPHBIX Xxapaktepuctukax (BAX) B
BUJIE PE3KOT0, CKAauKOOOpa3HOrO W3MEHEHHUs COMNPOTHUBICHHA. Takke MOXHO HaOII0AaTh
rucrepesuc BAX. JlanHoe ncciiefoBaHie METAITMYECKUX JTAOUPUHTOOOPA3HBIX TNIEHOK HHTEPECHO
B KaUEeCTBE JaJbHEHIIEro NCI0JIb30BaHUs UX B 3alIOMUHAIOLINX YCTPONUCTBAX.

WuTepec mpencrapisieT COCTOSHUE TUIEHKH B KOTOPOM OTJENIbHBIE YaCTUIbI HAXOASTCS Ha
rpanu oOpa3oBaHHE CBSI3aHHOM cucTeMbl. Takoe cOCTOsIHHE, Ha3bIBaeMOEe Ha MOpOore MEepKOISAINH,
MCCIIEIOBAHO HEIOCTATOYHO TIIyOOKO.

[In€nkn Ha mopore MEepKOJSALUUN OBLIM IMOJYYEHBI METOJOM TEPMUYECKOTO BaKyyMHOI'O
HambUICHUS META/NIOB 10 OOpa3oBaHMs MPOBOASIIEH IIEHKA M C MOCIEAYIOIIUM OTKUTOM.
Hampuienne MeTammnyueckux MmiI€HOK BBITIOHIIOCH B BakyyMHOU ycTtaHoBke PVD 75 dupmsr Kurt J
Lesker mpu maBineHnn octaTouHbIX apoB ~107 Topp Ha AMANEKTpUYECKHe MOUIOKKH U3 cardupa
M kBapua. Ha nusnextpruyeckue noanoKKy Mepes HalbUIEHUEM 3apaHee HAHOCUIIUCH 3JIEKTPOIbI
C MHPUHOK 4-6 MM M PACCTOSHUEM MEXIy HUMH 2-8 MM. Marepuansl HambLICHHS: cepedpo,
30J10TO W Meab. B mpolecce HambUIeHHsS KOHTPOJIMPOBAJACh CKOPOCTh HANBUICHUS H
SKBHUBAJIECHTHASl TOJIIUHA CJIOS C MOMOUIbIO KBapleEeBBIX MHUKpOBecoB. CKOpPOCTh HAaMbUICHUS
cocraemsna 0,5 A/c. A ¢ momompio mukoamnepmerpa Keithley 6487 ocymecTsisuics KOHTPOIb
CONPOTHUBJICHUS HANbUIIEMOW IUIEHKU, NMPU JOCTHKEHUH compotuBieHus 100 kOm HambuieHHE
npekpamairocsk. Takum o0pa3oM Mosyyaluch MpOBOAALINE MeTanueckue mi¢Hku. Ha pucynke 1
NPEJCTaBICHa 3aBUCHUMOCTbH CONPOTUBJICHUS IUIEHKHM OT 3()()EKTUBHOW TOIIIMHBI HAINBUICHHS.
I'paduk mokasbiBaeT GopMy OJIM3KYIO K SKCIIOHEHIIMAIBHON 3aBUCUMOCTHU JJISI BCEX UCCIIETYyEeMbIX
MaTepuaioB. D¢ deKTuBHas TOJIIIUHA MMOJTYYeHHbIX MIIEHOK cocTaBuia 10 HM 11t cepedpa U OKOJI0

6 HM UTA 30J10Ta U MEIH.
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PUCYHOK 3 3aBMCMMOCTb CONPOTUBNEHUA NNEHKU OT 3P HEKTUBHOM TONLLMHDBI HanblneHua ana cepebpa,
3010Ta U megu

JUis mosydeHusl CTPYKTYpbl Ha IOpOre MEPKOJALMM I0CIE HANbUICHHWs] HMPOM3BOJIMIICA
TEPMUYECKUHA OTXKUT, TPHUBOJAIIMN K pa3pbiBy MPOBOAALICH CTPYKTypsl U 0Opa3oBaHUIO
otaenbHbIX yactull [1]. Takoil cnoco0 Mo3BOJSET OTYETIIMBO 3apPETHCTPUPOBATH MEPEXO]] TUIEHKH
OT MPOBOAALICH CTPYKTYPHI K OCTPOBKOBOM, YTO MPAaKTHYESCKH HEBO3MOXKHO IPU HANBUICHUH [2].
Omxur I€HOK ocymecTBisuics mpu Temreparypax 100-120 °C nns cepebpa, 160-200 °C — 301012
u 180-220 °C — menu. OTxur ocraHaBiuBajcs nocie goctwxenus conporusienus 100 'Owm, ot
BPEMEHU OTXKUTa 3aBHCUT BEJIMYMHA IOPOTOBOIO HANPSKEHHS, IMPH KOTOPOM IMPOUCXOIMUT
NEePEeKIII0YeHNE MIIEHKN U3 HU3KO MPOBOASIIETO B BBICOKO IMpOBOAsdAlIee cocTosHue. B mponecce
OTXKHra BHayaje IPOUCXOAUT MEHJCHHOE IIOBBIIIEHUE CONPOTHUBICHMS, 4YTO BBI3BAHO
YTOHBIIIEHUEM MOCTHKOB B TJAOMPHUHTOOOPA3HOM CTPYKTYype, Aajiee Pe3Kuil CKadyOK CONMPOTHBIICHHS
IIPU TIOJTHOM pa3pbiBe U 00pa30BaHUs OTIENIBHBIX HaHOUacTUL. [Iponecc oOpazoBaHus MPOBOIAIICH
nabupuHTOOOpasHol MmiIEHKK ObuT TokasaH panee [3]. Ha pucynke 2 mnpeacraBieno COM

M300pakeHUs TIOJIYICHHOU 30JI0TOM JTAOMPUHTOOOPAa3HOM TIEHKH.
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EHT =13.55kV Signal A = InLens Date :3 Mar 2017
WD =10.3 mm Photo No. = 5533 Time :12:42:31

PucyHoK 4 COM usobpakeHue 3010710 NabUPUHTOOBPA3HOM CTPYKTYpbI

[Tomy4yeHHBIE CTPYKTYPBI UMEIOT OCOOCHHOCTD B BHJIE HAJMUUS JIBYX PA3JIMYHBIX COCTOSTHUN
MPOBOJIMMOCTH. B TEepBOM COCTOSIHUM COTPOTUBJICHHE IUIEHKH BEIMKO W JOCTHTAeT TMOpPsIKa
100 I'Owm. Ilpu momaue HA ANEKTPOABI HAMPSOKEHHS OOINBIIE OMPENEIEHHOTO 3HAYCHHS IJIEHKA
MEPEKII0YaeTCs] B HU3KOOMHOE COCTOSIHHE, B KOTOPOM IMOPSZOK COMPOTUBJICHUS COCTaBISIET
100 kOm. Ilepexona MmIEHKH OOPATHO B BBICOKOOMHOE COCTOSIHHE TTPOUCXOIMT TOJIKO MIPH ITOIaue
HaNpSDKCHUST Ha DJIEKTPOJbl HAMHOTO MEHBIIEro IMOpOroBOro. Bpems mepexojga B HavdalbHOE
COCTOsIHME JaOUPUHTOOOpa3HOU TIEHKM HAMHOTO IMPEBBIMIAST BpEeMs MEPEKIIOUEHUsS TUIEHKH B
HU3KOOMHOE M 3aBUCHT OT €€ MOp(Ooioruu (pacCcTOSHUEM MEXIY HaHOYACTHULAMHM), Ui cepedpa
31O OBLTO WcciaeaoBano panee [3,4]. Ha pucynke 3 mpencraBiensl BAX cepeOpsHBIX, 3010TBIX U
MEIHBIX TUIEHOK Ha MOpOre MEepKOJSIUU ¢ ructepesucom. s cepedpa (puc. 3a) mo 8 B miénka
HaXOJUTCSI B COCTOSTHUM BBICOKOTO COMpOTHBIICHUs. CMEHA COCTOSIHUU TJIEHKU IPOUCXOANT B BUIC
pPE3KOro CKauka COMPOTHUBJICHHS TPU MOPOTroBOM HampspkeHHH 8 B. Takum oOpazoM pasHuma
CONPOTHBIICHUSI  MEXIY COCTOSHHUSIMH  COCTaBIIIET BOoceMb mopsiakoB. [locme  psna
MocJeIoBaTenbHbIX M3MepeHnii BAX moporoBoe HampspkeHHE IUIEHKH CHIDKAeTCs Ul BCeX

MCETAJIJIOB.
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PucyHoK 5 BosibTamnepHble XapaKTepucTUKn 1abupuHToo6pasHbIX NAEHOK Ha NOpore NEPKOAALMUN
cepebpa(a), 3onota(6) n meau(s)

BpemeHHbIe XapaKTepUCTUKU MEPEKITI0YeHUs ObLIH MOJXY4YEHBI IPU MOMOIIU ocuuyuiorpada
Rigol DS4052. XapakTepuCTHKH MOKa3bIBaJIH BPEMsl MEPEKIIIOYCHUSI METAJUIMYECKUX TUIEHOK TPU
1oJlaue HampsDKEHUs BbILIE MOporoBoro. V3MmepeHue curHajia MpOUCXOIMIIO C MOCIIEA0BATENbHO
BKJIFOYEHHOTO PE3UCTOpPAa U C HUCTOYHMKA HampspkeHus. TakuM oOpa3oM ObUIO HOJIY4YEHO BpeMs
MEePEKITIYCHUs TUIEHOK, 7Sl cepedpa coctaBisuio okoio 200 He, A 30710Ta — 2 MKC, JUISE MU —
60 MKc.

M3MeHeHHe CONMPOTHBIIEHUS HAa HECKOJIbKO MOPAJKOB Mbl 3aKIIOYaeM CBS3aHO C
MaJIEHbKUMU CTPYKTYPHBIMU U3MEHEHHUSIMU MIPU MIPUIIOKEHHOM HAIPSDKEHUH. TepMUYECKUN OTHKHUT
MO3BOJISIET 00pa3oBbIBaTh W3 C(HOPMHUPOBAHHOM HEMPEPHIBHON JIAOMPHUHTOOOPA3HOM IUIEHKU
OT/JeNbHbIE HAHOYACTHUIIBI, PACCTOSHUE MEXAYy KOTOPBIMH 3KCTpeMaibHO Maio. [lox neiictBuem
HanpsODKeHUs HAHOYACTHIIBI B MECTax pas3pblBa IUIEHKH (POPMHUPYETCS HENpepbIBHAs CTPYKTypa C
MaJIbIM CONIPOTUBIIEHUEM.

PabGora mnoapnepxkana MunuctepctBoM oOpasoBanuss u  Hayku P® (['oczamanue
Ne 3.4903.2017/6.7) u PODU (Ne16-32-60028 mon_a gk u Ne 16-32-00165 mon_a)
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47. DETERMINATION OF THE LOCAL FIELD IN THE NUCLEAR SPIN SYSTEM
OF N-TYPE GAAS

V.M. Litvyak!*, R.V.Cherbunin!, K.V. Kavokin? and V.K. Kalevich!?

1 Spin Optics Laboratory, 1 Ulianovskaya Street, 198504 St. Petersburg, Russia
2|offe Institute, 26 Politekhnicheskaya Street, 194021 St. Petersburg, Russia
* tel.:89523945719, e-mail: valiok.ok@gmail.com

The optical polarization of electron spins by circularly polarized light leads to nuclear
polarization in semiconductors. The reason of this is a hyperfine interaction between electrons and
nuclear spins. Such interaction corresponds to a transfer of angular momentum from electrons to
nuclei and also to the appearance of the effective magnetic field created by nuclei on electrons. The
nuclear field (Overhauser field) Bn can reach several tesla (Bn max~5.3T for GaAs [1]) and
significantly influences the electron spins [1, 2].

In the nuclear spin system (NSS), there is an interaction between neighboring spins that is
called dipole-dipole interaction. It is characterized by local field BL in which nuclear spins precess
with Larmor precession period of a few microseconds. This interaction leads to the dipole-dipole
relaxation of nuclear angular momentum with characteristic time T,. During this time a
thermodynamic equilibrium is established and the NSS can be characterized by nuclear spin
temperature © (5=1/ @ — is the reverse spin temperature). This temperature can be significantly
different from the lattice temperature during the spin-lattice relaxation time T:>>T,. In external
magnetic field, the energy flow from optically polarized electron into the NSS can change nuclear
spin temperature by orders of magnitude [2].

The local field B is a very important characteristic of the NSS. Since the dipole-dipole
interaction By is involved in all processes of interaction of nuclei with electrons and of interaction
between nuclear spins in external magnetic fields. Also By is responsible for establishing the nuclear
spin temperature. So, experimental determination of the magnitude of By is important from the point
of view of determination of fundamental parameters of the NSS.

Today a lot of research was done about behavior of the electron-nuclear spin system in small
external magnetic fields. One of these directions was dedicated to the optical cooling and adiabatic
demagnetization of the NSS [3, 4]. This method allows one to obtain low nuclear spin temperature,
which reaches 10®° — 10 K [2]. In this work we have experimentally determined the magnitude of
the local field using optical cooling and adiabatic demagnetization of the NSS.

We study n-type GaAs doped by silicon with concentration n~ 10*°cm at a liquid helium

temperature. Samples under study were pumped by circularly polarized light from a semiconductor
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laser, and we measured the degree of circular polarization of the luminescence p which is
proportional to electronic spin < S; >, z is the direction along excitation beam. For our sample the
maximum degree of circular polarization was pmax = 4%. In the scheme of the detection a
photoelastic modulator was used for simultaneous detection of left- and right-circularly polarized
photoluminescence (PL). PL was detected by avalanche photodiode and a two-channel photon
counter. The geomagnetic fields were compensated by three pairs of Helmholtz coils. Our
experiments were conducted in three stages. At the first stage the NSS was prepared in the
equilibrium with lattice temperature (optical excitation and magnetic fields turned off). At the
second stage the NSS was cooled by circularly polarized light in the longitudinal magnetic field B,
= 100 G during the times equal 10 s and 120 s. This stage corresponds to the energy flow into the
NSS that leads to decrease for positive (B;11S;) or negative (B; 1| S;) nuclear spin temperature.
After that, B; turned off adiabatically slowly and at the third stage transverse magnetic field B-was
turned on. Electron spins were depolarizing in nuclear field By ~ fB+ and then the NSS warmed up

with the spin-lattice relaxation time Ty, Typical experimental curves are presented in figure 1.

5 I 1 11
4 -
—_
3 -
=X
~ NSS in the dark
Q.
< 5L
I -
— BL=035G
— BL=0.12G
0
) | I | ! | | |
0 100 200 300 400

time (8)

Figure 1. Time dependences of the PL circular polarization in n-GaAs: 1) the NSS in the dark during
250 s; I1) optical cooling of the NSS in the longitude magnetic field (Bz = 100 G) during 120 s; 1)
nuclear warm up at transverse magnetic fields equal B— = 0.35 G (blue line) and B~ =0.12 G (red

line) during 120 s.
By measuring the difference of degree of circular polarization before and after the switching
of magnetic field from longitudinal to transverse we can obtain the value of local field BL. Degree
of circular polarization as a function of transverse magnetic field is defined by the Hanle

depolarization curve, eq. (1), which contains the nuclear field By, eq. (2):
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Blz:.'-z
Bfg + (B, + By)? 1

plB.) = p(0) *

f ,,f|f+l|B 8(0

By=bp \, Bf

were p(0) = pmax ; B is the half width of the Hanle curve; bn = (167/3)Nuoi?lg, N — nucleus
concentration, g - electron g-factor, & — characteristic parameter; yn iS gyromagnetic ration of the
nucleus; ky is Boltzmann constant.

The nuclear field depends on the external magnetic field By, x is the transverse direction to
the excitation beam, the local field B. and the inverse spin temperature £(0). The value of
parameters p(0) = 0.04 and By> = 10 G were taken from the experiment.

We fit experimental curves (figure 2) by eq. (3) with the adjustable parameters: 5(0) and B, 2.

Ap =p(0) - p(By) . 3
Cooling times were 10 and 120 second.
After fitting experimental data, we obtained the values of adjustable parameters:
For10s: B =1.48+0.4G; ©=1/p(0) = 3.8+1.5%10° K.
For 120 s: BL = 1.48+0.4 G; ® =1/ B(0) = 0.67+1.5*10"° K.
The value of local field B2 = 2.2+1.0 G? determined in our experiments is in a good

agreement with the value B.2= 2.1+0.1 G?, calculated for GaAs by D.Paget [1].

1 +  experiment, 10s
= fitting, 10s

®  cxperiment, 120s
= fitting, 120s

0
B+ (G)
Figure 2. Experimental dependences of Ap (B+) for cooling times equal 10 s (black crosses) and

120 s (blue dots). Solid lines are obtained by fitting of the experimental data using eqg. (3).
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In this work we present an experimental method for determination of the local field B in the
nuclear spin system in n-GaAs with the help of optical cooling and adiabatic demagnetization of the

NSS. The obtained value of BL in n-GaAs, measured in weak magnetic fieldsB <<B,,

demonstrates a good agreement with the prediction of theory.

This work was carried out in the framework of the joint Russian-Greek project supported by
Ministry of Science and Education of Russian Federation (project RFMEF161617X0085).
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48. MATHEMATICAL MODELING OF THINFILMS GROWTH AND
CALCULATION OF COEFFICIENTS REFLECTION, TRANSMISSION AND
ABSORPTION WAVES
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The quality of many famous materials can be enhanced by using nanoparticles and atomic
processing. Nanotechnology make it possible to create lighter, thinner and stronger composite
(mixed, compound) materials.

To study nanostructures, it’s important to know not only their mass or arrangement of
atoms, but what they consist of. Determine the chemical composition of the samples (i.e. the
content atoms of various elements in them) are allowed spectroscopic methods that use various
instruments for studying the spectra of radiation, absorption, reflection, scattering.

As is known, ordinary light (visible radiation) is a collection of electromagnetic waves of
different lengths (~ 400-760 nm) perceived by the human eye. Our eye perceives different colors
not because objects have some abstract property "color”, but because they are able to absorb and
reflect electromagnetic waves of some length.

The analysis of the spectra of optical transmission and reflection plays a primary role among
various methods of investigating quantum-size structures.

The characteristics of a number of optical elements, which include interference coatings,
including a metal layer, are significantly influenced by the parameters of thin metal layers
(refractive index, main absorption index and thickness). To this group of optical elements are
mirrors, both metal and metal-dielectric, attenuating optical filters for a wide spectral range,
gradient attenuators (shaders) and metal-dielectric narrow-band filters. The characteristics of each
of the listed elements (transmission, reflection) are to some extent influenced by the optical
parameters of the metal layers, which in turn depend on the deposited material and the resulting
morphology of the sample surface.

The morphology of the surface of thinfilms is one of the most important parameters. That is
why there is an increasing interest in the structure of islands, their roughness and thickness. Today,
obtaining thinfilms is unthinkable without the use of mathematical modeling, numerical methods
and complex programs. In this study, the degree of influence of morphology (particle diameter,
number of layers, etc.) on the optical properties of a deposited thinfilm of bimetallic clusters was
studied.
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For computer modeling of the growth of metal thinfilm, a mathematical model of the
"cellular automaton™ type was used, which has recently been widely used in modeling processes in
nanotechnologies.

For research the optical properties of modeled structures, the Finite Difference Time
Domain method (FDTD) was used, which is one of the most popular methods of numerical solution
of Maxwell's equations

The main "participants” of the FDTD numerical experiment are material bodies, wave
source and detectors.

The medium (material) of objects is described by dielectric permittivity, conductivity,
magnetic permeability and magnetic losses. Their default values are (1, 0, 1, 0). Unlike frequency
domain methods, the dielectric permittivity of dispersive materials in tabular form cann’t be directly
replaced by the FDTD scheme. Instead, it can be approximated with the help of several members of

Drude or Lorentz in the form:

E(w) = €oc _”l lu.l""fpw =1 w;'f—ziwp—w

2

The parameters for the Drude and Lorenz constructors are the plasma frequency wo and
attenuation y and the value Ae. The frequency and damping of the plasma are measured in radians
per unit time FDTD.

Detectors do not correspond to any real objects, it’s understood that they only record the
values of fields at some points of computational volume in a file. The values of the fields are
already obtained by interpolation by neighboring nodes.

The Total Field/Scattered Field method is used to simulate an infinitely distant plane wave
source. It’s based on the linearity of Maxwell's equations and the following superposition principle.
FDTD difference equations can be independently applied both for the total field and for the incident
or scattered fields, which allows us to break the computational volume into the field of the total
field and the region of the scattered field. They are separated by a virtual boundary, which serves to
generate a plane wave in the region of the total field. The difference equations used to calculate the
field components in the grid nodes adjacent to this boundary differ from the original ones by the
presence of additional components that take into account the value of the field of the incident wave.

To simulate the departure of a wave from the computational volume to infinity, absorbing

boundary conditions are required. One of the best implementations is the use of a thin layer of
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special material called the Perfectly Matched Layer (PML) along the boundary. Thus, this material
absorbs all waves incident on the boundary of the computational volume, regardless of the angle of
incidence. To model infinite periodic structures, periodic boundary conditions are used in one or

several directions.

A, nm
Figure 1 - Transmission spectra of the deposited films:
1 - AwAg(r1) a particle diameter is 50 nm, one layer, the distance between particles is 5 nm;
2 - Au:Ag(r:1) particle diameter is 1o nm and five layers, the distance between particles is 4 nny;
3 - AwAg(r:1) particle diameter is To nm and five layers, the distance between particles is 2 nm

Figure 1 shows the changes in the optical properties of deposited bimetallic films and the
results of modeling the observed optical phenomena using the FDTD method: a plane wave
propagates along the Z-axis and automatically calculates the energy flux for the transmitted (T)
waves using the data from the detectors. Using the data from the detectors, it’s also possible to
calculate the coefficients of the reflected (R) waves. Absorption (A) is obtainedas A=1-R-T.

The calculated transmission spectra are in qualitative agreement with the experimental data.
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49. STRUCTURAL PHASE COMPOSITION AND EFFECTIVENESS OF

GASDYNAMIC SPRAYING OF HYBRID COATINGS BASED ON ALMG2
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Performance increase posibilites of functional properties of aluminum matrix based
composite coating reinforced with only one type of filler are by now almost used up. Creation of
hybrid nanocrystalline matrix based coatings reinforced with nano- and micro-sized fillers opens
new opportunities of increasing and forming desired complex of working properties of element
surfaces of constructions and machine parts.

The objective of this work is to research on the structural phase composition and
gasdynamic spray coating of hybrid AIMg2 nanocrystalline matrix based coatings reinforced with
graphene-like structures and micro-sized corundum.

Powder for gasdynamic spray coating was manufactured by mechanic synthesis in globular
planetary mill during two technological conversions. During the first one a nanocomposite powder
AlMg2+1 wt.% graphene-like structures was produced [1]. During the second conversion 10-70
wt.% of corundum was added to the produced nanocomposite powder and treatment was continued
under same parameters [2].

The analysis of X-ray diffraction study results of different powder compositions were
conducted on Bruker D8 Advance X-ray diffractometer and showed that diffractograms have
similar characters. Peaks corresponding to aluminum and corundum were noticed. Calculation of
coherent-scattering region performed using Selyakov-Scherrer equation showed that matrix material
has a nanocomposite structure (mediam size of crystals ~60 nm).

Manufactured powders were sprayed on mounts from sheets of AIMg2M (120£15 HV) that
had a 50 um thick cladding layer of clean aluminum (45+10 HV) on it's surface. For gasdynamic
spraying of manufactured powders a DIMET-404 machine was used. Splaying mode was stationary
(point spraying) at the air flow temperature 270°C, exposing time 15 seconds.

After comparing results of powder and manufactured hybrid coatings X-ray diffraction study
it cab be stated that during gasdynamic splaying phase composition doesn't change. At the same
time there is a 10-20% decrease of half-widths of peaks that correspond to matrix material after
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spraying; this proves size increase of coherent-scattering region meaning coarsening of fine
structure. Median size of manufactured coatings crystallites was ~85 nm.

Study of hybrid coating manufactured using straying powder consisting 30% volume of
corundum that was conducted using electric microscopes (JEM-2010) shows that the coating has
nanocrystalline structure. Typical sizes of crystallites visible on TEM images are less that 100 nm.
The analysis of those images proves absense of preferred orientation of aluminum particles and it's
oxide to each other and orientation dependencies between them. Thin structure analysis shows
presense of areas between aluminum crystals that correspond to graphene-like structures (sizes no
more than 20 nm) with strongly distorted layers.

Effectiveness of spray coating was based on incremental value of the surface and calculated
as a difference of mount mass before and after spraying. The analysis of results shows that the lost
effective spraying is at 30% of corundum in the powder mixture. Further increase of corundum
leads to decrease of effectivness of gasdynamic spraying.

Studying sections of hybrid coatings shows that during gasdynamic spraying a considerable
change of microgeometry of mount's cladding layer is happening; it is determined by deformational
and erosive impact of sprayed powder. Increasing the volume of micro-sized particles of corundum
in the mixture from 10 to 30% helps increasing the coating thickness produced during the same
amount of time 2 times, from 140 to 310 um. Further increase of corundum volume in the mixture
from 35 to 50% leads to decrese of the thickness down to 150 and 40% respectively. With 70 wt.%
of corundum in the mixture surface thickness does not exceed 20 um, in additiong a solid coating is
not formed since erosive processes become predominate.

Metallographic examination of sections shows that independently from the corundum
composition the formed surfaces are pretty solid with equally distributed particles of corundum
(median size 3-5 um) on the surface thickness. Nevertheless compacting (pressing) cracks can be
noticed on the surface; it's lengths descreases with increase of corundum composition from couple
hundrends to ten micrometers. Study of «coating — cladding plate» interface shows increase of
corundum concentration in that zone; it's related to specific character of surface growth process
initiation during gasdynamic spraying on mounts with low firmness and high plasticity.

The reported study was funded by RFBR according to the research project Ne 16-48-330156.

References

[1] Aborkin A.V., Evdokimov I.A., Vaganov V.E., Alymov M.l., Abramov D.V., Khor’kov K.S.
Influence of Mechanical Activation Mode on Morphology and Phase Composition of Al-2Mg-nC

141



Nanostructured Composite Material // Nanotechnologies in Russia, 2016, Vol. 11, No. 5-6, pp.
297-304.

[2] Khrenov D.S., Sobol’kov A.V., Elkin A.l., Aborkin A.V., Sytschev A.E. Protective Al-2Mg-nC
coatings by cold gas-dynamic sputtering: deposition and characterization // Explosive Production of

New Materials: Science, Technology, Business, and Innovations — Coimbra: 2016. P. 74-75.

142



50. KINETIC ENERGY DISTRIBUTION OF ALKALI ATOMS DESORBED FROM
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Adsorption on and desorption from solid surfaces play a crucial role in nature as well as in
many technological processes. Despite their importance and many efforts devoted to their studies
adsorption-desorption processes are still rather poorly documented. In particular there are few
examples of experimentally obtained energies of absorption of atoms on solid surfaces. The
difficulties of such measurements are obvious: when the surface number density of adsorbed
species is small they are difficult to register, when the surface number density rises the adsorbed
species tend to condensate. The way around this problem is to study adsorption on the overheated
surface in the dynamic equilibrium with the saturated vapors. Up to now this program was realized
only for sodium [1]. In this contribution we repot on the results of our studies of the rubidium

adsorption on sapphire.
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Figure 1. The temperature dependence of the desorption signal (S) enables the direct
measurements of the adsorption energy. The absolute temperature of the surface (T) was varied

between 294 and 348 K. The straight line that goes through the experimental points corresponds to
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the adsorption energy of 0.7 eV.

In the experiment the surface number density of rubidium atoms adsorbed on sapphire was
monitored via laser induced desorption in the time-of-flight measurements setup (fig.2).

Figure 2. Time of flight measurement setup consists of an optical parametric oscillator (1) pumped
by the third harmonic of Nd:YAG laser (not shown), a stop (2), a filter (3), a beamsplitter (4), a
prism (5), a Rb sell (6), an oven (7), a diode laser tuned at the Rb atomic line 780 nm, an
oscilloscope (10), a photodiode (11) and a trap (12).

We employ the evacuated cell filled with the natural mixture of rubidium isotopes. The
construction of the furnace allowed for the independent heating of the sapphire window used as a
substrate and the rest of the cell. The surface number density of rubidium atoms was obtained in the

range on the substrate temperatures from 21 to 75 °C and fitted to the Boltzmann distribution
n=NRexp(Ead/KT), (1)

where n is the surface number density of the adsorbed atoms, N is the volume concentration of the
same atoms, T is the absolute temperature of the cell window used as the substrate for the
adsorption, k is the Boltzmann constant, R is the range of the surface potential and Eaq is the depth

of the surface potential.

This procedure (fig. 1) leaded to the energy of adsorption of rubidium atoms on sapphire
surface of 0.7 eV.
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Besides the surface number density time-of-flight measurement gave also the velocity
distribution of the desorbed atoms f(vy,vy,v; ). Let us assume that the distance between the surface
and the place where the desorbed atoms are registered is I. When the absorption of the resonance
radiation at a particular time t after the 10 ns laser pulse is proportional to the integral over the

velocity distribution

(1+dz )/t PNy dy/2t
S®eco [ dv, [ dv, [dv,f(v,,v,.v,)
I/t -AAw/dr —dy/2t

Here o is the absorption cross section at the laser wavelength A, Aw is the laser spectral bandwidth
while dz and dy stay for the laser beam dimensions in the corresponding directions. An example of

time-of-flight spectra obtained in the experiments is shown in fig.3.

s, el Umas N,

0,0 e, g
v .

-0,2 Voo

—r - 1r-rr-r-1r°-T1r -1 T 17T
50 0 50 100 150 200 250 300 350 400 450
Time, ps
Figure 3. The time-of-flight spectrum of Rb atoms desorbed from sapphire.

These results were used to establish the dependence of the mean kinetic energy of the
desorbed atoms on the fluence and the energy of the photons of the desorbing radiation. In the low
fluence regime the kinetic energy distribution of the desorbed atoms is independent of the fluence
while at higher fluences the mean kinetic energy of the desorbed atoms stats to grow. Contrary to
the expectation in the low fluence regime the mean kinetic energy of the desorbed atoms decreases
with the increase of the photon energy in the range of 1.3 to 3.0 eV. This counterintuitive behavior
may be explained by the opening of new channels of energy relaxation when the photon energy

rises.
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51. DETERMINATION OF THE NONLINEAR REFRACTIVE INDEX BY THE Z-
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Currently, nonlinear optics is a dynamically developing field of physics [1-2]. Femtosecond
laser radiation has an incomparably greater intensity unlike other radiation sources and reaches up
to 10 - 10 W/cm2 At high intensities of light begin to appear nonlinear effects. The
characteristics of the material become variable, depending on the intensity of the incident light, i.e.
the medium becomes nonlinear. The dependence of the refractive index of the radiation intensity
has the form:

n=n,+n,l (1)

where n, — the linear part of the refractive index, n, — the nonlinear part of the refractive
index, I — the radiation intensity.

Therefore, when using laser radiation, it is important to determine the magnitude of the
nonlinear correction to the refractive index. This article is devoted to this problem. Z-scan
technique allows determining the magnitude and sign of the nonlinear refractive index n, [2].

As the source of laser radiation was used ytterbium femtosecond laser TETA-10
(wavelength 1029 nm, pulse duration 280 fs, pulse repetition rate 10 kHz, maximum pulse energy
150 uJ). A beam of radiation propagating along the z axis was focused by a lens with a focal length
of 150 mm. A diaphragm with an aperture of 2 mm was also installed. As the sample used glass
KU-1, this was a parallelepiped with the geometrical dimensions 5 x 5 x 20 mm.

The sample was moved along the z—direction of the optical axis with a step of 1 mm.
Radiation passed through the sample was recorded by a power meter as a function of the sample
position relative to the focal plane. The measurement was started far from the focus, where the
transmittance of the diaphragm is relatively constant. Then the sample was moved to focus and
further [3].

The measurement result graph is shown in Figure. Based on the obtained power values, we
can infer about transmittance of radiation through the sample. The normalization of data is
performed according to the values when the transmittance is relatively constant.

The nonlinear refractive index can be determined [4]:
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A,
n,=— -—, 2
2 =L, (2)

where A@, — the nonlinear phase shift on the axis with the sample in focus, k — wave

number, |, — the radiation intensity in the focus, L.; — the effective length of the sample.
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Fig. The graph of the transmittance of laser radiation power (normalized) through the
diaphragm from the position of the sample T(z)

Based on the measured values of transmittance of the glass sample obtained a value n, =
1,2686 * 10711 (m? /W) [5]. However, in the future it is planned to modernize and verify the
conducted researches of the nonlinear refractive index. To study the dynamics of changes in the
refractive index, is required to conduct a series of experiments with variation of laser radiation
power but increasing the power can lead to the destruction of the sample or the formation of
waveguide structures.

This study was performed as a part of the state task VISU 1106/17 and a grant of the RFBR
number 16-32-00760 mol_a.
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Investigation of the quantum properties of light interacting with nonlinear medium represents a
fundamental task of modern quantum optics and many-body physics. In such problems statistical
properties of light and in particular its fluctuations are of special interest. Nowadays such as
engineering of photon sources possessing non-classical statistics are essential in many practically
important applications. The properties of light are modified due to the interaction with the medium
which is usually considered as classical in the sense that its fluctuations are neglectable. However
the influence of the fluctuation of the purely quantum medium represents an intriguing problem.
The appropriate candidates for the media which also has a quantum nature but still remains
macroscopic and interacts with many photons simultaneously are Bose-Einstein condensates.
These exotic states of matter were recently observed both in atomic and solid-state semiconductor
structures. While atomic condensates are observed at rather low temperatures the exciton polariton
condensates formed in planar semiconductor microcavities can exist at room temperatures in the
case of wideband gap semiconductors like GaN and ZnO. Thus semiconductor systems supporting
interaction of excitonic states with light inside microcavity represent a robust platform for
engineering sources of light with unusual statistical properties.

Here we study the system consisted of a OD semiconductor microcavity with embedded
quantum wells irradiated by a coherent laser field which frequency is close both to photon and
exciton resonances of the structure. We performed an analysis of the influence of quantum
fluctuations on the properties of exciton polaritons paying special attention to nonlinear interaction
between the excitons. Analytical solutions for this problem were found independently using
generalized P-function [1] in adiabatic limit [2] and using linearization of a stochastic quantum
equation (in c-number). Non-classical statistics (both antibunching and bunching regimes) of
photons and excitons were predicted. It has been also demonstrated that the presence of quantum
noise leads to metastability [5] of the steady-state solution of the lower branch of bistability [3].
The obtained results could be used in quantum technologies (for example, for constructing of

guantum gates) based on continuous quantum variables.
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We examined the Hamiltonian describing quantum well excitons strongly coupled to a tightly

localized photon mode of a pillar microcavity [4]:
He =hoyaa+ho,bb+hglab+ba)+hya?a® +in(Ea’ ~E"a), (1)

where d and b are boson annihilation operators of the photons and excitons respectively, 2g the
Rabi splitting frequency, y describes the elastic exciton-exciton scattering, E describes the applied
pump field, which frequency ¢ differs from both exciton and photon frequencies. To account for a
nonequivalent dissipation rates of the photon and the exciton modes we describe the evolution of
the system using master equation approach for density matrix.

It is well known that such system being considered in the mean field limit reveals bistable
properties. It means that the steady-state solutions for the photon and the exciton fields are
characterized by a couple of stable solutions within the definite range of pumping field intensity [1].
To account for the influence of the quantum noise we use the generalized P-representation and
solve corresponding Fokker-Planck equation [4].

To analyze the quantum statistic of photons we have evaluated second order coherence

a*(t)a*(t+)at)alt a'?a?
< (' (t+ 2)a(t)a +T)> , Which can be represented as gf)h :u at

(a*(tat)(a (t+r)alt+7)) <a+a>2

function g@(z)=

zero delay, 7 = 0.
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Fig. 1. Second order coherence function of photons versus pump intensity. Left picture
corresponds to the presence of bistability for the mean field solutions and is plotted for the
following parameters: A=-3.104 ps*, 2=-4.85 ps™™. Right picture is plotted for the parameters
corresponding to the absence of bistability loop. Parameters: solid line — 4=-0.81 ps?,
0=0.73 ps!; dashed line — 2=0.6 ps; dot-dashed line — 2=0.3 ps™.
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Fig. 1 shows the calculated second order coherence function of photons versus pump intensity

for different values of pump detuning Q= 5p —Tex counted form the mean exciton-photon

@, — O
frequency and cavity-exciton detuning A=%. This figure clearly demonstrates the

presence of bunching and antibunching effects. The peak in the obtained dependence corresponds
to the jJump of the solutions to the upper branch of bistability loop [3].
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The development of methods for managing the architecture of ensembles of micro- and
nanoparticles by influencing the processes of their self-assembly in a drying drop of a solution is an
urgent task of modern fundamental and applied science. [1]

In recent years, much attention has been paid to the study of thermal processes occurring in
drops of liquid on a solid horizontal surface.

Interest in the problem is also stimulated by a wide range of applications, including
technologies for embossing coatings, production of micro- and nanostructures, medical diagnostics,
and even forecasting the variability of the environment.

Among the main processes in drying drops, it is customary to single out purely
hydrodynamic, thermodynamic, diffusion changes in the phase state of the substance at the last
stages of drying. [2]

In this connection, it is of interest to model the convection processes in a droplet lying on a
solid substrate. As a model approximation, we consider a rectangular layer of a liquid with a
temperature gradient, the lower boundary of the liquid has a temperature higher than the upper one.

The process of heating the liquid, accompanied by the appearance of convection, is modeled
in the Rayleigh-Benard approximation.

The density of the substance was assumed to be a function of the temperature T. As the unit
of length, the thickness h of the layer was chosen, the units of time were the time of vertical
diffusion of heat, ©,=h?/y, x is the thermal diffusivity coefficient, and the temperature units are the
temperature difference between the fluid layers AT. The barotropic temperature distribution under
the condition of stationarity should be linear in the vertical coordinate z: T=T:-fz is the
unperturbed distribution, B is the unperturbed temperature gradient, and Ty is the temperature at the
lower boundary. For an arbitrary T, the temperature perturbation has the form ® = T-T1 + Bz, where
p" the pressure perturbation p is its deviation from the distribution corresponding to such a linear
temperature profile.

We considered a plane horizontal liquid layer 0<z<h (the z axis of the Cartesian coordinate
system X, y, z is directed upwards, so that g = {0, 0, - g}). Let us assume that the temperatures of its

undeformed upper and lower surfaces are fixed (ie, that the thermal conductivity of the boundaries
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of the layer is infinite): T=Tiatz=0, T = T2 = T1 + AT for z = h, where AT = Bh. This relation
determines the condition ® = 0 on both these boundaries. Each of the surfaces of the layer will be
assumed to be either rigid or free, introducing either the fluid adherence condition v = 0, or the
condition that the vertical component of the velocity and the tangential stresses vanish at that
boundary, respectively.

Thus, the problem includes a system of hydrodynamic equations for an incompressible fluid

in the Boussinesq approximation in a dimensionless form. [3]

1 [ov A
o [E + (vVv)] = —Vm + ZRab + Av,

C v, +vVe =060, (1)

divv = 0.

Here Ra and Pr are the main parameters characterizing the convection regime, called the
Rayleigh and Prandtl numbers, respectively, = is the dimensionless form of the quantity p™ / po (po is
the density value for some appropriately chosen reference temperature To), Z — is the unit vector in
the z direction.

The Boussinesqg system of equations is solved by the method of the Boltzmann lattice
equations (LBM) [4].

The Lattice Boltzmann method approximates flow as the motion of an ensemble of pseudo-
particles having a certain distribution function with respect to discrete velocities f (r, v, f) d®rdv.
The value of T (X, Y, z, vx, Vy, Vg, t) dx dy dz dvx dvy dv, shows the fraction of particles at time t in
the cube from x to x + dx, from y to y + dy, from z to z + dz with velocities in the range from vy to
Vx + dvy, from vy to vy + dvy, from v; to v; + dv..

The Boltzmann equation is represented in the Batnagar-Gross-Krook approximation (BGK)

[5].

L yovf+ov,f=-1
where F is the external force, m is the mass of the molecule, % is the equilibrium distribution
function, the Maxwell-Boltzmann distribution, and 7 is the relaxation time.
Equations were solved on a uniform grid of spatial coordinates. Assume that there are no
external forces. The mass of particles flying from this node in the direction i in a time step is

denoted as fi, then equation (2) is discretized as
fr+vt+D-finn=-"0 @
Equation (3) decomposes into two components - streaming step and collision step, which are

the main steps of the calculation algorithm.

The equation describing the streaming step has the form:
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fir+vpt+1) - fir,) = =112 @)

The equation describing the collision step has the form:

fint =Feo -2 )

Here, f denotes the mass of particles that have come to the node in the direction i, but have
not yet collided with the other particles that arrived.

For the sampled rate directions, the mass and macroscopic velocity in each node will be
calculated as

p=2i fi pu=2; fivi. (6)

Thus, at each step of the calculation algorithm, move the particles flying from the node r in
the direction i to the node r + vi. After this, it is necessary to recalculate the masses, velocities,
equilibrium distribution functions. Finally, it is necessary to "push™ the particles that have flown
into the given node-that is, to redistribute the particles along the directions.

Figure 1 shows one iteration of the "streaming / collision" pair. The colored arrows
represent the streams of flying molecules. The color intensity encodes the mass of molecules that
fly in a given stream, the length of the arrows roughly corresponds to the path traversed by the flow

in a time step.

Streaming Collision

q q

Fig. 1. The step of the computational algorithm
LBM is realized on the lattice D2Q9 (Fig. 2) for the Navier-Stokes equations and D2Q5
lattice for the heat equation [6].

Fig. 2. Possible particle velocity vectors in the Boltzmann lattice equation method for the
two-dimensional nine-velocity model D2Q9
The above-mentioned algorithms were used to calculate the velocity and temperature fields

for various initial conditions.
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The design area was selected in the form of a rectangle measuring 102 by 51 with a grid

spacing of 1/48 rel. The initial temperature was calculated as the average from the temperatures of

the upper and lower boundaries of the calculated region. The Prandtl number was chosen equal to 1,

the Rayleigh number equal to 2000, which corresponds to the conditions for the appearance of the

convection phenomenon (Fig.). Below right are the graphs of the temperature and relative velocity
fields for the case of heating the lower wall to 5000 C (Fig. 3) and 3000 C (Fig. 4). The temperature

field is calculated from the bottom up, the velocity field from the left to the right.
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Fig.3. Graphs of the temperature field when the lower boundary is heated to 500 ° C (a) and

the velocity field (b)
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Fig.4. Graphs of the temperature field when the lower boundary is heated to 300 ° C (a) and

the velocity field (b)

It was found that there are vortices in the velocity field, which are localized in the center of

the computational domain. The central vortices are elongated along the vertical, the nature of the

vortices being symmetrical with respect to the horizontal axis. In addition, two central vortices have

stretches in the upper right part. Also in the lower part of the calculated region there are two small
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vortices, which indicates the presence of instability near the heated substrate. The mathematical
model and program can be used to calculate currents at Rayleigh numbers up to 10°.

The developed mathematical model and the numerical experiments carried out make it
possible in the first approximation to reveal the main features of convective processes in a drop.
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Nowadays the study of laser action on samples in a liquid, which is the subject of many
works [1-4], is of great interest for scientists. In this work present results of the impact of
femtosecond laser radiation on samples of titanium in the liquid medium. As the laser source was
used a femtosecond laser system, the samples material was titanium VT1-0, as the liquid medium
was used a hexane. Processing was performed in isolated from the atmospheric air cell with a
window for laser radiation input. Variable conditions of the experiment were the scanning speed of
the laser beam on the sample surface and depth location of the sample surface in liquid medium.
The scanning laser beam was carried out with the help of galvanoscanner at a speed of 0.1-200
mm/s., the thickness of the liquid layer was varied within 1-4 mm.

The main results of this experimental work are the coating of titanium carbide on the surface
of the titanium sample and a formation of titanium microspheres containing titanium carbide. Also,
as a result of changing modes of treatment, the surface structure was changed. The results of the

impact presented in Figure.

S

Fig. SEM-images of the dependence of the surface structure of titanium sample from the scanning
speed of the laser radiation, mm/sec: a—200; b - 80; ¢ —10; d - 0.1

The formation on the surface of the titanium sample coatings of titanium carbide occurs as a
result of sorption of free carbon titanium surface exposed to laser radiation, the formation of free
carbon occurs as a result of destruction of molecules of hexane in a kind of interaction with laser
radiation and ablation products of titan's surface. The absence of carbon in graphite form on the

surface due to its acute shortage in view of the excess titanium is capable of forming a chemical
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bond. For the formation of microspheres necessary to create conditions abundant emission of the
liquid phase as a result of exposure to laser radiation. The size of the microspheres was in the order
of 1-3 microns. The presence of a liquid medium, steam-dripping "fog" in the cell formed during
the surface treatment of titanium allows receiving microspheres without the effect of "adhesion”
between them due to rapid cooling of the surface of the microspheres in mind contact with
suspended drops. On the bottom and walls of the cell particles are deposited by being "cold", not
able to mate with the surface of the sample, the walls of the cuvette or with each other. In work [5]
discusses a similar approach to receive the microspheres as a result of fast cooling. In the study of
the received microspheres was observed the formation of crystallites of titanium carbide. Processing
was carried out in hexane, it can be assumed that as a result of contact of ablation products with
vapors of titanium, a chemical reaction takes place, leading to the formation of the chemical bond of
titanium and carbon. In the work [6] describes the interaction of laser radiation with the sample of
titanium in the liquid medium, leading to the formation of the chemical bond.

Results, received in this work, can be useful for getting hard protective coatings of titanium
products operating in aggressive environments, applications related to additive technologies due to
the narrow granulometric composition of the resulting microspheres (1-3 pm), it’s high sphericity,
and smoothness of the formed surface. This method can also be used for the introduction of carbon
to various metal compositions.

This study was performed as a part of the state task VISU 1106/17 and a grant of the RFBR
number16-42-330651.
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The achievements of nanotechnologies are based on fundamentally new scientific
knowledge about the nature of the structure materials, and, consequently, fundamentally new
technologies and design principles. As the particle size of a substance decreases, its physical and
chemical properties can change substantially.

The characteristic dimensions of semiconductor structures at the modern micro- and
nanoelectronics are 107-10® m. Such a range of linear dimensions of elements is a fundamental
physical barrier behind which all the properties of a solid body, including electrical conductivity,
change drastically.

Dimensional effects in solids are a phenomenon observed when the geometric dimensions
of an object are comparable with one or other of the lengths that determine the course of physical
processes (for example, the mean free path of the charge carrier, the de Broglie wavelength, etc.).
Depending on the size of the sample being examined, classical and quantum dimensional effects are
distinguished, which can affect practically any properties of the substance. As a rule, for nanometer
objects, where the particle sizes are comparable with the de Broglie wavelength of an electron, the
quantum size effects determine such properties of matter as heat capacity, electrical conductivity,
optical properties, and the like.

The most striking representative of quantum size effects is the tunnel effect, a phenomenon
that plays an important role in nanotechnology. The tunnel effect is the microparticle overcoming a
potential barrier between two conductors with a small cross-section. Using this effect, you can
control the movement of individual electrons. According to the basic principles of gquantum
mechanics, microparticles (in particular electrons) can pass through an insulator (dielectric) from
one conductor to another that is a tunnel transition.

One-electron devices are promising nanoelectronic devices based on the effect of discrete
tunneling of individual electrons and providing ultra-low levels of energy consumption at ultra-low
operating voltages. The first devices based on the tunnel effect: tunnel diodes, transistors, sensors,
thermometers for measuring ultra-low temperatures, and finally, scanning tunneling microscopes,
which laid the foundation for modern nanotechnology.

Since physical models of colored plastic balls don’t accurately reflect the real properties of

nanoparticles, computer models are usually used in which one can set the real laws of quantum
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physics. Based on a powerful mathematical apparatus, computer modeling plays a key role in the
development of nanosystems.

To simulate a metallic granular nanostructure with a potential difference applied to the
ends, a one-electron mathematical model was used in the form of a three-dimensional stochastic
cellular automaton. The metal particles are represented as spheres located on the substrate at a
distance S from each other. The electric potential is applied to the ends of the film, and the charge
accumulates in the particles until its magnitude is sufficient for making the tunnel by the electrons
to the subsequent particles in the direction of the positive potential: this flow of electrons moving in
the same direction is electric amperage.

In the Euclidean metric, the distance between the pairs of neighboring particles in question
is not the same, therefore, the type of neighborhood (common face, edge or vertex) must be taken
into account. A cellular automaton, implemented in the Moore neighborhood in the three-
dimensional case. The three-dimensional Moore neighborhood in the simulated space consists of 26
neighboring cubic cells in which the particles are located and which have a current particle with the
cell: common faces (6 units) are neighbors of the first order; common ribs (8 units) - neighbors of
the second order; common vertices (8 units). Obviously, the distance between the cell centers of the
particle in question and the neighboring one, having a common edge, is V2 times larger than the
distance between the centers of the cells that have a common face. If they have only a common
vertex, then the distance between the centers of the given cells will increase by V3 times.

This model is implemented in several stages:

1. Modeling of film growth by the method of random deposition;

2. Imposition of periodic boundaries;

3. Transition to physical quantities of the grid dimension;

4. Calculation of the probability of the tunnel effect. The probability is calculated for each
pair of particles: the current particle and its nearest neighbor are not more than the third order:
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where n; - the order of the neighborhood of the i-th neighboring particles; S - the distance

between the nearest particles along the axes; R - the radius of the deposited particles; U - the

voltage at the ends of the simulated thinfilm, collinear with the X-axis; Xo - the x-coordinate of the

current particle center; x; - the x-coordinate of the i-th neighboring particle center; qo, Qi - the

charges of the particles under consideration; eg - the charge of the electron.
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The volt-ampere characteristics of the deposited films and the results of modeling the
tunnel effect using the model of a stochastic cellular automaton are shown in Figure 1. The main
quantitative morphological parameters characterizing the inhomogeneity of thin films: thickness
and surface roughness film (standard deviation of the film thickness), particle size (diameter of

spheres) and gap (the distance between the particles).
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Figure 2 - Current-voltage characteristics of the deposited and simulated gold and silver films:

black - a particle diameter is 4 nm, the distance between the particles (qap) is 2 nm, the surface roughness about 7 nm;
red - the diameter is 4 nm, gap is 2 nm, roughness about 8.5 nm; blue -the diameter is 4 nm, gap is 3 nm, roughness about 13.5 nny;
dark red - the diameter is 6 nm, gap is 3 nm, roughness about 16,5 nm; green - the diameter is 9 nm, gap is 4 nm, roughness about 21 nm;
dark blue - the diameter is 10 nm, gap is 10 nm, roughness about 34 nm; purpil - the diameter is 14 nm, gap is 15 nm, roughness about 53.5nm.

The calculated volt-ampere characteristics are in qualitative agreement with the
experimental one.
The discrepancy in numerical values can be explained by the geometry of the calculation of
features: in the model, the particles lie strictly on each other (because of the need to use a
computational grid) and a clearly defined interval S.
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Abstract

The drop deposition of colloidal nanoparticles was performed from water-based colloidal
solutions. The proposed procedure is based on the agglomeration of colloidal particles in laser-
assisted evaporation processes. The evaporation process was resulted in the formation of clustered
thin films on a glass substrate. In the experiments with bimetallic Au:Ag solutions, the clustered
films are grown, the formation of the clustered films with the average height of 100 nm was
achieved. Optical properties of the deposited structures were investigated experimentally. It is
shown that the obtained films may become transparent and its properties are defined by its
morphology.

Efficient synthesis of thin films with controlled optical properties is a key issue in modern
photonics. In particular, possibilities of plasmon-assisted light manipulations by using nanoparticles
and nanostructures currently attract considerable attention enabling various applications and
opening new research area [1]. Drop deposition of the colloidal particles on glass substrate
represents, furthermore, a promising solution to this challenging problem. The optical properties of
these films are dominated by a set of plasmonic effects and strongly depend not only on the
composition of the film but also on its morphology. In the case of the structures composed of
nanoparticles, such parameters as spacing and ordering of nanoparticles define the local field
enhancement to be observed either for distinct resonance frequencies or in a much wider spectral
ranges [2, 3]. Furthermore, if nanoparticle spacing is comparable with its sizes, optical properties of
the random structures can considerably differ from that of the ordered ones. In the case of the thin
bimetallic films, one can expect even more complicated optical properties [4].

This study was supported by the Ministry of Education and Science of the Russian
Federation (state projects nos. 16.5592.2017/VU and 3.4903.2017/VU), RFBR grant number 16-32-
60067 mol_a_dk and the grant of president of Russian Federation by project MK-2842.2017.2 .
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A clear physical model for the quantum states verification in nanocluster structures with
jump/tunneling electroconductivity are under study in both theory and experiment. The accent is
made on consideration of low-dimensional structures when the structural phase transitions occur
and the tendency to high enhancement electroconductivity obtained.

The results give us an opportunity to establish a basis for new physical principles to create the
functional elements for the optoelectronics and photonics in hybrid set-up (optics + electrophysics)
by the nanocluster technology approach.

We focus our attention on the fact that physical properties of nanocluster/granular systems are
very sensitive to the form, size and distance between their composing elements. The phenomena are
very well known for any material in general, but to change these parameters and to carry out the
stable conditions for ordinary solid state object we need both to put the object under extremal high
pressure (= 108 atm) and to work at low (liquid He) temperature range (S30K) [1]. In contrast, the
nanocluster structures can be easily modified both in necessary direction and by controlled way in
femto- nanophotonics experiments.

In our experiment we use the method of laser-assisted deposition metal particles from
colloidal system [2]. For the deposition, we have used ytterbium fiber laser (A = 1.06 p) with a pulse
duration of 100 ns, pulse repetition rate of 20 kHz, and a pulse energy up to 1mJ. The diameter of
the laser beam in the focal plane was 50 microns. Nanoparticle array formation on the substrate
surface was performed by the scanning laser beam along the same direction.

The Volt-Amper characteristics (VAC) of the thin film were measured using a four-probe
scheme. The electrical transport properties in analogy with tunnel and quantum correlated states are
considered; namely the tunneling/thermal activation effects observed.

The reported study was also supported by the Ministry of Education and Science of the
Russian Federation (state project n0.16.1123.2017/PCh), RFBR grant 16-42-330461 r_a, President
grant for young scientist MK-2842.2017.2.
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The modern experimental processes simultaneously involve a multitude of complex
technical and information components, where, in addition to collecting a huge data stream, it is
necessary to control various elements of the system according to various algorithms determined by
the conditions and nature of the experiment. In connection with the foregoing, there arises the task
of combining a set of disparate technical components of a laboratory bench under the operating of a
single software, through interaction with which the operator can centrally control all components of
the system.

In this paper considered an example of the creation of a control system for a femtosecond
laser complex including a number of technical components: various radiation sources, motorized
linear and rotary translators, high-speed cameras, measuring and executive modules. The
composition of the complex is schematically shown in Figure.
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Fig. Experimental setup: 1 — high-speed camera, 2 — light filter, 3 — beam splitter, 4 — dichroic
mirror, 5 — focusing lens, 6 — sample/cuvette, 7 — XY Z-coordinate stages system, 8 — backlight, 9 —
femtosecond laser, 10 — variable attenuator

Since the task of implementing the control of the presented setup, provided the use of
individual software for each complex’s element, is extremely difficult and time-consuming, was
developed a special software package [1], whose goal is to combine individual technical devices
into a single organized and controlled system.

The development of individual software for the designed hardware laser complex made it
possible to organize a single centralized control system for the technical components and units of
the setup. Being supplemented with its own software, the complex allows to solve the problems of
controlled micro- and nanostructuring of surfaces [2-3], the tasks of high-precision local deposition
of colloidal complexes [4], to perform precision processing and modification of materials by means
of femtosecond laser radiation [5], and also to conduct research of nonlinear processes [6], which
makes the developed system a universal tool for solving a wide range of scientific problems.

This study was performed as a part of the state task VISU 1106/17 and a grant of the RFBR
number 16-32-00760 mol_a.
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We consider theoretically cooperative effects in dense ensemble of semiconductor
qguantum dots (QDs) placed in a dielectric layer near a metal surface. Generation of plasmon pulses
is due to collective excitation decay process in the QDs, similar to the effect superradiance (SR) in
optics [1]. However, in contrast SR, the energy of QD collective excitations is not converted into an
optical pulse, but provides near-field pumping of surface plasmon polaritons (SPPs).

The dynamics of the SPP pulse formation is described by self-consistent equations for the
polarization, the population of the QD and Rabi frequency of plasmon field, similar to the model

localized spaser [2]. A characteristic parameter of the problem is the time of formation of quantum

correlations 1z between the individual QDs near the metal surface. The main criterion for

realization of the spaser effect is a ratio between the time Iz and the plasmon decay time tp :

In this work, we carried out a numerical simulation for the point-source model of QDs
ensemble and compared different regimes of SPP mode formation on the gold / dielectric interface.
It was calculated values of QD size and concentration, for which collective effects dominate over
relaxation ones and lead to the Sub-picosecond SPP pulse formation on the metal/dielectric

interface.
We showed that, using the mean-field approximation for the case tg <<tp , and taking into

account the local field corrections in a dense QDs ensemble, the self-consistent problem can be
reduced to the nonlinear pendulum equation with an additional dissipative harmonic term. This
term corresponds to the coherent energy exchange between the SPPs and QDs and can lead to the

deformation of SPP profile.
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Also, we carried out a numerical simulation of the SPP pulse propagation in 1D waveguide
spaser. Significant increasing of the SPP pulse duration and significant broadening of SPP
spectrum, due to local field nonlinearity, were demonstrated [3].

This work was supported by Russian Foundation for Basic Research Grant Nos. 17-42-
330001 and the Ministry of Education and Science of the Russian Federation in the framework of
the state task VISU 2017 in the field of scientific research.
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2. Suzdal City Council, Lenin monument

3. Monument to those fallen in World War Il

4. Suzdal Tourist Centre. Hotel, motel, restaurant

5. Hotel on the grounds of the former Convent of the
Intercession. The former convent refectory houses the
restaurant Trapeznaya

6. Restaurant Gostiny Dvor

7. Restaurant Trapeznaya in Suzdal Kremlin

8. Restaurant Pogrebok (cellar)

9. Souvenirs' store Suzdalskaya Lavka
10. Arcade of shops (19th century)
11. Coachman's Inn
12. Bus station
13. The Convent of the Intercession (16th-18th cent.)
Expositions: "From the History of the Convent", "Articles of
Needlework", "Interior of the 17th-century Chancellor's House"

14. The Spaso-Yevfimievsky Monastery (16th-17th cent.)
Museum of the Amateur Works of Art of the Peoples of the
Russian Federation. Exposition: Gold Treasure Trove

15. The 17th-century townsman' house. The Interiors of Living
Home Exposition.

16. The Church of St Peter and St Paul (17th century) Wood
Painting Exposition

17. The Monastery of the Deposition of the Robe (16th-19th
cent.)

18. The Church of St Nicholas and the Holy Cross (18th
century). Peasant Clothing Exhibition

19. The Church of the Resurrection (18th century) Exposition:
Folk Wood Carving

20. Suzdal Kremlin (13th-18th cent.). Expositions: "Leninist
Policy of Protecting the Monuments of History and Culture",
"Early Russian Painting", "The Cross Chamber Interior"

21. The earthen rampart surrounding the Kremlin (12th cent.)
22. The open-air Museum of Wooden Architecture and
Peasants' Everyday Life.
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CONCLUSION
Cunrate 6-yl0 MeXAyHapoOHYIO KOH(epeHuuo/mkony-cemuap "CoBpeMeHHBIE
HAHOTEXHOJIOTUH U HAHO(POTOHUKA Il HAYKU M IPOU3BOACTBA" COCTOSIBILICHCS, YIOBIETBOPSIOIICH

BOIIPOCaM COBPEMEHHBIX HAHOTEXHOJIOTMHA M Jla3epHOM (HU3MKe M 3alUIaHUpPOBATh MPOBEICHHE

cnenyromel kondepenmuio Ha 2018r.
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