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KOMIIO3UTAX 3 30JI0TUMM HaHoyacTMHKamu. — KBagidikamiiina HaykoBa npaunsi Ha
npaBax pPyKoIucy.
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Hucepraiiitna poOoTa mNpUCBSIYEHA AOCHiAKeHHIO ¢oTopedpakTUBHUX Ta
IUVIA3MOHHUX MEXaHI3MIiB 3MiHH MOKA3HMKA 3aJI0MJIEHHSI B KOMIpKaxX HeMaTHYHHX
pinkux kpucrajiB (PK) ta ix komno3urtiB 3 HanoyactTunkamu (HY) 30s10Ta 1 giero
Ja3epHUX IMYYKIB 1 MPUKIIAJIEHOT €JIEKTPUYHOT HAITPYTH.

BuxopuctoByeThCsi METOA AMHAMIYHOI rosiorpadii — JBONpPOMEHEBAa B3aEMOJIS
(AI1B) na3epHux mydkiB B peBepCHUBHHUX (OTOUYTIMBHX MaTepiajiax. ToMy OCHOBHHM
MIPEAMETOM JOCIIDKCHHS SBIISIOTHCS BJIACTUBOCTI (Da30BUX IUHAMIYHMX IPaToK, IO
3anmucytoThess B HematnuHux PK 6e3 momimok 1 B PK-Hanokommosutax 3 HY 3omora;
BUsiBNIeHHS ¢iznyHux mnapamerpiB PK Ta iX KOMIIO3UTIB, a TaKOX XapaKTEpUCTUK
B3a€EMOJIIIOYMX Ja3epHUX MYYKIB, SKI BIUIMBAIOTh Ha BEIMYMHY INIMOWHU MOJYJIALIL
JIMHAMIYHOI I'PATKU Ta ii YaCOBI KOHCTAHTH 3alUCy 1 CTUPaHHS.

HuceprariitHa poOoTa npeacTaBiisie KOMIUIEKC TEOPETUYHUX Aociikenb o 1B B
pizaux PK cucremax. Ile mnoB’s3aHO 3 TUM, IO HAKOMWYEHO JOCUTH Oararto
CKCIIEpUMEHTAILHUX Pe3yJIbTaTIB 3aMuCcy JUHAMIYHUX Ipatok B PK-HaHokommo3uTax, ajne
€IMHOI TEOpIli, SIKa OKPECII0€ MEPCHEKTUBU OTPUMAaHHS MEPEIOBUX XapaKTEPUCTHK IMPHU
TaKOMY 3allici Ta HOBUX HAIPSAMKIB MO0 BUKOPUCTAHHS J0C1 BIJICYTHI.

[Ipn BUKOHAHHI AMCEPTAIIHHOI POOOTH PO3POOIISLIIUCA TEOPETUYHI MOJIEN, IO
OTKCYBAJIM TPOIECH YTBOPEHHS JTUHAMIUHOI (pa30BOi IPATKH, a TaKOX caMoaudpaxiii 1
nudpaxiiii Jla3epHHUX My4YKiB HA Hiif; MPOBOAMINCH YUCEIbHI EKCIIEPUMEHTH 1 pO3pPaxXyHKH;
PE3yNIbTaTH TEOPETHUHUX PO3PAXYHKIB CIIBCTABIISUIACS 3 €KCIIEPUMEHTAILHUMU JaHUMU.

Bynu nocnimkeHi HaCTYITHI CUCTEMH 1 OTPUMaH1 HOB1 HAyKOBI Pe3yJIbTaTH:

Y  apyromy po3aiii  po3paxoBaHO KIHETUKY II€peopleHTalii AUPEKTOpa B
HemMaTuuHiii PK koMmipii Ta BIANOBIAHY 3MiHY HE3BHUYAMHOIO IMOKAa3HUKA 3aJIOMJIEHHS
CBITJIA, 110 Mpounuio. MoaentoBaHHS MPOBEACHO 3 METOI0 BH3HAUEHHS 3aKOHOMIpPHOCTEH
4aciB TepeopieHTallli AUPEKTopa 3aJeKHO Bl MNPYXKHUX 1 B’S3KMX BiactuBocted PK
CEpeIOBHINA, BEIMYMHHU HANPYKEHOCTI EJIEKTPUYHOTO MOJs Ta €(PEeKTIiB MPOCTOPOBOTO
oOMexxeHHs. byna Bukopucrtana wmoxenb Epikcena-Jlecm s omucy mepeopieHTarii
mupektopa PK mig nmi€ro mocTiiHUX eneKTpuyHuX MmoiiB. MojentoBaHHS BUKOHAHO IS
MIPOCTOPOBO OJTHOPITHOTO E€JIEKTPUYHOTO TIOJISI, a TAKOXK JUIsl POCTOPOBO MOAYJILOBAHOTO
cCUHycoifaipbHoro monia. OTpumaHi pe3yabTaTd MOKa3yloTh (OpMYBaHHS MIBUIKUAX
TUHAMIYHUX TIpPATOK ITOKa3HWKA 3aJOMJICHHS IIiJl M€ IOCTIHHOTO IIPOCTOPOBO
MOJYJIbOBAaHOTO CHHYCOifanbHOrO enekrpuyHoro nois. [ns PK 3 Benukum xoedimienom
B'SI3KOCTI, IMHaMIYHa IpaTKa CTa€ KBa3iCTalllOHAPHOIO.

Y TperboMy po3aiJi aHANI3YIOTHCS €KCIEPUMEHTANIbHI TOCTIKEHHS HOMIHAJIBLHO
YUCTUX HeMaTuyHuX piakux KpucraniB (HPK), B skux oTpumaHo 3amuMc JWHaMIYHUX
rojiorpaiyHUX IPaToK HE TUIBKM B KOMIpPKax 3 TOMEOTPOIHOI OpIEHTAll€l0, TaK 1 3



iaHapHoro. [losicHeHHS MOXHa 3HAWTH BUXOIAYU 13 (OTOpedPaKTUBHOTO MEXaHI3MY
3aluiCy TPaTKu, OCOOJUBICTIO SKOTO SBISE€THCS (HOPMYBAHHS HEPIBHOBAXKHOTO 3apsiay Ha
MOBEPXHI MIAKIAJMHKN KOMIPKH T JA1€I0 TPOCTOPOBO HEOMHOPIAHOTO CBITIOBOTO MOJIS.
[losiBa BHYTPINIHBOTO TAHTEHIIAJLHOTO EJIEKTPUYHOTO TMOdS (B3AOBXK IAKIAAHHOK
KOMIPKH), pa30oM 31 30BHINTHIM €JICKTPUYHUM TIOJIEM, [0 MPHUKIAAAETHCS HOPMAJILHO JI0
HiAKIaIMHOK KOMIPKH, TPU3BOAUTH 10 JOJATKOBUX MOXKIMBOCTEH y KEpyBaHHI HaMPSIMKY
BEKTOpAa pE3YJIbTYIOUOIr0 €JEeKTpUYHOro nmnoisd. B gaHomy pos3auti  po3poOneHa 1
aHai3y€eThCsl MOJIEb 3MIHM 1HTEHCUBHOCTEH JIA3EpPHUX MMPOMEHIB MPH iX caMoau(pakii 1
mudpakiii Ha AMHAMIYHIN rpaTii, cTBOpeHid B HoMmiHaimbHO uyuctux HPK. /Iunamiuna
(dazoBa rpatka GopMyeThbCs 3aBJIIKM MEXaHI3My KOJEKTUBHOI nepiopieHTanii PK monexyn,
B pe3yJIbTaTl YOro 3MIHIOIOTHCS XapaKTepUCTUKH NojBIiHOrO 3anomieHHs B HPK komipi.
BianoBigHo A0 1i€l MOjeNi OTPMMAaHO HOBUHM pe3yJbTarT, 110 MakcUMalibHa JudpakiiiiHa
€(hEeKTUBHICTb JIOCATAETHCS BXKE JUIsl HEBEJIIMKUX KYTIB TmepiopieHTalii aupexropa (1o 0.5
panian (~28 °) B TOHKMX KOMipKax) BiZIHOCHO [OYATKOBOIO CTaHy. Pe3ynbsraTti NpoBeIeHUX
pO3paxyHKIB BHUXIJIHUX I1HTEHCHBHOCTEH JIa3epHUX TMPOMEHIB B TMEPIIMX MOPSIKaX
camomudpakmii 1 gudpakimii  mo0pe  Yy3romKYIOThCS 3 €KCHEPUMEHTATbHUMU
BUMIPIOBaHHSIMU. 30Kpe€Ma BOHH MOSCHIOIOTHh 3JICKHICTh AUGPAKIIHHOI €()EeKTHBHOCTI
BiJl BEJIMYMHH 30BHINIHBOI MPUKJIAJACHOT HAMPYTH, 1[0 Ma€ 100pe BUPAKEHUI MAKCHUMYM.

Y uyerBeprOMy PpoO3aii TPOBEACHUN TEOPETUYHUN  aHANI3  KOMIUIEKCHOT
JUENEKTPUYHOI MPOHUKHOCTI HEMAaTHYHHMX PIJKOKPUCTATIYHMX HAHOKOMIIO3UTIB 3
HaHoyacTUHKaMmu 3o070Ta HY(Au), siki BOygoBani B 00’emMi KOMIpKH. MexaHI3M 3MiHU
MOKa3HWKAa 3aJIOMJICHHS TMOB’s3aHUN 31 30yIKEHHSIM JIOKaJIi30BaHOTO MOBEPXHEBOIO
mia3mMoHHoro peszonHancy (JIIIIIP) B HY(Au) y Bugumiii oOnacTi CHEKTpY, IO
CYIPOBOJIKY€EThCSA 30LIBIICHHSAM (paKkTopa JIOKaNbHOTO noss. [leit MexaHi3M Npu3BOAUTH
JI0 3HAYHOTO 3MEHIIIEHHS Yacy BIATYKY 3alKMCy Ta CTUPAHHS TWHAMIYHOI IPATKU MOPIBHIHO
3 MEXaHI3MOM KOJEKTHBHOI miepeopieHTamii wmomekyn PK. Ortpumani Hamu gani
NOKa3yloTh, 0 JUHAMIYHA I'paTKa MOKa3HUKA 3aJIOMJIEHHSI MOXKe OyTH 3apeecTpoBaHa MpH
ny>ke maniii 00’ emHi vactiiit HY(Au) menme 0,01 yepe3 cunbhe normuHanus npu JITITIP
IpU J1a3epHOMY 30y/DKEHHI Ha JOBXKMHI XBUJIb Y BUAUMOMY Aiana3oHi. [Ipu mpomy, Ko
3anucyBatu Ipatku He-Ne nazepom, 1oBkrnHa XBHIIL AKOTO najieka Big makcumymy JIIIIIP,
e(exTuBHICTh (Ha30BO1 IpaTku MOke OyTH 3HaYHOIO — 35-45% B pexumi camoaudpaxiii.
OTpuMaHi TEOPETHUYHI PE3YIBTANTH Y3TOUKYIOTHCA 3 EKCIIEPUMEHTAIBHUMU JaHHUMH,
IpU SKUX CIOCTEpPIraeTbCs 3amuc Jullle TeruioBux Ipatok y PK-manokommosutax 3
HY(Au), ockinbku B HuX 00’eMHa yactka HY(Au) 3HauHa 1 HE KOHTPOJIbOBAHA.

Y m’sitoMy po3aijii TEOPETUYHO aHATI3YIOTHCS EKCTICPUMEHTANIbHI PE3ylbTaTH 0
nociipkeHHo camonudpaxiii 1 gudpakiii B riopuaanx PK-xomipkax (I'PK), sxi mictars
IUTIBKY HAHOOCTPIBIIIB Au Ha OJHIM 13 migkiaguHOK komipku. I'PK xapakrepusyroThes
OUIBII MIBUAKUM YacoOM BIATYKY. 3amuic JUHAMIYHUX TIPAaTOK BiAOYBAE€THCS 3a PaxyHOK
MOBEPXHEBO-1HAYKOBaHOTO (hoTopedpakTuBHOTO MexaHi3My. MeTonuka JIBOTPOMEHEBOT
B3a€MOJIIT 3aCTOCOBAaHA B PEXKHUMI 3aMUCy Mi JI€I0 NEPIOAUYHUX MPIMOKYTHUX IMITYJIbCIB
abo Ja3zepHOro myd4ka, abo MPUKIIAJIEHOI eNeKTpUYHOi Hanpyru. ExcriepuMenTanbHo Oyio
OTPUMAaHO TepeTBOpeHHs (opMuU JazepHOro iMiyascy npu BukopucranHi ['PK. Hamu
OyJ10 pO3pO0JIEHO TEOPETUYHY MOJIeNb JBOIPOMEHEBOI B3a€MOJIl 1 MPOBEACHI YUCEIbHI
exciepuMeHTH. CIiBCTaBIEHHS €KCIIEPUMEHTAIbHUX JaHUX MO aHali3y 3MiHU (Qopmu
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Ja3epHUX IMITYJIbCIB 1 PE3YyNbTaTiB YHCEIBHOIO MOJENIOBAHHSA IO PO3POOJSIEHIH HaMu
JUHAMIYHIA MOJEl JO3BOJSE OLIHUTH YacoBl KOHCTAHTH Ui 3alHCcy 1 pernakcarii
TUHAMIYHOI TpaTku B KoHKpeTHoMy PK-matepiami. Ilpu npomy MiHIMaNIbHHI Yac
pernakcalii rpaTKi BU3HA4Ya€ MBUIKOAIIO MEPEKITIOYEHHS ONTUYHOTO CUTHAITY.

PesynbraTy, oTpuMaHi B AUCEpTaIiitHii poOOTi, CIPUATUMYTH: 1) CTBOPEHHIO HOBUX
epextuBHUX MatepianiB Ha 6a31 PK mis QoToHikm, siKi BKIIOYAOTh HAHO- (MIKpO-)
CTPYKTYpH Ta MalOTh 3HAYHO MOKPAILIEHI €KCIUTyaTalliHI XapaKTePUCTUKH; 2) CTBOPEHHIO
TEOPETUYHOI MOJIeNII MOBEPXHEBO-1HAYKOBAHOTO (oTopedpakTUBHOrO edeKTy, 10
BUHUKAE€ TPHU OJHOYACHIN [1i CBITIOBUX Iy4YKIB Ta E€JIEKTPUYHUX IOJIB Ha 1HTEep(eiic
HEOpraHiuHa-opraHiyHa pe4doBUH; 3) po3poOill €PEeKTUBHUX TEXHOJIOTIi BUTOTOBJIEHHS
cyyacHux OaratoyHkiioHanbHUX Ti0puaHuX PK-MarepianiB 3 BEIMKOIO MIBUAKOAIEIO IS
ONTOCNEKTPOHIKH, OararoyHKI[IOHAIBHICTh Ta O€3KpHUCTaliyHa IHTErpaiis B SIKHUX
JOCSITAETHCS 32 PAXyHOK BUKOPUCTAHHS MPOCTOPOBO HEOAHOPITHUX CBITIIOBHUX IYy4KiB 200
1HTEpPEPEHIIITHUX CBITJIOBUX CTPYKTYp; 4) BHBYCHHIO HOBHX €(EKTIB Jisi KEpyBaHHS
onTHYHUMHU Imydykamu B PK-komipkax 3 MeToro po3poOKH HOBHX 3aCTOCYBaHb JJIsi CEHCOPIB
Ta IPUCTPOIB KEPYBAHHS ONTHUYHUMU MyYKaMU 1 300paKEHHIMHU.

KurouoBi cioBa: Piaki kpucrtanu, opraHiuyHi MOJIeKyJu, HeMaTH4Ha (asa, a3zepHe
BUIMIPOMIHIOBaHHS, AUPpaKIlis, AUGpaKIiiHl TpaTKu, Tronorpadiydi IpaTtku, AUQpaKiiis
BHCOKHUX TOPSAKIB, bperriBcbke BiAOWTTS, CIIEKTPOCKOIIiS, HAHOYACTHHKH, TUIa3MOHIKa,
MOBEPXHEBUI IJIA3MOHHUI pe30HaHC, €()EeKTUBHICTD, JBO-XBUIbOBA IHTEP(EPEHIIis.

SUMMARY

Mystetskyi V.A. Optical control of laser beam parameters by two-wave mixing
technique in nematic liquid crystals and their composites with gold nanoparticles. —
Quilified scientific work on the rights of manuscript.

Dissertation for the scientific degree of Doctor of Philosophy in the field of 104
“Physics and Astronomy”, 10 “Natural Sciences” — Institute of Physics of the National
Academy of Sciences of Ukraine. — Kyiv, 2026.

The dissertation work is devoted to the study of photorefractive and plasmonic
mechanisms of refractive index change in the cells of nematic liquid crystals (LC)
and their composites with gold nanoparticles (NPs) under the action of laser beams and
applied electric voltage.

The method of dynamic holography is used, namely two-wave mixing (TWM) of
laser beams in reversible photosensitive materials. Therefore, the main subject of the study
is the properties of phase dynamic grating recorded in pure nematic LCs and in LC-
nanocomposites with gold NPs; identification of physical parameters of LCs and their
composites, as well as characteristics of interacting laser beams that affect the value of the
modulation depth of the dynamic grating and its recording and erasing time constants.

This dissertation presents a complex of theoretical studies on the TWM in various
LC systems. This 1s due to the fact that quite a lot experimental results have been
accumulated on the recording of dynamic grating in LC nanocomposites, but there is still
no unified theory that outlines the prospects for obtaining advanced characteristics with
such recording, as well as new areas of its applications.
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In the course of the dissertation, theoretical models are developed to describe the
processes of formation of a dynamic phase grating, and also self-diffraction and diffraction
of laser beams on it; numerical experiments and calculations are performed; the results of
theoretical calculations are compared with experimental data.

The following systems are investigated and new scientific results are obtained:

In the second section, the kinetics of director reorientation in a nematic LC cell and
the corresponding change in the extraordinary refractive index of the transmitted light are
calculated. The modeling is conducted to identify regularities in the reorientation time of
LC director depending on the elastic and viscous properties of the LC medium, the electric
field strength, and the spatial confinement effects. The Erickson-Leslie model is used to
describe the reorientation of the LC director under the action of DC electric fields. The
simulations is performed for a spatially homogeneous electric field as well as for a
spatially modulated sinusoidal field. The obtained results show the formation of fast
dynamic grating of the refractive index under the action of a DC spatially modulated
sinusoidal electric field. For LC with a high viscosity value, the dynamic grating becomes
quasi-stationary.

In the third section, an analysis of experimental studies of nominally pure nematic
LCs (NLCs) is performed, in which one obtained the recording of dynamic holographic
gratings not only in cells with homeotropic orientation but also with planar orientation.
The explanation can be found on the basis of the photorefractive mechanism of grating
recording, which is characterized by the formation of a nonequilibrium charge on the
surface of the cell substrate under the influence of a spatially inhomogeneous light field.
The emergence of an internal tangential electric field (along the cell substrates), together
with an external electric field applied normally to the cell substrates, opens up additional
possibilities for controlling the direction of the resulting electric field vector. In this
section, we develop and analyze a model of laser beam intensity changes due to self-
diffraction and diffraction on a dynamic grating created in nominally pure NLCs. The
dynamic phase grating is formed due to the mechanism of collective reorientation of LC
molecules, which leads to a change in the characteristics of birefringence in the NLC cell.
According to this model, a new result is obtained that the maximum diffraction efficiency
is achieved for small angles for reorientation of LC director (up to 0.5 radians (~28 °) in
thin cells) relative to the initial state. The results of the calculations for the output
intensities of laser beams in the first orders of self-diffraction and diffraction are in good
agreement with experimental measurements. In particular, they explain the dependence of
the diffraction efficiency on the value of the external applied voltage, which has a well-
defined maximum.

In the fourth section it is presented a theoretical analysis of the complex dielectric
permittivity of nematic LC-nanocomposites with Au NPs embedded in the cell volume.
The mechanism of refractive index change is associated with the excitation of localized
surface plasmon resonance (LSPR) in Au NPs in the visible spectral region, which is
accompanied by an increase in the local field factor. This mechanism leads to a significant
decrease of time constants for dynamic grating recording and erasure compared to the
mechanism of collective reorientation of the LC molecules. Our results show that the
dynamic grating of the refractive index can be recorded at a very small volume fraction of
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NPs(Au) less than 0.01 due to the strong absorption at the LSPR at visible wavelengths. At
the same time, if the grating is recorded with a He-Ne laser, whose wavelength is far from
the maximum of the LSPR, the efficiency of the phase grating can be significant: 35-45%
in the self-diffraction regime. The theoretical results obtained are in good agreement with
the experimental data, according to which only thermal gratings are recorded in the LC-
nanocomposites with NPs(Au), since the volume fraction of NPs(Au) in them is
significant and uncontrollable.

In the fifth section, a theoretical analysis is conducted of the experimental results on
the study of self-diffraction and diffraction in hybrid LC cells (HLCs) containing a gold
nano-island film on one of the cell substrates. HLCs are characterized by a faster response
time. The recording of dynamic grating occurs due to the surface-induced photorefractive
mechanism. The technique of two-wave mixing is used in the recording mode under the
influence of periodic rectangular pulses generated either by a laser beam or by an applied
electric voltage. Modifications to the shape of laser pulses were experimentally obtained in
TWM using HLC. We have developed a theoretical model of the TWM and performed
numerical experiments. By comparing experimental data obtained from the analysis of
changes in the shape of laser pulses with the results of numerical simulations using the
dynamic model developed by us, we can estimate the time constants for recording and
relaxation of the dynamic grating in a particular LC material. In this case, the minimum
relaxation time of the grating determines the speed of optical signal switching.

Results obtained in the dissertation work will contribute to: 1) creation of new
effective materials based on LCs for photonics, incorporating nano-(micro-)structures and
exhibiting significantly improved performance characteristics; 2) creation of a theoretical
model of the surface-induced photorefractive effect arising from the simultaneous action
of light beams and electric fields at the inorganic-organic interface; 3) development of
effective technologies for the manufacture of modern multifunctional hybrid LC materials
with high performance for optoelectronics, multifunctionality and pixel-free integration in
which is achieved through the use of spatially inhomogeneous light beams or interference
light structures; 4) studying new effects for controlling optical beams in LC cells to
develop new applications for sensors and devices designed to control optical beams and
images.

Keywords: Liquid crystals, organic molecules, nematic phase, laser radiation,
diffraction, diffraction gratings, holographic gratings, high-order diffraction, Bragg
reflection, spectroscopy, nanoparticles, plasmonics, surface plasmon resonance, efficiency,
two-beam interference.
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